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In order to make reliable predictions with controlled uncertainties for a wide range of nu-
clear phenomena, a theoretical bottom-up approach, by which hadrons emerge from the
underlying theory of strong interactions, quantum chromodynamics (QCD), is desired. The
strongly interacting quarks and gluons at low energies are responsible for all the dynamics
of nucleons and their clusters, the nuclei. The theoretical framework and the combination
of analytical and numerical tools used to carry out a rigorous non-perturbative study of
these systems from QCD is called lattice QCD. The result of a lattice QCD calculation
corresponds to that of nature only in the limit when the volume of the spacetime is taken to
infinity and the spacing between discretized points on the lattice is taken to zero. A better
understanding of these discretization and volume effects, not only provides the connection
to the infinite-volume continuum observables, but also leads to optimized calculations that
can be performed with available computational resources. This thesis includes various for-
mal developments in this direction, along with proposals for novel improvements, to be used

in the upcoming LQCD studies of nuclear and hadronic systems.

As the space(time) is discretized on a (hyper)cubic lattice in (most of) lattice QCD cal-
culations, the lattice correlation functions are not fully rotationally invariant. This is known
to lead to mixing between operators (those interpolating the states or inserting external cur-

rents) of higher dimensions with those of lower dimensions where the coefficients of latter






diverge with powers of inverse lattice spacing, a, as the continuum limit is approached.
This issue has long posed computational challenges in lattice spectroscopy of higher spin
states, as well as in the lattice extractions of higher moments of hadron structure functions.
We have shown, through analytical perturbative investigations of field theories, including
QCD, on the lattice that a novel choice of operators, smeared over several lattice sites and
deduced from a continuum angular momentum, has a smooth continuum limit. The scaling

2 explaining the success

of the lower dimensional operators is proven to be no worse than a
of recent numerical studies of excited state spectroscopy of hadrons with similar choices of

operators. These results are presented in chapter [2| of this thesis.

Due to Euclidean nature of lattice correlation function, the physical scattering parame-
ters must be obtained via an analytical continuation to Minkowski spacetime. However, this
continuation is practically impossible in the infinite-volume limit of lattice correlation func-
tion except at the kinematic thresholds. A formalism due to LuScher overcomes this issue by
making the connection between the finite-volume spectrum of two interacting particles and
their infinite-volume scattering phase shifts. We have extended the Liischer methodology,
using an effective field theory approach, to the two-nucleon systems with arbitrary spin,
parity and total momentum (in the limit of exact isospin symmetry) and have studied its
application to the deuteron system, the lightest bound states of the nucleons, by careful
analysis of the finite-volume symmetries. A proposal is presented that enables future preci-
sion lattice QCD extraction of the small D /S ratio of the deuteron that is known to be due to
the action of non-central forces. By investigating another scenario, we show how significant
volume improvement can be achieved in the masses of nucleons and in the binding energy
of the deuteron with certain choices of boundary conditions in a lattice QCD calculation of

these quantities. These results are discussed in chapters [3] [] and [5

In order to account for electromagnetic effects in hadronic systems, lattice QCD calcula-
tions have started to include quantum electrodynamic (QED). These effects are particularly
interesting in studies of mass splittings between charged and neutral members of isospin mul-

tiplets, e.g. neutral and charged pions. Due to the infinite range of QED interactions large






volume effects plaque these studies. Using a non-relativistic effective theory for electromag-
netic interactions of hadrons, we analytically calculate, and numerically estimate, the first
few finite-volume corrections (up to 1/L* where L is the spatial extent of the volume) to
the masses of hadrons and nuclei at leading order in the QED coupling constant, but to
all orders in the short-distance strong interaction effects. These results are presented in

chapter [6]
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6.6

The FV QED correction to the mass squared of a charged pion (left panel) and kaon

(right panel) at rest in a F'V at the physical pion mass. The leading contribution

is due to their electric charge, and scales as 1/L. The 1 — o uncertainty bands

associated with each order in the expansion are determined from the uncertainties

in the experimental and theoretical inputs. | . . . . . . . . ... ... ...

6.7

The FV QED correction to the mass squared of a neutral pion (left panel) and kaon

(right panel) at rest in a FV at the physical pion mass. The leading contributions

are from their polarizabilities, and scale as 1/L*. The 1 — o uncertainty bands

associated with each order in the expansion are determined from the uncertainties

in the experimental and theoretical inputs. | . . . . . . . . . ... ... ... ..

6.8

The N2LO, O (ae/MiL?’), FV QED correction to the mass of a baryon from its

magnetic moment. 1he crossed square denotes an msertion of the magnetic moment

operator given in Eq. (6.16). . . . . . . .. ..o oo

6.9

a) The N3LO, O (ae/MjZL‘l) FV QED correction to the mass of a baryon from its

magnetic moment. 1he crossed square denotes an msertion of the magnetic moment

operator given in Eq. (6.16]) while the crossed circle denotes an insertion from the

|D|*/2m,;, operator. b) Other non-vanishing contributions at this order arise from

insertions of the cp and cg operators as given in Eq. (6.16)). The black circles denote

insertions of the cg operator.| . . . . . . . . . . . ... Lo
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6.10

The FV QED correction to the mass of the proton (left panel) and neutron (right

panel) at rest in a FV at the physical pion mass. The leading contribution to the

proton mass shift is due to its electric charge, and scales as 1/L, while the leading

contribution to the neutron mass shift is due to its magnetic moment, and scales as

1/L°. The 1 — o uncertainty bands associated with each order in the expansion are

determined from the uncertainties in the experimental and theoretical inputs. | . .
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[6.11

The left panel shows the F'V QED correction to the mass of the deuteron at rest in a

F'V at the physical pion mass. The leading contribution is from its electric charges,

and scales as 1/L. The right panel shows the FV QED correction to the deuteron

binding energy for which the 1/L contributions cancel. The 1 — ¢ uncertainty bands

associated with each order in the expansion are determined from the uncertainties

in the experimental and theoretical inputs. | . . . . . . . . .. .. ...

[6.12

The left panel shows the FV QED correction to the mass of “He at rest in a F'V at the

physical pion mass. The leading contribution is from its electric charge, and scales

as 1/L. The right panel shows the FV QED correction to the “He binding energy.

The uncertainty bands associated with each order in the expansion are determined

from the uncertainties in the experimental and theoretical inputs. | . . . . . . ..

[7.1

The location of energy levels of the four-nucleon sector with quantum numbers of “*He

can be estimated based on the non-interacting energy levelsof 1+1+1+1,2+1+1,

242 and 3+1 systems. Difterent colors denote different lattice volumes corresponding

to spatial extents of 3.4 fm (green), 4.5 fm (orange) and 6.7 fm (red). The total

momentum of the system of particles is zero. The calculated binding energy of * He

at the pion mass of &~ 800 MeV is shown [33]|. Even if the computational challenges

associated with resolving the dense excited states are overcome, there exists no F'V

formalism at the moment to extract the corresponding scattering parameters in these

channels. Figure is reproduced with the permission of the NPLQCD collaboration. |. 185
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One-loop contribution to the two-point function with an insertion of the operator in
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Chapter 1

INTRODUCTION

Since the discovery of the nucleus in 1911 by Ernest Rutherford, which established the
field of nuclear physics, our understanding of the properties of nuclei, their structure and
and their underlying interactions has constantly evolved. Yet, it remains an exciting frontier
of research and discovery in the modern theoretical and experimental physics. While the
development of quantum mechanics revolutionized this field in its early stages, the estab-
lishment of the standard model (SM) of particles and interactions led to the next prominent
revolution that although started as early as in early 1970s, it has not yet completed forty
years later. The realization of the strong interactions among quarks and gluons — the build-
ing blocks of nucleons — as the underlying mechanism for the structure of nucleons and the
forces among them, has opened up new frontiers in nuclear physics — from studies of the
spectra of exotic strongly interacting particles to the explorations of new phases of matter,
e.g., in heavy ion collisions experiments. Moreover, the theory of strong interactions, quan-
tum chromodynamics (QCD), is starting to base traditional studies of nuclear structure and
reactions on a rigorous ground such that uncontrolled approximations due to the lack of
the knowledge of the physics at short distances will be eliminated in modern-day nuclear

calculations.

It is known that strong interactions are described by a local, non-Abelian, SU(3) gauge
theory, within which all hadronic phenomena can, in principle, be predicted once a few
input parameters are set to their physical values. These parameters include the masses
of those quarks that are kinematically allowed in a given process, and the strength of the
QCD bare coupling constant, or in turn the QCD scale, Aqcp. Including electromagnetism,
which plays an important role in nuclear physics, only introduces one more parameter, the
strength of the quantum electrodynamics (QED) coupling. As will be discussed in Sec.

QCD is an asymptotically free theory meaning that its coupling becomes weak at



high energies — at energies above the QCD scale. Moreover, at low energies, the theory is
confining. In this limit, quarks and gluons form clusters of hadrons; mesons and baryons -
entities that are neutral with respect to the color charges of the underlying gauge symmetry
group. This remarkable feature, along with the running of the QCD coupling towards larger
values, prohibits the use of standard perturbative methods in studying (most of) nuclear
physics phenomena from first-principle QCD calculations. This is in sharp contrast with
electroweak interactions whose contributions can be accounted for perturbatively.

Historically, the first attempts to study nuclear and hadronic phenomena in a model-
independent way were the invention and development of effective field theories (EFTSs).
Such theories, exhibit the symmetry and symmetry breaking patterns of QCD and are
formulated in terms of low-energy degrees of freedom of QCD, namely the low-lying hadrons.
As long as the detail of the short distance interactions are not of interest, their effects
can be effectively included via several unknown parameters at low energies. The required
precision of the calculations dictates the number of unknown parameters to be determined
via fits to experimental data. In several important cases, such as in three (multi)-hadron
systems, there are not enough data available to constrain these parameters well. Despite
this limitation, such theories have greatly changed the perspective of nuclear physics with
regard to few(many)-nucleon calculations. Examples of these theories will be presented in
Sec. What is prominent about these EFTs is their interplay with the first-principle
lattice QCD (LQCD) calculations as they (will) play a role in filling the gap between lattice
calculations of few-hadron systems and conventional nuclear calculations of many-body
systems.

To date, the only fully predictive, non-perturbative method for studying QCD at low
energies is lattice QCD. This method is based on a numerical evaluation of the QCD path
integral using Monte Carlo techniques as will be introduced in Sec. [I.2] In lattice QCD
calculations fields are evaluated on a discrete set of spacetime points (sites) and are inter-
acting via a discrete number of link variables that are connecting the adjacent sites, see Sec.
[[.2] The spacing between the two adjacent sites, a, must be sufficiently small to resolve
sub-hadronic scales. Its value is not a direct input of the calculations as it is not an inde-

pendent parameter - it is closely related to the input value of the bare coupling constant



through the renormalization group. Moreover, as only a finite number of spacetime points
can be computed on any finite computing machines, the volume of spacetime is truncated
to finite extents. Physical observables are obtained upon taking the continuum limit as well
as the infinite-volume limit. Such extrapolations can be done by performing calculations at
multiple lattice spacings and in multiple lattice volumes. However, multiple calculations are
expensive due significant computational costs of these calculations. Here the role of EFTs
become prominent as they provide the knowledge of the analytic dependence of quantities
on lattice spacing, volume and the masses of light quarks, in several cases. This latter
dependence matters as most LQCD calculations, in particular those of multi-hadron sys-
tems, have not been performed at the physical values of light-quark masses due to limited
computational resources. This thesis contains formal topics with regard to such continuum
limit and infinite-volume extrapolations. The results presented in this thesis have been/will
be utilized to build /improve our understanding of the quantities calculated with LQCD in
connection to physical observables.

The most commonly used lattice geometries are hyper-cubes (see Sec. . However,
the conceptual and practical problems arising from the explicit breaking of the spacetime
symmetries of the continuum theory, down to those of a hyper-cubic lattice theory, remain
partly a challenge in the continuum extrapolation of classes of observables calculated using
LQCD. One of these challenges is the enhancement of the lower-dimension operators by
powers of inverse lattice spacing which obscures the extraction of e.g., the excited spectrum
of hadrons with well-defined angular momentum in continuum, as well as the determination
of the matrix element of higher twist operators in studies of hadronic structure functions.
One knows, however, that as the lattice becomes finer, the full spacetime symmetries of the
continuum are in fact approximately recovered for observables involving wavelengths that
are large compared with the scale of discretization. In chapter 2] we explore in detail a
novel idea for the construction of lattice operators that guarantees a smooth extrapolation
of the correlation functions to the continuum limit. The results presented in this chapter

are based on the following publication

e 7. Davoudi and M. J. Savage, Restoration of Rotational Symmetry in the Continuum



Limit of Lattice Field Theories, Phys. Rev. D 86, 054505 arXiv:1204.4146 [hep-lat]
(2012).

Besides the challenges arising from the breakdown of the rotational symmetry due to
the cubic boundaries of the volume, the infinite-volume limit of lattice quantities is even
less trivial to perform in many cases due to the following reason. To be able to evaluate
expectation values in the background of QCD vacuum (the path integral approach) using
a Monte Carlo sampling method, it is essential to transform from the Minkowski to the
Euclidean spacetime. Consequently lattice correlation functions do not immediately corre-
spond to physical correlation functions. The connection between these two quantities must
be set in a non-trivial manner for some physically interesting cases such as scattering pro-
cesses. This is the subject of the finite-volume formalism for LQCD which will be briefly
reviewed in Sec. of this introduction. What can be immediately extracted from the
lattice correlation functions are the F'V spectra. The idea is that the calculated discrete
energy eigenvalues of, e.g., the interacting two-particle states in a finite volume can be uti-
lized to extract the scattering amplitudes, as long as the multi-particle inelastic channels
are not kinematically accessible — as formulated by Martin LuScher and extended by several
others to more general cases. Examples of the application of this method in modern-day
LQCD calculations of two-hadron systems will be presented in Sec. A derivation of a
general form of the Liischer relation, applicable to coupled-channel systems in the moving
frame and with arbitrary partial waves, is presented in this section. This derivation closely

follows that of presented in the this publication

e R. A. Briceno and Z. Davoudi, Moving Multi-Channel Systems in a Finite Volume
with Application to Proton-Proton Fusion, Phys. Rev. D 88, 094507, arXiv:1204.1110
[hep-lat] (2012).

Chapters [3] and [ of this thesis is devoted to the development of a formal framework
that enables the extraction of phase shifts and scattering parameters of general two-nucleon
systems with arbitrary spin, parity and center of mass (CM) momenta. This formalism

directly impacts our ability to extract the properties of the lightest bound state of nucleons,



and one of the most unusual ones, the deuteron, from first-principle lattice QCD calculations.
In particular, it provides guidance for the the upcoming LQCD calculations to optimize the
extraction of the S-D mixing parameter in the deuteron channel. These chapters are based

on the following publications

e R. A. Briceno, Z. Davoudi and T. C. Luu, Two-nucleon systems in a finite volume: (I)

Quantization conditions, Phys. Rev. D 88, 034502, arXiv:1305.4903 [hep-lat] (2013).

e R. A. Briceno, Z. Davoudi, T. Luu and M. J. Savage, Two-nucleon systems in a finite
volume: (II) 851-8D1 coupled channels and the deuteron, Phys. Rev. D 88, 114507,
arXiv:1309.3556 [hep-lat] (2013).

In a closely related approach in chapter [5 by imposing a particular type of boundary
conditions (BCs), namely twisted BCs (TBCs), on the fields in a finite cubic volume, it
is shown that not only can one optimize the extraction of the scattering parameters of
any general two-hadron states from the FV spectrum, but also can improve the volume
dependence of the extracted masses and two-body binding energies by tuning the BCs. The

results presented in this chapter are based on the following publication

e R. A. Briceno, Z. Davoudi, T. Luu and M. J. Savage, Two-Baryons Systems with
Twisted Boundary Conditions, Phys. Rev. D 89, 074509, arXiv:1311.7686 [hep-lat]
(2013).

As lattice QCD calculations have begun to include QED interactions in studies of
hadronic systems, it is important to understand how the volume dependence of quanti-
ties are affected by QED effects. In particular, as electromagnetism — due to the zero mass
of the photon — is an infinite-range interaction, such volume effects are expected to be large.
This is in contrast with the strong interactions where the long range of the interaction is
due to the light but massive pions (and other exchanged mesons). As a result, as will be
shown in Sec. [I.3] although the volume corrections to the masses of hadrons due to QCD
induced interactions are exponentially suppressed, the volume corrections due to QED in-

teractions are power law. By utilizing an effective description of the QED interactions of



the hadrons (and light nuclei) at low energies, such infrared (IR) corrections to the masses
of these particles can be systematically calculated in relation to their electric charge, charge
radius, magnetic moment and polarizabilities. These results are presented in chapter [6] and

are based on the following publication

e 7. Davoudi and M. J. Savage, Finite-Volume FElectromagnetic Corrections to the

Masses of Mesons, Baryons and Nuclei, arXiv: 1402.6741 [hep-lat] (2011).

The following sections of this chapter provide the required background, and give a brief
status report of the field prior to these publications which help to put the presented results

in their own context.
1.1 Quantum Chromodynamics and its “Effective” Description

Although the strong interactions were long believed to be responsible for interactions among
constituents of nucleons, the weakly interacting feature of the theory, postulated based on
the results of deep-inelastic experiments in 1960s, had posed a mystery. The reason was
that no gauge theory at the time was known that exhibits a strongly interacting feature
at low energies while becomes almost free at high momentum transfers. It was only in
early 1970 that 't Hooft, Politzer, Gross and Wilczek found out that the non-Abelian gauge
theories [368], in four dimensions, possess the desired property [187-H189,[310,|344]. The
beautiful quark model of Gell-Mann and Zweig that was developed in 1960s to describe
the rich spectrum of strongly interacting particles, was then integrated into the underlying
non-Abelian gauge theory. Interestingly, the extra charge of the quarks, namely their color,
that was proposed to ensure that the Fermi statistics of spin 1/2 particles is obeyed, had
a natural interpretation in this gauge theory as quarks would now belong to a multiplet
of the group (in its fundamental representation) and carry a new index. Both the quark
model and the experimental evidence, e.g. e™ + e~ — hadrons cross section, suggested that
there exist three distinct colors, constraining the dimensionality of the gauge group to be
three. The guiding principle in constructing the Lagrange density describing quarks and
gauge fields, has been the principle of local gauge invariance — a principle that had already

played an important role in the description of the simpler gauge theory of QED.



According to the principle of local gauge invariance, in order for the free Lagrangian

density of a quark multiplet ¢* with a = 1,2, 3 (all of the same mass m)E|
ﬁfree = Qa(i’)/uau - m>qa7 (11)

to be invariant under a local rotation in the internal space of the quark multiplet by a

unimodular unitary transformation U — namely a SU(3) transformation,
¢* = ¢% = U g = (e 9T @y b (1.2)

there must necessarily exist a vector field 4, = ALTi with ¢ = 1,2,...,8 which minimally

couples to the quark fields through the covariant derivative
Dyug" = 0uq" + igAZ(Ti)abqbv (1.3)
and whose gauge transformation takes the following form
A, — A =UAU + gc‘)uUUT. (1.4)

T's are the generators of SU(3) Lie algebra, T% = %)\i with A\’ being the usual Gell-Mann
matrices, and which are normalized as Tr(T°T7) = %(527 . These generators satisfy the
commutation relations [T, T9] = i fU*T* where f¥* are the structure constants of SU(3).
«; in Eq. is the continuous parameter of transformation and g characterizes the
strength of the coupling between quarks and the gauge fields.

To maintain the acquired gauge invariance, the Lagrange density corresponding to the
gauge fields themselves must be constructed gauge invariantly. This, first of all, means that
the eight AL fields must be massless, the quanta of which are the familiar gluons. Secondly,
in analogy with the electromagnetic (EM) interactions, one can form a field strength tensor

G = %[DM, D,| whose transformation properties can be easily deduced using Eq. 1 ,
G = G, =UG, U (1.5)

There are only two dimension four gauge-invariant operators that can be built out of

this tensor. One of which is even under the CP transformation,

]‘ 14
cler) —5Te(Gu G™), (1.6)

gauge

'The summation over repeated indices is to be understood throughout.



and its normalization is chosen such that, upon replacing the SU(3) transformations with

an Abelian U (1) transformation, the QED Lagrangian is recoveredﬂ The C'P odd term,

con —gI N (aeges 1.7
gauge — 327T2 EMVOZ,B ( )7 ( : )

is irrelevant for most of QCD phenomenology as the experimental value of its corresponding
strength, characterized by the parameter 6, is unexpectedly close to zero, § < 10_QE| Ny
denotes the number of quark flavors (up, down, strange, etc.), and €, is the fully anti-
symmetric Levi-Civita tensor.

The Lagrange density of QCD, neglecting the CP-odd contribution and taking into

account different quark flavor sectors, can be written in the explicit form,

Ny
Loop = Y |ap(iv*0u —my)ay — gALar"T'qy]
F=1
1ii;wg i Aip Ajv 9 G Ak Alp gmv
— P+ S Lign B AT AT = T fijh fram Ay Ay AV AT (1.8)

where Fﬁy = 8MAf, — &,AL. The striking feature of this Lagrange density is the self inter-
actions among gluons which makes the vacuum of the theory nontrivial compared to QED.
This is not a surprise as in any non-Abelian gauge theory, the gauge field AL carries a char-
acteristic charge (color in the case of QCD) corresponding to the internal space of the gauge
group, and must be able to interact with other charged members of the gauge multiplet.
The other feature of the QCD Lagrange density is that the coupling of gauge fields to the
quark fields cannot be arbitrary and is constrained by the Lie algebra of the group to be the
same among quarks with different colors and from different families, and should match that
of self-gluon couplings. This is again in contrast with QED where, although the interaction
Lagrangian has a universal form, different matter fields can couple to the EM field with
different strengths, characterized by their distinct electric charges.

The two important properties of QCD, asymptotic freedom and color confinement, can

be deduced from an analytical approach based on perturbation theory. The former, as is a

2This also justifies the factor of i in the definition of G, as it would result in the usual normalization
of the kinetic term of gluons.

3The convention used for the normalization of this term ensures that, in the absence of massive quarks,
the contribution from such term vanishes upon setting 6 = 2a, where « is the parameter of the U(1)a
transformation, ¢ — ¢'*?5, whose current, Jf = gy"7sq, is anomalous.



standard textbook calculation, is obtained by looking at the running of the QCD coupling
constant with energy from a weak-coupling expansion of the QCD p-function (see Sec.
using the Feynman diagram technology. The latter property can be studied using a
strong-coupling expansion of the potential between two static quarks. In the following, we

discuss several features of QCD at high and low energies in more details.

1.1.1  QCD at high energies

Due to (ultra-violet) UV divergences in any perturbative calculation of QCD when the quan-
tum corrections are included, a reference energy scale must be introduced to renormalize
the theory. In a sense, the value of any quantity is measured compared with a reference
energy scale and so the divergent contributions cancel out when quantities are calculated
at two energy scales relative to each other. This however means that one must know the
relation that governs the evolution of the quantity of interest at the reference energy scale
down to the energy scale relevant to a given physical process. Such relations are the familiar
Callan-Symanzik or renormalization group equations [103}341]. Here we are only interested
in the evolution of the QCD coupling constant with the energy scale u, characterized by

the so-called S-function,

Blass) = uﬁf/ﬂasw). (1.9)

The fields and parameters of the Lagrange density that one starts with are bare quan-
tities, meaning that they suffer from UV divergences. These can be replaced with the
renormalized quantities whose divergences are removed by fixing their values at the refer-
ence scale p, using some chosen renormalization conditions. These finite quantities which
now carry a p-dependence can then be used in perturbation theory in a well-defined expan-
sion. The beauty of perturbative QCD, as well as other renormalizable theories, is that a
finite number of such conditions suffices to remove all the UV divergences that occur to all
order in perturbation theory.

This well-defined procedure can be carried out for the effective coupling constant felt
at energy scale u where not only e.g. the three-gluon vertex must be replaced by its

renormalized value but also the external gluonic legs must be corrected by the corresponding
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wavefunction renormalization factors. Then a two-loop calculation shows that
Blas) = —(boas + bra) + O(ay), (1.10)

with b = 5= (33 — 2Ny) and by = 5;5(153 — 19Ny) [58]. For the current discussion let us

ignore the NLO correction to the S-function and solve Eq. (1.10). Explicitly, we want to
know given the coupling constant at scale u, what the value of the coupling would be at

scale p'. Tt easily follows that

asw) (1.11)

R + boas(p) log ‘;—2

Qs (N/)

Given the positive sign of b; for QCD with Ny = 6, it is evident that o,(y’) decreases
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Figure 1.1: The coupling of QCD as a function of a characteristic energy scale p = @, obtained
from matching the QCD perturbative calculation to a given order (as given in brackets) to the
experimental measurements of several quantities. There is also one point which is obtained by
matching to a lattice QCD calculation . Figure is reproduced with the permission of Michael

Barnett on behalf of the Particle Data Group.

as y/ increases, indicating the theory tends to become free at asymptotically high energies.
Experimental determinations of ag for a range of energies have resulted in values that lie

on the predicted scale-dependence curve to an extremely well precision, as is shown in Fig.
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To parametrize the characteristic scale at which the theory becomes strong, we can

2

define the scale Agcp such that boas(p) log AQ" = 1, then one can rewrite Eq. (1.11) as
QCD
following
(i) = ————. (112)
2bp log Rood

As can be seen, perturbation theory is only valid if 1/ > Agcp. Experimentally Agep =~
200 MeV which is of the order of the inverse size of the light hadrons. This is consistent
with our realization of hadrons being composed of strongly interacting constituents when
low-energy probes are used. In fact at low energies, these hadrons are the effective degrees
of freedom of QCD, and the details of their properties and interactions, although sensitive
to the short distance theory of QCD, can be studied in a systematic low-energy expansion.
This requires understanding QCD symmetries and the mechanism for the breaking of some

of these symmetries. We discuss this topic in the next section, Sec. [I.1.2]

1.1.2 QCD at low energies

Although quarks and gluons do not show up as explicit degrees of freedom in the spectrum
at energies of the order of Agcp, the imprint of their interactions can be found in the
spectrum of hadrons. For example, the low-lying spectrum of (negative parity) mesons and
(positive parity) baryons, as illustrated in Fig. exhibits several interesting patterns
whose origin can be understood via the fundamental theory of QCD. As is seen, pions are
noticeably lighter than the rest of hadrons and come in an almost degenerate triplet. The
next multiplet of mesons, while remain low in mass compared to baryons, are not as light as
pions. On the other hand, the ' meson that has the same quark content as that of 1 in the
quark model is surprisingly heavier than 1. Baryons have masses at the order of 2 1 GeV
and like mesons come in various nearly degenerate multiplets. Moreover, the parity partners
of mesons and baryons have been observed to have different masses, e.g., the difference in
the mass of the nucleons ~ 940 MeV and their negative parity counterpart N(1535) is as
large as 600 MeV.

To understand these features all together, it suffices to study the underlying symmetries

of the QCD Lagrangian. In the limit of zero quark masses (chiral limit), the left-handed and
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Figure 1.2: The masses of the the few lightest mesons with J¥ = 0~ and baryons with J = %Jr

in GeV. The error bars associated with the experimental measurements of masses are not included

and each line only represents the central values as reported in Ref. [5§].

right-handed quarks of each flavor do not mix with each other through QCD interactions,

Ny
£8) = 3 lan (V" Du)ar.s + drg (v Du)ar.f) (1.13)
F=1

where each quark is decomposed to components that have specific handedness, ¢ = g, + qr

with ¢ = 1_275q and qp = 1+2A’5 g. Due to the heavy mass of the charm quark, m. =~

1.3 GeV, only up, down and strange quarks play a significant role in the dynamic of strongly
interacting systems at low to medium energies. With three flavors of quarks the Lagrangian
in Eq. is seen to be invariant under U(3)r x U(3)r symmetry, which however breaks
down to U(1)y x SU(3)r x SU(3)r symmetry. Let us discuss these symmetries and their

reduction in more details.

e The U(1)4 symmetry is broken due to the chiral anomaly. The chiral anomaly refers
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to the non-conservation of the number of massless left-handed fermions compared
with the right-handed fermions due to the non-invariance of the quantum expectation
values (as opposed to the classical Lagrangian) under an axial U(1) transformation
q — €°%gq, where the corresponding isosinglet axial-vector current J*5 = gy ~°q
is not conserved [3,/4]. This already gives a hint to why the mass of the isosinglet
pseudo-scalar meson 7’ is noticeably different than that of isovector pseudo-scalar
mesons. However in order to understand the small mass of these latter mesons, further

investigation of symmetries is required.

e The invariance under U(1)y is realized by the transformation ¢ — e®q with the
corresponding conserved isosinglet vector current J* = gvy*q, and is manifested by

the conservation of the net baryon number.

e Finally, independent SU(3) transformations of left-handed and right-handed quarks,
represented by ¢ — L ¢ and ¢ — R ¢, leave the Lagrangian in Eq. invariant,
where L and R are SU(3) matrices, L € SU(3);, and R € SU(3)g, and ¢ denotes a
quark triplet in the 3 representation of SU(3). This is called the chiral symmetry of
QCD which plays an important role in constructing an effective low-energy theory of

hadrons, namely chiral perturbation theory (xPT), at energies of the order of Agcp.

There are two features of QCD that deprive nature from the exact chiral symmetry. The

first one is the presence of a non-vanishing quark condensate,
(0|qr.jqr:] 0) = —A36;;, i,j=1,2,3. (1.14)

resulting in a spontaneous breaking of the chiral symmetry [291},292]. This means that
although the action of theory is chirally invariant, the vacuum stateﬁ does not respect the
chiral symmetry. This is manifested in the change of condensate as a chiral transformation

is performed on the quark fields,

0) = —A*(LRT);;. (1.15)

(01qr,jqr,i| 0) — Lu’/R;/j (0|ar. 4L

4Note that the gg pair in Eq. (1.14) has the same quantum numbers as vacuum.
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Only if L = R does the condensate remain invariant, reducing the symmetry group to its
SU(3)y subgroup with the corresponding conserved isovector vector current J** = gy*T.
For each 8 generators of the broken subset of symmetries, deduced from the isovector axial

#5a — gytySTe, there exists a corresponding massless Goldstone boson

vector current J
which must be found in the spectrum of mesons with quantum numbers of the generators
broken symmetry. Such massless excitations can be parametrized by a field, X, that lives in
the (3, 3) representation of SU(3). From Eq. , it is clear that LR' produces a different
vacuum than that of Eq. for L # R and therefore it can be readily identified as 3.

The ¥ field can be explicitly parametrized by,

¥ = 2m@)/f (1.16)

™ + +
N S K
= 7%T% = - _x . n 0
T =7n"T T o=+ K . (1.17)
— 0 _2n
K K 7
T with a = 1,...,8 are the 8 generators of SU(3) and f is a constant with dimension mass

whose value is matched to the pion weak decay constant f = fr = 130.41 4+ 20 MeV [5§].
The effective interactions of these Goldstone bosons at low energies can then be studied
by forming the most general Lagrangian that is invariant under the chiral symmetry. The
significance of each term in this Lagrangian is determined through a systematic expansion

with respect to the ratio of the typical momentum in a process to the scale of chiral symmetry

breaking, A, ~ 1 GeV. We will come back to this topic in Sec.

The second feature of QCD which explicitly breaks the chiral symmetry is non-vanishing
masses of quarks. It is evident from the QCD Lagrangian that the mass term mixes quarks
of different chiralities,

Ny

;2 _ _
£ =3 [angme ary + Grgma i) (1.18)

f=1
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and manifestly spoils the chiral symmetry. However, the masses of light quarksﬂ
my, = 2.15 £ 0.15 MeV, myg = 4.70 £ 0.20 MeV, mgs = 93.5 £ 2.5 MeV, (1.19)

in particular those of up and down quarks, are much smaller than the scale of the spon-
taneous chiral symmetry breaking. As a result, chiral symmetry remains an approximate
symmetry of QCD before the spontaneous chiral symmetry breaking occurs. The spon-
taneous symmetry breaking (SSB) mechanism then generates 8 nearly massless bosons or
namely 8 pseudo-Goldstone bosons (pGBs). In Sec. we will show how the quark mass
contributions can be included in the chirally invariant Lagrangian of pseudo-scalar bosons.

The first immediate evidence of pGBs is in the spectrum of hadrons. As discussed,
the pseudo-scalar octets are unusually light compared with the rest of hadrons and whose
parity quantum number is consistent with that of expected for the generators of the broken
symmetry. This also means that the hadrons will no longer be degenerate with their parity
partners when the chiral symmetry is brokenﬁ We note in particular that the 7’ does
not correspond to a SSB mechanism and so its mass is not protected to be smallm The
other evidence for the existence of pGBs of a spontaneously broken symmetry had been
observed experimentally through pion-pion and pion-nucleon scattering experiments even
in pre-QCD era. The 77w scattering cross sections had been observed to vanish at low
energies. On the other hand, the most naive effective interaction among pions and nucleons
at low energies consistent with the parity of pions and nucleons failed to describe pion-
nucleon cross sections. Both of these cross sections could be reproduced if pions would only

derivatively couple to other hadrons. This is of course only consistent with the identification

5These masses are the Particle Data Group average of several lattice QCD determinations that are
converted to a renormalized mass in the MS scheme at scale pp = 2 GeV [58].

6Since the Hamiltonian of QCD is invariant under parity (ignoring nearly vanishing C'P violating inter-

actions in Eq. ), the vacuum state and its parity partner are both the eigenstate of the Hamiltonian
with the same eigenvalues. However, it can be shown that these two degenerate states are eigenstates
of the axial charge Q*>® = fdgijS’“(x, t) with eigenvalues that differ in sign. After the spontaneous
symmetry breaking, only one of these vacua is picked, resulting in breaking the degeneracy between the
parity partners.

"Due to the heavier mass of the strange quark, the explicit chiral symmetry breaking is severe for the
case of SU(3) symmetry compared with its SU(2) subgroup. As a result, the pGB features of pions are
more prominent than that of strange mesons, see Fig. [[.2}
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of pions as the pGBs of a broken symmetry with an explicit shift symmetry as is evident

from Eq. (1.17). We will present these interactions in the following subsection.

Chiral perturbation theory for mesons and baryons

Lagrangian for pseudo-Goldstone bosons: The Lagrangian describing the dynamics of pGBs
. . 6 D m.
can be constructed from field ¥ in Eq. 1D order by order in powers of A~ Ay and A—i,
where p is the typical momentum of the process and m,gp denote the mass of the pGBsH For
pseudo-scalar mesons to be Goldstone boson, they must only interact derivatively. However

as they are only pGBs due to non-vanishing mass of quarks, they can also couple non-

derivatively through insertions of the quark mass matrix defined as

m, 0O 0
M= 0 mg O . (1.20)
0 0 mg

By promoting M to a dynamical field, namely a spurion field, which transforms under SU(3)
chiral symmetry as M — LMR, its non-zero value can be interpreted as causing a SSB
similar to the field . This provides the necessary ingredients to write down the leading order

2
(LO), O (/Ié, Tpep ), chiral Lagrangian of pseudo-scalar mesons as following [169,/170],
X

A%
2
L2y = 3 [auzaﬂzf +2B(MEF + M*Z)} : (1.21)

This Lagrangian is invariant under the Lorentz and SU(3) chiral symmetry and its normal-
ization is chosen in such a way to reproduce the canonical normalization of the kinetic term
for pseudo-scalar mesons. It only contains one more parameter, or low-energy coefficient

(LEC), beside fr which, upon a straightforward expansion in the pGB fields in EQ. (1.21)),

m3
My +mg

can be related to the mass of mesons, e.g., B = . This indicates that each insertion

of the quark mass matrix counts as ~ mﬁG p in this treatment. The value of parameter B

8The mass of the next meson that is not a pGBs can be taken as the scale A, for which this effective
approach breaks down. This is the p meson with m, = 775.26 £ 0.25 MeV. It gives rise to an expansion
parameter that is not typically small, "”; ~ 0.6, consistent with the expectation that the SU(3) symmetry

m
breaking is fairly severe given the mass of the strange quark. For processes that only involve pions and

nucleons, one can restrict the effective interactions to only respect the SU(2) chiral symmetry for which
mx _ Mg

the expansion parameter can only be as large as A e~ 0.3 for low-energy processes.
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can be directly matched to the value of the quark condensate using the Feynman-Hellman

theorem and is readily found to be

2

B:—f72r

(0]wul 0). (1.22)

4

2.2 4
At next to LO, O (p P Mpen o ), there are 8 distinct chirally invariant operators

A TAT ) TAd
with up to 4 derivatives ajad upxto two ?nsertions of quark mass matrix whose corresponding
LECs, the Gasser-Leutwyler coefficients [170], must be matched to experimental data on
meson-meson scattering. In doing such matching, the loop effects with insertions of the
leading operators in Eq. must be taken into account. This is because these loop
contributions are enhanced compared with the tree-level contributions of the next order by
factors of log(p/mpcB). 1 is the renormalization scale in a mass-independent normalization
scheme such as MS that is used to renormalize the amplitudes when encountering the
UV divergences in loops [228], see for example Fig. In particular, it is notable that
the scale-dependence of LECs at any order in a systematic EFT is canceled by that of
introduced by the chiral loops of previous order so that the amplitudes calculated at that

order is rendered scale independent.

The EFT procedure just described is a powerful method for the following reasons:

e Firstly, the dynamics of pGB is highly constrained by the chiral symmetry such that
the interactions of all pseudo-scalar mesons can be put in a universal form, e.g., Eq.
(1.21]), eliminating the need to introduce several LECs at each order for different
members of the multiplet. This feature remains true in constructing the interactions

of pGBs with baryons as is discussed below.

e Once LECs that occur at a given order in EFT are matched to one or several observ-
ables, the EFT interactions can be applied in studying a wide range of phenomena
where such operators contribute, giving the EFT a predictive power. For example as
we just observed, the value of parameter f that was determined by matching to the

weak decay rate of the pion, can now be used to fully predict the 77 scattering cross
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Figure 1.3: Diagrams contributing to pion-pion scattering in xPT up to NLO. Dashed lines
represent pions, the grey dot denotes the LO tree level vertex obtained from expanding Eq.
(1.21) in pion fields, while the grey square denotes the NLO vertex and depends on the

Gasser-Leutwyler coefficients. The power-counting of each diagram is given in the figure.

section at LO using Eq. (1.21). A straightforward calculation shows that [114]

s —4m?2
487 f2 7

0 2s —m2
19" (s) = 1 (s) =

s —2m?2
16mf2 7

2
t(() )(5) = W?

(1.23)

at LO in chiral expansion, where tl(l)(s) denotes the 77 scattering partial-wave ampli-

tude in isospin channel I and partial-wave channel [, and s denotes the total invariant

mass of the 77 system.

e Despite phenomenological models with an arbitrary number of parameters — that
are fit to experimental data — with which no well-defined systematic uncertainty can
be associated, the EFT approach enables the quantification of errors in calculated
quantities in a systematic way. These errors result from neglecting higher order terms

in the low-momentum expansion.

e Such EFT technique determines the light-quark mass dependence of observables order
by order in the EFT expansion. This is particularly important as it enables making
predications for physical observable from lattice QCD calculations that are performed

at heavier quark masses. As long as the quark masses used in those calculations
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Figure 1.4: The LQCD determination of miaéz)r(()z) for the I = 2 7m scattering at the physical
point (the red star on the physical line denoted by a dashed green line). The band represents the
68% confidence interval interpolation of the LQCD result (the red rectangle) at m, = 390 MeV [41].
The horizontal purple line denotes the LO yPT prediction in the chiral limit. The Roy equation
prediction [114] is shown by the black circle on the physical line. Figure is reproduced with the

permission of the NPLQCD collaboration.

produce pGB with masses within the range of validity of chiral perturbation theory,
the xYPT expressions might be used to interpolate to the physical values of quantities.
A nice example of which is the determinations of the I = 2 S-wave wm scattering
length, a[()Q), and effective range, 7"(()2), at the physical point (physical values of light-
quark masses) using the LQCD input at m, = 390 MeV as performed by the NPLQCD

collaboration [41]. The S-wave scattering length and effective range are defined via

the effective range expansion (ERE) at low energies,

1 1
k*cotdp = —— + =rok*™ +... , (1.24)
agn 2

where £* denotes the momentum of each pion in the CM frame. These LQCD results
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have been used in the chiral expansions of these quantities at NLO in two-flavor XPTE

2 1 2 2 2
mea? = T | Ly 8 g < )mm ]

f2 12871’2 f2 f2 f2
247 f2 17 2
mwr((f) = T:f +Cy + 6r log (Tjr;) (1.25)

where C7 and Cy are two combinations of Gasser-Leutwyler coefficients, renormalized
at scale p = fr, and are fit to LQCD data at this pion mass. This results in impres-

sively precise determinations of scattering length and effective range at the physical

pointﬂ
meal) = 0.0417(07)(02)(16), m.r = 72.0(5.3)(5.3)(2.7), (1.26)

in 1o agreement with the determination of these parameters from the Roy (dispersion
relation) analysis [324] of experimental data with the yPT input |12,[114]. This exam-
ple demonstrates the role of EFT in empowering the LQCD calculations at yet unphys-
ical pion masses to make predictions for the physical point. Besides the low-energy
scattering parameters [14,32/34,3540,/41,45,/95//144./145248-250,262,299},305306,364 ,
the masses of hadrons and their decay constants are among quantities that are being
extensively studied through a combination of LQCD and EFTs (For reviews on these
calculations see Refs. [13,247,1265,[313]). We will present an example of the use of
EFTs in deducing the FV corrections to the mass of the nucleons in Sec.

Lagrangian for Baryon octets: Let us first focus on the the case of SU(2)r x SU(2)g in

constructing the Lagrangian. We present the general result for the case of SU(3) chiral

symmetry later. First note that the transformation property of nucleons doublet, N =

, under SU(2)r x SU(2)r is not constrained - in contrary to the pGB field X,

so we can take the freedom to choose it. The simplest transformation, Ny, — LNy and

Npr — RNg, where left-handed and right-handed nucleons transform separately, turns out

9We are using the nuclear physics convention for the sign of scattering length where a positive scattering

length corresponds to an attractive interaction.

19The numbers in parentheses denote the statistical and systematic uncertainties of various sources as
explained in Ref. [41].
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to not be the most convenient one. We can require the same transformation for the left-

handed and right-handed components,
NL%UNL, NR%UNR, (1.27)

where U is an element of SU(2). This can be achieved if we redefine (dress) the nucleon

field as following

Np =¢Ng, Np=£€iNy, (1.28)
where ¢ = v/ can be seen to transform under SU(2)r, x SU(2)r as
¢ — LEUT = UERT. (1.29)

In order for the familiar free nucleon Lagrangian Wi’y“(?uN to remain invariant under
(local) transformation (1.27)), the minimal coupling to a vector field V,, must be introduced
to assure the covariant derivative D, = 0, + V, transforms properly under the chiral

transformation, D, N — U(D#N)E This can be seen to be satisfied if V,, is chosen to be

Vi= 5(€0,6 + 0,60, (1.30)

given its transformation property V, — UV, U f+U ouU t. Another chiral invariant term in

the nucleon Lagrangian is possible by forming the following combination

A, = %(5*8#5 — €,1). (1.31)

Since this combination transforms as A, — UA,U t, it can directly couple to nucleons at LO
in a chirally invariant way although its coefficient is not protected by the minimal coupling
mechanism as for the vector fields. Then the leading chiral Lagrangian describing nucleons

and their interactions with the pGBs (through field &) can be written as [172]
L3 Gp = N(ir"Dy — My + gay*7 AN, (1.32)

where the only new LEC is g4 whose value can be matched to the neutron semi-leptonic

weak decay, g4 = 1.2701(25) [58].

1VWe reassign the notation N to nucleon fields that transform as in Eq. (1.27).
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Extending the formalism to the case of SU(3) chiral symmetry is now straightforward

by noting that the baryon octet fields,

0 A +
) + NG X p
B= D v (1.33)
= =0 _2A
- - V6

can be made to transform as B — UBUT, and as a result the Lagrangian in Eq. (1.38) can

be generalized to [237]
£5) o5 = Tr [B(iv" Dy, — Mp)B] — DTx [By*y*{A,, BY] — FTr [By"~°[A,, B]] , (1.34)

where D and B are two new LECs that can be determined by matching to semi-leptonic
weak decay decays of baryons octets, D ~ 0.8 and F = 0.5 |73|. At NLO, the insertions of
the quark mass matrix must be taken into account . Given the transformation properties
of B, £ and M as discussed above, the most general Lagrangian at this order can be readily

formed,
LY p = aiTr |Blemet + h.c.)B} +asTr [BB(gTMgT n h.c.)} +a3Tx [BB] Tr [MS + h.c],
(1.35)

in which three new LECs are introduced.

An apparent problem in developing a power-counting scheme for EFTs with baryons is
that the mass of the baryons is of the order of the chiral symmetry breaking scale, and as a
result an expansion in Mp/A, is meaningless. To resolve this issue [220], one should notice
that in the heavy field limit, the momentum transfer between baryons and pGBs remains
small. So by performing a field redefinition, the large contribution to the baryon momentum,
P, = mv, +1,, due to its mass can be canceled, leaving a small residual momentum [,
where v,, is the baryon four velocity. Let us focus on the case of nucleons and rewrite the

N field as
N = e MNvT(N, 1 Np,), (1.36)
where

N; = eMNUEPEN, Ny = eMNUEPIN, (1.37)
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with projection operators PF = % Then it is straightforward to see that in the heavy
field limit, when v = (1,0,0,0), P,5 projects out the upper components of the nucleon
spinor with energy £ — My while P project the lower components of the nucleon spinor
with energy ' — Mpy. With this decomposition, the only dynamical field that survives as

Mpy — oo is N; whose corresponding Lagrangian can be written as [220]
LY a5 =Ni(iDo — gao - AN, (1.38)

at LO in 1/My expansion where o are Pauli matrices of SU(2) in the spin space. Note
that the mass term in Eq. is now canceled via such non-relativistic (NR) reduction.
This formalism, that is known in literature as heavy-baryon yPT (HBxPT), makes the
EFT calculations involving baryons considerably easy specially at higher orders. For future
use, let us make explicit the interactions among nucleons and pions in this Lagrangian by
expanding the ¢ field in Eq. in powers of pion fields. After neglecting terms with

more than two pion fields, one arrives at

LA',SK, = N; |i0p — 4}7%7' (X Ogm) — %T (o - 9)mw| Ny, (1.39)
where 7 are the Pauli matrices of SU(2) in the isospin space. Several interesting processes
can be studied with this Lagrangian including the pion-nucleon scattering and the quark-
mass dependence of nucleon mass. We will use this Lagrangian in the next section to
evaluate the FV corrections to the mass of nucleons, and later in chapter |5 to improve such
volume corrections by modifying the quark-field boundary conditions in a finite volume.
The interactions of pGBs and baryons with external fields such as EM field can be also
included in the EFT. For the case of electromagnetism, for example, a minimal coupling of

hadrons to the photon field A, will account for such interactions at LO. It is notable that

the quark electric charge matrix @,

2
20 0
o o -1

breaks chiral symmetry explicitly just as the quark mass matrix and its inclusion in the

chiral Lagrangian follows in a similar fashion. We will not discuss this extension of EFT
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Lagrangian here and refer the reader to various comprehensive reviews on yPT and its
applications as can be found in Refs. [149}230,276,308,330]. In studying EM FV corrections
to the mass of hadrons in chapter [6] we introduce a simple NR EFT that captures the
features of the EFTs coupled to EM fields.

Effective field theories for nucleons

EFT potentials and Weinberg power counting: In early 1990s, Weinberg proposed that
the phenomenological potentials of nuclear physics [217}/245,274.301,[302] can be replaced
with potentials that are systematically constructed from chiral EFT interactions [353-355].
The uncertainties of the nuclear few- and many-body calculations due to neglecting higher
order terms in the EFT forces can then, in principle, be systematically estimated. This

procedure goes as follows:

1. Write down, order by order in xPT, the potential among two nucleons. At LO, there is
no contribution from three (and more) nucleon forces. The one-pion exchange (OPE)
potential, which was also included in the phenomenological NN potentials to account

for the long-range force among nucleons, contributes at LO. In the static limit

2
y(20)

g 01:q02-4g
i (p,p/) = —7’427'1 T2 5 5
2f%

Crm? (1.41)
where p and p’ are the three momenta of the two interacting nucleons and q is the
three momentum of the exchanged pion, see Fig. It consists of both central
and tensor force and therefore can account for L = 0 and L = 2 angular-momentum

mixing in the deuteron (total spin S = 1 and total isospin I = 0) wavefunction, see

chapter

In order to describe the short-range nuclear force and to renormalize away the J-
function singularity of the OPE potential (in position space), two four-nucleon contact
operators, with coefficients C's and C7 must be introduced at the same order, giving

rise to the potential

Vs (p,p') = Cs + Croy - o, (1.42)
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_I_

Figure 1.5: The LO contributions to the NN potential in the Weinberg power counting. Solid
(dashed) line represents the nucleon (pion). The black dot denotes the four-nucleon contact, C's or

Cr.

One keeps going to higher orders in the p/A, expansion, by including multi-pion
exchange potentials with leading as well as higher order pion-nucleon vertices, and by
including as many contact interactions needed to renormalize the UV singularities at

any given order.

2. Given the potential, calculate the NR scattering amplitude, M, by solving the NR

Lippmann-Schwinger equation,

) My .
ZM@ﬁﬁZW%m+/fﬂW%ﬂU2m-MMﬂm- (1.43)
p° —p'f + e
3. By fitting to the well-known scattering phase shifts in various NN channels, constrain

the LECs of the EFT potentials, including those of the contact terms.

4. Solve the many-body problem by inputting these constrained EFT potentials to make
predictions for the properties of few and many-body nuclear system, see e.g. Refs.

[74,[75|[174,[175| 243,252, 273, [321][347].

Unfortunately, Weinberg procedure, despite producing potentials in a systematic way,
does not give rise to a consistent power counting in all the two-nucleon channels, and the
phase shifts obtained with this method typically diverge as the cutoff used to regularize the
divergences is taken to infinity. This undesired scale dependence of physical quantities in the
Weinberg power counting can be understood from Eq. where, for example inputting

the LO potential in the integral equation results in a summation of the LO interactions
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Figure 1.6: The diagrammatic representation of the Lippmann-Schwinger equation. Solid lines

represent the nucleons.

to all orders, see Fig. . Therefore the amplitude obtained at this order is not a true
LO amplitude as it contains higher order loops. Unfortunately these higher order terms,
e.g. two-pion exchange, etc., suffer from singularities that cannot be renormalized given
the absence of the contact interactions at this order. These interactions only appear in the
expansion of the potential at higher orders which are not included in the LO potential that
is used in the Lippmann-Schwinger equation. This means that the calculated amplitude
is divergent as the cutoff is taken to infinity, and in this sense this procedure cannot be
regarded as a genuine EFT approach. In practice, the uncertainty associated with the
determination of a given quantity with this method is estimated by varying the cutoff scale

in the calculation. For a nice review of chiral nuclear forces, see Ref. [276].

NN interactions with Kaplan-Savage- Wise power counting: Instead of working with
potentials, one can directly relate scattering amplitudes to the interaction Lagrangian order
by order in a low-energy expansion scheme. In the two-body elastic scattering at low
energiesm the relevant intrinsic scales are the scattering length and effective range — and
shape parameters as defined in Eq. . One might think that given the effective range
expansion, the scattering amplitude can be straightforwardly written as expansions in pa
and pr where p is the typical momentum of the process, i.e. the energy of each particle

in the CM frame p ~ k* or the mass of the pions p ~ m, . In fact this turns out to be

12Below the t-channel cut, E* = m, /2.
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the case in many of the scattering channels. However, the S-wave NN scattering represents
unnatural features arising from seemingly fine-tuned interactions. This is manifested in
the large scattering length of the system, for example in the 'Sy channel where al'S0) =
—23.714 £ 0.013 fm > m%r The same feature is seen in the 3S; — 3D; coupled channel
where a(*51=°P1) = 5423 + 0.005 fm > miw, giving rise to a near threshold bound state,
the deuteron, whose binding energy, ~ 2 MeV, is much smaller than that set by the typical
QCD scale, Agcp. The unnaturalness in these channels indicates that the LO scattering

amplitude does not count as ~ p°, but is instead of ~ p~1,

4 1 Arr 1 r/2 2
= = — 1 k* 1.44
My k* cot § — ik* My 1/a + ik* * (1/a +ik*) " ’ (149

M

where kx = /MyE* with E* being the CM energy of two-nucleon system. A sensible
power counting at low energies must be able to reproduce this effective range expansion
of the amplitude. Clearly, the OPE interaction of nucleons comes at ~ p° and cannot
be counted as a LO interaction. The momentum-independent contact interaction, with
coefficient Cjy then must be responsible for the LO amplitude, provided that it scales as
~ p~!. This requires the chain of bubble diagrams with insertions of this leading operator

L or otherwise one loses control over these contributions. A

to all scale at most as ~ p~
suitable regularization scheme to ensure this scaling is the dimensional regularization with
the power-divergence subtraction (PDS) scheme, as proposed by Kaplan, Savage and Wise

(KSW) in late 1990s [232,233]. Explicitly the LO amplitude, according to Fig. can be

written as
- -
M(LO) — — , 1.45
1—IFP5Co 1+ M (u+ik*)Co (1.45)
where
d . .
HNa—d dq t !
IQ = —Z(*) /
2 (2m)% g0 — T e B — g0 — 5T + e
(- 3—d\ (u/2)"°
_ _ ¥ . \(d—3)/2
= —Myn(—MyE™* —ie) r < 5 ) (4m) @72 (1.46)

with d being the dimensionality of spacetime and p being the renormalization scale. As is

seen, although Iy does not have any singularity in d = 1 + 3 dimensions, it is singular in a
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Figure 1.7: The contribution from the leading contact interaction Cy is summed up to all orders,
giving rise to the the leading scattering amplitude consistent with unnaturally large scattering am-
plitude in the S-wave NN channels. Note that due to the PDS scheme, each term in the expansion
comes at the same order, O( I%), in contrast with the MS or momentum subtraction schemes, see

Refs. |232,1233].

lower dimension d = 1+2 (corresponding to the power divergence of I in 4 dimensions that
is absent in the dimensional regularization). PDS scheme prescribes that this pole must be

subtracted from Iy and therefore making the result p dependent,

PDS) N

iv. M 7%
= Iplges — I Nms = _?(Mﬁ-lk ), (1.47)

giving rise to Eq. (1.45). Now by comparing Eq. (1.45) and Eq. (1.44) one will find that
1

I

Cy indeed scales as p~

ol =3 (=iia ) (1.48)

given that p ~ p > 1/a.

At NLO, not only the OPE contributes[™| but also the insertions of both CyV? and
Dom? operators must be taken into account. Given that each loop scales as ~ p, these coef-
ficients must scale as ~ ]%. In addition, the initial and final nucleon legs must be dressed by
the chain of Cjy bubbles as they give rise to O(1) = (%)(p) contributions. We will not discuss
these contributions in details here, however we can already see that this expansion, with

the devised power counting, systematically treats pion exchanges perturbatively, and the

scale dependence of the amplitudes at each order is completely removed by the introduction

13For scattering processes above the t-channel cut, E* > m. /2.
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of corresponding counter terms, i.e. coefficients of the contact interactions that are repre-
sentative of the short-distant physics of the problem. It is also notable that the pion-mass
dependence of the NN interactions systematically arises from these EFT interactionsllz] For
a nice review of EFTs for nucleons, see Ref. [230].

Although the KSW EFT for nucleons has been shown to be a powerful method in studies
of the electroweak transitions in the few-body systems, as well as in developing an EFT for
three-nucleon systems, it suffers from a slow convergence in the 'Sy channel and is not
converging in the 3S; — 3Dy channel [164}/165]. In the coupled 3S; — 3D; channels, the
piece in the OPE potential that survives in the chiral limit is large enough to ruin the
convergence of an EFT with perturbative pions. This problem is however alleviated in
the Weinberg power counting where pions are treated nonperturbatively. This has led the
authors of Ref. [31] to propose a better power-counting scheme which requires an expansion
around the chiral limit. The community remains in need for a better EFT for nuclear
interactions which does not suffer from the drawbacks of the approaches mentioned here.
Nonetheless, these EFTs have widely been used in studying a variety of nuclear systems
[22,/157-160,(175,(190}191,/199-201,203,208-210,(225/226,243,298,(322,1323,:336,346,[359]. The
uncertainties on three- and multi-nucleon force parameters remain a significant source of
uncertainty in some of these calculations. Due to limited experimental data, the help of

LQCD to constrain these parameters will be crucial in the upcoming years.

1.2 Lattice Quantum Chromodynamics

A non-perturbative approach in solving QCD, without making any assumption about the
strength of the coupling or the energy scale, is via the path integral formalism. In this for-
malism, physical quantities are evaluated by taking expectation values of the corresponding

operators in the background of the QCD vacuum,

(0) = % / DA, DgDq e*5ecp O, (1.49)

14 At energies well below the pion mass, the pions can be integrated out from the EFT, giving rise to the
pionless EFT. In chapter [3] we will work with this EFT, along with the use of a dimer field, to reproduce
the ERE in NN systems.
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Figure 1.8: A 2+ 1 dimensional cubic lattice is shown in the left panel. The (trace of) plaquette
and the product of quark, the link variable and the antiquark (right panel) are two examples of

gauge-invariant constituents of the lattice gauge theories in their compact formalism.

where Z = [ DA, DgDg e"9ecp denotes the QCD partition function, Socp = fd4a: Locp
is the action and Lgcp is given in Eq. ([1.8). Evaluating this path integral in practice

requires several steps to be followed:

1) A discrete action: The path integral in Eq. (1.49) is only defined rigorously if the
degrees of freedom of the theory are discrete. Numerical evaluations become plausible in

practice, firstly, with a measure that is nonoscillatory. This can be achieved by a Wick

rotation of the coordinates to Euclidean spacetime, ¢t — 7 so that iSgcp — —Séfc) p Where

()
Son)

be finite, requiring the spacetime to be truncated to a finite region in both spatial and

is purely real. Secondly, the number of degrees of freedom of the integration must

temporal directions and to be discretized. Lattices with geometry of a hypercube are the
most convenient choices in LQCD calculations, see Fig. [I.8] although the anisotropic cubic
lattices with lattice spacing in the temporal direction being finer than that of the spatial
direction are being also used. The spacing between two adjacent lattice sites, a, must be
small compared with the hadronic scale, a <« Aélo p» While the spatial extent of the volume,
L, must be large compared with the Compton wavelength of the pions which sets the range

of hadronic interactions, L > m_!, see Sec.

Quark fields are placed on the lattice sites, and a choice for defining the gauge fields, as
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plotted in Fig. [I.§] is through the Wilson link variables,
Uu(n) = ' 94n () (1.50)

These are the elements of the SU(3) Lie group and transform under a local gauge transfor-

mation as
Uw(n) = Uu(n)! = V(n)Uu(m)V(n + ), (1.51)

where V is an element of the Lie group. The use of link variables, which is called the compact
formulation of lattice gauge theories, is a convenient choice as it makes the implementation of
gauge invariance on the lattice straightforward. In fact, the only gauge invariant quantities
are the gauge links starting and ending at the quark fields, and the trace of any closed loop
formed by the gauge links, Fig. With these gauge invariant blocks, we can write down
a Lagrangian for QCD interactions on the lattice that recovers the Lagrangian in Eq.
once the continuum limit is taken. A common choice of action is the Wilson action [361]
which uses the elementary plaquette, defined as Pp.., = Uu(n)U,(n + ﬂ)Ul(n + Q)UJ(n),
see Fig. for gluons and the Wilson fermions formulation for the quarks,

S\(Kljgson = ]\7ﬁ Z Z %Tr[jl - P;w;n]

Cnu<l/

o _r—= _r—+ N
- Z qn [m(O) + 4}Qn + Z Z [Qn Tu Uu(”)‘]nﬂl + an T U;E(TL - M)Qnﬂl )
n noopu

2 2
(1.52)

252[6 is the lattice coupling constant

where n runs over all the N3 x N; lattice points and 3 =
with N, = 3 for QCD. Note that the action is written in terms of dimensionless fields and

parameters. Explicitly, the continuum field ¢ at point na is replaced by a=3/2q, and the

1-(0)

continuum bare mass of the quarks m(©) is replaced by a~'m(®). r is the Wilson parameter
whose value is commonly set to 1 in the calculations. The sum over quark flavors is left
implicit.

The gluonic part of the action clearly recovers the continuum action in Eq. up

to corrections that scale as a?, and leads to the following lattice propagator in momentum
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space

1

T4y, sin? (k,/2)

a2p\%) (k)

Wilson ( 1. 53)

where the Feynman gauge is used to fix the gauge and Eu = kua The fermionic part of
the action is nothing but what is expected from a naive discretization of the Dirac operator
in Eq. — with the inclusion of link variables to render the discrete derivative gauge
invariant — plus an additional contribution proportional to r. This latter contribution is
introduced by Wilson to circumvent the so-called fermion doubling problem, due to which
the continuum limit of the naive Dirac fermions leads to 2¢ degenerate fermions. One way
to see this problem is by studying the Wilson quark propagator that we use extensively in

chapter [2] to study the lattice operators perturbatively, and can be derived readily from the

action in Eq. (1.52)),
—i), Yusin (k) +2r Y sin? (k,/2) + m®
m

- ZM sin? (Eu) + (2r %:sin2 (Eu/Q) +m0)2

a i) (1.54)

When r = 0, the poles of the propagator for m©® = 0 occur at 16 distinct momenta, k,

(0,0,0,0),(£7,0,0,0),(0,£m,0,0),...,(£r, £m, £7,+m), (1.55)

however, only the k = 0 pole is the desired continuum pole. By adding the Wilson term,
the doublers that correspond to |k| ~ 7 acquire a mass that, in the continuum limit, scale
as m(r) ~ r/a and will therefore decouple from theory due to their heavy mass.

The downside of the Wilson action is that it breaks the chiral symmetry explicitly. As
is evident from action , the terms proportional to r behave similar to the quark mass
term and mix the left-handed and right-handed quarks. As it turns out, these are universal
problems with most of the discretized fermionic actions that can be nicely summarized

via the Nielsen-Ninomiya theorem [295|. The theorem states that a lattice Dirac operator

5Due to the use of manifestly gauge-invariant path integral, the compact formulation of lattice gauge
theories does not require gauge fixing. This is in contrast with a non-compact formulation where the
gauge fields remain the explicit degrees of freedom and the continuum action is discretized directly. This
is the popular formulation used in pure lattice QED calculations and so requires fixing the gauge, see
chapter @
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cannot simultaneously 1) be a periodic function of momentum and analytic except at p # 0,
2) be proportional to 7,p, in the continuum limit, and 3) anticommute with vs. It is clear
that the naive Dirac operator satisfies both 2 and 3 but fails to meet the first condition
given the presence of doublers. The Wilson Dirac operator on the other hand satisfies 1
and 2 but it does not anticommute with =5 signifying its chiral symmetry breaking feature.
Solutions to the lattice fermions’ puzzle include the domain-wall fermions [227] and overlap
fermions [293,1294] that both belong to the category of the Ginsberg-Wilson fermionsm

Ginsberg and Wilson relation |176] redefines the chiral symmetry on the lattice,
{D,v5} = aDvsD, (1.56)

with D being a dimensionful Dirac operator, and therefore breaks the last condition in the
Nielsen-Ninomiya theorem. It however ensures that the chiral features of the continuum
fermions, including the chiral anomaly, are exactly reproduced as long as the operator D
satisfies this relation. Unfortunately, numerical simulations of both domain-wall and overlap
fermions comes with additional cost compared with Wilson fermionsﬂ Nonetheless, the
use of the chiral lattice fermions in LQCD calculations has become more common as the
computational resources improve. A nice review of fermions and chiral symmetry on the
lattice can be found in Ref. [231].

2) Generate gauge-filed configurations: Now that we have a discrete action with the
desired continuum limit, let us go back to the path intergarl we aim to evaluate,

<@> — ;/DUMDqu eisfact:gice[U}isl(:_t‘zice[U’q’Q] @[U,q,g]’ (157)

where we have split the action to the purely gauge part and the fermionic part, and have
left the superscripts E for the Euclidean action implicit. This expectation value can be

written as

N 1 (@) A
<O> — E /DUM eislattice[U]ZF[U] <O>F7 (158)

1Domain-wall fermions only satisfy the Ginsberg-Wilson relation in a particular limit, i.e. when the
domain-walls separation is infinite.

17Simulating domain-wall fermions includes adding an extra dimension to the calculation of the quark
propagators while simulating overlap fermions requires inversion of an extra operator beside the overlap
operator, see Refs. [218}[231}234] for more details.
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where the path integral over gauge links U are separated from that of the fermionic path

integrals with
; 1 7 o= ShkeeUad 0.
<O>F = ?F DqDq e rattice oD O[Q? q, U]a (1'59)

and Zg is the partition function of the fermions which will still depend on the value of the
gauge link. By expressing the fermionic action as Sl(it)ice = me anDn mqm, where Dy, p, is
the matrix element of one of the chosen lattice operators discussed above in position space,
the fermionic partition function can be written as
(F) ~
Zp = / DqDq e Snviicel08] = TT det Dy, (1.60)
!
where the product of the determinant of Dirac operator matrix, D, corresponding to each
dynamical flavor is explicit. Now from Eq. (1.58]) it is clear that once the fermionic expec-

tation value (O)p is computed, the full expectation value can be computed using a Monte
Carlo sampling integration with the probability measure %E_Sfacizice[(] I pdet Dy, An im-
portant property of the lattice Dirac operators, the ~s-hermiticity DY = ~5D~s, ensures
that the determinant of the Dirac operator is real, providing a well-defined sampling weight
in the numerical evaluation of the expectation values. LQCD calculations with dynamical
fermions require computing the gauge-field configuration with a distribution that depends
on the fermion determinant — the determinant of the Dirac operator which is a large ma-
trix with dimensionality (12N2 x N;)? (on each spacetime point on the lattice there are 3
color and 4 spinor degrees of freedom for each flavor of quarks). After each configuration
generation both the gauge part and the determinant part must be updated simultaneously
to generate the next conﬁguration@

When a large number of almost statistically uncorrelated gauge field configurations, NV,

are generated, the statistical average

o1 XL ,
0) =« Z((’)>F[U(Z)], (1.61)

8 As a result, early LQCD calculations were limited to the quenched approximation where the fermion
determinant is set to one to reduce the computational cost of the gauge-field configurations. Unfortu-
nately quenching is an uncontrolled approximation and only describes QCD if the quarks were infinitely
heavy. Nowadays, the growth in the computational resources available to LQCD calculations has en-
abled abandoning this approximation and has made the use of dynamical configurations viable in most
calculations.
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is an estimator of the the expectation value in Eq. , where U is the i** generated
configuration.

3) Form the correlation functions: The next step of the calculation is observable depen-
dent and requires both analytical and numerical evaluation to determine (O) . Here we are
interested in the n-point correlation functions of (multi) hadrons from which one can extract
masses and the low-lying energies. Let Of denote the interpolating operator that creates a
(multi-)hadron states from the vacuum of QCD and O be an interpolator that annihilates
the state. With the notation used in Eq. , ® = OO'. In order for an interpolating
operator to have overlap with a desired state, it must share the same quantum numbers, e.g.
the particle number, flavor, spin, parity, charge conjugation, etc., as that of the state. For
example the 7T state can be created by a bilinear quark operator o't = uvysd. In order
to calculate the correlation function, we need to perform the fermionic path integral that
appears in the expectation value <@> r which is a usual Grassmann integration. This part

is called the quark Wick contractions and for the case of 7% two-point correlation function

can be performed as following

(O™ M)O™ N 0))r = (daa(mMN3sub(n) Ty (00725 d%(0))F
= S (@ (0)daa(n))a (uh(n)Tpa(0))y
= —72,3’72I5f (DEI)Z,@&(Q n)(qul)g,gaf (n,0)
= —Tr[+’D,"(n,07°D;"(0,n)]

— —Tr[D;'(n,0)D; " (n,0)], (1.62)

where we have chosen to create the pion at the origin and annihilate it at coordinate n.
The trace is taken over spin and color degrees of freedom and the negative sign has been
resulted from anti-commutation of the Dirac fields in the second line. In the last line the
7-hermiticity of the Dirac operator has been used. The resulting correlation function has
been pictorially shown in Fig. The value of the inverse Dirac operator depends on
the value of the link variable, therefore for each gauge-field configuration generated in the

previous step, the inverse of the Dirac operator must be evaluated@

9When the value of the light-quark masses that are used are close to their physical values, the small
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Figure 1.9: The Wick contractions in the evaluation of the 7% two-point correlation functions.
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Figure 1.10: The Wick contractions in the evaluation of the 7% two-point correlation functions.

For flavor-singlet quantities, such as 7°, there are additional contributions to the corre-
lation functions, namely the disconnected contributions, that put limitations on the calcu-
lation of such quantities with the current computational resources@ Explicitly for the 7°
correlator with O = %(Hyg’u — dv°d), we have

(O @O ) =~ T 17Dy (0, 05D, (0, m)]

+%Tr [V Dy (nm)] Tr [v° D, (0,0)]

1

—5Tr [v°D,*(n,n)] Tr [Y°D;(0,0)] + {u <> d}, (1.63)

eigenvalues of the Dirac operator causes difficulties in numerical evaluations of the inverse matrix given the
limited statistics. This is among the reasons for the numerical limitations faced by the LQCD community
in approaching the physical point.

2930me LQCD collaborations have started including the disconnected diagrams in their calculations, see

Rets. TS I9IT5/13852)
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as depicted in Fig. The second and third term, which contain the propagator from
a single lattice point to itself, require evaluations of the all-to-all propagators@ This
introduces substantial extra cost in calculations as now instead of a column in the inverse
Dirac operator matrix in position space, one needs to calculate the full matrix.

As the number of hadrons increases, the quark contractions to be performed become more
involved, however the procedure described above remains the same. By taking advantage of
various symmetries of multi-hadron systems and optimal choices of interpolators, the num-
ber of required contractions can be substantially reduced, see Refs. [124}/125,(127,|131}333].
Due to the progress in the algorithms that perform contractions required in the evaluation
of multi-baryon correlation functions [124}/131], obtaining the correlation functions of sev-
eral nuclei up to 2®Si are shown to be computationally plausible [124]. Such developments
gave rise to the first LQCD determination of the binding energies of the light nuclei and
hypernuclei (up to atomic number 5) albeit at the heavy pion mass m, =~ 800 MeV by the
NPLQCD collaboration [33], followed by the another determination of the binding of nuclei
at a slightly lighter pion mass m, ~ 500 MeV by Yamazaki, et al. [365].

4) Eztract masses and energies: Let us first project the correlation function to a mo-
mentum P,

C(P;ny) =Y e (O(n,n4)01(0,0)). (1.64)

n
Then upon inserting a complete set of states and using OA(n7 ny) = eH”4O(n, O)e*H"4 (where
Hamiltonian operator is defined through the lattice transfer matrix), the correlation function
in the limit of large (Euclidean) time becomes

C(Ping) = ) > P0[0(n, na)[k)(K|O'(0,0)[0)

k n
= Age B(P)Inala (1 + O(e—AE<P>|”4‘“)) , (1.65)

where F(P) is the lowest energy eigenvalue of the system and is related to the three-

momentum through a (lattice) dispersion relation. AE(P) denotes the difference between

21Tt must be noted that in the isospin limit, where the masses of m., and mq are set equal in the calcula-
tions, the disconnected contributions to the 7° correlator vanish. This is the case for most of the lattice
calculations that are currently performed. For isosinglet quantities such cancellation, even in the isospin
limit, does not occur.
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the ground state energy and the first excited state energy. Ay accounts for the overlap of
the interpolator used onto the ground state.
A useful quantity which is commonly plotted is the effective mass/energy, defined as

C(P;ny)

CP;ns+1) (166)

mefr(ng) = In

As is clear, once the system approaches its ground state at large times, this quantity becomes
constant. This defines a plateau region the the effective mass plot (EMP) as a function
of time from which the ground state energy of the system can be read off. By using a
larger basis of interpolating operators and by increasing the number of correlation function
measurements, the excited state energies of the system can as well be extracted, see Refs.

411[128}[137,[142}[144,[150}[303} 349}[364, 366] .

In Sec. [I.1.2] as an example of the interplay between LQCD calculations and the low-

energy effective field theories, we presented the result of a LQCD determination of the
scattering parameters of the w7 system in the I = 2 channel by the NPLQCD collaboration
[41]. Here we show the immediate output of this calculation which are the energy eigenvalues

in Fig. through EMPs. The plateau region can be clearly identified from the plots
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Figure 1.11: The EMPs of the 77 system in the I = 2 channel produced by the NPLQCD collabora-
tion . The plots correspond to two different values of the total CM momentum |P| = Pojys = 0, 1.
Energy and time are made dimensionless using the temporal extent of the (anisotropic) lattice used
in this calculation, a; ~ 0.035 fm. Different colors represent different energy levels labeled by index

n. Figure is reproduced with the permission of the NPLQCD collaboration.
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before the noise dominates the signal at later times. The calculations of the correlation
functions have been done with various different total momenta P to increase the number
of energy levels extracted. We will come back to this example in Sec. and discuss a
non-trivial step that led to the result presented earlier in this chapter.

5) Interpret the results: The energy levels (masses) are the output of the calculations we
discussed so far. The final step is to try to make sense of these extracted quantities in terms
of physical quantities, i.e. those that correspond to the continuum infinite-volume limit of
the calculations (and the physical light-quark masses when the calculations have not been
performed with physical values of quark masses). Usually, available computational resources
allow for multiple calculations with few several lattice spacings, volume sizes and quark
masses and therefore extrapolations (interpolations) to the physical point are plausible.
The rest of this thesis deals with situations where such extrapolation (interpolations) are
not practical or when the determination of the physical quantities depends on calculations
away from the physical scenarios, e.g. in determination of scattering parameters. We will
not discuss the pion-mass interpolations further in the following, and will focus on the
continuum and infinite-volume limits. Since the discussion of the finite-volume (FV) effects
is rather extensive in the following chapters, we take the opportunity to introduce and

motivate the FV formalism for LQCD in more details in the next section of this chapter.

1.3 Infinite-volume Observables from a Finite-volume Formalism

1.8.1 Single-particle sector

Given the finite extent of the volumes used in LQCD calculations, one should expect the
masses extracted form the large-time behavior of lattice two-point correlation functions are
not equal to their infinite-volume values. Qualitatively, this can be understood by noting
that due to polarization effects, the exchanged particles can propagate to the boundaries of
the volume and cause corrections to the mass that differ from those of the scenario when
the boundary is in infinity. For the case of QED interactions, it is the photon that gives
rise to polarization effects, and due to its zero mass, the FV corrections must scale as

(inverse) powers of volume. The situation with the QCD interactions is different, as due to
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confinement, these are not the massless gluons that go around the volume, and they will
not give rise to any significant volume effects. Instead the volume effects are dominantly
due to the presence of the pGBs of the spontaneous breaking of the chiral symmetry (pions
for the case of SU(2) symmetry). Roughly speaking, by constraining a hadron to a finite
volume, the pion could surrounding it is squeezed and the hadron mass is shifted. Here we
discuss these corrections to the mass of hadrons through the example of nucleons’ mass, to
which we come back later in chapter [5, where we apply different boundary conditions than
periodic to explore its consequences. The discussion of the volume effects to the masses due

to QED interactions will be delayed until chapter [6]

As rigorously proved by Martin Liischer in 1985 [268] for a massive scalar field theory, the
volume corrections to the mass of particles have a universal form, and fall off exponentially
with volume with a rate that is set by the mass of the lightest particle that is exchanged
in the theory. Since volume corrections are due to the IR manipulation of the system,
these corrections, as described by Liischer, are of kinematic nature and the details of the
interactions are not needed in obtaining these results — a situation that continues to be
the case for the two-body problem, see Sec. So we will consider the nucleon in the
HBxPT and calculate the corrections to its mass due to enclosing it in a finite cubic volume

with the PBCs.

In the heavy-baryon formalism (see Sec. |1.1.2)), the mass of the nucleon with momentum

P,=M ](\? ) v, + [, is obtained from the pole of the following fully dressed propagator

. . 2
Dy, = ’ 1—in(PD ! I () (C 0 J —
Pov— MY +ie Pov— MY +ie Pov— MY

i iZN
P.UfMJ(\?)iz(lPI)jLie P-v— My +ie (1.67)

as depicted in Fig. M(a). M ](\?) is the nucleon bare mass and X('¥1) denotes the one-
particle irreducible self energy of the nucleon. X7 can be seen to depend on two scalar
variables v - [ and [2, so by rewriting [,, as [, = (My — M](\?))Uu + (P, — Mnwv,,), it is easy to

see that by requiring the on-shell condition P.v = M}, the nucleon mass can be identified
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Figure 1.12: a) The 1PI self-energy diagrams contributing to the fully dressed nucleon propagator
to all orders. The thick solid line denotes the full nucleon propagator. b) The leading contributions
(the upper panel) to the 1PI self-energy diagram in HBxPT comes from an insertion of the quark
mass matrix (the diamond) according to Eq. (L.35). The NLO contributions (the lower panel) arise
from the pion loops where the possibility of the production of a delta resonance in the loop is taken
into account. The black dots denote axial couplings. The solid line, solid-double line and dashed

line denote bare nucleon, A resonance and pion propagators, respectively.

as

My = MY 4 0P (1.68)

vl=My—M; 2=(My—MD)2

At LO in HBPT, O(f{—z), there is one contribution to the self-energy diagram, as shown
X

in the upper panel of Fig. [1.12(b). It comes from an insertion of the light-quark mass matrix,
arising from Lagrangian in Eq. (1.35]). This contribution reads

SUPD = —4eym?, (1.69)
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with ¢; = —0.93 £ 0.10 GeV~! [63]. At NLO in the chiral expansion, (’)(f{—;{), there are
contributions from chiral loops as shown in the lower panel of Fig. [1.12(b). Due to the small
mass difference between the nucleon and the A resonance, A = 292 MeV, the contribution
from this resonance to the self-energy of the nucleon must be taken into account at this
order. We did not discusse the coupling of the baryon decuplets to the pGBs and to the
baryon octets in Sec. but it is straightforward to show that the only required vertex
for this calculation comes from the following chirally invariant Lagrangian

——abc,v

Lan = ganA AL Ny, (1.70)

where the axial vector current A, is defined in Eq. (1.31). Then from this Lagrangian and
that in Eq. (1.40) for the axial coupling of nucleons, it is easy to see that for the loop

corrections, we have

PI 49
U — 2I(oo 0) — i AN T (00, A), (1.71)
2f I
where
1 [ d* k2
v A)=—— . 1.72
(00, 4) 3/(2@4 (K0 — A 1 ie) (K2 — k2 — m2 + ic) (172)

The integral is clearly UV divergent and must be renormalized. However, since we are
interested in the FV corrections to the nucleon mass, we do not need to carry out this
integration any further. The only observation to be made before moving on to the FV
scenario is to note that the (renormalized) mass at this order is proportional to m3 ~ mg/ 2
(for A =0 term) and is therefore non-analytic in the light-quark masses. The contribution
from the A-resonance introduces further nontrivial non-analytic corrections to the mass of
the nucleon, see Refs. [431|62,202,220] for the discussion of baryon masses from (HB)yPT.

In a finite volume, the momentum modes are all discretized due to the PBCs, k =
2

7n, ne 73. As aresult the only difference between the FV and infinite-volume calculation

arises from the loops where the integrals over momenta are replaced with sums [10,27,[36],

I(L,A) Z / dko e (1.73)
— A+ i€e) (k92 — k2 — m2 +ie) '

Note that we keep the temporal extent of the volume infinite for the discussion of FV

effects. Since in practice LQCD calculations have a finite extent in the (imaginary) time
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direction, there will be contaminations to the extracted energies from the backward prop-
agating states. Such thermal effects must be dealt with separately but their effects can
be shown numerically to be smaller that the (spatial) volume effects. Using the Poisson

re-summation formula,
1 3k 3k ik
15 109 = | Gt +3 | G foem, (174

where m is another triplet of integers, one can isolate the infinite-volume contribution to

Z(L,A) in Eq. (1.72), which will be canceled out when taking the difference of the infinite-

volume and FV masses. With the help of a useful identity,

1 _ 1 > r—1_—s(k?>+M?)
CEYE F(r)/o dss" ‘e , (1.75)

it then takes a few lines of algebra to show that [27],

2 2
S, My = My(L) — My(o0) = 8%?216(0) - 397?2]}’21C(A), (1.76)

where

© T 6—|n\mﬁL
(0) = oM Z Tl (1.77)
n#0
and
> 1

K(A) = /0 X\ Ba Y |:BAKO(5A‘H’L) - mKl(ﬁA\n!L) . (1.78)

n#0
K, (z) is the modified Bessel function of the second kind, and Ba = A? + 2)\A + m%@
When expanded in the limit of large L, Eq. (1.79) scales as e Ml /L at LO. Explicitly one
obtains [27]

5/2
5LMasym _ 991247713‘. 492ANm71'/ 1 le—mﬂ-L (1 79)
N 8nf2  (2m)3/2f2A L2 | L ’ '

As we already discussed, the exponential corrections of these types are general features of
interacting theories with finite-range interactions. The reader can consult Refs. [36,86,111-

113}/171] for the FV corrections to the masses of mesons and baryons.

2 Note that we have chosen to define the KC(A) function with a negative sign compared to Ref. [27].
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1.3.2  Two-particle sector

As mentioned, LQCD produces n-point correlation functions of Euclidean spacetime. Eu-
clidean correlation functions with the reflection positivity property can be Wick rotated back
to Minkowski spacetime, as proved by Osterwalder and Schrader [297]. Therefore, if one
was able to fully reconstruct the continuum correlation functions from the Euclidean lat-
tice counterparts, such analytic continuation would not be formally problematic. However,
lattice correlation functions are evaluated at a discrete set of spacetime points and are not
exact. Maiani and Testa [277] noted the Euclidian nature of LQCD calculations prohibits
the determination of few-body scattering quantities from lattice correlation functions in the
infinite-volume limit (unless at the kinematic threshold). However, LQCD correlation func-
tions are evaluated in a finite volume. In fact, it turns out that the scattering amplitudes
of the infinite volume can be constructed from the spectrum of the interacting particles in

a finite volume.

The first realization of this statement goes back to 1957 when Huang and Yang [211]
considered a quantum mechanical two-body system in a finite volume interacting via a
hard spherical potential and found out that the energy shift due to the interactions in a
finite volume can be related to the two-body scattering length, a. The scattering length
is defined as —1/a = limg«_,0k* cot §, where § is the scattering phase shift of the two-
particle system and k* is the momentum of each particle in the CM frame. Thirty years
later, Martin Liischer, motivated by LQCD applications, extended the Huang and Yang’s
relation to quantum field theory, and derived a non-perturbative relation between the two-
body scattering amplitudes and the F'V energy eigenvalues for scalar bosons with zero total
momentum [269,270]. Various extensions of the Liischer relation that followed in subsequent
years include generalization to boosted systems [109}235,325], asymmetric lattices [126,162,
263|, systems with unequal masses [79,117,167,[259], two-body coupled channels [65,(87,88],
193,|194,|198,246,260,261,266], nucleons with only S-wave interactions [30], systems with
total spin 1/2 (pion-nucleon scattering) [181], with total spin 1 (nucleon-nucleon scattering)

[91,216] with arbitrary spin [87], and calculations with twisted boundary conditions [6}47,
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93]@ Here we present a derivation of a form of the Liischer formula applicable to the case
of (multi) coupled-channel scattering of scalar particles in the moving frame with arbitrary
partial waves. We follow closely Ref. [88], however most of the details associated with
generalizing to moving frames have been developed by Kim, et al. [235]|, which will be
briefly reviewed here for completeness@ Generalization to the two-nucleon systems with
both periodic and twisted boundary conditions, and their implications for the spectrum of
the deuteron and the extraction of its properties will constitute the bulk of chapters 3] [4]
of this thesis.

Consider a system of multiple two-particle channels (spin 0) coupled via interactions of
arbitrary strengths. Since we are interested in the IR modifications to the energy levels of
the interacting system, the details of the interactions in the UV turned out to be immaterial
for the discussions presented here. In fact, in (an effective) a field theory approach, one does
not need to explicitly write down a Lagrangian for the system in obtaining the F'V energy

eigenvalues@ The following observations enable us to take such a general approach:

1. Below the three-particle inelastic thresholds, a general interacting kernel for 2 — 2
processes can be replaced, under the following condition, by its infinite-volume coun-
terpart up to exponential corrections in volume. The scale of the exponential sup-
pressions is set by the mass of the particle that is produced, once inelastic thresholds

are reached, and is given by e~

. To satisfy this property, all the s-channel contri-
butions — for which only two particles propagate inside the loops — are separated from
the rest of the contributions. We call such kernel the s-channel two-particle irriducible

Bethe-Salpeter kernel, K, see Fig. [1.13(b).

2. The fully-dressed propagators in a finite volume are exponentially close to their

Z3The most general form of the two-particle quantization condition incorporating all these extensions has
been recently written down in Ref. [87].

24See Refs. [1094325| for alternative derivations of the moving frame generalization of the Liischer formula.

25In chapter we will present another derivation of the Liischer formula that starts from an effective
Lagrangian using an auxiliary field method. We will see that by matching the parameters of the EFT to
scattering amplitudes, the FV energy eigenvalues can be written in terms of these scattering parameters
and the dependence on the LECs of the EFT are then eliminated.



46

,
\

Figure 1.13: a) The fully-dressed FV two-particle propagator, M"Y can be written in a self-
consistent way in terms of the Bethe-Salpeter Kernel,  and the FV s-channel bubble GV. There
are only two channels that are kinematically allowed, therefore the amplitude, the kernel and the
FV two-particle propagator are 2 x 2 matrices. b) Shown is the Ky j-component of the kernel, which
sums all s-channel two-particle irreducible diagrams for channel I. ¢) The fully dressed one-particle
propagator is the sum of all one-particle irreducible diagrams and is denoted by a black dot on the
propagator lines. The single particle propagator in channel I (II) is shown by the solid (dashed)
lines. Note that we have chosen a A¢* theory to display the explicit contributions to kernels and self
energies, however the discussions of the FV formalism for any two-body coupled-channel systems as
presented in the text is general. For this theory, the production of two particles is the first multi-
particle inelastic threshold as there is no 2 — 3 couplings in the theory, e.g. interactions of the pGBs

of the chiral symmetry breaking.

infinite-volume counterparts. This is again due to the fact that below the three-
particle production thresholds, any loop correction to the single-particle propagator
involves the production of an off-mass-shell particle, see Fig. [1.13|c). We ignore

such exponential corrections and replace the propagators with their infinite-volume
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counterparts in constructing the FV correlation functions (alternatively amplitudes).

3. For any s-channel loop, the integral over the three-momenta is replaced by a sum over

discrete momenta,

4 0
/(gw§4f<q)_>L13 > /(Z (9), (1.80)
q

where n € Z3. If the summand is not singular for any real value of |q| and falls off
fast as |q| — oo, the sum can be replaced with integral up to exponentially small
corrections that we neglect in this formalism. For any s-channel diagram, see Eq.
, this however does not hold due to singularities of the two-particle propagator
when the loop momenta coincides with the non-interacting momenta of each particle
in the CM frame. This defines the on-shell condition due to which the particles can
propagate far enough to encounter the boundary of the volume. This causes large

power-law corrections to the FV spectrum as will be derived shortly.

To proceed let us first define the kinematics of the problem of coupled-channel systems
in a moving frame. If the total energy and momentum of the system in the laboratory
frame (lattice frame) are E' and P respectively, then the total CM energy of the system is
E* = /E? — P2, and can be written as E* = E/~ by introducing the relativistic 4 factor.
For the " channel, when the two particles each are having masses m; 1 and m; 2, the CM
relative momentum of the particles, &}, can be derived from

1

k=

<E*2 —2(m | +my) + (1.81)

. . . *2
which simplifies to ET — m? when m; 1 = m; 2 = m;.

For N coupled channels, the scattering amplitude for the [*" partial wave can be written
as a N-dimensional matrix. In order to have a fully relativistic result that holds for all
possible energies below the three-particle production threshold, the scattering amplitude
must include all possible diagrams, i.e. contributions from s-, t- and u-channels as well as

self-energy corrections. Fig. [1.13(a) depicts the FV analogue of the scattering amplitude,
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MYV, for the special case of N = 2 channelsﬁ This amplitude is written in a self-consistent
way in terms of the Bethe-Salpeter kernel, K, which is the sum of all s-channel two-particle
irreducible diagrams as defined above. We emphasize that for energies below the three-
particle threshold, the intermediate particles in the kernel and the self-energy diagrams,
Fig. [1.13[b),(c), cannot go on-shell, and therefore these are exponentially close to their
infinite-volume counterparts. As discussed, it is only in the s-channel diagrams that all
intermediate particles can be simultaneously put on shell.

By upgrading the kernel and the two-particle propagators to matrices in the space of
open channels, Fig. [1.13[a), it is straightforward to obtain a non-perturbative QC for
the energy levels of the system. It is important to note that the channels only mix by
off-diagonal terms in the kernel, which implies that in the absence of interactions a two-
particle state ¢ continues to propagate as a two-particle state i. Now in the presence of

momentum-dependent vertices a typical s-channel loop for channel i can be written as

~ o dg" [K(Pa; d)ai [K(a, Pp)]ib
[lGV(pCHpb)]ab = I3 Zq: / or [(q— P)? — mzZ,l Fidl? — m1272 id’ (1.82)

where the subscripts a,i,b denote the initial, intermediate and final states, respectively,
and n; is 1/2 if the particles in the i*" loop are identical and 1 otherwise. The sum over
all intermediate states, and therefore index ¢ is assumed. Since the FV corrections arise
from the pole structure of the intermediate two-particle propagator, one would expect that
the difference between this loop and its infinite-volume counterpart should depend on the
on-shell momentum. The on-shell condition fixes the magnitude of the momentum running
through the kernels but not its direction. Therefore it is convenient to decompose the
product of the kernels into spherical harmonics. These depend not only on the directionality
of the intermediate momentum but also on those of the incoming and outgoing momenta, pg
and pp. Further, one can represent the N two-body propagators as a diagonal matrix G =

diag(G1,Go, -+ ,Gn) as depicted in Fig. [1.13{(a). These are infinite-dimensional matrices

260ne should note that using the notion of FV scattering amplitude is merely for the mathematical
convenience. As there is no asymptotic state by which one could define the scattering amplitude in a finite
volume, one should in principle look at the pole locations of the two-body correlation functions. However,
one can easily show that both correlation function and the so-called FV scattering amplitude have the
same pole structure, so we use the latter for the sake of dealing with a simpler representation.
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with with matrix elements [235]

(6GY Vimprm = (G — GV pmar e = —i (K5GY K) (1.83)

-J7 )
ILym;l’,m

where
. kIn; ~47T V 4 * * *
((5giv)ll,m1;lz,mz - 7'87;7EZ* 511,1257%1,7712 +ZEZ L+ Cﬁn(ki2)/dQ}G1m1}/lm)/l2m2 )
[

v lm

(1.84)

and the function cllj’n is defined aslﬂ

1)1 dBq | VATY i, (G*) ¢*
(@) = [ngq:—P/ (27:;3] = £q$) iy (1.85)

P in this relation denotes the principal value of the integral, and q* = 7_1(q|| —aP) +
q1, where q) (qr) denotes the component of the momentum vector q that is parallel

(perpendicular) to the boost vector P and o = 3 [1 + mf*m%} [117,167,259] This reduces

E*2

to the NR value of o = "1 as is presented in Ref. [79]. Note that this result is equivalent
to the result obtained in Refs. [109,235,325] for the boosted systems of particles with
identical masses and with one channel. The only non-trivial piece in this relation is the
momentum vectors q* to be summed over in the energy quantization condition (QC). This
is determined mainly from the on-shell kinematics of the two-particle states which depends
on the boost vector, the masses of particles and the boundary conditions. Since we aim
to present a general proof for the form of these momentum vectors with arbitrary twisted
boundary conditions, we will delay the derivation until chapter |} The result in Eq.

can be recovered from that of presented in chapter [5| upon setting all the twist angles to

Z€ero.

*"Note that our definition of the cf,,, function differs that of Ref. [235] by an overall sign.

2The kinematic function cf,, (k;?) can also be written in terms of the three-dimensional Zeta function,
Zld'rru

-2
Fa) = YE () ztwren?) zhlest) = Y e

recP,

where the sum is performed over P; = {r ER |r= 'y*l(mH —ad)+m,, mée€ 23}, d is the normalized
boost vector d = PL/2x, and « is defined above.
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The kernel, which is now not only a matrix in the channel space but also in the angular
momentum space, is assured to reproduce the infinite-volume scattering amplitude matrix

(M) by solving the following matrix equation

iM = —iK —iKG®K —iKGXKGPK +--- = —z‘lclg,%. (1.86)
giving rise to
1
- M 1.
K= -Mi—Gwn; (1.87)

With this definition of the kernel, one can proceed to evaluate poles of the N-channels FV

scattering amplitude matrix by replacing the infinite-volume loops G* with their FV GV

counterparts,
1
. V:_- . Vi AV V4 e
M ik —iIKGYK —iG"KGY K + ZKI—QVIC
1 1
= —i 1-— ). 1.
T Mg Mt sgrmt ~MIT) (1.88)
Finally arriving at the QC
Re {det(M ™ +5G")} = Re {detoc [detpw [M™' +3GV]]} =0, (1.89)

where the determinant det, is over the N open channels and the determinant det, is over
the partial waves, and both M and 6GY functions are evaluated on the on-shell value of
the momenta. This latter property, along with decomposing to partial waves, has enabled
us to decouple the chain of loops in the expansion of the scattering amplitude, see Fig.
1.13|(a), and obtain an algebraic expansion (a geometric series) of the scattering amplitude
matrix. We have taken the real part of the determinant in Eq. , but as it will be
shown shortly, this determinant condition gives rise to only one single real condition for
both single channel and two coupled-channel cases with ;4 = 0, so we omit the notion of
the real part in the QC from now on. For a general proof of the reality of QC with any
number of coupled channels see Refs. |193]/194].

Single-channel scattering

For N=1 the QC in Eq. (1.89)) reproduces the Liischer formula [269,270] when generalized

to moving frames [109}235,325]. In order to deduce this, let us write the relativistic single-
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channel scattering amplitude M; as

- (1) (7.%
8T E* 62Z6i (k) _ 1
(Mi)h,ml;lz,mz = 5l17125m17m2 nlk;“ 2% ’ (1‘90)

@

where 0, is the scattering phase shift in channel 7 and in partial wave channel [. The Kro-
necker deltas that are introduced to insure the conservation of angular momentum between
initial and final states scattering should not be confused with the phase shifts.

Since the QC in Eq. , even for the case of single-channel scattering, is infinite
dimensional, one should first perform a truncation in the angular momentum basis. Let us
assume that the contributions from higher partial waves to the scatterings are negligible
(which is the case at low energies), so that one can truncate the determinant over the

angular momentum at [, = 0. Then the QC for the S-wave scattering reads,

k; cot 5§0) = 4arely (K32, (1.91)

It is convenient to introduce a pseudo-phase defined by k' cot (bZP = —47TCOPO, to rewrite the
QC as

cot§; = —cot df = &; + ¢ = n, (1.92)

where n is an integer. In this form, the QC is manifestly real.

Here we discuss briefly how one implements the Liischer formula in LQCD studies of
two-hadron systems@ In Sec. we saw that by inputting the S-wave scattering length
and effective range of the I = 2 w7 scattering into the chiral expansion of these parameters,
the LECs of the yPT at NLO can be determined, and predictions at the physical values
of light-quark masses are made possible, see Fig. [I.4 Furthermore, in Sec. [[.2] we saw,
through the same example of the wm system in the I = 2 channel, how the energy levels
of the system can be extracted from the large-time dependence of the lattice correlation
functions, see Fig. Now given the Liischer formula in Eq. , it is known how
these energy eigenvalues turn into the corresponding phase shifts. Fig. demonstrates

?We will continue discussing the NPLQCD study of 7 scattering in the I = 2 channel [41]. For more
examples of successful implementations of the Liischer formula in studies of two-hadron sector of QCD,
including studies of resonances, the reader may consult the following references, [14}32,|34l|35}/401|41}45]
95(1441[1451248H250}262}[299}/305}/306,,364].
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Figure 1.14: The FV function 47cf, (in blue) and the k* cot §y (in red) (both normalized by the

pion mass) as a function of k*2 = ’z;jr’;“; for a chosen values of m, = 390 MeV and L ~ 3.9 fm. The
k* cot &y function is plotted using an ERE parametrization with the obtained values of aéQ) and r(gz)

at this pion mass by the NPLQCD collaboration [41].

the relation between the k* cot dp function from Eq. ([1.24)) and the FV function cg’g evaluated

numerically as a function of k2 = ’E;i];; for chosen values of m,; = 390 MeV and L =~ 3.9 fm.
The point where the two functions intersect corresponds to an energy eigenvalue, which as
seen differs for systems with different boosts.  This clearly demonstrates that boosting
the two-hadron system does not only give rise to a trivial shift in the total energy of the
system, but also changes the location of the CM energies in a finite volume. This can be
understood by noting that by boosting the two-body system in a finite cubic volume, the
spatial extents of the volume as is seen in the rest frame of the system is changed, giving
rise to a different FV symmetry groups than the unboosted case, see chapter [3] This is
the reason why performing calculations with different CM is advantageous as it provides
further energy inputs to the Liischer QC at a single volume, and puts better constraints
on the extracted scattering parameters. When such procedure is carried out for the 7w
scattering, the extracted energy levels as is shown in the upper panel of Fig. lead to
several phase shift points that can then be fit using a two-parameter ERE in Eq.
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Figure 1.15: The upper panel depicts the NPLQCD extraction of the lowest energy levels of the
two-pion state in the I = 2 channel, labeled by index n, for various total CM momenta |P| = P,,,.
The energy is given in terms of the dimensionless quantity a; F, where a; = 0.035 fm is the temporal
extent of the (anisotropic) lattice used in this calculation. The dashed lines denote the location of
the non-interacting energy levels. The lower panel contains the obtained S-wave phase shifts using
the Liischer QC for several energy levels in the upper panel. The fit to the ERE with two parameters,
aég) and r(()2), is shown where the shaded bands correspond to statistical (inner-yellow) and statistical
and systematic added in quadrature (outer-pink). Figure is reproduced with the permission of the

NPLQCD collaboration.
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to obtain the values of a(()2) and 1"(()2). Note that although the Liischer formula can be used

up to the inelastic threshold which is k*2 = 3m2 for this system, the range of validity of
the extracted scattering length and the effective range is determined by the momentum at
which the ERE breaks down, k*? = m2.

Although we have truncated the QC to l,,4, = 0, as is seen from the definition of the FV
matrix §GY in Eq. , the reduced symmetry of the FV introduces off-diagonal terms
in the FV matrix which couple different partial waves in the QC. For example, if the two
equal-mass meson interpolating operator is in the Af irreducible representation (irrep) of
the cubic group, the energy eigenstates of the system have overlap with the [ = 0,4,6,...
angular momentum states at zero total momentum (see table for decomposition of
the irreps of the cubic group in terms of the irreps of the rotational group), making the
truncation at l,,; = 0 a rather reasonable approximation in the low-energy limit. When
P # 0 but v &~ 1, as will be discussed in details in chapter [3] the symmetry group is reduced,
and at low energies the [ = 0 will mix with the | = 2 partial wave as well as with higher
partial Wavesﬂ Recently, by analyzing the LQCD calculations of two-pion systems with
several CM boosts, the [ = 0, 2 phase shifts of I = 2 77 scattering have been simultaneously
extracted by Dudek, et al. at m, = 396 MeV [144].

For two mesons with different masses, the symmetry group is even further reduced in
the boosted frame, making the mixing to occur between [ = 0 and [ = 1 states as well as

with higher angular momentum states |[167]. An easy way to see the latter is to note that

P
im

(5.7) is non-vanishing for odd ! when the masses are different. As a result even and odd

in contrast with the case of degenerate masses, the kinematic function ¢;. = as defined in Eq.
angular momenta can mix in the QC. This however does not indicate that the spectrum of
the system is not invariant under parity. As long as all interactions between the particles are
parity conserving, the spectrum of the system and its parity transformed counterpart are the
same. The determinant condition, Eq. , guarantees this invariance: any mechanism,
for example, which takes an S-wave scattering state to an intermediate P-wave two-body

state, would take it back to the final S-wave scattering state, and the system ends up in the

39A comprehensive study of the symmetry groups of the calculations with different boost vectors in the
NR limit will be presented in chapter @
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same parity state@

Two coupled channels

For the N=2 case, the expression for the scattering amplitude in Eq. (1.90) is modified, as
it now depends on the mixing angle €, and the scattering matrix is no longer diagonal in the
channel basis. By labeling the off-diagonal terms as My ;7, and by choosing the “barred”

parameterization for the time-reversal invariant S-matrix [33§]

€201 cos € iet(0r+011) gin 2
Sy = ‘ . , (1.93)
iel01+011) gin 9 ¢i2011 cog 2

where the subscript 2 on S denotes the number of coupled channels, the scattering matrix
elements can be written as
x 252000 (k%)
8nE* cos(2€)ei %) — 1
nzk:‘ 21 ’
87 IO (k) +610 (k5 )
(MI,H)lhml;lQmw = 511,125m1,m2 - Siﬂ(%) )
vk ky; 2
where the usual relativistic normalization of the states is used in evaluating the S-matrix

elementsm From Eq. ([1.89)) one obtains [88,/193]

(Mi,i)l17m1;l27m2 = 511,l25m1,m2 (1-94)

(1.95)

1+6GY M 5G] M
det T TR g, (1.96)

§GYMir 1+ 8G,Mirr

where the determinant is not only over the number of channels but also over angular mo-
mentum which is left implicit. For l,,,,.. = 0 one can use the definition of the pseudo-phase

to rewrite the QC in a manifestly real form,

cos 2€ cos (qbf + 6, — ¢% — 82) = cos (qbf + 61 + #% + 82), (1.97)

31We note that under parity 22, — (—1)l Z{ . Also it can be seen that under the interchange of particles
zZi (—1)l Z{ . so that for degenerate masses the ¢f,, functions vanish for odd . This is expected since
the parity transformation in the CM frame is equivalent to the interchange of particles. However, as is
explained above for the case of parity transformation, despite the fact that GV is not symmetric with
respect to the particle masses, the QC is invariant under the interchange of the particles.

32Here we assume no physical partial-wave mixing occurs in either channels. This is of course not the case
in the two-nucleon systems in the isosinglet channel. We revisit this formalism in chapter to incorporate
such mixings.
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which is equivalent to the result given in Refs. [198,266] in the CM frame. It is easy to see
that in the € — 0 limit, one recovers the decoupled QCs for both channels I and 17, Eq.
(T.92).

In order to understand the significance of such FV coupled-channels formalism, it is
sufficient to note that the spectrum of QCD contains a wealth of resonances that sit above
multi-particle thresholds. Since resonances are not isolated eigenstates of QCD Hamiltonian
and can only be observed as resonances in multi-particle scattering amplitudes, an evaluation
of the energy levels will not give direct insight into the mass and decay width of these
resonances. Instead a Liischer-type methodology, by which the scattering phase shifts of
the scattering states are evaluated at the calculated energy levels on the lattice, is required.
Therefore, analyzing the FV spectra, in particular those of the excited spectra of QCD
as produced by various LQCD collaborations (e.g., Refs. [136,[138-140}/142,|150]), requires
applying a multi-coupled channel formalism. This necessary step can provide some of the
theoretical guidance for the forthcoming JLab GlueX experiment [332,335.337,369] as well
as other spectroscopy experiments worldwide.

Before concluding this section, let us emphasize that the formalism presented here and in
chapters and is valid up to exponential corrections of the form O(e~™=L). For the case
of the nuclear force, these corrections are due to the finite (non-zero) range of interactions
that is set by the pion mass, i.e. the lightest particle that is produced and mediated in
the hadronic system due to strong interactions. In order for these corrections to be at sub-
percent level, the spatial extent of the volume must be chosen such that m,L 2 27. As the
pion masses used in studies of multi-hadron systems approach their physical value, larger

volumes must be used to insure these corrections will remain small.
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Chapter 2

LATTICE OPERATORS AND RESTORATION OF ROTATIONAL
SYMMETRY IN THE CONTINUUM LIMIT

Efforts to reduce lattice artifacts and achieve a better behaved theory in the continuum
limit date back to early stages of development of LQCD. Many that are part of the Symanzik
improvement program include a systematic modification of the action in such a way to
eliminate O (a™) terms from physical quantities calculated with LQCD at each order in
perturbation theory [116}|152,/192}271,|300,331}342,|343|,356-358], or nonperturbatively.
However, as will be discussed, discretization effects are known to give rise to more subtle
issues; the treatment of which turns out to be more involved. LQCD is commonly formulated
on a hyper-cubic grid, as a result the full (Euclidean) Lorentz symmetry group of the
continuum is reduced to the discrete symmetry group of a hypercube. As the (hyper)

cubic group has only a finite number of irreducible representations (irreps) compared to

Jr op
0+ AT
i 6t
1* T
2+ E*f e Ts
5 Grent

3* AfoTioTy
*  GfeGfeoH*t
4+ AfoEr*oTEoT

Table 2.1: The decomposition of the irreps of the SO(3) group up to J = 4 in terms of the irreps

of the OP [23|[57,/134}[224} 269,270, 278].
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infinite number of irreps of the rotational group, a given irrep of the rotational group is
not irreducible under the (hyper) cubic group. Consequently, one can not assign a well-
defined angular momentum to a lattice state, which is generally a linear combination of
infinitely many different angular momentum states, see for example Table. for the
decomposition of the irreps of the SO(3) group up to J = 4 in terms of the irreps of the OE
(the double cover of cubic Oy, group). In principle, one can identify the angular momentum
of a corresponding continuum state in a lattice calculation from the degeneracies in the
spectrum of states belonging to different irreps of the cubic group as the lattice spacing
is reducedﬂ For example, a JP = 2% state can be identified if two (nearly) degenerate
energy levels found in the spectra that are obtained using an ET interpolator and a TT;

interpolator for the state as a — 0, see Fig. According to Table. the 1@ irrep,

+ .
E™ irrep 52 2

Yom (0, ¢) Ty
. e
T5 irrep Tz

Figure 2.1: The schematic level splitting due to the breakdown of the SO(3) symmetry down to
Oy (3) symmetry due to a non-zero lattice spacing. The 5-fold degeneracy of the J = 2% irrep of
the SO(3) group is split to a two-fold degeneracy (ET irrep) and a three-fold degeneracy (T5 irrep).

The basis functions of the corresponding irreps are given next to each level.

for example, has overlap with not only the 2% irrep but also with 3%, 4%, ... irreps of the
rotational group. In reality, there are error bars associated with these levels due systematic
and statistical uncertainties. Therefore, as the density of degenerate states substantially
increases with increasing the angular momentum, the identification of states with higher
angular momentum becomes impossible with the current statistical precision.

The other issue is that the cubic symmetry of the lattice allows the renormalization

1For some recent hadron spectroscopy works see Refs. [97./981|1361|138H140L(142}[150}(173}[284L[307] and for
a review of baryon spectroscopy efforts see Ref. [265].
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mixing of interpolating operators with lower dimensional ones. The induced coefficients of
the lower-dimensional operators scale as inverse powers of the lattice spacing, and hence
diverge as the lattice spacing goes to zero. Although renormalization mixing of operators
is familiar from the continuum quantum field theory, it happens more frequently in LQCD
calculations as the reduced symmetry of the hyper-cube is now less restrictive in preventing
operators from mixing. To obtain useful results for, as an example, the matrix elements of
operators from LQCD calculations, non-perturbative subtraction of the power divergences
is required and generally introduces large statistical uncertainties.

To overcome these obstacles, it has been proposed by Dudek, et al. [141}/143,/151] that
by means of a novel construction of interpolating operators, the excited states of several
mesons and baryons can be identified to high precision. The essence of this method is that if
one uses a set of cubically invariant local operators which have already been subduced [25]
from a rotationally invariant local operator with a definite angular momentum, J, while
at the same time smearing the gauge and quark fields over the hadronic scale [11}288,
304], the constructed operator has maximum overlap onto a continuum state with angular
momentum J if the lattice spacing is sufficiently small. As an example, one can measure
the correlation among operators belonging to a large set of constructed lattice operators
that share the same transformation properties under a given irrep of the cubic group but
are subduced from operators with different angular momentum. One such investigation
is proposed in Ref. [142] and is plotted in Fig. Interestingly, the correlation among
operators subduced from different angular momentum representation of the continuum is
minimal compared with the self correlations, confirming the effectiveness of their method in
identification of the continuum states’ angular momentum. The subduction is assumed to be
responsible for retaining “memory” of the underlying angular momentum of the continuum
operator, while the smearing is assumed to suppress mixing with operators of different
angular momentum — by filtering contributions from ultraviolet (UV) modes. In another
approach, states with higher angular momentum in the glueball spectra of 2+ 1 dimensional
SU (2) gauge theories [223,287| are isolated by using glueball interpolating operators that
are linear combinations of Wilson loops which are rotated by arbitrary angles in order to

project out a particular angular momentum J in the continuum. In addition, the links
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04 06 08 1.0

Figure 2.2: The representative plot of the degree of the correlation among 26 different lattice opera-

tors, O%‘Ij, all transforming under T; irrep of the cubic group, but are subduced from operators with
1

three different angular momentum, J = 2,3, 4 as described in Ref. [142]. The figure is reproduced

with the permission of Jozef Dudek.

are smeared, or blocked, in order to be smooth over physical length scales rather than
just in the UV . So by monitoring the angular content of the glueball wavefunction
in the continuum limit with a probe with definite J, the 0~ /4~ puzzle in the glueball
spectroscopy has been tackled. The prominent feature of these works is that the recovery
of rotational symmetry for sufficiently small lattice spacings is qualitatively emergent from

their numerical results.

The same issue occurs in LQCD calculations of higher moments of hadron structure
functions, the extraction of which requires the matrix elements of local operators between
hadronic states. Although Lorentz invariance forbids twist-2 operators with different J
from mixing in the continuum, generally they can mix in LQCD calculations with power-
divergent mixing coefficients . The power-divergent mixing problem associated with
the lower moments can be avoided by several means as described, for example, in Refs.

[46/[177H179,[179,[180,[182][183][2811283]. In addition to these approaches, two methods [118

123] have been suggested that highlight the idea of approaching the continuum properties
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of the hadronic matrix elements by suppressing the contributions from the UV, and in that
sense resemble the idea of operator smearing in the proposals described above. In LQCD
calculations of non-leptonic K-decay, Dawson et al. [118] suggested that point-splitting the
hadronic currents by a distance larger than the lattice spacing, but smaller than the QCD
scale, results in an operator product expansion of the currents with the coeflicients of lower
dimensional operators scaling with inverse powers of the point-splitting distance, as opposed
to the inverse lattice spacing. This considerably reduces the numerical issues introduced by
the operator mixing. In a different, but still physically equivalent approach, Detmold and
Lin [123] showed that in LQCD calculations of matrix elements of the Compton scattering
tensor, the introduction of a fictitious, non-dynamical, heavy quark coupled to physical light
quarks removes the power divergences of the mixing coefficients. This technique enables
the extraction of matrix elements of higher spin twist-2 operators. The essence of this
method is that the heavy quark propagator acts as a smearing function in the momentum
space, suppressing contributions from the high-energy modes, provided that its mass is much
smaller than the inverse lattice spacing.

Encouraged by the results of these numerical non-perturbative investigations, we aim to
quantify the recovery of rotational symmetry with analytical, perturbative calculations in
A¢* theory and in QCD. In order to achieve this goal, we first define a composite operator
on the lattice which has a well-defined angular momentum in the continuum limit and is
smeared over a finite physical region, and show how the non-continuum contributions to
the multipole expansion of the operator scales as the lattice spacing is reduced toward the
continuum. Tree-level contributions to matrix elements that violate rotational symmetry,
either by the lattice operator matching onto continuum operators with the “wrong” angular
momentum, or matching onto continuum operators that explicitly violate rotational sym-
metry, scale as O (a2) as a — 0. This includes the (naively) power-divergent contributions
from lower-dimension operators. In order to make definitive statements about the size of
violations to rotational symmetry, it must be ensured that the tree-level scalings are not
ruined by quantum fluctuations. This is demonstrated by a perturbative calculation of the
two-point function in \¢* scalar field theory with an insertion of such an operator. It is

confirmed that quantum corrections at any order in perturbation theory do not alter the
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observed classical scalings of non-continuum contributions.

After gaining experience with this operator in scalar field theory, the generalization
to gauge theories is straightforward. Special attention must be paid to the gauge links
that appear in the definition of gauge-invariant operator(s) that are the analogue of those
considered in the scalar field theory. Also, it is well known that the perturbative expansion of
operators used in LQCD are not well-behaved due to the presence of tadpole diagrams [258].
Naively, tadpoles make enhanced contributions to the matrix elements of the operators we
consider, and that tadpole improvement of the gauge links and smearing of the gluon fields
are crucial to the suppression of violations of rotational symmetry. After discussing the
continuum behavior of the QCD operator(s), and their potential mixings, which violate
rotational invariance at O(a?), we determine the renormalization of the operator(s) on the
lattice at one-loop order. The leading rotational invariance violating contributions to the
renormalized lattice operator are suppressed by O(asa?), provided that the gauge fields are
also smeared over a physical region similar to the matter fields. This means that the leading
rotational invariance violating operators introduced by the quantum loops make subleading
contributions compared to tree-level, O(a?). The loop contributions that scale as O(asa)

do not violate rotational symmetry, and hence are absorbed into the operator Z-factor.

2.1 Operators in Scalar Field Theory

The goal is to construct a bilinear operator of the scalar fields on a cubic lattice which has
certain properties. First of all, as it was discussed earlier, it has to be smeared over a finite
region of space. This physical region should be large compared to the lattice spacing, and,
for our purposes, small compared to the typical length scale of the system to allow for a
perturbative analysis. The spatial extent of the operator can be identified with its renor-

malization scale. Secondly, it is required to transform as a spherical tensor with well-defined
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Figure 2.3: A contribution to the lattice operator defined in Eq. 1) with [n| < N. All the points
inside the three-dimensional spherical shell |na| = Na are included in the operator. The two length

scales defining the operator, the lattice spacing, a, and the operator size, Na = 1/A, are shown.

angular momentum in the continuum limit. An operator that satisfies these conditions is E|

[n|<N
I (50, N) = o D 0006 (x +na) Vi (5), (21)

where n denotes a triplet of integers, and it is normalized by the spatial volume of the region
over which it is distributed. ¢(x) is the scaler field operator, N is the maximum number
of lattice sites in the radial direction, and Y7, (1) is a spherical harmonic evaluated at the
angles defined by the unit vector in the direction of n, n, as shown in Fig.[2.3] This operator
can also be written in a multipole expansion about its center as

<N
Or 0t (x; 0, N) = ﬁ 3 Z% 6 (x) (an- V) & (x) Yiar (B), (2.2)
n k

where the gradient operator acts on the x variable, V. = V4. Although the operator
éL, M (x;a,N) is labeled by its angular momentum in the continuum limit, from the right

hand side of Eq. (2.2)), it is clear that it is a linear combination of an infinite number of

2 This corresponds to one particular choice of radial structure of the operator. However, the results of
the calculations and the physics conclusions presented in this work do not change qualititively when other
smooth radial structures are employed, such as a Gaussian or exponential.
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operators with angular momentum compatible with its parity. To be more specific, consider

the M = 0 component of the operator expanded in a derivative operator basis,

: Clo o (N)
Oro(x;a,N) = Z %(99, (x;a), (2.3)
L'd

where 09 (x;a) are defined in Appendix|A.1l The operator subscript denotes that there are

/
2L

L' free indices in the derivative operator, while d denotes the total number of derivatives. As
is discussed in the Appendix[A-T] there are operators in this basis which are not rotationally
invariant but only cubically invariant. C’gé); 1o (IV) are coefficients of each operator in the
expansion whose values are determined by matching Eq. with Eq. . Finally
A = 1/(Na) is the momentum scale of the smeared operator which is kept fixed as the
lattice spacing is varied. Therefore, as the lattice spacing decreases, more point shells
(shells of integer triplets) are included in the sum in Eq. . The convergence of this

derivative expansion is guaranteed as the scale A is set to be much larger than the typical

momentum encountered by the operator.

2.1.1 Classical scalar field theory

In order for the operator to recover its continuum limit as the lattice spacing vanishes, the
coeflicients C’%); 10 should have certain properties. First of all, those associated with the
operators with L # L’ as well as the rotational invariance violating operators, should vanish
as a — 0. Also the coefficients of rotational invariant operators with L = L’ should reach
a finite value in this limit. These properties will be shown to be the case in a formal way
shortly, but in order to get a general idea of the classical scaling of the operators and the
size of mixing coefficients, we first work out a particular example. Consider the operator

égyo (x;a, N) expanded out up to five derivative operators,

A il (N ¥ (V) ) (V)
030 (x50, N) = %09) (x;a) + 30’/1\03 0¥ (x;a) + 30’11\05 0P (x;a) +
cOBV) (N . (N)
=00 20 () + 0 06 (x;0) +
5 5
Ciiao (N) o o (N)

VI
H 00 i)+ 00 i+ 0 (). @)
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where the superscript RV denotes the rotational invariance violating operator and its cor-

responding coefficient in the above expansion.
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Figure 2.4: The tree-level values of the coefficients C:%;)L'o appearing in Eq. 1' as a function of
the largest n-shell included in the summation in Eq. l)

The numerical values of the coefficients in Eq. (2.4)), at the classical level, as a function
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Figure 2.5: A comparison between the tree-level coeflicients ngg-)L/o to illustrate the relative rates

of convergence to the continuum limit.

of the maximum shell included in the sum in Eq. are shown in Fig. and Fig.
From these plots it is clear that while the coefficients 03(3330 and ngg?:so reach a finite value
for large N, the coefficients of lower and higher angular momentum operators, as well as the
rotational invariance violating operator, approach zero. To find the values of the leading

order (LO) coefficients in this limit, as well as to see how the non-leading contributions scale

with N = 1/(Aa), one can apply the Poisson re-summation formula to the right hand side

of Eq. ,

) 3 a” 3 27py k ~
Orar (x;a,N) = Wijk,Z/d y O(N —y) ™Y ¢(x)(y- V)" ¢(x) Yiu(¥),
(2.5)
where p is another triplet of integers, and the p summation is unbounded. The continuum

values of the coefficients obtained in the N — oo limit, corresponding to the p = 0 term in

Eq. (23), are

@ 15 7T d*-1 , B
030;30 = Z \/; m Wlth d = 3, 5, ceey (26)

while the other coefficients in Eq. (2.4)) vanish in this limit as expected. The LO corrections

to these continuum values can be calculated as following. The deviation of C’ég?% from its
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continuum value can be found from

I3 dyy dQy e?™PY ¢ (x) (¥-V)Ph(x) Y0(y). (2.7)

47r

where V = V,é, and the y-variable in Eq. (2.7)) is redefined to lie between 0 and 1, and it

is straightforward to show that
@ 1 1 7 cos (2N |p|) 3. 6 2 4 254
0C3030 = N2 3972 \/; ;§)|P|8 —§’P| +15|p| Pz = 5Pz )- (2.8)

It is interesting to note that, after trading N for 1/(aA), the finite lattice spacing corrections

are not monotonic in a, but exhibit oscillatory behavior, which is clearly evident in Fig.
The deviation of C’éé?w from its continuum value of zero follows similarly, and is found

to scale as ~ 1/N?,

a1 3 7 cos (2N |p|) 4 4
0Cs000 = 72 16772\/; > Tl (|P! —5pz>- (2.9)
p#0

As in the case of the operator that conserves angular momentum in the continuum limit, the

sub-leading correction (and in this case the first non-zero contribution) to the coefficient is
suppressed by 1/N2. This can be shown to be the case for all the sub-leading contributions
to the coefficients CS\)/[; o as follows. As is evident from Eq. 1} the integrals that are

required in calculating deviations from the continuum values have the general form

Illlk ~

1
o dy y*t* / dQy eP™NPY g g g Vi (Qy),  (2.10)

which can be written as

o 3 (Na,) 1 2
Ttk d +k /dQ 2 Np-y Y; O
G > T / vy SN Yy ()
3 (Na 4mi
— Y, d (2N
(2.11)
. . . . . . __cos(2wN|p|) __sin(2nN|p|)
The y integration over the Bessel function gives rise to either @ Nip|)? @rNIp)Z

up to higher orders in 1/N, depending on whether L is even or odd. Thus the LO contri-
bution from Eq. (2.11)) in the large N limit is obtained by acting on the numerator with
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the p derivatives, producing k powers of N, multiplying the 1/N? from the denominator.

Therefore, Eq. (2.11)) scales as

p 1 NP 11

frem o~ (Nol e ~ & w

(2.12)

and, in general, the deviation of any coefficient from its continuum value is suppressed by
1/N? = A%a%. This result implies that in calculating the matrix element of L = 3 operator,

one has a derivative expansion of the form

N A2 1 1
A3 (x;0,N) = o ﬁogl) (x;a) + a2 WOSS) (x;a) + az AQNQOEE)) (x;a)
1 : 1
+t o5 O (x;a) + a5 OF), (x;a) + ag p(’)g)z (x;a)
L 56 (x Vi
+ ar A2N2 Ozzzzz (X7 a) + O P s (2,13)

where the mixing with L # 3 operators (with coefficients a1237,..), as well as the operator
with broken rotational symmetry (with coefficient ay), vanish in the large N limit, while
the coefficients of L = 3 operators (with coefficients a5, ), are fixed by the scale of the
operator, A. It is clear that for N = 1 and A = 1/a, where no smearing is performed, the
problem with divergent coefficients of the lower dimensional operators is obvious, as, for
example, the coefficient of (99) (x;a) diverges as 1/a? as a — 0, as is well known.

The fact that all the sub-leading contributions to the classical operator are suppressed
at least by 1/N? regardless of L and L’ can be understood as follows. In the classical limit,
where the short distance fluctuations of the operator are negligible, the operator does not
probe the distances of the order of lattice spacing when a — 0. The angular resolution of
the operator is dictated by the solid angle discretization of the physical region over which
the operator is smeared, and therefore is proportional to 1/N2. The question to answer is
whether the quantum fluctuations modify this general result.

Before proceeding with the quantum loop calculations, it is advantageous to transform
the operator into momentum-space to simplify loop integrals. This can be done easily by
noting that for zero momentum insertion, the operator acting on the field with momentum

k is
[n|<N

3 Z cikna Yium (n) Qg(k) (;NS(—k)’ (2.14)

éLM(k;a,N) = W
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ik-na

which, after using the partial-wave expansion of e and the exponential term resulting

from the Poisson relation, can be written as

b (kia,N) = VT ok G-k S Y ikt \/(2L1+1)(2L2+1)

2L +1
P L1,My,L2,M2
X (L10; L0 |LO) (L1 My; LoMa |LM ) Y0, (94) Yioms (Qp)

1
x /0 dy v jp, (aN |k y) iz, (27N |ply). (2.15)

Although this form seems to be somewhat more complicated than in position space, it turns
out that it is advantageous to work in momentum space when dealing with higher angular
momenta, as well as for M # 0. Further, the dimensionless parameters |k|/A and N that
define the physics of such systems are now explicit. It is straightforward to show this form
recovers the values of the leading and sub-leading coefficients given in Egs. and ,
and it is worth mentioning how they emerge from Eq. (2.15). For a non-zero value of |p| and
N = o0, the spherical Bessel function jr,, (2N |p|y) vanishes for any value of Ly. However,
for large values of N but |p| = 0 the only non-zero contribution is from Ly = 0, and
thus Ly = L, leaving a straightforward integration over a single spherical Bessel function
jr (aN |k|y) to obtain the continuum limit given in Eq. . Extracting the subleading
contributions and the violations of rotational symmetry is somewhat more involved, and we

provide an explicit example in Appendix

2.1.2  Quantum corrections in A¢*

In order to determine the impact of quantum fluctuations on the matrix elements of 6 LM,
defined in Eq. , we consider loop contributions in A¢* theory. Beside its simplicity
which enables us to develop tools in performing the analogous calculations in Lattice QCD,
this theory corresponds to some interesting condensed matter systems. For example, three
dimensional O(N) models, which describe important critical phenomena in nature, have a
corresponding A\¢* field theory formulation. As pointed out in Refs. [104,[105], anisotropy in
space either due to the symmetries of the physical system, or due to an underlying lattice
formulation, will result in the presence of irrelevant operators in the effective Hamiltonian

which are not rotationally invariant, and introduce deviations of two-point functions from
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their rotationally invariant scaling law near the fixed point. However, as the rotationally
invariant fixed point of the theory is approached, the anisotropic deviations vanish like 1/£7
where £2 is the second moment correlation length derived from the two-point function, and
p is a critical exponent which is related to the critical effective dimension of the leading
irrelevant operator breaking rotational invariance. It has been shown that in the large
N approximation of O (N) models, p ~ 2 for cubic-like lattices. In the following, it will
be shown that, by inserting HAL’M defined in Eq. into the two-point function, the
same scaling law emerges when approaching the rotational-invariant continuum limit of A¢*

theory.

P P

3> g
> >

Figure 2.6: One-loop correction to the two-point function with an insertion of 9AL, v in Ae*

At tree level, the contributions to the two-point function from an insertion of 0 .M at zero
momentum transfer has been already discussed in section 2.1.1] At one-loop order, there is
only one diagram with an insertion of 0 r,m that contributes to the two-point function, as
shown in Fig. This diagram introduces corrections only to the L = 0 matrix element
as there are no free indices associated with the loop. The lattice integral associated with

this one-loop diagram is

L
3

> / A AN (2.16)
AT N — 75 (27_[_)4 (l;2+m2>2 LM n) .

Jm =

where k2 = (;% Zsin2 (%), A is the coupling constant and m is the ¢ mass. The three-
“w

momentum integration can be evaluated by noting that the region of integration can be

split into two parts: region I where 0 < |k| < 7/a and therefore is rotationally symmetric,

and region II where 7/a < |k| < v/37/a which consists of disconnected angular parts. Also
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as the three-momentum integration is UV convergent, a small a expansion of the integrand
can be performed. Using Eq. (2.15]), the contribution from region I to the p = 0 term in

the Poisson sum is

3\ a 1
JD p=0) = L/ﬂd/ﬂ/ dka/dQR - 5
a 0 (k2 + mQ)

1
X [/ dy y2 jL (CLN ]k|y)] YLM (Qk)
0
3\ 1

= JES + JhC + 0 (1/N* 2.17
i [ +0 (1/N)], (2.17)
where

Lo Ra Re 1 P

JEG = 2v/7mdL.00a0 dqa dqq . 5 | dyy” Jolqy),
- 0 (> + 3 + m?/A2%]" Jo

JNLO 1 /AW“ d ﬁd 2 ¢*
= 372 q4 aq
N2 ) = 0 [ + 2 + m2/A2)°

64/ ! .
X [\( 0,0 Omp / dyy®jo (qy)
0

2 [2m 4y/7 2 [2m v,
) “a =04+ ——6 —) d
+ 0r4 <3 35 M, 4+ 15 M0+3 35 M,4> /0 vy Jalqy)|
(2.18)

with ¢ = |k| /A and g4 = k4/A. The LO integral, JLLAO/[, is convergent, while the NLO
contribution, J5C, while not convergent, is not divergent, but is of the form sin (N) /N2
This implies that they depend on the ratio of the two mass scales, A and m, but without
inverse powers of a. So as a — 0, the LO L = 0 operator makes an unsuppressed contribution
to the L = 0 matrix element, while the contributions to this matrix element from the NLO
rotational-symmetry violating L = 0 and L = 4 operators are suppressed by 1/N2.

A simple argument shows that contributions from integration region II, for which 7/a <

k| < V/37/a, are also suppressed by 1/N2. After defining a new momentum variable

ly = kya and 1? = 13 4+ 13 + 13, the p = 0 term of the Poisson sum in region II is

le'
(11) _ 3 2
Ji =0 = o=y / dl4/ dl /Ql)dﬂl

Y ($1)
(4 32, si0? (1,/2) + a?m?

1
)2/0 dy y* jr (Nly), (2.19)
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where f(€) identifies the angular region of integration, and whose parametric form does
not matter for this discussion. This region still exhibits cubic symmetry, and gives rise to
contribution to the L = 0,4,6,8, ... operators. On the other hand, the three-momentum

integration is entirely located in the UV as a — 0, and thus
sin? (11 /2) + sin? (I/2) + sin® (I3/2) + sin? (14/2) > 1. (2.20)

Also, integration over the Bessel function brings in a factor of — cos(NI) /(N?%1?), up to
higher orders in 1/N. So the integrand does not have any singularities in region II of the

integration, and is bounded. As a result,

1 var
‘]gMI) (p=0)| < el 47T / dl4/ dl /(Q d Y (), (2.21)
1

and consequently JgMI) (p = 0) itself is suppressed by 1/N2. This completes the discussion

of the p = 0 term in the Poisson sum, corresponding to a zero-momentum insertion of the
continuum operator into the loop diagram. It then remains to determine the scaling of the
p # 0 terms in the summation in the large N limit. The integral arising from the p # 0

terms is, up to numerical factors,

1
Tpso ~ /\Z / 5 Yoon () Yo (Qp)
p#0 % k2—|—m2)

1
x /0 dy v i1, (Nalkly) jr, 2rN|ply).  (2.22)

This integral is finite in UV, and integrand can be expanded in powers of a, giving a leading

contribution of

ra 3 q dq4 1
7, ~ A Y, Q4) Y] Qs
p#0 pz#o/ (27)° @+ & +mz/Az)Q Lo (Qa) Yion, ()

1
X /0 dy v* jr, (qy) jr, 27N |p|y). (2.23)

A non-zero angular integration requires that L; = 0, and the integral is suppressed at
least by a factor of 1/N? as integration over the Bessel functions introduces a factor of
1/ (27N |p|)? up to a numerical coefficient and a bounded trigonometric function at leading

order in 1/N. The next order term in the small a expansion of the integrand can be easily
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shown to bring in an additional factor of 1/N2. So one can see that the p # 0 terms in
the Poisson summation, which give rise to non-continuum contributions to the two-point
function at one loop, are always suppressed by at least a factor of 1/N2.

The result of the one-loop calculation is promising: all the sub-leading contributions that
break rotational symmetry are suppressed by 1/N? compared to the leading L = 0 contin-
uum operator contribution to the two-point function. A little investigation shows that this
scaling also holds to higher orders in A¢* theory. Suppose that the operator is inserted into
a propagator inside an n-loop diagram contributing to the two-point function. Consider-
ing the continuum part of the operator first, the leading term in the small a expansion of
the integrand gives rise to 2n propagators, while the integration measure contributes 4n
powers of momentum. Although this appears to be logarithmically divergent, the spherical
Bessel function contributes a factor of inverse three-momentum and either a sine or cosine
of the three-momentum, rendering the diagram finite. The same argument applies to the
NLO term in the small a expansion of the integrand, resulting in a 1/N? suppression of the
breaking of rotational invariance. Insertion of the non-continuum operator in loop diagrams
are also suppressed by 1/N? for similar reasons.

The interpretation of finite-size scaling results presented in Refs. [104,/105] in terms of
what has been observed in this section is now straightforward. Near the critical point, the
correlation length is the only relevant physical scale in the problem, and tends to infinity.
So as the critical point is approached, one does not probe the underlying lattice structure
as the correlation length becomes much larger than the lattice spacing, and extends over
an increasing number of point shells. In comparison, inserting an operator which only
probes distances of the order of a physical scale that is much larger than the lattice spacing,
resembles the physics near a rotational-invariant fixed point, and the same scaling law for
the non-rotational invariant operators is expected (in the same theory) as the lattice spacing

goes to zero.
2.2 Operators in QCD

The necessity of introducing a gauge link to connect the fermionic fields in a gauge-invariant

way, makes the discussion of the operator and its renormalization more involved in gauge
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theories. The reason is two-folded: firstly as is well known, perturbative LQCD is ill-
behaved as a result of non-vanishing tadpoles which diverge in the UV, making the small
coupling series expansion of the operators slowly convergent. The other difficulty is that
as the operator is smeared over many lattice sites, the links are necessarily extended links.
Thus, to analytically investigate the deviations from a rotational invariant path, working
with a well-defined path on the grid is crucial. In this section, the strategies to deal with
these problems are discussed, and the scaling laws of different operator contributions to the

two-point function in QCD with an insertion of the smeared operator are deduced.

In position space, perhaps the simplest gauge-invariant smeared operator of quark bi-

linears is
L
Or.nm (x50, N) = e zﬂ: Y (x)U (x,x +1na)y (x+mna) Yy (D), (2.24)
with
. X+na x+tna
Ux,x+na) = 9k ARdz _ 14 ig/ A(2)-dz+0 (g%, (2.25)

where the actual path defining U will be considered subsequently. As the fermion operator
is a spin singlet, S = 0, the total angular momentum of this operator in the continuum is

J = L. One could also consider operators of the form

Opar (5, N) = o5 >0 6 (x) 7" U(x,x+na)y (x+na) Yo (), (2.26)

n

which can be used to form operators with J = L + 1,L,L — 1. It is clear that the set of
operators with angular momentum J will mix under renormalization, but the vector nature
of QCD precludes mixing between the 1)t and 1)y*1) operators in the chiral limit. However
to capture the main features of operator mixing in the continuum limit of LQCD, it suffices
to work with the simplest operator, in Eq. . At tree-level, the contributions of this
operator away from the continuum limit scale in the same way as in the scalar theory, with

contributions that violate rotational invariance suppressed by ~ 1/N2.
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Figure 2.7: One-loop QCD corrections to the fermionic two-point function with an insertion of

éL, M, given in Eq. li at zero external momentum

2.2.1 Continuum operator and its renormalization

Let us first discuss the one-loop renormalization of the operator in the continuum. There are
four one-loop diagrams contributing to the operator renormalization as shown in Fig.
The diagram in Fig. (a) results from inserting the leading order term in the small coupling
expansion of the operator in the loop. At zero external momentum this diagram is

4 o
F(a) ~ TaTaBZg / dyy /dQ / dk ’Yoz Zk wY +m) v ezNak-yYLM (Qy)v
(k2 + m2)* k2

(2.27)

which is clearly convergent in the UV. Also it contains L = 0 as well as L = 1 operator as

can be seen from the angular part of the integral

Z /dQ d [f1 (K m,ka) + fo (K2 m ka) k-] Yoor (@) Yioe (Qy) Yo (Qy)
L' M’

= Vi fi (k% ka,m) 61,0000 +

4 opm—1—96 ) OM—1+9
?Ffz (k?, kg, m) [K| 61 [’Yl (MI\[ZMI) + 72 (w) +’Y35M,0] )

(2.28)

where f; and fo are some functions of their arguments. One can check however that as
m/A — 0 (the chiral limit), the contribution to the L = 1 operator is suppressed by the
quark mass.

The diagrams in Fig. (b) comes from the next term in the expansion of Eq. .

It is straightforward to show that the Feynman rule for the one-gluon vertex with zero
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momentum insertion into the operator is

[n|<N
- > gcm)‘(l (ei(k+p’)-na _ eip’.na,) 5 (p—p — k) Yo (0), (2.29)

47 N3 p—p) na

where the radial path between points x and x + na is taken in evaluating the link integral,
p and p’ are the momenta of incoming and outgoing fermions respectively, X is the Lorentz-
index of the gluon field, and & is the momentum of the gluon coming out of the vertex.
Note that in principle, any path between points x and x + na can be taken in the above
calculation, but if one is interested in deviations of the renormalized lattice operator from
the rotational invariance compared to the continuum operator, a path between two points
should be chosen in the continuum in such a way that it respects rotational invariance
explicitly. Any path other than the radial path, on the other hand, is equivalent to infinite
many other paths resulting from rotated versions of the original path around the radial
path. To reveal rotational invariance at the level of the continuum operator, an averaging
over these infinite copies of the path is needed, and this makes the calculation of the link
more involved.

Now at zero external momentum, using expression with p = 0, the contribution
from the second and third diagrams in Fig. is

d*k ik-y+my- -7
= 39" / d / dQ /
vy R+ m2) k2

"y ( ey - 1) Yim (Qy). (2.30)

As is evident, because of a non-oscillatory contribution to the operator, there is a loga-
rithmically divergent piece from the above integration contributing to the L = 0 operator,
which along with the logarithmic divergent contribution from wavefunction renormalization,
contributes to the anomalous dimension of the operator. Also the angular integration of

the above expression:

yfy 1Nak-
/deko |:1+Zkym:| (eN ky _ 1) YLM (Qy)

= [ lor (V) + g2 (Nl my ) Year (). (2.31)
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indicates that as before, in addition to L = 0 operator, an L = 1 contribution is present
which is finite at UV, and can be shown to vanish for m/A — 0. ¢; and go are some

functions of their arguments whose explicit forms do not matter for this discussion.

X+ha

Figure 2.8: The tadpole contribution consists of the conventional tadpole diagram (a), which
vanishes when using a mass-independent regulator in the continuum (such as dimensional regular-
ization), as well as the diagram shown in (b) which is of the order of «,/|Ax|?, where Ax is the

distance between two gluon vertices.

The last diagram in Fig. corresponds to the O (g2) term in the small coupling
expansion of the gauge link. It contains the tadpole of the continuum theory whose value
depends in general on the regularization scheme. For example, by using a hard momentum
cutoff which is matched easily with the lattice regularization, it diverges quadratically.
However, it is not hard to see that in dimensional regularization which respects the full
rotational symmetry of the continuum, it vanishes in d = 4, therefore it does not contribute
to the renormalization of the continuum operator. But the fourth diagram in Fig. does
not only include the conventional tadpoles, Fig. [2.8{a), it also contains the diagram where
a gluon is emitted by the Wilson line inside the operator and then absorbed at another
point on the Wilson line, Fig. (b) as a consequence of the matter fields being separated
by a distance na. It is straightforward to show this diagram is convergent, and scales by
o/ |Ax|? where Ax is the distance between two gluon vertices and « is evaluated at
the energy scale of the order of 1/|Ax|. This completes the qualitative discussion of the

operator renormalization and mixing at one-loop order in the continuum.
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2.2.2  Lattice operator and its renormalization

Let us start the discussion of the lattice operator by assuming that its definition is still
given by Eq. . However, this can be shown to be a naive definition of the operator
on the lattice. The reason is implicit in the discussion of tadpoles given above. Although
tadpoles are absent from the operator renormalization in the continuum, on the lattice,
they are non-vanishing, and result in large renormalizations, as can be seen in perturbative
lattice QCD calculations. As was suggested long ago by Lepage and Mackenzie [25§], to
make the perturbative expansion of the lattice quantities well-behaved, and to define an
appropriate connection between the lattice operators and their continuum counterparts,
one can remove tadpoles from the expansion of the lattice operators in a non-perturbative

manner by dividing the gauge link by its expectation value in a smooth gauge,
1
U(z,x+ap) > —U (z,x + aj), (2.32)
Uuo

where a simpler, gauge invariant choice of ug uses the measured value of the plaquette
in the simulation, ug = <%Tr (Uplaq)>1/ % There remains still another issue regarding the
tadpole contributions to the smeared operator which is not fully taken care of by the simple
single-link improvement procedure explained above. The operator introduced in Eq.
is smeared over several lattice sites, and as a result includes extended links. As will be
explained shortly, in spite of O (as) corrections due to tadpoles from a single link, there
is an O (Nas) enhancement due to the tadpoles from the extended link with length ~
Na. So although a non-perturbative tadpole improvement could introduce non-negligible
statistical errors, this improvement is crucial, otherwise the relation between the lattice
smeared operator and the corresponding continuum operator is somewhat obscure.

The reason for the O (Nas) enhancement of tadpoles from the extended links can be
illustrated by working out a particular example. Suppose that the link is extended between
points x and x 4+ Naé; entirely along the 1 axis. Then in order to make a tadpole, not
only can each gauge field be contracted with the other gauge field belonging to the same
elementary link, but also it can be contracted with a gauge field from one of the remaining
N — 1 elementary links (see Fig. . Note that each diagram in Fig. comes with a

multiplicity of N — m, where m is the number of links between the contracted gluonic



79

1

Figure 2.9: Tadpole diagrams contributing to the smeared operator at one-loop order. Shown in

the right are the number of diagrams of each type.

vertices. At LO in a, the corresponding contribution from the extended tadpole (ET) is of

the form
= imaki
T(ED) 2/ 'k < ~ 2 2.33
R Py gy A (2:33)
from which the contribution from all the diagrams in Fig. can be obtained,
N-1 N
Y (N-m)—5 = O(Nay). (2.34)
m=1 m

Note that the m = 0 term, corresponding to the first diagram in fig has been excluded
from the above sum as it is just the single link tadpole contribution. Given that there are
N single links, the total contribution from single link tadpoles is O (Nay) as well.

Another issue with the extended links is the fact that without tadpole improvement,
breakdown of rotational symmetry occurs at O (Nas). The reason is that without tadpole
improvement of the extended links, contributions from the different Ay irreps in a given point
shell are normalized differently. For example, there are more tadpole diagrams at O (g2)
contributing to an extended link between points (0,0,0) and (2,2,1) (six single links) than
to an extended link between points (0,0,0) and (3,0,0) (three single links) although both

points belong to the same point shell (i.e. have the same separation in position space).
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This fact magnifies the necessity of tadpole improvement as well as providing a prescription
for an appropriate improvement of an extended link. As the expectation value of a link
belonging to a given A; irrep in a given shell is in general different from the expectation
value of the link belonging to another Ay irrep in the same shell, one needs to redefine the

link in a given irrep by dividing it by its expectation value in the same irrep,

1
Ui (x,z+an), (2.35)

Uyi (z, 2 +an) —
141(77L ) uA”i

where Upi = <UA§ (z,x + an)>, and the Ai’s are different A; irreps belonging to the n2-
shell. With this prescription for tadpole improvement of the extended links, the renor-
malized operator is assured to be safe from large rotational invariance breaking effects of
the order of O (Nas). With this new definition of the gauge link, Eq. is now a
well-defined lattice operator with an appropriate continuum limit which can be used in our
subsequent analysis.

As the cancellation of the tadpole diagram is assured by the new definition of the oper-
ator, there are only three one-loop diagrams that contribute to the renormalization of the
lattice operator. The first diagram in Fig. corresponds to the following loop integral at

zero external momentum for Wilson fermions,

3 @ d'k kya kya

a . \2 ara ik-na S

r@ ~ (ig)?1°T 13 En /7, 7(2@46 [fypcos (g )—zrsm (; )]
2

—iY, W e M)\ [, (ka\ . (k%
Sin2(k a) 2 ¥ COS 7 — 17 Sln 7
>, sin“(kua) 4 ar (k)

a2

)
X
15, s (552)

where M (k) = M+2r/a " sin? (k,a/2), and r is the Wilson parameter. Clearly at LO in the
"

Yom (), (2.36)

lattice spacing, one recovers the corresponding diagram with the insertion of the continuum
operator, Eq. , and so it contributes to both the L = 0 and L = 1 operators. Note that
although the integration region is not rotationally symmetric like the continuum integral,
the convergence of integral at UV ensures that the contributions from non-rotationally

symmetric integration region I, defined in section [2.1.2] are suppressed by additional powers
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of 1/N compared to the rotational invariant region I:

3i" /wdl4/\/§wd”2 / dglw
1674 —7 T f() (lQ + m2a2)2 12

x Y () [ /0 1 dyy*ir, (le)] : (2.37)

ST@  ~ —jg?ToTe

where: [, = kja and 2 =03+102+ l%. The integrand is clearly convergent, and the
integration region is entirely in the UV, and so the only dependence on a = 1/(AN) comes
from the integration over the Bessel function, giving a LO contribution proportional to 1/N2.
However, the first sub-leading contribution from this diagram scales as ~ as/N for Wilson
fermions instead of ~ as/N2. The reason is that the small a expansion of the integrand
in Eq. includes terms at O (a) which is proportional to the Wilson parameter. The
integrand scales as ~ 1/k® multiplied by the spherical Bessel function in the UV which still
gives rise to a convergent four-momentum integration for any value of L,

e 1
or(@n) ~ a/d4k: [/ dy y* jr (Naky ] ~al =+ 2.38
k| Jo ( ) N ( )

These contributions are rotational invariant, and will be included in the renormalization Z-
factor of the operator when matching the lattice operator with its continuum counterpart.
Further, the integrals that appear at O (a2) in an expansion of Eq. are also convergent,
and the terms containing rotational invariance breaking contributions are suppressed by
1/N2. This completes discussion of the first one-loop diagram of Fig.

The second diagram contains the one-gluon vertex operator, and requires evaluating a
line integral over the path on the grid defining the extended link. As was pointed out in the
discussion of the path in the continuum, in general any path can be chosen in evaluating the
operator both in the continuum or on the lattice, but requiring the recovery of rotational
symmetry at the level of the operator means that the extended link has to exhibit rotational
symmetry in the continuum limit. As already discussed, the simplest rotational invariant
path in the continuum is the radial path between the points, so it makes sense to try to
construct a path on the grid which remains as close as possible to the radial path between
points  and x 4+ na. One might expect though that choosing a path in continuum which

is the same as its lattice counterpart is a more legitimate choice. One example of such a
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Figure 2.10: a) The link between points = and x + na for n = (2,1,0) which remains as close as
possible to the diagonal link, b) The link between the same points for n = 2(2,1,0) which consists
of two separate links of part a) with the lattice spacing being halved, c¢) The link for n = 2% (2,1,0)

which consists of 25 separate links of part a) with the lattice spacing divided by 2%.

path is an L-shaped path. However, it is not hard to verify that the L-shaped link does not
restore rotational invariance in the continuum limit as the continuum path explicitly breaks
rotational symmetry. So the problem of evaluating the one-gluon vertex of the smeared
operator is reduced to finding the closest path to the straight line on the grid. In a lattice
calculation, one can, in principle, construct an algorithm which finds a path on the three-
dimensional grid in such a way that the area between the path and the rotational invariant
radial path is a minimum. One such algorithm has already been used in Ref. [287] to
construct a path that follows the straight line between sites A and B as closely as possible,
by forming a diagonal link at each step which has the maximum projection onto the vector
1@. By this construction of “super links”, the authors have been able to form arbitrary
(approximate) rotations of the Wilson loops, therefore constructing glueball operators which
project onto a definite spin J in the continuum limit. However, the analytic form of the
super link has not been given. In appendix [A4] a method to evaluate the link on such a
path is illustrated with a small number of examples. For the following discussion however,
a particular example has been considered which encapsulates the essential features of the

recovery of the rotational path, and gives us an idea how to deal with the general case.
Suppose that the link connects points  and z + na on a cubic lattice where n =
“(Q,1,0), and ag = 2Kq. As usual a denotes the lattice spacing, and @ is an arbitrary

integer. The continuum limit is recovered when the integer K tends to infinity for a finite
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value of ag. Then as is shown in appendix[A-4] for a path which is symmetric under reflection
about its midpoint and remains as close as possible to the vector na (see Fig. [2.10)), the

O (g) term in the momentum-space expansion of the link has the following form
ag q. sin (w)
Z927Kez€1 na/quzm) [Ay (q)

2K+1

2, (g TS oo (et 1 )] - 2.39)

sin (qxa0/2K+1) 2K+2 92K +1

As K — oo limit which corresponds to a — 0, one obtains

2

. q-na
(19) _  9igeiana/25 ) A. a 25
Uv (q) ige o na na + o7 (6:Q +gy)” A -na

2
—%QAMO (22 (Q% —1) + 3Qquqy + 3q§) +0 (a4)] , (2.40)

recovering the continuum link, given in Eq. , and contains broken rotational invariance
contributions which are suppressed by ~ O(a?). This scaling has been shown in appendix
to hold for vectors n of the forms: % (Q,1,1), © (Q,Q, 1) and % (Q,Q, Q) as well.
Let us now examine how the insertion of this contribution from the operator modifies
the scaling of the rotational invariance violating operators at one-loop. The contribution
from the second diagram in Fig. with the insertion of this vertex can be calculated order

by order in small a by expanding the vertices and propagators as before. At the LO one

gets
3 @ d% ikt 4+m etkma
F(b) ~ i 2TaTa / © Y, Qn
9 47TN3§n: e @) (2 +md) A2 ik oma LM (n) X
. a? 2 . a 2 (2 2
an T (RaQ+ ) n T = Q2 (QF 1)+ 3Qheky + 38 o . (241

Clearly, after adding the contribution from the third diagram in Fig. the LO contri-
bution from the above expression, the first term in the bracket of Eq. , recovers the
results obtained previously for the insertion of the continuum operator, up to suppressed
contributions from the integration region II, as discussed before. Therefore this term con-
tributes to the L = 0 operator with a logarithmically divergent coefficient, which along with
the wavefunction renormalization contributes to the anomalous dimension of the lattice op-

erator. Note that the wavefunction renormalization gives rise to a logarithmically divergent
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contribution to the L = 0 operator at LO in the lattice spacing, recovering the continuum
result, and the sub-leading contributions are suppressed at least by a = 1/(NA) for Wilson
fermions. This term also contains and L = 1 operator which is proportional to m, and
vanishes in the chiral limit.

The second term in the bracket of Eq. (2.41)) is O(a?), and can be written as

2.2 = dik m etkna _ 1
I NE zn: = (2m)] [ t ik na™ 7] (k2 + m2) k2
X (kzQ + ky)* Yiar ()
~ 0O(g%a). (2.42)

This scaling arises as a result of the UV divergence of the non-oscillatory contribution to
the integral and is entirely a UV effect. For this term there is no dependence upon n and as
such the factor of N3 is canceled by a corresponding N3 from the sum. Terms proportional
to the mass are convergent in the UV, and as such are suppressed by a? in the continuum
limit.

The last term in the above expression Eq. contains rotational breaking contri-
butions. It is multiplied by an explicit factor of a?, but as seen in the previous term, the
power divergence of the non-oscillatory part of the integral gives rise to an overall scaling
of O (92). This completes the discussion of the one-loop corrections to the lattice opera-
tor for the specific displacement vector na used above. It is also straightforward to check
the obtained scaling of different terms for other choices of the vector na. In general, sub-
leading contributions to the continuum link are O(a?), and so by dimensional analysis it
has an associated factor of momentum squared. On the other hand, it always contains a
non-oscillatory term, and as a result, the non-continuum contributions and the violations
of rotational symmetry scale as O (as).

Given the discussion of the previous paragraphs, we naively conclude that the rotational
symmetry breaking scales as ~ O(«s) in the continuum limit. It is the one-gluon vertex as-
sociated with the smeared-operator that is dominating this behavior, with the contributions
from other diagrams scaling as ~ a,/N for Wilson fermions (Eq. and Eq. ) and

as/N? from the other loop diagrams compared with ~ 1/N? from the tree-level matching.
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However, this scaling can be further improved by smearing the gauge-field. The O(ay)
contributions are due to the explicit factor of a? being compensated by a quadratic loop
divergence, (m/a)?, rendering a suppression by only the coupling in the continuum limit,
analogous to the impact of tadpole diagrams. However, by smearing the gluon field over a
volume of radius 1/A, = aN, EL the offending diagrams in Fig. scale as

Qs

ST0O23 . g2 A2 ~ Nigf (2.43)

due to the suppression of the high momentum modes in the gluon propagator.

The natural question to ask here is what is the scale of the coupling in this process?
Note that the bare coupling constant of lattice QCD suffers from large renormalization as
discussed before, so a better-behaved weak coupling expansion of the lattice quantities uses a
renormalized coupling constant as the expansion parameter. As is suggested by Lepage and
Mackenzie [258], one first fixes the renormalization scheme by determining the renormalized

coupling ol

(k*) from a physical quantity such as the heavy quark potential. Then the
scale of the coupling is set by the typical momentum of the gluon in a given process. In the
case considered above, the energy scale of the strong coupling constant is dictated by the
scale of the gluon smearing region as the dominant contribution to the integral comes from
this region of the integration: k* ~ 7/(Ngya). A better estimate of the scale can be obtained
by the method explained in Ref. [25§], but since we are interested in the continuum limit
where a — 0, this is already a reliable estimation of the momentum scale of the running
coupling.

The analysis in QCD is more complex at one-loop level than in the scalar theory due
to the presence of the gauge-link required to render the operator gauge-invariant. We have
found that the contributions from the operator defined in Eq. scale in the same
way as those in the scalar theory, with the violation of rotational symmetry suppressed by
factors of ~ 1/N2, but both tadpole improvement of the extended links and smearing of the

gauge-field is required. Our analysis of Wilson fermions reveals the contributions to matrix

elements that violate rotational invariance in the continuum limit at the one-loop level are

3We have distinguished the smearing radius of the operator, N, from the smearing radius of the gluons,
Ny, but in principle they could be set equal.
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suppressed by factors of ~ o /N? and ~ ag /Ng, and thus for a smearing defined in physical
units, deviations from rotational invariance scale as O(a?). Contributions that scale as
~ ag/N and are proportional to the Wilson parameter, conserve angular momentum and
can be absorbed by the operator Z-factor. Most importantly, as in the scalar theory, there
are no mixings with lower dimension operators that diverge as inverse powers of the lattice

spacing.
Summary and discussions

In this chapter, a mechanism for the restoration of rotational symmetry in the continuum
limit of lattice field theories is considered. The essence of this approach is to construct
an appropriate operator on the cubic lattice which has maximum overlap onto the states
with definite angular momentum in the continuum. In analogy to the operator smearing
proposals given in Refs. [141},/143,|151] and Refs. [223],287], the operator is constructed on
multiple lattice sites. Using spherical harmonics in the definition of the operator is key to
having the leading contributions to the classical operator be those with the desired angular
momentum. The sizes of the contributions are controlled by the scale of the smearing of the
operator, with sub-leading contributions to both lower and higher dimensional operators
that violate rotational symmetry being suppressed by 1/N? - reflective of the pixelation of
the operator and fields. The \¢* scalar field theory is shown to preserve this universal scaling
of the leading non-rotationally invariant contributions at all orders in perturbation theory,
compatible with the finite-size scaling results of \¢*-type theories near their rotational
invariant fixed points [104,[105]. The same can be shown to be true in g¢* scalar field
theory.

Gauge invariance somewhat complicates the construction and analysis of analogous op-
erators in QCD. Although the tree-level lattice operator in QCD exhibits the same scaling
properties as the scalar operator, extended gauge links connecting the quark fields generate
gluonic interactions that contribute to loop diagrams that are power-law divergent. Such
contributions are either eliminated by tadpole improvement of the extended links, or are
suppressed by smearing of the gauge field. We find that it is the physical length scales

and continuum renormalization scale that dictate the size of matrix elements. The lead-
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Figure 2.11: The absolute value of the ratio of the tree-level coefficient, C§(1)310’ of a lowest dimension
operator with L = 1 to the tree-level coeflicient, 03(33307 of the lowest dimension operator with angular
momentum, L = 3, resulting from the L = 3 operator in Eq. (2.1]), as a function of the number of

included point shells.

ing non-continuum corrections from the one-loop diagrams preserve angular momentum,
scaling as ~ asa for Wilson fermions, and can be absorbed by the operator Z-factor. In

2asa—0.

contrast, contributions that violate rotational symmetry are suppressed by asa
While we have chosen a specific form for the smeared operator, we expect that the results,
in particular the scaling of the violations to rotational symmetry, are general features of a
smeared operator with any (smooth) profile. Also, it is worth mentioning that although the
calculations preformed in this work, and the subsequent conclusions, relate operators and
matrix elements in O (3) to those in SO(3), the methodology and results are expected to
hold in relations between Op(4) and SO(4). Instead of working with operators formed with

spherical harmonics to recover SO(3) invariance, one would work with operators formed
with hyper-spherical harmonics to recover SO(4) symmetry.
We conclude the chapter by discussing the practicality of this result for the current

LQCD calculations as well as its connection to the recovery of IR rotational invariance in

the lattice theories:
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e It is important to understand and to quantify the violation of angular momentum

conservation in the states and matrix elements calculated using Lattice QCD with the
lattice spacings currently employed. One interesting result is that by using the tadpole-
improved operator extended over several lattice sites and built from the smeared gauge
links, the quantum corrections introduce non-continuum corrections to the tree-level
results that are suppressed by at least as, i.e. they do not introduce power-divergent
contributions. As an example, suppose that a lattice calculation aims to determine
a matrix element of an operator with L = 3. Then, as is demonstrated in Fig.
, the coefficient of the lower dimensional derivative operator with L = 1 is
almost 10 times larger than the coefficient of the L = 3 derivative operator when the
operator is defined over one lattice site, N = 1. The computational time required
to accurately perform the subtraction of the L = 1 contribution is significant for a
smearing scale of, say, A ~ 2 GeV. Fortunately, by halving the lattice spacing and
smearing the operator over just two point shells (N = 2), the contamination from the
lower dimensional operator is reduced by a factor of ~ 3, requiring a factor of ~ 10 less
computational resources to accurately perform the subtraction at the same level of
precision. Further, by smearing the operator over ten point shells, the contamination
from the lower dimensional operator is reduced to ~ 1% of its value at N = 1. Given
that the lattice spacing associated with A =2 GeV is a ~ 0.1 fm for N = 1, to be able
to smear out to the N = 2 shell requires a lattice spacing of a ~ 0.05 fm, pushing the
limits of current lattice generation. To smear out to the NV = 10 shell would require

a lattice spacing of @ ~ 0.01 fm which is currently impractical.

The restoration of rotational invariance as discussed in this chapter regards only the
UV asymptote of the lattice theories: as one reaches a good pixelation of a region of
space where the lattice operator probes, the identification of eigenstates of the angu-
lar momentum operator becomes possible. In the other words, the more point shells
included in the lattice operator, the larger overlap the operator has onto a definite
angular momentum state. However, the full recovery of rotational invariance in the

lattice theories requires the suppression of rotational symmetry breaking contributions
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to the physical quantities not only as a result of short-distance discretization effects,
but also as a result of boundary effects of the finite cubic lattice in the IR regime of
the theories. The finite size of the lattice imposes (anti-)periodic boundary conditions
on the lattice wavefunctions which enforces the lattice momenta to be discretized,
p = %T“, where L is the spatial extent of the lattice and n is a vector of integers.
The IR rotational invariant theory is achieved as the lattice becomes infinitely large,
corresponding to a large number of point shells in the momentum space. However,
beyond this intuitive picture, one needs to examine in a quantitative way how this
recovery takes place in the large-volume limits of the lattice theories in the same way
as it was discussed for small lattice spacing limit of the theories. One quantitative
explanation of this IR recovery, has been given in Ref. [272] in the context of the ex-
traction of phase shifts in higher partialwaves from the energies of scattering particles
in a finite volume using Liischers method. The idea is that as one includes higher
momentum shells, the number of occurrence (multiplicity) of any given irrep of the
cubic group increases. As a result, for a fixed energy in the large volume limit, linear
combinations of different states of a given irrep can be formed which can be shown to
be energy eigenstates; and the energy shift of each combination due to interactions is
suppressed in all but one partialwave in the infinite-volume limit. So, although each
state has an overlap onto infinitely many angular momentum states, the high multi-
plicity of a given irrep in a large momentum shell generates energy eigenstates which
dominantly overlap onto states of definite angular momentum, and the mixing with
other angular momentum states becomes insignificant in the large volume limit. This
picture also helps to better understand the mechanism of the UV rotational invari-
ance recovery due to the operator smearing. It is the high multiplicity of the irreps
in large (position-space) shells that is responsible for projecting out a definite angular
momentum eigenstate. These large shells are obtained by reducing the pixelation of
the lattice by taking a — 0 in position space, or increasing the size of the lattice by
taking L — oo in momentum space — both are required in order to recover rotational

invariance from calculations performed on a lattice.
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Chapter 3

TWO-NUCLEON SYSTEMS FROM A FINITE-VOLUME
FORMALISM

Despite tight empirical constraints on the two-body nuclear force, the investigation of the
two-nucleon sector within LQCD is still warranted. Understanding the energy dependence of
the scattering phase shifts of two-body hadronic states, for example, is essential in obtaining
physical matrix elements of current operators in the two-body sector [61}88,126,285,286].
Additionally, as LQCD calculations are currently done at unphysical pion masses, a rigorous
study of three (multi)-nucleon systems from LQCD requires not only the knowledge of two-
nucleon phase shifts, but also their pion mass dependence as shown in Refs. [89}238-241].
The LQCD determination of the scattering parameters of two-nucleon systems at unphysical
pion masses by itself is an interesting problem as it reveals the dependence of the two-body
nuclear force on the masses of quarks in nature. Progress in this direction will have striking
impact on our understanding of some of the most fundamental questions regarding the
nuclear fine tunings in nature and the anthropic view of the Universe. As discussed in
Refs. [55,/156,157], the survivability of Carbon-Oxygen based life is related to the variation
of the inverse scattering lengths of NN scattering in the isosinglet and isotriplet channels,
and a precise LQCD determination of these parameters will put tighter constraints on this
quantity. In fact, for the first time LQCD has started addressing the question of naturalness
of the NN interactions. A nice example is the extraction of the S-wave NN scattering length
and effective range by the NPLQCD collaboration [32] at a pion mass of m, ~ 800 MeV
which has enabled them to study the variation of the NN scattering parameters and the
corresponding bound-state energies with respect to the light-quark masses, see Fig. [3.1] To
appropriately utilize these LQCD calculations, in particular for the realistic NN systems
with physical partial-wave mixings — which occurs due to the action of non-central forces in

nuclear systems, the FV formalisms and their associated QCs must be developed.
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Figure 3.1: The left panel represents the ratio of the two-nucleon scattering length, a, to the
effective range, r, in the 3S; (top) and 1Sy (bottom) channels at the physical point as well at the
SU(3) symmetric point with m, ~ 800 MeV [32]. As can be inferred from the plots, the NN
interactions remain unnatural over a wide range of pion masses. The right panel represents the plots
of the binding energy as a function of pion mass. These indicate that the size of the deuteron and
the nn bound state remain large compared with the range of interactions at heavier pion masses.

The figure is reproduced with the permission of the NPLQCD collaboration.

In this chapter, we derive and present the generalization of the Liischer formula for
nucleon-nucleon (NN) scattering valid below the inelastic threshold for all spin and isospin
channels in both positive and negative parity sectors. This formula is derived using the
auxiliary field (dimer) formalism in the language of a NR effective field theory EFT for
NN interactions. As introduce in chapter [1, a S-wave dimer field — that sums all 2 — 2
interactions non-perturbatively [42,229] — significantly simplifies the diagrammatic repre-
sentation of multi-nucleon scattering amplitudes [48]50-54,[56}|168]. However, to account
for scattering in higher angular momentum channels, this dimer field must be generalized

to arbitrary partial waves. This is particularly important when such an auxiliary field is
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used in constructing a FV formalism for three-body scattering processes. As is pointed out
in Ref. [89], the leading systematics of the results presented in Refs. [89,238-241], for the
relation between three-body scattering amplitude and the F'V spectrum of the three-particle
system, arises from the FV-induced mixing between S-wave and D-wave scattering modes
of the two-particle sub-system. A S-wave dimer field therefore does not incorporate possi-
ble mixings in the FV formalism and will not give rise to a full quantization condition in
arbitrary partial waves in both two-body and three-body systems. To address this defect,
we generalize the dimer field to higher partial waves and utilize the result to derive the gen-
eralized Liischer formula for the two-body boosted systems within both scalar and nucleon
sectors.

As discussed in chapter performing LQCD calculations for systems with different
CM momenta gives access to more energy levels at a given volume and provides additional
QCs for the energy eigenvalues of the system in terms of scattering parameters. Although
the master formula that will be derived is self-contained and incorporates all the necessary
details to be implemented in practice, deducing the relations, or QCs, among phase shifts in
different partial waves and the energy levels of a specific LQCD calculation requires multiple
nontrivial steps. The corresponding procedure is sometimes called the reduction of the
Liischer formula. The difficulty associated with this procedure is due to the fact that LQCD
calculations are performed in a finite periodic cubic volume (for calculations at rest). As a
result, the degeneracy of energy eigenvalues of the system in such calculations is determined
according to the irreps of the cubic group. Since the phase shifts are characterized according
to the irreps of the SO(3) rotational group, the energy eigenvalues of the system in a given
irrep of the cubic group in general depend on the phase shifts of more than one partial-wave
channel. Performing LQCD calculations of energy levels in different irreps of the cubic group
would provide multiple QCs depending on different linear combinations of the scattering
phase shifts, leading to better constraints on these quantities. Therefore it is necessary to
identify all the QCs satisfied by a given scattering parameter in a partial-wave channel.
While Liischer’s original work presents the reduction of the master formula to a QC for the
cubic Ay irrep, Ref. [272] provides the full quantization conditions for the energy eigenvalues

of different irreps of the cubic group, in both positive and negative parity sectors for orbital
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angular momentum [ < 6 as well as [ = 9 in the scalar sector. For scattering involving a
spin—% particle and a scalar particle, the Liischer formula can be generalized such that the
energy eigenvalues of the meson-baryon system in a given irrep of the double-cover of the
cubic group is related to the corresponding phase shifts [64]. This generalization has been
also presented for NN scattering, where due to the the possibility of physical mixing among
different partial-wave channels, more complexities ariseH

By investigating the symmetry groups of the boosted systems along one and two Carte-
sian axes as well as that of the unboosted system, we have identified all the QCs satisfied by
the phase shifts and mixing parameters in channels with total angular momentum J < 4;
ignoring scattering in partial-wave channels with [ > 4. Different QCs correspond to dif-
ferent irreps of the cubic (O), tetragonal (D4) and orthorhombic (D) point groups that
represent the symmetry group of systems with CM momentum P = 0, P = 2%(O,O, 1)
and P = 2%(1, 1,0) respectively, where L denotes the spatial extent of the cubic volume.
As will be discussed later, these QCs can be also utilized for boost vectors of the form
2T (2n4, 2n9, 2n3), 25 (201, 2n2, 2n3 + 1) and 2% (2ny 4+ 1,2n2 + 1, 2n3) and all cubic rotations
of these vectors where ny, ny, n3g are integers. Although the master formula presented in this
article in the limit of zero CM momentum has been already derived in Ref. [216] for NN
systems using a relativistic quantum field theory approach, the full classifications of differ-
ent QCs for all the spin and isospin channels and for two non-zero CM momenta were first
obtained through completion of this thesis and are already presented in Refs. [86,91]. These
lengthy relations are tabulated in a Mathematica notebook supplemented to the published
paper |90] and we refrain to repeat those in this thesis. However, the procedure of deducing
these relations will be presented through an example in Sec. Strategies for deducing
such QC for more general cases will be briefly discussed in Sec. These relations make
the implementation of the generalized Liischer formula for NN systems straightforward for

future LQCD calculations of the NN system.

The Liischer formula to study two-nucleon systems were first presented in Ref. |30], although due to
constraining the calculation to the S-wave scattering, the complexity of the two-nucleon systems has not
been dealt with. The only previous attempt to address this problem, including the spin, isospin and angular
momentum degrees of freedom, is the work by N. Ishizuka [216], where the quantization conditions for
energy eigenvalues of a two-nucleon system at rest in the positive and negative parity isosinglet channels
were obtained for J < 4.
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3.1 Finite Volume Formalism with the Auxiliary Field Method

The goal of this section is to extend Liisher’s formula [269,269] to the case of two nucleons
within the context of a NR EFT, using an auxiliary field method. Although there has been
several derivations for the Liischer formula (an example of which presented in Sec. , the
formalism that will be presented here makes the study of two-baryon systems with arbitrary
quantum numbers straightforward. Additionally the methodology developed here can be
used to generalize the FV formalism presented in Ref. [89] to three hadrons with arbitrary
partial waves. In order to be able to incorporate the specific features of the two-nucleon
systems in the formalism, it is instructive to start with developing a general dimer formalism
for scalar particles. However, such formalism by itself is valuable in studies of multi-meson

systems in a finite volume, see for example, Refs. [89,238-240].

3.1.1 Two-boson systems

Consider two identical bosons with mass M that interact in a partial-wave channel (I, m)
via a short-range interaction that can be effectively described by derivative couplings to the
fields. Let ¢ and dj,, p denote the interpolating operators that annihilate a boson with
NR four-momentum k, and a dimer (with quantum numbers of two bosons) with NR four-
momentum P and angular momentum (I, m), respectively. Then if P* = (F,P) denotes the
NR four-momentum of the system, one can write a Galilean-invariant action that describes

such system in the infinite volume in terms of a Lagrange density in the momentum space,

d4P ]_32 P2
S = /(277)4 ¢L(E_W)¢P_%:d;mf (E AH_ZCM ) )dlm,P
d*P d4k:
/ 7)1 4Zgw[zmp\ﬁYzm( ) K[ drop- k‘f‘hC}, (3.1)

where k* = k — P /2 denotes the relative momentum of two bosons in the interaction term.
Note that the interactions between bosons in partial-wave channel (I,m) is mediated by
a corresponding dimer field, d;,,. As is evident, upon integrating out such auxiliary field,
one recovers the four-boson interaction term in a Lagrangian with only ¢-field degrees of

freedom. Since this is a theory of identical bosons, all couplings of the dimer field to a two-
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boson state with an odd partial wave vanish. Eq. (3.1)) clearly reduces to the S-wave result of
Refs. [?,42,229]. This action can be easily generalized for systems involving distinguishable

scalar bosons (e.g. for P-wave scattering see Ref. [84]). As usual, the LECs {A;, ¢/, 92}

lth

in the effective Lagrangian must be tuned to reproduce the ERE of the [**-partial wave,

k*21+1 cot 5(1) — _l + ﬂ + N @ (k*2)n (3 2)
d T T 2~ ol ’ '

where k*

frame. (5&” is the phase shift in the [**-partial wave, and {ai, 71, pn,} are the corresponding

|k*| =/ ME — PTZ is the relative on-shell momentum of the bosons in the CM

scattering length, effective range and all higher order shape parameters, respectively. The
fully dressed dimer propagator can be obtained by summing up the self-energy bubble
diagrams to all orders, Fig. ﬂ(a), the result of which is the following

1
(DB) 1 — I~(E,P)’

D®(E,P) = (3.3)

where DB denotes the bare dimer propagator,

B -1 51 l 5m m
[D (E’P)]llmhbmz - P2 ;02 — P2\, . (34)
E— g5 — A+ 2o (B — gp)™ + e

and I*° denotes the value of the bubble diagram evaluated using the power divergence

subtraction (PDS) scheme [30,[232,233],

iM . -
[I®°(E,P)] = —— g2, K (4 ik) 01,0, Oy (3.5)

limy,la,m2 87 92,1

where p is the renormalization scale. By requiring the full dimer propagator, D*°, in the

infinite volume to reproduce the full scattering amplitude in any given partial wave,

8l 1
M k* cot 531) — ik*

M?fml,lgmg = _[ g DOO(Evp) g ]l1m1,12m2 = 511[26m1m27 (3'6)

one arrives at

167 2 1 2l 2 ppM™
g;l = i for [ even, A; = i (al — uk 2) , Cnl = i nn! . (3.7)

In the finite volume, the two-boson system can still be described by the action in Eq.

(3.1) except the periodic boundary conditions constrain the momenta to be discretized. In
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Figure 3.2: a) Diagrammatic equation satisfied by the matrix elements of the full dimer propagator
in a) infinite volume and b) finite volume. The grey (black) band represents the full infinite (finite)

volume propagator, D> (D"'), while the double lines represent the bare propagator, DE.

particular, the integral over three-vector momenta in Eq. (3.1) is replaced by a sum over

discrete momenta, P = %n, where n is an integer triplet. Then it is straightforward to

evaluate the corresponding bubble diagram in the finite volume,

1% M Ty
[I ]llml,lz,mz - 8792,1192,12]? 12
A7 3/2 . ) .
X | 5[1125m1m2 +Z( kll Cllin(k 2)/dQ Yil,mlyvl,myimﬂw (38)
Im

where as defined in Sec.

3 T "
= |2 [ ] o, 9

q T

q* = q—P/2, and P denotes the principal value of the integral. The full dimer propagator,
DV, can then be obtained by summing up the infinite series of bubble diagrams in Fig.
b), where the LEC of the theory are matched with the the physical quantities according
to Eq. ,

1
(D7) 7= (D7) "IV (B, P)D”

Note that, just like D> in Eq. (3.3), D" is a matrix in the angular momentum space.

DY(E,P) = (3.10)

The poles of the FV dimer propagator give the spectrum of two-boson system in a finite
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volume in terms of the scattering parameters. These energy eigenvalues satisfy the following

determinant condition
det [k* cot 6 — FFV] =0, (3.11)

where both cot § and F¥V are matrices in the angular momentum space,

cot 0 = cot(7,)01,150myms, (3.12)
[‘FFV} l1m1,lgm2 = Z k.*l an(k; 2) dQ lel,m1Yl,mYVl27m2' (313)
Im

In Eq. the Kronecker deltas that are constraining the (I, m) quantum numbers
should not be confused with the phase shift §;,. This quantization condition agrees with
the NR limit of the results presented in Refs. [109,235,325] for the generalization of the
Liischer formula to the boosted systems, and upon truncating the angular momentum sum
t0 Imax = 0, reduces to the S-wave result of Ref. [89] where an S-wave dimer field is used to
derive the Liischer formula. This derivation shows that upon incorporating higher partial
waves in the construction of the dimer Lagrangian, as well as accounting for higher order
terms in the EFR expansion, all the two-body physics is fully encapsulated in this formalism.
As a result the systematic errors of those FV multi-particle calculations that have used a
S-wave dimer field up to next-to-leading order in ERE (see Refs. [89,238-241]), can be easily

avoided.

3.1.2 Two-nucleon systems

Due to spin and isospin degrees of freedom, the two-nucleon system exhibits some specific
features. In particular, the anti-symmetricity of the two-nucleon state constrains the allowed
spin and isospin channels for a given parity state. Additionally, any spin-triplet two-nucleon
state is an admixture of two different orbital-angular momentum states. For example, as is
well known, the two-nucleon state in the deuteron channel with J© = 17 is an admixture
of S-wave and D-wave states. In general, a positive parity two-nucleon state with total

angular momentum J is a linear combination of states with the following orbital angular
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momentum L and total spin Sﬂ

(=73 30- 05 =50- 1), (3.14)

while in the negative parity sector, the states that are being mixed haveE|
1 J 1 J
L:J$§(1—|—(—1) ),525(14—(—1) ) - (3.15)

Table (3.1]) shows the allowed spin and angular momentum of NN states in both isosinglet

and isotriplet channels with J < 3.

JE Lot 0 1+ 1- 2+ 2- 3t 3-
I=0 o T {(071)7(271)} (170) (271) T {(2’1)7(4»1)} (370)
I=1](0,00 (1,1) — (1,1) (2,00 {(1,1),(3,1)} — (3,1)

Table 3.1: The allowed spin and angular momentum states, (L,S), for NN-states with J < 3
assuming an exact isospin symmetry. Note that depending on the parity of the states, the partial-

wave mixing can occur in either the isosinglet or isotriplet channels.

In order to write the most general Lagrangian describing NN scattering in all spin,
isospin and angular momentum channels, let us introduce an operator that creates a NN-
P

state with total four-momentum P and the relative momentum k* = k — 5 in an arbitrary

partial wave (L, My) in the following way
- N T
INN; P, k™) Ly, ,SMs,TM; ZNL/ko* Vi, (k)k [Ng—k Psmg, iy Ni| 10), (3.16)

where k* = |k*|. 75(SMS7IMI) is an operator which projects onto a two-nucleon state with spin

(S, Mg) and isospin (I, M;), and N, is a normalization factor. By requiring such state to

2The L that is introduced here and elsewhere as the partial-wave label of quantities should not be confused
with the spatial extent of the lattice L that appears in the definition of the cf,, functions.

3Note, however, that for a J-even state in the first case and a J-odd state in the second case, there is
only one angular momentum state allowed and no mixing occurs.
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have a non-zero norm, and given the anti-commutating nature of nucleon fields, one can infer
that for positive parity states the operator 75( SMg,7M;) Must be necessarily antisymmetric,
while for negative parity states it must be symmetric. Since this operator is a direct product
of two projection operators in the space of spin and isospin, these requirements can be
fulfilled by constructing the corresponding operators using the appropriate combinations of
Pauli matrices, o; (75), that act on the spin (isospin) components of the nucleon field. To

proceed with such construction, let us define the following operators

I s I S
Q5 = TyTj> Qj = 0yTy, g =1y, B” = oy (3.17)

Note that the matrices that are named as a are symmetric while those that are named
as ( are antisymmetric. Superscript I (S) implies that the operator is acting on the spin
(isospin) space, and index j = 1,2, 3 stands for the Cartesian components of the operators.
Alternatively one can form linear combinations of af (oz§ ) that transform as a rank one
spherical tensorﬁ Using these matrices, it is straightforward to see that an antisymmetric

75( sMs,7M;) can have one of the following forms

M M
75(00 1M;) = 70[5 ! ® bs 75(1M 00) = 761 @ ag ) (3.18)
) 1) — \/g ) S, — \/g 9 .

which can project onto two-nucleon states with (S =0,/ =1) and (S = 1,1 = 0) respec-
tively. Note that these are the conventional isotriplet and isosinglet projection operators
in the positive parity sector that are used frequently in literature [108}329]. On the other
hand, a symmetric ﬁ(SMS,IMI) can project onto two-nucleon states with (S = 0,1 = 0) and

(S =1,1 =1) and should have one of the following forms,
A _Pr®Bs o™ @ ag")

77(00,00) = N P(lMs,lMI) = T7 (3.19)

respectively.
As it is the total angular momentum J that is conserved in a two-nucleon scattering

process, as opposed to the orbital angular momentum L, it is convenient to project a

1A Cartesian vector r can be brought into a spherical vector according to

PO =y P& = ¢ (ra £iry)
V2
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two-nucleon state in the |LM},, SMg) basis into a state in the |JMy, LS) basis using the

Clebsch-Gordan coefficients,
INN; P, k™) jpr, n8.0m, = Z (JMy|LMp,SMgs) |NN; P, k) Lar, smg 1, - (3.20)

My, Mg

Note that isospin remains a conserved quantum number up to small isospin breaking
effects that we ignore for the nucleon systems. In order to describe NN interactions, we
introduce an auxiliary dimer filed, similar to the scalar theoryﬁ This field, that will be
labeled dﬁ’]\S/IL IM; P has the quantum numbers of two-nucleon states with total angular
momentum (J, M) and isospin quantum number of (I, M;) with orbital angular momentum
L and spin S. Now the action corresponding to the Lagrangian density of free nucleon and

dimer fields in the momentum space can be written as

d*P P?
Skinetic = / |:N1T3(E - 7)Np

(2m)4 2m
p?
- Z Z (d53r, 1oy ) (E - +ZCJIn - ) > a5, 1P
J My LM, LS

(3.21)

In order to write the interaction Lagrangian, one should note that, while the total angular
momentum, parity, isospin and spin are conserved in a strongly interacting NN process, the
orbital angular momentum can change due to the action of tensor forces in nuclear physics.
This is easy to implement in this formalism, as the two-nucleon states that are formed, Eq.
, are compatible with the symmetries of the two-nucleon states. The interacting part
of the action that does not mix angular momentum states, Si,s,1, can then be written as

Sintg = —/ b dlk > S gfT (IMy|ILMy, SMs)
7 (2m)* (2m)* J,My,I,M; L,Mp,S,Mg
|:(dJMJ IM;:P ) Var Yoar, (k) B N Pisms.anny) Np—k + hec|,

(3.22)

where ¢ JS denotes the coupling of a dimer field to the two-nucleon state with quantum

numbers {J, I, L, S}. Note that the interactions must be azimuthally symmetric and so the

5The S-wave dimer field in the nuclear sector is commonly referred to as a di-baryon field.
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reason the couplings are independent of azimuthal quantum numbers. Eqgs. (3.14} [3.15))
now guide us to write the most general form of the interacting part of the action that is not

diagonal in the angular momentum space, S;n2, as follows

d*P  d*k
Sint2 = _/(27{)4 (271.)4 Z Z

J,My,I,M; L,Mp,L' M} ,S,Mg
! !
har 6, e 051000410051 + 01,7101 541)(J M| L' M}, SMs)
—

T O * *L/ -
X [(d%@,IMI;P) Vi Yooy (k) K NE Pisug i) Ne—k + h-C-] :

(3.23)

Note that in this interacting term, spin, isospin and the initial and final angular momenta
are all fixed for any given total angular momentum J. As a result we have only specified
the (JI) quantum numbers corresponding to coupling h. As in the scalar case, all the
LECs of this effective Lagrangian, {Ag}g,c’}in,gff, hjr}, can be tuned to reproduce the
low-energy expansion of the scattering amplitudes in the J* angular momentum channel
with a given spin and isospin. As discussed in Sec. , in the scalar sector the LECs can
be easily determined in terms of the ERE parameters and the renormalization scale. For
coupled-channel systems, obtaining the LECs in terms of the scattering parameters requires
solving a set of coupled equations. The tuning of the LECs is only an intermediate step in
obtaining the relationship between the FV spectrum and the scattering amplitude, which

can be easily circumvented by introducing the Bethe-Salpeter kernel.

Let us encapsulate the leading 2 — 2 transition amplitude between a two-nucleon state
with (JMy, IM;, LS) quantum numbers and a two-nucleon state with (JM,, IMy, L'S")
quantum numbers in the Bethe-Salpeter kernel, K. Since total angular momentum, spin
and isospin are conserved in each 2 — 2 transition, the kernel can be fully specified by
KELSS)

JM,1n, - Since J is conserved, the full kernel in the space of total angular momentum

can be expressed as a block-diagonal matrix. In fact, it is straightforward to see that for
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each J-sector, the corresponding subblock of the full matrix has the following form

Ky 0 0 Kji
! Kyt ) ! (3.24)
0 0 KS, 0

B R S

We keep in mind that for any given J, I, L and S, there are (2J +1)? x (21 + 1)? elements

accounting for different values of M; and M; quantum numbers. We also note that the

value of the isospin is fixed for each transition kernel. Explicitly, one finds that I = w
and I’ = WH For the special case of J = 0, the corresponding sub-sector is
(0,0;0)
Koo1n, 0 (3.25)
0 Jresa) '
00;1M]

These kernels, that correspond to leading transitions in all spin and isospin channels, are

depicted in Fig. Although one can read off the Feynman rules corresponding to these

kernels from the Lagrangian, Eqs. (3.21} [3.22] [3.23]), the FV energy eigenvalues can be

determined without having to reference to the explicit form of these kernels, as will become

evident shortly.

The scattering amplitude can be calculated by summing up all the 2 — 2 diagrams which
can be obtained by any number of insertions of the transition kernels and the two-particle
propagator loops. It can be easily seen that the infinite-volume two-particle loops, G,
are diagonal in total angular momentum, spin, isospin and orbital angular momentum. It
is easy to show that G° = 2 I*°, where I*° is the infinite-volume loop for two identical
bosons, Eq. , hence the overall factor of two. As a result, the scattering amplitude can

be expressed as

o _ 1
M = K. (3.26)

5There is no (I = 0,5 = 0) channel for scattering in an even J sector. Also there is no (I = 1,5 = 0)
channel for scattering in an odd J sector.
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(J+1,J+1;1)
Ky, 1,

L'=J+1
FUELIFLT)

JMy,IM; L=J+1

J,J:0(1)) _
KSMJ,I(A}3 = L

Figure 3.3: The leading 2 — 2 transition amplitudes in the sector with total angular momentum J,
Eq. . The superscripts in the kernels denote the initial angular momentum, L, final angular
momentum, L’ and the conserved spin of the channels, S, respectively. The black dot represents the
interaction vertex that conserves the partial wave of the channel, and whose strength is parametrized
by the coupling g7, Eq. (3.22). The grey diamond denotes the vertex that mixes partial waves, and
whose strength is given by h;;, Eq. . the double lines are the bare propagators corresponding

to a dimer field with angular momentum L”.

where K is a matrix whose J*-subblock is given by Eq. (3.24)). Since G* is diagonal, the

Jt-subblock of the infinite-volume scattering amplitude reads

(J—1,J—1;1) (J—1,J+1;1)
MJMJ;IM[ 0 0 MJMJ;IMI
(J,J;0)
0 MJMJ;IMI 0 0 (3.27)
(J,J;1) ’ ’
0 0 MJMJ;I/MI/ 0
(J+1,J-1;1) (J+1,J+1;1)
MJMJ;IM[ 0 0 MJMJ;IMI
for any non-zero J and
(0,0;0)
Mooar, 0 (3.28)

(1,1;1) ’
0 Moo,
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for J = 0. As is conventional, the scattering amplitude in channels with no partial-wave
mixing can be parametrized by a scattering phase shift, 5513 , according to

Jns) 4w e¥P 1 4x 1
IMpIMy = a2 07T Mk cot 0b% —i

M 5r., (3.29)

while in channels where there is a mixing between the partial waves, it can be characterized

by two phase shifts and one mixing angle, €, [338]|Z|

= 2i6L%
(J£1,J+1;5) 4w cos2e e?ir — 1
Moy, = M % Op,J+1, (3.30)
J+1,JF1:S Ar 0P
M«(]M‘]l;lj\:zl’ ) = e sin 2€ 5 5L,Ji15L’,J:Fl' (331)

These relations are independent of M ; and My as the scatterings are azimuthally symmetric.
We emphasize again that Kronecker deltas used to specify the L quantum numbers should
not be confused with the phase shifts. Note that for each J sector, there is only one mixing
parameter and as result no further labeling other than the J label is necessary in case of €.

The FV kernels are equal to the infinite-volume kernels (up to exponentially suppressed
terms in volume below the pion production, and in particular the J*-subblock of such kernel
is given by Eq. . As in the scalar case, the only difference between the finite volume
and infinite volume shows up in the s-channel bubble diagrams, where the two particles
running in the loops can go on shell and give rise to power-law volume corrections. It is
straightforward to show that the two-nucleon propagator in the finite volume, GV, can be

written as
G" =G> +4dG", (3.32)
where 0G" is a matrix in the (JMj, IM;, LS) basis whose matrix elements are given by

o 3/2
v Mk @
[69 ]JMJ,IM,,LS;J/M{,,I/M;,L/S/_ e 511’5M1M}555’ 5JJ’5MJM35LL’+ZZ [EoES] Cin (K77)
Im

x> (JMy|LMy, SMg)(L'M}, SMg|J'M}) / A Y 0, Vi Yo, |
MLzMinS

(3.33)

"We take a different parametrization for the S-matrix when studying the deuteron spectrum for reasons
that will be discussed in chapter @
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and, as is evident, is neither diagonal in the J-basis nor in the L-basis. The kinematic
function cﬁn(kz*z) is defined in Eq. 1' and is evaluated at the on-shell relative momentum
of two nucleons in the CM frame. The full FV two-nucleon scattering amplitude can be

evaluated by summing up all 2 — 2 FV diagrams,

1 1
1-GVK ~— (M>)~1+46GV"

MV =K (3.34)

where in the second equality the kernel is eliminated in favor of M and G*° using Eq.
(3.32). The energy eigenvalues of the two-nucleon system arise from the poles of M"Y which

satisfy the following determinant condition
det [(M>)"1 +46G"] =0. (3.35)

This quantization condition clearly reduces to Eq. for two-boson systems when setting
S = qﬂ and is in agreement with the result of Ref. [64] for meson-baryon scattering after
setting S = 1/2. This result also extends the result of Ref. [216] for two-nucleon systems to
moving frames.

Although both (M>)~! and 6G" are complex, for each partial wave, there occurs an
intricate cancellation of their imaginary parts. One could, on the other hand, work with the
kernel K and finite-volume propagator GV, both manifestly real expressions, to define the
QC. From Eq. it is evident that the finite volume QC can be equivalently written
as det[K~! — GY] = 0, which has yet no reference to the scattering amplitude. However
Eq. is comprised of renormalization-scale independent quantities, whereas K and
G" are both scale dependent (only their difference is scale independent). For this reason
and to make connection with infinite-volume observables easier, we utilize Eq. Since
the cancellation of imaginary terms is not trivial in channels with partial-wave mixing, we
explicitly show how this cancellation occurs at the end of this section.

It is important to note that in deriving this result we have only assumed that the
FV kernels are exponentially close to their infinite volume counterparts. Therefore the

result obtained is valid for energies up to the inelastic threshold. In the nuclear sector this

8The symmetry factor in both the scattering amplitude and the FV function cancel out in the determinant
condition, leaving the FV QC in Eq. |T_ﬂ'|, insensitive to the distinguishability of the particles.
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corresponds to the pion production threshold, E* = m,, which is well above the t-channel

*
cutr

the dimer formalism written in Eqgs. (3.2143.23]) will get corrections from coupling of nucleons

cut defined by Ef,, = m2/4my (~ 5 MeV at the physical point). For energies above

to pions and the LECs appearing in the action will get m,-dependent corrections [31},220},
232,1233,1353]. All such corrections due to the dynamical pions above the t-channel cut,
including pion exchange diagrams, can be still embedded in the interacting kernels in both
infinite volume and finite volume. Below the pion production threshold, these corrections
in the FV kernels are still exponentially close to their infinite volume counterparts, making
the results presented in this section valid beyond the t-channel cut.

The determinant of the QC is defined in the basis of (JM;, IM;, LS) quantum numbers
and is over an infinite dimensional matrix. To be practical, this determinant should be
truncated in the space of total angular momentum and orbital angular momentum. Such
truncation is justified since in the low-momentum limit the scattering phase shift of higher
partial waves L scales as k*?LFL. In the next section, by truncating the partial waves to L <
3, we unfold this determinant condition further, and present strategies to reduce this master
formula to separate QCs for energy eigenvalues in different irreps of the corresponding
symmetry group of the two-nucleon system. The first trivial reduction in the QC clearly
takes place among different spin/isospin channels. In particular, it is straightforward to see
that the QC in Eq. does not mix (S =0, =1), (S =1, =0), (S=0,I =0)
and (S = 1,1 = 1) sectors, and automatically breaks into four independent determinant

conditions that correspond to different spin-isospin sectors,

1 1
Det [(M*) 7 +66"] = T] ] det [(MG5) " + 0617 5| = 0. (3.36)
1=05=0

This is due to the fact that each J-sub block of the scattering amplitude matrix can be
separated into three independent sectors as following
(J—-1,J-1;1) (J—-1,J+1;1)
MJ;I MJ;I

00 [e's) J,J;0 0o J,J;1
(I,1) » M1 MS;I Mg Mf,;,, "

(J+1,J-1;1) (J+1,J+1;1)
MJ;I M“

(3.37)
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where I and I’ are defined after Eq. . Since the My and M; indices are being
suppressed, one should keep in mind that each block is still a (2J +1)% x (21 +1)? diagonal
matrix. If J is even, these amplitudes describe scattering in the negative parity isotriplet,
positive parity isotriplet and positive parity isosinglet channels, respectively. For an odd J,
these amplitudes correspond to scattering in the positive parity isosinglet, negative parity
isosinglet and negative parity isotriplet channels, respectively. Due to the reduced symmetry
of the FV, 6G" has off-diagonal terms in the basis of total angular momentum J. So although
the QC in Eq. fully breaks down in the (1, S)-basis, it remains coupled in the (J, L)-
basis. In order to further reduce the determinant conditions in Eq. , the symmetries
of the FV functions must be studied in more detail. This will be the topic of the next
section of this chapter.

Before moving on to such symmetry considerations, let us conclude this section by
showing that the master QC derived in this section is real as it must be. It can be verified
that, e.g. for systems at rest, the only imaginary part of the FV matrix 6GY shows up in
the diagonal elements of this matrixﬂ So in general, for the angular momentum channels J
where there is no coupling between different partial waves, the inverse scattering amplitude
matrix has only diagonal elements, whose imaginary part exactly cancels that of the 6GY
matrix, see Eq. . Explicitly,

LL;S ~1 V,(LL;S) _ iMET iMET
SIM gt aar,) ™ +0G 50, Jar, ., ) = — e + e =0. (3.38)

For the angular momentum channels where there are off-diagonal terms due to the partial-

wave mixing, one can still write the inverse of the scattering amplitude in that sector, Eqgs.

(3.30] , as following

Mk* cos2e sin(8’' —68)+sin(8'+6) iME* ME* cos(e) sin(e)

(MLL’;l)—l _ " T4m cos(6/4+6)—cos(d' —d) cos(2e) 4w 27 cos(8’+38)—cos(8’—0) cos(2¢)
ME* cos(e) sin(e) _ ME* cos(2¢) sin(6—6")+sin(8'+6)  iME* ’
27 cos(d8’+8)—cos(6’—0) cos(2¢) 47 cos(8’+8)—cos(d'—0) cos(2e) 4

(3.39)

where L =J +1 (L’ = JF 1) and 6 (') denotes the phase shift corresponding to the L

(L') partial wave. As is seen the off-diagonal elements of this matrix are real. Given that

9This is not always the case as for example, the 6GY matrix for the d = (1,1,0) boost contains off-
diagonal complex elements as well. For all of those case, we have verified that although the elements of
the matrix (M)~ 4 6GY are complex, the determinant of the matrix remains real, see Refs. [86}/90./91].



108

the FV function 6G" has real off-diagonal terms in this case, these terms in the QC lead
to a real off-diagonal element. For the diagonal elements, the imaginary part of the inverse
scattering amplitude is isolated and has the same form as the imaginary part of the 6GY

matrix, so a similar cancellation as that given in Eq. (3.38)) occurs in this case as well.

3.2 Symmetry Considerations and Quantization Conditions

Although it is convenient to think of the determinant condition, Eq. , as a determi-
nant in the J basis, one should expect that for zero CM momentum, this equation splits
into 5 independent QCs corresponding to the 5 irreps of the cubic group (see table )
Furthermore, the degeneracy of the energy eigenvalues will reflect the dimension of the cor-
responding irrep. In general, the FV matrix 6GY, Eq. , although being sparse, mixes
states corresponding to different irreps of the cubic group. As a result, at least a partial
block diagonalization of this matrix is necessary to unfold different irreps that are present
due to the decomposition of a given total angular momentum J. When the two-particle
system is boosted, the symmetry group of the system is no longer cubic, and the reduction
of the determinant condition, Eq. , takes place according to the irreps of the corre-
sponding point group, Table. . In the following section, this reduction procedure and

the method of block diagonalization will be briefly discussed.

d point group classification Nelements irreps (dimension)
(0,0,0) 0 cubic 24 A1(1),A2(1),E(2), T1(3), T2(3)
(0,0,1) Dy tetragonal 8 A1 (1), A2(1),E(2),B1(1),Bs(1)
(1,1,0) Dy orthorhombic 4 A(1),B1(1), Ba(1), B3(1)
(1,1,1) D3 trigonal 6 A1(1),A2(1),E(2)

Table 3.2: The classification of the point groups corresponding to the symmetry groups of the
FV calculations for NN systems with the exact isospin symmetry with three selected lowest boost

vectors.

In order to calculate matrix elements of the FV matrix 5gV, one can take advantage of
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the symmetries of the cl functions as defined in Eq. . The relations between non-zero
clms for any given angular momentum [ can be easily deduced from the transformation

properties of these functions under symmetry operations of the corresponding point groups

& = Z DY (Ry) b, (3.40)

where Ry is the rotation matrix corresponding to each symmetry operation X of the group,
and D%ﬂ, denotes the matrix elements of the Wigner D-matrix [270]. Besides these trans-
formations, one can see that clljns are invariant under inversion as can be easily verified from
Eq. for an arbitrary boost, and as a result all clf:ns with an odd [ Vanish Table
contains all such relations for non-vanishing ¢f, s up to I = 6 for d = (0,0,0), d = (0,0, 1)
and d = (1,1, 0) boost vectorsE

An important point regarding the cﬁn functions is that they explicitly depend on the
direction of the boost vector. In other words, cll?)ns that correspond to different boost vectors

with the same magnitude |d| = n are not equal. As a result the corresponding set of non-zero

P
Im

(1,1,0) boost vectors are different from those that are listed in Table (3.3). Although this

;s as well as the relations among them, for permutations of the components of (0,0, 1) and
difference in general results in different 6G" matrices, e. g. for (1,0,0), (0,1,0) and (0,0,1)
boost vectors, as is shown in appendix the master equation is invariant under a
P — P’ transformation when P and P’ are related by a cubic rotation and |P| = |P’|. The
reason is that there exists a unitary transformation that relates 5GP to (5QV’P/, leaving
the determinant condition invariant. Since the relations among clf:n are simpler when one
assumes boost vectors that are special with respect to the z-axis, we have presented in
Refs. [86,90,91] the QCs corresponding to d = (0,0,1) and d = (1, 1,0) boost vectors only.
One can still use the deduced QCs to extract the scattering parameters of the NN system

from the energy eigenvalues of lattice calculations with other permutations of these boost

0For systems with non-equal masses, this is no longer true when the system is boosted. Since the
parity is broken for such systems, even and odd partial waves mix with each other in the QCs, see
Refs. [79,/117,/167]/259].

1A closer look at nonrelativistic cf,, functions shows that all c(z%iléo) and cf:j’tlém vanish. This extra

symmetry of NR systems with equal masses significantly simplifies the QCs presented in appendix C for
boost vector (1,1,0). In this limit, the QCs corresponding to the boost vector (1,1,1) are equivalent to
the ones obtained for the system at rest.
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d=(0,0,0) d=(0,0,1) d=(1,1,0)
& o 2
h ) k)
hi=ch =k | =,
& h=ch h
= =iy | b | =,
054 = 05—4 0451 = 05—4
e
Céjz = _0572
C& = 05,74

Table 3.3: The nonzero cﬁns up to I = 6 for three different boost vectors d and for two

particles with equal masses..

vectors. It is however crucial to input the boost vectors that are specified in this paper when
calculating the clf:n functions in the QCs (instead of the boost vectors that are used in the
lattice calculation). In order to increase statistics and the precision of results, one should
perform the lattice calculation with all possible boost vectors of a given magnitude that
belong to the same A; irrep of the cubic groupB and use the average energy eigenvalues
in the QCs presented to determine the scattering parameters; keeping in mind that cﬁn
functions have to be evaluated at the boost vectors considered in Refs. [86,90,91].

The other fact that should be pointed out is that due to the symmetries of the cf;n
function for equal masses, the system at rest with d = (0,0, 0) exhibits the same symmetry
transformation as that of the (2ny,2n9, 2n3) boost where nj, ng, ng are integers. Similarly,

the symmetry group of the calculations with (0,0,1) ((1,1,0)) boost is the same as that of

2T higher momentum shells, there occurs multiple A; irreps of the cubic group. This indicates that there
are classes of momentum vector that do not transform into each other via a symmetry operation of the
cubic group, e. g. (2,2,1) and (0,0,3) vectors in the n®> = 9 shell. However, as is discussed, another
property of the cf,, functions for non-relativistic degenerate masses indicates that the value of the FV
function is the same for these two boost vectors as they are both of the form (2ni,2n2,2n3 + 1) with
n; € Z.
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(2n1,2n9,2n3+1) ((2n1 +1,2n2+ 1,2n3)) boosts. As a result, the quantization conditions
presented in Refs. [86]90,(91] can be used with these boost vectors as well. It is worth
mentioning that for relativistic two-particle systems with degenerate masses, the above
statement is no longer true. This is due to the fact that the boost vector dependence of
the relativistic cl function is different from that of the NR counterpart, leading to more
distinct point group symmetries for different boosts [109}235]325].

Back to our main goal, we aim to break the master equations into separate QCs
corresponding to each irrep of the symmetry group of the problem. In fact, from the
transformation law of the §G" function under a symmetry operation of the group,

J

J) J _
[5gV]JMJ,LS;J’M’J,L’S - Z Z D( (Rx) [5gV]JMJ,LS;J’M’J,L’S DE\Z",),M",(RXI)ﬂ
My=—J M,=—J'

(3.41)

one can deduce that there is a unitary transformation which brings the matrix 6GY to a
block-diagonal form. Note that we have suppressed the isospin quantum numbers as 6G"
is diagonal in the isospin basis. FEach of these blocks then can be identified by a given
irrep of the symmetry group of the problem. Such transformation eventually breaks the
determinant conditions to separate determinant conditions corresponding to each
irrep of the point group of the system. Explicitly in each spin and isospin sector,

det [(Mf;s))—l + 5g(VI,S)} H det [ D+ 067 M, (3.42)
where I'¥ denotes each irrep of the corresponding group and N(I'%) is the dimensionality
of each irrep. The dimensionality of each of these smaller determinant conditions is given
by the multiplicity of each irrep in the decomposition of angular momentum channels that
are being included in the scattering problem. As is seen in Refs. [86,/90,91], although from
the master quantization condition, for some of the NN channels with J < 4 and [ < 3,
one has to deal with a determinant of 30 x 30 matrices, upon such reduction of the master
equation, one arrives at QQCs that require taking the determinant of at most 9 x 9 matrices.
We demonstrate this procedure in more detail for one example and refer the reader to a

complete list of 49 deduced QCs that we presented in Refs. [86,/90.91].
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3.2.1 Reduction procedure for positive-parity isosinglet channel with P =0

Consider the NN system in the positive parity isosinglet channel where the ground state in
the infinite volume is known to be a shallow bound state, the deuteron, whose wave-function
is an admixture of both S-wave and D-wave. In order to obtain the phase shifts and mixing
parameter in this channel from the energy eigenvalues of the two-nucleon system at rest from
a LQCD calculation, one must first construct sources and sinks that transform according to
a given irrep of the cubic group, e.g. 17 when P = 0. The extracted energies then needs to
be put in the determinant condition for this channel in the corresponding irrep of the cubic
group, Eq. , and subsequently solve for the scattering parameters. If one assumes the
contributions from scattering channels with J > 4 and [ > 4 to be negligible, the scattering

amplitude matrix in the LHS of Eq. (3.42) can be written as

0,0;1 0,2;1
MEZD - MY o 0
MESD MEEY 0 0
o _ 1;0 1;0 ’ (3.43)
(0,1) (2,2;1)
0 0 My 0
0 0 0o MEEY
where each element, M((]L;]’L/;S), is a diagonal (2.J +1)? x (21 +1)? dimensional matrix. As a

result, this is an 18 x 18 matrix which is parametrized by two phase shifts and one mixing
angle in the J = 1 channel, and two D-wave phase shifts in the J = 2 and J = 3 channels.
Although there is a mixing between D-wave and G-wave channels in the J = 3 sector, due to
the assumption of a negligible G-wave scattering, the scattering amplitude in this channel

is truncated to the D-wave.

The elements of the FV matrix 6G" in the LHS of Eq. (3.42) for this channel can be
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evaluated from Eq. (3.33). The result reads

V,(0,0;1 (0,2;1 V,(0,2 (0,2;1
G agGEY eGS0 6 Y

(2,0;1 (2,2;1 V,(2,2;1) (2,2;1
6g110 ) 59110 ) (5912(0 5g130 )
Gl 1) = : (3.44)

V,(2,0;1 2 2:1 V, 2,2,1 2 2:1
0G50 66 HEY 6G BT 6y Y

V,(2,0;1) Vi(2,2;1) Vi(2,2;1) Vi(2,2;1)
09310 09310 0G3 50 003550

where each element still represents a matrix 5Q}/§,LL ) in the |J, M) basis and whose
explicit forms are as following%]
ik*
591 1001) = 591 12021 —M(—Coo+ 471') 13, (3.45)
0 0 -2 0o o0 0 Y5
17T M
6g13%2 n _ [59;/7’1(;%’2’1)} = 12700 0 0 0 % 0 0 0 (:3.46)
15 3
—YI5 g 0 -20 0
2 10
s 00 21
o -2 0 0 0
ik* M
59222021) = M(—coo + i )I5+k*4 0 0 % 0 0 . (3.47)
o 0 0 —-% o0
10 2
5 0 0 0 35
0 2 o0 0 0 2 0
0 0 - o0 0 0 2
saV- @2 [sovi221) r M
9230 - g320) _WCZLO 0 0 0 0 0 0 0 )
5 5V5
—773 0 0 0 2% 0 0
5v2 5v2
0 %2 o0 0 0 =32 o
(3.48)

13We will drop the superscript P on the ¢;,s in this example as they are evaluated for P = 0.
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5
i 0 0 o0 é 0
o -+ 0 0 0 £ 0
5
0 = 0 0 0 #

V221 _ ik* M
0G5z = M(=coo+—) 11— ca } o 0o 2 0 0 o0 |,
5

Y3 0 0 0 & 0 0

7 21

5 1
0 & 0 0 0 -1 0
5

0 0 é o 0o o 1

(3.49)

where I, is the n x n identity matrix, and the rest of the blocks are zero. As is suggested in
Ref. [272], a unitary matrix, that can bring the §G" matrix into a block-diagonalized form,

can be found by diagonalizing the blocks that are located on the diagonal of the G matrix,

V,(L,L';1)
5g(J7J ;0)

Ref. [272] which brings 6G" to a (partially) block-diagonal form. One finds

. Then a unitary matrix can be found easily based on the method described in

S 0 0
S = 0 S22 0 ’ (3'50)
0 0 Sz

where the zero elements denote subblocks of appropriate dimension with all elements equal

to zero, and the nontrivial blocks are the following matrices

0 0 50 0 o0 2
0 00 1 0 Jiooo 00 /8o o

0 100 0 0 0 0 1 0 0 0

S =1, S22 = 0 01 0 0 [, 5= 0 0 —y/2 0 0 0 3
-7 0.0 0 0 N 0 0 0 5 0

o000 L ~JE 0 00 /B o o

0 -% 0 0 0 5 0
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The resultant (partially) block-diagonalized matrix can then be obtained by,

S[(M 1) ™" +38G(1))ST =

z1 0 0 g 0 0 0 0 O 0 0 0 0 0 0 0 0 0
0 =z O 0 wyv1 O 0 0 O 0 0 0 0 0 0 0 0 0
0 0 x 0 0 0O 0 O 0 0 0 0 0 0 0 0 0
y1 0 0 z2 O 0 0 0 O 0 0 -y O 0 0 0 0 0
0 yv1 O 0 =z O 0 0 O 0 0 0 0 vy O 0 0 0
0 0 v 0 0 =z 0 0 O 0 0 0 -y 0 0 0 0 0
0O 0 O 0 0 0 z3 0 O 0 0 0 0 0 0 0 ys O
0 0 O 0 0 0 0 z23 O 0 0 0 0 0 y3 O 0 0
0 0 O 0 0 0 0 0 x4 O 0 0 0 0 0 0 0 O
0O 0 0 0 0 0 0O 0 0 =3 0 0 0 0 0 —ys 0 O ’
0O 0 0 0 0 0 0O 0 0 0 x4 O 0 0 0 0 0 0
0 0 0 -y O 0 0 0 O 0 0 x5 0 0 0 0 0 O
0 0 O 0 0 -y 0 0 O 0 0 0 zs 0 O 0 0 O
0O 0 O 0 Y2 0 0O 0 0 0 0 0 0 x5 O 0 0 0
0 0 O 0 0 0 0 y3 O 0 0 0 0 0 z¢ O 0 0
0 0 O 0 0 0 0O 0 0 -y O 0 0 0 0 2 0 O
0O 0 O 0 0 0 wy3 0 O 0 0 0 0 0 0 0 x¢ O
0O 0 O 0 0 0 0O 0 0 0 0 0 0 0 0 0 0 a7
(3.52)
where
* 2,2:1 . « 0,0;1
x1 = —Mcoo + Mjk + d(/a\t/l(?/glsg)’ xg = —Mcoo + z]\jk dé\iiasg),
x3 = —Mcoo 281 ]?i 40 Z]\f: M;?g;l)v xy = —Mcoo + g%%o Z]\f: M;g R
x5 = —Mcoo %%040 Z]\f: M;?g;l)’ w6 = —Mcoo + o %040 Z]\Z: M;(:?g;l)’
4 M iMk* 1 M%D 26 M 10v/2 M
z7 = —Mcoo + TG0t + W’yl = —m,w = T A Ca0, Y3 = 5 15 Ca0,
(3.53)

and det(M>P) in these relations denotes the determinant of the J = 1 subblock of the
scattering amplitude, det(M°P) = M§?6°?1)Mfé2?1) - (Mg%zl))? This matrix can now
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clearly be broken to 4 independent blocks corresponding to 4 irreps of the cubic group.
The degeneracy of the diagonal elements of this matrix, as well as the coupling between
different rows and columns, indicate which irrep of the cubic group each block corresponds
to. According to table the one-dimensional irrep As only occurs in the decomposition
of J = 3 angular momentum. As is seen from Eq. , the element x7 belongs to the
J = 3 sector and has a one-fold degeneracy. Also it does not mix with other angular
momentum channels, therefore it must correspond to the Ay irrep. So the one-dimensional
QC corresponding to the As irrep is

1 —Mcoo—i-éM iMk:*:

22:1 772 C40 +
M:(%,;o ) 7k 47

As 0. (3.54)

The QC corresponding to the two-dimensional irrep F can be also deduced easily as it
only has overlap with the J = 2 channel. Clearly the element corresponding to this irrep is
x4 with two-fold degeneracy and the corresponding QC reads

1 4 M iME*
E: W7M600+?WC40+?:O‘ (355)
M2;0

The three-dimensional irrep T appears in the decomposition of both J =2 and J =3
angular momentum, and as is seen from Eq. (3.52]) mixes the x3, g and y3 elements through
the following QC

1 8 M iMk* 10v2 M
. D Mecoo — 5p751Ca0 + “— ST 7140
T5 : det ; =0.
102 M 1 2 M iMk*
21 }+4C40 M(22;1) - MCOO + 21 %+4 C40 + A
3;0
(3.56)

As is clear, the energy eigenvalues in this irrep have a three-fold degeneracy (there are three
copies of this QCs) that is consistent with the dimensionality of the irrep. The remaining
irrep is 17 which is a three-dimensional irrep and contribute to both J = 1 and J = 3
channels. As there are two J = 1 sectors corresponding to S-wave and D-wave scatterings,

the QC must be the determinant of a 3 x 3 matrix. This is in fact the case by looking closely
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at the (partially) block-diagonalized matrix in Eq. (3.52)). One finds explicitly

2,2;1 0,2;1
MZHD iMk* MY

;0 _ H
det(MSD) {\ff?? + i oo det(M5D) 0
. My~ Mg iMk 2v6 M
Ty = det ~ det(MSD) det(MBDy — Meoo + <547 77 1240
2v6 M 1 2 M iMEk*
0 —28 My aezn — Meoo = 75 + T

=0. (3.57)

Again there is a three-fold degeneracy for the energy-eigenvalues as there are three copies
of this QC for this irrep. This is an important QC as it gives access to the mixing angle
between S and D partial waves.

As is clear now, the QC for As irrep, Eq. , by its own determines the phase shift
in the J = 3 channel, which can then be used in Eq. for the 77 irrep to determine
the phase shifts and mixing angle in the J = 1 channel. Eq. for the E irrep gives
access to the phase shift in the J = 2 channel, and finally Eq. provides another
relation for the phase shifts in the J = 2 and J = 3 channels. In practice, one needs
multiple energy levels in order to be able to reliably extract these parameters from the QCs
presented. This is specially a challenging task when it comes to the determination of the
scattering parameters in the channels with physical mixing, e. g. S-D mixing, since there
are at least three unknown parameters to be determined from the QC, e. g. see Eq. .
By doing the LQCD calculations of the boosted two-nucleon system, one will attain more
energy levels that will correspond to another set of QCs. These QCs then provide a set of
equations that the same scattering parameters satisfy, and therefore better constraints can

be put on these quantities. These are the set of QCs we have tabulated in Refs. [86.91].

3.2.2  The systematic procedure for the reduction of the master quantization condition

When there are multiple occurrences of a given irrep in each angular momentum J (see table
3.4]), the procedure of block diagonalization becomes more cumbersome, and a systematic
procedure must be taken which is based on the knowledge of the basis functions correspond-

ing to each occurrence of any given irrep. Such basis functions for the irreps of the point
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@) Dy Dy
J I' : basis functions T": basis functions I' : basis functions
0 A1 Yoo Ay Yoo A Yoo
1 T1: V11, Y10, V1-1) Ag : V1o B : V1o
E: (yn,jn) By : V11, B3 : Vi1
2 E: (V20,V2) Ay Yoo AV
Ty ()722,?21,)721) E: (y217.)721) Bs : Va1, By : Vo
B : Va2, By : Voo A: Voo, Bi: Voo
3 Ay Vg Ag i V3o Bi: Vo
Ty (%0»3733 - \/%ﬁshjw + \/il—sym) E: (3731,731) Bo: Va1, By: Y
Ty (y32,y31 - \/%ySLjSl + \/%3731) By : V2, Bi: Vs Bi: Va2, A: Vo
k: (37337355) Bo: Vi3, By: Vs
4 Ay Yo + \/%im Ay Yo Az Yo
E: (§427y40 - \/%yu) E: (y41,3~741) Bs: Y, Ba: Vi
Ty ()744,§43 + Va1, Va3 + \ﬁyzu) By : Vi, Ba: Vo A: Vs, By Vao
Ty ()742,§43 - ﬁiﬂ,jﬁs + \/?3741) E: (743,3743) Bs: Yas, Bo: Vi3
A Vg, Ao Vua A: Vug, By : Y

Table 3.4: The decomposition of the irreps of the rotational group up to J = 4 in terms of the
irreps of the cubic (O), tetragonal (D,4) and orthorhombic (Ds) groups, see Refs. [1341162,270]. The
corresponding basis functions of each irrep are also given in the table in terms of the SO(3) functions
Vim, where Vim = Vi + Vi—m and JNJlm = Vim — Vi—m- These basis functions become useful in
reduction of the full determinant condition, Eq. into separate QCs corresponding to each irrep

of the point group considered.

groups considered in this paper are tabulated in table These basis functions correspond
to each occurrence of the irreps in the decomposition of the angular momentum states into
the irreps of the O, D4 and Dy point groups up to J = 4. Each J-block (for any given L)
of the desired unitary matrix S can be constructed from the corresponding eigenvectors of
each irrep and will immediately bring the FV matrix 6G" to a block-diagonalized form. It

is however important to keep in mind that the these basis functions are defined with respect
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to the boost vector of the system (helicity basis), and must be transformed to the |J, M)

basis by proper rotation matrices as the 6G" and M matrices in Egs. (3.28)) and (3.33)) are

given in this latter basis.

For two particles with equal masses in the NR limit, the parity remains a good quantum
number even for non-zero CM momentum. This is manifested in vanishing cllins with an odd
[ which ensures no mixing between different parity sectors will occur. This greatly simplifies
the reduction of the QCs with a definite point group symmetry. In the next chapter, we
encounter a situation where the FV calculation with particular BCs on the fields can suffer
from such mixing between different parity sectors. Another example is the boosted two-
particle system with non-equal masses (both relativistic and NR) [117,[167,259] as discussed
in Sec. [1.3:2] This implies that the upcoming FV studies of NN systems with physical values
of u and d quark masses will suffer from a more severe FV-induced partial-wave mixings

than that of the current calculations with the exact isospin symmetry.
Summary and Discussions

The auxiliary field formalism was extended to arbitrary partial waves in both the scalar
and nuclear sectors in infinite and finite volumes. Such a formalism can be used to derive a
master equation that relates the FV two-nucleon energies and the scattering parameters of
the two-nucleon systems with arbitrary spin, isospin and angular momentum. This master
equation, Eq. , that is the extension of the Liischer formalism to two-nucleon systems,
is valid up to inelastic thresholds and is general for any non-relativistic CM boost.

The QC is a determinant over an infinite-dimensional matrix in the basis of angular
momentum, and in practice it is necessary to truncate the number of partial waves that
contribute to the scattering. By taking advantage of symmetries within the problem, we
show how the master equation can be reduced to finite-size blocks that relate particular
partial-wave channels (and their mixing) to different spin-isospin channels and different
irreps of the corresponding point group of the system. By truncating the matrices at
J <4 and | < 3, this procedure requires block diagonalizing matrices as large as 30 x 30.
The resulting QCs are determinant conditions involving matrices that are at most 9 x 9,

and are therefore practical to be used in future LQCD calculations of NN systems. We
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have provided one explicit example of this reduction for the scattering in the positive-
parity isosinglet channel for zero CM momentum. All other QCs for different CM boosts,
parity, isospin, spin, and angular momentum are enumerated in Refs. [86,/90,91]. These
form 49 independent QCs for four different spin and isospin channels giving access to all
16 phase shifts and mixing parameters in these channels. Given the fact that NN-systems
couple different partial waves, in order to reliably extract scattering parameters from LQCD
calculations, these calculations must be necessarily performed in multiple boosts and various
irreps of the corresponding symmetry group.

As is extensively discussed in this chapter, the QCs obtained in this chapter (see Refs.
[86,91]) can be used for a more general set of boost vectors. Since the symmetry group of
the two equal-mass problem depends on the evenness and oddness of the components of the
boost vectors, the QCs presented for different irrepsof the corresponding symmetry groups
in case of (0,0,0), (0,0,1) and (1,1,0) boosts, can be equally used for the (2n1,2ns9,2n3),
(2n1,2n9,2n3 + 1) and (2n1 + 1,2n2 + 1, 2n3) boost vectors V n; € Z. The other generality
of the QCs with regard to the boost vectors is that upon a cubic rotations of the CM boost
vectors, the QCs remain unchanged although the FV functions will be different. As a result,
one may use an average of the energy levels extracted from the NN correlation functions for
all different boosts with the same magnitude, belonging to the same A; irrep of the cubic

group, in the QCs of Refs. [86},90,91] to improve the statistics of the calculation. However, it

P
im

should be noted that in evaluating the FV functions (¢, s) only the boost vectors considered
in this paper must be used. In summary, one can extract the desired scattering parameters

of the NN-system by performing the following steps:

1. For a given irrep I', evaluate the NN correlation function with all possible boost
vectors with magnitude d that are related to each other via a cubic rotation,
Idy,

r,d;
{CyN' -, CNN 1

2. Average the value of the correlation functions over all boost vectors used in the pre-

. I.d Ny ~T,d;
vious step, Cy'y = >_; * ONN /Na-

3. Obtain the non-relativistic finite volume energy, E}:, R= E]FV N —2my, from the asymp-
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totic behavior of the correlation function and therefore obtain the value of the relative

momentum k* from k* = /My E — (7d)2/L2.

4. Determine scattering parameters from the QCs of Refs. [86}90,91]:

(a) Use d = (0,0,0) if d is a permutation of (2ny,2ng,2n3),
(b) Used =(0,0,1) if d is a permutation of (2n1,2ng,2n3 + 1),

(¢) Used = (1,1,0) if d is a permutation of (2ny + 1,2ns + 1, 2n3).

In the following chapter, we will use the QCs derived here, coupled with empirical two-
nucleon phase shifts, to provide estimates for the energy levels expected to be seen in future
LQCD calculations at the physical pion mass. This will allow for an estimation of the
precision that is needed for such calculations specially with regard to the deuteron state.
Clearly the impact of this formalism on our understanding of the nature of nuclear forces
depends upon best implementing this formalism in the upcoming LQCD calculations of the

NN systems.



122

Chapter 4

DEUTERON AND ITS PROPERTIES FROM A FINITE-VOLUME
FORMALISM

The lightest nucleus, the deuteron, played an important historical role in understanding
the form of the nuclear forces and the developments that led to the modern phenomenological
nuclear potentials, e.g. Refs. [275,362]. While challenging for LQCD calculations, postdict-
ing the properties of the deuteron, and other light nuclei, is a critical part of the verification
of LQCD technology that is required in order to trust predictions of quantities for which
there is little or no experimental guidance. In nature, the deuteron, with total angular mo-
mentum and parity of J™ = 17, is the only bound state of a neutron and proton, bound by
B3 = 2.224644(34) MeV. While predominantly S-wave, the non-central components of the
nuclear forces (the tensor force) induce a D-wave component, and the J™ = 1" two-nucleon
(NN) sector that contains the deuteron is a 391-°D; coupled-channels system. An important
consequence of the nonconservation of orbital angular momentum is that the deuteron is
not spherical, and possesses a non-zero quadrupole moment (the experimentally measured
value of the electric quadrupole moment of the deuteron is Qg = 0.2859(3) fm? [69]). The
S-matrix for this coupled-channels system can be parameterized by two phase shifts and one
mixing angle, with the mixing angle manifesting itself in the asymptotic D/S ratio of the
deuteron wavefunction, n = 0.02713(6) [68,121,290]. A direct calculation of the three scat-
tering parameters from QCD, at both physical and unphysical light-quark masses, would

provide important insights into the tensor components of the nuclear forces.

Corrections to the binding energy of a bound state, such as the deuteron, depend ex-
ponentially upon the volume, and are dictated by its size, and also by the range of the
nuclear forces. With the assumption of a purely S-wave deuteron, the leading order (LO)
volume corrections have been determined for a deuteron at rest in a cubic volume of spatial

extent L and with the fields subject to periodic BCs in the spatial directions [30}269,270].
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#a L where k3 is the infinite-volume deuteron binding mo-

They are found to scale as %e_
mentum (in the non-relativistic limit, x3° = \/Miijo, with M being the nucleon mass).
Volume corrections beyond LO have been determined, and extended to systems that are
moving in the volume [79}117,236]. As 7, @4, and other observables dictated by the tensor
interactions, are small at the physical light-quark masses, FV analyses of existing LQCD
calculations [29}32}33,[364] using Liischer’s method [269,[270] have taken the deuteron to
be purely S-wave, neglecting the D-wave admixture, even at unphysical pion masses, intro-
ducing a systematic uncertainty into these analyses. E| Although the mixing between the
S-wave and D-wave is known to be small at the physical light-quark masses, its contribution
to the calculated FV binding energies must be determined in order to address this system-
atic uncertainty. Further, it is not known if the mixing between these channels remains
small at unphysical quark masses. As the central and tensor components of the nuclear
forces have different forms, their contribution to the FV effects will, in general, differ. The
contributions from the tensor interactions are found to be relatively enhanced for certain
CM boosts in modest volumes due to the reduced spatial symmetry of the system. Most
importantly, extracting the S-D mixing angle at the deuteron binding energy, in addition
to the S-wave scattering parameters, requires a complete coupled-channels analysis of the

FV spectrum.

In this chapter, we utilize the formalism presented in the previous chapter for NN sys-
tems with arbitrary CM momenta, spin, angular momentum and isospin, to explore how
the S-D mixing angle at the deuteron binding energy, along with the binding energy itself,
can be optimally extracted from LQCD calculations performed in cubic volumes with fields
subject to periodic BCs (PBCs) in the spatial directions. Using the phase shifts and mixing
angles generated by phenomenological NN potentials that are fit to NN scattering data [1],
the expected FV energy spectra in the positive-parity isoscalar channels are determined at
the physical pion mass (we assume exact isospin symmetry throughout). It is found that

correlation functions of boosted NN systems will play a key role in extracting the S-D mix-

'Recent lattice effective field theory (EFT) calculations include the effects of higher partial waves and
mixing [78l[251], and thus are able to calculate matrix elements of non-spherical quantities like Q4 up to
a given order in the low-energy EFT, but their FV analyses treat the deuteron as a S-wave [78]/251].
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ing angle in future LQCD calculations. The FV energy shifts of the ground state of different
irreps of the symmetry groups associated with momenta P = 2%(07 0,1) and 2T’T(l, 1,0), are
found to have enhanced sensitivity to the mixing angle in modest volumes and to depend
both on its magnitude and sign. A feature of the F'V spectra, with practical implications
for future LQCD calculations, is that the contribution to the energy splittings from chan-
nels with J > 1, made possible by the reduced symmetry of the volume, are negligible for
L Z 10 fm as the phase shifts in those channels are small at low energies. As the genera-
tion of multiple ensembles of gauge-field configurations at the physical light-quark masses
will require significant computational resources on capability-computing platforms, we have
investigated the viability of precision determinations of the deuteron binding energy and
scattering parameters from one lattice volume using the six bound-state energies associated
with CM momenta [P| < 2%./3. We have also considered extracting the asymptotic D/S
ratio from the behavior of the deuteron FV wavefunction and its relation to the S-D mixing

angle.

4.1 Deuteron and the Finite-volume Spectrum

The spectra of energy eigenvalues of two nucleons in the isoscalar channel with positive par-
ity in a cubic volume subject to PBCs are dictated by the S-matrix elements in this sector,
including those defining the 351-3D; coupled channels that contain the deuteron, as discussed
in detail in the previous chapter. For the deuteron at rest as well as boosts vectors (0,0, 1),
(1,1,0) and (1,1,1), the required QCs for the NN system in the positive-parity isoscalar
channel are given in Appendix [86,(90,91,94]. Although the ultimate goal is to utilize
these QCs in the analysis of the NN spectra extracted from LQCD calculations, they can be
used, in combination with the experimental NN scattering data, to predict the FV spectra
at the physical light-quark masses, providing important guidance for future LQCD calcula-
tions. While for scattering states, the phase shifts and mixing angle from phenomenological
analyses of the experimental data [318][319,339,:340] can be used in the QCs, for bound
states, however, it is necessary to use fit functions of the correct form to be continued to

negative energies. Here we choose a different parametrization for the J = 1 S-matrix than
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what we used in chapter [3| It is the Blatt-Biedenharn (BB) parameterization [68}70]

cos€;  —sineg e2i01a 0 cose;  sine
Siy=1) = : (4.1)

sine;  cose€q 0 21015 —sine;  coser

whose mixing angle, €1, when evaluated at the deuteron binding energy, is directly related to
the asymptotic D/S ratio in the deuteron wavefunction. 1, and 0,4 are the scattering phase

shifts corresponding to two eigenstates of the S-matrix; the so called “a” and “B” waves
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Figure 4.1: Fits to the experimental values of a) the a-wave phase shift, b) the mixing angle and
c) the J =1 f-wave and J = 2,3 D-wave phase shifts (in degrees), in the Blatt-Biedenharn (BB)
parameterization [70], as a function of momentum of each nucleon in the CM frame, k*, based on
six different phase shifts analyses [318}[319}[339,/340]. d) The a-wave phase shift, e) the mixing angle
and f) the J = 1 f-wave and J = 2,3 D-wave phase shifts (in degrees) as a function of k = —ik*

obtained from the fit functions.
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respectively. At low energies, the a-wave is predominantly S-wave with a small admixture
of the D-wave, while the S-wave is predominantly D-wave with a small admixture of the
S-wave. The location of the deuteron pole is determined by one condition on the a-wave
phase shift, cot 014 |g*—ix = . In addition, €; in this parameterization is an analytic function
of energy near the deuteron pole (in contrast with € in the barred parameterization [338]).
With a truncation of /,,,, = 2 imposed upon the scattering amplitude matrix, the scattering
parameters required for the analysis of the F'V spectra are d14, 013, 5(3D2), §CP3) and €1. Fits
to six different phase-shift analyses (PWA93 [339], Nijm93 [340], Nijm1 [340], Nijm2 [340],
Reid93 [340] and ESC96 [318[319]) obtained from Ref. [1] are shown in Fig. [i.1a-c). ]
In order to obtain the scattering parameters at negative energies, the fit functions are
continued to imaginary momenta, k* — ik. Fig. (d—f) shows the phase shifts and the
mixing angle as a function of k below the t-channel cut (which approximately corresponds
to the positive-energy fitting range). €; is observed to be positive for positive energies, and
becomes negative when continued to negative energies (see Fig. . The slight difference
between phenomenological models gives rise to a small “uncertainty band” for each of the

parameters.

For the NN system at rest in the positive-parity isoscalar channel, the only irrep of the
cubic group that has overlap with the J = 1 sector is T;, which also has overlap with the
J = 3 and higher channels. Using the scattering parameters of the J = 1 and J = 3 channels,
the nine lowest Ty energy levels (including the bound-state level) are shown in Fig. as
a function of L. In the limit that €; vanishes, the T; QC, given in Eq. , can be written
as a product of two independent QCs. One of these QCs depends only on d1, — ¢ (351), while

*D1) and §CDs). By comparing the T; spectrum with that

the other depends on 65 — s
obtained for e; = 0, the T states can be classified as predominantly S-wave or predominantly
D-wave states. The dimensionless quantity k> = ME*L?/4n? as a function of volume is
shown in Fig. from which it is clear that the predominantly D-wave energy levels

remain close to the non-interacting energies, corresponding to k2 = 1,2,3,4,5,6,8,...,

2 The a-wave was fit by a pole term and a polynomial, while the other parameters were fit with poly-
nomials alone. The order of the polynomial for each parameter was determined by the goodness of fit to
phenomenological model data below the t-channel cut.
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consistent with the fact that both the mixing angle and the D-wave phase shifts are small
at low energies, as seen in Fig. [4.1] The states that are predominantly S-wave are negatively
shifted in energy compared with the non-interacting states due to the attraction of the NN

interactions.
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Figure 4.2: a) The nine lowest energy eigenvalues satisfying the QC for the Ti-irrep of the cubic
group, Eq. , and b) the dimensionless quantity k2 = M E*L? /472 as a function of L. The blue-
solid lines correspond to states that are predominantly S-wave, while the red-dashed lines represent
states that are predominantly D-wave. The black-dashed line shows the infinite-volume binding

energy of the deuteron.

Focusing on the deuteron, it is important to quantify the effect of the mixing between
the S-wave and D-wave on the energy of the deuteron in a finite volume. The upper panel
of Fig. provides a closer look at the binding energy of the deuteron as function of L
extracted from the Ty QC given in Eq. . While in larger volumes the uncertainties
in the predictions due to the fits to experimental data are a few keV, in smaller volumes
the uncertainties increase because the fit functions are valid only below the t-channel cut
and are not expected to describe the data above the cut. It is interesting to examine the

difference between the bound-state energy obtained from the full T; QC and that obtained
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with e; = 0, dE*(") = E*(T) — £*(T)(¢; = 0). This quantity, shown in the lower panel of
Fig. does not exceed a few keV in smaller volumes, L < 9 fm, and is significantly
smaller in larger volumes, demonstrating that the spectrum of T; irrep is quite insensitive
to the small mixing angle in the 391-2D; coupled channels. Therefore, a determination of
the mixing angle from the spectrum of two nucleons at rest will be challenging for LQCD
calculations. The spectra in the Ay /E irreps of the trigonal group for d = (1,1, 1) exhibit the
same feature, as shown in Fig. By investigating the QCs in Egs. (B.12} |B.18] [B.19)),

it is straightforward to show that the difference between the bound-state energy extracted
from the full QCs (including physical and FV-induced mixing between S-waves and D-
waves) and from the uncoupled QC is proportional to sin? €1, and is further suppressed by
FV corrections and the small S-wave and D-wave phase shifts.

The boost vectors d = (0,0,1) and (1,1,0) distinguish the z-axis from the other two
axes, and result in an asymmetric volume as viewed in the rest frame of the deuteron. In
terms of the periodic images of the deuteron, images that are located in the z-direction with
opposite signs compared with the images in the - and y-directions [79/117] result in the
quadrupole-type shape modifications to the deuteron, as will be elaborated on in Sec.
As a result, the energy of the deuteron, as well as its shape-related quantities such as its
quadrupole moment, will be affected more by the finite extent of the volume (compared
with the systems with d = (0,0,0) and (1,1, 1)).

As is clear from the QCs for d = (0,0, 1) systems, given in Eqgs. , there are
two irreps of the tetragonal group, A; and E, that have overlap with the J = 1 channel.
These irreps represent states with Mj; = 0 for the Ay irrep and M; = +1 for the E irreps, see
Table The bound-state energies of these two irreps are shown in Fig. [£.4]as a function of
L. For comparison, the energy of the bound state with d = (0,0, 1) in the limit of vanishing
mixing angle and D-wave phase shifts is also shown (black-solid curve) in Fig. The
energy of the bound states obtained in both the Ag irrep (blue-solid curve) and the E irrep
(red-solid curve) deviate substantially from the energy of the purely S-wave bound state

for modest volumes, L < 14 fm. E| These deviations are such that the energy gap between

3LQCD calculations at the physical pion mass require volumes with L > 9 fm so that the systematic
uncertainties associated with the finite range of the nuclear forces are below the percent level.
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Figure 4.3: a) The upper panel shows the energy of two nucleons at rest in the positive-parity
isoscalar channel as a function of L extracted from the T; QC given in Eq. . The uncertainty
band is associated with fits to different phenomenological analyses of the experimental data, and
the dashed line denotes the infinite-volume deuteron binding energy. The lower panel shows the
contribution of the mixing angle to the energy, dE*(") = E*(T1) — E*(T1)(¢; = 0). b) The same
quantities as in (a) for the NN system with d = (1,1, 1) obtained from the As/E QCs, Egs.

B.19).

the systems in the two irreps is ~ 80% of the infinite-volume deuteron binding energy at
L = 8 fm, decreasing to ~ 5% for L = 14 fm. This gap is largely due to the mixing between
S-wave and D-wave in the infinite volume, as verified by evaluating the bound-state energy
in the Ay and E irrep in the limit where ¢; = 0 (the blue and red dotted curves in Fig.
respectively.) Another feature of the d = (0,0,1) FV bound-state energy is that the
contribution from the S-wave and D-wave states cannot be neglected for L < 10 fm. The
blue (red) dashed curve in Fig. results from the Ay (E) QC in this limit. The D-wave
states in the J = 2 and J = 3 channels mix with the J = 1 a- and g-waves due to the
reduced symmetry of the system, and as a result they, and the S-wave state, contribute to

the energy of the predominantly S-wave bound state in the finite volume.
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Figure 4.4: The energy of two nucleons in the positive-parity isoscalar channel with d = (0,0,1) as
a function of L, extracted from the Ay (blue) and E (red) QCs given in Eq. (B.13)) and Egs. (B.14)),
respectively. The systematic uncertainties associated with fitting different phenomenological analyses

of the experimental data are included.

J 0 Dy Do D3

1| Ty Qs Yio, Yio1) As : Yo B1 : V1o As = Yo
E: <y117$11> By : V11, B3: )y | E: <§11,§11)

Table 4.1: Decomposition of the J = 1 irrep of the rotational group in terms of the irreps of the

cubic (0), tetragonal (D), orthorhombic (D) and trigonal (Ds) groups, see Refs. [134,[162[270].
The corresponding basis functions of each irrep are also shown in terms of the SO(3) functions YV,

where ylm = ylm + yl—m and ylm = ylm - yl—m~

The FV energy eigenvalues for the NN system in the positive-parity isoscalar channel

with d = (1,1, 0) can be obtained from QCs in Egs. (B.15)) and (B.16} [B.17)), corresponding
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Figure 4.5: The energy of two nucleons in the positive-parity isoscalar channel with d =
(1,1,0) as a function of L, extracted from the B; (red) and B2/Bs (blue) QCs given in
Eqgs. (B.15) and (B.16] , respectively. The systematic uncertainties associated with

fitting to different phenomenological analyses of the experimental data are included.

to By and By /Bj3 irreps of the orthorhombic group, respectively. These irreps represent states
with M/, = 0 for the By irrep and M’ = +1 for the By/Bs irreps (where M’ now is the
projection of total angular momentum along the twist direction), see Table The bound-
state energies of these systems are shown in Fig. and are found to deviate noticeably
from the purely S-wave limit (black-solid curve in Fig. , however the deviation is not as
large as the case of d = (0,0,1). The energy gap between the systems in the two irreps is
~ 30% of the infinite-volume deuteron binding energy at L = 8 fm, decreasing to ~ 5% for
L = 14 fm. Eliminating the S-wave and J = 2,3 D-wave interactions, leads to the dashed
curves in Fig. indicating the negligible effect that they have on the bound-state energy

in these irreps.

To understand the large FV energy shifts from the purely a-wave estimates for d =



132

(0,0,1) and (1,1, 0) systems compared with (0,0,0) and (1,1, 1) systems, it is instructive to
examine the QCs given in Appendix in the limit where the S-wave and D-wave phase
shifts vanish. This is a reasonable approximation for volumes with L 2 10 fm, as illustrated
in Fig. [4.4] and Fig. It is straightforward to show that in this limit, the QC of the

system with d = (0,0, 0) reduces to a purely a-wave condition
Ty k*cotd1q — 4me o0 (12, L) = 0. (4.2)

The QCs for a system with d = (0,0, 1) are

1 47 (0,0,

- ﬁ 2 €20
1 47T (070’1)

JT N €20

(0,0,1)

Ao i k*cot iy —dmeyy (K L) = (k*%; L) (V2sin2e; —sin?e;), (4.3)

E: k" cot 1o — 47rc(()%’0’1)(k*2; L) =

(k*%; L) (V2sin2e; —sin®e;), (4.4)

which include corrections to the a-wave limit that scale with sine; at LO. This is the origin
of the large deviations of these energy eigenvalues from the purely S-wave values. The same

feature is seen in the systems with d = (1,1, 0), where the QCs reduce to

By : k" cot 010 — 47?0((]%’1’0)(/{:*2; L) = —\}5 ;LZ; c%l’o)(kﬁ; L) (V2sin2e; —sin 1), (4.5)
Ba/Bs : k* cot 614 — 4%0(()%]’1’0)(14:*2; L) = +2\1/5;1:; C%I’O)(kﬂ; L) (vV2sin2e; —sin? e1).
(4.6)
Similarly, the QC with d = (1,1, 1) in this limit is
Ay JE : k¥ cot d1q — 471’6&)’1’1)(]{7*2; L)=0. (4.7)

The LO corrections to the QCs in Egs. are not only suppressed by the J =1
B-wave and J = 2,3 D-wave phase shifts, but also by FV corrections that are further
exponentially suppressed compared with the leading FV corrections. It is straightforward
to show that the leading neglected terms in the QCs presented above are ~ %6*2’% tandig
and %e‘Q“L tandp,_, ,, while the F'V contributions to the approximate relations given in
Eqgs. 1 } are ~ %e_"L. In Appendix the explicit volume dependence of C%M

2

functions are given for the case of k*> = —k? < 0. These explicit forms are useful in

obtaining the leading exponential corrections to the QCs. We emphasize that the smaller
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volumes considered have kL = 2 — 2.5, and therefore it is not a good approximation to

replace the cg y functions with their leading exponential terms, and the complete form of

these functions should be used in analyzing the F'V spectra.

-1.5 d=(0,0,1) d=(1,1,0)
0.0 —
By/B;
- -0.5 oo %(B1+Bz+]ﬁx)
% —2.0 = o G1p = 00D = 5D — 0, ¢ =0
o —L.0F  NONU |-
= =
*, —2.5, ¢ *_ =15
£ " €3
— 1 -2.0
L :
o Z(A242E) || L eeeeceeesscsscsscsscsscscescesee-—
-3.0 J— ?:5,,5:6(4’7”:6(3”3):0. a=0 _25
9 10 11 12 13 14 15 . 9 10 11 12 13 14 15
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(a) (b)

Figure 4.6: a) The dotted curve shows the M/-averaged quantity %(E**2) + 2E*®)) as function
of L, while the solid curves show the energy of the state in the Ay (blue) and E (red) irreps of the
tetragonal group, as well as that of the state with e; = 0 (black). b) The dotted curve shows the
M/ -averaged quantity %(E*([Bl) + E*(B2) 1 E*(B3)) a5 function of L, while the solid curves show the
energy of the state in the By (red) and Bs/Bs (blue) irreps of the orthorhombic group, as well as

that of the state with e; = 0 (black).

In the limit of vanishing J = 1 S-wave and J = 2,3 D-wave phase shifts, the QCs show
that the energy shift of each pair of irreps of the systems with d = (0,0, 1) and (1, 1, 0) differ
in sign. It is also the case that the M’-averaged energies are approximately the same as the
purely S-wave case. In fact, as illustrated in Fig. the energy level corresponding to
%(E*(AQ) + 2E*®) quickly converges to the S-wave energy with d = (0,0, 1). Similarly, the
M';-averaged quantity %(E*([Bl) + E*(B2) 4 p*(B3)) almost coincides with the S-wave state
with d = (1,1,0), Fig. This is to be expected, as M/-averaging is equivalent to

averaging over the orientations of the image systems, suppressing the anisotropy induced
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by the boost phases in the FV corrections, Egs. —. These expressions also
demonstrate that, unlike the case of degenerate, scalar coupled-channels systems [59,296],
the NN spectra (with spin degrees of freedom) depend on the sign of ;. Of course, this
sensitivity to the sign of ¢; can be deduced from the full QCs in Egs. . Upon
fixing the phase convention of the angular momentum states, both the magnitude and sign

of the mixing angle can be extracted from FV calculations, as will be discussed in more

detail in Section (4.2

4.2 Extracting the Scattering Parameters From Synthetic Data

Given the features of the energy spectra associated with different boosts, it is interesting to
consider how well the scattering parameters can be extracted from future LQCD calculations
at the physical pion mass. With the truncations we have imposed, the full QCs for the FV
states that have overlap with the 351-2D; coupled channels depend on four scattering phase
shifts and the J = 1 mixing angle. As discussed in Sec. for bound states these are
equivalent to QCs that depend solely on d1, and €; up to corrections of ~ %6_2HL tandig
and %6*2“ tandp,_, 5, as given in Egs. . By considering the boosts with |d| < v/3,
six independent bound-state energies that asymptote to the physical deuteron energy can be
obtained. For a single volume, these give six different constraints on d1, and €; for energies in
the vicinity of the deuteron pole. Therefore, by parameterizing the momentum dependence
of these two parameters, and requiring them to simultaneously satisfy Eqgs. , their
low-energy behavior can be extracted.

Using the fact that the a-wave is dominantly S-wave with €; and §(PV) small, we use the
effective range expansion (ERE) of the inverse S-wave scattering amplitude, which is valid

below the t-channel cut, to parameterize [68]

1 1 3
* - - = ,.(351) 1.%2
k*cotdiq = Ey) + 5" B+ ..., (4.8)
&1 = h k*2 + ... (49)
Therefore, up to O(k*?), the three parameters, denoted by a(gsl), 751 and h1, can be

over-constrained by the bound-state spectra in a single volume. To illustrate this point, we

fit the six independent energies to “synthetic data” using the approximated QCs, Eqs. (4.2
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. The precision with which {a(351),r(351), hi} can be extracted depends on the precision
and correlation of the energies determined in LQCD calculations. Therefore, we consider
four possible scenarios, corresponding to the energies being extracted from a given LQCD
calculation with 1% and 10% precision, and with uncertainties that are uncorrelated or fully
correlated with each other. It is likely that the energies of these irreps will be determined in
LQCD calculations on the same ensembles of gauge-field configurations, and consequently
they are likely to be highly correlated - a feature that has been exploited extensively in the
past when determining energy differences.

Using the QCs, the ground-state energy in each irrep is determined for a given lattice
volume. The level of precision of such a future LQCD calculation is introduced by selecting
a modified energy for each ground state from a Gaussian distribution with the true energy
for its mean and the precision level multiplied by the mean for its standard deviation.
This generates one set of uncorrelated “synthetic LQCD calculations”. To generate fully
correlated “synthetic LQCD calculations”, the same fluctuation (appropriately scaled) is
chosen for each energy. E| These synthetic data are then taken to be the results of a possible
future LQCD calculation and analyzed accordingly to extract the scattering parameters ﬂ
The values of {a(*51), (51, —B3, e1(ik3°)} extracted from an analysis of the synthetic data
are shown in Figs. [4.8 for both correlated and uncorrelated energies. Since for L < 10 fm
the contribution of the D-wave phase shifts to the bound-state spectrum is not negligible, the
mean values of the scattering parameters extracted using the approximated QCs deviate
from their experimental values. This is most noticeable when the binding energies are
determined at the 1% level of precision, where the S-matrix parameters and predicted BJ°
can deviate by ~ 3¢ from the experimental values for this range of volumes. For 10 fm<
L <14 fm, one can see that these quantities can be extracted with high accuracy using this
method, but it is important to note that the precision with which {a*S1), r(*S1), el(m;o)}

can be extracted decreases as a function of increasing volume. The reason is that the

4Partially-correlated “synthetic LQCD calculations” can be generated by forming a weighted average of
the uncorrelated and fully-correlated calculations.

®A similar analysis has been carried out in Ref. |44] where the S-wave scattering length, effective range
and the deuteron binding energy are extracted from “synthetic LQCD calculations”, but using a purely
S-wave quantization condition.
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Figure 4.7: The values of {a(ssl),r(gsl)} obtained by fitting the six independent bound-state en-
ergies with |d| < /3 (depicted in Figs. , generated from synthetic LQCD calculations,
using the approximate QCs in Eqs. (4.214.7)), as discussed in the text. The black lines denote the
experimental value of these quantities determined by fitting the scattering parameters obtained from
Ref. [1]. The dark (light) inner (outer) band is the 1o band corresponding to the energies being

determined with 1% (10%) precision.

bound-state energy in each irrep asymptotes to the physical deuteron binding energy in the
infinite-volume limit. In this limit, sensitivity to €; is lost and the a-wave phase shift is

determined at a single energy, the deuteron pole. Therefore, for sufficiently large volumes
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Figure 4.8: The values of {—B3°, € (ik3°)} obtained by fitting the six independent bound-state
energies with |d| < v/3 (depicted in Figs. , generated from synthetic LQCD calculations,
using the approximate QCs in Eqs. (4.2H4.7). e; is in degrees and B3°(k3°) denotes the infinite-
volume deuteron binding energy (momentum). The black lines denote the experimental value of
these quantities determined by fitting the scattering parameters obtained from Ref. . The dark
(light) inner (outer) band is the lo band corresponding to the energies being determined with 1%

(10%) precision.

one cannot independently resolve a®51) and r(*S1). This analysis of synthetic data reinforces

the fact that the F'V spectrum not only depends on the magnitude of €; but also its sign. As
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discussed in Sect. this sensitivity can be deduced from the full QCs in Eqs.,
but it is most evident from the approximated QCs in Egs. .

In performing this analysis, we have benefited from two important pieces of apriori
knowledge at the physical light-quark masses. First is that in the volumes of interest,
the bound-state energy in each irrep falls within the radius of convergence of the ERE,
|E*| < m2/4M. For unphysical light-quark masses, the S-matrix elements could in principle
change in such a way that this need not be the case and pionful EFTs would be required
to extract the scattering parameters from the FV spectrum. Second is that the D-wave
phase shifts are naturally small. Again, since the dependence of these phase shifts on
the light-quark masses can only be estimated, further investigation would be required. To
improve upon this analysis, the J=1 g-wave and J = 2,3 D-wave phase shifts would have
to be extracted from the scattering states. As is evident from Fig. [£.2] states that have
a strong dependence on the D-wave phase shifts will, in general, lie above the t-channel
cut. In principle, one could attempt to extract them by fitting the FV bound-state energies
for L < 10 fm with the full QCs. In practice, this will be challenging as eight scattering
parameters appear in the ERE at the order at which the J = 1 g-wave and J = 2,3 D-
wave phase shifts first contribute. This is also formally problematic since for small volumes,
mxLS 2, finite range effects are no longer negligible. Although these finite range effects
have been estimated for two nucleons in a S-wave [327], they remain to be examined for the

general NN system.

4.3 The Finite-volume Deuteron Wavefunction and the Asymptotic D/S Ratio

The S-matrix dictates the asymptotic behavior of the NN wavefunction, and as a result the
IR distortions of the wavefunction inflicted by the boundaries of the lattice volume have
a direct connection to the parameters of the scattering matrix, as exploited by Liischer.
Outside the range of the nuclear forces, the FV wavefunction of the NN system is obtained
from the solution of the Helmholtz equation in a cubic volume with the PBCs 216,269,270,
325]. By choosing the amplitude of the [ = 0 and | = 2 components of the FV wavefunction

to recover the asymptotic D/S ratio of the infinite-volume deuteron, it is straightforward
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to show [269,[270] that the unnormalized FV deuteron wavefunctions associated with the

approximate QCs in Eqgs. (4.214.7) are

v.d -
U, (r56) = T, (rk) + Y €™ gy, (r+nlik), (4.10)
n#0
with 7 = |r| > R, where r denotes the relative displacement of the two nucleons, and

R >> 1/m; is the approximate range of the nuclear interactions. The subscripts on the
wavefunction refer to the J = 1, M; = 0,£1 quantum numbers of the state and n is
an integer triplet. In order for Eq. to be an energy eigenstate of the Hamiltonian,
E* = —k%/M has to be an energy eigenvalue of the NN system in the finite volume, obtained
from the QCs in Egs. . YT, (r) is the asymptotic infinite-volume wavefunction of
the deuteron,

—RT —RT

e ) e
Vin,01(F) + 1

r RT

U, (k) = As ( (1+3+f;’ﬂ)y1MJ;21(f)>. (4.11)

with Va1 being the well-known spin-orbital functions,

yJMJ;Ll(IA') = Z <LML1M5‘JMJ> YLML(f') X1M57 (412)
Myp,Ms

where X174 is the spin wavefunction of the deuteron. 7 is the deuteron asymptotic D/S ratio

which is related to the mixing angle via n = —tane;

o =inee [70]. As is well known from the
effective range theory [66L/67], the short-distance contribution to the outer quantities of the
deuteron, such as the quadrupole moment, can be approximately taken into account by re-
quiring the normalization of the asymptotic wavefunction of the deuteron, obtained from the
residue of the S-matrix at the deuteron pole, to be approximately |Ag|? & 2k /(1 — kr(*S1).
Corrections to this normalization arise at O (f@3 / RQ,/WQ), at the same order the J =1
B-wave and J = 2,3 D-waves contribute. In writing the FV wavefunction in Eq.
contributions from these waves have been neglected.

An important feature of the FV wavefunction in Eq. is the contribution from
partial waves other than [ = 0 and [ = 2, which results from the cubic distribution of
the periodic images. While there are also FV corrections to the [ = 0 component of the

wavefunction, the FV corrections to the [ = 2 component are enhanced for systems with
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Figure 4.9: The mass density in the xz-plane from the Ty FV deuteron wavefunction at rest for

L = 10,15, 20, and 30 fm.

d = (0,0,1) and (1,1,0). By forming appropriate linear combinations of the w}/’fb that

transform according to a given irrep of the cubic, tetragonal, orthorhombic and trigonal
point groups (see Table [3.4), wavefunctions for the systems with d = (0,0,0), (0,0,1),
(1,1,0) and (1,1,1) can be obtained. The mass density in the xz-plane from the FV
wavefunction of the deuteron at rest in the volume, obtained from the Ty irrep of the cubic

group is shown in Fig. for L = 10,15,20, and 30 fm, and for the boosted systems
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in Figs. [B3}B.7] of Appendix B4 As the interior region of the wavefunctions cannot be
deduced from its asymptotic behavior alone, it is “masked” in Fig. and Figs. by
a shaded disk. Although the deuteron wavefunction exhibits its slight prolate shape (with
respect to its spin axis) at large volumes, it is substantially deformed in smaller volumes,
such that the deuteron can no longer be thought as a compact bound state within the
lattice volume. When the system is at rest, the FV deuteron is more prolate than the
infinite-volume deuteron. When the deuteron is boosted along the z-axis with d = (0,0, 1),
the distortion of the wavefunction is large, and in fact, for a significant range of volumes
(L < 30 fm), the FV effects give rise to an oblate (as opposed to prolate) deuteron in the
E irrep, Fig. and a more prolate shape in the Ao irrep, Fig. For d = (1,1,0),
the system remains prolate for the deuteron in the By /Bg irreps, Fig. while it becomes
oblate in the By irrep, Fig. for volumes up to L ~ 30 fm.

Although the normalization factor Ag corrects for the fact that the complete wavefunc-
tion is not given by the asymptotic form given in Eq. 1’ for |r| < (1) /2 in infinite
volume, it gives rise to a normalization ambiguity in the FV. On the other hand, the
asymptotic D/S ratio is protected by the S-matrix, and can be directly extracted from the
long-distance tail of the lattice wavefunctions. ﬁ It is evident from Eq. that the ratio
TR GL)

vd 0
n x(r; k) Tbs;MJ,MS(Ta K)

d;M 5, M,
Npys” 2 (ri k) (4.13)

with x(r; k) = 1/ 15(1+ 2 + —25), is unity for the M; = Mg = 1 component of the infinite-
volume deuteron wavefunction (and is equal to —2 for the M; = Mg = 0 component),

where 1/1;’}'\1/1‘]7 Mg and d)g’sw]’ Mg are
V.d . _ v,d .
wS§MJ7MS (k) = / dSd; u}l,MJ (r, k) ‘Ms Yoo (1),
vd ) _ vd R
¢D§MJ,MS (T’ /{) - / de‘ wl,MJ (I', H) ‘MS YZO (I'), (414)

with » < L/2. By evaluating the FV wavefunction in different irreps with |d| < v/3, this
ratio can be determined in the FV, as is shown in Fig. |4.10} Not only does it exhibit strong

5 The energy-dependent “potentials” generated by HALQCD and used to compute scattering parameters,
including €1 (at unphysical light-quark masses) [289], are expected to reproduce the predictions of QCD
only at the energy eigenvalues of their LQCD calculations. Hence, if they had found a bound deuteron,
their prediction for e; would be expected to be correct at the calculated deuteron binding energy.
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Figure 4.10: The normalized D/S ratio of the deuteron wavefunction with M; = Mg = 1, defined
in Eq. (4.13) and Eq. (4.14) in the a) Ty, b) E and ¢) with My = Mg = 0 in the A irrep, along with
d) the difference of the D/S ratios in the E and A, irreps, defined in Eq. (4.15)). The red-dashed

lines show the infinite-volume value.

dependence on the volume, but also varies dramatically as a function of r. This is due to
the fact that the periodic images give rise to exponentially growing contributions to the
FV wavefunction in r. For the FV deuteron at rest and with d = (1,1, 1), a sufficiently
small r gives rise to a Ng;/]\g“’ Ms that is not severely distorted by volume effects even in

small volumes. In contrast, this ratio deviates significantly from its infinite-volume value

for systems with d = (0,0, 1) and (1, 1,0) even in large volumes (L < 20 fm). This feature is
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understood by noting that while the leading correction to is ~ n e~" for systems

Nt
with d = (0,0,0) and (1,1,1), they are ~ e~*F for systems with d = (0,0, 1) and (1,1,0).
The periodic images of the wavefunction with the latter boosts are quadrupole distributed,
and consequently modify the [ = 2 component of the wavefunction by contributions that are
not suppressed by n. However, for these systems, there are two irreps that receive similar

FV corrections to their ratios, which can be largely removed by forming differences, e.g. for

the system with d = (0,0, 1),

0,01 1 (0,0,1);1,1 0,0,1;00) _ 1 (0,0,1);E (0,0,1);A
ND/S - §<ND/S - ND/S ) - g(ND/S o ND/S 2)7 (4.15)

as shown in Fig. A similar improvement is found for systems with d = (1,1,0). It
is also worth noting that the contributions to the wavefunction from higher partial waves,
[ > 2, can be added to ¥"'4 with coefficients that depend on their corresponding phase
shifts, and therefore are small under the assumption of low-energy scattering [216,270,325].
However, the partial-wave decomposition of the FV wavefunction in Eq. contains
contributions with [ > 2. In the limit where the corresponding phase shifts vanish, the
wavefunction, in contrast to the spectrum, remains sensitive to these contributions, resulting
in the larger FV modifications of quantities compared with their spectral analogues.

An extraction of 7 is possible by taking sufficiently large volumes such that a large NN
separation can be achieved without approaching the boundaries of the volume. While the
wavefunctions corresponding to the deuteron at rest or with d = (1,1, 1) provide an oppor-
tunity to extract n with an accuracy of ~ 15 — 20% in volumes of L ~ 14 fm, combinations
of the ratios obtained from the two irreps in both the systems with d = (0,0, 1) and (1,1, 0)
will provide for a ~ 10% determination in volumes of L ~ 12 fm, as shown in Fig. [4.10
As it is possible that the uncertainties in the extraction of 1 can be systematically reduced,
those due to the neglect of the J = 1 f-wave and J = 2,3 D-wave phase shifts, as well as

higher order terms in the ERE, deserve further investigation.
Summary and Conclusion

A Lattice QCD calculation of the deuteron and its properties would be a theoretical

milestone on the path toward calculating quantities of importance in low-energy nuclear
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physics from quantum chromodynamics without uncontrolled approximations or assump-
tions. While there is no formal impediment to calculating the deuteron binding energy
to arbitrary precision when sufficient computational resources become available, determin-
ing its properties and interactions presents a challenge that has largely remained unex-
plored [91,/1261285]. Using the NN formalism developed in Ref. [91], we have explored the
FV energy spectra of states that have an overlap with the 351-3D; coupled-channels system
in which the deuteron resides. Although the full FV QCs associated with the 35;-3D; cou-
pled channels depend on interactions in all positive-parity isoscalar channels, a low-energy
expansion depends only on four scattering phases and one mixing angle. Further, for the
deuteron, these truncated QCs can be further simplified to depend only upon one phase
shift and the mixing angle, with corrections suppressed by ~ %B_QHL tan d; where ¢; denotes
the J = 1 S-wave and J = 2,3 D-wave phase shifts which are all small at the deuteron bind-
ing energy. We have demonstrated that the infinite-volume deuteron binding energy and
leading scattering parameters, including the mixing angle, €1, that dictate the low-energy
behavior of the scattering amplitudes, can be (in principle) determined with precision from
the bound-state spectra of deuterons, both at rest and in motion, in a single modest volume,
with L = 10-14 fm. Calculations in a second lattice volume would reduce the systematic
uncertainties introduced by truncating the QCs.

We have investigated the feasibility of extracting €; from the asymptotic D/S ratio of the
deuteron FV wavefunction using the periodic images associated with the a-wavefunction. As
the amplitude of the J = 1 S-wave and the J = 2,3 D-wave components of the wavefunction
are not constrained by the infinite-volume deuteron wavefunction, the analysis is limited
by an imposed truncation of the ERE, which is at the same level of approximation as the
approximate QCs. The systematic uncertainties introduced by this truncation are currently
unknown, but will be suppressed by the small phase shifts in those channels in addition to
being exponentially suppressed with L. This is in contrast to the extraction from the FV
spectra where the systematic uncertainties have been determined to be small. With this
approximation, it is estimated that volumes with L2 12 fm are required to extract e; with

~ 10% level of accuracy from the asymptotic form of the wavefunctions.
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Chapter 5

FINITE-VOLUME FORMALISM WITH TWISTED BOUNDARY
CONDITIONS

LQCD calculations are commonly performed with PBCs imposed upon the quark fields
in the spatial directions, constraining the quark momentum modes in the volume to satisfy
p= %n with n being an integer triplet. PBCs are a subset of a larger class of BCs called
twisted BCs (TBCs). TBCs [102] are those that require the quark fields to acquire a phase
6 at the boundary, ¥(x + nL) = ¢?™)(x), where 0 < 6; < 27 is the twist angle in the
ith Cartesian direction. Bedaque [47] introduced this idea to the LQCD community, and
showed that TBCs are equivalent to having a U(1) background gauge field in the QCD
Lagrangian with the quarks subject to PBCs. By choosing this constant background field
to be, e.g., A = %éz, the quark wavefunction will acquire a non-vanishing phase % when
wraps around the boundary of the volume in the z direction due to the Aharonov-Bohm
effect, despite the magnetic field strength being zero on the lattice. Alternatively, a quark
field redefinition, 1(x) — J(x) = ei%zw(x), will eliminate this background field provided
that the new field 1’/; satisfies the TBCs, {bv(:c, y,z+ L) = ewzi(x, Y, z). So the lattice gauge
field configurations can be generated with these choices of BCs. The benefit of such BCs is
that an arbitrary momentum can be selected for a (non-interacting) hadron by a judicious
choice of the twist angles of its valence quarks, p = %’Tn + 9, where ¢ is the sum of the
twists of the valence quarks, again with 0 < ¢; < 27, and n is an integer triplet. TBCs
have been shown to be useful in LQCD calculations of the low-momentum transfer behavior
of form factors required in determining hadron radii and moments, circumventing the need
for large-volume lattices [16,81-83,85.221},334,350]. They have also been speculated to be
helpful in calculations of K — 77w decays by bringing the initial and final F'V states closer

in energy [119,326].

In addition to performing calculations with a particular twist, by averaging the results of
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calculations over twist angles, the discrete sum over momentum modes becomes an integral
over momenta,
3 3
/(621:))3;32 E/(;l:)g_ (5.1)
nez3

Although the volume dependence of most quantities is non linear due to interactions, such
averaging can eliminate significant FV effects. This was first examined in the context of
condensed-matter physics where, for example, the finite-size effects in the finite-cluster cal-
culations of correlated electron systems are shown to be reduced by the boundary condition
integration technique [185,/186]. This technique is implemented in quantum Monte Carlo
QMC algorithms of many-body systems, and results in faster convergence of energies to the
thermodynamic limit [264].

In this chapter, we discuss the advantages of using TBCs to reduce the FV modifications
to the mass of hadrons and to the binding energy of two-hadron bound states, such as the
deuteron. In particular, we consider the FV effects resulting from averaging the results
obtained from PBC and anti-PBCs (APBCs), from a specific choice of the twist angle,
i-PBCs, and from averaging over twist angles. For the two-nucleon systems, the volume
improvement is explored both analytically and numerically with the use of the developed FV
formalism for NN systems (see chapter, that is generalized to systems with TBCs. As was
first noted by Bedaque and Chen [49], the need to generate new gauge field configurations
with fully twisted BCs can be circumvented by imposing TBCs on the valence quarks only,
which defines partial twisting. Partial twisting gives rise to corrections beyond full twisting
that scale as el /L, and can be neglected for sufficiently large volumes compared to the
FV effects from the size of weakly bound states. Although the validity of partial twisting
makes it feasible to achieve an approximate twist-averaged result in LQCD calculations, this
remains a computationally expensive technique. We demonstrate that certain hadronic twist
angles can result in an exponentially-improved convergence to the infinite-volume limit of
certain quantities, with an accuracy that is comparable to the twist-averaged mean. Further,
we speculate that similar improvements are also present in arbitrary n-body systems.

As discussed extensively in the previous chapters, in several situations, given the Eu-

clidean nature of lattice correlation functions, it is desirable to keep the volume finite as
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the extraction of physical quantities relies on non-vanishing FV effects. For example, as
we saw, the ability to extract the S-D mixing parameter, €1, and consequently the D/S
ratio of the deuteron from LQCD calculations, depends upon the FV modifications to the
binding energy when the deuteron is boosted in particular directions within the lattice vol-
ume [94]. The use of TBCs will further enhance the effectiveness of such calculations. By
appropriate choices of the twist angles of each hadron, different CM energies can be accessed
in a single lattice volume, further constraining the scattering parameters with the use of
Liischer’s method (see e.g. Refs. [65,(132,/133,[299] for demonstrations of this technique in
studying hadronic resonances). Due to the possibility of partial twisting in NN scattering,
these extra energy levels can be obtained without having to generate additional ensembles
of gauge-field configurations, in analogy with the boosted calculations (this technique has
recently been used to calculate J/¢-¢ scattering [299]). Of course, the spectra of energy
eigenvalues determined with a range of twist angles allow for fits to parametrizations of the
S-matrix elements, which can then be used to predict infinite-volume quantities, such as
binding energies [44}314]. TBCs provide a way to reduce the systematic uncertainties that
are currently present in analyses of coupled-channels systems by providing the ability to

control, at some level, the location of eigenstates.
5.1 Nucleon Mass

If the up and down quarks have distinct twist angles, the charged pions, the proton and
the neutron will acquire net twist angles denoted as ¢”+ = —¢@" , ¢ and @", respectively,
while the flavor-singlet mesons, such as 79, will remain untwisted, qb“o = 0. The optimal set
of quark twists depends upon the desired observable, and an appropriate choice can yield a
relation between the twists of different hadrons, or leave a hadron untwisted.

In chapter chapter [1| we calculated the FV corrections to the mass of nucleon My, in a
cubic volume with PBCs imposed on the quark fields, at one-loop order in two-flavor baryon
xPT with the inclusion of A resonance, see Eq. . The masses of the proton and neu-
tron in a FV at the one-loop level with TBCs hare also calculated using the HBPT [222][[]

IThe FV corrections to meson masses, decay constants and semileptonic form factors with both the TBCs
and the partially-TBCs have been calculated at LO in xPT in Ref. [326].
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We use Poisson re-summation formula to factor the dependences on the twist angles as pure

phases and put the expressions for the masses into a simple form. The proton mass is found

to be Pl

3
5rM, = %}2/@(0;«;5”) géf;zicm;w (5.2)
where
—njmzL 1 T
7r € —in-¢™
K705 ¢7) —*mQZ G (5.3)
and

,CP(A’Q')W) — 1/Oood)\ /BA Z [ﬁAKO(ﬁAhIL) — K1(5A|n’L)

2
n#0

1
n|L

: T 2 1 ; 7r+
x (e~ +§+§e—m'¢ ), (5.4)

and the neutron mass can be found from these expressions by the substitutions p — n and
7T <+ 7. It is convenient to consider the periodic images associated with the nucleon
having their contributions modified by the appropriate phase factor due to the TBCs.
After twist averaging (over the twists of the pion field, see Appendix , the leading
FV corrections to the mass of both the proton and the neutron arising from Eq. are 1/3
of their value when calculated with PBCs, Eq. E| Of course, calculations at multiple
twist angles need not be performed to estimate the twist-averaged value, and special twist
angles can be selected based upon the symmetries of the integer sums in Eqs. and .
In particular, it is notable that the leading volume effects of the form e="=% /L, e~ V2mal /L
and e~ V3m=L /L, can be reduced by a factor of three with i-PBCs, by setting the pion twist
angle to ¢™ = (5,5,5). Averaging the masses calculated with PBCs and APBCs also
reduces the leading contribution by a factor of three. The leading volume dependence can

be eliminated completely by choosing ¢”+ = (%’r, 4{, %’r), leaving volume corrections to the

2Since nucleons with non-zero twists are not at rest, these expressions represent the corrections to their
rest energy. The kinetic energy, Eﬁ’((n) = (¢P™)2/2My L2, is however subleading at this order in HBxPT
and these expressions can be considered as corrections to the mass of the nucleons.

. . + . . .
3If the twist of the up and down quarks is the same, ¢™ vanishes and no volume improvement will be
obtained by averaging.
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nucleon mass of the form ~ e~ V2m=L /L. Tt is likely that optimal twists exist for other single
nucleon properties, such as matrix elements of the isovector axial current, ga.

For arbitrary quark twists, the proton and neutron have, in general, different phase
spaces as the momentum modes that exist in the FV differ. As an example, while quark
twists can be chosen to keep the proton at rest in the volume and allow for averaging over the

charged pion twists, @@ = —2¢(®)_ in general the neutron will have non-zero momentum
5.2 Two Baryons and Twisted Quantization Condition

The S-wave NN energy QC was generalized to systems with TBCs at rest in Ref. [47],
and to more general two-hadron systems in Ref. [5]. Liischer’s energy QC [269.270], which
determines the form of the F'V corrections, is dictated by the on-shell two-particle states
within the volume. Once the kinematic constraints on the momentum modes of the two-
particle states in the FV are determined, the corresponding QC can be determined in a

straightforward manner. Explicitly, the QC is once again of the form
det [(M>)"1 +6GY] = 0, (5.5)

where M is the infinite-volume scattering amplitude matrix evaluated at the on-shell
momentum of each particle in the CM frame, k£*. It is convenient to express the QC in the
|JM;(LS)) basis, where J is the total angular momentum, M; is the eigenvalue of the .J,
operator, and L and S are the orbital angular momentum and the total spin of the system,
respectively. The matrix elements of §G¥ in this basis are very similar to Eq. (3.33) for the
case of NN scattering with PBCs,

56" i g [ anony +i35 G ooz,
[ g ]JMJ,LS;J’M,J,L/S’ _ZT]W SS’ JJ! MJM} LL’ +ZZ k*l+1 Clm ( ) )

lym

x oy <JMJ|LML,5MS><L/M£>SMS\J/M9>/dQ Yo, Yo Yumg, |
My, My, Mg

(5.6)

4 Such non-trivial phase spaces somewhat complicate the analysis of LQCD calculations of multi-baryon
systems.
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where n = 1/2 for identical particles and n = 1 otherwise, and (JM;|LM,SMg) are
Clebsch-Gordan coefficients. E* is the total (relativistic) CM energy of the system, E* =

VE*2 4+ m2+/k*2 + m3 where m; and mg are the masses of the particles, and ¢1 and ¢ are
their respective twist angles. The total momentum of the system is P = Q%d + @ with

d € Z3. The only difference between this equation and Eq. (3.33)), besides the relativistic
d,p1,¢2

im

the dependence on the BCs in the QC. Explicitly

kinematics used, is in the ¢ (k*2; L) function who carries the volume dependence and

-2
d, , * \/E 27T d7 R *
AP L) = T (L) Zi? (L (K L/ 2m)?), (5.7)
with
A1, e[/ Vi (r)
e D D & (58)
r€Pd,¢1,¢0

v = E/E* where E is the total energy of the system in the rest frame of the volume (the
lab frame), E? = P? + E*2. The sum in Eq. is performed over the momentum vectors
r that belong to the set Pgq ¢, 4,, which remains to be determined.

Consider the two-hadron wavefunction in the lab frame [117,|325] that is subject to the
TBCs,

Yrab(X1 + Lng, xg + Lng) = e Prmtidoanz gy () x0), (5.9)

where x; and x5 denote the position of the hadrons, and n;,ny € Z3. As the total momen-
tum of the system is conserved, the wavefunction can be written as an eigenfunction of the
total momentum P = (E,P). In the lab frame, the equal-time wavefunction of the system
is
_iEXO1iP.
Yrap (@1, @2) = e PP o (0,1 - x2), (5.10)
where the position of the CM is X, and

1 2 2
X = ari+(1—a)ry, a= 3 <1+m1m2) , (5.11)

for systems with unequal masses [117]. Since the CM wavefunction is independent of the

relative time coordinate [325], ¢ran(0,x1 —x2) = pom(§(x1 — x2)), where the boosted
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relative position vector is 4x = x| + x1, with x| (x1) being the component of x that
is parallel (perpendicular) to P. By expressing ¢, in Eq. (5.9) in terms of pcyr, it
straightforwardly follows that

eiaP-(nl —ng)L+iP-naL

pom (Y + (1 —np)L) = PNz poy (v, (5.12)

where y* = x] — x3 is the relative coordinate of two hadrons in the CM frame. By Fourier
transforming this relation, and using the form of the total momentum P from above, the

relative momenta allowed in the FV energy QC are constrained to be

L.

r = 247 2000 ad) (0= )@+ d2) + 561 - b)) (513)

where n € 73 is the three-vector that is summed over in Eq. . These results encapsulate
those of Refs. [79,(117,/167,1259|325] when the PBCs are imposed, i.e., when ¢1 = ¢2 = 0.
It also recovers two limiting cases that are considered in Ref. [5] for the use of TBCs in the
scalar sector of QCD. It should be noted that for particles with equal masses, a = 1/2, the

set of allowed momentum vectors reduces to

- % 51 | 2m(n — %d) + %(qﬁl —é)| . (5.14)

It is important to note that for two identical hadrons, when ¢; = ¢o = ¢, the FV spectra
show no non-trivial dependence on the twist other than a shift in the total energy of the
system, E? = (%”d—i— %)2 + E*2. As a result, twisting will not provide additional constraints
on the scattering amplitude in, for instance, the 'Sy nn or pp channels. This is also the
case for the FV studies of NN scattering in the 351-2D; coupled channels if the same twist

is imposed on the up and down quarksE]

5.3 Deuteron Binding and Volume Improvement

In the previous chapter, we obtained the expected energy spectra of two nucleons with spin
S =1in a FV subject to PBCs and with a range of CM momenta from the experimentally
measured phase shifts and mixing angles [94]. In particular, the dependence of the bound-

state spectra on the non-zero mixing angle between S and D waves, €1, was determined. As

This result differs somewhat from the conclusion of Ref. [47].
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seen from Eq. , the effects of the twist angles %(qﬁl — ¢2) =1(0,0,1),(1,1,0),(1,1,1)
on the CM spectra are the same as those of (untwisted) boost vectors, d, considered in
chapter [d Therefore, different TBCs can provide additional CM energies in a single volume,
similar to boosted calculations, which can be used to better constrain scattering parameters
and the S-matrix. However, twisting may be a more powerful tool as it provides access to

a continuum of momenta.

If imposing TBCs on the quark fields would require the generation of new ensembles
of gauge-field configurations, it would likely not be optimal to expend large computational
resources on multiple twisted calculations. However, PBCs can be retained on the sea
quarks and TBCs can be imposed only in the valence sector [49]. The reason for this is
that there are no disconnected diagrams associated with the NN interactions[] At the level
of the low-energy EFT, this indicates that there are no intermediate s-channel diagrams
in which a nucleon or meson containing a sea quark can go on-shell. Such off-mass-shell
hadrons modify the NN interactions by ~ e~™% /L, and do not invalidate the use of the QC
in Eq. with the partially-TBCs as long as the calculations are performed in sufficiently

large volumes, L 2 9 fm.

One significant advantage of imposing TBCs is the improvement in the volume depen-
dence of the deuteron binding energy. Although the formalism presented in the previous
chapters can be used to fit to various scattering parameters [94] (and consequently deter-
mine the deuteron binding energy), we will show that with a judicious choice of twist angles,
the extracted energies in future LQCD calculations should be close to the infinite-volume
values, even in volumes as small as ~ (9 fm)3.

As discussed in the previous section, the CM energy of the np system is sensitive to
TBCs only if different twists are imposed upon the up and down quarks. This means that,
even if exact isospin symmetry is assumed, the proton and the neutron will have different
phase spaces due to the different BCs. By relaxing the interchangeability constraint on the

np state, as required by the different phase spaces, the NN positive-parity channels will

6 As recently demonstrated, disconnected diagrams will not hinder the use of partially-TBCs in studies
of the scalar sector of QCD either [5]. The graded symmetry of “partially-quenched” QCD results in
cancellations among contributions from intermediate non-valence mesons.
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(a) (b)

Figure 5.1: a) A sea-quark (red dashed lines) contribution to the NN scattering in QCD can be
described by an EFT at low energies where the bosons exchanged (red dashed lines) contain a a sea
quark. No sea contribution to the NN scattering can occur in the s channel. b) The 77 scattering
in I = 0 channel is an example of a disconnected process where due to the intermediate sea quark
creation and annihilation loops, the corresponding EFT description will necessary get contribution
from s-channel diagrams whose intermediate mesons contain the sea quarks [49]. Figure is reproduced

with the permission of Paulo Bedaque.

mix with the negative-parity channels. This admixture of parity eigenstates is entirely a

FV effect induced by the boundary conditions, and does not require parity violation in the
d,¢1,¢2

1 functions for odd values of [. As

interactions, manifesting itself in non-vanishing ¢

such, the spin of the NN system is preserved.

The procedure to obtain the expected spectra of the deuteron is similar to our method
in chapter [4| and is as follows. The QC in Eq. depends on S-matrix elements in all
partial waves, however it can be truncated to include only channels with L < 2 (requiring
J < 3) because of the reducing size of the low-energy phase shifts in the higher channels.
For arbitrary twist angles, the truncated QC can be represented by a 27 x 27 matrix in
the |JM(LS)) basis, the eigenvalues of which dictate the energy eigenvalues. Fits to the
experimentally known phase shifts and mixing parameters |1,318}319,339,[340] are used to

extrapolate to negative energies [94] to provide the inputs into the truncated QC, from which
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the deuteron spectra in a cubic volume with TBCs are predicted. The scattering parameters
entering the analysis are 614, €1, 013, (5(3P0), 5(3P1), 5(3P2), §CD2) and 5(3D3), where the
Blatt-Biedenharn (BB) parameterization [70] is used in the J = 1 sector. The twist angles
explored in this work are ¢ = —¢" = ¢ = (0,0,0) (PBCs), (7,7, 7) (APBCs) and (3, 5, 5)
(i-PBCs). At the level of the quarks, this implies that the twist angles of the (valence) up
and down quarks are g% = —¢? = ¢. We also set d = 0 in Eq. so that the np system
is at rest in the lab frame. The reason for this choice of twist angles is that they (directly
or indirectly) give rise a significant cancellation of the leading F'V corrections to the masses
of the nucleons, as shown in Sec. The number of eigenvalues of (M>)~! +§GY, and

their degeneracies, reflect the spatial-symmetry group of the FV. Calculations with ¢ = 0

S
27272

respect the cubic (Op) symmetry, while for ¢ = ( ) the symmetry group is reduced
to the C, point group. |Z| However, for ¢ = (m,m,7) the system has inversion symmetry,
and respects the Ds, point symmetry [134]. By examining the transformation properties
of the cﬁ;:bl’@ functions under the symmetry operations of these groups, certain relations
are found for any given [. These relations, as well as the eigenvectors of the FV matrices,
which are tabulated elsewhere [91,(144}181}270.325,[349], can be used to block diagonalize
the 27 x 27 matrix representation of the QCs, where each block corresponds to an irrep
of the point-group symmetry of the system. For the selected twist angles, the QCs of the
irreps of the corresponding point groups that have overlap with the deuteron are given in
Appendix [C2].

For i-PBCs, there are two irreps of the Cs, group, namely the one-dimensional irrep
A1 and the two-dimensional irrep E, that have overlap with the 35;-3D; coupled channels.
Fig. shows the binding energy (the CM energy minus the rest masses of the nucleons),
—By = E* — M, — M, as a function of L corresponding to Ay irrep (blue curve) and E
irrep (red curve), obtained from the QCs in Eqs. and (C.11). Even at L ~ 9 fm,

the deuteron binding energies extracted from both irreps are close to the infinite-volume

value. In particular, calculations in the E irrep of the C3, group provide a few percent-level

" There is a correspondence between the FV spatial symmetry in twisted calculations with arbitrary
twists @* # @™ and the FV symmetry in (boosted) NN calculations with PBCs when isospin breaking
is considered. For example, the point symmetry group corresponding to twisted calculations with ¢* =
—¢" = (0,0, 5) and that of the physical np system with P = 2%(O, 0,1) with PBCs are both Cy,.
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Figure 5.2: The deuteron binding energy as a function of L using i-PBCs (¢? = —¢™ = ¢ =
(%,%,%)). The blue curve corresponds to the Ay irrep of the C3, group, while the red curve
corresponds to the E irrep. The brown-dashed curve corresponds to the weighted average of the
A and E irreps, —%(ZBSE) + Bo(lﬁz))7 while the black-solid curve corresponds to the S-wave limit.

The infinite-volume deuteron binding energy is shown by the black-dotted line.

accurate determination of the deuteron binding energy in this volume. The black-solid curve
in Fig. 5.2| represents the S-wave limit of the interactions, when the S-D mixing parameter
and all phase shifts except that in the S-wave are set equal to zero. The M/-averaged
binding energy, —%(2355 + BC(IAQ)), converges to this S-wave limit, as shown in Fig. (the
Ay irrep contains the M/, = 0 state while E contains the M/, = £1 states, where as mentioned
before, M, is the projection of total angular momentum along the twist direction). In order
to appreciate the significance of calculations performed with the ¢ = (§, 5, §) twist angles,
it is helpful to recall the deuteron binding energy obtained in calculations with PBCs. For
PBCs, we remind that the only irrep of the cubic group that has overlap with the 35;-2D;
coupled channels is the three-dimensional irrep T, Eq. , and the corresponding binding
energy is shown in Fig. [5.3{(a) (green curve). As was already seen in the previous chapter,

the binding energy deviates significantly from its infinite-volume value, such that the FV

deuteron is approximately twice as bound as the infinite-volume deuteron at L = 9 fm.
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For APBCs, two irreps of the D3, group overlap with the deuteron channel, Ay and E
(Eqs. (C.12C.13)), and yield degenerate binding energies as shown in Fig. [5.3|a) (purple
curves). As seen in Fig. [5.3(a), the deuteron becomes unbound over a range of volumes
and asymptotes slowly to the infinite-volume limit. However, in analogy with the nucleon
masses, the volume dependence of the deuteron binding energy is significantly reduced by
averaging the results obtained with PBCs and APBCs, as shown in Fig. [5.3{(a) (black-solid
curve). Fig. |5.3(b) provides a magnified view of this averaged quantity (black-solid curve),

where the two energy levels associated with i-PBCs are shown for comparison.

1 -19
m—— APBCs: Ay/E — i-PBCs: As
| = PBCs/APBCs average .
0 PBCs/: T -20 — -PBCs: E
b T e =0 PBCs/APBCs average

L=

Figure 5.3: a) The deuteron binding energy as a function of L from PBCs (green curve) and from
APBCs (purple curve). The black-solid curve represents the average of these energies. b) A closer
look at the average in part (a) compared with energies obtained with i-PBCs, A (blue curve) and

E (red curve).

In order to understand the observed volume improvements, consider the volume scaling

of the full QC assuming that the phase shifts beyond the a-wave are small. In this limit,
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for a general set of twist angles and boosts, the QC collapses to

1 0 0
det | (k* cotd1q —4mege) | 0 1 0

0 01
20 \/§C21 \/6022
<\/§Sin 2¢; — sin® 61) —V/3ca_1 —2co0 —V/3ea = 0, (5.15)
\/662—2 \/302—1 €20

2

\/5]{3*2

which depends upon the a-wave phase shift and the mixing parameter, e¢;. Shorthand
d,¢1,¢2

notation has been used for convenience, ¢, = ¢,

(k*2;L). For generic twist angles,
deviations between the energy eigenvalues resulting from this truncated QC and the full
QC scale as ~ tand; e~ 2%l /(kL?), where §; denotes phase shifts beyond the a-wave (see
Appendix for expansions of the c;ir;fl’@ functions). For i-PBCs, the leading corrections

are from the P-waves, as can be seen from the expansions of the ¢, in Table [C:3] By
neglecting the small mixing between the S-wave and D-waves in Eq. (5.15]), the QC dictated
by S-wave interactions is [

—|3n|xL
prmin = 3 HOTBIR(E 48 i (97— i2mand € mi

k* cot 651 R
n#0

T (5.16)
The volume dependence of the deuteron binding momentum, k, originates from the right-
hand side of this equation. For d = 0, the ¢y, functions vanish for both PBCs and APBCs,
leading to Eq. without further approximation. For the twist angles ¢ = —@p™ = ¢p =
(5,%,%) and boost d = 0, the first few terms in the summation on the right-hand side of
Eq. (5.16) (n? < 3) vanish, leaving the leading volume corrections to scale as ~ e 2% /L.
A lesser cancellation occurs in the average of binding energies obtained with PBCs and
APBCs, giving rise to deviations from the infinite-volume energy by terms that scale as
~e VL)L,

The result of Monte Carlo twist averaging of the deuteron binding energy can be ascer-

tained from the behavior of the two extreme contributions, the PBC and APBC results.

8 In the limit where e; = 0, the J = 1 a-wave is entirely S-wave, while the S-wave is entirely D-wave.
This approximation neglects FV effects of the form e;e™"F /L.
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While the average binding energy obtained from N randomly selected sets of twist angles
scales as Béoo) +0 (6_2”L/L), the standard deviation of the mean scales as ~ e *F/(v/NL),
giving rise to a signal-to-noise ratio in the binding energy that scales as ~ v N Bc(ioo) L el
which even for L ~ 14 fm allows only for a poor extraction, as can be deduced from Fig.
a). It is clear that such a method is inferior to that of pair-wise averaging, such as from
PBCs and APBCs, or choosing special twists, such as i-PBCs.

We have restricted ourselves to the scenarios where the net twist angles in each Cartesian
direction (the lattice axes) are the same. One reason for this is that systems with arbitrary
twists give rise to three distinct, but nearby, energy eigenvalues associated with combinations
of each of the three M j-states of the deuteron - a sub-optimal system to analyze in LQCD
calculations. Another reason is that a twist of § in each direction is optimal in minimizing
the FV effects in both the two-body binding energies and the single-baryon masses. Further,
averaging the results of calculations with PBCs and APBCs also eliminates the leading FV
corrections to both quantities. We re-emphasize that ultimately, one wants to extract
as many scattering parameters as feasible from calculations in a single volume, requiring
calculations with multiple boosts of the CM as well as multiple arbitrary twists, in order
to maximize the inputs to the energy QCs. In general, with arbitrary twist angles, ¢ =
(¢z, ¢y, ¢=), the 27 x 27 matrix representation of the QC matrix cannot be block diagonalized
and it has 27 distinct eigenvalues. The truncation to the 3 x 3 matrices given in Eq.
remains valid, as do the estimates of the truncation errors, but this truncated QC will

provide three distinct energy eigenvalues.

While not the focus of this work, it is worth reminding ourselves about the behavior of
the positive-energy states in the FV, such as the higher states associated with the 35;-2D;
coupled channel or those associated with the 1Sy np channel, as described in Eq. . For an
arbitrary twist, the non-interacting energy levels in the FV are determined by integer triplets
and the twist angles. Interactions will produce deviations from these non-interacting levels,
that become smaller as the lattice volume increases, scaling with ~ tand(k*)/(ML?). As
discussed previously, as there is no underlying symmetry for arbitrary twists, the eigenstates

will, in general, be non degenerate.
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Summary and Conclusions

Twisted boundary conditions have been successfully used in numerical calculations of im-
portant observables, both in nuclear and particle physics with Lattice QCD, as well as in
others areas such as condensed-matter physics. They provide a means with which to select
the phase space of particles in a given finite volume, beyond that allowed by periodic or
anti-periodic boundary conditions. In LQCD calculations, TBCs have been used to resolve
the threshold region required in the evaluation of transition matrix elements without requir-
ing large lattice volumes [16}/80-83,|85,2211334,1350]. They can also be used in calculations
of elastic 2 — 2 processes by providing a better sampling of CM kinematics in a single
volume, allowing for better constraints on scattering parameters [65,/132,133299]. In this
chapter, we have explored the use of TBCs in calculating the mass of single baryons, and
in determining the binding of two-hadron systems in a FV, with a focus on the deuteron.
In particular, we have used experimentally known scattering data to determine the location
of the lowest-lying FV states that have overlap with the deuteron for a selection of twist
angles, and combinations thereof. We have formally found that twisting provides an effec-
tive way of exponentially reducing the impact of the finite lattice volume on the calculation
of two-body binding energies. Pair-wise combining results obtained with particular twists,
such as PBCs and APBCs, can eliminate the leading volume dependence. The same is true

for twist averaging, but the uncertainty resulting from a finite number of randomly selected

Ell)
202020

twists can be large. Importantly, we have determined that the i-PBCs, with ¢ = (
eliminate the first three F'V corrections to the dominant S-wave contribution to the two-
hadron binding energies, suppressing such effects from O (e*"‘L /L) to O (6*2”L / L), while
also reducing the FV modifications to the nucleon mass, of the form O (e‘m"L / L), by a
factor of three. This translates into at least an order of magnitude improvement in the
accuracy of the deuteron binding energy extracted from LQCD correlation functions in vol-
umes as small as ~ (9 fm)3. As partially-TBCs modify the nuclear forces by terms of order
(@) (e‘m”L / L)7 such calculations of the deuteron and other bound states can be performed

without the need for multiple ensembles of gauge-field configurations, significantly reducing

the required computational resources.
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Given the generalized Liischer FV formalism for NN systems [91] with TBCs, not only
can the binding energy of the deuteron be obtained from the upcoming LQCD calculations,
but the relevant scattering parameters, including the S-D mixing parameter, can be well
constrained. While giving different twists to the up and down quarks modifies the neutron
and proton phase space in different ways that allows for a parametric reduction in volume
effects to the deuteron binding energy, and control on the location of the positive-energy
scattering states, it does not change the CM phase space in the neutron-neutron or proton-
proton systems. Therefore, it is not a useful tool in refining calculations of scattering
parameters in these channels.

Inspired by the volume improvement seen in the QMC calculations of few and many-
body systems with twist-averaged BCs |166}264.316}[317,,360], and studies of Dirichlet BCs
and PBCs in QMC and Density-Functional Theory, e.g. Refs. [96,/161], and considering the
twist-phase modifications to the images associated with a given system, we speculate that
the FV modifications to the spectrum of three-nucleon and multi-nucleon systems can be
reduced by TBCs. The magnitude of the improvement will depend upon the inter-particle
forces being short ranged compared to the extent of the system. Due to the complexity of
such systems, particularly in a F'V [89,195/309], a definitive conclusion can only be arrived

at upon further investigation.
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Chapter 6

FINITE-VOLUME QED EFFECTS IN THE SINGLE-PARTICLE
SECTOR

Lattice QCD has matured to the point where basic properties of the light hadrons are
being calculated at the physical pion mass [15,[17,/18,/147,148]. In some instances, the up-
and down-quark masses and QED have been included in an effort to precisely post-dict the
observed isospin splittings in the spectrum of hadrons [17}26,|71}72,|76} 120,135}, 311,/312].
While naively appearing to be a simple extension of pure LQCD calculations, there are
subtleties associated with including QED. In particular, Gauss’s law and Ampere’s law
cannot be satisfied when the electromagnetic gauge field is subject to PBCs [146,|197}204].
However, a uniform background charge density can be introduced to circumvent this problem
and restore these laws. This is equivalent to removing the zero modes of the photon in a
FV calculation, which does not change the infinite-volume value of calculated quantities.

One-loop level calculations in xPT and partially-quenched xPT (PQxPT) have been
performed [197] to determine the leading F'V modifications to the mass of mesons induced by
constraining QED to a cubic volume subject to PBCSEI Due to the photon being massless,
the FV QED corrections to the mass of the 7T are predicted to be an expansion in powers
of the volume, and have been determined to be of the form dm, .+ ~ 1/L + 2/(m +L?) +

-+, where L is the spatial extent of the cubic volume. As the spatial extents of present-
day gauge-field configurations at the physical pion mass are not large, with m,LS 4, the
exponentially suppressed strong interaction FV effects, O (e*m”L), are not negligible for
precision studies of hadrons, and when QED is included, the power-law corrections, although
suppressed by a., are expected to be important, particularly in mass splittings.

In this chapter, we return to the issue of calculating FV QED effects, and show that

non-relativistic effective field theories (NREFTSs) provide a straightforward way to calculate

! Vector dominance [20] has been previously used to model the low-momentum contributions to the FV
electromagnetic mass splittings of the pseudo-scalar mesons, see Refs. [71/146].
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such corrections to the properties of hadrons. With these EFTs, the FV mass shift of
mesons, baryons and nuclei are calculated out to O (1 / L4) in the 1/L expansion, including
contributions from their charge radii, magnetic moments and polarizabilities. The NREFTs
have the advantage that the coefficients of operators coupling to the electromagnetic field are
directly related, order-by-order in the a., to the electromagnetic moments of the hadrons
(in the continuum limit), as opposed to a perturbative estimate thereof (as is the case
in xPT). For protons and neutrons, the NREFT is the well-established non-relativistic
QED (NRQED) [206,214, 215,219,220, [244} |267},279,348], modified to include the finite
extent of the charge and current densities [108]. Including multi-nucleon interactions, this
framework has been used extensively to describe the low-energy behavior of nucleons and
nuclear interactions, EFT(f), along with their interactions with electromagnetic fields [99-
101}[108[[232,233], and is straightforwardly generalized to hadrons and nuclei with arbitrary
angular momentum. LQCD calculations performed with background electromagnetic fields
are currently making use of these NREFTs to extract the properties of hadrons, including

magnetic moments and polarazibilities [9}/60,110,129,|130} /155, 163,[253-255|,280,,315].

6.1 Finite-Volume QED

The issues complicating the inclusion of QED in F'V calculations with PBCs are well known,
the most glaring of which is the inability to preserve Gauss’s law [71,{146/197], which relates
the electric flux penetrating any closed surface to the charge enclosed by the surface, and
Ampere’s Law, which relates the integral of the magnetic field around a closed loop to the
current penetrating the loop. An obvious way to see the problem is to consider the electric
field along the axes of the cubic volume (particularly at the surface) associated with a point
charge at the center. Restating the discussions of Refs. [197], the variation of the QED

action is, for a fermion of charge e,

55 = [ de [0,() — e QU@ ] §(Aula)
= /dt % Eq: 0 (fll,(t,q)> /L3 d3x el [G#F“”(t,x) — e Q Y(t,x)y"p(t,x) ],

(6.1)
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where A, (t,q) is the spatial Fourier transform of A, (t,x), and e = |e| is the magnitude
of the electronic charge. For simplicity, here and in what follows, we assume the time
direction of the FV to be infinite E| while the spatial directions are of length L. Eq.
leads to 9, F" = eQuyY1) for 65 = 0 and hence Gauss’s Law and Ampere’s Law. This
can be modified to 9,F* = eQyy’1) + b” simply by omitting the spatial zero modes of
Ay, e A, (t,0) = 0, or more generally by setting 84, (t,0) = 0, where b” is some uniform
background charge distribution [312]. E| This readily eliminates the relation between the
electric flux penetrating a closed surface and the inserted charge, and the analogous relation
between the magnetic field and current. E| Ensuring this constraint is preserved under gauge
transformations, A, (t,x) — AJ,(t,x) = A,(t,x) + 9, A(t,x), where A is a periodic function
in the spatial volume, requires 80]\(75,0) = 0, where A(t,q) is the Fourier transform of
A(t,x). Modes with q # 0 are subject to the standard gauge-fixing conditions, and in
LQCD calculations it is sometimes convenient to work in Coulomb gauge, V - A = 0. This
is because of the asymmetry between the spatial and temporal directions that is present in
most ensembles of gauge field configurations, along with the fact that the photon fields are
generated in momentum space as opposed to position Spaceﬁ

In infinite volume, the Coulomb potential energy between charges e is well known to

be U(r) = O‘ETQQ, where o, = e2/4r is the QED fine-structure constant, while in a cubic

spatial volume with the zero modes removed, it is

2
e ]. i2wn-r
Uy = SN L

_Inl2 1
OZeQ2 e |1’1| i27n-r / i 3/2 _7"2\13*1‘//:'\2
_ 9 e T i dt (7) (6.2
= AP DR =D D B ) (6.2)

n#0 p

2 In practice, there are thermal effects in LQCD calculations due to the finite extent of the time direction.

3 The introduction of a uniformly charged background is a technique that has been used extensively to
include electromagnetic interactions into calculations of many-body systems, such as nuclear matter and
condensed matter, see for example Ref. [107].

“For a discussion about including QED with C-PBCs (anti-PBCs), see Ref. [242].

5The generation of gauge-field configurations in the non-compact formulation of lattice QED is usually
performed in momentum space. This, first of all, makes the exclusion of the zero modes of the QED gauge
field easy. Secondly, the lattice gauge condition in momentum space provides a linear relation among
modes and one of the degrees of freedom of A; can be eliminated in favor of the other two, see Ref. [71].



164

2.0

1.5

10 \

LU(r)

0.5

Figure 6.1: The FV potential energy between two charges with Qe = 1, along one of the axes of a

cubic volume of spatial extent L (solid orange curve), obtained from Eq. (6.2]), and the corresponding

infinite-volume Coulomb potential energy (dashed gray curve).

where n and p are triplets of integers. The latter, exponentially accelerated, expression
in Eq. is obtained from the former using the Poisson summation formula. The FV
potential energy between two charges with QQe = 1, and the corresponding infinite-volume
Coulomb potential energy are shown in Fig. [6.1

In the next sections, we construct non-relativistic EFTs to allow for order-by-order
calculations of the FV QED modifications to the energy of hadrons in the continuum limit
of LQCD calculations, going beyond the first two orders in the 1/L expansion that have
been determined previously. While these EFTs permit calculations to any given precision,
including quantum fluctuations, some of the results that will be presented can be determined
simply without the EFTs; a demonstration of which is the self-energy of a uniformly charged,
rigid and fixed, sphere in a FV. In this textbook case, the self-energy can be determined
directly by integrating the interaction between infinitesimal volumes of the charge density,

as governed by the modified Coulomb potential, Eq. (6.2, over the sphere of radius R. It

is straightforward to show that the self-energy can be written in an expansion of R/L,

(7 (6.3)

sphere _ 3(Q6)2 (Qe)z (Q6)2 R ?
UFMHRLD) = Sk T s @ 10 <> M

where ¢; = —2.83729 [196,269,270]. The leading contribution is the well-known result for a
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uniformly charged sphere, while the second term, the LO FV correction, is independent of
the structure of the charge distribution. This suggests that it is also valid for a point particle;
a result that proves to be valid for the corrections to the masses of single particles calculated
with xPT and with the NREFTs presented in this work. It is simply the modification to the
Coulomb self-energy of a point charge. The third term can be written as (Qe)?(r?)/6L3,
where (r?) = %RZ is the mean-squared radius of the sphere, and reproduces the charge-

radius contributions determined with the NREFTs, as will be shown in the next section.

6.2 Scalar NRQED for Mesons and J = 0 Nuclei

LQCD calculations including QED have been largely focused on the masses of the pions
and kaons in an effort to extract the values of electromagnetic counterterms of xYPT, thus
we begin by considering the FV corrections to the masses of scalar hadrons. In the limit
where the volume of space is much larger than that of the hadron, keeping in mind that only
the zero modes are being excluded from the photon fields, the F'V corrections to the mass
of the hadron will have a power-law dependence upon L, and vanish as L — o0o. As the
modifications to the self-energy arise from the infrared behavior of the theory, low-energy
EFT provides a tool with which to systematically determine the FV effects in an expansion
in one or more small parameters.

Using the methods developed to describe heavy-quark and heavy-hadron systems [37,
108,214,215L219,[220,2441255(267,279,348]|, the Lagrange density describing the low-energy
dynamics of a charged composite scalar particle, ¢, with charge e@) can be written as an

expansion in 1/my and in the scale of compositeness,

D DI*  eir?)

_ : ¢ () a2 50) 2
Ly = o' |iDy + 2mg | smd 6 V E + 2ra\P|EPR + 2759 |B]
_ {D',(VxB)
+zecM{ ( 3 /) + - | 9, (6.4)
8m¢

where mg is the mass of the particle, the covariant derivative is D, = 0, + ieQAu with
Q the charge operator. <r2>¢ is the mean-squared charge radius of the ¢, and we have
performed the standard field redefinition to the NR normalization of states, ¢ — ¢//2my.

The remaining coefficients of operators involving the electric, E, and magnetic, B, fields,
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have been determined by matching this EFT to scalar QED, to yield

(@ 9) _ Q@ 3(6 o 2
6 = o —g=(%e s B = A7 . e = gmilTls  (65)
where ag)), J(\f;) are the electric and magnetic polarizabilities of the ¢. |€| These coefficients

will be modified at higher orders in perturbation theory, starting at O(c.). They will also
be modified by terms that are exponentially suppressed by compositeness length scales, e.g.
~ e ™=l for QCD. The ellipsis denote terms that are higher order in derivatives acting
on the fields, with coefficients dictated by the mass and compositeness scale — the chiral
symmetry breaking scale, A,, for mesons and baryons. For one-body observables, terms

beyond ¢'idy¢ are treated in perturbation theory, providing a systematic expansion in 1/L.

>

Figure 6.2: The one-loop diagram providing the LO, O(a./L), FV correction to the mass of a
charged scalar particle. The solid straight line denotes a scalar particle, while the wavy line denotes

a photon.

The LO, O(ae/L), correction to the mass of a charged scalar particle in FV, dmy, is
from the one-loop diagram shown in Fig. While most simply calculated in Coulomb
gauge, the diagram can be calculated in any gauge and, in agreement with previous deter-

minations [197], is

(Loy aeQQ Z 1 _ aeQ2 (6.6)

with ¢; = —2.83729. The sum, 2, represents the difference between the sum over the FV

5 The presence of a charge-radius dependent term in the coefficient of the electric polarizability indicates a
subtlety in using this EFT to describe hadrons in a background electric field [255|. Such contributions can
be cancelled by including redundant operators in the EFT Lagrange density when matching to S-matrix
elements. Since a classical uniform electric field modifies the equations of motion, such operators must be
retained in the Lagrange density and their coefficients matched directly to Green functions.
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modes and the infinite-volume integral, e.g.

= 3
A 00 = 3 100 — [ G p) (6.7)

Kk£0 Kk£0

for an arbitrary function f(k), and is therefore finite. This shift is a power-law in 1/L
as expected, and provides a reduction in the mass of the hadron. As the infinite-volume
Coulomb interaction increases the mass, and the FV result is obtained from the modes that
satisfy the PBCs (minus the zero modes), the sign of the correction is also expected. The
result in Eq. is nothing more than the difference between the FV and infinite-volume
contribution to the Coulomb self-energy of a charged point particle, as seen from Eq. ,
U(0,L)/2.

—QR—> ::f‘: > b )\\j
(b)

(a)

(c) (d)

Figure 6.3: Diagrams contributing at NLO, O(a./mgL?), in the 1/L expansion. The crossed circle

denotes an insertion of the |D|?/2m, operator in the scalar QED Lagrange density, Eq. |i

The next-to-LO (NLO) contribution, O (ae/L?), arises from a single insertion of the
ID|?/2my operator in Eq. (6.4) into the one-loop diagrams shown in Fig. [6.3 The contri-
bution from each of these diagrams depends upon the choice of gauge, however the sum is

gauge independent, |Z|

2 _~ 1 a Q2
5O Qe@ 1 e ' ‘
" mol? 22Tl T ol 05

” The sums appearing at LO and NLO are

—~ 1 . 1
ZH:Cl’ZW:WCL

n#0 n#0
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This NLO recoil correction agrees with previous calculations [1204/197], and is the highest

order in the 1/L expansion to which these FV effects have been previously determined. ﬂ

NNV

)

(a) (b) (c) (d
(f)

(e)

Figure 6.4: (a-d) One-loop diagrams giving rise to the recoil corrections of O(c. /miLS). The
crossed circle denotes an insertion of the |D|?/2m,, operator. (e,f) One-loop diagrams providing the
leading contribution from the charge radius of the scalar hadron, ~ a.(r?)s/L3. The solid square

denotes an insertion of the charge-radius operator in the scalar Lagrange density, Eq. 1)

At next-to-next-to-LO (N2LO), O (a./L?), there are potentially two contributions -
one is a recoil correction of the form ~ ag/ méLS and one is from the charge radius, ~
ae(r?)y/L3. An evaluation of the one-loop diagrams giving rise to the recoil contributions,
Fig.[6.4(a-d), shows that while individual diagrams are generally non-zero for a given gauge,
their sum vanishes in any gauge. Therefore, there are no contributions of the form a./ mé[ﬁ
to the mass of ¢. In contrast, the leading contribution from the charge radius of the scalar
particle, resulting from the one-loop diagrams shown in Fig. e,f) gives a contribution of

the form

N2LO 2T Q . 2w Q
omip MY = ST () D1 = g (P (6.9)
n#0

8 The O(aw) calculations of Ref. [197] at NLO in xPT and PQxPT do not include the full contributions

from the meson charge radius and polarizabilities, but are perturbatively close. This is in contrast to
the NREFT calculations presented in this work where the low-energy coefficients are matched to these
quantities order-by-order in a., and provide the result at any given order in 1/L as an expansion in c.
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Figure 6.5: One-loop diagrams contributing to the FV corrections to the mass of a scalar hadron at
N3LO, O (1/L*). Diagrams (a-d) involve three insertions of the |D|?/2m,, operator (crossed circles)
in the scalar QED Lagrange density in Eq. , while (e,f) involve one insertion of the [D|*/ Smi
operator (the sun cross), giving a O(a. /miL‘l) correction. Diagram (g) involves an insertion of
642?) |E|? and B](\f;) |B|2, operators (crossed square), contributing terms of the form ~ (ag + Bar)/L*
and ~ ae(r?)s/meyL*). A diagram analogous to (g) provides the leading contribution from the ¢y

operator at O(a./myL?).

where 2 1=0.

At N3LO, O (ae /L4), there are potentially three contributions: recoil corrections, ~
ae/ mg’)L‘l, contributions from the electric and magnetic polarizability operators, ~ dg)) /L
, 51(\3) /L*, and contributions from the cy; operator, Eq. 1} There are two distinct sets of
recoil corrections at this order. One set is from diagrams involving three insertions of the
ID|2/2m, operator, as shown in Fig. a—d), and the other is from a single insertion of the
D[4/ Smg operator, shown in Fig. m(ei). The sum of diagrams contributing to each set
vanish, and so there are no contributions of the form c, /miL‘L. The other contributions,

that include the electric and magnetic polarizabilities, arise from the one-loop diagrams
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shown in Fig. [6.5(g). A straightforward evaluation yields a mass shift of

N3LO;, 3 4m? = -
¥ A (o g S
n#0
472 420, Q
=% (o +57) o1+ gt (s e, (6.10)

where the regularized sum is the same that contributing to the energy density associated
with the Casimir effect, and is c_; = —0.266596 [196]. A similar calculation yields the

contribution from the cp; operator,

N3LO;c 4772046@
(5mé§ M) = +3T¢_L4 <T2>¢ C_1. (611)

Collecting the contributions up to N3LO, the mass shift of a composite scalar particle

in the 1/L expansion is

2 2
dmg = aeQ c1 <1 + 2 > + 2ma.Q <1 + am c_1> <r2> — 4i (a%ﬁ) +ﬁ](\?)> c—_1.

2L m¢L 3L3 m¢L L4
(6.12)

Therefore, for the charged and neutral pions, the mass shifts are

« 2 21 4 47?2 + +
6 = ——all 14+ ——c_q)(r? _7(&) (rr))_
Mgt 2Lcl< +m7r+L> + VE ( +m7r+Lc 1) (1) o+ i \e T By ) et

e 0 70

omp = =~ (o 45 ) e, (6.13)

where potential complications due to the electromagnetic decay of the 7¥ via the anomaly
have been neglected . The shifts of the charged and neutral kaons have the same form,
with m 0 — mg=o, ) — )k, agiyo) — ag(i’o) and ﬁgto) — BJ(EKLO). With
the experimental constraints on the charge radii and polarizabilities of the pions and kaons,
numerical estimates of the FV corrections can be performed at N3LO. The LO and NLO
contributions are dictated by only the charge and mass of the meson. The N2LO contribu-

tion depends upon the charge and charge radius, which, for the charged mesons, are known

experimentally to be [58],

Vr?) . = 067240008 fm , /(r2) s = 0.560 & 0.031 fm. (6.14)
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The N3LO contribution from the electric and magnetic polarizabilities of the mesons depends
upon their sum. The Baldin sum-rule determines the charged pion combination, while the

result of a two-loop xPT calculation is used for the neutral pion combination [207],

ol 4 BT 2039+ 0.04) x 1074 fm® |, o) 4+ 80 = (1.1 £ 0.3) x 1074 fm®.
(6.15)
Unfortunately, little is known about the polarizabilities of the kaons, and so naive dimen-
sional analysis is used to provide an estimate of their contribution [207], Ozgﬁ) + B](\fﬂ,
ag{o) + ﬁ](\fo) =(1+1)x10™* fm3. With these values, along with their experimentally
measured masses, the expected FV corrections to the charged meson masses are shown in

Fig. and to the neutral meson masses in Fig. P
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Figure 6.6: The FV QED correction to the mass squared of a charged pion (left panel) and kaon
(right panel) at rest in a F'V at the physical pion mass. The leading contribution is due to their
electric charge, and scales as 1/L. The 1 — ¢ uncertainty bands associated with each order in the

expansion are determined from the uncertainties in the experimental and theoretical inputs.

In a volume with L = 4 fm, the FV QED mass shift of a charged meson is approximately
0.5 MeV. Figure shows that for volumes with L2 4 fm, the meson charge is responsible

% When comparing with previous results one should note that the squared mass shift of the 7*, as an
example, due to FV QED is
5mi+ = (m,r+ +5m7‘r+)2 - m?r"’ = 27n7r+ 6m7r+ + O(Ol?),

As is evident, the leading contribution to the mass squared scales as 1/L, contrary to a recent suggestion
in the literature [311] of 1/L2. Note that the quantity shown in Fig. m and Fig. is 5mi as opposed
to dmg, as it is this that enters into the determination of the light-quark masses from LQCD calculations.
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Figure 6.7: The FV QED correction to the mass squared of a neutral pion (left panel) and kaon
(right panel) at rest in a FV at the physical pion mass. The leading contributions are from their
polarizabilities, and scale as 1/L*. The 1 — o uncertainty bands associated with each order in the

expansion are determined from the uncertainties in the experimental and theoretical inputs.

for essentially all of the FV modifications, with their compositeness making only a small
contribution, i.e. the differences between the NLO and N?LO mass shifts are small. For the
neutral mesons, the contribution from the polarizabilities is very small, but with substantial
uncertainty. It is worth re-emphasizing that in forming these estimates of the QED power-

law corrections, exponential corrections of the form e~™7% have been neglected.

6.3 NRQED for the Baryons and J = % Nuclei

In the case of baryons and J = % nuclei, the method for determining the FV QED corrections
is analogous to that for the mesons, described in the previous section, but modified to include
the effects of spin and the reduction from a four-component to a two-component spinor. The
low-energy EFT describing the interactions between the nucleons and the electromagnetic
field is NRQED, but enhanced to include the compositeness of the nucleon. A nice review
of NRQED, including the contributions from the non point-like structure of the nucleon,

can be found in Ref. [205], and the relevant terms in the NRQED Lagrange density for a
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N3LO calculation are [37,/108,205}[2141[215,[219,[220} 1244, 1255, 1267,/279, 348]

. D D ¢ ¢
r _ T D ’7 -B ——V-E
S et 7 A7 1T A T
+ z’csg% o DxE-ExD) + 2ra|E? + 278\ |BJ
P
N {D? o B} Dio -BD!
€Wy, —oa,3 €CW, — >3
8M; 4M;,
oc-DB-D+B -Do-D ) {Div(VXB)i}
+ e cyyp 8M§’} + e cy 8M1§’; v,
(6.16)

where cp = Q + ky + O(a.) is the coefficient of the magnetic-moment interaction, with xy,
related to the anomalous magnetic moment of 1, cp = Q + %Mi(r%w + O(a.) contains
the leading charge-radius contribution, cg = 2cp — @) is the coefficient of the spin-orbit
interaction and cp; = (cp — c¢r)/2. The coefficients of the |E|? and |B|? terms contain the

polarizabilities, 1/M, and 1 /Mfz corrections,

e " Qe aeQ) 5% %
i) = o~ g @) = e B =8 g (67

The operators with coefficients cy,, cw, and ¢y, given in Ref. [205], do not contribute
to the FV corrections at this order. The ellipsis denote terms that are higher orders in
1/My, and 1/A,. Two insertions of the magnetic-moment operator provide its leading
contribution, as shown in Fig. giving rise to O(a./L?) corrections to the mass of spin—%
particles. Although a single insertion of the cg operator seems to contribute at N2LO, a
straightforward calculation shows that this contribution is vanishing. At N3LO, in addition
to the operators contributing to the scalar case, one needs to take into account a diagram
with two insertions of the magnetic-moment operator and one insertion of the |D|?/2my,
operator, plus diagrams with insertions of the ¢ and cg operators, as shown in Fig.

Without replicating the detail presented in the previous section, the sum of the contributions
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Figure 6.8: The N2LO, O (ae/MiL?’), FV QED correction to the mass of a baryon from its

magnetic moment. The crossed square denotes an insertion of the magnetic moment operator given

in Eq. .

AN AN

(a) (b) ()

Figure 6.9: a) The N3LO, O (ae/MiL‘l) FV QED correction to the mass of a baryon from its
magnetic moment. The crossed square denotes an insertion of the magnetic moment operator given
in Eq. while the crossed circle denotes an insertion from the |D|?/2m,, operator. b) Other
non-vanishing contributions at this order arise from insertions of the c¢r and cg operators as given

in Eq. (6.16)). The black circles denote insertions of the cg operator.

to the FV self-energy modification of a composite fermion, up to N3LO, iﬂ

aeQ? 2 2ra.Q , o T 1 5 9
oM = 14+ —— Tex -
¢ 2L Cl( +J\@,L) 3 e F M2L3 7@ (@t )
A7 () | W) macQ (4,5 aer?
)+ 55 () S0

10As first noticed by the authors of Ref. |77], performing a non-relativistic expansion of the QED self-
energy diagram for a point-like particle, although reproduces the result obtained via a NREFT at LO
and NLO, naively turns out to be a factor of two bigger than the NNLO (and all higher orders) result
presented in this chapter for both scalar and spinor QED. The source of discrepancy appears to be due
to separating the range of (scalar) QED momentum summation to IR and UV modes where only in the
IR part of the sum an expansion of the summand in 1/m is legitimate. The regulated UV sum must be
evaluated as well keeping in mind that there exists an ambiguity in defining such a separation scale with
A < m. The NREFT avoids such issues by appropriately incorporating all the UV contributions in a
systematic expansion in the local operators with coefficients that are already matched to reproduce the
(scalar) QED on-shell amplitudes. The LO and NLO contributions in the (scalar) QED calculation do not
arise from any expansion in 1/m and as a result consistently reproduce our results.
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Therefore, for the proton and neutron, the FV QED mass shifts are

o 2 2moy 47 T 1
M, = ¢ (1 cl1 _ o —a (=4 (1 2
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7 (o 8 e - LA S
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My = K - F@(guﬁ]ﬂ;)) 1, (6.19)
n

where the anomalous magnetic moments of the proton and neutron give x, = 1.792847356(23)
and k,, = —1.9130427(5) M,,/M,, respectively [58]. One of the N?LO contributions to the
proton FV QED correction depends upon its charge radius, which is known experimentally
to be, (r?), = 0.768 + 0.012 fm? [58]. Further, part of the N®LO contribution depends
upon the electric and magnetic polarizabilities, which are constrained by the Baldin sum

rule, [207]
a® 4+ 80— (13.69 +0.14) x 107 fm? , oY + B = (15.24£0.5) x 107* fm®.  (6.20)

With these values for the properties of the proton and neutron, along with their exper-
imentally measured masses, the expected FV modifications to their masses are shown in
Fig. [6.10]

The proton FV QED corrections are consistent with those of the charged scalar mesons.
However, the neutron corrections, while very small, of the order of a few keVs, exhibit more
structure. The N2LO contribution from the magnetic moment increases the mass in FV,
scaling as 1/M2L3, similar to the polarizabilities which make a positive contribution and
scale as 1/L* (N3LO). Note that the polarizabilities of the nucleon are dominated by the
response of the pion cloud, while the magnetic moments are dominated by physics at the
chiral symmetry breaking scale. Further the magnetic-moment contributions are suppressed
by two powers of the nucleon mass.

There is an interesting difference between the meson and baryon FV modifications. As
the nucleon mass is approximately seven times the pion mass, and twice the kaon mass, the
recoil corrections are suppressed compared with those of the mesons. Further, the nucleons

are significantly “softer” than the mesons, as evidenced by their polarizabilities. However,
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Figure 6.10: The FV QED correction to the mass of the proton (left panel) and neutron (right
panel) at rest in a FV at the physical pion mass. The leading contribution to the proton mass shift
is due to its electric charge, and scales as 1/L, while the leading contribution to the neutron mass
shift is due to its magnetic moment, and scales as 1/L3. The 1 — ¢ uncertainty bands associated
with each order in the expansion are determined from the uncertainties in the experimental and

theoretical inputs.

the NLO recoil corrections to the proton mass are of approximately the same size as the

N2LO structure contributions, as seen in Fig. |6.10

6.4 Nuclei: Deuteron and Helium 4

As mentioned in chapter [l a small number of LQCD collaborations have been calculating
the binding of light nuclei and hypernuclei at unphysical light-quark masses in the isospin
limit and without QED [33,39,40,,45,,212,213},363}/364,366.,[367|. However, it is known that
as the atomic number of a nucleus increases, the Coulomb energy increases with the square
of its charge, and significantly reduces the binding of large nuclei.

A NREFT for vector QED shares the features of the NREFTSs for scalars and fermions
that are relevant for the current analysis. One difference is in the magnetic moment contri-
bution, and another is the contribution from the quadrupole interaction. The F'V corrections
to the deuteron mass and binding energy, By, are shown in Fig. where the experimen-
tally determined charge radius, magnetic moment and polarizabilities have been used. Due

to the large size of the deuteron, and its large polarizability, the 1/L expansion converges
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Figure 6.11: The left panel shows the FV QED correction to the mass of the deuteron at rest in
a FV at the physical pion mass. The leading contribution is from its electric charges, and scales as
1/L. The right panel shows the FV QED correction to the deuteron binding energy for which the
1/L contributions cancel. The 1 — ¢ uncertainty bands associated with each order in the expansion

are determined from the uncertainties in the experimental and theoretical inputs.

slowly in modest volumes, and it appears that L2 12 fm is required for a reliable determi-
nation of the QED FV effects. The QED FV corrections to the deuteron binding energy
are seen to be significantly smaller than its total energy in large volumes, largely because
the leading contribution to the deuteron and to the proton cancel. Deuteron also possesses
a quadrupole moment which contributes to the FV QED effects at O (1 / L5) through two
insertions.

The NREFTs used to study the FV contributions to the mass of the pions in the previous
section also applies to the “He nucleus, and the FV corrections to the mass of *He and
its binding energy, 0Bay,, are shown in Fig. Unlike the deuteron, the leading FV
corrections to “He do not cancel in the binding energy due to the interactions between the

two protons, but are reduced by a factor of two.
Summary and discussions

For Lattice QCD calculations performed in volumes that are much larger than the inverse
pion mass, the finite-volume electromagnetic corrections to hadron masses can be calculated

systematically using a NREFT. The leading two orders in the 1/L expansion for mesons



178

—~
> S

Q [
& = =
N —~

= o

= <
> NLO o e NO

G
o -2 NNLO © NNLO
NNNLO NNNLO
_2'54 6 8 10 12 14 16 18 20 10 12 14 16 18 20
L (fm) L (fm)

Figure 6.12: The left panel shows the FV QED correction to the mass of “He at rest in a FV at the
physical pion mass. The leading contribution is from its electric charge, and scales as 1/L. The right
panel shows the FV QED correction to the He binding energy. The uncertainty bands associated
with each order in the expansion are determined from the uncertainties in the experimental and

theoretical inputs.

have been previously calculated using chiral perturbation theory, and depend only upon
their electric charge and mass. We have shown that these two orders are universal FV QED
corrections to the mass of charged particles. Higher orders in the expansion are determined
by recoil corrections and by the structure of the hadron, such as its electromagnetic multipole
moments and polarizabilities, which we calculate using a NREFT. One advantage enjoyed
by the NREFT is that the coefficients of the operators in the Lagrange density are directly
related to the structure of the hadron, order-by-order in a., as opposed to being perturbative
approximations as computed, for instance, in yPT. For the mesons and baryons, the FV
QED effects associated with their structure, beyond their charge, are found to be small
even in modest lattice volumes. For nuclei, as long as the volume is large enough so that
the non-QED effects are exponentially small, dictated by the nuclear radius, their charge
dominates the FV QED corrections, with only small modifications due to the structure of
the nucleus.

The results that we have presented in the previous sections have assumed a continuous
spacetime, and have not yet considered the impact of a finite lattice spacing. With the

inclusion of QED, there are two distinct sources of lattice spacing artifacts that will modify
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the FV QED corrections we have considered. The coefficients of each of the higher dimension
operators in the NREFTs will receive lattice spacing corrections, and for an O (a)-improved
action (a is the lattice spacing) they are a polynomial in powers of a of the form d; ~
dio + dipa® + diza® + .... The coefficients d;; are determined by the strong interaction
dynamics and the particular discretizations used in a given calculation. In addition, the
electromagnetic interaction will be modified in analogy with the strong sector, giving rise
to further lattice spacing artifacts in the matching conditions between the full and the
NR theories, and also in the value of one-loop diagramsE For an improved action, the
naive expectation is that such correction will first appear, beyond the trivial correction
from the modified hadron mass in the NLO term, at aca?/L3 in the 1/L expansion. They
are a N2LO contribution arising from modifications to the one-loop Coulomb self-energy
diagram. This is the same order as contributions from the charge radius, recoil corrections
and the magnetic moment, which are found to make a small contribution to the mass shift
in modest lattice volumes. As the lattice spacing is small compared to the size of the proton
and the inverse mass of the proton, these lattice artifacts are expected to provide a small
modification to the N2LO terms we have determined. In addition, there are operators in
the Symanzik action [300,342,343] that violate Lorentz symmetry as the calculations are
performed on an underlying hypercubic grid. Such operators require the contraction of at
least four Lorentz vectors in order to form a hypercubically-invariant, but Lorentz-violating,
operator, for instance three derivatives and one electromagnetic field, or four derivatives. We
have discussed the suppression of Lorentz-violating contributions at small lattice spacings,

along with smearing, in chapter

A second artifact arises from the lattice volume. The NREFTSs are constructed as an
expansion in derivatives acting on fields near their classical trajectory. As emphasized by
Tiburzi [351] and others, this leads to modifications in calculated matrix elements because
derivatives are approximated by finite differences in lattice calculations. For large momenta,

this is a small effect because of the large density of states, but at low momenta, particularly

HThe lattice artifacts will depend upon whether the compact or non-compact formulation of QED is
employed - the former inducing non-linearities in the electromagnetic field which vanish in the continuum
limit. The discussions we present in this section apply to both the compact and non-compact formulations.
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near zero, this can be a non-negligible effect that must be accounted for. This leads to
a complication in determining, for instance, magnetic moments from the forward limit of
a form factor, relevant to the discussion in the previous section. However, this does not
impact the present calculations of FV QED corrections to the masses of the mesons, baryons

and nuclei.
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Chapter 7
CONCLUSION AND OUTLOOK

Lattice quantum chromodynamics (LQCD) will soon become the primary method in
rigorous studies of single- and multi-hadron sectors of QCD. It is truly ab initio meaning
that its only parameters are those of standard model; the theory that is confirmed to be
the true underlying theory of particles and interactions at short distances (below the energy
scale where any new physics arises). Progress in LQCD calculations of hadronic spectrum
and structure, as well as hadronic interactions and resonances have been significant in
recent years. As the computational resources become available in the upcoming years,
the systematic uncertainties of these calculations that are associated with discretization
and finite volume of spacetime, as well as the input of unphysical light-quark masses will
be reduced/eliminated. The topics presented in this thesis include several improvements in
our formal understanding of some of these uncertainties, but most importantly they provide
new proposals for accessing physical quantities, e.g. those of two-nucleon systems such
as scattering parameters, that otherwise would not have been directly accessible through
numerical lattice QCD calculations of hadronic (Euclidean) correlation functions. Here we
summarize the major lessons to be learned from the findings of the chapters presented and

refer the reader to the the summary sections of the corresponding chapters for details.

e The singularities observed in taking the continuum limit of correlations functions of
higher spin/twist operators is an artifact of probing the short-distance physics of a
process whose typical scale extends over a physical region rather than just a lattice site.
This is analogue of the idea that physical theories are effective description of physics
at a given energy scale where the effect of short distance physics and its underlying
symmetries become irrelevant with probes that are smeared over the corresponding
distance of the low-energy scale. We have explicitly shown how such mechanism works,

through examples in scalar and gauge field theories, where by increasing the resolution



182

of the calculation but keeping fixed the physical region which the operators can probe,
the continuum limit of operators with well-defined angular momentum are smoothly
approached. Interestingly the coefficients of the “wrong” angular momentum operators
or those of the rotational breaking operators scale at worse with a?, even at presence of
quantum effects, consistent with the solid-angle resolution of the physical region that
the operator is smeared over. Although already confirmed numerically, our analytical
study provides a rigorous understanding of such operator improvement scenarios, and
ensures that there is formally no issue with the restoration of rotational symmetry in

the continuum limit of lattice field theories.

Larger volumes are not necessarily what LQCD calculations should always ultimately
aim for. As realized by Maiani and Testa and signified by Liischer’s pioneering works
in the case of scattering amplitudes, the finite volume of the system of interacting
particles is what saves us from running into inaccessibility of amplitudes from the Eu-
clidean correlation functions when the infinite-volume limit is taken. The D/S ratio
of the deuteron is a prominent example where, upon using the proper finite-volume
(FV) formalism for spin systems and examining the FV symmetries of moving frame
calculations, the effect of such a tiny quantity can be artificially enhanced in a FV
calculation of the energy levels, giving presumably the only plausible path to a precise
first-principle determination of this quantity from QCD. By aiming only for large vol-
umes, such opportunities, in particular with regard to scattering states, are lost. The
other side of the story is that by tuning the volumes in the moderate range, the break-
down of rotational symmetry introduces non-negligible systematics in the calculations
that must be identified, and whose size must be well quantified. We investigated an ex-
ample of this again for the deuteron system, where by analyzing the expected energy
levels in the upcoming LQCD calculations, we show that the FV-induced partial-
wave mixing with higher J-states becomes significant in small to moderate volumes.
However a knowledge of the underlying formalism of such mixings helps the lattice

practitioner to identify these errors and correct for them systematically.
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e For the case of masses and binding energies, for which the calculated quantities on the
lattice can be directly interpreted as the infinite-volume value through a straightfor-
ward extrapolation in volume, novel ideas can result in major volume improvements.
This can save significant computational resources by eliminating the need to enlarge
the volumes in generating the gauge-field configurations. We have explored this idea
through modifying the (valence) quark boundary conditions, and have proved that an
order of magnitude volume improvement in the upcoming extracted binding energies
of two-nucleon systems is expected by an optimized choice of (twisted) boundary con-
ditions. This is an encouraging result and urges the exploration of similar ideas for
other important quantities — those that are already under investigations by LQCD,
such as nucleon structure quantities, e.g., g4, or the binding energies of multi-nucleon

Systems.

o F'V effects are the consequence of the manipulation of the system in the IR and there-
fore the details of the short-range theory used to describe the interactions within the
finite volume is irrelevant. As long as the interactions are consistent with the symme-
tries of the system and are not infinite in range, a low-energy effective theory should
suffice to correctly identify the volume effects. We have taken this idea, along with the
elimination of the zero mode of the photon in a FV calculation, to estimate volume
corrections expected to arise in the masses of hadrons due to quantum electrodynam-
ics (QED) interactions. At each order in the QED coupling and the 1/L expansion
(L being the spatial extent of the volume), the coefficients of the correction terms
are exact to all order in strong interaction effects as they are matched directly to the
experimental values of the mass, charge and electromagnetic (EM) radii and moments
of particles. The generality of this approach has enabled us to extend it readily to
the case of nuclei with spin 0, 1/2 and 1, that is going to be useful in extrapolating
extracted masses and binding energies of these systems to the infinite-volume limit
once QED interactions are included in these calculations. Nonetheless, quantification
of errors associated with the long range of photons has not yet been properly done in

most of EM processes in a finite volume. An important example is the LQCD+QED
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calculation of the hadronic contributions to the muon g — 2 where an understanding
of the expected form of volume corrections is crucial in estimating the uncertainties

of the current calculations.

The topics presented in this thesis mainly concerns the formal developments in the
single- and two-nucleon sectors. We conclude this thesis by briefly discussing the path
forward with regard to multi-nucleon(hadron) calculations. There are reasons to speculate
that LQCD calculations will only slowly go beyond a direct calculation of the properties of
the few-nucleon systems, given the scale of the computational resources available at present
and in near future. We should note however that significant efforts are underway on both
theoretical and computational sides to improve the situation. These reasons can be put into

two categories:

1. Computational issues due to the poor signal to noise ratio: The poor signal/noise
(sign) problem that is inherent in performing LQCD calculation with finite baryon
density (chemical potential) continues to pose a challenge, despite much activities at
elucidating this problem [122}|153)154}/184.|256,257,328]. In particular, this has been
the main reason why the binding energies of light nuclei have only been calculated via
LQCD for pion masses as heavy as 500 MeV and for systems with no more than four
(hyper)nucleons [33366]. Novel theoretical ideas and/or significantly larger computa-
tional resources can change the situation. This is going to be an active field of research
and investigation in the upcoming years among experts in both nuclear physics and

lattice QCD.

2. Lack of a finite-volume formalism for multi-particle systems: Despite the FV formal-
ism (Liischer method) for two-hadron sector, the FV formalism for few-body systems
either does not yet exist or has not reached the same level of maturity as the two-body
case. The first necessary step in being able to properly understand few-body systems
would require having a non-perturbative, model-independent framework for the three-

body sector. There has been much activity in deriving a formal result for the energy
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quantization conditions of the systems of three bosons in relation to scattering ampli-
tudes ,, however non of these has yet been implemented in practice.
This is due to the non-algebraic form of these quantization conditions — in contrast
to the Liischer two-body formula — which makes the practicality of these formalisms
less promising. Having such formalism however seems crucial as otherwise not much
information can be gained about multi-nucleon interactions — no matter how precisely

the energy levels are obtained in future LQCD calculations, see Fig.
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Figure 7.1: The location of energy levels of the four-nucleon sector with quantum numbers of * He
can be estimated based on the non-interacting energy levels of 1+ 1+1+1,2+1+1, 2+ 2 and
3 + 1 systems. Different colors denote different lattice volumes corresponding to spatial extents of
3.4 fm (green), 4.5 fm (orange) and 6.7 fm (red). The total momentum of the system of particles is
zero. The calculated binding energy of He at the pion mass of ~ 800 MeV is shown . Even if
the computational challenges associated with resolving the dense excited states are overcome, there
exists no FV formalism at the moment to extract the corresponding scattering parameters in these

channels. Figure is reproduced with the permission of the NPLQCD collaboration.
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It seems that the optimal way to proceed is to take advantage of effective field theories
(EFTs) describing few-nucleon systems at low energies. As we already mentioned, experi-
mental data can be used to constrain the value of low-energy constants (LECs) of an EFTH
However, there are cases where there is little or no experimental data available to constrain
EFTs. In the case of w7 scattering mentioned in chapter [I, these LECs were known from
the wealth of experimental data, but, for example, in the case of nucleon-hyperon (nucleons
with one or more u and d quarks replaced by the strange quark) interactions, these LECs
are not known [34]. In other words, the result of LQCD calculations of few-body systems
complement the experimental input into EFT calculations. This direction most likely to
be the avenue for implementing the results of first principle LQCD calculations to make
systematic EFT-based predictions for multi-hadronic systems in the upcoming years (see a
review of this topic in Ref. [92]).

It is notable that by matching to EFTs, the seemingly complicated Liischer-type formal-
ism of the multi-particle systems — by which the scattering parameters are directly evaluated
instead of EFT interaction kernels — will not be essential. The limitation of this method is
in lowering the range of validity of the FV formalism to the range of validity of EFTs; as op-
posed to that of the next particle production threshold (e.g. four-body inelastic thresholds
in case of three-body FV formalism). However, using EFTs is far more realistic in terms
of their implementation as signified by the recent work of Barnea, et al. [21]. Is this work
such matching is carried out to the LQCD binding energies of few-nucleon systems at heavy
pion masses, and is moving toward making predictions for larger systems of nucleons with

solely LQCD inputs [33].

'EFTs such as YPT have already been used extensively to interpolate LQCD calculations to the physical
pion mass and to get a systematic control over the size of the volume corrections in several quantities such
as masses and magnetic moments, see chapter E
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Appendix A

DETAILS ON THE CONSTRUCTION AND PROPERTIES OF THE
SMEARED OPERATOR

A.1 Operator Basis

In this appendix, a basis for composite local operators used in chapter [2]is presented. Any
local operator that is bilinear in the scalar field with L spatial indices, and that is invariant

under cubic transformations, can be written as

O . (x) = ¢ (x) QY , 6(x), (A.1)

where ngzg‘_% is a homogeneous function of the operator V;, and degree d (d > L) is defined

to be the number of Vs. Their forms are determined by the symmetric traceless tensor of
rank L that respect cubic symmetry constructed from d Vs. The operators composed of

fewer than seven derivatives and with no spatial indices are

00 (x) = ¢f (x) (V2)3 ¢ (x)
OOV (x) = 4T (x)V? Y Vg (x)

0GR (x) = ¢l (x) Y Vio(x). (A.2)

Except for three of these operators which explicitly break the rotational symmetry, they

transform as L = 0 under rotations.
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The operators with one spatial index with up to six derivatives are

oM (x) = ¢ (x) Vi (x)
0P (x) = ¢f (x) V2Vio (x)
07 (x) = ¢ (x) (V) Vig (x)
O™ (x) = ot (%)Y VIVie(x). (A.3)
J

There is one operator which breaks rotational invariance, and the rest transform as L = 1
under rotations.

The operators with two spatial index with up to six derivatives are
2 1
0F () = ¢ (|77, - 35,9 6 )

Oz(;‘l) x) = o (x)V? [vivj - :135ijv2:| ¢ (x)

1

0 ) = o ) (7)? ViV, -

5ijV2] ¢ (x)
0™ (x) = ¢l x> Vi [vivj - ;&jv?} 6(x). (A4)
k

There is one operator which breaks rotational invariance, and the rest transform as L = 2
under rotations.

Operators with three, four and five spatial indices which have L =3, L=4and L =5
respectively are listed below. There is no operator which breaks rotational invariance up to

six derivatives:

. 1
(’)l(jll x) = ¢ (x) [vivjvk - gvz (0:Vi + 66 Vi + 5kivj)] ¢ (x)

1
01(]5;1 (x) = ¢'(x)V? [Vivjvk - gvz (65 Vi + 0k Vi + 5kivj)] p(x), (A5)
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(951111 (x) = ¢ (%) [Vivjvkvl

1
— ?Vz (%Vkvl + 5iijVl + 5Z-Nkvj + @-;NNI + 5jNNk + 5MVNj)

1
+ 3 (V2)2 (05501 + dirdj1 + 5il5jk):| ¢ (x)

00 x) = ¢f (x)V? [vivjvkvl

1

— ?V2 (5¢jvkvl + 5¢ijVl + 51'1ka]' + @-,N,-Vl + 5lein + 6le¢Vj)
1

t 3 (V2)2 (04j0k1 + 6051 + 5i15jk)] ¢ (%), (A.6)

(x) = ¢ (%) [ViV;ViViVi,

—%VQ (01 VEVIVom + 5V V) Vi + 00 ViV Vi + 0 Vi ViV
+60;kViViVi +0ViViVi + 0m Vi ViV + 6, ViV Vi,
+0rmViV;Vi + 6mViV;Vy)

+ % (V2)2 [(0i50k1 + 0irj1 + 0410%) Vim + (6i50km + 6ikGjm + 6imdji) Vi
+ (8556mi1 + 0im0j1 + 9it6jm) Vi + (OimOni + 6it0mi + 6it0mi) V5

+ (OmjOrt + Omrdji + 0midjn) Vil] ¢ (x) . (A7)

Note that as demonstrated in Eq. (A.2]), there can be more than one operator that breaks
rotational invariance at a given order in derivative expansion. To arrive at a notation that
is general and useful, one can use the fact that any cubically invariant polynomial of a

three-vector V, can be expanded in terms of only three cubically invariant structures,

ZVkQ ) ka4 ) ZVkG (A8)
k k k

The number of times each structure appears in a derivative operator, as well as the number

of free indices, uniquely specify the operator. For example, with nine derivatives and one
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spatial index, one can make four independent operators,
O (x) = 6" (x) (v?)" Vie (x)

0 (x) = of (x) (v2>2<2vi> Vi (x)
k
oM (x) = ¢t (x) (V?) ng Vo (x)

2
0 (x) = ¢ (x) (Zvi) Vio (x) (A.9)
k

and generally,

k k

It is then obvious that d = 2m + 4n + 6p + L gives the total number of derivatives in the
operator, where L is the number of free indices. For n = p = 0, the operator is rotationally

invariant with angular momentum L.
A.2 An Example for Rotational Invariance Violating Coefficients

In this appendix, an explicit derivation of a rotational invariance violating coefficient in both
coordinate-space, and momentum-space formalism, introduced in section [2.1] is presented.
Consider the position space operator HA(()?)) (x;a, N) where superscript indicates that only
operators with four derivatives are retained in the expansion of foo. The goal is to derive

the LO correction to the continuum values of coefficients C(()?))oo and Céé;é%ov):

A 2 .
0o (0, N) = 6(x) [(Na)* Gl (V)" + (Va)* Ciigg ) (Vi + Vy + V)] 6 (x)

4 1
_ i(aﬁ) % /0 dy o° / dSy ™Y GT (x) (5 V) 6 (%) Yoo ()

(A.11)

The y integration is

1
/ dy yG /de eiQWNp'yyiyjykyl _ a(pipjpkpl) n ,Y<5ij5kl+5ik5jl+5il(5jk)
0

43 <pipj5kl +pipk5jz +pipl5jk +pkpl5ij +pjpl5ik +pjpk6il) , (A.12)
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and the coefficients «, 8 and v can be determined. It is easy to see that coefficient o makes

the dominant contribution in the large N limit. Using

4
D) @A) =107 (rlAl Hao )Y (A) ], (A.13)
p p J
for any rotational invariant function f of the vector p, with
1 4 4 1 4 4
pF=5 (\p! - 3pz> , 0= g (5192 - |p| ) ) (A.14)

one finds that the deviations of C(()?),)oo and Cééiézov) from their continuum values are

1 3cos (27N |p|) 4
5Cly = — ) (3t
o v §)< 472 |p|° N2 ( P+ [Pl )

: 1 3cos (2mN |p|) 4
SOERY) — = ) (Bpt — . A.15
00,00 96ﬁ = 471'2 |p’6 N2 ( D ’p| ) ( )

The emergence of rotational invariance violating coefficients from the momentum-space
construction is somewhat less obvious. From Eq. (2.14) and Eq. (2.15) the operator
égé) (k;a, N) can be written as

o (kia,N) = 6 (k)@ (k) | (Na)* Ciglpg [kl + (Na)" Clgng (ki + iy + 2|

= d;(k) gg (*k> 6\/771' Z Z iL1+L2\/(2L1 + 1) (2L2 + 1)

2L +1
P L1,M1,L2,M2
X <L10; LQO ‘OO) <L1M1; L2M2 ’00> YLlMl (Q]%) YL2M2 (Qﬁ)

1
x /0 dy v jp, (N [k y) iz, (27N |p|y) (A.16)

Kt
where only the terms of order k* are retained from the integral. As such, only L; = 4 with
Yit4 (925) and Yio (Q5), and Ly = 0 with Yoo (€23), contribute to the sum. This reduces the
relation to

1 aN |k 4,
05 (k;a,N) = 6/ Z{ Yoo () Yoo (€2) /O dy y° (1\2013/)]0 (27N |ply)
P

+ 9 [(40;40100)* Yo () Yao () + (40; 40]00) (4454 — 4]00)
xYaa () Yaoa (Qp) +(40;40100) (4 — 4;44100) Yy () Yaa ()]

! aN k| y)*
< [y CEIEE Gy o) (A1)
0
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Using the relations

Zp:f »*) (!pl4Y4o (Qﬁ)> = ili\/z%:f (»*) (5192l — Ip!4>,
2107) (Il Vies (9)) = i\/i%:f(ﬁ) (spi-lpl'), (A1)

and keeping the LO term in 1/N from the y integration gives

0D (ka, N) = 3<aN|k|>4Z< @”N'p')) {HOYOO (@)

o\ dm|pfP N2
Var /1, 1 21\/T 3 /35
-— — Y0 (2 Yi4 (92;) + Yag (Q; .
F (vt = 1ol) 260 Y0 () + s o (Yia () + Yaa ()
(A.19)
Finally, we use the relation
k24 kb + kKl 6/ 47 2 [2m
Y2 = Yoo () + ——Yao (€;) + = Yi—a (9;) + Yaa (2 A.20
’k|4 5 00( ) 15 40( k)+3 35(44( k)+ 44( k))’( )
to identify the coefficients (5083)00 and 600% ézov) from Eq. (A.19
3cos (2N |p|) 4
0Ce = ) (-3p!
00,00 96\f Z 172 |p[° N2 ( p. + |pl ) ;
: 3cos (2N |p|) 4
sCUERY) <— 5pt — , A.21
00,00 96\/7710%% A2 |p]6 N2 ( . — |p| ) ( )

which recovers the position-space results given in Eq. (A.15]).

A.3 Matrix Elements for Non-Zero External Momentum

The loop calculations presented in chapter 2| have been performed for vanishing external
momentum, therefore only the quantum corrections to the L = 0 operator have been con-
sidered. In this appendix, the generalization to non-zero external momentum is presented,
where the one-loop correction to the two-point function with an insertion of the smeared
operator is considered in scalar g¢® theory, see Fig. The loop integral to be evaluated
is

In|<N

st/g?w

ezk~na

) (7))

JLM = YLM (Qn)v (A'22)
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k+P

Figure A.1: One-loop contribution to the two-point function with an insertion of the operator in

9o

where
%ZSmZ (kg“> <1ﬂ\p>2 - Zsm <+P)> (A.23)

Note that the operator is smeared over a physical region whose size is small compared to
the hadronic scale, and as a result the external momenta are small compared to the the
scale of the operator A = 1/Na. Therefore one may perform a Taylor expansion of the loop
integral in P;/A to obtain

3 .1 [™

1
. 3 2 .
— — Y] Q
Jrar Tori' Az | dqs d°q [/0 dy y° Jjr (qy)} v (Sq)

<4N22sm (52
( NQZsm (

o0 4N222 1%sm(]q\})sin<
AN23"3 | sin? (

2

>+4N281n ( )+7XQ>2

o) m?\
AN?sin? [ 24 m
N AN <2N * 2NA> - A2>

k
)—1—4]\722 1 cos (%) sin? (2]1\3;'/\)
i) + ANZsin? (4 + 5h5) + 25

i

k=0
(A.24)

where q = k/A, g4 = k4/A, and only the leading term in the Poisson sum is retained. As
was shown before, the non-zero terms in the Poisson sum are suppressed by at least 1/N?
compared to the continuum operator insertion in the loop.

The first term in the above Taylor expansion corresponds to the zero external momentum

in the loop, therefore at LO, it contributes to the L. = 0 operator, and the sub-leading
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rotational invariance breaking operators can be easily shown to be suppressed by 1/N?
using the procedure described in section Note that the loop integrals one needs
to deal with in g¢® are more convergent than comparable integrals in A¢? theory, which
simplifies the discussion of the scaling of the different contributions.

The next term in the Taylor expansion of the loop integral can be expanded in large N

since the integral is convergent. The numerator has an expansion of the form

3 3
1 ; P . P
Num. ~ 4N? ;1 3 sin <&> sin ( A) +4N? ;l cos (ﬂ) sin? <2]\;A>

oP.q [P 1
=3 e tolwm) (4:29)

where the rotational invariance breaking terms are suppressed by at least 1/N?2, and the
leading contribution to the above integral modifies the L = 1 matrix element, while the
L = 0 term is suppressed by 1/A compared to the L = 1 contribution. The next terms in
the Taylor expansion give rise to contributions to the L = 2,3, ... matrix elements at the
LO in 1/A, while the rotational invariance violating terms remain suppressed by at least

1/N? compared to the LO contributions.

A.4 Links on the Grid

In this appendix, the method to evaluate the link at O (g) on a three-dimensional grid
is outlined through an example, and the result is generalized to other similar cases. The
link is constructed to be the closest link to the continuum diagonal link in the continuum.
This link is used in constructing the smeared QCD operators with smooth continuum limit
properties in chapter

Suppose that the link lies between points z and = + na on a cubic lattice where: na =
ap (@,1,0). @ is an arbitrary integer and ag is a finite number denoting the original lattice
spacing which is not necessarily small. Then the paths which make minimal area with the
diagonal path can be formed easily. Among those, the paths which are symmetric under
reflection around the midpoint of the path are desired since they have somewhat simple

forms. One such a path in shown in Fig. [2.10p for () = 2, where it is straightforward to
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show that:

(19) . iqna/2 sin (quao/4) Qgzao 4y Qo
Uigh .0 (@) = igage Ay (a) + 245 (9) — =25 o =\ )| (A.26)

If the lattice spacing is halved, the closest link to the diagonal path can be obtained by

adding up two paths each of the form above with an appropriate phase factor and where

na is replaced by na/2, Fig. 2.10p,

. /qna
(19) ] iq-na/QSln( 2 )
U(Q,l,o) (@) = 9y sin(qf“) Ay (q)
sin (quao/S) Qqzao qyQao
24, (q) ————F+~ ——]|. (A2
+ (@) sin (gzap/4) o8 8 + 4 (A.27)

This process can be repeated to build extended gauge links on finer grids. For the general

case, where the original lattice spacing is divided by 2%, it is not hard to show that

U(lg) _ A0 _iq-na/2 Sin( 2 ) A
2K(Q,1,0) () 9 2K€ sin (2qK1}ral) v (9)
sin (Qza0/2%%) [ Qga0 | gya0
20 (quao 2K+ 5\ orr2 Torat ) |- (A.28)

The continuum limit is obtained by taking K — oo, which corresponds to a = ag/2% — 0,
recovering Eq. . Note that after interchanging the gauge field indices properly, this
expression is applicable to a class of n vectors with one zero component and n;/n; = @ for
the ratio of the remaining components.

The above expression for the gauge link in Eq. can be generalized easily to another
class of n vectors with one component being equal to ) and the other two components each

being one. For example for na = ag (@, 1,1) one obtains

. /gma
1 . ag g S| 55— . K+1 o K+1
UQ(Kg()Q,l,l) (q) _ 192[( eid na/2 — ((qia)) [Az (q) ezqyao/Q + Ay (q) e iqzag/2
2K+1

+24; (q)

sin (Qgzao /25 +?2) o <qua0 Qa0 a0 ) (A.29)

sin (qg;ao/zK'H) 92K +2 + 2K +1 + 92K +1

However, since the vector na is symmetric in its y and z components, the link has to respect
this symmetry as well. In fact, there exist an equivalent path which arises from the first

path by interchanging the steps in the y direction and the z direction. Taking an average
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of these two paths gives a link which is symmetric in the y and z components,

_ , sin (4 .
UQ(LQ()QJJ) (q) = ig;ge’q‘n“/:m((z(éral)) [AZ (q) cos ( 2yo ) + Ay (q) cos (;Kiol)

124 ( ) sin (QQZGO/2K+2) c Qqza0 qyao q-ag
& <in (qza0/2K+1) 2K+2 2K+1 2K+1

. (A.30)

Taking the K — oo limit of the above link gives rise to the rotational invariant link as well
as non-continuum corrections which start at O (a2).

Another class of n vectors are those where two components are equal to Q while the
other one is equal one. For example for na = ag (Q, @, 1) the link which is symmetric with
respect to x and y can be shown to have the form:

(42%)
UQ(ig()QxQxl) =g ;Tgeiq'm/z q-QAx x
an (32%)

sin

qyao qzao \\ sin (Q(gza0 + gyao) /25 +?)
2 <Am (q) cos (2Iy<+1> + Ay (g) cos <2K+1)) sin ((gzao + gyao) /25 +1)

Qgzao | Qgyao | gza0
><cos<2KgcJr2 + 2Ky+2 + 2;(“ + A (9)| (A.31)

where U the average of two links which are identical upon interchanging the x and y coor-
dinate axes. This link recovers the rotational invariant link up to corrections of O(a?).
For n vectors with equal components, na = ay (Q, @, @), there are six equivalent links

which are averaged over to obtain

. q-Ax
719 _ Z-gaoeiq-Ax/2Sln< 2 ) y
2K(QxQxQ) oK sin (q-Ax)
2K+1

qyao q-a0 4z a0 q-a0 4z a0 Gy a0
o (s (B0 52 4 s (3621 520) + o (255 + 222)

% sin ((quao + Qan0 + QQZGO)/2K+2) 08 (QQ:ECLO Qano Qq,za()>

sin ((gzao + qyao + gzao)/2K+1) 9K+2 9K+2 9K+2

. (A.32)

which results in O (a2) corrections to the rotational invariant continuum path. It is the case
that determining the link for a general extended path is quite involved, but the general trend

that the deviation from the rotationally invariant continuum path is O(a?) is anticipated.
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Appendix B

FINITE-VOLUME FORMALISM FOR NN SYSTEMS AND THE
DEUTERON

B.1 Quantization Conditions under P — P’ Transformation when P and P’ are
Related by a Cubic Rotation

We aim to show that the master QC of chapter 3| Eq. (5.5)), is invariant under a P — P’
transformation where P and P’ are two boost vectors that are related by a cubic rotation.

Denoting such rotation by R, it is straightforward to show that

l
=5 DY (R) ch. (B.1)
m/=—I

Note that for P = 0 this relation reduces to Eq. (3.40]), while for a general non-zero boost
vector, it only holds if the rotation R corresponds to the symmetry operation of the cube.
For example, such a transformation can take the ¢f. function evaluated with d = (0,0,1)

Im

to a clf;; evaluated with d = (1,0,0). To proceed let us rewrite the §G" matrix elements as

given in Eq. 1' in terms of the matrix elements of the F¥'V that is defined in Eq. 1)

for the scalar sector,
iM

V,P —
[5G ]JMJJMI,LS;J’M",,I’M},L’S’ ~ 4n OrrOny ;085" X

X K" 05000,0r, 00+ Y <JMJ|LML,SMS><L’M£,SMsyJ’Mg>ffAZ’ij,M,L
Myp,M},Ms

(B.2)

Superscript P on 6GY and FI'V reflects the fact that they depend on both magnitude and

direction of the boost vector. Now given the transformation of clf;n under a cubic rotation
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of the boost vector, Eq. 1j one can write FFV'P' ag following

FV,P’ l) 471-)3/2 p " i .
[]: :|LML:L/M, _Z Z D, o+l Clry (K77) [ d2 Yo, Yim Yo a

Iy)m m/=

L/
Z Z MLML ) [fFV’P]LML,L/Mi Dz(\q)Mi(R)’

Mp=—L M} =—L'
(B.3)
where in the last equality we have used the fact that under rotation
L
L . .
S° DL (R) Yo (®) = Yoar(RE). (B.4)
M'=—L
Now one can obtain the relation between 6GV"F" and 6GV-F using Eqgs. l ,
[5QV’P/] _M k*6.70 00,0001 + i Z (JMy| LMy, SMg)
JMy,L; ' MYy L 4w 7
ML7M£)MS
- 2 L) (L)
Vi v L -1 FV,P r
x(L'Mp, SMg|lT'My) > > Dy, (B [F ]LML’L,M,L Dz (B |
N =—L M} =L’
(B.5)

where we have suppressed spin and isospin indices for the sake of compactness. Using the

fact that
L S 7 F 7
(JMy|LMp,SMs) = Y D%MJ (R~ )Dj(wim R)DS\J;MS(R)UMJ\LML, SMs),
My, My, Mg
(B.6)
and given that Wigner D-matrices are unitary, one easily arrives at
V,P’ 71 V.,P B B (J) B
[5g }JMJ,L;J'MQ,L’ MZ JM/Z : ) 199 ]JMJvL;J’M’J»L’ Diry sy (B):
=
(B.7)

or in the matrix notation, 6GV'F" = D*(R)6GV"PDT(R). Given that the scattering ampli-

tude is diagonal in the |J, M) basis, and that the quantization condition Eq. (5.5)) is a
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determinant condition, one obtains

det [(M*) 7 +66VF | = det [D*(R) (M*)™! +dG"F) DT (R)]
= det (M)~ +6G"F] =0. (B.8)

As one would expect, although the FV functions are in general different for different boosts
with the same magnitude within a given A; irrep of the cubic group, the spectrum does not
depend on the choice of the direction of the boost vector. As discussed in Sec. in order
to extract the scattering parameters of NN systems from the QCs presented in chapter [3]
(and in Refs. [86,90,91]), one needs to use the specific boost vectors that are studied in this
there. However, the energy eigenvalues can be taken from the LQCD calculations that are
performed with any other boost vector that is a cubic rotation of the specific boost vectors

considered.
B.2 Boosted Quantization Conditions for the Deuteron Channel

The NN FV QCs in the positive-parity isoscalar channels that have an overlap with 35;-2D;
coupled channels, and used in producing the FV deuteron spectrum in chapter [ are listed
in this appendix for a number of CM boostsE

With the notation introduced in Ref. [91], the QC for the irrep I'; can be written as

det (M(Ff) + —”Yk - J?(Fi)’d) =0, (B.9)

7

where
J—_-(Fi),d(k*Q;L) _ Mzk*l [FF) (k*Z )
MT) = (M‘I)Fv, (B.10)

where the functions ¢! (k*?;L) are defined in Eq. ( . M is the nucleon mass and k* is the

on-shell momentum of each nucleon in the CM frame. It is straightforward to decompose

'We restate that for systems composed of equal-mass NR particles, these QCs can be also utilized for
boosts of the form (2n1, 2n2, 2n3), (2n1,2n2,2n3+1), (2n1 +1,2n2+1,2n3) and (2n1+1,2n2+1,2n3+1)
where n1,n2,n3 are integers, and all cubic rotations of these vectors [91].
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M1 into (M_l)rv using the eigenvectors of the FV functions. The matrices I and M are

given in the following subsections.

For notational convenience, M, gp) denotes the scattering amplitude in the channel

with total angular momentum J = 1 and orbital angular momentum L =0 (L = 2), My sp

is the amplitude between S and D partial waves in the J = 1 channel, and detM; is the

determinant of the J = 1 sector of the scattering-amplitude matrix,

Mis Misp
det M = det ’ ’
Mips Mip
d =(0,0,0)
My,
0 0 0 eV
Ty F(ggl) = I, [FS(T)I) =0 0 % M) = _QZJ}\SA?
26 2
0 = 7 0
d=(0,0,1)
2 0 __9_
NG 75
. (A2) _ (A2) _ (A2) _
L e N e e VI P 7l
_ 9 Q\/E 8 _
75 T\ 5 V5
2M;i,5+2V2M1,sp+Mi.p V2Mis—Mi sp—V2Mip 0
3det M1 3det M,
M(Az) _ V2Mi,s—Mi,sp—V2Mip My s—2vV2M1 sp+2Mip 0
3det M, 3det My
0 0 M5
1 V3
v 0 =% 0
1
0 - 0 0
E E
E: Fy=1; . Fy=|-¥ o 5o
0 0 0 -25
WE s e _2 0
7 7\ 5 7

(B.11)
_ Miysp
det M1
My,
det.lf\jl O
0 M3 p
(B.l?)
0 -
_2v2 2
7 7
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d=(1,1,0)

[Bll

By
[}_510 )=

MB) —

Foo' = Ls

o 0 o0 0 ¥ 0
0o 0 0 0 ¥ 0
8 5v5 (B) _
0o 0 S 0 -5 |, FJ=| o0
1 2
0o 0 o0 L 0 V2
3 6 5v'5
B BB 0 0
Mi,s—2vV2M1,sp+2M1. b V2ZMi s—Misp—V2Mip
3det M, 3det My
V2Mi, s—Mi sp—V2Mi,p 2M;1,5+2V2M1,sp+Mi1 b
3 det M, 3det M,
0 0
0 0
0 0
2 9
V5 0 0 -7z
1 6 2
0 -5 0 7\/;
V=1 0 0 -¥ o
_ 9 ﬁ\/E 0 8
V5 TV 5 75
0 0 Yo g
4
o 0o 0o -4 ¢
0 0 0 -2 o
V32 (B1) _
0 0 - 0 5l Fu=
4 2v2 2
-z~ 0 7 0
0 0 5v2 0 _1

2M1,5+2V2M1,sp+Mi1,p

3
V2Mi,s—Mi sp—v2Mi b

3det M, 3det M,
V2Mi s—Misp—V2Mip M1 s—2v2M; sp+2Mip
3det M1 3det M1
0 0
0 0
0 0
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M s—2v2M1 sp+2Mip V2Mis—Misp—V2Mip

3det M, 3det M1 0 0 0
V2Mi s—Misp—V2Mi p 2M1 5+2V2M1,sp+Mi.p 0 0 0
3det M3 3det My
M(B2) = 0 0 Myp 0 0 (B.17)
0 0 0 Mzp O
0 0 0 0 Msp
d=(1,1,1)
0 0 0 0
26
AQ . [}_(()A(SZ) — :[4 [I_—A(lﬁg) _ O O T O
0 M o
4
0 0 0o -%
My, My,
dctL.A/Eljl _dctl./\s;lDl 0 0
_ M sp Mi,s 0 0
M(Ag) — det M det M ) (B18)
0 M3 0
0 0 Msp
0 0 0 0 0 0
0 0 26 9 0 0
216 2
. € _ o_| 0 =5 =3 0 0 0
E: Fo=Is , Fy' = ) o ,
0 0 0 £ W2 9
0 0 o -2 2z g
4
0 0 0 0 0 ~1
My, M,
det./\/[l)l _detl./\s/lDl 0 0 0 0
My, M,
7det1.7\af detb\/i 0 0 0 0
0 0 M3 0 0 0
M®E = 5P (B.19)
0 0 0 My, 0 0
0 0 0 0 Mz, 0
0 0 0 0 0 Myp

B.3 The Finite-Volume c% v Functions

The FV NN energy spectra in chapter [4| are determined by the c% M(k*2; L) functions that
are defined in Eq. (5.7). They are smooth analytic functions of k*? for negative values of
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Figure B.1: a) Z& and b) Z§ for d = (0,0,0) as a function of k*2 = k*2L2/4x2.

k*2, but have poles at k*2 = 4LL22(n —d/2)?%, where n is an integer triplet, corresponding to
the energy of two non-interacting nucleons in a cubic volume with the PBCs. In obtaining
the spectra in the positive-parity isoscalar channels from the Ty irrep of the cubic group
that are shown in Fig. [4.2] the ¢{0.” (k2 L) = 2009 [1; £+2)/(273/2L) and 0% (k*2; L) =

Zig,o,o)[l; k*2]/(875/2L5) functions have been determined. The corresponding Z functions

are shown in Fig. as a function of k*2, see Ref. [272].
When k*2 = —k? < 0, the exponential volume dependence of the cg u can be made

explicit by performing a Poisson resummation of Eq. (5.7),

(=K% L) = _E Z eimd e (B.20)
00 ’ A prS 4mnL’ '
n
d 2 2 /1= imn-d 3 3 el
cho(—r% L) = —w"Vdm Z e Yao(n) (1 + nkL + n2/<a2L2> 4L’ (B.21)
n#0
. 10 45 105 105 g~ nhl
d 2. _ 4./ -d ~
C4O(i4)(_’f s L) = VT Z e Yo (0) (1 * nkL + n2k2L2 + n3k3L3 + n4m4L4> drnL’
n#0
(B.22)
kL

where n is an integer triplet and n = |n|. The expansions of cgo and CZO( ) start at ~ %e* ,
while codo has a leading term that does not vanish in the infinite-volume limit. It is also

evident from these relations that cg, is non-vanishing only for d = (0,0,1) and (1,1,0),
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Figure B.2: The quantities §Z8, , = Z%(Zgo — 28 ) (in percent) as a function of xL for different
; T ;
boosts. Z.,, denotes the value of the Zgo-function when the sum in Eq. (B.20) is truncated to a

maximum shell n.

which gives rise to the O(sine€;) contributions to the corresponding QCs given in Sec.

Previous works 251},/364], have proposed extracting the infinite-

volume deuteron binding energy from the F'V spectra using the S-wave QC expanded around

the infinite-volume deuteron pole, £3°, retaining only a finite number of terms in the expan-

sion of the ¢4, ,. Fig. [B.2[shows the quantity 62§, = Z%(Zgﬂ — Z& ) as a function of kL
bl 00 bl

for different boosts. Z(‘)lo;n denotes the value of the Zyp-function when the sum in Eq. 1)

is truncated to a maximum shell n. As can be seen, for modest volumes truncating the

Z-functions can lead to large deviations from the exact values.
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B.4 Finite-Volume Deuteron Wavefunctions

It is useful to visualize how the deuteron is distorted within a finite volume, and in this
appendix, based on the asymptotic FV wavefunction of the deuteron given in Eq. (4.10)), we
show the mass density in the xz-plane from selected wavefunctions. As the interior region

is not described by the asymptotic form of the wavefunction, it is “masked” by a shaded

L =15 [fm]

Figure B.3: The mass density in the xz-plane from the As FV deuteron wavefunction with d =

(0,0,1).
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disk in the following figures. In each figure, the black straight lines separate adjacent lattice

volumes that contain the periodic images of the wavefunction.

Figure B.4: The mass density in the xz-plane from the E FV deuteron wavefunction with d =

(0,0,1).



234

Figure B.5: The mass density in the zz-plane from the B; FV deuteron wavefunction with d =

(1,1,0).
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(a) (b)
L = 20 [fm] L = 30 [fm]

Figure B.6: The mass density in the zz-plane from the Bs/Bs FV deuteron wavefunction with

d=(1,1,0).
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(a) (b)
L = 20 [fm] L = 30 [fm]

Figure B.7: The mass density in the xzz-plane from the Ay/E FV deuteron wavefunction with

d=(1,1,1).
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Appendix C
TWISTED BOUNDARY CONDITIONS

C.1 Twisted Images

It is helpful for discussions in chapter |5 to make explicit the sums over the twist phases .

Consider the sum

el
£ ime (C.1)

S(¢) = >

= nl

of which the first few terms are

S(¢) = 2e ™ (cosg, + cos ¢y + cos P.)

1 2V2 e V2mal (€OS g COS Py + COS g, COS P, + COS Py, COS )

8 —V3m,L
+ — € T COS (g COS Py COS O
7 P COS Py COS P

+ e 27l (cos 2¢, 4 cos 2, + cos2p,) + - . (C.2)
For PBCs, with ¢ = (0,0,0), the first few terms in the sum in Eq. (C.1]) and (C.4)) are

8
S(0) = 6e ™l 46v2e VIl 4 = VBmaL g m2mal L (C3)

V3

while for APBs, with ¢ = (7,7, ), the sum becomes

S(m) = —6e ML 16y VIl _ 53 eVImAl 3 emel L (C4)

It is obvious that the leading terms vanish in the average, with 1(S(0) + S(m)) =
6v/2 e~ V2meL A particularly interesting twist is ¢ = (3, 5, §), induced by i-PBCs,

for which the first three terms in the sum vanish, leaving
S(=) = —3e el 4 ... (C.5)
Finally, twist averaging this function gives

3
S@he = [ G S@) = o (©6)
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C.2 Twisted Quantization Conditions for the Deuteron Channel

The NN FV QCs in the channels that have an overlap with the 35;-2D; coupled channels
are listed in this appendix for a selection of twist angles. With a similar notation as in
Sec. paying attention to the differences due to the relativistic kinematics that we have

chosen in this section, the QC for the irrep I'; can be written as

k*
det (M(Fi) + g A i%du%@) =0, (C.7)
where
1 1 )
]I'(Fz'):d,¢1,¢2(k*2;L) = o Z = [Fl(anZ) C?,;?l’d)Q(k*Q;L),
Ilym
M = (MY, (C.8)

where cfﬁfl’@ (k*2; L) functions are defined in Egs. 1} , 1D and 1) E* is NN CM en-

ergy and k* is the on-shell momentum of each nucleon in the CM frame. E| In the summation

over “m” in Eq. {i only the F") listed below are included as the other contributions

lm

have already been summed using the symmetries of the systems. In the following we set

¢1 = —po = ¢. It is straightforward to decompose M~ into (/\/l_l) using the eigenvec-

T
tors of the FV functions [144,349]. The notation used for the scattering amplitude matrix

has been introduced in Sec. [B.2

c.2.1 ¢=10,0,0)

M My,
0 0 detLj\/Il)l - de':l;/\s/l? 0
T T T M M
Ty [FE)OI) =13, [Fflol) — 0 0 % , M — _detl’/\s;t? det.l/{;lgl 0 . (C.Q)
-1
e 0 0 My

! The relativistic normalization of states has been used such that for a single S-wave channel with phase

o (6290 _
shift §, the scattering amplitude is M = %%
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C.2.8 ¢=(mmm)

M My,
0 0 0 0 detLj\/?l - detlﬂs;l.i 0
26 M1 sp My s
. ) _ @y _ [0 0O = 0 wo) _ | @AM e 0 0
A Foo’ =14, Fyo™ = , M = 1
0 6 2 0 0 M3, 0
o 0o o -2 0 0 0 My
(C.12)
0 0 0 0 0 0
0 0 26 9 0 0
V6 2
E: F(D =1 [F(IE) _ 0 ¥ 7 0 0 0
: 00 — *6, 40 — 8 10v/2 ’
0 0 0 £ W2
V2
0 0 0o -2 -z 9
0 0 0 0 0o -3
M M
dctl./\/?l - dcs)\iDl 0 0 0
M My,
- detl}\i? detﬁl 0 0 0 0
0 0 M3] 0 0 0
ME — 3,D 1 (C.13)
0 0 0 My, O 0
0 0 0 0 Mz, O
0 0 0 0 0 My

C.3 Twisted cﬁf“@ Functions for Systems at Rest

To understand the relative contributions of phase shifts beyond the a wave to the deuteron
d,é1,92

. functions.

binding energy in chapter [5] it is helpful to consider the expansions of the ¢

As i-PBCs, with the twist angles ¢ = (%, 5, Z), lead to the most significant reduction in the
& 22172 g

FV corrections, we focus on these angles in the expansions, restricting ourselves to systems
at rest. The general form of the cﬁf“m functions for d = 0 and ¢1 = —¢po = ¢ is

07¢77¢ 2 Zl —in-d) A~ > kl+2 -
DPO(RZL) = WZ e Yim () i dk 15— JinkL),  (C.14)
n#0
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where n = |n|. By direct evaluation of the integral, it is straightforward to show that

0.6,—¢ r i yio(a) C
ap’ = s VAT Y e Yoo(h)
n#0
—nkL
07¢7_¢ — (1 _lnd) 1 L i
e — (’LK))\/E Z e Y1m<n) <1+n/§}L> 4rnL’
n#0
—nkL
D9 _ ()2 /ar Z e vy () (14 3 T 3 oA |
m nkL  n2k2L2 4mnL
n#0
—nkL
0bdb 1 3 Cind R 6 15 15 ek
o © = (ir)*Vix Z e % Yam(n) <1 * nkL + n2k2L2 + n3x3L3 ) 4mrnl’

n#0

) . 10 45 105 105

07¢7 4) — y 4 - ¢ N

0 — (iK) Var Z e~ P Y, (h) (1 + il + 2212 + 3313 + n4/€4L4>
n#0

These functions are of the form

Fim = 3 e ™Y, (0)f(n) = ol f(1) + oV P F(V2) + VD F(VB) + a2 f(2) + - -- .

P Im
(C.16)
0 | ofy | aff? | of® | off) |
(0,0) 0 0 0 — =
(1,0) || —iy/2 0 0 0
(2,2) 0 | —iy/32 0 0
(3,0) —i\/z 0 0 0
(3,2) 0 0 -2 /%00
(4,0) 0 0 0 —1r
(4,2) 0 i3/ 0 0

Table C.1: Coefficients of independent, non-vanishing terms in the expansion of Fj,, given

in Eq.
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The independent and non-vanishing coefficients o™ are presented in Table for the twist

angles ¢ = (5, 5, 5). The remaining coefficients are dictated by symmetry,

1
Fopo —Fy 5 = G e/ Foy,
F3 = ?ieimﬂl F313 = oL i Fsp1, F3-2 = —F3y49
V10 V6 ’ ’
Fyp9 = —F4 9 = —leﬂwﬂl Figz = 254 Fyy, Fyy = \/L4 Fyiy4
+ - \/? ’ 5 :

(C.17)

The coefficients presented in Table and Eq. (C.17)) show that the leading volume depen-
dences of the cg’f’*q& functions for i-PBCs are cop = — 4= + O(e 2L /L), ¢19 = O(e /L),
cr = O(eV2L/L), e30 = O(e"E/L), ez = O(e V3L/L), g0 = O(e2L/L) and
caiz = O(e"V2L/L). As the P-wave contribution to the FV spectra is due to non-zero

c1m and cs3p, functions, they provide the dominant corrections to the approximate QC in

Ba. (19).

. . . . d
A numerical comparison between these expansions and an exact evaluation of the ¢ P12

lm

functions reveals that the expansions are only slowly convergent [94]. Precisions extractions

of the energy eigenvalues require the use of the exact evaluations, even in modest volumes.
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VITA

Zohreh was born in summer of 1985 in a small mountain-side town in the beautiful
Province of Lorestan, western Iran. She was raised by two wonderful parents who happened
to be two successful teachers at work and whose passionate for teaching and intellectually
nourishing small humans would not go away when come to home to their children. As a
result Zohreh’s childhood home was no different than a fun school, with lots of playing times
and joyful moments with her five siblings, as well as lots of pondering and studying times.

While most little girls grow up playing with dolls and reading fairy tales, Zohreh never
got the chance to experience that kind of childhood. Instead of dolls and Barbies she ended
up playing with, and taking care of, real babies (her siblings) whom she and her older
sister were put in charge of while their parents were at work. Instead of being told fairy
tales, she ended up reading through his father’s textbook and lecture notes as he had gone
back to collage to get a degree in theoretical physics and would fill the whole house with
mysterious books on quantum mechanics and Einstein’s relativity. Surely the little girl
could not stand to stay away from such interesting materials, sadly though, the only parts
of the books she ended up, more or less, comprehending was the beginning of the chapters —
before complicated equations start filling the pages! Gladly, that turned out to be sufficient
to inspire her with the beauties that physics had to offer. These unique experiences all
together started to give her a different perspective of life.

Zohreh chose, not to surprise of her parents, theoretical physics as her major in college.
This was despite the overwhelming encouragements from her teachers and friends to become
an electrical /computer engineer given how high prestige and high demand those majors were
among college students in Iran at the time. It was not a matter of doubt to her though that
being a physicist is what makes her happy and self-satisfied throughout her life, and that
Sharif University of Technology in the capital city of Tehran is the best place in the country

to start this long journey from. Coming from a small town, with limited resources and
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opportunities, to Sharif, and being surrounded by lots of young smart people that were as
excited and as driven about Physics as she was turned out to be one of the best experiences
of her life.

After getting a baccalaureate (2007) and a masters (2009) degree from Sharif, the desire
of coming to the scientists’ dreamland, the US, and being able to learn from and work with
world-class physicists, and to experience the frontline of research and discovery, left Zohreh
no choice to leave behind her beloved family, her incredible professors at Sharif and her sweet
memories of a country full of joy and peaceE| and move to the US. She arrived to the US
in summer of 2009 along with her husband to start her PhD. After a year in the ultra-cold
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