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We present the determination of the A(1232) resonance parameters using lattice QCD and
the Liischer method. The resonance couples to the elastic pion-nucleon scattering with
JP = 3/2% in the isospin I = 3/2 P-wave channel. Our N; = 2 + 1 flavor lattice setup
features a pion mass of m, ~ 250 MeV, such that the strong decay channel A — 7N is open
for decay. We use the projection method for constructing the required lattice correlation
functions from single- and two-hadron interpolating fields and their projection to irreducible
representations of the lattice’s relevant symmetry group. We show the energy spectra results
in selected moving frames and irreducible representations and extract the scattering phase
shifts P33 and S3;. From the determined pole position of the A(1232), we derive the resonance
mass ma = 1378(7)(9) MeV and the coupling ga .y = 23.8(2.78)(0.9).
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Chapter One

Introduction

The strong force is one of the four known fundamental forces of nature that governs the
interaction between quarks, the fundamental subatomic elements that build hadrons such as
the protons and neutrons that make up atomic nuclei. The strong interactions are described
by quantum chromodynamics (QCD), a quantum field theory developed in the second half
of the 20th century to expand the theoretical framework describing particles” nature. QCD
was developed in analogy with the successful quantum electrodynamics (QED), the electro-
magnetic force’s quantum field theory. The counterpart of the electrical charge for strong
force is the color, which comes in three different types of charges®, or three anti-color charges.
Asymptotically every particle has to be color-neutral, which can be achieved by objects made
of three valence quarks known as baryons, or a pair of quark and antiquark called mesons.
In QED, the photon is the force carrier particle, while in QCD it is the gluon; although both
are massless, the latter carries the color charge, which enables the gluons to radiate further
carrier particles. This feature limits the range at which the strong force can act. Opposite
to the infinite range of the electromagnetic force, the strong has a short-range of about 1 fm
(or 10715 meter). This aspect also contributes to the confinement of quarks, as they have
been observed only in composite particles. The interaction of two quarks creates a narrow
flux-tube of color fields in between. As the spatial distance between the two quarks increases,
the flux-tube’s energy increases as well until, eventually, it becomes energetically preferable
for a new quark-antiquark pair to appear from the vacuum spontaneously. At ordinary tem-
peratures, this confinement mechanism builds composite hadrons of size around 1 fm and
makes it impossible to observe a single quark alone. At large energies, the coupling becomes
increasingly smaller, giving rise to the asymptotic freedom that makes it possible to tackle
QCD perturbatively. In the region of interest for this study, i.e., the low-lying baryon reso-
nance A(1232), QCD is strongly interacting, and it can be tackled only non-perturbatively.
Lattice-QCD is a non-perturbative approach for solving QCD formulated on a lattice of
points in space and time. Numerical simulations usually produce results that come from
approximations of real physics. Lattice-QCD instead is computed from first principles, with
no need for ad-hoc assumptions. A good starting point to discuss Lattice QCD is by in-
troducing the continuum theory and QCD’s non-pertubative nature in the low-energy regime.

The work presented in this thesis comes from two projects: the first one, outlined in Chapter
2, Chapter 3, Chapter 4, and Chapter 5, is the main focus of this dissertation and shows

!The three charges are called blue, red, and green, but there is no connection to color in common sense



the determination of the A(1232) resonance parameters using lattice QCD and the Liischer
method. Result for this work has been presented in the following publication:

e Giorgio Silvi, Srijit Paul, Constantia Alexandrou, Stefan Krieg, Luka Leskovec, Stefan
Meinel, John Negele, Marcus Petschlies, Andrew Pochinsky, Gumaro Rendon, Sergey
Syritsyn, and Antonino Todaro. “P-wave nucleon-pion scattering amplitude in the
A(1232) channel from lattice QCD”. in: Phys. Rev. D 103 (9 May 2021), p. 094508.
DOIL: 10.1103 /PhysRevD.103.094508. URL: https://link.aps.org/doi/10.1103/
PhysRevD.103.094508

which follows the results previously presented in the proceeding in [2|. A similar project I
was part of, studied the x and K™ resonances in the meson sector and was presented in the
publication:

e Gumaro Rendon, Luka Leskovec, Stefan Meinel, John Negele, Srijit Paul, Marcus
Petschlies, Andrew Pochinsky, Giorgio Silvi, and Sergey Syritsyn. “I= 1/2 S-wave
and P-wave K 7 scattering and the x and K* resonances from lattice QCD”. in: Physical
Review D 102.11 (2020), p. 114520

Nonetheless, as my contribution in this study was limited, I decided to focus on the A(1232)
study throughout this dissertation.

The other project, presented in Chapter 6, investigates the Roberge-Weiss transition
endpoint in the analytic continuation of the QCD phase diagram with imaginary chemical
potential and was published in:

e Claudio Bonati, Enrico Calore, Massimo D’Elia, Michele Mesiti, Francesco Negro,
Francesco Sanfilippo, Sebastiano Fabio Schifano, Giorgio Silvi, and Raffaele Tripic-
cione. “Roberge-Weiss endpoint and chiral symmetry restoration in Nf = 2+1 QCD”.
in: Physical Review D 99.1 (2019), p. 014502

with the software developed for the computation published in:

e Claudio Bonati, Enrico Calore, Massimo D’Elia, Michele Mesiti, Francesco Negro,
Francesco Sanfilippo, Sebastiano Fabio Schifano, Giorgio Silvi, and Raffaele Tripic-
cione. “Portable multi-node LQCD Monte Carlo simulations using OpenACC”. in:
International Journal of Modern Physics C 29.01 (2018), p. 1850010

e Claudio Bonati, Simone Coscetti, Massimo D’Elia, Michele Mesiti, Francesco Negro,
Enrico Calore, Sebastiano Fabio Schifano, Giorgio Silvi, and Raffaele Tripiccione.
“Design and optimization of a portable LQCD Monte Carlo code using OpenACC”. in:
International Journal of Modern Physics C' 28.05 (2017), p. 1750063

1.1 QCD

The continuum QCD lagrangian in Minkowsky spacetime is given by

1
NelNeld (1.1)

Locp = @Ei(i(VuDu)ij — mdi; )by — 4w


https://doi.org/10.1103/PhysRevD.103.094508
https://link.aps.org/doi/10.1103/PhysRevD.103.094508
https://link.aps.org/doi/10.1103/PhysRevD.103.094508

quark flavor | symbol | charge (Q/e) | mass (Mev/c?)
up u +2/3 ~ 3

down d -1/3 ~ 7

strange s —1/3 ~ 140

charm c +2/3 ~ 1800

bottom b -1/3 ~ 4.2 x 10°
top t +2/3 ~ 170 x 103

Table 1.1 Quarks and their properties

where the 7# are Dirac matrices satisfying the anticommutation relation {y*,+"} = 2¢g"".
The 1); are Dirac spinors of the quark field with mass m, each with 12 independent com-
ponents: three colors and four spinor degrees of freedom. In addition, the quarks comes
in different flavors called up, down, strange, charm, bottom, top (see Tab. 1.1). The gauge
covariant derivative is defined as,

D, = 8, — igAT,, (1.2)

where ¢ = V4na (h = ¢ = 1) is the dimensionless coupling constant, and the traceless
hermitian generators T, follow the commutation relation

[Ta,Tb} — fabcTc, (13)

where f¢ are the totally antysymmetric structure constants of SU(3) color group.
The gauge part of the QCD lagrangian is composed of gauge-invariant gluon field strength
tensor defined as:

G, = 0, AL — 0,A% + g f* AL AL, (1.4)
where AJ.(z) are gluon fields, the element of the Lie algebra of gauge group SU(3).

1.2 Lattice formulation

The QCD action is defined as:
SQCD = /d4l’£QCD, (15)

and in the framework of Feynman's path integral, the action plays an important role. Given
an observable O(¢, 1, A,,) the expectation values is computed as

(0] O(t, 5, A,) [0) = % / DUDIDAOW, §, A,)ei%ecr, (1.6)

where the partition function Z is given by,

7= / DYDYDA, e 5ecb, (1.7)



where the integral is meant over all field configurations. However, this formula alone would
be impossible to evaluate due to oscillating integrands, i.e., the imaginary exponent. A
solution, called Wick Rotation, is to let the coordinate ¢ take on imaginary value making the
rotation in the complex plane 2° =t — —iz, = —i7. The integration measure becomes

dx’dx'dx?dx® — —idx'dx?da’das, (1.8)

and the exponent in the path integral in Eq. (1.6) gets real. This allows the exponent to be
used as a probability measure for a given Monte Carlo configuration to be sampled. However,
a numerical calculation over a continuum field is not quite possible without discretization.
Replacing continuum spacetime with discrete lattice points gives to the field a precise math-
ematical meaning. Introducing the lattice spacing a, the minimal distance between different
points, now the fields are described at the grid points © = na = n,aft with n, € Z. Degrees
of freedom are still infinite; therefore, we limit the infinite to a finite set of N, x N, x N, x N,
points. To tame the finite volume effects that arise from limitation, a general rule of thumb
is to set the lattice’s spatial extent above the largest correlation length in the system, i.e.,
that of the pion (o< 1/m,). Analogously to statistical mechanics, the temperature of the
system T is given by

T=— (1.9)

where N; is the number of lattice sites in the temporal direction, where we set thermal
boundary conditions. Those are periodic/anti-periodic for boson/fermion fields according to
the spin-statistics theorem [7]. For zero-temperature studies, the temporal lattice range has
to extend far above the pion correlation length. The introduction of a finite lattice spacing
has a second effect: it acts as momentum cut-off, making integrations of Feynman integrals
ultraviolet finite. This regularization merely corresponds to defining what we mean by path
integral. Eventually, one would like to recover physics in the continuum limit removing the
lattice structure a — 0. As a decreases, the number of lattice points has to increase to
maintain the physical volume constant (ideally, before sending a to zero, one would reach
the thermodynamic limit).

1.3 Fields on the lattice

In this section, we introduce the boson and fermion fields suited for the lattice scheme.
Additional details can be found in [8, 7]. The QCD action can be divided into the fermionic
part Sr and the gauge part Sg. In general, it is possible to perform lattice simulations of a
theory of pure gauge fields without fermions, known as quenched QCD.

1.3.1 Gauge fields: Wilson gauge action

We have seen in Sec. 1.1 that requiring to preserve local gauge invariance in the continuum
lagrangian introduces the gauge fields A, through the covariant derivative in Eq. (1.2). On
the lattice, the gauge fields are replaced by the link variables U,(z) that can be expressed



as the path-ordered exponential function,

T+afl

U,(z) = Pexp | ig / dr,Au(z) |, (1.10)

T

where the integral is carried along a path connecting the point x and x + aji. These variables
live on the link connecting two nearby sites, a segment oriented as ji of length equal to the
lattice spacing a. Now, we can construct a strictly gauge-invariant gauge action from the link
variables. It can be easily built by taking the product of link variables around the smallest
closed loop on the euclidean spacetime. Called Wilson plaquette, it is an elementary square
in the pv plane,

U (@) = Upl@)Uy (& + @)U}z + 9)U} (@), (1.11)

where the link variables are path-ordered. To handle products of four-link variables in an
organized way, it is useful to use the Baker-Campbell-Hausdorff formula

exp(A) exp(B) = exp(A+ B+ = [A Bl +...), (1.12)

where A and B are arbitrary matrices, and the dots indicate powers larger than two, which
are omitted. Applying to the plaquette in Eq. (1.11), we end up with

U = exp (ia*G . (n) + O(a®)) (1.13)
Finally, we can write the Wilson gauge action for a general non-abelian group SU(N),
gWilson _ NZZRe (Tr(1 — Uy (2))) = ZZTr ) +0(a?),  (1.14)
x  p<v x  p<v

with the inverse coupling 8 = 2N/g?. In the last term is used the expansion of the exponential
in Eq. (1.13). In the limit @ — 0, this term reproduce the correct continuum gauge action,

Sg = 2; d'zTe(G2,). (1.15)

1.3.2 Fermion fields
We can now move to the case of the Dirac fermion field. Consider the Lagrangian density,
L =1, (iau (%)aﬂ — m5a5> Vg, (1.16)

where 9 is a 4-component field, and ~, are the Dirac matrices.
Moving from the Minkowski to the Euclidean metric, the gamma matrices becomes vZ =
70, vF = —in'. The euclidean action takes the form,

SE:/d4:v¢( om "+ m) . (1.17)



The derivative in the fermion Lagrangian appears at the first power; hence, there is no longer
freedom in the choice of the analogous discrete term. The only derivative anti-hermitian by

itself is the symmetric derivative,
1 . .
5g W@+ i) —d(z = f)). (1.18)

Thus the discrete Euclidean action takes the form of the so-called naive fermion action,

SE—aZz/J EQ”“’” +Zw Yyma(x (1.19)

Ap(z) =

This can be rewritten further as a term bilinear in the fermion fields,
Sp =a*> p(x)Mi(), (1.20)

where M is the fermion matrix,

acx 5:590’—A
M = Z *“ =il . (1.21)

To use Feynman’s functional integral, we have to ensure that the fields satisfy the correct
anti-commutation relations. It is then necessary to introduce Grassman numbers, which
satisfy the following conditions

on;
{min;} =0, a—z =0 ; /dm =0; /dnjm = 0;j. (1.22)
J

Next, we integrate over Grassmann 4-component spinors ¢(z) and (x). Using series ex-
pansion for the powers in the exponential, we get

/ Hdw Hdz/J RIMuv) — N det(M),
/ [T et [T avtwte 5 00)o05) = N a5 (1.23)

< Y(x)Y(y) >= M, (1.24)

The Fourier transform of the inverse of matrix M gives the free fermion propagator,

- m —ia~' Y7 vl sin(p,a)

M~ (p) = : : (1.25)
m? + a2} sin®(p,a)
and finally obtain, in the continuum limit,
* E gy (IS0 ]
< YPo(2)s(y) >= lim o gtpv(@=y)y (1.26)

a—0 73 (27T)4 Z,u sin2é§ua) +m2



sin(pya)
a

In the limit @ — 0 the quantity
in ultraviolet region (p, = +7).

It seems we end up with an incorrect limit, with non-physical contributions. Even worse,
they double for each dimension, ending up with a total of 16 = 2* = 2¢ different regions of
contribution in momentum space, with only one of them being physical. This problem, known
in the literature as fermion doubling, has its origin in the use of the symmetric derivative.
It is possible to fix those unwanted extra spurious doublers with the Wilson term,

stays finite both in the infrared region (p, = 0) and

M~ (p)=m+ 2 Z (75 sin(p,a) + 2(1 — cos(pw))) : (1.27)

where the extra 15 doublers get proportional to a™!, thus infinitely heavy in the continuum
limit. While for the proper pole with p, = 0, the correct fermion mass is kept in place.

Interactive fermion action

It is now time to couple the fermion and gauge fields together. This merely means modifying
the derivative to the covariant derivative adding the link variables U,, which transform the
interactive fermion action as,

S?(wilson) — &4 Z @B(f)’)/f Uu(x)w(x + /JJ) QGUM(m)w(x M) + Z &(x)mw(x), (128)
f,x T
where U_,,(z) = U,(x — i1)T. Eq. (1.28) is a combination of two forward derivatives, i.e., a
discretization of —(a/2)D,D,, and will vanish in the continuum limit. In general, mass terms
explicitly break chiral symmetry?, but in the chiral limit m — 0, chiral symmetry is restored.
However, the Wilson action breaks the chiral invariance explicitly even in the chiral limit; a
price to pay to remove the unphysical fermion excitations.
The complete action for fermion and gauge fields then reads

SIU, 4] = SalU] + Sp[U, 4], (1.29)

where we emphasize the dependences. Notice that both the gauge action and the fermion
action depend on the fields A,(n) through the link U, (n). This means that in the functional
integral is possible to substitute the integration measure D[A,(n)] with D[U,(n)].

1.4 Improvements

1.4.1 Symanzik gauge action

In this section, we introduce Symanzik’s improvement [9, 10| for the Wilson action in
Eq. (1.14) that aims to approach the continuum limit quicker by subtracting an extra term
in action, i.e., minimizing the consequence of a non-zero lattice spacing.

2the invariance of the action for transformations in flavor space



We have to remember that the discretization we have chosen is not unique, and, as long
as we keep the continuum limit unchanged, it’s possible to add different terms. This is
equivalent to a change of the regularization scheme. Symanzik has shown [11] that every
Lagrangian field theory on the lattice in d dimension yield the same on-shell matrix elements
of an effective local Lagrangian in the continuum of the type

Liapt = Lepp = Z CEO)OEO) + a? Z CEZ)OZ@) +at Z c§4)(9§4) +..., (1.30)

where (’)En) are local operators of dimension d + n. Then, in order to build an improved
lattice action, the corresponding effective Lagrangian will have the form,

Elatt,impr = Eeff,impr =L + a?p Z Cz(?p) Oi@p) +.. ) (131)

using appropriate linear combinations of operators (’)Z-(QP ) where p is an integer. Its a non-
trivial task determining the coefficients ¢;, and there are several different ways to do it, both
numerically and perturbatively [12].

In our simulation, we use a tree-level O(a?) improved Symanzik gauge action; thus,
lattice artifacts are corrected only in part. This is done by showing that the Wilson action
is equivalent on the continuum to the effective Lagrangian

1 % 1 2 R nll1% 4
ﬁeff = _Z_l ,WF + ECL 6NFM,,0 Pr 4 O(& ), (1.32)
thus, to cancel out the O(a?) term, we add an irrelevant operator.

The choice for this work is

S;S'ym = 6 %OZReTr(l — Uplaq) + % Z ReTT’(l - Urect) 3 (]‘33)
plaq rectq

where Uy, and U, are respectively square (1 x 1) and rectangular (1 x 2) loop. The
parameters ¢; are set to their tree-level values ¢; = —1/12 and ¢y = 1 — 8¢; = 5/3.

1.4.2 Clover-improved Wilson fermion

It is also possible to improve the Wilson lattice fermion action to O(a) level. This is done
by adding the so-called clover term to obtain the following improved action

PV = SFVI= LYY (Yo FulVIv) (@), (1.34)

r  u<v

with 0, = %['Vm%] and the Sheikholeslami-Wohlert coefficient [13] is set to the tree level
value cgi = 1. The lattice field strength tensor [, can be written as

Fyul2) = <5 Q) — Quula) (1.35)



Figure 1.1 Clover term graphical representation: sum @, (x) of plaquettes U, ,(z)

where (), (x) (shown in Fig. 1.1) is the sum of plaquettes U, , in the y — v plane as
Quv(x) = Upp(2) + Uy () + Uy (2) + Uy () (1.36)

where the plaquettes are computed for smeared links V' that have undergone two levels of
HEX smearing [14]. HEX derives from the HYP setup [15], but with stout/EXP smearing
[16] rather than the standard APE smearing [15]. When smoothing or smearing, one replaces
the link variables by local averages over short paths connecting the link endpoints. Smearing
techniques are used to reduce violent short distance fluctuations of the gauge fields, leading
to improved long-distance correlation functions.



Chapter Two

Resonances

Most hadrons are observed experimentally as resonances: particles with very short lifetimes
(e.g., 107%3s) that manifest themselves as structures in experimental observables. In an
experiment, the typical process for the formation of resonances (R) is usually of the form

A+B—-R—-Ci+---+C,, (2.1)

where an energy scan makes them appearing (ideally) as peaks in scattering cross-sections.
When the structure appears narrow, and there are no other resonances nearby or relevant
thresholds, the resonance can be fitted employing a Breit-Wigner parametrization (Sec. 5.4).
However, the rich phenomena of resonances with its vast range of widths (from few to
several hundreds of MeV) and often overlaps of similar quantum numbers, call for refined
parametrization that combined resonances terms in a non-trivial way, e.g., the K-matrix
approximation (Sec. 2.5). When the process in Eq. (2.1) involves the same in- and out-going
particles, the scattering is regarded as elastic, which offers a more straightforward theoretical
treatment.

When it comes to low-energy (or low-momentum transfer), QCD perturbative methods
can not be applied. Quarks and gluons are confined within color-neutral hadrons with a
complex structure that requires non-perturbative methods such as Lattice QCD. The study
of resonances and the determination of their parameters in the last decade has mainly focus
on low-lying meson resonances, in particular the low-lying p meson [17, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34]. This initial round of studies served as the
first evidence of the applicability, in LQCD calculation, of the Liischer method. At present,
elastic meson-meson scattering is already achieving high-precision measurement, establishing
a solid foundation for more complex scattering processes.

On the other hand, scattering involving baryon-meson is far less established, with few
studies published at present date 35, 36, 37, 38, 39, 40, 41, 42|. Scattering amplitudes
involving baryon have more difficulties when compared to the pure meson-meson sector [43].
The signal-to-noise ratio in baryon correlation functions is known to be generally worse than
the meson interpolators [44, 45|, with the former running as oc e(™5=3/2m=)t and the latter as
o elmv—mot \Wick contractions also escalate with the additional valence quarks included,
leading to higher storage and computational cost. Moreover, on the group-theoretical side,
the half-integer spin of baryons complicates the construction of irrep-projected operators

146].
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Figure 2.1 Baryon decuplet of spin—% with the A family on the top row.

2.1 The A(1232) baryon resonance
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50 :—
0 (L | | | 1 ‘ |
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Figure 2.2 Phase shift P33 (I = 1,1 = 3/2,J = 3/2) for nucleon-pion system from
fit to experimental data [47]. The change in the value of the phase shift § signal the
onset of the resonance. The center-of-mass energy value at which the phase shift
cross 90° is where the scattering amplitude reaches its maximum.

In this work, the focus is the Nm — N elastic scattering in the I = 3/2 and J¥ = 3/2F
channel where the lowest-lying baryon resonance, i.e., the A(1232) is located. In particular,
we aim to extract the phase shift in the elastic region (see Fig. 2.2), which is the region
between the Nm and Nzm thresholds. First observed in pion-nucleon scattering [49], the
A(1232) can also be produced when energetic photons or neutrinos hit a nucleon [50].

The A baryons come in nature in a family of four composed particles of u and d quarks:

11



| Particle | J” | Dy.[MeV] |
A(1232) [ 3/27 | 112.4(5)

A(1600) | 3/27 | 18(4)
A(1620) | 1/2= | 37(2)
A(1700) 36(2)

3/2-

Table 2.1 The A(1232) and nearby resonances with listed J© and decay width in
N [48].

A~ A% AT and AT (see Fig. 2.1). Due to isospin symmetry in u and d quarks on the
lattice, the four variants have the same properties. Thus, in the following, we choose to
consider only the AT (I3 = +3/2).

The Particle Data Group (PDG) [51] describes the A(1232) resonance as follow:

e Mass m: Re (pole position) ~ 1210 MeV / Breit-Wigner mass ~ 1232 MeV
e Width I': 2 Im (pole position) ~ 100 Mev / Breit-Wigner full width ~ 117 MeV

e Decay modes:
Nm: 99.4%
N~: 0.55 — 0.65%

where the width ! corresponds to a lifetime 7 = £ ~ 5x 107*!s. The strong decay dominance
in the nucleon-pion system shows an almost completely elastic process (visible in Fig. 2.5)
[48]. Nevertheless, nearby resonances with equal or similar quantum numbers (see Tab. 2.1)
urge us to take into account possible small contributions on the phase shift [52]. This fact is
of particular relevance considering lattice irreps that combine several infinite-volume angular
momenta, thus mixing different phase shift contributions.

In the next section, we revisit the concepts and methods used to parametrized the scat-
tering amplitudes of resonances in scattering processes.

2.2  Quantum mechanical scattering

In the following, we present a quick review [53| of the methods that lead to the partial waves
parametrization, often implemented to examine how states with definite angular momenta
are affected by the scattering (for a broader introduction see e.g. [54, 55, 56]).

Let us start from the Hamiltonian of two-body system particles of mass my, ms combined
with a short-ranged potential V',

p1 P2
H=—+—+YV 2.2
2m1 + 2m2 + ’ ( )

Tt correspond to the physical width only at physical pion mass

12
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Figure 2.3 Kinematics in laboratory frame and relative coordinates.

It is then convenient to switch to relative and center of mass coordinates (see Fig. 2.3),

— ml7?1 + mgf'g

e R = - e 2.3
F=T —Ta, e (2.3)
k= MoP1 — TPz m1p27 P= D1 + Do, (2.4)
mi1 + mo
which transform the Hamiltonian as
P2 k2
H=—+4+—+4+V=1T,,+H,., 2.5
51f T o + + Hyel (2.5)

where M = my +my and the reduced mass is u = mymsy/M. The potential now is described
only with a dependence on the relative coordinates so that we can split the total wave
function in waves for center-of-mass motion and relative motion:

|\II> = |¢cm> |1/}7‘el> ) (26)

where |1).,) depends only on the kinetic energy (through total momentum 13), while [ty)
encapsulate the scattering momentum k. The problem is now turned effectively into a one-
body problem, and setting P = 0, we can focus on the wave function [t,) only (we will
drop the label rel from now on). This describes an elastic scattering on potential V' from
an incoming k to an outgoing ¥ with |k| = |E’] and £ = k*/(2u)(with i = 1). The process
can be view in terms of an incoming (incident) plane-wave and an outgoing (scattered)

spherical-wave,
ik

¢(+) (F) = Q/Jm(f‘) + 7psc(r_‘) = W + %c(?% (27)

and assuming that the potential V' falls off faster than 1/r, then the wave function has an
asymptotic form,
-, ikr
B — @) AT + £k, 0,0)

r—00 T

) (2.8)

with scattering angle 6 given by cosf = k - k' (see Fig. 2.4). In Eq. (2.8) is introduced the
scattering amplitude f, which encapsulates the physical information about the scattering. It

13



Figure 2.4 Scattering problem for an incident plane wave on a spherical target.

modulates the out-going spherical wave function with a dependence on the scattering angles
(relative to the beam direction).
The differential cross section is defined as,

do 99 0, 6) = number of scattered particles into d€) per unit time Syer? (2.9)
s number of incident particles per unit area and time S, ’ '
where S,. and S, represent the scattered and incident probability densities,
Sin =Re (v}, — 1/1 ) = Re(e *ikziz‘kei’“) ot (2.10)
wm 1nd m /[IM u) .
. *efzkr 1 eikr 1 k ) 1
Sse =Re( scd 1/13(:) = Re(f —zkf —) +0(35) o Wlfl +0(3), (21D

which reduce the differential cross section to

do

o (.0.0) = |/ (k. 0.9) (212

Now, considering a more straightforward case where we do not consider spin observables,
e.g., the spin orientation of at least one of the particles is known (polarized), then the
scattering amplitude f(k, 0, ¢) is independent of ¢, and we can then drop this dependence.

Expanding the wave function in spherical coordinates,

o

-3 LT -y

=0

Pl (cos ), (2.13)

where there is only the spherical harmonic Yo (0, ¢) = (6, ¢|l, m; = 0), because there is no ¢
dependence, so it can be used Yy = 23—:_13(008 0). The radial Schréedinger equation,

d*up [l(l +1)

dr? +2uV - kz?} u =0, (2.14)

r2
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is satisfied by the radial part wu;(r) of the wave function (if there is no mixing of different [
values) with solutions of the kind,

w(r) = Csinkr + D cos kr, (2.15)
which we can rewrite in the form
w(r) = Bsin(kr —ir/2+6;), C = Bcosd, D = Bsind,, (2.16)

where the values of B and §; are determined by the exact solution, which depends on the
potential V.

2.3 Partial waves and S-matrix

In general, resonances have a well-defined spin. Angular momentum is conserved in a spher-
ically symmetric central potential due to Noether's theorem. We expand the wave function
in the angular momentum eigenstates and parametrized the scattering amplitude f in terms
of a sum among the components of the partial wave

[e.e]

f(k,0) = (20 + 1) fi(k) Pi(cos ). (2.17)

1=0
The incoming plane can be expanded over all values of [ as,

o0

0 ikr l,—ikr
ik-# __ ikrcos® __ B (_1) €
et =e = ;(2[ + 1)i 5y (kr)Py(cos 6) E;) ; (20 + 1)P(cos ) o7k ,
(2.18)
where is used the spherical Bessel function 7; in the limit of large r,
sin(kr —1%5) 1 e — (=1)le %
(K > 20 = — 2.19
jilkr) r—00 kr kr 21 ’ ( )
which contain both incoming and outgoing waves.
Finally, we can apply the partial-wave expansion to Eq. (2.8) and obtain
S (k)eikr o (_1)le—ikr
) (r 2 52y (20 + 1) Py(cos 6 2.20
where is introduced the partial wave S-matrix
Si(k) =1+ 2ik fi(k), (2.21)

For elastic scattering, the conservation of probability ensures that the S-matrix is unitary
(]S;(k)|> = 1). From the constrain given by the optical theorem [56] the S-matrix can be
parametrized through the phase shift §;(k) as

S[(k‘) — 62i51(k) = 6—i5l(k)’ (222)
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which also parametrize the scattering amplitudes f;(k) as

Sl(l{?> —1 Giél(k) sin 51(/6) 1
k) = = = . 2.23
filk) 2ik k k cot 6, (k) — ik (223)
Putting pieces together, the asymptotic wave function in Eq. (2.20) becomes
N ssin(kr — 12 +6,
P (r) — (2m) =3/ ;(2[ + 1) Py(cos B)i'e™ sin(kr o 2 Z), (2.24)
And, in terms of the phase shift, the total cross section is,
00 Are 00 .
o(k) =4m Y (2 + 1) (k)] = e > (21 + 1) sin® ,(k), (2.25)
1=0 1=0

which can be related to the imaginary part of the scattering amplitude f at angle 8 = 0,

through the optical theorem,

o= %Imf(e ), (2.26)

which connects the total cross section to the forward scattering amplitude. The phase factor
0; derives from probability conservation; scattering must conserve the flux from the ingoing
to the outgoing wave. The shift in phase causes the interference among the partial waves
resulting not in the plane wave anymore, but in a scattered wave.

The S-matrix in Eq. (2.21) for the case of multi-channel scattering is parameterized as,

Sha = Oba + 2 foa, (2.27)

where labels a, b indicated the scattering channels. From the unitarity of the S-matrix one
gets for the diagonal element,

nexp(2id,) — 1
faa = 2 )
1
where 0, denotes the phase shift from channel a to channel a. The additional parameter 7
refers to the inelasticity: 7 = 1 means purely elastic, while n < 1 infers absorption (e.g.,
excitation) or inelasticity (e.g., the production of extra particles in the outgoing state). The
off-diagonal element for a two-channel problem is parametrized as f,, = /1 — n%/2 exp(i(dp+
d4)). The evolution in the energy scan of partial wave amplitude in Eq. (2.28) can be
displayed in the trajectory of an Argand plot in the complex plane.

Fig. 2.5 shows the Argand plot for the P33 phase shift of the N7 scattering, where Pis3
is a nomenclature convention which refers to P-wave (I = 1) with isospin I = 3/2 and total
angular momentum J = 3/2. From the center of the complex plane, an increase in energy
corresponds to a counter-clockwise rotation around the unitarity circle. The inelasticity n
parametrizes the center’s distance; a pure elasticity would keep the trajectory on the unitarity
circle at a fixed radius. For the vast majority of the energy range, it can be seen a purely
elastic scattering, with a sign of inelasticity appearing only at the upper end of the energy
scan caused by the crossing of the N7 threshold. The depicted resonance (Ps3)A(1232) has
an elasticity of 99.4% [48].

(2.28)
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Figure 2.5 Argand plot in the complex plane as a function of c.m. energy (W) of
the elastic P33 amplitude for 71N — wN. Also, the imaginary and the real part of
the scattering amplitude are plotted against the c.m. energy. Taken from [48].

2.4 Pole structure

In a 2 — 2 scattering process, the 4-momenta p; used to describe the kinematics represents a
total of 12 independent variables. Nevertheless, the dynamic is constrained by 4 mass-shell
conditions, i.e. |p;|> = m? , 3 Lorentz boosts, and 3 rotations. This fact enables us to choose
a smaller set of Lorentz invariant variables to describe the kinematics. A popular choice of
variables is the Mandelstam variables (with only 2 of them being independent) defined as

s=(p1+p2)* = (ps+pa)’ (2.29)
t=(p1— P3)2 = (p2 — D4 2 (2.30)
u=(p1 —p1)* = (p2 — p3)°, (2.31)

where pq, ps are the initial and ps, ps the final 4-momenta of the particles. Using the on-shell
mass condition p? = m? (with the rest mass m;), one gets immediately

4 4
s+t+u=2p?=2m?, (2.32)
i=1 i=1

which can be visualized in the Mandelstam plane in Fig. 2.6.

This triangle’s vertices in Fig. 2.6 refer to thresholds (sum of the square of rest masses
of the incoming particles) that, once crossed, access the regions of elastic scattering. The
S-matrix (Eq. (2.21)) is analytic in the Mandelstam plane, generally true up to its poles or
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Figure 2.6 Mandelstam plane. The region on the bottom right where the Mandel-
stam variable s cross the threshold represents the physical region of scattering, also
known as the s-channel.

physical sheet unphysical sheet

Figure 2.7 Riemann sheets: physical and unphysical sheets are connected smoothly
along their discontinuities. The cross represents a bound state, while the dot indi-
cates the resonance poles. The solid line is the physical axis (shifted by ie into the
physical sheet). Taken from [58].

branch points. Branch points onsets whenever there is a threshold (channel opening), which
translates in Riemann sheets doubling [57]. Those are defined as physical and unphysical
sheet (see Fig. 2.7) if they have, respectively, Im(y/s — >_m?) > 0 or Im(y/s — > m?) < 0.
Those sheets are analytically connected along the right-hand cut above the threshold. For
example, the s-channel is the branch cut opening at s = Y m? (see Fig. 2.6) that will open
two sheets in the complex s-plane.

Poles refer to bound states, virtual states, or resonances. Bound states belong on the
physical sheet on the real axis, while virtual states and resonances are located on the un-
physical sheet closest to the physical one. Analyticity requires for each pole located in s to
have a mirror pole located in the complex conjugate value at s* (as in Fig. 2.7). A difference
between these two poles is that the one located in the negative imaginary part is closer to the
physical axis. Thus it has a more substantial influence on the observables in the resonance
energy region.
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2.5 K-matrix parametrization

In this section, is presented a brief review of the K matrix formalism [59], originally intro-
duced to study resonances in nuclear reactions by Wigner [60] and Wigner and Eisenbud
[61]. As discussed before, in a multi-channel scattering, the amplitude of an asymptotic
initial state |i) to be found in an asymptotic final state |f) is

Spi = (fIS1i) (2.33)

where S is the scattering operator (introduced in Eq. (2.21)). In order to exclude the case
of non-interaction between the particle (the identity operator I), is common to parametrize
it as

SO (s) =TI +2TD(s), (2.34)

where is defined the transition operator 7' (or T-matrix). The dependence is on the invariant
mass of the system s and the partial wave [. A clear difference in the two parametrizations
is that the S-matrix consider also the incident wave, while T-matrix parametrizes only the
scattered wave. Conservation of probability infers the unitarity of the scattering operator,
SST = S1S = I and subsequently, one gets

L )+ I k
(T =T =Im{T)} = T"6(s — spp)) Ty (2.35)
where we assume that due to time-reversal of the strong interaction, T") = T®T [3]. Here
the indices 7, j label the channel of the scattering, and sy, represent the threshold energy
for the channel . Equivalently,

Im {7V} = —0(s — sS4 )05 (2.36)

One can now introduce the K operator to capture the real contribution of 7W~! in the
following way

(T = {K) ™"} = 0(s — si)3, (2.37)
and from time-reversal symmetry of S and T follows that K has to be real and symmetric.
Multiplying Eq. (2.37) by K and T from left and right remove the inverse operators as

7O — O + iTORO — O + Z'K(l)T(l)7 (2.38)

which shows that operators K and T commute, i.e. [K,T] = 0.

To properly relate the K-matrix to the T-matrix under the S-matrix unitarity constraint,
the imaginary part in Eq. (2.37) above threshold has to have the form Im/;; = —p;(s)8(s —
Sthr)0ij. The Chew-Mandelstam function relates the real part to the imaginary part through
a dispersion integral and also offers a smooth transition across the kinematic threshold [62].
Thus, as outlined in our previous work [3], in order to describe the correct analytic structure
from the N7 threshold we define a two-body wave function for an initial and final state with
a proper normalization of the two-particles states [63],

R ([ (S ET Y RETE Iy e
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where i label the scattering channel and a,b represent the two particles involved in the
process (forA us, that would be the nucleon and the pion). We can then define the rescaled
T-matrix, T,

7O — p1/2jﬂ(l)p1/2’ (2.40)

as well as the rescaled K-matrix, K , as
KO = pl2g0,1/2, (2.41)
Finally, the scattering phase shift §; can be related to the K-matrix via
KW = tan(4), (2.42)

or to the transition amplitude T® as

1
T =~ (2.43)
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Chapter Three
Hadron Spectroscopy on the lattice

On the lattice, the study of two hadrons interactions requires the creation and annihilation of
the hadrons through operators O tuned with the desired quantum numbers. These operators
are then used to build correlation matrices to extract energies from the evaluation of matrices
elements such as

[e.e]
Cij(t) = (Ou(t))O;(t)) = Y e iy, Wi = (0] Oi|n) (3.1)
n=1
where t; is the source time, and ¢; is the sink time. Also, |n) represents eigenstates of the
Hamiltonians and is assumed a large temporal extent 7. The correlation matrix elements
are evaluated by performing the Wick contractions: the path integral over the quark fields
for a certain configuration of the gauge-field.

We seek to use operators that maximize the overlap v,; with low-energy states in this
work. Consequently, use them to create projected operators that transform under the sym-
metry corresponding to the spin (or angular momentum) of interest. Strictly speaking, the
aim is to maximize overlap with the states of interest while also reducing the variance in the
estimate of the matrix element Cj;. In the next sections are shown the steps we follow to
build the operators N, A, and N, and project in the appropriate lattice irrep.

3.1 Interpolating operators

AT [+ [ Nt
J | 3/2 10| 1/2
I 3/2 11 1/2
I3 | +3/2 | +1 | +1/2
Pl +1 | -1 ] +1

Table 3.1 Quantum numbers of the hadrons under study: total angular momentum
J, isospin I, third component of the isospin I3, and parity P.

Below are presented first the unprojected operators of the three particles involved in
the process to study. The chosen structures are pretty standard among the studies that
implement the same type of particle states. In Tab. 3.1, a list of quantum numbers of the
single hadrons relevant to this work is outlined.

21



3.1.1 Pion

The pion is a pseudoscalar meson with quantum numbers I = 1, J° = 0~ composed of a
quark and an anti-quark. In Nature, it comes in a family of three particles: 7%, 7= 7. Our
choice for interpolator for the positively charged pion (I3 = +1) is:

mH(p) = Zcﬂfmu(:ﬁ)eiﬁf (3.2)

Under parity transformation P the operator in Eq. (3.2) shows the negative parity,

7T, x0) = d(Z, 20)v5u(Z, o)

£> CZ(—ﬂ $0)707570U(—f7 960) (3.3)

= —d(—Z, o) ysu(—7, x¢)

= —7T+(—f, )

Conjugating the interpolator in Eq. (3.2) gives the interpolators for the creation operator

(P) = D ul@nsd(@)e” (3.4)

3.1.2 Nucleon

The nucleon (with quantum numbers I = 1/2, JF = 1/2%) is a baryon made of three valence
quarks representing the proton and neutron. The neutron is composed of udd quarks resulting
in an overall neutral electric charge, while the proton has an electric charge () = +e¢ from
quark content uud. From the fact that the electric charge in QCD is not relevant, both proton
and nucleon are related by isospin symmetry (I = 1/2) and are commonly represented by
the nucleon operator.

The nucleon interpolator we implement is with I3 = +1/2:

Nu(p) = Z €ave(T1u® (7)) (" () (T2)50l5 (7)) (3:5)

where the combination (I'y,T'g) can assume the three values (s, C),(1, Cs) and (1, Cyoys).
These first two combinations belong to the restricted Lorentz group irrep D(1/2,0)®D(0,1/2)
and the third to D(1/2,1)® D(1,1/2). After an initial assessment of the overlap of the three
different combinations of (I';,I'y) we restrict ourselves to the two best gammas combination
overlapping with the nucleon state: (1, Cs) and (1, C797;). As an example, for the gamma
combination (1, C~s) the nucleon operator transform under parity as,

N(Z, x0) = €apetia(T, xo)(ubT(f, x0)Cy5d (T, x0))

L €abeY0Ua(—T, 330)(“;{(_3?7 'CEO)’Y(%FC'YS’YOCZC(_fv T0)) (3.6)
= €abeYoUa(—T, $o)(ug(—f, 10)Cysde(—T, 10))
= N (=7, o)
where we used 7. C = —C,. The nucleon creation operator is given by,
Nu(B) =Y cancl @] (DTS de()(T 1 (7)) ™ (3.7)

—

x
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3.1.3 Delta

The A is a baryon with quantum numbers I = 3/2, J© = 3/27. It can be obtained with a
combination of gammas (I';,I's) = (1,C%;), where j = z,y, 2. The spatial gamma matrix
7; creates a diquark with J = 1, which, combined with the third quark outside (J = 1/2),
creates a mixture of J = 3/2 and J = 1/2. Subsequent Rarita-Schiwnger projection [64],
shown in Eq. (3.11), makes it possible to isolate the J = 3/2 component. The construction
of the A vector-spinor start from the interpolator,

Yy = eabcuZ(ubTC’fyqu) (3.8)
where, from the isospin symmetry, is considered the quark content of the AT (uuu). The
quantization conditions for the vector-spinor field

p-¥(p) =0 (3.9)
P=0 (3.10)
together with the Rarita-Schwinger projection on the spin-3/2 components,
P32 = 5, — ! 3.11
A e 3—]92(7 “PVuPv + PueY - P) (3.11)
gives the delta operator,
Ap)y = (P2 (p)w) 50 ()] (3.12)

In particular we resort to using two A operators with I3 = +3/2:

ADG) = eunela( @) (uf (7)Craue()) €77,
2 ’ T - (3.13)
AP(@) =3 ewe(ua(@)), (uf (1) Crinouc(@)) €77,

—

x

3.2 Spin on the lattice

To correctly identify the hadrons is essential to tune the operators to the correct quantum
numbers of the specifically chosen hadron. In continuum, QCD states are classified according
to their angular momentum .J and parity P, which labels the irreducible representation
(irrep) of the relevant symmetry group, i.e., the improper rotation group O(3). These irreps
have both bosonic (single-valued) and fermionic (double-valued) representations [65].
Standard practices for building relativistic operators in the continuum theory involved
combining v matrices, conjugation matrices C', and Dirac spinors to create objects with
transformation property of scalars, pseudoscalars, vectors, and pseudovectors. The same
technique can be applied to the discrete case of lattice field theory with mostly successful
results. Though it is known to be less effective with particles of a higher spin quantum
number, often coupling to states of different J¥ (spin-parity) [66]. This spin mixing, present
only in the finite volume, is due to the hypercube lattice breaking Lorentz covariance. The
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rotational symmetry on the lattice is heavily reduced with respect to the infinite-volume.
The 24 operations (rotations) that leave the lattice grid unchanged is the octahedral group
O. Once the inversion is added as symmetry operation, the group is Oy, which has 48
operations.

Lattice states are classified by irreducible representations A, which are a reminiscence of
the infinite-volume irreps J*. In addition, the projection of the angular momentum onto
some axis J, that labels the row of the representation J¥ correspond, in the lattice irreps,
to the row r of the irreps A.

In this study, we are interested in baryons, for which the symmetry group of interest
for fermions is the double group, labeled in the following as superscript ”D” as in, e.g., OF
[67]. Double groups (also called double cover) extend the number of elements of the original
group introducing an additional element E, i.e., a 27 rotation, to have a proper one-to-one
mapping with a spinorial group, e.g., SU(2) [68|.

The mapping between infinite- and finite-volume is from an infinite to a finite amount
of irreps. Therefore there is no one-to-one mapping, but rather each lattice irrep A contains
many states from different continuum irreps. This state‘s mix makes proper spin identi-
fication a challenging task where different spins belonging to the same irrep are virtually
indistinguishable from one another.

Additionally, considering only the N7 system in the rest frame results in a rather sparse
energy spectrum. To increase the energy points available to constrain the phase shift fit
we consider also moving frames [69, 70| on the same ensemble, where the Lorentz boost
contracts the box, resulting in different effective values of the spatial length along the boost
direction. Unfortunately, states mix in the irreps belonging to moving frames is enhanced
due to the reduced symmetry of boosted frames.

To build operators that transform according to the group (reduced) symmetry of the
lattice, there exist various techniques [71]: the projection method, the helicity method, and
the partial wave method. Given the simplicity and broader usage among other studies on
the subject, we choose to implement the projection method. In particular, we align to
the implementation of the projection method used in [66] and [46], using the same naming
convention of groups, irreps, and elements of the groups (rotation and inversion).

3.2.1 Spin-J rotations matrices

This section outlines the rotation matrices employed to transform the operators according
to their spin J (for a broader introduction, see e.g., [72]). In general, for a specific axis of
rotation 7 and angle of rotation w around this axis, the rotation matrices U”(w, 77) are,

Uil ap (w, @) = (J, M| exp(—iwi - J)|.J, M') (3.14)
where is assumed |77| = 1.

More specifically, for each spin J employed in the projection method, we present below
the generators used to build the rotation matrices.
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SU(2), J = 1/2

The generators for SU(2) J = 1/2 rotations slightly differ depending on the choice of gamma
matrices (we use the DeGrand-Rossi matrices shown in App. A). They are given by,

1 :
(ji/2>3 = 8_j€jk‘l[’yk7’7l]7 jakvl € [xyya Z] (315)

and the exponentiation of Eq. (3.15) gives the proper rotation matrices. In addition, the
reflection (inversion) for a spinor is given by I = ~,.

SU(2),J =1

The reflection transformation is given by [ = —13

Cartesian basis The generators for SU(2) J = 1 in the cartesian basis are

00 0

Jl=10 0 —i (3.16)
0 i 0
0 0 i

1

Jy=1 0 00 (3.17)
—i 0 0
0 —2 O

J=|i 0 0 (3.18)
0 0 0

The rotation for the cartesian basis for angle w around the axis 7 are given by
(Ri)ap = cos(w;)das + (1 — cos(wi))ng)ng) - sin(wi)eagvnﬁf), afy=ux,y,2 (3.19)
or from the exponentiation of the generator in Eq. (3.16)
Rii.w, = exp(—ift - Jw;), i=uxzy, 2 (3.20)

These are the rotations applied to the 3-momentum vector p' = (p,,py,p.) and to the
operator A; = (A,, Ay, A,)

Spherical basis Alternatively, it is also possbile to use the spherical basis. In this case one
start from the spherical basis (—(A, —iA,)/V2,A., (A, +iA,)/v/2). The transformation
to spherical basis coordinates is given by

?}+1 vE
0 | =U | v (3.21)
vt v*
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1 %
v vV
U= o 0 1 (3.22)
1 )
z n 0
The generators for SU(2) J =1 in the spherical basis are
1 010
Jl=—110 1 (3.23)
V2 010
; 0 -1 0
Ji=—7(1 0 -1 (3.24)
V210 1
1 0 O
Jr=100 o0 (3.25)
0 0 —1
SuU(2), J = 3/2
For the spin J = 3/2 the generators are,
0 X2 0 0
s oo o100
Ji = 2 3.26
0 1 0 ¥ (3.26)
0 0 ¥ 0
0 —¥ 0 0
s o0 -1 0
J? = 2 3.27
y =1 0 1 0 _\/Tg ( )
0 0 ¥ 9
30 0 0
s o2 0 0
J2 = 00 —1 0 (3.28)
00 0 -3

3.2.2 Matrix elements of irreducible representations

The construction of matrices of irreducible representation in the double group OF (rest
frame) can be found in [73, 74]. The formulas for the half-integer matrices belonging to
irreps 2-dim. G1,Go, and 4-dim H are:

G1: (R;)ap = exp (—% ﬁ(i)c?wi> = 05 CO8 L — i) Gy sin &
af
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A I'A(Cy,) r'(Cy,)
lg V21 1 V20 141
o L1 -1 L [1=i 0
29 V21 1 V2|0 141
1 -3 V3 -1 —1—i 0 0 0
gl | V3 o1 -1 VB N 0 1—i 0 0
Il2v2 | /3 1 -1 —/3 V2 0 0 1+4+i 0
1 V3 V3 1 0 0 0 -1+

Table 3.2 Representation matrices taken from [46] of two transformation elements
for irreps belonging to group O;LD). All other group elements can be obtained from
proper compositions of these two elements and the element for space inversion I.
A (1) is the identity matrix for the even-parity irreps (subscript g, meaning gerade)
and minus times the identity matrix for the odd-parity ones (subscript «, meaning
ungerade).

Go: the matrices are like GG except change the sign in the conjugacy classes 6Cy (six
+/2 rotations about three coordinate axis, e.g., i = (n,,n,,n,) = (1,0,0)), 6C§ (six
+37/2 rotations about three coordinate axis), and 12C} (twelve £ rotations about
axes parallel to six face diagonals, e.g., 7 = (1,1,0)) (see Tab. 4 in [73]).

H: the matrices (R;)ap = exp(—iﬁ(l)ﬁ wi) where J7; denote the group generators in

ap

spin-3/2 case.

The vector 77" of the rotation axis and the rotation angles w; for all 48 rotation elements
of the double cover are listed in Tab. 4 of ref. [73]. When using the DeGrand-Rossi gamma
matrix basis the generators for irrep H are modified in J2 5 ULJ2U , with U = 5.

This work follows the prescription in [46], where we compute two rotation elements of
each irrep and the spatial inversion, and then use them as generators to provide all other
group elements. In App. B.2 are presented the rotations elements belonging to each group,
along with the combinations used to construct each element for two initial rotations. In
the case of irreps in the group OF the matrices of two elements are presented in Tab. 3.2.
The elements of the irreps belonging to moving frames can be obtained from the ones in
the rest frame through subduction (see Tab. 3.4), which means, to identify the subgroup of
rotation elements (allowed on the lattice) that leaves the boosted frame momentum vector
unchanged.

For the representation matrices I'”, it also holds the great orthogonality theorem [67],

T2 (R)TY7(R) = —25—5p p Byt O 3.29
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Irr\J | J=1/2|J=3/2|J=5/2|J=7/2|J=9/2

Glg/u 1 0 0 1 1
Gag/u 0 0 1 1 0
Hy/ 0 1 1 1 2

Table 3.3 Subduction of half-integer J irreps of SU(2) in lattice irreps of group
OP (rest frame). Also, spin-content and occurrences of irreps.

where d, is the dimension of the irrep A, and gg is the number of elements in the group,
equal among irreps of the same group. It states the orthogonality between different irreps
and different rows.

3.3 Projection method

The projection method is a known technique to construct an operator that transforms accord-
ing to a specific symmetry group [71]. Two cases are presented: the single and two-hadron
operators, both necessary for a complete determination of the resonance properties [29].

3.3.1 Single operator

The projection method for a single operator in a specific irrep A, row r, and embedding ¢, is
given by the formula |71, 46]

oM7) = gfi_AD SO A (RWRTOF el dim(T™) (3.30)

ReGP

where I'* are the representation matrices of the elements R (rotations and inversion) of
the double group GP and O(p) is an unprojected operator (e.g., the ones presented in the
sections above). The index i labels the embedding into the irrep and replaces any free
Dirac/Lorentz indices appearing on the r.h.s. of Eq. (3.30). The transformation matrices
W (R)~" correspond to the matrices in the right-hand sides of Eq. (3.37) for the delta, and
Eq. (3.38) for pion and nucleon. Additionally, d, is the dimension of the irrep A and ggo is
the order, i.e., the number of elements in the group G”. Examples of representation matrices
of irreps belonging to the double group OF are given in Tab. 3.2. Due to the trivial scalar
transformations of the pion, the projection does not affect its form.

In general, the choice of 3-momenta p establishes the relevant symmetry of the lattice
and the double group G associated. One can then project the operator O(p) to a specific
irrep A from the same group. Looking at Tab. 3.3, the angular momentum J of our state
of interest can give us some hint on which irrep it belongs. However, to have a complete
identification that takes into account also possible multiplicities, we deduce them from the
characters x (i.e. the trace) of the transformation matrices W;;.
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AOR) | ICh |ICh |  1Ch

Gigu | Gh G G
Gagu | Ga G G
Hy |Gi®Gy| 2G |FleF2eG

Table 3.4 Subduction of the relevant irrep of double group OF in little groups of
moving frames.

Multiplicity
It is possible to find the multiplicity /occurrence m of the irrep A using the formula [67, 74|,

ma = —— 3 N (R) (331)
gap

ReGP

where ™" (R) and x"(R) represent respectively the trace of the representation matrix T’

of the irrep A and the trace of the transformation matrix W, both for elements R (rota-

tion-+inversion) of the group GP. The sum is then normalized of the number of elements of

the group ggp.

The procedure to find the multiplicity can be either done for the irreps of the group OF
and then subduced to the moving frames irreps (see Tab. 3.4), or apply Eq. (3.31) individually
to each irrep of each group. The identification we obtain for the nucleon and pion on each
frame is given in Tab. 3.5, while the same for the delta can be found in Tab. 3.6.

In other words, Eq. (3.31) not only tells us which irrep occurs in each frame but also how
many times. In fact, in our work, there are many cases with multiple occurrences, e.g., the
moving frames of the nucleon. The multiplicity is reflected in the number of independent
operators we obtain for a given momentum p, irrep A, and row r. In Fig. 3.1 and Fig. 3.2
are shown the tensor decomposition of the transformation matrix for the nucleon and delta
in various relevant group and irreps. In the rest frame, irreps occur only once and are
distinct in parity. The situation changes in the moving frames where the loss of parity and
reduction of symmetry shifts the situation to fewer irreps and, consequently, increases their
occurrences. The most extreme case is in Fig. 3.2 for the delta in the group C2, where the

2v»
reduced symmetry leaves only one irrep, i.e. G, which manifests six occurrences.

Projection matrix

Practically, the projection formula in Eq. (3.30) produces a list of projected operators (labeled
by index i) that may exceed the multiplicity my, which means that the operators are not
guaranteed to be linearly independent. To extract then the minimal set of independent
operators, we implement a procedure that uses Gaussian elimination to filter the projected
operators of unnecessary not-independent operators. We use an alternative version of the
projection formula in Eq. (3.30) from [66], where we build the projection matrix P;; for an
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irrep A and row r defined as

phr_ I I (R)Wy;(R) (3.32)

ij
gab ReGD

where the matrices W;; represent the transformation matrices for the considered operator
O. Then we apply the Gaussian elimination (instead of the Grand-Schmidt procedure of
[66]) on P;; to obtain the smaller coefficient matrix ¢,; (where n < i) that express the final
projected operators with respect to the original set of operators as,

O (7) = 3 e O() (3.33)

This procedure guarantees that we obtain a basis of linearly independent operators with a
rank equal to the multiplicity my.

Nucleon operator projection

D D D D
NUCLEON O, Cu Co Cay
[0,0,0] [0,0,1] [0,0,1] [1,1,1]

Figure 3.1 Tensor decomposition of the nucleon transformation matrix S (see
Eq. (3.34)) for element R in the four groups studied (one rest frame and three
moving frames).

The rotations for SU(2) in J = 1/2 in our bi-spinor representation is given by:

1
S<Cn]) = exp (gwuv h/u? 71/]) (334>
where C),; represents a rotation of angle 2w /n around the axis j (with the antisymmetric
tensor wy = —2mejp/n and wy, = wig = 0) [46]. The spatial inversion I is given by
S(Is) = va(=7) (3.35)

The actual form of the transformation matrices depends on the choice of the Euclidean
~v-matrices. We set on the DeGran-Rossi basis listed in App. A.
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Pes Nairection | Group | Negements | Irrep(dim): nucleon | Irrep(dim): pion
(07 07 O) 1 OhD 96 G19(2) A1u<1)
(0,0,1) 6 cp 16 2G1(2) Ay(1)
0,1,1) | 12 cp 8 2G(2) Ay(1)
(1,1,1)| 8 cp 12 2G(2) Ay(1)

Table 3.5 General info for each frame of nucleon (J¥ = 1/2%) and pion (J¥ = 07)

P'ref Ndirection GI‘Ollp Nelements Irrep(dim): delta
(0,0,0) 1 op 96 H,(4)
(0,0,1) 6 cph 16 2G1(2) ® 2G4(2)
(0,1,1) 12 cb 8 AG(2)
(1,1,1) 8 cb 12 | 2G(2) ® 2F1(1) ® 2F5(1)

Table 3.6 General info for each frame of the delta (J© = 3/2T)

The projection formula in Eq. (3.30) can be rewritten for the case of the nucleon operator

with explicit Dirac indices and the proper transformation matrices S(R) as:

N2 () = ST A (R)S(R)ANS() (3.36)
gar ReGP

As expected, looking at column 4 in Tab. 3.5 (or Fig. 3.1), for the case of nucleon for
each irrep (and row) we get one single operator in the rest frame (irrep Gy, and Gy,). The
double occurrence for irreps GG; and G produces two independent operators per row in the
moving frames. This comes from the fact that a clear parity identification is lost in the
moving frames, and the subduction mixes the parity in the same irrep. Parity is indeed a
good quantum number only in the rest frame. An explicit list of projected nucleon operators
can be found in Tab. B.9 in the Appendix.

Delta operator projection

The rotations and inversion operation for the vector-spinor delta operators follow

RA(DR™ = A(R)1jiS(R) 5 Ase (BP),  18ak(@)1™" = (7)asAsk (D) (3.37)

where A(R) denotes the 3-dim J = 1 irrep of SU(2) from Eq. (3.19) and S(R) is given in
Eq. (3.34).

The number of projected operators obtained for the delta in each irrep match the irreps
listing of Fig. 3.2. Respectively we obtain one for Hy, four in G, two in Gy, six in G for the
group C2 and for group CI) four in G and one in both F} and F.
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Gy, O,°
Gy, [0,0,0]
AeS, [12x12] - H, DELTA
HU
D D D
G C4v ¢ C2v ¢ C3v
G, [0,0,1] G [0,,1] G [1,1,1]
8 G G
. : o
G, G G
Gl G -

Figure 3.2 Tensor decomposition of the delta transformation matrices Az ® Sy (see
refeqdeltatransformation) in the four groups studied. The diagonal order among
which the irreps are shown and the dashed frame is a visual aid meant only to un-
derline the irrep’s subduction from the rest frame’s irrep (as also listed in Tab. 3.4).

3.3.2 Two-hadron operator

The two-hadron operator composed of nucleon and pion also needs to be projected in the
correct angular momentum state J. A more careful approach is needed when applying the
projection method formula of Eq. (3.30). The pion requires the transformation properties of
a pseudo-scalar particle, while the nucleon (Sec. 3.1.2) transforms as a Dirac bispinor.

The transformations of annihilation fields 7, N in momentum space are

Rr(PR™ = n(Rp), Ix(p)I " = —n(-p) (3.38)
RN IR = exp (G by ) MR NI = 37

with wy = —27€jp/n and wy, = wig = 0.

N7 operator projection

In the case of the multi-hadron operator Oy, we project using the formula:

ONP(P) = —- 3" S T2 (R)Wx(R) ' N(Rp)WH(R)"'n(P — Rp) (3.39)
gGD ReGP 7

where the projected operator is given for an irrep A, row r of the irrep, and embed-
ding/occurrence i. The transformation matrices Wy and W, are shown in the r.h.s. of
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Eq. (3.38) for both nucleon and pion. As we have done for the single operator, we use the
Gaussian elimination method to extract the minimal subset of independent operators from
the result of Eq. (3.39). The result of the orthogonalization process produces a minimal set
of independent operators. The number of operators in the final set matches the multiplicity
of the irrep A given by Eq. (3.31).

For each moving frame, multiple momentum directions of P with equal |ﬁ| are used to
increase statistics. In a similar fashion used in [46], we choose a reference momentum P,.; in
each moving frame, and for each equivalent momentum direction, we define a reference rota-
tion that connects the initial reference momentum to the new one. The lists of representation
matrices I'* are defined only for the reference momentum direction.

The operators projected in the reference momentum P,.; are then rotated to a new
direction using transformation matrices of the reference rotations (shown in Tab. B.1). The
transformation matrices are shown in Eq. (3.38) for the N7 system and Eq. (3.37) for the
Delta.

An equal procedure to build operators belonging to the same irrep A but with different
directions of P would be to rotate the transformation matrices A(R) and S(R) in Eq. (3.38)
and Eq. (3.37) while keeping the representation matrices unchanged. Even though this pro-
cedure would ensure to obtain the same list of operators, it would not guarantee that the
operators obtained after the Gaussian elimination procedure would match the order of the
operators from another direction. In practical terms, this means that when later on, during
the computation of the correlation matrices of projected operators, averaging over matrices
from different momentum directions would require assessing the correspondence among op-
erators of different correlation matrices. Given the unnecessary additional uncertainty, we
choose to produce operators of different momentum directions from operators produced in
the reference momentum P,.; with a simple rotation.

For the same reason, we also implement the procedure from [66, 75| to generate operators
belonging to a certain row r > 1 from the one generated in the first row (r = 1) using:

oM () = ZcAl 2 Z I (R)RO(F)R™! (3.40)

ReGD

where ¢;; is the coefficient matrix defined in Eq. (3.33) and the rotation/inversion RO(p)R™
are performed as in Eq. (3.30) and Eq. (3.39) depending on the structure of O(p). This
step guarantees that projected operators that belong to different rows produce an equivalent
set, enabling the averaging correlation matrices over rows, removing the risk of summing
different quantities [76].

We restrict the momentum content for the nucleon and pion to the elastic region (and
slightly above). As a general rule, we limit the momenta content of the multi hadron op-
erators to |py|* + |px[* < 3(3F)? . This limits the range of operators to consider: the ones
lying between the N7 and N7w thresholds and the first few levels above it (this cut limits
the numbers of operators to be computed to the list outlined in Tab. B.1). A complete list
of operators used for the A — N7 correlators can be found in Tab. 3.7. As an example from
this list, for the rest frame (group OF) we limit the momentum content for nucleon and pion
operator in the multihadron N7 to a maximum of one unit of momentum each. From the
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Figure 3.3 Tensor decomposition of the N7 system transformation matrices for
Pt = pr + pny = 0. Listed is the absolute value of the back-to-back momentum for
the two hadrons; for which |p;| = |pn|.

tensor decomposition shown in Fig. 3.3 is visible that if we project onto the irrep H,, we
obtain two independent operators per row, i.e. multiplicity m = 2, both with momentum
Dr = —PN = 2f’r(O, 0,1) (and permutations). On the other hand, the case where the pion and
the nucleon are simultaneously at rest belongs only to irreps G, and Gy,.
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Q[%N]:::]f Group I(EEIV)VSA) Azfﬁgl?tm ' Operator structure Mult.
00,0 OF [ Gu (@) [ J=1/27/2,... N with 7] = [7] = 0 :
[1] N with [p)| = |pa| = ¢ 9
Hy (4) | J=3/2,5/2,.. AT2)(P) 0
N?TWlth]pl]:|"|:277r 9
(0.01) | CR | Gi(2) | J=1/2,3/2,.. AT2(P) .
3 N7 with |p)| = 0 and |ps| = 2
N7 with ]p1| = 2% and [ph| = 0 2
N7 with |p}] = 2 and |ph| = V22 4
N7 with |p1|—\/_L and |]5’2|:2f7r 4
Gy (2) | J=3/2,5/2,.. AT () 5
N with 7] = V2% and gl =% |
N with |pi] = % and |ps| = V2% | 4
0L ¢k @G @2 |J=1/23/2,.. NEIG ;
[6] N with [ph] = 0 and || = V225 | 2
N with |p)| = \/527” and |ps| =0 2
N7 with [py| = |pa| = & 4
LLY) | ¢ | G2 | J=1/23/2, . AT2I(P) |
4 N with 7] = 0 and ] = 32 | 2
Nr with |7}]| = V32 and [pb| =0 9
N with [p)| = 2 and |ﬁ2|—\/_27r A
N7 with |p)| = \/_L and |py| = 4
Fi(1)/) | J=3/2,5/2,.. AT () 5
F5(1) N7 with |p}] = £ and |ph| = V2% 9
2

N7T Wlth ’pll_\/_ﬂ-and |ﬁ2|:27ﬂ'

Table 3.7 List of projected operators for the single-hadron A and multi-hadrons
N for all irreps with multiplicity associated.
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Chapter Four

Quantization condition

The task of extracting properties of unstable particles on the lattice is particularly challeng-
ing: resonances do not directly associate to a single energy level of the lattice Hamiltonian.
Due to the use of Euclidean time, it is not possible to extract infinite-volume scattering
amplitudes directly [77].

Nevertheless, work by Liischer [78] made it possible to compute scattering amplitudes of
elastic scattering from the lattice spectra, exploiting the shift in energy between the non-
interacting energies and the interacting values. His work was further extended to moving
frames by Gottlieb and Rummukainen [69] and Feng et al. [79]. It had been then generalized
to two body systems of arbitrary mass by Davoudi and Savage [80], Fu [81], and Leskovec and
Prelovsek [82]. These breakthrough in the theoretical aspects, combined with advancement in
computing technology, has enabled LQCD calculations of resonance parameters in both the
meson and baryon sector; in particular the former [83]. Nonetheless, there remain problems
such as partial wave mixing that is worse for particles with unequal masses [82, 70, 83].

A finite volume gives rise to a discretized set of energy levels (which would be a continuum
in infinite-volume). The discrete spectra, categorized by different irreps, encapsulate the
intrinsic information about the phase shift, for which the Liischer formulation successfully
models the dependence. In our study, when considering the N7 system in the rest frame,
the quantization of momenta p' = 2T”(nl,, ny, M) in a finite volume of size L? results in a quite
sparse energy spectrum across the elastic region between the Nm and N7 thresholds. This
leaves a few energy points for the N7 system available to constrain the phase shift we aim
to measure. A straightforward way to gain additional points would be to add a spatially
larger ensemble; nevertheless, this is computationally quite expensive. A more inexpensive
approach to increase the limited number of energy points available is to resort to non-zero
total momentum frames 70|, where the Lorentz boost contracts the box, resulting in different
effective values of the spatial length L along the momentum directions [82|, and thus, different
quantized momenta.

4.1 Two particles in a box

Is it instructive to briefly review the work of Liischer [78]. It laid down the framework that
connects the infinite-volume phase shift to the information encapsulated in the energy shift
between non-interacting and interacting cases. This section follows the derivations in |70,
82]
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4.1.1 Non-Interacting case

Consider a cubic lattice of spatial volume L3 with periodic boundary conditions. For two
non-interacting particles, the single particle’s momenta are quantized,

N 2r . 2m L
Pr=pm, pp= e T € z° (4.1)
as well as the total momentum,
Piot =p1 +p2 = fd dez’ (4.2)

The energy of the two particles system in the laboratory frame (L) is then given by,

EL:\/p%—I—m%—f—\/ﬁg—i-m% (4.3)

that can provide the energy levels of the non-interacting case. The spectrum provides useful
information (ahead of the computation) on the energy region of interest as it does not differ
heavily from the interacting case spectrum [82].

---------- m[—1,-1,—=1] = N[1,1,1]
Laf . m[—1,-1,0] = N[1,1,0]
L e 7[—1,0,0] — N[1,0,0]
13 R 7[0,0,0] = N[0,0,0]
1.2
&
S 11
1.0 - )
0.8 e : e
20 30 40 50 60 70
L

Figure 4.1 Non-interacting energy levels for the N7 system in the rest frame (
Py = 2£(0,0,0] ) in a finite volume of spatial size L.

Fig. 4.1 and Fig. 4.2 show the non-interacting energies levels for the N7 system in terms
of the box size L, respectively for the rest frame (P, = 2£[0,0, 0]) and the moving frame of

momentum P;Ot = 27”[0, 0,1]. Clearly, as the box size L increases, the energy levels tend to
get closer in energy, as expected in the continuum limit.
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Figure 4.2 Non-interacting energy levels for the N7 system in a moving frame (
Pt = 22(0,0,1] ) in a finite volume of spatial size L.

The system has a velocity,

v= Pgt TV 1— 02 -

with respect to the center-of-mass frame (CM). We can write Eq. (4.3) for the center-of-mass
frame as

Ecy = \/ 2+ mi+ \/1752 +mi = (4.5)

where we can expressed p* = p; = —ps in terms of the dimensionless CM momentum ¢ via,

P = 2%@ with € Py={qqd=~"(7 — §Acf)} ﬁ,cfe A (4.6)

where P, is the set of points (in the space of discrete momenta) that define the mesh ar-

rangement !, and the quantity A is defined

mi —mj
Eh

which plays a role only when m; # mgy [82]. This is true in our case as we have different

particles scattering: my # m,. The mesh of points P,;, and particularly the symmetries

under which they are invariant, define the symmetry group and its transformation elements
that enable the creation of operators with a desired angular momentum J.

A=1+ (4.7)

'the mesh of points in a rest frame is described by the symmetry group Oy,. In a boosted frame the mesh
seen by the CMF is distorted, which changes the symmetry group associated.
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4.1.2 Interacting case

Following [69, 82, 81|, we can now look at the case for interacting particles in a finite volume
using relativistic quantum mechanics. In the interacting case, only the total momentum of
the system is quantized,

Py =p1 + D2 = fd dez’ (4.8)

where p; and p, are the momenta of the two particles in the laboratory frame.
The energy of the laboratory frame is related to the CM frame by,

EL = \/ P?ot + Eé*zM (4-9)

Bty = \J 772 + m? + /72 +m (4.10)

with

where p* = p} = —ps is called scattering momentum and is the particles’ momentum in the
CM frame. Thus, the two frames (L and CM) are connected by basic Lorentz transformation,

— — — — — — 1 =
Pr=rt 0 = O+ mi) =y — A ior) (4.11)

where we define the coefficient A in Eq. (4.7).

The interactive-case energies, in general, are slightly shifted with respect to the non-
interacting case. The difference is usually small enough to make use of the non-interactive
energies as a qualitative prediction of the spectrum of scattering states and corresponding
energy levels that can be expected from the lattice computation. In the interacting case,
the resonance’s presence alters the energy levels’ position, and p* gets different values with
respect to the non-interacting case (no more integer values). The difference between these
two cases quantifies the interaction between the nucleon and the pion. The phase shift,
which encodes the unknown information regarding the interaction, is then extracted from
the interacting case’s energy shift. Furthermore, in the case of non-zero total momentum, the
grid of points of the lattice is distorted in the CMF (through the ~y factor in Eq. (4.11)). The
initial cubic symmetry group is reduced to a smaller symmetry group, called Little Group
(LG). With the change in the lattice’s symmetry, one then needs to build the interpolators
according to the symmetries of the appropriate little group. Also, since each moving frame
provides different CMF energies with respect to the rest frame case, one can expect new
energy points to improve the constrain of the phase shift fit.

4.1.3 Solutions to the Helmholtz equation

The solution to the Helmholtz equation is the first step to discuss the scattering phases of
interacting particle systems |70, 69]. The two-particles system in the laboratory frame is
described by the wave function,

bp (21 2) = e EPR G (3, F) (4.12)
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where

miT] + Mmods

X = R 4.13
mi + mo ! 2 ( )

0 0

miT; + meox
t:—11+ 272 g0 = 40— 2 (4.14)

my + mo

and the focus is on the case for both particles with equal time coordinates, 2 = z9. The

O =%

coordinates in the CM frame are labeled as z* = (2%, 7*). To transform coordinates from
the laboratory frame to the center-of-mass frame one can use

¢L(0,f) = quM(ZL’O*,Z)_S*) (415)

with

Non-interacting case

Following from the Klein-Gordon equation, the wave equation obeys the equation of motion

= mims —
—V20. + V2. + (E? — (mq + my)? —> 2 7)) =0 4.16
(=920 92 (B2 = (o ma) 2 oy, ) (4.16)
with g E
- mo — m * ok
i = Ty e (e”,T) =0 (117)
One can factor out the time dependence writing,
0 iEamo—Eamy 0
(bCM(I *,Lf”*) =€ ™mtm2 (ﬁCM(O,J_I»*) (418)

and thus, obtaining the Helmholtz equation,
(V2 + 5 den () =0 (4.19)

with ¢cn (7%) = ¢ (0, 2%) and p* given by Eq. (4.6). The laboratory frame wave function
has periodicity over spatial translation

Q/JL(JI?, fl; xg, fg) e wL(.I(l), T+ 7_1:1[/; .Tg, Ty + ﬁQL), ’ITI:LQ € z3 (420)
To obtain the equivalent relation for the CM frame, we combine Eq. (4.12), Eq. (4.15) and
Eq. (4.18), and get

B, Eymo—Eom —
D1(0,71,0,3) = & TXH B T g0 (77) (4.21)

where we use 2% = Y7 = Pz /E. Finally, the periodicity relation for the wave function in
the CMF is given by

quM(‘TH*) = 6_1'7rﬁA(ﬁCf]\/[<i’”k + ’77_1’[/) (422)
with 77 = 7i; — 7l and the coefficient A defined in Eq. (4.7). For unequal masses m; # ma,
the wave function picks up a phase e~ when crossing spatial boundary [70].

40



Interacting case

When there is an interaction between particles we have a potential V(r_;) that depends on
the relative distance 7* = 77 — 75. We assume that the interaction is of finite range, and we
proceed to consider the wave function in the outer region, where:

V(@*) =0 for |z*| >R (4.23)

with L > 2R. Outside the region of interaction, ¢cps(z*) satisfies the Helmholtz equation

(VE* + 15‘*2) Pem(T) =0 (4.24)

with

4F?
where E are the energies as in Eq. (4.10). The effect of the interior region on the Helmholtz
equation solution ¢cys(z*) is given by the phase shift &;(p*). The general solution to the
Helmholtz equation for a given p* can be written as linear combinations of the spherical

Bessel functions [84] as,

Gom = Z CimYim (0, 9) [a(p*) i (p* ™) + by (p* )i (p*x™)] (4.26)

A general definition for the phase shift §;(p*) is the ratio of the out-going wave j; — in; and
the in-going wave j; + in; [85]

e2i0(p") _ a(p*) + ibi(p*) (4.27)

a(p*) — ibi(p*)
This definition, usually defined for the continuum, will be used also in the finite volume, even
as the wave function can not be expressed anymore in terms of j; and n; due to boundary
conditions [82]. The boundary condition in Eq. (4.20) imposes ¢cpr(*) to satisfy the d-
periodic boundary condition [81, 82]

donr(z%) = (—1) Y pop (& +vAL) i € Z3 (4.28)

Satisfying both the Helmholtz equation and the cf—periodic boundary condition is achieved,
for example, by the Green function

c o ez‘E~f*
GUIp) =L Y g (4.29)

*2
k=217 7P, p

where P is the mesh of points defined in Eq. (4.6). Other solutions to the Helmholtz
equations (and boundary condition) are the functions |78, 69, 81]

GL(T,p") = Vin(V)GUT", p") (4.30)
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with the harmonic polynomials,
Vi (%) = 2"Yi (6, ) (4.31)

The functions G;i;n form a complete set of solutions and any singular cz?—periodic solution
of degree A is a linear combination of the functions G¢ (7*,p*) with [ < A [81, 78]. The
solution ¢cas(z*) can then be rewritten in terms of the functions G¢ as

ear(a?) =Y vinGL (@, p7) (4.32)

Additionally, they can be expanded in terms of the spherical Bessel functions j; and n; and
spherical harmonics Y,,,(0, ¢) [84] as,

7o e (CD) N
) = ELE 0.0+ 37 3 M i Wi 0.
=0 m/'=-U
(4.33)
where 2* =| #* |, and 6, ¢ are the polar coordinates of Z*, and M, . .(¢%) is given as,
-1 J
(—1)y ! * pL

Mlm I'm ’( 2) = W Z Z G+1 Z]ds(17q2) Clm,js,l’m’a q= o (434>

=] s=—j

An important fact is that the matrices M, iy are calculable for a given I, m,l’,m/, d
and ¢. The modified zeta function, defined in [80, 81|, is

ZE(s5¢) =Y (32)”"—0? (4.35)

rEPy m—d )S

where the summation is over the mesh of points P, defined in Eq. (4.6). The coefficient
Cim,js,yme 1s expressed in terms of Wigner 3j-symbols as

- . / : /
Cum o = (—1)™ 77V /(20+ 1)(25 + 1)(20 + 1) ( nll J _lm ) (é 0 ZO> (4.36)

S

Inserting Eq. (4.33) in the exterior solution of Eq. (4.32) provides a general relation,
which, once related to Eq. (4.26), provide the phase shift §; as is defined in Eq. (4.27),

ey (=D (pr)"*!
Gon (TF) = E Ulm—47r ny(p*x* )+ E Mlm o ( ]l/(p )Y (0, )
lm m'l

= cunYim(8,0) [a(p) i (p*a") + b (p ) (p"a")] (4.37)

from which one get the two relations

vzm% = cmbi(p) . ) “l’ym’%f\/‘l'wm(q?) = cmar(p”)  (4.38)

Um!

42



Expressing vy, from the first relation and inserting it into the second gives,

Z Cl/ bl’ Ml’ /lm< ) — al/ (p*)éll’amm/} = O (439)

for which we have a non-trivial solution for ¢;,,, only if
det(BM — A) =0 (4.40)

where A = a;(p*)dy Oy and B = by(p*) 0Oy are diagonal matrices that connect the phase
shift §; definition in Eq. (4.27) by
%s A+iB
(& =
A—iB
Finally, we divide Eq. (4.40) by the non-zero quantity det(A — iB) , and obtain the deter-
minant condition [78§],

(4.41)

det 6%6[( )our mm (Mlm U'm /( 2) - /L) - (Min,l’m’(q2) + Z):| =0 l, l, S lmax (442)

Also called quantization condition, Eq. (4.42) relates the infinite-volume phase shift ¢; and the

energies (via ¢ = p*L/2m) measured on the lattice through the calculable matrix Mi%l,m, (¢?).
The information about the phase shift §;(p*) is concealed in the shift in energy between non-
interacting and interacting energies F, and the quantization condition (Eq. (4.42)) provides
that connection through CMF momentum p*. To simplify notation, in the following we
proceed to define the function wy,, as

1 .

= Ze (1; ¢ 4.43
Wi = — ey Zin (1) (4.43)

4.1.4 Particles with spin

Since this is a study of baryon resonances, we proceed to extend to the case of particles
carrying half-integer spin as in [70]. In the wave function, one can factor out the spin-
dependent part as the spin operator S commutes with the Hamiltonian. In the outer region
| 7 |> R the wave function solution we have is then,

1 - 1
deu(x’) = Y (im, 5011 cmGe (x*, ¢?) X2 (4.44)

Jvﬂvlvmvo'

1 -
where Y2 is the baryon two-component spinor. This make for a basis where M? carry
quantum numbers J, [, 4 and relate to the spin-zero counterpart as

1
MJl,u J = Z <lm, 50’:],”) <l/ —O' |J/ /> Mlm U'm/! (445)

m,o,m’ o’

Following [73|, we can modify the Liischer quantization condition in Eq. (4.42)) to include
the spin content with the matrix M, I S

det(Mﬁlu,J’l’u’ - 5JJ/5”/(5M/ cot (5]1) =0 (446)
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The interpretation of the above formula goes as follows: given a total momentum d and a
set of scattering amplitudes d;, in a finite volume L x L x L, the discrete spectrum of states
E,(d, L) is given by the energies for which the determinant equals zero [83].

4.2 Symmetries of the zeta function

In addition to the rest frame, we consider boosted frames that enable gathering additional
energy levels to better extrapolate the phase shift § ;;. Each frame carries different symmetries
that translate into different contributions to the zeta function of Eq. (4.35).

For this work, Tab. 4.1 lists the selected frames of momentum d (plus equivalent momenta
up to a global rotation).

=

d [0,0,1] [1,1,0] [1,1,1]
Axis = e3 =e; t+ e =e; t+eyte;
Group LG C’L?) C’Q(f) C’?Ef)

Axis and planes
of symmetry

Table 4.1 Choices of total momenta d for the frames, along with the symmetry
groups LG, and axis and planes of symmetry. Images credit: [86].

We now consider each frame and its symmetries to simplify the function wy,, (Eq. (4.43))
and, in turn, the generalized zeta function. In general, the zeta function for unequal masses
[70] follows,

ZL (%) = (=) Z5, (1 ¢°) (4.47)
plus additional constraints depending on the frame considered. In the following, the relations
for moving frames were derived in |70], while for the rest frame they can be found in [78§].

Case: d = [0,0,0]

In the rest frame, there is a symmetry under the exchange of the three axis 1 <+ 2 <> 3 < 1
and reflection on any axis. These translate in the following properties for the zeta function:

o 74 (1;¢?) = 0if | is odd
o Zi (1) = Z1,,(1 %)
° Zl‘f;(l; ¢*) = 0 if m is not a multiple of 4

also,(for [ < 4) the following relations hold
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o Z5(1;¢°) =0
o Z§i(Li¢?) = P21 )

The wyy, (defined in Eq. (4.43)) that are non-zero in the rest frame are,

Wim,
(woo)
(0,0,0)
<O7 O? 07 07 O)
(0,0,0,0,0,0,0)

(@wﬂh 07 07 07 W40, 07 07 07 @UMO)

= W N = O~

Case: d = [0,0,1]

For this boosted frame, there is a symmetry under rotations around ez by 7/2, which trans-
late to B
Zt (1;¢4*) =0, form#0 mod 4 (4.48)

as well as interchange of axis 1 <+ 2 and reflection e, — —e; 2.
The non-zero elements are then,

Wim,
(woo)
(0,11)10,0)
(O, 0, W0, 0, 0)
(0,0,0,wsp,0,0,0)
(w44, 0, O, O, W40, O, O, O, ’LU44>

=W N = O~

Case: d = [1,1,0]

In this boosted frame, there is a symmetry under interchange of axes 1 <+ 2 and reflection
of the third axis es.
The non-zero elements are,

Wim
(woo)
V2Re(e™/ 0, —ei™/4)
(w22, 0, wa, 0, —w22)
V2(e="/* Rewss, 0, ™ * Rews, 0, —e~/* Rews, 0, —e"™/* Re wss)
(wWaa, 0, w42, 0, w0, 0, —waz, 0, Waa)

W N = O~
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Case: d = [1,1,1]

The symmetry for this frame is reduced to a cyclic permutation of the axis 1 <— 2 <+ 3 « 1.
The non-zero wy, elements are,

) Wim

0 (woo)

1 wlo(_eiﬂ/4’ 17 efifr/él)

2 waa (1, —v/2e77/4 0, —/2e'™/4 1)

3 (—@e_iﬂ/4w3o7 W3z, \/Téem/4w30, W30, _\/Tée—m/4w30, —Ws32, @em/élwso)

4 (@wzxo, —4€iw/4w42, Wq2, %e—m/4w427 Wy, %6m/4w42, —Wa2, —46‘”/41042, @wm)

4.2.1 Irrep Basis for quantization condition

The determinant condition in Eq. (4.46) can be simplified when M is written on such a basis
that leads to a block-diagonal form. In this form, the determinant is simply the products of
separate determinants from the blocks. Following [70], the basis vectors of the irrep A for
half-integer spin can be written as,

|ArJin) = Zc/}f: | Jlp) (4.49)

I

where r represents the row and n labels the occurrence of the irrep A. The basis vectors and

the coeflicients c%? 2 for the frames and irreps used are given in Tab. 4.2, Tab. 4.3, Tab. 4.4,

and Tab. 4.5 for [ < 2. The matrix elements of M in the new basis are given by

(ArJIn| M |Nv' J'I'n') = Z et M i, g (4.50)
K

And we find from Schur‘s lemma that the matrix M is partially diagonalized (in irrep A and
rows 7) in the new basis as,

<A7’Jln| M ’A,T,J/l/n/> = 5AA/(5M/MJanll/n/ (4.51)

This change in the irrep basis makes Eq. (4.46) simpler to tackle as it block-diagonalizes the
determinant condition in separate conditions for each irrep A as,

det(Mﬁln,J'l’n’ - 5JJ/511/5nn/ cot 5Jl) =0 (452)

4.3 Reduced matrices and quantization conditions

In this section, we discuss the block-diagonalized matrices M”" in the irrep basis. Each
contains, in principle, infinitely many partial waves; however, the contributions from higher

2detail for the computation of the coefficients can be found in [73]
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partial waves are further suppressed [3|. Irreps are characterized by content in total angu-
lar momentum J, and for each J there are different possible orbital angular momentum [
associated, depending on the spin of the particles. For the N7 system, irreps that contain
J = 3/2 have a contribution from the resonant P-wave (I = 1), but also the D-wave (I = 2),
with the former being the dominant. Several irreps mix J = 3/2 with J = 1/2, wherein
the latter, two extra contributions can come from S- and P-wave (orbital angular momenta
[ = 0,1). Nevertheless, at our level of precision, we limit the partial wave contribution to
the combinations (J = 1,/ = 0) and (J = 3,1 = 1). The P-wave (with J = 2) represents
the phase shift of the A(1232) resonance, which is the primary goal of the study. While
the S-wave (with J = %) measures the main non-resonant contribution, where the closest
resonance in energy resonance would be around 1.62 GeV (see Tab. 2.1). This resonance is
still quite far in energy to expect a substantial contribution, thus we do not expect a precise

measure of the non-resonant phase shift.

d = [0,0,0],0P

A J | | | r | Basis vectors
Glg/u % 0|1 |%7%>
2|
Glg/u % L1 |%7%>
2] 13-3)
Hg, % I |%7%>
2 5 3)
31 15.-3)
1 b b
Hg/u % 211 |%’%>
2| |33
3| oy
41 15.-9)

Table 4.2 Basis vectors for irreducible representations G4, Hy/,, of group oP73].

In the rest frame the symmetry group is O and the irreps are Gy, sw and Hyy,,. The matrix

-

M4 computed in this frame for our combinations (J = 3/2,1 =1) and (J = 1/2,1 = 0) is

BO4 503 314 314 B3 313
2,0,-2 [ woo 0 0 0 0 0
20,51 0 Woo 0 0 0 0
M, = ph 00 e 000 (459)
5,1,—5 0 0 0 Woo 0 0
51,351 o0 0 0 0 Woo 0
31,3\ 0 0 0 0 0 Woo
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After the change of basis using Eq. (4.50) and coefficients in Tab. 4.2, we get the (block)
matrices M* for the irrep Gy, and H, ,

which results, applying Eq. (4.52), in the quantization condition for irrep Gi,:

1
(Mfll,{um’) = i
2

3

Hy 5
(MJZ,J’l’> = 3
2

— Woo +C0t5%70 =0

and the quantization condition for irrep Hy:

d=[0,0,1],CP

— Woo +C0t5%70 =0

A | J| [l | r | Basis vectors
Gi|3|0]1 3, 5)
2 _|%a_%>
G [T 158
2 |%7_%>
G [T[1] 1D
2 _|%a_%>
Gi|3]2]1 2,3)
2 |%7_%>
G| 3111 3,-32)
2| 9
G321 B
2 _|%7%>

(4.54)

(4.55)

(4.56)

(4.57)

Table 4.3 Basis vectors for irreducible representations Gy, G5 of little group CF

[70].
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In this frame the symmetry group is CF with irreps GG; and G5. The matrix M4 is,

1 1 1 1 3 3 3 1 3 1 3 3
203 203 5bL-5  5l-s L3 2l
2,0,-2 [ we 0 —iv/2w1g 0 0 0
%,O, % 0 Woo 0 0 —i\/éww 0
M(070,1) o %, 1, -% 0 0 Woo — W2 0 0 0
A3 1,-2| iv2w 0 0 0 0
514,75 10 Woo + W20
21,51 0 V2w 0 0 Woo + Wao 0
%7 1, % 0 0 0 0 0 Wy — Wag
(4.58)

From the change to irreps basis, using Eq. (4.50) and coefficients in Tab. 4.3, we get the
(block) matrices M* for the irrep G and G ,

1 1 3 3
»0 3l 51 52
1,0 Woo 0 iv2wyg 0
1
=1
(MGE) =2 0 0 0 o1 (4.59)
%, 1 —iﬁwlo 0 Woo + Wag 0
%, 2 0 0 0 0
3 3
>l 32
31 we —w 0
(MG) = 2 7% 7% (4.60)
b 3
5,2 0 0
which results in the quantization condition for irrep G:
— 2w}, + (wog — cot (5%70)(11)00 + wyy — cot (5%71) =0 (4.61)
and quantization condition for irrep Gj:
— Woo + Wag + cot 5%71 =0 (462)

d=[1,1,0],CP

In this frame the symmetry group is C) and there is only the irrep G which have a double
occurence for J = 3/2 and | = 1,2. Hence, we label it as (2)G throughout the thesis.
The two occurences are differentiated with an additional label, n. The computed matrix
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A J | [ | r | Basis vectors
2G| 5|01 5 —3)
2| it )
2G| i]1]1 13, 3)
2| b
2G| 311 523
GlAESBAE ‘%ﬁ"%%
2 272
2| 13,-5
2G|3]2]1 i]3,2)
2| |3-)
2)G|3]2]1 12, —3)
2| il3,3)

Table 4.4 Basis vectors for irreducible representations (2)G of little group C2 [70].

(1’170)
MJZu,J’l’u

bod
b0, 4
f1d
5.1, 4

which transform using Eq. (4.50) and coefficients in Tab. 4.4 to M

—_

=N

NI NIW NIW NI N[ N[
N NN = = = O

—_— — — —
e T

\)

0,-

[NIES
[NIE

woo
0
(1 +14)v3Re(w11)
0
(=14 4)Re(w11)
0

N[ =

Woo

0

0
0

,0

(—1 + z)\/gRe(wH)
(—1 — i)Re(wH)

, for this frame is

NI
=)
D=

[e=]

woo
0
(14 4)Re(w11)
0
(=1 +14)v3Re(w11)

o O O o o O

31..3 311 311 313
2) 572 20572 2)0 3 2)0 3
(=1 +4)v3Re(w11) 0 (1 +4)Re(wi1) 0
0 (=1 +4)Re(wr1) 0 (1 +4)v/3Re(w11)
woo — W20 0 V2w 0
0 woo + w20 0 V2w22
—V2wa2 0 woo + w20 0
0 —V2wa2 0 woo — W20
(4.63)
(2)G _
Jin],J'V'[n'] —
5 11 5. 1[2] 5201 3.2[2]
(1 —+ 2)\/§Re(w11) (1 — i)Re(wn) 0 0
0 0 0 0
Woo — Wap V2w 0 0
—V2wsy Wop + Wap 0 0
0 0 0 0
0 0 0 0
(4.64)

which result in the quantization condition for the irrep (2)G:

—(U)()O—COt 5%70) (—w§0+2w§2+(w00—00t 5%71)2)—43%(’11]11)2(211]00—}-1020—2.\/621]22-2 cot 5%71) =0

20
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d=[1,1,1],CP

ANl J|L|r Basis vectors
Glz|0)! Flo=2) + 50015 )
1 1 1 611 1
, 2 —sd -9 5»1—1§> —5il3:3)
Glz bl 32)
2 3. —3)
GIE[T]T] HFO+IB-D+ 55—+ %3
MBI ST f 61 ¢
GIS2[T] Zlo ) + (=153 + 555 5)
2| L3-S+ Lla-q)3-+Lidd
V2120 2 6 27 2 V61202
AR RE —<%”<$§+i)+{—2@(11—@))“%,—%);%3@3,—%”
TA+) 55 08— %05, 3)
Rl 32 _(?3(\1/;2')—1—2?%(11—2‘))%—%?%%’,—%%
A +i)[5,3) - CF %15, 5)
Fldl1 _(?3(\1/;2')—Y—g)(ll—i))ﬁ,—%é+%?’|%3,—%>—
T+ [5.3) = (& +F) 15, 3)
Bl i|2| |TORQAD+RA-D -5+ -5+
T(1+2)’§a§>+<7—72)’§,§>

Table 4.5 Basis vectors for irreducible representations G, Fy, I, of little group C2)
[70].

In this frame the symmetry group is C2 and the relevant irreps are Fj,Fy and G. The

. 1,1,1 . .
matrix Mf]lu le, ' for this boosted frame is,

1 1 1 1 3 3 3 1 3 1 3 3
2:0,-3 2:0:3 2173 2173 213 213
%, 0, —% woo 0 (1 - Z) %’wlo —i\/iwlo —ie%wlo 0
%, 0, % 0 woo 0 0 —i\/§w10 (1 + i)\/gwlo
5.1,-3 (1+ i)\/gwlo 0 woo —2eTwy V2w 0
%, 1,—% i\/§w10 ie%wlo 26%1022 woo 0 \/§w22
31, 1 —ie'T wig iv/2w1g —V/2w29 0 woo 2e'T wyy
%, 1, % 0 (1 — ’L) \/gwlo 0 —ﬁwgz —2€%w22 wWoo
(4.66)

and it block diagonalize in the irrep basis applying Eq. (4.50) and coefficients in Tab. 4.5.
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We obtain the matrices M? for the irrep G and Fy, Fb:

1 3
50 5l 21 3.2
%,O Woo 0 ’i\/gwlo 0
5.1 0 0 0 0
(Mgl,J/l/) = § ) )
5,1 —iv6wyy 0 we —iv6wy 0
3o\ 0 0 0 0
3 3
21 202
(MFl,Fz > _ 51 [ woo + ivbws 0
T s 0 0

which result in the quantization condition for G:
— 6w, + (wo — cot 5%70)(2000 — iV/6wsy — cot 5%,1) =0
and the quantization condition for both irreps Fi, Fy:

— woo — iV 6was + cot 5%71 =0

o2

(4.67)

(4.68)

(4.69)

(4.70)



Chapter Five
Results

| Label | N2 x N, 8 amy ams a(fm) mz MeV) mzL | Neons |
A7 |29 x48 331 —00930 —0.040 0.1163(4) 255.4(1.6) 3.61(2) ] 600 |

Table 5.1 Parameters of the lattice gauge-field ensemble A7.

In this section, we present results obtained on the ensemble outlined in Tab. 5.1 for 9600
measurements: 600 configurations with 16 source locations each.

5.1 Contractions and spectra analysis

In this work, we use a gauge-field ensemble (label A7) with a pion mass of ~ 250 MeV and
spatial lattice size L ~ 2.8 fm [87]. The parameters for this ensemble are given in Tab. 5.1.

The gluon action is a tree-level O(a?)-improved Symanzik action [10] together with tree-
level clover improved Wilson fermions [13]. The clover-improved Wilson action is also used
for sea and valence quarks. The gauge links in the fermion action are smeared using two
levels of HEX smearing [88]. Additional details on action and algorithm are provided in [88].

From the interpolators presented in Sec. 3.1, two-point functions are computed. The
interpolators are the single hadrons pion (7), nucleon (N), delta (A), and the multi-hadron
nucleon-pion (N7).

The first steps of the computational plan consist of:

e the solution of sparse linear systems (inversion of the Dirac matrix) producing point-
to-all, sequential and stochastic timeslice-to-all quark propagators (more details in
[89]).

e Wick contractions (generalized scalar products of tensor quantities) of propagators to
produce 2-point correlation functions'. We follow the scheme outlined in [17, 3].

The correlators with single-baryon interpolator are constructed from point-to-all propa-
gators, while the correlators with a single-hadron interpolator at the sink and a two-hadron

lalso 3-point functions are produced for future studies
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Figure 5.1 Left panel: Two-point function contractions containing the A interpo-
lator. Grey circles represent the A, green circles represent the 7, and blue circles
represent the V. A circle with a black outline represents a point source, while the
dotted outline represents a sequential source. Point-to-all propagators are repre-
sented by black arrow lines, and sequential propagators are indicated by red arrow
lines. The contractions with the N7 operator at the sink and the A operator at
the source are not computed directly but are obtained from the contraction with
the A operator at the sink and the N7 operator at the source through conjugation.
Right panel: Two-point function contractions for 7N — 7N. The blue arrow lines
represent stochastic propagators, while the other elements are analogous to the left
panel.
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N interpolator at the source use in addition a sequential propagator, with sequential inver-
sion through the pion vertex at source time. Fig. 5.1 shows, in the left panel, the topology
of diagrams obtained from the A — A and A — Nx two-point correlation functions. On
the right panel, we show the Nm — N7 type correlators. To optimize the computational
cost, the diagrams are split into two factors, separated at the source point and by using a
stochastic source - propagator pair. For the latter, we use stochastic timeslice sources in the
upper two diagrams of the right panel in Fig. 5.1. The lower diagrams employ spin-dilution
and the one-end-trick [90] in addition to time dilution. The quark propagators of all types
are Wuppertal-smeared [91] at source and sink with smearing parameters awy,, = 3.0 and
Nyyyp = 45; these parameters were originally optimized for the nucleon two-point functions
in [87]. The gauge field deployed in the smearing kernel is again 2-level HEX-smeared [15,
16].

Once completed, these correlators are projected to the proper irrep A with the projection
method (as outlined in Sec. 3.3). The two-point functions obtained are the building blocks
of correlation matrices such as

CAP = (OM (1) O (tr)) (5.1)

)

where 7, 7 label different operators, and ¢, is the sink time and t,,. is the source time. For
each irrep A a correlation matrix C’;;fp is constructed, for both the single nucleon N operators
(listed in Tab. B.9), and the coupled system A — N7 operators (listed in Tab. 3.7). The
single pion has only one operator; thus, the correlation matrix is a single entry. To extract
the energy levels E4F the generalized eigenvalue problem (GEVP) is used
AP AP

AT (0 (1) = V(1) P (1) (52)
where u} are the right generalized eigenvectors that are clearest in the plateau region. We
can write the full set of states in a finite volume as

I=>" % (5.3)

with which we can rewrite the two-point functions as

3 YA A
AP i “j —Ent
C; = g —2En e (5.4)

n

where the factors Z" measure the overlaps of the interpolating operators with the states,
i.e. how well the operator O; described the n—th state of the spectrum. Early time slices
close to the source location often include excited states of quantum numbers equal to the
ground-state we aim to extract. Nonetheless, the higher the energy of the state the faster the
exponential decay, leading, in the large time limit, to a single exponential surviving. In the
plateau region, the pollution from higher energy states is reasonably small, thus the energies
are then obtained from fits with a single exponential as

A" (¢, tg) ~ e~ En (t-t0) (5.5)

95



where t; is a reference timeslice that does not affect the large-t behavior; we choose ty/a = 2.
Nevertheless, we also employ a two-exponential form (from the fit function of Eq. (4) of [92])
with contribution from the higher excited state of energy EAF as

/A, P

A (t, 1) ~ (1 — B)e Bn" (t=t0) 4 pe—Ei"(t=t0) (5.6)

These fits usually give consistent results for E,/L"I3 , but the results for the parameter B are
rather unstable under variations of t,,;,, suggesting that there is no suitable time region
in which this model is appropriate. For this reason, we do not show the results of the
two-exponential fits. In the following plots, we show the effective masses, defined as

aEls (1) =1In 3 An(, o) (5.7)

n(t + a, tO)
along with fits over the generalized eigenvalues A\"(t,ty). Using the extracted energy values,
the center-of-mass energies Vsn PN can be computed, which relate to the laboratory-frame
energies EMF and scattering momentum p* via

-
—

VETN =\J(EM ) — (P
=\/p +mi [y 3 (5.8)
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5.2 Spectra results: Single Hadron

The Liischer analysis necessitates the pion and nucleon masses to relate energies to scattering
momenta. Here we outline the spectra analysis of the single-hadron correlation functions
computed on the ensemble A7 ( details in Tab. 5.1).

[ ———
°, . . |P|2=0: Fit in t0, — tiar: 6-42

e 1000 |P>=1: Fit in t,in — typas: 5-43
|P|2=2: Fit in i — timar: 5-43
. |P)?=3: Fit in t,in — timae: 5-43

107° ¢ ® I e

w }
1076 |PP=0 * f H
|P2=1
|P2=2
1077 |P2=3 ~
0 10 20 30 40 0 5 10 15 20
t/a t/a

400

200

Figure 5.2 Left panel: pion correlators and fit results (fit function: cosh). Right
panel: effective mass plot of the pion correlators with fit results (choice of time range
shown in the legend).

5.2.1 Pion

The isospin [ = 1, spin S = 0, parity P = —1 pion interpolator is outlined in Eq. (3.2).
The internal gamma matrix structure of the interpolator is limited to 5. Given the simple
spinless structure of the pseudoscalar particle, the interpolator is not affected by group
projection and is used directly to build two-point functions.

Fig. 5.2 shows the correlators for the pion at rest and three different momenta P. The
pion correlator has a reasonably good signal-to-noise ratio, and, as expected, the precision of
the correlators gradually diminish when going from rest-frame |P|*> = 0 (blue points) to the
highest momentum |P|? = 3(27/L)? (red points). The same figure shows the correlators’ fit
using the cosh function, which generally described two exponentials with opposite signs in
the exponent. The hyperbolic cosine describes the pion correlators on the lattice where the
forward and backward (in time) propagator fall exponentially as it propagates away from
the source location.

The search for an optimal time range for the fit is called stability fit and is shown in
Fig. 5.3. For each momentum, we fit the correlators for different time ranges from t,,;,
t0 tmae = Ny — tmin- The onset of a plateau signals the optimal range, for which the fit
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(L/2m)*|PJ2 =0 (L/2m)*|PJ2 =1

524 44
258
54 522
257 520
3 1.37 = 1.04 ’3.07
30 518
256 .07
24 i
14 hq3 516 1.03
i 04
255 514
512
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9
tmin/@ tmin/a
00 (L/27)*| P> =2 (L/27)?|P]> =3
7 840 FAS
695
690 820 1.23 -
103 | o8 :
685
E 03 E 800
680 06 19
1.27
675 01 1.20
780
670
2 3 4 5 6 7 8 9 2 3 4 5 6 7 8 9
tiin/a tin/ @

Figure 5.3 Stability fit for the pion correlators at various (£|P|)%. The fit function
cosh is applied to the range from ¢, t0 tyae = N —tmin. The result for each x? /ndf
is listed at points.

maximally describes the ground state correlators uncontaminated from the higher energy
states. Fig. 5.2 shows the effective mass for the pion along with the energies extracted from
the stability fit analysis. We combine these energies and fit the points (using a least-square
method) with the dispersion relation (aF)? = (am,)? + c*(ap)?.

The results from the fit, visible in Fig. 5.4, are

e am, = 0.15052 £ 0.00078, ¢ = 1.0105 + 0.0023, x*/ndf = 0.154

The pion mass is used later in the phase shift’s parametrization when fitting the energy
points from the N7 system extracted from the lattice.
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7 dispersion relation

(aE)* = (am,)* + *(ap)?
0.25 am,; = 0.15052 £ 0.00078
c = 1.0105 £ 0.0023

X2 /ndf = 0.154

0.00 0.05 0.10 - 0.15 0.20 0.25

Figure 5.4 Dispersion relation of the pion.

5.2.2 Nucleon

We now look at the isospin I = 1/2, spin S = 1/2, parity P = +1 nucleon interpolator
listed in Eq. (3.5). To correctly identify the J = 1/2 component, we project the hadron in
the proper irrep. A summary of the relevant information about groups and irreps associated
with the quantum numbers of the nucleon are listed in Tab. 3.5 (and visually in Fig. 3.1). In
the rest frame, it belongs to the positive parity irrep Gy, (under the double group OF) and
it subsequently subduces to irrep G of little groups Cy,, and irrep G in both groups Cs,
and C3,. The formulas and transformations implemented for the projection of the nucleon
are outlined in Sec. 3.3.1. It is instructive to take a look at the actual form of a projected
operator shown in Tab. B.9. Listed are examples of operators for each row and occurrence
of irrep A. We list only one momentum direction for brevity, but we project on all momenta
permutations and average the correlators to increase statistics in the actual computation.

As previously outlined in Sec. 3.1.2, we use two gamma matrix combinations to increase
the number of operators that are used to construct correlation matrices. The labels for two
nucleons are

o "A" 5 NP (D) = X s €ape(ta (D)), (0] (T)Cyo75de(T)) €77

o "B = N (P) = s €ane(ta(D) (] (F) Crisdel 7)) €7

The correlators for both operators are analyzed with a stability fit method (shown in
Fig. 5.5) to identify the plateau area where the contribution from higher energy states be-
comes negligible. The fit function is a single exponential applied to the correlators, and,
contrary to the pion case, the fit range is limited to the first half of the time range. In par-
ticular, once we choose an upper limit t,,,, large enough the fit result becomes independent
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Figure 5.5 Stability fit for the 2 nucleon correlators type at various (Z|P[)?. The
fit function is a single exponential and is applied to the range from t,,;, t0 ;0. = 14.
x2/ndf is listed at points.
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Irrep - (L/27)*| P> : Glg-0 Irrep - (L/27)*|P* : G1-1
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Figure 5.6 Effective mass of the nucleon correlators with fit result (choice of time
range shown in the legend).
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Nucleon dispersion relation ((aE)*> = (amy)? + c*(ap)? )

0.65 Op.A amy = 0.631 % 0.003
¢ =0.999 + 0.015
x2/ndf = 0.710

0.60 Op.B amy = 0.634 = 0.005

— ¢=10.938+0.034
2/ndf = 3.419

0.00 0.05 0.10 0.15 0.20 0.25

Figure 5.7 Dispersion relation of the nucleon for the two operators A and B.

of the chosen value. Thus, t,,,, = 14 for all fits, while limiting the variation of fit range to
the lower limit t,,;,. The stability analysis shows the operator "B" having the plateau onset
at earlier times, indicating smaller high-energy state pollution.

In Fig. 5.6 we show the effective mass plot for all correlators at different momenta with
the fits superimposed. The energy points for both correlators are fitted with the dispersion
relation (aF)? = (amy)? + ¢*(ap)?, as shown in Fig. 5.7.

The results of the fits are:

e "A": amy = 0.631 £ 0.003, ¢ = 0.999 + 0.015, x*/ndf = 0.710
e "B": amy = 0.634 £ 0.005, ¢ = 0.938 4 0.034, x*/ndf = 3.419

where the nucleon mass is consistent among the two fits.

GEVP analysis of the nucleon

We also implement the Generalized Eigenvalue Problem method (GEVP) [93, 94| to improve
the signal for the ground state. The two correlators of the nucleon are combined in 2-by-2
correlation matrices for each frame and run through a GEVP analysis. The choice of ¢, has
a limited impact once it is chosen small enough; we set ¢ty = 2. Applying the same analysis
steps from the previous section, we run an exponential fit for multiple time range and search
for a plateau. The stability fit is presented in Fig. 5.8, where we fix t,,,, = 16 and vary t,,;,.
The fit choice for the time range gives the energy levels shown in the effective mass plot in
Fig. 5.8. As previously, the energy levels extracted are used in the dispersion relation fit
(shown in Fig. 5.9) for which we obtain the results:
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Figure 5.8 Left panel: (GEVP) stability fit for the nucleon correlators at various
(£|P[)%. The fit function is a single exponential and is applied to the range from
tmin 10 tmae = 16 (x?/ndf is listed at points). Right panel: effective mass of the
nucleon correlators with fit result (¢,,4, = 16).

Nucleon dispersion relation (GEVP)
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Figure 5.9 GEVP analysis: Dispersion relation of the nucleon.
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Figure 5.10 Real and imaginary parts of the eigenvectors u' in each frame.

e amy = 0.6326 + 0.0020, ¢ = 0.978 & 0.014, x2/ndf = 0.744,

consistent with the mass results from the previous nucleon fits. We then use this value for

the nucleon mass in the parametrization of the phase shift fit.

Optimized interpolator for the Nucleon

From the projected nucleon operators NZ-A’T’"(

93, 96, 94|,

where the generalized eigenvectors u?’A’P (for t/a = 4) derive from the generalized eigenvalue
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of the correlation matrix from two nucleon operator N
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where Z = \/2E,ePr'/2Cy;(to)u? are the overlap factors.

This makes for an optimized multi-hadron N7 interpolator that has a dominant overlap
to a single well-defined state labeled with (n, P, A, ) [97], while also halving the number of
nucleon-pion operators employed in the correlation matrices.

5.3 Spectra results: A — N

The central part of the analysis deals with the extraction of the energies from the matrix of
correlators of single-hadron A and multi-hadron N7 through variational methods [98]. The
A and N operators come with two different types of gamma structures. For the nucleon, we
employ a linear combination (outlined in Sec. 5.2.2) of the two N operators to improve the
N overlap of the multi-hadron states.

The first step is to project the A single-hadron correlators as outlined in Sec. 3.3.1
and multi-hadron correlators, as explained in Sec. 3.3.2. A clear difference between the two
types arises in the degrees of freedom when it comes to momentum content. For a given total
momentum P, the multi-hadron operator can vary within the momenta combination of the
two particles, with a fixed modulus of each momentum |p;;| and |p| (and also pr+pn = J3tot).
The Liischer quantization condition works best for elastic processes, and we aim to measure
spectra in the energy region between the Nm and N7r thresholds, as well as nearly above.
From the energy location of the non-interacting energy levels, we choose to limit the multi-
hadrons’ momenta content to not significantly exceed the upper threshold (Nz). In general,
the energy levels from the non-interacting spectra loosely map the location of the interacting
ones. Nevertheless, it can be used to outline a hierarchy of levels, allowing us to choose
a momentum content that locates the operators in (or near) the region of interest. As a
general rule, we set the N7 momenta limited to || + [fx| < V3%, The cut-off saves us
machine time and reduces the operator’s list to a reasonable size for the GEVP analysis step.
Tab. 3.7 lists the momenta content used for the nucleon-pion operators in each frame (and
irrep). For each irrep, correlation matrices are computed for each row r and total momentum
of the system ]3tot and subsequently averaged to increase statistic [99].

Given the relatively large number of operators employed, we try to reduce the list of
operators in the basis without losing energy levels in the spectra with respect to the full
basis. For every correlation matrix, various subsets of the full basis of operators are analyzed
via GEVP and Singular Value Decomposition (SVD). Through SVD the correlation matrices

Cf}’ﬁ can be decomposed in eigenvalues (singular values) and eigenvectors of CC* and C*C.

While differing from an eigenvalue decomposition of C’;}’P, this can nevertheless help us
in assessing the operators contributing to the largest singular values and thus exploring
sub-basis of the full list of operators that can have reduced noise on the correlators while
maintaining the complete spectra. In other words, the use of the SVD method helps identify
the more relevant operators overlapping with each energy level and, thus, discarding the less
important ones.

The remainder of the section presents the spectra results for the correlation matrices
from each of the irreps relevant to this study. Our spectra results are obtained from single-
exponential fits to the principal correlators and are listed in Table 5.2. In addition, we
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estimate a systematic uncertainty for each energy level as the shift in the fitted energy when
increasing tin/a by +1. These uncertainties have been added in quadrature in the lighter-
shaded outer bands shown in Figs. 5.11, 5.12, 5.13, 5.14, 5.15, 5.16, 5.17, and will also be
propagated to the scattering amplitudes.

5.3.1 Group: O | Irrep: Gy,

|P|>=0,Gh,
1.05 1800 P= 27 /L0, 0, 0] ,irrep=Glu Qua?tizatioln c?ndition
- ap/a =038
L.00 1.7 1700 \
| — I—
N[-1, 0, 0]-x1, 0, 0]
0.95
(16 e \ w
1 =
3 S =
Re 15,5 S50
[ @
3 >
0.85
| 1.4 1400
0.80{ @ X .
-------------- —— T -
i ] G W
0.75 ‘
‘ ‘ | ‘ i non-inter.  measured roots
2 4 6 8 4 G energles energles from q.c.
t/a tmm/a
(a) Effective energies and stability fits in single-exp. (b) Spectra for irrep Gy,

Figure 5.11 Irrep Gy, (a) Effective energies of the principal correlators as a func-
tion of t/a (left), and the energies obtained from single-exponential fits to these
correlators as a function of ¢, /a (tmez/a = 15). (b) Non-interacting energies com-
pared to the measured energies from fits to the principal correlators, and roots in
the quantization condition for this irrep (shown on the right panel) for the global
multi-irrep phase shift fit G(a).

As shown in Tab. 3.3, this irrep is the only one that has an S-wave (J = 1/2) contribution
without the P-wave (J = 3/2) (higher partial waves are not considered here). Given the
parity quantum number for nucleon-pion in S-wave, the only irrep able to measure such
contribution would be the odd parity (ungerade). It is expected to be populated only by
N levels (in our region of interest) for which a shift in the energy of the non-interacting
levels parametrizes a phase shift contribution from a distant resonance with J = 1/2 (at
physical pion mass this resonance would locate at ~ 1620 MeV). The correlation matrix is
composed of a total of three optimized N7 operators. We apply the GEVP method to the
correlation matrix (with tg = 2) and subsequently fit the principal correlators for various
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tmin using single-exponential functions in Eq. (5.5) (we show the values of E,, in Fig. 5.11).
Fig. 5.11(a) also shows the two (lowest) non-interacting N7 energy levels, which largely
overlap with the "interacting" energies measured. This can be interpreted as a sign of small
(or no) contribution from the phase shift belonging to this irrep. In Fig. 5.11(b) we show the
roots from the quantization condition for the global phase shift fit compared to the energy
levels extracted from correlator fits. Also visible are the non-interacting energies computed
from the momenta of the Nm system.
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(a) Effective energies and stability fits in single-exp. (b) Spectra for irrep H,,.

Figure 5.12 Irrep H,: (a) Effective energies of the principal correlators as a func-
tion of t/a (left), and the energies obtained from single-exponential fits to these
correlators as a function of ¢, /a (tmee/a = 15). (b) Non-interacting energies com-
pared to the measured energies from fits to the principal correlators, and roots in
the quantization condition for this irrep (shown on the right panel) for the global
multi-irrep phase shift fit G(a).

In general, the rest frame offers the clearest distinction between angular momenta J
among different irreps, and the main focus of this study, the J = 3/2 contribution, lies in
the irrep H, (also H,, but it is of opposite parity of what we are interested). In contrast
with the previous irrep G, the multi-hadron operator N7 projected in this irrep does not
appear at rest, i.e. both momentum for nucleon-pion at zero, due to the dynamics of the
system in the context of parity. Following the upper limit on momentum onto the individual
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particles, this leaves us with a single momentum configuration for the two-hadron system
N7, ie., |p:| = |pn| = 27/ L.

The correlation matrix that connects all operators of this irrep is run through the GEVP
method for a fixed t; = 2. We fit over the principal correlators on various time ranges
using the single exponential function of Eq. (5.5), as shown in Fig. 5.12(a). The two levels
measured appear relatively stable among the different sets of fit ranges. As expected, the rest
frame yields the most precise signals among the different frames. The ground state clearly
shows remarkable stability and a large plateau, especially considered that we are dealing
with baryons. The final choice for ,,;,/a in the fit is shown in Fig. 5.12(a) along with the
values in energies extracted for each level . In Fig. 5.12(b) the roots from the quantization
condition for the global phase shift fit are compared to the energy levels extracted from
correlator fits and the non-interacting energies.
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Figure 5.13 Irrep G1: (a) Effective energies of the principal correlators as a func-
tion of t/a (left), and the energies obtained from single-exponential fits to these
correlators as a function of t,,;n,/a (tmaex/a = 15). (b) Non-interacting energies com-
pared to the measured energies from fits to the principal correlators, and roots in
the quantization condition for this irrep (shown on the right panel) for the global
multi-irrep phase shift fit G(a).

The moving frame with total momentum of By = 27/ L is described by the symmetry
group CP. The irrep G, originates from the subduction of the (rest frame) irreps Hgy, and
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G1g/u- Thus, it inherits both angular momenta: J = 3/2 and J = 1/2. As listed in Tab. 3.7
for the two hadron operator N7, we implement a set of four momenta combinations. Also,
the operators projected in this irrep have a high multiplicity, resulting in four occurrences
for each of the two types of single hadron A operators and up to 12 for N7 (see Tab. 3.7).
As a result, even after combining the two N operators with different gamma structures in
a single optimized operator for N7, we have a correlation matrix of size 20 by 20. We run
a GEVP analysis for several different subsets of operators from this fairly large correlation
matrix, looking for an optimal signal in the principal correlators. We do this analysis while
comparing each subset result with the full-basis of correlators, aiming to extract a good
signal with low noise while keeping the number of levels extracted equals to the full-basis.
The stability fit analysis results are shown in Fig. 5.13(a) for the three levels extracted. The
final choice of t,,;, for each fit is shown in the effective mass plot in Fig. 5.13(a) with the
associated energies, and compared in Fig. 5.13(b) to the roots of the quantization condition
computed from the global phase shift fit results.
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Figure 5.14 Irrep Go: (a) Effective energies of the principal correlators as a func-
tion of t/a (left), and the energies obtained from single-exponential fits to these
correlators as a function of ¢, /a (tme/a = 15). (b) Non-interacting energies com-
pared to the measured energies from fits to the principal correlators, and roots in
the quantization condition for this irrep (shown on the right panel) for the global
multi-irrep phase shift fit G(a).
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The irrep G5 belongs to the same group of G but differs in the subduction from the
rest frame’s irreps. The critical difference is that it is subduced only from H,, as shown
in Tab. 3.4. This makes G5 a "cleaner" irreps because it contains J = 3/2 spin without
J =1/2 (the same is true for H,, Fi, F5). This absence makes it a suitable candidate for an
initial phase shift fit that would try to parametrize the J = 3/2 contribution alone (without
J = 1/2). The multiplicity is double for the single A operator and quadruple for each N7
operator (shown in Tab. 3.7). A 12 by 12 correlation matrix is analyzed with the GEVP
method to find the operators’ optimal sublist that yields a cleaner signal. The correlators
provided by this subgroup are then fitted using single exponential stability fit analysis, as
shown in Fig. 5.14(a) for two energy levels. Once again, the comparison with the roots from
quantization condition from global fit is shown in Fig. 5.14(Db).
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Figure 5.15 Irrep (2)G: (a) Effective energies of the principal correlators as a
function of t/a (left), and the energies obtained from single-exponential fits to these
correlators as a function of #,,/a (tme/a = 15). (b) Non-interacting energies
compared to the measured energies from fits to the principal correlators, and roots
in the quantization condition for this irrep (shown on the right panel) for the global
multi-irrep phase shift fit G(a).

For the boosted frame with |P| = (27/L)v/2, the double group associated with half-
integer spin is C2. There is only the irrep (2)G in this group, which contains all half-integer
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angular momenta J. The presence of only a single irrep results from the low symmetry of
the boosted grid, also compared to the other frames (boosted or at rest). The presence
of a single irrep maximizes the number of occurrences for the projected operators. As
an example, the single-hadron A for a fixed row projects to six independent occurrences.
Also, the multihadron N7 shows double or quadruple occurrences among different momenta
combination. The correlation matrix averaged over momenta direction, rows, and optimized
nucleon interpolator is a 20 by 20 matrix. For this irrep, we observe in the range of energies
of interest a high number of levels, and, through the GEVP method, we extract five. Shown
in Fig. 5.15(a) is the stability fit analysis for these five levels in the clearest sub-group
of operators extracted. Given the high number of levels and the higher total momentum
associated, the plateau regions become harder to pin and start to move at earlier times. The
fit range choices are plotted in the effective mass plot in Fig. 5.15(a), where for the two
highest levels, we choose to set the lower bound of the range to t,,;,/a = 3.
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Figure 5.16 Irrep G: (a) Effective energies of the principal correlators as a function
of t/a (left), and the energies obtained from single-exponential fits to these correla-
tors as a function of t,,;,/a (t;ma./a = 15). (b) Non-interacting energies compared to
the measured energies from fits to the principal correlators, and roots in the quanti-
zation condition for this irrep (shown on the right panel) for the global multi-irrep
phase shift fit G(a).

The highest boosted frame we consider has |P| = (2r/L)v/3, and the group C2 contains
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three irreps for half-integers spin. Here we consider the 2-dimensional irrep G. The single A
operator has multiplicity m = 4, and the N7 operators have double or quadruple occurrences
for different momenta combinations, as listed in Tab. 3.7. After averaging over rows and
total momentum direction, we run the 20 by 20 correlation matrix in the GEVP analysis,
once again with the pursuit of identifying a good operators basis among the vast choice
available. The results of this investigation are then analyzed with stability fits, shown in
Fig. 5.16(a), for various t,,;,/a and a fixed t,4,/a = 15. The final range choices are set to
tmin/a = 3 for the three levels. Fig. 5.16(a) shows the measured energy levels alongside the
correlators effective mass. These high-momentum frame shows, as predicted, an increase in
statistical noise.

5.3.7 Group: C | Irrep: Fi, Fy

The irreps F; and F, both belong to the double group CZ and are both unidimensional,
i.e., they have a single row. Subduced from irrep H,/, in the rest frame, they possess the
same spin content, free of J = 1/2 (as in the case of G3). They are also used to perform
the initial phase shift fit for a 321 together with the levels extracted from H, and Gj.
There is a double occurrence for both the single A and the two-hadron N7 operator. From
the list of operators outlined in Tab. 3.7, we have an eight by eight correlation matrix for
every total momentum direction P. After averaging over momentum directions, we repeat
the GEVP analysis for several operators’ sub-sets to find the most stable signal for the
principal correlators. As in every other irrep, the final choice is then analyzed through single
exponential fits of the principal correlators, as outlined in the left panels of Fig. 5.17 for irrep
Fy and F;. The irrep Fy shows a slightly better behavior, clearly visible in more stable fits
over different choice of t,,;,/a. The effective energies plot together with the final fits are also
shown in the left panels. Panels on the right of Fig. 5.17, shows the comparison between non-
interacting energies, measured energies, and roots of the quantization condition. The roots
for the irreps (in red) are found from the quantization condition computed from the multi-
irrep global phase shift fit results G(a), shown in Tab. 5.3. The measured energies (blue)
represent the value of F),, from the chosen single exponential fit of the principal correlators
from the GEVP analysis.
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Figure 5.17 Irreps Fi, F5: (Left panels) Effective energies of the principal corre-
lators as a function of t/a (left), and the energies obtained from single-exponential
fits to these correlators as a function of #,/a (tmae/a = 15). (Right panels) Non-
interacting energies compared to the measured energies from fits to the principal
correlators, and roots in the quantization condition for this irrep (shown on the
right panel) for the global multi-irrep phase shift fit G(a).
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5.4 Results for the scattering amplitudes
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Figure 5.18 Center of mass energies from all irreps used, alongside the N7 non-
interacting energy levels. Also, J < 3/2 content is listed for each irrep. The inner
bands indicate the statistical and scale-setting uncertainties. The outer, lighter-
shaded bands include an estimate of the systematic uncertainty asssociated with the
choice of fit range, calculated from the change in the fitted energy when increasing

Fig. 5.18 shows a summary of all CMF energy levels obtained from the correlators, divided
into irreps, as well as the J content for each irrep that guides the choice for the phase shift
fits. In Tab. 5.2 we list the CMF energies from the correlator fits with fit range and x?/dof
for all energy levels.

In principle, there are infinitely many values of total angular momentum J and therefore
also infinitely many partial waves [ in each irrep, but, as the higher waves have an increasingly
smaller contribution, we consider only the dominant partial waves. In particular, we assume
the contributions from partial waves in J > 3/2 to be negligible and exclude them from the
analysis.

The primary goal of the phase shift fit is to measure the J = 3/2 contribution (in P-
wave), but since some irreps mix with J = 1/2, the latter is also included in the quantization
conditions used in the fits. In particular, for partial wave J = 1/2 the contribution in S-wave
(I = 0) is expected to be dominant over the P-wave (I = 1). At our level of precision, we
find the former to be consistent with zero, and thus, decide to not include the latter.
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To summarize, we proceed to parametrize two contributions in the phase shift fit: the
resonant Pj3 wave? (also called d5/51) and the non-resonant Ss; wave (or d1/2).

In the region of interest, we expect the P33 wave to measure mainly the onset of the
resonance A(1232) and for the S3; wave to measure a small phase shift from the distant

A(1620).

Breit-Wigner

In general, if the resonance is narrow (as it is for the A(1232)), it is useful to express the
transition amplitude T® through the Breit-Wigner parametrization.

70 _ T _\/ji(jbgr(s) (5.13)

where I'(s) is the decay width and mpw represents the (Breit-Wigner) resonance mass. This
parametrization is generally used only in the vicinity of the resonances. We use the Breit-
Wigner model to describe the phase shift d3/51 (J = 3/2,1 = 1) that measure the onset of
the resonance A(1232).

In particular, we implement the K-matrix formalism (Sec. 2.5), for which the Breit-
Wigner has the form,

- r

Ki(?/Q,l) _ - \/g (8) 7 (514)
(mEw — $)\/Piiby;

where p;; represents the phase space matrix outlined in Eq. (2.39). For our case of only one

channel we have 7, 7 = 0 and it reads,

pro = (1 = (P ey - (e (5.15

Also, T'(s) is defined as:

2 3
Jaw K
['(s) = —;VTV? (5.16)

with ggw representing the coupling.

Effective Range Expansion

The other phase shift we aim to extrat, i.e. 6120 ((J = 1/2,1=0)), is expected to be non-
resonant in the region of interest. We can parametrize it with the effective range expansion
(ERE) at order 0,

. k
K/ = —(ao), (5.17)
Poo

where aq is the zero-energy scattering length.

2the nomenclature indicates the type of wave S, P, D, etc, and the values for I x 2 and J x 2
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(%)2]13]2 A | n Fit Range é‘—; a\/sﬁ’P
0 G |1 4-15 1.90] 0.782(4)(3)
0 G |2 4-15 0.0 | 0.978(12)(1)
0 H, |1 5-15 179 0.8204)(2)
0 H, |2 4-15 043 | 1.028(6)(4)
1 G, |1 4-15 1.97 0.790(5)(4)
1 G |2 5-15 114 0.829(5)(8)
| G |3 515 072 0.914(8)(9)
1 G, |1 5-15 048] 0.827(5)(5)
| G, |2 4-15 089 | 1.020(7)(18)
5 @G |1 4-15 173 0.795(5)(17)
2 @G |2 4-15 172 0.826(5)(8)
2 2)G |3  4-15  1.60 | 0.839(5)(14)
2 2)G |4 3-15 1.87]0917(4)(12)
o> ()G |5 3-15  0.71] 0.939(4)(3)
3 G |1 3-15 132] 0.791()(2)
3 G |2 3-15 068 0.843(7)(7)
3 G |3 3-15 201 0.940(7)(15)
3 Fi |1 4-15 146 0.831(7)(29)
3 Fio |2 4-15 027 0.960(11)(3)
3 F |1 4-15 045 0.839(7)(6)
3 Fy |2 4-15 056 0.962(6)(7)

Table 5.2 Center-of-mass energies results in the A — N7 sector from single-
exponential fits to the principal correlators, for the total momenta 15, and irreps
A. The first uncertainty is statistical and the second uncertainty is systematic,
given by the shift in the fitted energy when increasing t,,;, by one unit.
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Label | Fit (J,1) irreps A points Breit-Wigner ERE ay | x%/dof
S (1/2,0) G 2 - 0.51(96) | 0.16
gew = 13.36(80)
P (3/2,1) | H, Gs, Fi, Fy 8 | mpw = 0.8158(31) ; 1.35
corr(ampw,gpw )=—0.279

(1/270> GluaHgaGl7G27

G@) | 55 1) | a6 m. | 2| mew=08136(29) | 0.38(44) | 0.85
corr(ampw,gpw )=—0.375
(1/270) GluaHva17G27 _
Glat1) | 50 | a6 m | 21| mow =0.8085(43) | 0.46(30) | 0.99
corr(ampw,gpw )=—0.442
Gb) | W20 | G Hy G Ga o) 1 8161(30) | 0.34(57) | 156

(3/2,1) | (2)G,G, F\, F,y

corr(ampw,gpw )=—0.324
gsw = 13.67(57)
15 | mpw = 0.8146(30) | 0.68(49) | 0.99
corr(ampw,gw )=—0.372
gw = 13.65(52)
19 | mpw = 0.8137(29) | 0.52(85) | 0.93

corr(ampw,gpw )=—0.360

(1/270) GluaHg7G17G27
Gl | (521 G, Fy, B

(1/2,0) H,, Gy, G,
G@) | 391 | @¢c R R

Table 5.3 Phase shift fits: on top of the list are the fits of irreps containing a single
S- and P-wave. For the global fits (G) different combinations are performed as
explained in the text.

5.4.1 Phase shift fit procedure and results
The K-matrix is related to the phase shift as

A 1
Kb = tan(dy) and KD = —tan(d ) (5.18)
p

The fit procedure we follow [100], parametrizes the phase shifts 65,51 and d;/20 using
the Breit-Wigner and ERE K-matrix models above, and perform a global fit of the model
parameters to all energy levels by minimizing the following x? function:

—[data] —[model] —|[data)] —[model]
_ /AP /AP | B N
X2 - Z Z [C 1]13,/\,71;13’71\’,71’ ( Sn —Vn ) ( Spy —VSw )

PAm A

(5.19)

—[data] —[model]
where \/ shF and \/ st are, respectively, the CMF energy points measured from
the single exponential fit (listed in Tab. 5.2), and the roots of the Liischer quantization
conditions obtained for each parameter guess. Also, C~! is the covariance matrix of the
CMEF energy levels measured on the lattice (label "data").
There are 21 energy levels from eight irreps available for the fit, as shown in Fig. 5.18.
Before performing a fit over all energy points, we consider separately the irreps that include

7



either J = 1/2 or J = 3/2 exclusively. In particular, the inclusion of the irrep G, is dictated
by the fact that it is the only irrep we can access that has only spin J = 1/2. It can help
assess the contribution of the S3; phase shift freed from the P33 resonant contribution (in
fact, in Tab. 3.7, the operators of Gy, are only from the N7 system). Also, within the
scattering amplitude in J = 1/2, we do not include the P3; phase shift as it is suppressed
with respect to S3; , and we later find the latter to be consistent with zero. On the other
hand, multiple irreps that have a J = 3/2 content freed from J = 1/2: H,, Go, F} and F.
We proceed to fit those irreps as well. These initial two fits enable us to obtain a good initial
guess for the final global fit parameters and assess the stability of the fit over the choice of
irreps included. The results for these two fits are listed in Tab. 5.3 with labels S and P. The
fit S over irrep Gy, results in a very low x?/ndf caused by having only two levels available.
The partial fit P for (J = 3/2,1 = 1) shows a much higher y?, which is reduced once we
move to the global fit.

We then include all energy levels available in global fits (label G) with different com-
binations to assess the stability of the results. From the partials to the global fits, there
is a slightly reduction in all parameters’ uncertainties. For the global fit G, we implement
five different combinations of levels included and choices of t,,;,/a to test the stability of
the results. For the initial choice of levels listed in Tab. 5.2, the phase shift fit results are
listed as G(a) and the simultaneous increase of t,,;,/a of one unit across the same levels
yields the result G(a+1). More focused choices among the noisiest levels are made in the fit
G (b) where we vary t,,;,/a in selected levels according to the single and double exponential
stability fits of the correlators. In particular, we have +1 shift on ¢,,,,/a on all levels of
irreps G, (2)G, F, Fy, the ground state of Gy, the first excited of G, and +2 on the first
excited of G. Additionally, we perform the global fit G(c) removing problematic levels from
the list in Tab. 5.2: the highest level of irrep G and all levels in irrep (2)G. Furthermore,
we fit the levels from G(a) excluding irrep Gy, in the global fit labeled G(d). Overall, the
results indicate that the fits provide compatibles results and are very stable across several
choices.

We select fit G(a) to report the central values and statistical uncertainties of the fit
parameters and derived quantities, but then estimate a systematic uncertainty from the
maximum variation in the central values between G(a) and the other four global fits G
listed in Table 5.3, i.e., for a parameter or derived quantity y, we calculate the systematic
uncertainty associated with the fit choices as

sys

0, = max(lye) — Yew@l) » i € {a+1b,ec.d}. (5.20)

Our final results for the Breit-Wigner parameters and scattering length in lattice units
are then

ampw = 0.8136 £ 0.0029 + 0.0048,
gsw = 13.62+0.50 +0.43,
ap/a = 0.3840.44 =+ 0.30. (5.21)

A clear P33 (d1/20) phase shift is shown in Fig. 5.19 from results of the fit G(a) with
the parameters from the Breit-Wigner parametrization in Eq. (5.14). Because the P-wave
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ampw = 0.8136 &= 0.0029 & 0.0048
(mpw = 1380.44 + 6.84 & 9.43 MeV)
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Figure 5.19 Energy dependence of the P33 (upper) and Ss; (lower) phase shifts
from the global fit G(a) alongside the energy points from the irreps (center). The
darker inner bands show the statistical uncertainty. The lighter outer bands include
our estimate of the systematic uncertainty associated with the fit ranges.
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phase shift rises rapidly in the region of the resonance, we evaluated separate upper and
lower systematic uncertainties that are included in the outer band in Fig. 5.19, using the
asymmetric generalization of Eq. (5.20) corresponding to the largest shift in each direction
The scattering length ag results show large uncertainties that do not yet allow for a clear
identification of the phase shift Ss; (61/2,0), as shown in Fig. 5.19.
Additionally, we determine the closest T-matrix pole position in the complex /s plane,
associated with the A(1232) resonance. From Eq. (5.13) we solve the pole equation:

0 = miw — S0 — iv/Sol(s0)- (5.22)
The pole sy can be parametrized as ma — iI'/2 and results in:
e mpa (real part): 0.8124 4+ 0.0027 £ 0.0045 (1378.3 + 6.6 = 9.0 MeV)
e ['/2 (imag. part) : 0.00484 £+ 0.00061 + 0.00084 (8.2 + 1.0 £ 1.4 MeV)

Once we have obtained the decay width I' from the imaginary part of the pole, we also
determine the coupling ga_,n from the definition of the decay width I' provided by the
leading-order chiral effective theory [101],

2 Ex+my k3
rLo _ GA—=N LN N 5 23
BET ™" 487 Ex + E, m3,’ (5.23)
for which we obtain
ga_nN = 23.8 2.7+ 0.9. (5.24)

The results for the scattering length ay from ERE parametrization are generally consis-
tent with zero within the uncertainties. The scattering length from global fit G(a) in the
combination agm+,

agmy+ = 0.057 + 0.067 + 0.045, (5.25)

can be compared with the values extracted from experimental data, —0.0785 4+ 0.0032 in
[102], —0.0894 + 0.0017 in [103], and —0.101 £ 0.004 in [104].

To conclude, the extracted values for the resonance mass ma and coupling ga_,n, are
listed in Tab. 5.4 with other similar studies. In Refs. [39, 41| the authors used the Micheal
and McNeile method [108]| to determine the coupling ga_,n at two different pion masses -
one of which is very close to the physical pion mass. The Michael and McNeile method is
based on the mixing of hadronic states on the lattice when the initial state energy is close to
the final state energy and evaluating the corresponding transition matrix element (A|NT).
The coupling values seem sensible and compare reasonably our and the experimental value.

While the Michael and McNeile method is computationally more efficient, it suffers from
systematical effects [109]. The Liischer method, on the other hand, does not suffer from
similar effects as has been demonstrated by the multitude of recent calculations [83]. How-
ever, the Liischer method for baryon-meson scattering is significantly more challenging than
for meson-meson, and so far, only limited results are available. The study in [105] was an
exploratory study using the Liischer method in 3 different (J, I') channels of the nucleon pion
system at m, = 266 MeV. Among those was the A, where the authors determined the phase
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Collaboration m. [MeV] Methodology ma [MeV]| 9A—nN

Verduci

(2014) [105] 266(3) Distillation, Liischer 1396(19)pw 19.90(83)
Ale?;élf;fl[lgg]t'al‘ 360 Michael, McNeile 1535(25) 27.0(0.6)(1.5)
Alezc;(I)ll(ig)()l[l4§jC-al. 180 Michael, McNeile 1350(50) 23.7(0.7)(1.1)
Arz(;lgrlsge)n[gg]al- 280 Stoch. distillation, Liischer 1344(20)gw  37.1(9.2)

Our result 255.4(1.6) Smeared sources, Liischer 1125;%277))((%3:\1: 23.8(2.7)(0.9)
E}S}é,sl(ljgll ;’?gﬁ 139.57 phenomenology, K-matrix 1122?1%((11))2\1: 29.4(3), 28.6(3)

Table 5.4 Comparison of results for ma and ga_,y. The uncertainties given for
the lattice results are statistical /fitting only

shifts directly from few moving frames using both ground and excited states. The coupling
determined in that study deviates slightly from our determination, yet remains statistically
compatible. The more recent work presented in [38| also makes use of the Liischer method;
however, they elect to use only the ground state energies in a set of irreps and moving frames
where partial waves do not mix. This reduces the difficulty of the analysis and allows the
authors of [38] to determine the mass and coupling of the A at m, = 280 MeV. In [3§]
the pion mass appears to be such that the mass of the A lies directly on the N7 threshold
making a reliable extraction of the pole very difficult. On the other hand, the coupling can
be determined quite well, and the authors found a central value that is quite a bit larger
than ours, but due to the considerable statistical uncertainty, it remains compatible.

While these pioneering studies provide valuable insight into the A resonance, it remained
unclear so far if a precise amplitude can be determined from the lattice. In this work, we have
demonstrated that by using standard techniques in lattice QCD, i.e., using smeared forward,
stochastic and sequential sources, it is possible to determine both ground and higher energy
states in a multitude of irreps and momentum frames. Using advanced group-theoretical
constructions, we built the interpolators and correlation matrices for eight irreps in four
momentum frames, from which we extracted 21 energy levels. As some of these irreps mix J
and [ we used the minimization technique proposed in [100] in combination with the Liischer
method to determine the (J =3/2,1 = 1) and (J = 1/2,] = 0) scattering amplitudes. From
those, we were able to find the A(1232) pole position and extract the pole mass and coupling.
Our result is highlighted in Tab. 5.4 and is the most precise so far. Expecting little pion
mass dependence on the coupling [17] we can compare it to experiment, and we see that,
within uncertainties, we match well.
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5.5 Discussion and Conclusions

This work addressed problems related to hadrons resonances and their study in the context
of Lattice QCD. This aspect of the theory is interested in the development of techniques
to simulates QCD on a finite volume and connect the energy spectrum of single and multi-
hadron states to the resonance’s observables.

In particular, we studied the baryon resonance A(1232) with quantum numbers I =
3/2,J7 = 3/2%, expected to appear in the Py3 wave (or phase shift d3/21) in the N7 channels
for the elastic scattering up to 1.6 GeV for a pion mass m, ~ 256 MeV. Using state-of-the-
art techniques and extensive group-theoretical considerations we were able to extract the
parameters of the resonance including its pole position.

The central connection between lattice spectra and infinite-volume phase shifts is pro-
vided by the Liischer method, and it relies on parametrizing the shift in energy between
the interacting energies and the non-interacting counterparts. The tools that provide the
parametrization are the quantization conditions; computable for each irrep. To reliably ex-
tract the spectra, we first projected single and multi-hadron operators in the various irreps
of the lattice. Using just a single volume, we included moving frames to increase the number
of energy points available to constrain the phase shift fit. For each irrep considered, we
were able to compute correlation matrices in the A — N7 system, averaged over different
momentum direction and rows of the irrep. The energy points extracted from the corre-
lation matrices were simultanueously fit using the quantization conditions in the K-matrix
parametrization of the phase shifts 0351 and d1/2. The second phase shift 6120 (S31) was
included in the analysis as many irreps mix angular momentum J = 3/2 and J = 1/2. The
S31 wave was parametrized in the effective range potential framework and obtained a value
for the scattering length of ag = (0.057 £ 0.067 = 0.045) /m+.

For the primary phase shift 03/, 1, corresponding to the resonance A(1232), we extracted
mass mpw = 1380(7)(9) MeV and coupling ggw = 13.6(5)(4) in the elastic energy region
through a Breit-Wigner parametrization. We also extracted its T-matrix pole position in
the scattering amplitudes, from which we were able to determine the decay width I'. From
the alternative definition of the decay width provided by the chiral effective field theory in
Eq. (5.23), we determined the coupling ga_»n = 23.8(2.7)(0.9), compared to other recent
studies in Tab. 5.4. In this comparison our study stands out as the first where excited-
state levels are successfully used in a boosted baryon system. To conclude, the extracted
parameters related to the A(1232) show small uncertainties while being compatibles with
other studies of similar pion mass, confirming a clear identification of the resonance and the
righteousness of the theoretical approach employed.

Future work will include lattice ensembles with different spatial volumes and lower pion
mass that will provide more energy points to better constrain the phase shifts extracted and,
at the same time, expand on the partial wave contributions included in the analysis. Using
multiple lattice ensembles will also enable us to measure systematic errors associated with
finite volume and unphysical quark masses.
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Chapter Six

Roberge-Weiss endpoint and chiral
symmetry restoration in Ny =2+1 QCD

The results described in this chapter have been published as [4]. The sign problem is a
well-known obstacle that prevents numerical simulation to probe the QCD phase at finite
chemical potential ;1. The problems that arise with the introduction of a finite chemical
potential p in Monte Carlo calculations can be understood considering QCD at non-zero
temperature and baryon density. We have the baryon number coupled to chemical potential
1, and we have the grand canonical partition function of the form

7 = Tre”H-nN/T — o=F/T (6.1)

where N is the quark number and F' is the free energy. A possible way to think about
chemical potential is that it corresponds to the energy required to add a new particle to
the system. The chemical potential enters in the probability weight of the Monte Carlo
algorithm through the fermionic determinant. Explicitly:

7 = / DUe %W det M () (6.2)

At non-zero chemical potential, the fermion determinant turns out to be not real and positive,

but complex,
[det M ()] = det M(—u*) € C (6.3)

as a result, the integrand in Eq. (6.2) is complex as well and importance sampling is no more
applicable. This sign problem is not specific for fermions, and in particular, is not due to
the Grassmann nature of the fermion, but it is also present in bosonic theories [110].

The use of the imaginary chemical potential is a partial workaround to the sign problem
subject of several studies [111, 112, 113, 114, 115, 116, 117, 118, 119, 120, 121, 122, 123, 124,
125, 126, 127, 128, 129, 130]. While this method does not represent a solution, it provides
access to the analytical continuation of the QCD phase diagram, obtaining information
about QCD at finite baryon density partially avoiding the sign problem. Furthermore, the
imaginary chemical potential provides an interesting extension of the QCD phase diagram
where, for particular choices of the chemical potential, one recovers exact symmetries even
in the presence of finite quark masses. This in turn leads to phase transitions and critical
points that could be relevant for the physical region of the phase diagram.
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>
Hp, [ (nT)

Figure 6.1 Sketch of the phase diagram of QCD in the T'— 15 ; plane. The vertical
lines are the RW transitions, the dashed lines are the analytic continuation of the
pseudo-critical line.

Considering the case of QCD with an imaginary chemical potential up, it is observed
that for certain values known as Roberge-Weiss (RW) points [131], at up = ipp; = iknT
where £ is an odd integer, there is an exact Z5 symmetry from a remnant of the original Z3
symmetry associated to the pure gauge case. This symmetry is spontaneously broken at a
critical temperature Tgy which fixes the endpoint (RW endpoint) of first-order transition
lines; those are present at fixed pp in the high-T" region of the phase diagram (see Fig. 6.1).

There are many studies that have investigated RW transition lines, in both lattice simu-
lations [112, 113, 114, 115, 116, 117, 125, 126, 127, 128, 129, 130| and effective models [132,
133, 134, 135, 136, 137|. Early studies have shown particular features of the RW endpoints
for both Ny = 2 and Ny = 3 degenerate flavors: the transition is first order for small quark
masses, likely down to the chiral limit, second order for intermediate masses, and first order
again for large quark masses; the three regions are separated by tricritical points [138, 139,
140]. A study at physical pion mass with stout improved staggered fermions reported in
[141] with Ny =24 1 QCD shows a reliable continuum extrapolation of the endpoint tran-
sition temperature Try =~ 208(5) MeV, corresponding to Try /T ~ 1.34(7) where T, is the
pseudo-critical chiral crossover temperature at zero baryon chemical potential. In the study
a finite size scaling (FSS) has being performed only for N; = 4,6 providing evidence for a
second order transition. This suggests that the chiral tricritical pion mass, if any, is lower
than the physical pion mass m, ~ 135 MeV.

In this study, we extend the analysis of RW endpoint below physical quark masses down
to a pion mass of order 50 MeV with the same improved discretization of [141]. The purpose
of this study is to locate the tricritical point, even though, various studies have provided
evidence of a general shrinking of the first order regions as the continuum limit is approached.
Therefore, there is no guarantee that a first order RW endpoint transition can be found in
the chiral and continuum limit of Ny = 2 + 1 QCD. It is important to point out that the
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task itself is highly non-trivial, as to have a reliable extrapolation once should get close
enough to the chiral limit; close enough to the continuum limit so that the chiral properties
of dynamical fermions are effective (in the present context of staggered fermions, that means
that taste symmetry breaking is negligible and all pions become effectively light); and keep
the physical volume large enough, i.e. Lm, > 1 as m, — 0. All these conditions can‘t be
satisfied by present computing resources. This study presents a calculation for only N, = 4,
and represents a small step in the direction of a more complete calculation.

6.1 Numerical Setup

We employ a rooted stout staggered discretization of Ny = 2+ 1 QCD in the presence of
imaginary quark chemical potentials p 7, its partition function reads:

1/4
7 = / DU e [T det (MS{[U,M,I]) , (6.4)
f=u,d,s
— B o Ix1 1 1x2
Syn = BZ Wi — 5 ) (6.5)

4
it % [emﬂf’ﬁ""lUi(;Qy)(;aj—ﬂ - e‘m“f‘f‘”"‘UﬁE Jigio|,  (6.6)

v=1

(M)i; = amyd;

Sy is a tree level Symanzik improved gauge action |9] constructed from the original link vari-
ables, WZ"ZZL being the trace of a n x m rectangular loop, while the staggered fermion matrix
(MZ); ; is built up in terms of the two times stout-smeared[16] links Ui(i,), with an isotropic
smearing parameter p = 0.15. With thermal boundary conditions (periodic/anti-periodic in
Euclidean time for boson/fermion fields), the temperature is given by T' = 1/(N;a). Also,
we fix NV, = 4 in all simulations, while the lattice spacing a is a function of g and of the bare
quark masses. The previous study in Ref. [141] where computation were performed using
a line of constant physics (LCP), i.e. the tuning of the parameter 5 to keep the masses of
physical states approximately equal to the physical values. In contrast, in this study, we
decide to fix quark masses keeping m,, = my = m; and m,/m; = 28.15 (which correspond to
the physical mass ratio). The advantage of this choice is reflected in the fact that the simu-
lations of this study differ only in the choice of 3, thus enabling us to make use of standard
reweighting methods [142], whereas in the previous study [141] this was not feasible.

We decided to use three different values of quark masses, namely am; = 0.003, am; =
0.0015, and am; = 0.00075. For each mass value, the pseudo-critical coupling Sgw (am;, Ny)
has been located. Also, we have performed a series of run at different values of 3 around
Brw, used for reweighting. For each case, computations were performed on lattices L3 x 4 for
different values of the spatial extent L (in the range 16 — 32) to perform an FSS analysis.
A complete list of the finite-T runs performed can be found in Tab. 6.1; statistics reach up
to 50K Rational Hybrid Monte-Carlo unit length trajectories for simulation points around
the transition.

For some values of 5 additional runs at zero temperature have been performed to be used
for renormalization and scale setting purposes. The lowest mass values for the quarks have
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amy 3 L3 x 4 lattices amy ] L3 x 4 lattices amy ] L3 x 4 lattices
0.003 | 3.3900 16 0.0015 | 3.3500 16 0.00075 | 3.3400 16
3.3950 16 3.3550 16 3.3450 16
3.4000 | 16, 20, 24 3.3600 16, 20, 24 3.3500 16
» €5 3.3650 16, 20, 24 3.3550 | 16, 20, 24
3.4050 | 16, 20, 24, 28 , 20,
3.3700 16, 20, 24 3.3575 20. 24
3.4080 28 : :
3.3750 | 16, 20, 24, 28 3.3600 | 16, 20, 24, 28
3.4100 | 16, 20, 24 3.3800 | 16, 20, 24, 28 33625 | 16. 20. 24 98
3.4110 28 3.3820 32 ' " 90, 94,
3.3650 | 16, 20, 24, 28
3.4140 28 3.3825 24, 28 23675 | 90 94 98
3.4150 | 16, 20, 24 3.3835 32 ' 1 4%
; 20, 3.3700 | 16, 20, 24, 28
3.4170 32 3.3850 | 16, 20, 24, 28, 32 3.3795 20. 24. 28
3.4175 28 ggggg , 43228 3.3750 | 16, 20, 24, 28
3.4200 | 16, 20, 24, 28 : ’ 3.3775 | 20, 24, 28
34250 | 16. 0. 34 3.3000 | 16, 20, 24, 28 » 4%
. , 20, 3 3095 24, 28 3.3890 16, 20, 24, 28
3.4350 20, 24 3.4000 16, 20, 24
3.4400 20, 24

Table 6.1 Simulation details for all finite temperature runs.

am 6} a [fm] mx|MeV]| m{) [MeV]
0.00075 | 3.340 | 0.29039(5) | 48.23(6) | 437(17)
0.00075 | 3.370 | 0.28332(5) | 49.40(7) | 433(11)
0.00075 | 3.400 | 0.27330(7) | 51.07(6) | 418(22)
0.0015 | 3.36 | 0.28815(4) | 63.58(3) | 435(4)
0.0015 | 3.385 | 0.28078(4) | 70.27(3) | 431(4)
0.0015 | 3.42 | 0.26831(5) | 73.25(3) | 408(3)
0.003 | 3.3% | 0.28616(4) | 97.24(2) | 444.5(4)
0.003 | 3.415 | 0.27502(5) | 100.86(3) | 425(2)
0.003 | 3.440 | 0.26539(12) | 104.00(6) | 410.6(1.3)

Table 6.2 Scale setting determinations, obtained from zero temperature runs per-
formed on a 323 x 48 lattice; m, stands for the pseudo-Goldstone pion mass, while
m corresponds to the first excited pion.

been chosen to approximately equal to m, = m®"™* x 1/0.00075/0.00558 ~ 50 MeV around
the transition point. Nonetheless, this does not represent a quantitative estimate, and for
this reason, we perform computations at 7" ~ 0, with the purpose to directly determine
both m, and lattice spacing. The latter can be determined using a technique based on the
gradient flow [143] and in particular the so-called wy parameter [144].

All scale setting and pion mass determinations are shown in Tab. 6.2: all computations
have been performed on a 323 x 48 lattice for each quark mass, with statistics of the order
of one thousand Rational Hybrid Monte-Carlo unit length trajectories for each simulation
point. We obtained pion masses from standard Euclidean time correlators of staggered quark
operators (see, e.g., Refs. [145]) for both the ground (pseudo-Goldstone) and first excited
state. The latter is expected to be higher, at finite lattice spacing, because of the taste
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Figure 6.2 Pion masses at § = 3.39 for the three values of the bare light mass m;
we explored, expressed in physical units. The dashed line is the result of a best fit
to the expected m, o< /m; dependence.

violations of the staggered discretization.

The quality of our approach to the chiral limit can be estimated by the severity of such
taste violations; to this end, we outline in Tab. 6.2 the mass mY of the first excited pion. In
Fig. 6.2 we show for a fixed value of the bare gauge coupling g = 3.39, the values obtained
for the pseudo-Goldstone pion and mY as a function of the square root of the light bare
quark mass (in physical units). This helps to assess the quality of our approach to the chiral
limit and it can be seen that while m, approaches zero as m; — 0 following quite closely
the prediction of chiral perturbation theory, m, oc \/my, the first excited state is much less
affected by the change in am;. This suggests that in our approach to the chiral limit we are
effectively considering a theory with no more than one light pion: that is quite different from
the physical theory and, eventually, one would like to understand how this fact may bias the
results obtained for the order of the phase transition.

To realize a simply baryonic chemical potential (i.e. g = ps = 0) we set p, = pg =
ps = pg = pp/3. The idea behind an imaginary s, is that it corresponds to a rotation of
fermionic temporal boundary conditions by an angle 6, = Im (u,)/T"; it suggests periodicity
in 0, of 2 /N, (instead of 27), which can be exactly canceled by a center transformation on
gauge fields. Considering the temperature range, this periodicity is smoothly realized at low
T, while at high T" the value of 6, chooses one of three different values, i.e. the minima of
the Polyakov loop effective potential. This, in turn, leads to a first order phase transition
occurring as the 6, traverses the boundary between two center sectors. These transition lines
(RW lines) characterize the phase diagram at high 7" as sketched in Fig. 6.1. Located at
0, = (2k + 1)m /N, for an integer k they terminate with an endpoint at temperature Try,
where an exact Z5 symmetry breaks spontaneously. Moving across these lines one can then
expect to encounter a second order critical point in the 3D-Ising universality class or a first
order transition; in the latter case, the endpoint is a triple point.

We proceed to focus on one particular RW line, 6, = 7, and employ the Polyakov loop
as the order parameter. To assess the universality class of the endpoint a finite size scaling
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v v /v 1/v
3D Ising | 0.6301(4) | 1.2372(5) | ~ 1.963 | ~ 1.587
Tricritical 1/2 1 2 2

1%t Order 1/3 1 3 3

Table 6.3 Critical exponents relevant to our finite size scaling analysis (see, e.g.,
Refs. [146, 147]).

(F'SS) analysis is used for the susceptibility of the order parameter
xp = NLi (((Im(L))%) — ([Im(L)])*) , (6.7)

Alternatively, one could take as an order parameter any of the quark number densities
(where ¢ = u,d, s)
1 OlogZz
<nCI> = 3
(LIN:)  Opq

which should vanish for 6, = (2k+1)7 /N, (because of the mentioned periodicity and because
they are odd in 6,) unless the Zy symmetry (which is equivalent to charge conjugation) is
spontaneously broken. However, our analysis will be based exclusively on the Polyakov loop.

Numerical simulations have been performed on the COKA cluster, using 5 computing
nodes, each with 8 NVIDIA K80 dual-GPU boards and two 56 Gb/s FDR InfiniBand network
interfaces. Our parallel code (OpenStaPLE) is a single [6] and multi [5] GPU implementation
of a standard Rational Hybrid Monte-Carlo algorithm. It is an evolution of a previous CUDA
code [148], developed using the OpenACC and OpenMPI frameworks to manage respectively
parallelism on the GPUs and among the nodes. The multi-GPU implementation [6] has been
essential to perform some of the zero temperature runs, which otherwise would have not fitted
on a single GPU for memory reasons.

The most expensive simulations have been those regarding the lowest explored quark
mass, am; = 0.00075. Overall, a rough estimate of the total computational cost of our
investigation is 3 x 10° equivalent run-hours on a K80 GPU.

(6.8)

6.2 Finite size scaling analysis and order of the transition
In Eq. (6.7) we have defined the susceptibility y, which is expected to scale as
o= L o(tL"), (6.9)

for which ¢t = (T' — Trw)/Trw is the reduced temperature and one has t o<  — Bgrw close
enough to Tgy. The way to interpret Eq. (6.9) is that x./ LY ”. when plotted as a function
of (B—p RW)Li/ ” and measured on different spatial sizes, would scale according to the critical
exponents v and -y representing the universal behavior associated. We report the values of
indices in Tab. 6.3; along with the critical exponents for the first order and 3D-Ising we also
report tricritical indices. The latter describes the critical behavior exactly at the separation
between the first order and second order region. Nonetheless, before the thermodynamic
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Figure 6.3 Finite size scaling for the susceptibility of the Polyakov loop according to
first order critical indexes. Listed for the masses: (a) am; = 0.003,(b) am; = 0.0015
and (c) am; = 0.00075.

limit is reached, they could describe the critical behavior in a finite neighborhood of the
tricritical point [149].

In Fig. 6.3, Fig. 6.4 and Fig. 6.5 is shown the plots for XL/Lz/V vs. (B— BRW)Li/Vfor the
three different values of masses, respectively for first order, 3D-Ising and tricritical indexes.
Looking at the plots it can be ruled out a first order transition for all masses, while both the
3D-Ising and the tricritical behavior show a reasonable scaling.

To further corroborate the dismiss of a first order transition on all masses, we show in
Fig. 6.6 for the lowest mass, am; = 0.00075, the probability distribution of the plaquette and
the unrenormalized quark condensate for different lattice volumes. A dubious double-peak
structure appears only in the chiral condensate distribution at small lattices, and it tends to
disappear when approaching the thermodynamic limit.

These results suggest that a region with a first order transition, if present, is limited to
pion masses below 50 MeV. Nonetheless, before reaching a definite conclusion there are many
systematics to consider. As previously discussed, our chiral limit approach corresponds to
only one pion becoming massless, while the others stay above 400 MeV. An improvement to
tackle this problem would be to repeat this study with larger values of N; (smaller lattice
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Figure 6.6 Probability distribution of the plaquette (top) and of the unrenormalized
chiral condensate (bottom) at the transition point for different values of the spatial
size L.

spacings), for which one would expect the other pions to become lighter. Additional chiral
degrees of freedom could, in principle, change the outcome and enlarge the first order region,
even if this is at odds with the common experience of shrinking of first order regions as
the continuum limit is approached. Unfortunately, at the present level of computational
resources, going to significantly larger values of IV, is not feasible, and is thus left for future
work.

An additional remark addresses the lattice sizes employed in this study. The maximum
values of alLym, that we have reached are 2, 3, and 4 respectively for am; = 0.00075,
am; = 0.0015 and am; = 0.003. These values are generally considered not particularly
large, in particular for the lowest quark mass. Nonetheless, signs of deviation from a second
order scaling are not visible and the development of a double-peak structure in the chiral
condensate, if any, is weakly present for small volumes and quickly disappearing when going
to larger sizes.

6.3 Discussion and Conclusions

This study has presented an investigation of the Roberge-Weiss (RW) transition endpoint.
We used lattices with N, = 4 sites in the temporal direction, at different spatial sizes and
three different light quark masses, am; = 0.003,0.0015, and 0.00075, corresponding respec-
tively to pseudo-Goldstone pion masses m, =~ 100,70, and 50 MeV around the transition.
The values of masses maintain a fixed physical strange-to-light mass ratio (m,/m; = 28.15),
making the simulations differ only in the values of 3, enabling us to exploit multi-histogram
methods. The simulation used a stout staggered discretization for the fermion sector and
the tree-level Symanzik improved action for the pure gauge sector.

The chemical potential has been fixed to an imaginary value of /T = w for all flavors
so that the imaginary part of the Polyakov loop would serve as an order parameter for the RW
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transition. The analysis conducted over its susceptibility has ruled out the presence of a first
order transition at all masses surveyed. A confirmation of this assessment came also from
the probability distribution of the plaquette and of the chiral condensate at the transition
points, which showed no sign of a double peak structure emerging as the thermodynamic
limit is approached. On the contrary, we observed a clear confirmation of scaling according
to the second order critical behavior, i.e. that of the three dimensional Z5 (Ising) universality
class.

Therefore, our results don‘t show evidence of a first order region around the chiral point
for the RW transition, which for Ny = 2 unimproved staggered fermions was located below
m, ~ 400 MeV [138] for N; = 4. A strong cutoff dependence of the tricritical pion mass has
been found also in studies with Wilson fermions [150, 151|, however, it is puzzling that the
tricritical pion mass can go down at least one order of magnitude (or disappear at all) by
just improving the discretization at fixed IV;.

Clearly, our results need further refinement in some respects. Because of the taste symme-
try breaking, as we approach the chiral limit only the lowest pion mass (pseudo-Goldstone)
is directly linked to the residual staggered chiral symmetry, while the others maintain their
mass above 400 MeV with little sign of dependence on the quark masses (see Fig. 6.2). Thus,
even if counter-intuitive, it cannot be excluded that approaching the continuum limit the
critical behavior changes and the first order region around the chiral point enlarges again.

Therefore, approaching the chiral limit for larger values of N; will require additional
computational resources that are presently not available to us.
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Chapter Seven

Conclusions

In this thesis, we have presented two studies exploring QCD topics at zero and finite tem-
perature: a determination of the A(1232) resonance parameters, and an investigation of the
Roberge-Weiss endpoint, both using Lattice QCD.

In the former case, we addressed problems related to hadron resonances using Lattice
QCD and the Liischer method. We presented a determination of the properties of the low-
lying baryon A(1232), measuring the elastic pion-nucleon scattering amplitude for isospin
I =3/2 in P-wave with J© = 3/2%, where the resonance emerges as the dominant contribu-
tion. Our calculation was performed with Ny = 241 Wilson clover fermions on an ensemble
of spatial lattice size L ~ 2.8 fm. The pion and nucleon masses are m, = 255.4(1.6) MeV
and my = 1073(5) Mev, and the strong decay channel A — N is found to be above thresh-
old. The Liischer method is exploited to connect the lattice spectra to the infinite-volume
scattering amplitudes through the quantization condition. Finite volume energy spectra are
extracted from the GEVP analysis of correlation matrices built from A and N7 operators.
Lattice states are classified by irreducible representations (irreps), which map to the infinite-
volume irreps J¥. Thus, correlation matrices are composed of operators projected in the
relevant lattice irreps, for which we used the projection method. To gain additional energy
points on a single ensemble, we analyzed multiple moving frames for a total momentum up to
P= 2f’r(l, 1,1). For each frame, we computed the spectra and quantization condition in all
relevant irreps, including those that mix J = 3/2 and J = 1/2. In total, we considered eight
irreps in four momentum frames, that provided 21 energy levels from which we extracted the
scattering phase shift for J = 3/2 and J = 1/2 (we neglected mixing with J > 3/2). Each
J receives contributions from two values of orbital angular momentum [, but at the present
level of precision, we can access only the dominant value of [ for each: [ = 1 for J = 3/2
(Ps3) and [ = 0 for J = 1/2 (S31). The P33 phase shift is parametrized with a Breit-Wigner
model, while the leading-order effective-range expansion (ERE) is used for S3; phase shift.
Additionally, we determined the pole position ma — iI'/2 and coupling ga_n, associated
with the A(1232) resonance. These parameters are listed in Tab. 5.4 with previous similar
studies. For our pion mass (and non-zero lattice spacing), the A mass is approximately 170
MeV higher than in nature. The coupling ga_n, agrees with the experimental value at the
20 level and is consistent with other lattice determinations within our uncertainties. The de-
termination for the S-wave scattering length aq is consistent with zero and is also consistent
with phenomenological determination, given our uncertainties. Additional work is already
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ongoing using a second ensemble with larger spatial volume to gain additional points. The
new spectra will help constrain the phase shift determination, expand on the partial-wave
contributions included in the analysis, and provide information on remaining finite-volume
systematic errors. Another planned ensemble will further help investigate the dependence
on the pion mass and on the lattice spacing.

The second study presented explored the QCD phase diagram in the analytic continu-
ation of imaginary chemical potential. As the sign problem poses a fundamental obstacle
to probe the QCD phase at finite chemical potential u, the use of an imaginary chemical
potential offers a partial workaround that can provide information about the physical QCD
phase diagram. For certain values of the imaginary chemical potential, knowns as Roberge-
Weiss endpoint, there is an exact Z; symmetry, which gets spontaneously broken at a critical
temperature Tgry. We investigated the fate of the Roberge-Weiss endpoint as we approach
the chiral limit. We employed three different values of light quark masses corresponding to
pseudo-Goldstone pion masses m, >~ 100, 70, and 50 MeV around the transition while main-
taining a constant physical value of the strange-to-light mass ratio. We adopted a Ny = 241
stout staggered discretization on lattices with Ny = 4 sites in the temporal direction. To
assess the order of the transition we used various ensembles at different spatial volumes and
used a finite-size scaling analysis applied to the susceptibility of the Polyakov loop. In all
explored mass ranges the results strongly indicate a second-order transition in the 3D Ising
universality class. This is also confirmed by a subsequent analysis of the probability distri-
bution of the plaquette lacking a clear double-peak structure. These considerations leave
the premises for future investigations which will have to focus on the directions of excluding
finite-size contamination and exploring larger N, (smaller lattice spacing).

While these two studies differ in their focus and approach, they have demonstrated reli-
able methods to study hadrons and their properties, as well as exploring the phase diagrams,
from first principles of QCD. They have successfully provided new insight and extended the
results from previous studies, confirming the soundness of the lattice QCD framework as a
tool to investigate the quantum chromodynamics theory.
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Appendix A

Gamma matrices

The Euclidean DeGrand-Rossi y-matrices in use in this work are listed:

0 0
o o
R0

i 0

0 0

0 0
=1 o0 1

~1 0

0 0
| o o
R I

0 i

0

0
fyt: 1

0

where o; are the Pauli matrices.

oS O~ O

_— o O O oo o ~.

S O = O

S O O

O O O =

OO = O
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Appendix B
Additional tables

Group op ch cP ch
Prey (0,0,0) | (0,0,1) | (0,1,1) (1,1,1)
(1,0,0) | (0,1,—1) | (1,1,-1)
(0,—1,0) | (1,0,1) | (1,-1,1)
(1,0,—1) | (1,-1,-1)
(1,1,0)
(1,—1,0)
#Pref 1 3 6 4
#Pimta #Pfinal 27 18 12 8
# Pinit X 9 Prinal = # Prrame | 729 324 144 64
# Prrame X #F Prey 729 972 864 256
# P, PG 7 10 6 8
P % H# Py = # P 49 100 36 64
HPg X HPres 49 300 216 9256

Table B.1 List of reference momentum directions used in this work. Also listed are
the numbers of momentum combinations for each frame combining initial and final
states, without and with the cut on high momentum (|p| + [pv| < V32E).
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Label Axes Rotation of 27 /n :Cy
Ox [1, O, O] sz = C4yC4yC4ZC4Z
Oy [0, 1, O] ng = C4yC4y
Oz [0, 0, 1] OQZ = 042042
O(l [1, 1, O] Cga == ng04z
ob | [1,—1,0] Cy, = CoyCls
Oc [1,0,1] Ce = CyyCse
od | [~1,0,1] Cag = C5.Cly
06 [0, 1, 1] Oge == CQzC[L'I;
of | [0,1,-1] Cop = CoyCly
Oa | [-1,-1,-1] Cso = Cy, Cuz
op | [-1,1,-1] Cs5 = Oy CrzCyy
O’y [1, —1, —1] 037 == C2y04m04yc2z
0o 1,1,1] Cs5 = CyyyCly,

Table B.2 Label and axes of symmetry (following convention in [46]). On the right
side are the definitions of the rotations from two given initial rotation element: Cy,

and C4z-

Ci| C | C | C | C5 |Cs| Cr | Cs
E | Cy | Coy | Cop | Cop | E| Csa | Cuy
Css | Coy | Cuy | Cop gg,ﬁ §4y
Csy | Cop | Cy. | Coc Csy | C4
Cas | Cop | Cft | Caa Cis 6;;
Ciil | Coy | O} | Coe Cor | Oy
Cil | Co | Ot | Oy Cos | Oy
o Caa 5;;
Cs' Ca Cas
Cac
Caa
Cae

Table B.3 Elements of the double group OF (rest Frame) divided into conjugacy
classes. E represents the identity element, while F is a rotation of 27 by any axis.
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Ci| G | G | C Cs
E | Cy | Co | [Cyy | ICo | E | Caz
Co. | O} | 1,Cy | 1,Coy CL.
1362:1: [SUQCL
[SUZy 18621)

)
o

)
=

Table B.4 Elements of the group C2 in momentum frame P = 2110,0,1], divided
into conjugacy classes. E is the identity element, and F represents a rotation by 2
on any axis.

GG ¢ | a |6
E | Cy | I,Cyp | I,Cyy | E
626 1562]‘ 13621

Table B.5 Elements of the group C2 in momentum frame P= 27”[0, 1,1], divided
into conjugacy classes. E is the identity element, and F represents a rotation by 27
on any axis.

Gl e | ¢ |al|c | ¢
E

E | Cs | 1,Cy 6351 I,Cy
Czijl [sC2d Cgé [sg2d
I, Cgf ISCQf

Table B.6 Elements of the group CZ in momentum frame P= 27”[1, 1,1], divided
into conjugacy classes. E is the identity element, and F represents a rotation by 2
on any axis.

Irrep A(dim) | F(1) | G(2) | Gypu(2) | Hypu(4)
N 1 1 +1 +1
B | 1| 1| 1| o

Table B.7 Representation matrices for the spatial inversion element and 27 rotation
E in various irreps A.

JP(used for) | JP =17(p) | JF =17(A) | JF =1/27(N,A) | J" =0"(m)
1. 1 1 ~ 1
E 1 1 -1 1

Table B.8 Elements for the spatial inversion I, and 27 rotation E for states with
quantum numbers J = 17,17 1/27 0~ .
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| GrRouP | IRREP | Occ. |

Row 1

Row 2

op G, 1 T(N[0,0,0] + N4[0,0,0]) L(N1[0,0,0] + N3[0, 0, 0])
Glu 1 %(N2[07070] — N4[Oa 070]) %(Nl[oa()vo] — N3[O)070])
cP Gy 1 N1[0,0,1] N,[0,0,1]
2 N3[0,0,1] N4[0,0,1]
o | g || ENOLT4 SN0 L | TN, 1] - £N[0, 1, 1]
2 55 Ns[0,1,1] — 2fj\cl[o,1,1] §N3[0,1,1]+ iN4[0,1,1]
1 2
2 TENZ[O’L}]“\@N?’[O’L”_ 2No[0, 1, 1] — LN [0,1,1]
\[N4[O,1,1] .
2N 1, 1)+ SN[, 1, 1) | N[, ) v, [1,1,1)—
e | o | 1 |V AL L 1) 7 AIRR
T Ns(1,1,1] N[l 1 1] T Ns[1,1,1] = 2o IN,[1,1,1]
1 [
N2[]-7171] (___) [17171] 1
2 1N4[1 121] LN[1,1,1] +7§N4[1,1,1]

Table B.9 Nucleon operators projected for different rows and occurrences in rele-
vant irreps. For brevity is listed only one momentum direction per irrep.
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