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Synopsis

Abstract

In this synopsis, I report on non-perturbative studies of various aspects of baryon physics us-
ing lattice QCD. The first part of the thesis consists of spectroscopy of baryons with one or
more charm quarks using two complementary non-perturbative approaches. The first approach
enables us to extract highly excited states, which are very difficult to extract using the previ-
ously existing lattice QCD techniques, of charm baryons and the second allows us to extract
the ground states of various charm and strange hadrons with improved control over cut-off
effects. The second part of the synopsis deals with a study of baryon screening masses at finite
temperature.

In the work on excited state charm baryon spectroscopy, which constitutes the major part
of this thesis, we use anisotropic lattices having Ny = 2 + 1 dynamical quark fields with very
fine temporal lattice spacing, which is crucial for minimizing the discretization errors. After
constructing the correlation functions with a large basis of interpolating operators employing
a recently developed technique, called distillation, we extract the highly excited states using a
variational fitting method. The spectra of excitations of charm baryons thus computed have
baryonic states with well-defined total spin up to % for both the parities and the low lying
states closely resemble the pattern expected from non-relativistic potential models. We also
study various energy splittings between the extracted states, which can provide insights on the
interactions within heavy baryons.

Complementary to the above work, we perform lattice calculations of charm hadrons adopt-
ing a mixed action approach with the overlap action for the valence quarks on a background
of 2+141 flavors highly improved staggered quarks. We calculate the low lying hadron spectra
as well as energy splittings at various lattice spacings with improved control over cut-off effects
and compare with results from the above work.

In the second part, we perform a finite temperature study of screening masses of hadrons,
particularly for baryons, where we analyze the temperature dependence of the hadronic screen-

ing correlators above and immediately below the deconfinement transition temperature (7).

v
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Above T, both mesonic and baryonic screening correlators show clear evidence for weakly in-
teracting quarks, while below T, unlike mesonic channels, baryonic screening correlators show

precursor effects for chiral symmetry restoration.
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0.1 Introduction

Most of the mass of the visible universe - about 99% - constitute of baryons. Though
the recently discovered Higgs boson [1] is believed to provide mass to the fundamental
particles like leptons and quarks, it does not explain the total mass of the baryons that
are made of these quarks. Baryons are relatively simple systems in which quintessentially
confining character of multiple quarks is manifest and are sufficiently complex to shed
light on physics hidden from us in the mesons. Understanding the baryon spectra is
thus expected to answer a large series of questions on baryons and the interactions that
exist within them. Particularly, with the recent excitement in heavy hadron physics and
fore-seeing the observations from large statistical samples that will be collected in many
future and ongoing experiments, a detailed understanding of the heavy baryon spectra
is expected to provide insights into various aspects of the strong force that cannot be
probed with light baryons.

The physical properties of baryons are believed to be governed by the theory of
Quantum ChromoDynamics (QCD), an asymptotically free local non-Abelian quantum
gauge field theory. As one of four recognized fundamental forces of nature, the theory
of QCD, also known as the strong force, is one of the most important areas of research
in modern particle physics. In high energy domain, where the coupling constant is small
enough for pursuing a perturbative study, analytical calculations based on QCD have
been proved to be highly accurate in explaining numerous experimental data, such as in
deep inelastic scattering. However, at low energies, the coupling constant becomes very
large, rendering perturbation theory in the coupling inapplicable.

A comprehensive understanding of the theory of QCD in the strong coupling regime
implies a rigorous determination and understanding of its bound states. If QCD is the
correct theory, then one should be able to reproduce the physical hadron spectra from a
high precision first principles non-perturbative calculation. Much like the role of atomic
spectroscopy in the development of quantum mechanics, hadron spectroscopy, both the-
oretically and experimentally, has played a crucial role in understanding the nature of
the fundamental strong force and its degrees of freedom. The rich spectra of physical
hadrons for light quarks provided us with a framework for constructing the theory of
strong interaction starting from eightfold way to quarks-partons as the fundamental de-
grees of freedom. The discovery of the heavier hadron, J/1) meson, and the subsequent
discoveries of other charmonia put this framework on solid footing. The discovery of J /v

meson triggered so huge scientific interest that it was termed as the November revolution.
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From a mere mathematical construct, the concept of quarks became reality. The charm
quark being heavier in mass, the approximation that the charm quark and anti-quark are
non-relativistic were found to be good for many predictions. Studies on various energy
splittings provided crucial information on heavy quark-antiquark potential, hyperfine and
spin-orbit interactions, etc. The ground state charmonia, J/¥ and 7., gave an excellent
example of a kind of hydrogen atom of strong interactions, which revealed the quark layer
of substructure for hadrons. Potential models, consisting of non-relativistic quark kinetic
energy, a central confining potential, and spin-dependent interaction terms were found
to be very successful in explaining various observed states. Recently, a tower of heavy
hadron states, including the X’s, Y’s and Z’s, have been discovered with unusual proper-
ties [2]. These discoveries have rejuvenated the heavy hadron spectroscopy tremendously
and offer a bright promise in detailed understanding of various interesting aspects of the
theory of strong interaction.

While the heavy quarkonia and other heavy flavored mesons have been studied quite
extensively, the heavy baryon physics has received substantially less attention, even
though they can provide similar insight in understanding the strong interaction. Just
as the quark-antiquark interactions are examined in charmonia, these studies can probe
the interactions between multiple heavy quarks and heavy quarks with one or more
lighter quarks. Various spin dependent splittings between baryons can provide informa-
tion to constrain spin dependent potential terms which are crucial to build successful
Non-Relativistic QCD (NRQCD), pNRQCD and similar models. Experimentally only a
handful of charm baryons have been discovered and a reliable determination of the quan-
tum number of most of the observed states has not been made [2]. Only very recently have
a few excited singly charm baryons been observed and the discovery status of the doubly
charm baryons remains unsettled. While the SELEX experiment observed doubly charm
Ecc(ccu) baryons [3], these have not been confirmed either by BABAR [4] or Belle [5].
Along with the well-established triply flavored A(uuu) and strange Q(sss) baryons, QCD
predicts similar states built from charm quarks, the triply charm baryon, ... Such a
state is yet to be observed. This could be because of the large energy threshold re-
quired for their production via either resonant or continuum production mechanisms,
their very short lifetime and the very low reconstruction efficiency for the highly excited
heavy hadron resonances, which follows cascade decays into multi-particle final states.
The extremely low production rate hinders the identification of the spin-parity quantum
numbers, even though the partial wave analysis is relatively simpler in heavy hadrons in

comparison with the light hadron spectra. However, it is expected that the large sta-
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tistical sample collected at the LHCb experiment, the PANDA experiment at the FAIR
facility, Belle IT at KEK and BES III may be able to provide some information on charm
baryons.

On the theoretical side, one expects that potential models will be able to describe,
charm baryons [6, 7, 8], in particular the triply charm baryons, to a similar level of
precision as their success in charmonia. The triply charm baryons may provide a new
window for understanding the structure of baryons, as pointed out by Bjorken several
years ago [9]. The spectra of charm baryons have been studied theoretically [6, 7, 8] using
non-relativistic potential models and various improvised versions of that.

QCD, like other quantum field theories, needs to be regularized. Regularization using
a lattice discretization of space-time (known as lattice QCD) has the advantage that
one can use numerical techniques to access the non-perturbative aspects of QCD. A
quantitative description of the spectra of the charm baryons using rigorous ab-initio
computations like lattice QCD are important for a number of reasons. Firstly, all the
estimates of physical states from these calculations will be predictions and thus can
naturally provide crucial inputs to the future experimental discovery. Secondly, lattice
results can provide a guide in identifying unknown quantum numbers (spin-parity) of the
discovered states, based on what one expects from QCD. Moreover, it will be interesting to
compare the low lying spectra of charm baryons computed from a first principles method
to those obtained from potential models which have been very successful for charmonia.
It is expected that more information about interactions between multiple charm quarks
and, charm quark and light quarks can be obtained by computing the excited state
spectra of charm baryons, including in particular the spin-dependent energy splittings.

The success of lattice QCD calculations in light hadron spectroscopy is well docu-
mented, e.g. Ref. [10, 11, 12, 13, 14]. There were quite a few successful heavy hadron
spectroscopic studies, for mesons, e.g. [15, 16, 17, 18, 19, 20, 21], and for baryons, e.g.
22, 23, 24, 25, 26, 27, 28, 29|, but they were limited only to the ground state determi-
nations. In spite of all these motivating results from lattice QCD, estimation of excited
state spectrum remained a major challenge till last 7-8 years. Invention of novel smear-
ing techniques called distillation [30] and the proper utilization of fitting techniques, such
as the generalized eigenvalue method [31, 32|, along with the derivative based operator
construction formalism [33, 34], boosted the hadron spectroscopic studies, facilitating the
determination of the excited state spectra [34, 35, 36, 37, 38].

The major part of this synopsis consists of spectroscopy of charm baryons using two

complementary non-perturbative approaches. The first, which constitutes the major part,
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employs these novel techniques mentioned above, enabling us to extract a tower of spin
identified excited states for all charm baryons. Using an anisotropic lattice with very fine
temporal resolution and a large set of carefully constructed interpolating operators, we
study the ground as well as the excited states of charm baryons with one or more valence
charm quark content for each spin-parity channel up to spin 7/2. We also computed
several energy splittings, for example, hyperfine as well as spin-orbit splittings between
various states. The results on these studies were reported in Ref. [39].

In the above mentioned work, we used the tree level tadpole improved clover action
with no O(ma;) and O(mas) errors. We have not addressed other higher order terms, as
the temporal lattice spacing is quite small. We also do not make a quantitative study of
O(m?a?) errors. However, to study the charm physics, it is essential to have an action
with discretization errors as small as possible. Another caveat in the above study is that
the clover action does not have chiral symmetry at finite lattice spacing, i.e., we have not
addressed the effects of chiral symmetry on observables. Keeping these caveats in mind,
confronting this study with a totally different non-perturbative approach, having better
control over the systematics, will be a good check to validate the smallness of systematic
corrections in the above results.

Hence to complement the above work, we performed another non-perturbative calcu-
lation of the low lying spectra using overlap valence quarks in the background of a large
set of 24+1+1 flavors dynamical configurations generated with the one-loop, tadpole im-
proved Symanzik gauge action and the highly improved staggered quark (HISQ) fermion
action [40, 41]. By adopting such a mixed action approach, one can get advantage of
the chiral symmetry and low quark mass limit of overlap fermions, and the advantage of
having a large set of configurations with small discretization errors as well as small taste
breaking effects. One also gets the advantage of simulating both light, strange as well
as heavy fermions on the same lattice formalism with chiral fermions having no O(a) er-
rors. With the above formulation we have calculated the ground state spectra of various
charm hadrons and have made a comparative study between these two projects along
with other results from literature where available. Agreement between these results from
different approaches gives confidence in our estimates. The results from these studies
were reported in Ref. [27].

In the third work, we performed a finite temperature analysis of hadronic screening
correlators [42], with main focus on the baryon sector. The question is what are the
degrees of freedom that exist in a QCD medium at finite temperature and how they are

modified across the crossover / transition temperature. These can be answered by study-
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ing the static correlation lengths in a QCD medium in thermal equilibrium. In this work,
we focused on the static spatial correlations in the equilibrium thermodynamic system
for probes with mesonic and baryonic quantum numbers. We performed simulations of
pure gauge theory for three different temperatures across the transition temperature and

studied screening correlators for mesonic and nucleonic resonances with clover fermions.

0.2 Lattice methodology in excited state spectroscopy

Lattice QCD is the first principles non-perturbative numerical technique widely used
in determining the QCD observables. Introduced by Kenneth Wilson in 1974 [43], it
regularizes the theory by discretizing the Euclidean space-time and representing QCD
Lagrangian on a finite size lattice. Expectation values of the QCD observables can be
expressed as path integrals which can be directly evaluated with controlled systematics
using Monte Carlo methods.

Lattice computations of hadron masses proceed through the calculations of the Eu-
clidean two point correlation functions, C};, between creation operators, O;, at time t;
and annihilation operators, O;, at time ¢;.

= AAY (et
Cji(ty — t:) = (0]0;(t5)04(t:)]0) = Z LT emmalty—ti) (1)

2m,,
n

The RHS is the spectral decomposition of such two point functions, where the sum is over
a discrete set of states, n, with energies, m,,. Z" = (0|0;|n) is the vacuum state matrix
element, also called an overlap factor. In general, the calculation of hadronic masses by
lattice QCD methods takes place by performing non-linear exponential fits to the long
distance tail of these two point correlators, where only the ground state contribution
dominates.

The goal of this work is to calculate the ground as well as the higher excited state
spectra of charm baryons. However, one encounters several problems while extracting the
masses of these states by using the naive method as mentioned. The first major hurdle
in charm hadron spectroscopy is attributed to the heavyness of the charm quark. One
needs to use a very fine lattice so that the m.a << 1 to keep discretization error as small
as possible. Moreover, the physical states comprised of valence charm quarks are quite
heavy and their temporal correlation functions decay increasingly rapidly in the Euclidean

time with increase in the energy of the resonances, while the noise behaves in the same



Synopsis xi

manner as in the ground state. Hence the signal-to-noise ratio in the correlators of these
states exhibits increasingly rapid degradation in Euclidean time with increasing energy.
A remedy of these problems is to use an anisotropic lattice, as discussed in Section 0.2.1.
Another difficulty is in the extraction of multiple excited states from a single correlator
using a reliable non-linear fitting method. One way to get away with this issue is to
use correlation functions for multiple interpolators as well as to use a better analysis
method to extract excited states from them reliably. A careful construction of large basis
of interpolating operators that could overlap strongly with the desired excited states is
crucial for this purpose. In Section 0.2.2, we discuss the construction of a large basis
of interpolating operators and the novel smearing technique that provides an efficient
method to compute the two point correlation functions. In addition to the operator
construction, the extraction of the physical states with correct quantum numbers from
correlation functions of such large basis of operators, relies on a good analysis procedure.
In Section 0.2.2, we discuss the variational fitting method that we have used to extract
the spectrum of baryon states from matrix of correlation functions using such large basis
of operators. A reliable identification of the spin-parity quantum numbers of a state is
highly non-trivial on a finite lattice. However, it is possible to identify these quantum
numbers on lattices with even single lattice spacing using the overlap factors as described
in Section 0.2.2 [32].

0.2.1 Anisotropic lattice

A possible solution for the issues related to discretization error as well as the rapid
decay of the temporal correlations is to increase the temporal resolution by adopting a
finer lattice spacing along the Euclidean time direction while keeping the spatial lattice
constants same, so that one can avoid the computational cost that would come from
reducing the spacing in all directions[44, 45]. In this work, we adopt such an anisotropic
dynamical lattice formulation to extract the highly excited charm baryon spectra.

We used the anisotropic Ny = 2 4 1 flavor dynamical gauge configurations generated
by the Hadron Spectrum Collaboration (HSC) with clover improved Wilson fermions for
both sea and valence quarks. The gauge field sector utilized the tree-level Symanzik-
improved gauge action, while the fermion sector used an anisotropic Shekholeslami-
Wohlert fermion action with tree-level tadpole improvement and three-dimensional stout-
link smearing of gauge fields. More details of the formulation of actions as well as the

techniques used to determine the anisotropy parameters can be found in Refs. [45, 46].
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Lattice size a;my aymg Netgs | Mg /My mg/MeV a;ma
163 x 128  —0.0840 —0.0743 96 1.39 391 0.2951(22)

Table 1: Properties of the gauge-field ensembles used. Ny is the number of gauge-field
configurations.

The lattice action parameters of the gauge-field ensembles used in this work are given
in Table 3.1. The temporal lattice spacing a; was determined using the 2-baryon mass
measured on these ensembles [46]. This leads to a; ' = 5.67(4) GeV. On this lattices we
find m.a; << 1, which assures the use of these lattice to study the charm physics. With
an anisotropy close to 3.5, a, = 0.12 fm. This gives a spatial extent of about 1.9 fm,
which would be sufficient to study charm baryons, in particular doubly and triply charm
baryons.

The details of the charm quark action used in this study are given in Ref. [37]. The
action parameters for the charm quark are obtained by ensuring that the mass of the 7.
meson takes its physical value and its dispersion relation at low momentum is relativistic.
It is expected that the effects due to the absence of dynamical charm quark fields in this

calculation will be small, as the disconnected diagrams are OZI suppressed.

0.2.2 Construction of baryon operators

In this section, we briefly discuss the construction of baryon interpolating operators using
up to two derivatives, such that they project up to J = g states with both even and odd
parities. The construction has been detailed in [34]. Hence in this synopsis, we discuss
only the basics and the essentially different part from that in Ref. [34], which are the
flavor structures. The details about the construction of the operators used for the study
also provides insight into the results obtained from the numerical studies.

The methodology involves first constructing a basis of baryon interpolating operators
in the continuum with well-defined continuum spin-parity quantum numbers. These
continuum operators are then subduced /reduced to the irreducible representations (irrep)
of the octahedral group on the lattice. The correlation functions, constructed out of
these octahedral operators, are expected to show rotational symmetry breaking artefacts
in these calculations due to the reduced symmetry on a lattice. However, we see an
effective rotational symmetry from the primary spin identification tests and that the

symmetry breaking effects are very small.
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Continuum baryon interpolating operators

All hadrons are color singlet objects and thus they form totally anti-symmetric combi-
nations in the color indices of its constituents. Since baryons are fermions made of three
quarks, their interpolating operators excluding the color part should be totally symmetric
combinations of all the quark labels representing flavor, spin and the spatial structure.
The overall flavor-spin-spatial structure of a continuum baryon interpolating operator

with quantum numbers, J?, can be decomposed into a combination as
P
OV = [Fs, ® Sgy @ Ds,)”" (2)

where F, § and D are flavor, Dirac spin and spatial projection operators respectively and
the subscripts stands for the symmetry in the respective subspaces. For every baryon
operator, we must combine the symmetry projection operators such that the resulting

baryon operator, excluding the color part, is overall symmetric.

Flavor symmetry structures

With only three different flavors simultaneously possible, the flavor wave functions of
the charm baryon operators can be constructed to be members of SU(3)r multiplets as
3R3®3 =10sP8psP8ya®1a, where S, MS, M A and A stands for Symmetric, Mixed-
Symmetric, Mixed-Antisymmetric and Antisymmetric constructions. These represent a
subset of states from the larger group of SU(4)r which has a decomposition based on
symmetry considerations as 4 ®4® 4 = 205 @ 2035 B 20074 B4 4. Table 3.2 contains the
details of the flavor symmetry constructions possible for various charm baryons.

For the spin and spatial parts also, we construct similar symmetry structures.! For the
spatial symmetry structures we considered operators that include up to two derivatives.
Totally symmetric constructions in flavor-spin-spatial indices from combinations of these
flavor symmetry structures and the symmetry structures in the spin and the spatial parts
forms the desired local and non-local charm baryon interpolating operators [34].

Only a subset of operators that are formed purely from the upper two components
of the Dirac spinor, in Dirac-Pauli representation, appear at a leading order velocity

“non-relativistic”. All other operators other than

expansion and hence are referred to as
this subset is referred to as “relativistic”. Using non-relativistic components alone, it

is not possible to construct a negative parity state with a spin higher than 5/2, even

!The details about the spin-spatial symmetry structures are omitted for the sake of space.
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Table 2: Flavor symmetry structures for charm baryons. [ in the first column stands for
the isospin, I, in the second column is for the third component of isospin and S in the
third column is for the strangeness.

with operators that include two derivatives. Use of relativistic operators along with non-
relativistic ones enables us to extract states with spin up to 7/2 for both the parities. A
subset of operators constructed using two derivatives and projected onto L = 1 orbital
angular momentum with MS/MA, are proportional to the field strength tensor and are
zero in a theory without gauge fields. These operators are identified as hybrid operators.
Account of the orbital motion classifies the total symmetry in a non-relativistic approach
with 3 flavors to be SU(6) ® O(3) super-multiplets with the O(3) describing the orbital
motion. With four component Dirac spinors, the actual construction of the operators

corresponds to SU(12) ® O(3).
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Subduction into lattice irreps

Qccc Gl H G2 Ecca Qcc Gl H GZ
S, g uw g uw g u (Sp+tMp)lg u g u g wu
Total |20 20 33 33 12 12 Total 55 55 90 90 35 35
Hybrid | 4 4 5 5 1 1 Hybrid [12 12 16 16 4 4
NR |4 1 8 1 3 0 NR 11 3 19 4 8 1
(b) (a)
e, Q. (Sp+ Mp) A (Mp+ Ap) E. (Sp+ Mp+ Ap)
G4 H G Gy H G Gy H G
g u g u g u g u g u g U g Uu q Uu g u
Total |55 55 90 90 35 35 53 53 86 86 33 33 116 116 180 180 68 68
Hybrid | 12 12 16 16 4 4 12 12 16 16 4 4 24 24 32 32 8 8
NR |11 3 19 4 8 1 10 3 17 4 7 1 23 6 37 8 15 2

()

Table 3: The number of lattice operators for different charm baryons obtained after sub-
duction to various irreps from continuum operators with up to two covariant derivatives.
The number of non-relativistic (NR) and hybrid operators for each irreps and for both
even (g) and odd (u) parities are given.

In lattice QCD computations, one considers the theory in a discretized four dimen-
sional Euclidean hyper-cubic box. The hyper-cubic lattice does not possess the full sym-
metry of the continuum. Thus, in a lattice calculation, the states at rest are classified
not according to the continuum spin (J,J,), but rather according to the irreps of a cube.
There are eight irreps of the double-valued representations of the octahedral group (Op),
named as A, Ay, E, T} and T5 for the integer spins, and G, G, and H representing the
half-integer spins. For baryons, there are four two-dimensional irreps corresponding to

G1, G (two for each parity) and two four dimensional representations for H. The G irrep

contains J = %, %, %, %, ... states, the G5 irrep contains J = %, %, %, ... states while H irrep
has J = %, g, %, %, ... states. One needs to examine the degeneracy patterns across the

different O, irreps to reliably deduce continuum-limit spins J of these states which will
be discussed later. Mathematically this subduction of continuum spin to lattice irreps
can be expressed as,

QJ”A,T = Z SJT’LT[r\L,r ng (3)

m
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where 7, A is the lattice operator representing the r'" row of the n'* embedding of
the irrep A on the continuum spin J, subduced from a continuum spin operator Q.
The SJ;Z\LW are called the subduction coefficients. Table 3 shows the total number of
relativistic and non-relativistic operators constructed based on eq. (3.15) for various
charm baryons. It also contains the number of non-relativistic and hybrid operators
constructed for various charm baryons.

The complexity of these operators is evident from this example. A continuum 2.
operator with spin and parity of the three quarks as %_ in the first embedding of mixed-
symmetry Dirac spin constructions and with two derivatives coupled into L = 2 with

a mixed-symmetric spatial part and total spin and parity J* = I, is denoted as

2
2\
(Qccc,s ® (Hu,l,M) ® DL:Q,M)
over Gy, Go, and H,,.

o On the lattice this operator gets subduced once

Distillation

Having constructed a large set of operators it is possible to calculate their diagonal and
off-diagonal correlation functions to extract excited states by using variational methods.
However, construction of correlation functions with so many operators, particularly for
the operators with one or more derivatives, is very computationally intensive as it needs
one inversion for each non-local source. The total time needed for the construction of
correlation function could be as intensive as gauge field generations. To avoid this we
use a recently developed novel technique, called the “distillation method’ [30]. Using
this method, one can efficiently construct a large number of correlation functions with
multiple operators. Moreover, this method automatically includes a smearing process, a
requirement for suppressing the high frequency modes that do not contribute significantly
to the low energy regime in the spectrum and thus increases the relative contributions
from the low lying states in the correlation functions.

In the distillation method one uses a smearing operator which is a projection operator
constructed by outer product over the low lying eigenmodes of the discretized gauge-

covariant Laplacian, V2, as
Oey (1) = Vax (VA1) = ) &0 (1), (4)

where £§;k) are Nye.s number of eigenvectors, sorted by the eigenvalues, of V? evaluated
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on the background of spatial gauge fields of the time slice t. The number of these modes,
Nyees (volume dependent), should be sufficient to sample the required angular structure
of the low lying hadronic states, but is small compared to the number of sites on a time
slice. When N, is the same as the number of sites on a time-slice, then the distillation
operator becomes identity, and the fields acted upon are unsmeared. The computational
cost is highly reduced because inversions need to be performed in a smaller space of
Dirac spin and distillation vectors, with dimensionality 4 X N,.s. A factorization of
the correlation function in terms of the eigenvectors of the Laplacian allows efficient
computation of correlation functions with a large basis of interpolating operators at
both the source and the sink time slices. Furthermore, this factorization also enables
a momentum projection at both the source and the sink time slices, in contrast with
what is possible in conventional spectroscopy. In this work, we used N, = 64. It can
be shown that the correlation functions constructed using the distilled fields have same

symmetry properties on the lattice as those constructed using the Laplacian methods.

Variational fitting technique

Once we construct the matrix of two point correlation functions, C;;(¢), for each lattice
irrep, we extract the energies and overlaps of the physical states over the interpolating
operators by solving a generalized eigenvalue problem of the form,

C’U(t)v? = )\n(t, to)ClJ(to)U;L, (5)
where an appropriate reference time-slice t is selected following the description as in Ref.
[31]. The energies of the physical states are extracted by fitting the ¢ — ¢, dependence
of the eigenvalues, \", called the principal correlators and the overlaps being determined

from the eigenvectors, vj’. The principal correlators are fit using a double exponential

form
Aa(t) = e mel=0) (1 4 O(e1omil=to)y), (6)

where m,, is the mass of a state labeled by a and dm is the energy splitting from the
nearest excited state to a.

One main goal, which is a highly non-trivial task, in these lattice calculations is to
ensure that any state identified can be assigned continuum quantum numbers in a reliable
way. To identify the spin of a state we followed the same method detailed in Ref. [32]

and used in the calculations of light baryons [34, 35], light mesons [36], charm mesons
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as well as heavy-light mesons [37]. The main ingredient is the overlap factor, Z, as
defined in eq. (1). However, spin—g and spin—% states appear in multiple lattice irreps.
In these cases, the continuum operator is subduced to multiple lattice irreps. In the
continuum limit, for a given physical state, the overlap factors obtained from different
operators, which are subduced from the same continuum operators should become equal.
They should nearly be equal even on a finite lattice, if the rotational symmetry breaking
effects are small. Hence in order to confirm the reliability of the identification of a state
with a given spin > 3/2, one has to compare the magnitudes of overlap factors of those
operators which are subduced into different irreps. After identification of the spin of
states with matching overlap factors, it is also necessary to check whether the energy of
this state also matches over the irreps. Once this is made, one needs to do simultaneous

fitting of its masses over the irreps to get the final mass.

0.3 RESULTS : Excited state spectroscopy of charm

baryons

7
2

and for both parities. Various spin dependent energy splittings between the extracted

In this section, we present our results on spectra of charm baryons with spins up to

states are also considered and compared with the similar splittings at light, strange as
well as bottom quark masses. We present our results in terms of energy splittings relative
to a reference hadron rather than their absolute energies. This reduces the systematic
uncertainties associated with charm quark mass determination as well as the with the

discretization errors.

0.3.1 Triply charm baryons

In Figure 1(a), we present relativistic spectra of the triply charm baryons in terms of
the energy splittings from the mass of the pseudoscalar charmonium, 7., which is made
of a charm and an anti-charm quarks. A factor of % is multiplied with 7. mass to
balance the different number of valence charm quarks in triply charm baryon and 7.
Boxes with the thick borders correspond to those states with a greater overlap onto
operators proportional to the field strength tensor as discussed in the previous section,
which might consequently be hybrid states. The states inside the magenta ellipses have

relatively large overlap with the non-relativistic operators. The number of states inside



Synopsis Xix

2400
24 I DY
[ = = | 2000? = Q::(NR+R)
Lol n o ] 1600k | = ;zm(NR)
| - cce g J 1200 | == A
> 16 g B E 4% 800
3 I
= 12 400 §
. = ;"
B L o= = = 1E 00 ——g———%
~ ’.'-‘;- [
@ sl = B | 4001
E S I et . [
L _— 1 %00 m oD%
041 4 -100F
, -160.0
0 S b o,
12" 32t spt ot 2320 520 12 T,

Figure 1: (a) Spin identified spectra of triply charm baryons with respect to %mnc. The
boxes with thick borders corresponds to the states with strong overlap with hybrid op-
erators. The states inside the magenta ellipses are those with relatively large overlap
to non-relativistic operators. (b) Energy splittings between states with same L and S
values, starting from light to heavy baryons. The details are described in the Section
0.3.1.

these ellipses are also the number of states expected based on a quark model with only
non-relativistic quark spins. This agreement of the pattern of low lying states between
the lattice spectra obtained in this work and from non-relativistic quark model implies a
clear signature of SU(6) x O(3) symmetry in the low-lying spectra. It is to be noted that
though we used non-relativistic as well as relativistic operators, the low-lying spectra
resembles with the non-relativistic spectra. Such SU(6) x O(3) symmetric nature of
spectra was also observed for light baryons in Ref. [35]. However, it is not meaningful
to interpret the higher excited states in terms of SU(6) x O(3) symmetry [35] since we
did not include non-relativistic operators with three derivatives. For negative parity, it
is not possible even to identify a state with strong hybrid content because it is unclear
how the relative importance of all the relevant operators overlapping to that state will

change in the presence of non-relativistic operators having three or more derivatives.

Energy splittings

Spin-dependent splittings, such as the hyperfine and spin-orbit splittings between hadrons,
can provide important information about the interquark interaction which are necessary

to build a successful model. Here we also calculated those splittings of triply charm
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baryons and compare those with such splittings of similar baryons at other quark masses.
Among the states that we extract in our calculations, several of them have the same L and
S values, but with different J values. For example, we construct flavor (F') decuplet states
with D = 2,5 = 3 and L = 2 with the combination {10Fs®(S)s®(D)s}, where S in the
subscript stands for symmetric combinations. In this construction, we get four operators

with JP = 1+ 3% 5% and %Jr. In the heavy quark limit, the spin-orbit interaction van-

’2 ) 2
ishes since the interaction term is inversely proportional to the square of the quark mass.
. _ +
States correspondlng to quantum numbers (|L, S, J7) = [2,3, 17y 2,3 37y |2, 3 57y

and |2, 2 55 2 )) will thus be degenerate in the heavy quark limit. Similarly, two states

1-
2

in the heavy quark limit. In Figure 1(b), we plot absolute Values of energy differences

with quantum numbers J¥ = and % with L=1and S = 3 Wﬂl also be degenerate

between energy levels which originate from the spin-orbit interaction of the following
(L,S) pairs : (2,2 —in the left column), (2,1

12
right column). We plot these spin-orbit energy splittings at various quark masses cor-

~in the middle column) and (1,5 —in the

responding to following triply flavored baryons : Ayuu, Qsssy Qece and Q. We identify
the states with these (L, S) pairs by finding the operators which incorporate these pairs
and have major overlaps to these states. These energy differences are obtained from the
ratio of jackknifed correlators, which in general, reduce error bars by canceling correlation
between these correlators. For bottom baryons, we use data from Ref. [47] and for light
and strange baryons, results from Ref. [35] are used. One can observe that the degen-
eracy between these states is more or less satisfied both for bottom and charm quarks,
justifying a heavy quark status for charm and bottom quarks. However, data with higher
statistics are necessary to identify the breaking of this degeneracy at charm quark mass.

We also made similar comparisons for some other energy splittings using our results
and similar results at other quark masses. Some of these, such as the hyperfine splitting,
vanish in the heavy quark limit while others become constant. However, as expected,
most splittings tend to be higher at lighter quark masses where relativistic effects are

3
9 mWau 9 mQ

uuu 2

prominent. As an example, we consider following splittings: ma
3 Mgy, M., — 3 Mgy, and mg,,, — 3 my,,. For AT (uuu) and Q,,, baryons, results are
from Ref. [35], while for Q;,, we use results from Ref. [47]. These splittings mimic the
binding energies of triply flavored states and thus it is interesting to compare these as
a function of quark masses. One can expect that, in the heavy quark limit, the quark
mass dependence of these splittings can be expressed is a form a + b/mpg. We observe

such quark mass dependence starting from strange to bottom quarks. This validates the
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heavy quark expansion for these splittings, particularly for charm and bottom quarks.?
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Figure 2: Spin identified spectra of doubly charm baryons, a) €2.. and b) =, with respect
to m,,,. States with strong overlap with operators that are proportional to field strength
tensor are painted with thick borders. While the low lying bands showing the pattern of
states as expected from an SU(6) ® O(3) potential model are highlighted by enclosing
them within magenta closed curves.

0.3.2 Doubly charm baryons

The study of doubly charm baryons is important as these systems provide a unique
opportunity to get insight into the nature of strong force in the presence of slow relative
motion of the heavy quarks along with the relativistic motion of a light quark. The
excited spectra and the splittings between different energy levels will help to understand
how the collective degrees of freedom give rise excitations of these systems. A comparison
of their excitations with the corresponding spectra of singly and triply charm baryons,
where the number of charm quark is one less and more respectively, will be helpful to get
information about quark-quark interactions. Doubly charm baryons are characterized
by two widely separated scales: the low momentum scale, of order Agcp, of the light
quark and the relatively heavy charm quark mass. A doubly heavy baryon can be treated
as a bound state of a heavy antiquark and a light quark in the limit when the typical
momentum transfer between the two heavy quarks is larger than Agep [48]. In this
limit of quark-diquark symmetry, QQq < Qg, one can get definite prediction of spin
dependent energy splittings [49]. It is thus interesting to study those spin splittings to

check whether charm quark is heavy enough to respect this quark-diquark symmetry.

2The details have been skipped to save space.
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All previous lattice calculations involve only the ground state spectrum of Z.., =,
Q.. and €2).. However, it is expected that much more information about the interactions
between two charm quarks and between charm and light quarks can be obtained by
computing the excited state spectra of these baryons, including in particular the spin-
dependent energy splittings, as well as by studying similar spectra for other spin-parity
channels. Towards this goal, in this work, we make the first attempt to compute the
excited state spectra of doubly charm baryons by using dynamical lattice QCD. The
ground states for each spin-parity channel as well as their excited states up to spin 7/2
are computed and a few spin-dependent energy splittings are studied.

In Figure 2 we present the relativistic spectra of the doubly charm baryons, Q..(ccs)
and Z..(ccu), in terms of the energy splittings from the mass of 7. meson, which has
the same valence charm quark content. Even here, the number and the pattern of states
in the lowest negative parity band and the first excitation band in the positive parity
(magenta boxes in Figure 2) can be seen to be well in agreement with the expectations
based on SU(6) ® O(3) symmetry, which assumes non-relativistic nature for quarks. As
before, the states with significant overlap with the operators proportional to the field
strength tensor are shown with thick borders, and are identified to be strongly hybrid in
nature.

Similar to the case of triply charm baryons, we estimate spin-dependent energy split-
tings, including hyperfine splittings, for doubly charm baryons, and then study the quark
mass dependence of some of those energy splittings. For some cases, we observe that the
quark mass dependence can also be fitted with a heavy quark inspired form a + b/mpg.
From such quark mass dependencies we are able to make the following predictions :
mp. —mp, = 80 £ 8 MeV, and mgq_, = 8050 &= 10 MeV.

0.3.3 Singly charm baryons

After triply and doubly charm baryons, we studied singly charm baryons with the same
details. However, for singly charm baryons the number of channels are many more,
namely, A.(cud), X.(cuu), Z.(cus), and Q.(css). In the presence of one or two light
quarks, the dynamics of these particles become much more complicated and these par-
ticles provide a unique opportunity to study the interaction between one or more light
quarks in the presence of a heavy quark. The number of possible interpolating operators
are also more as was shown in Table 3.

We show our results for the spectra of singly charm baryons in Figure 3 (name of each
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particle channel are shown inside). As before, we plot spectra in terms of mass splittings
instead of absolute masses. In our calculation, the pion mass is m, ~ 391 MeV. Due
to this unphysical light quark mass, we plot the A.(cud) and .(cuu) spectra in terms
of their splitting from the vector meson mass m,(ud) calculated on these lattices. For
Zc(cus), and .(css), we show the spectra in terms of their splittings from the mass of
vector mesons K*(us) and ¢(8s), respectively. This set of splittings for singly charm
baryons is considered, since the leading order all the singly charm baryon spectrum have
the same discretization errors and the same effect of the light quark dynamics, making a
comparative study between the singly charm baryon spectra possible. It is to be noted
that with physical quark masses one may also opt to subtract D and D, meson masses
instead, to reduce discretization error due to heavier charm quark.

As in the previous cases, we observed that the pattern of the extracted low-lying
states are remarkably similar to the expectation from a model with broken SU(6) x O(3)
symmetry. As previously, the low lying bands that have relatively large overlap with
the non-relativistic operators are shown with magenta boxes. Similarly the states with
significant overlap with the operators proportional to the field strength tensor are painted
with thick borders, and are identified as strongly hybrid in nature. Known physical states
are shown by violet stars (question marks are shown where quantum numbers are not
known). The mismatch between the experimental value and our calculated energies is
believed to be due to the unphysical quark masses and the finite volume effects.

The ¥t and Q. baryons have the same flavor structure : pgg. The allowed flavor
symmetries are similar to that of the doubly charm baryons, where one can have a
symmetric flavor structure and a MS/MA flavor structure. Thus the spectrum of these
two baryons should resemble the spectrum obtained for the doubly charm baryons. This
is quite evident from the two plots on the right in Figure 3.

The A. baryons are those with quark content udc and can have an antisymmetric
or MS/MA flavor structure, which corresponds to A.-singlet and A -octet respectively.
The difference between the A.-octet and the X7 is that the latter is a part of the isospin
triplet, while the former forms an isospin singlet. The details of the flavor structure is
shown in Table 3.2. Since there is no totally antisymmetric spin combination that can
be constructed from a purely non-relativistic formalism, one requires angular momen-
tum structure through non-local behavior to construct a flavor-singlet A, interpolating
operator. Figure 3(a) shows the spectrum of A., where one can see only one state in the
low lying band. This state has significant overlap with the flavors MS/MA with non-

relativistic spin 1/2. As observed for the other channels, the number and the pattern of
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Figure 3: Results on the spin identified spectra of (a) A., (b) X., (¢) E. and (d) Q.
baryons for both parities w.r.t. vector mesons, p (upper two) and K*, ¢ (lower two).
The keys are same as in Figure 1(a). Known physical states are shown by violet star
(question marks are shown where quantum numbers are not known).

the first negative parity band and the first excited positive parity band agrees with the
non-relativistic predictions. It is to be noted that the ordering of the first two states,
particularly the lowest lying first excited positive parity state, is observed to have spin
5/2 which is similar to the pattern supported by experiments.

The Z, baryons, with quark content usc, can have S; A or MS/MA flavor structure,
which correspond to =.-decuplet, =.-singlet and =.-octet respectively. Within =.-octet
flavor structure, one has two possibilities. If we assume an us-spin symmetry, similar to
the isospin that describes the symmetry between u and d quarks, there are two possible
MS/MA combinations : the Z.-octet and the Z_-octet. The latter is a part of the us-spin

triplet, of which Q. and X7 are included, while the former is a us-spin singlet. As in
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the case of A., due to the absence of a totally antisymmetric spin combination that can
be constructed from a purely non-relativistic formalism, one requires angular momentum
structure through non-local behavior to construct a flavor-singlet =, interpolating oper-
ator. Hence the low lying spectrum for =. baryon will have two spin 1/2 states from the
Z.octet and E/c—octet operators and a spin 3/2 state with the =.-decuplet flavor struc-
ture. This can clearly be seen in Figure 3(c). The full set of operators for =, baryon
forms a very large set that fails to converge and produce a reliable spectrum from the
variational fitting. In this analysis, hence we use purely non-relativistic operators for

fitting, and the =, spectrum shown in Figure 3(c) is non-relativistic.

0.4 Mixed action approach : Charm and strange

hadron spectroscopy

The main aim of this study is to explore heavy hadron spectra using the chiral overlap
fermions on the background of a set of improved gauge configurations generated with
highly improved staggered quarks. By using such an approach, we get an advantage to
use a chiral action as well as a large set of highly improved configurations with multiple
lattice spacings. Below I mention results obtained from my contribution in this project.
As mentioned in the introduction, this is a calculation complementary to the previous
study of excited charm baryon spectra, particularly to improve the control over the
discretization errors.

We use two sets of dynamical 24141 flavors HISQ lattice ensemble generated by the
MILC collaboration : a set of 32% x 96 lattices with a =0.0877(10) fm and another set
of 483 x 144 lattices a =0.0582(5) fm. For valence quarks we use overlap action [50].
The strange and charm masses are set at their physical values while m;/ms = 1/5 for
both lattices. The details of these configurations are summarized in Ref. [41]. The above
lattice spacings are determined using the {2 baryon mass measured on these ensembles.
The results reported here are obtained from 110 configurations on the coarser lattice, and
65 configurations on the finer lattice. Using both point and wall sources, we calculate
various point-point, wall-point as well as wall-wall quark propagators to study the low
lying hadron spectra.

Our extracted pseudoscalar meson masses are within the range 400 — 5130 MeV
and 230 — 4000 MeV for the coarser and finer lattices, respectively. In following two

subsections, we will discuss our estimates for mesons and baryons mostly in terms of
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Figure 4: (a) Meson mass splitting for charmonia and charm-strange mesons at two
lattice spacings. Experimental values are shown in the left side. (b) Mass splitting of
the ground state of J¥ = %Jr Qece from 3/2m /. Results of this mass splitting from this
work (blue) are compared with those obtained from the excited charm baryon studies in
the previous sections (red), Ref. [28] (violet) and Ref. [29] (green).

energy splittings as those have less systematics compared to extracted energies.

0.4.1 Energy splittings in charmonia and charm-strange mesons

In Figure 4(a) we present the energy splittings between axial, scalar and tensor charmonia
from pseudoscalar charmonia. In addition to this, we also calculate charm-strange mesons
with various quantum numbers. The energy splittings between these mesons are as
shown in Figure 4(b). We find that tuning of charm mass using kinetic mass brings
these splittings closer to their experimental values than when performed with the pole
mass [27]. Our results for the hyperfine splitting in 1S charmonia are 125(6) MeV and
119(3) MeV corresponding to coarser and finer lattices respectively. It is to be noted
that the this hyperfine splitting is one of the most well studied physical quantities in
lattice charmonium calculations over the year, and until very recently [15, 16], lattice
results were found to be smaller than the experimental value (~ 116 MeV). Our results

are closer to the experimental value.

Charm baryons

We also study the ground state spectra of charm baryons with one or more charm quark
content, e.g., with quark content css, ccs, and ccc on these lattices. The mass splittings

Qece —5J/ U are shown in Figure 4(b). The blue rectangles represent the results from this
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work for the two different lattice spacings, while the rectangles in red are results from
the work discussed in the previous section. The two red points are with the tree-level
clover coefficient ¢, = 1.35 and at a boosted value of ¢, = 2, which gives correct char-
monium hyperfine splitting, J/1) — n.. The red and blue squares showed the consistency
between our two independent calculations. These results are also consistent with other
independent lattice results [28, 29]. We also calculate various spin splittings for doubly
charm baryons and find similar consistency between our two results and results from

other lattice calculations.

0.5 Baryon screening masses at finite temperature
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The long term experimental programs on finite temperature QCD are beginning to
probe the finer details of the non-perturbative predictions of QCD [51], at various collider
experiments, including Relativistic Heavy Ion Collider (RHIC) at BNL and Large Hadron
Collider (LHC) at CERN. This is possible because fireballs produced in these collisions
come close to thermal equilibrium [52] and the data from such experiments need to be
confronted with first principles calculations such as Lattice QCD techniques that can

make useful theoretical predictions on the expectation value of observables.
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Using lattice QCD, the phases and properties of the medium can be studied by ana-
lyzing the static correlation lengths (which is inverse of the screening mass, 1) [53]. These
correlations are measured by introducing static probes into the equilibrium plasma and
measuring the response of the medium. The response depends on the quantum numbers
carried by the probes; so one can classify static correlators as glueball-like, meson-like
and baryon-like probes with the usual quantum numbers of these quantities corrected
for the fact that the static spatial symmetries are different from the Poincare group.
In this work, we study the meson-like and baryon-like static correlation lengths above
(1.5 T..) and immediately below (0.95 T.) the deconfinement transition temperature. It
is expected that these studies provide important inputs to the study of baryon-number
fluctuations, which is of much interest in the experimental search for the critical point of
QCD. We reboot the study of these correlators in the high temperature phase.

At 1.5 T,, we find that the scalar/psuedoscalar (S/PS) and the (vector/axialvector)
V/AV correlators become pairwise degenerate. We find strong signals of approximate
chiral symmetry restoration from the near degeneracy of the screening masses of the
mesonic parity partners. Figure 5 shows the ratio of screening masses of various hadrons
in an interacting theory to the respective screening masses in free field theory. In addition
we found, as before [54, 55, 56], that the screening masses are not far from those obtained
in Free Field Theory (FFT), which is a model of non-interacting quarks. Along with our
estimates for the ratio of screening masses in interacting theory to the free theory, Figure
5 also contains a survey of the literature. This work uses the smallest lattice spacing used
in a quenched study to date, and agrees with previous work using clover quarks [55]. Tt
also agrees with results from studies using overlap quarks at smaller lattice spacing [56].
However, it seems that studies with naive staggered quarks always indicate stronger
deviations from FFT than any of these above studies [57, 58]. Immediately below T,
we find that the mass of the mesons is hardly affected by the temperature below the
deconfinement transition temperature.

As in the mesonic correlations, the nucleonic screening lengths at T' = 1.5 T, show
strong signals of approximate chiral symmetry restoration through the near degeneracy
of their screening masses. It is also evident from Figure 5 that above T, the baryonic
screening lengths also support the evidence for weakly interacting quarks. However, be-
low T, some interesting observations can be seen from Table 4. We find that uy, = my,
within 95% confidence limits, indicating no significant thermal effects in the nucleon
mass. However, the splitting between the N, and its parity partner, N_, changes at

finite temperature, and is a precursor to the restoration of chiral symmetry before the
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QCD phase transition. These observations not only constrain models of quantum hadro-
dynamics [59], but could also have implications for the analysis of heavy-ion collision
data.

0.6 Summary and conclusions

In this synopsis, we summarized our study of baryons by using non-perturbative methods
of lattice QCD. The significant part of the work dealt with spectroscopy of charm baryons.
In this, we performed two complementary studies using two different non-perturbative
techniques with distinct merits, and comparative study was performed between the results
from both these studies, which gave us confidence in our results. A second part of this
synopsis involved a study of baryon screening masses at finite temperature that could
provide important information on the properties of the QCD medium across the transition
temperature.

The detailed study of charmonia, both theoretically and experimentally, has provided
crucial insights in our understanding of strong interaction. In contrast to that, charm
baryons have not been studied comprehensively, though that can also provide similar
information. In this work, we make the first attempt to study charm baryons comprehen-
sively. An anisotropic action with 2+1 flavor dynamical clover and with temporal lattice
spacing of about (5.67 GeV) ™! was used. A large set of carefully designed baryonic inter-
polating operators with up to two derivatives were constructed and the newly developed
distillation technique was employed to generate the correlation functions. A well-suited
variational technique was utilized to extract the energy eigenstates with reliable spin-
parity quantum numbers. The main results are shown in Figure 1, 2 and 3. Among the
results most significant ones are the following predictions: mq,.. —m/, = 160 &6 MeV,
mp.« —mp, = 80 £ 8 MeV, and mgq_, = 8050 £ 10 MeV. In the extracted spectra we
found bands of states with alternating parities and increasing energies. Beside identify-
ing the spin of a state we could also decode the structure of operators leading to that
state : whether constructed by relativistic, non-relativistic, hybrid, non-hybrid types or
a mixture of them all. However, for negative parity states and highly excited positive
parity states, this identification is not possible since we do not include operators with
more than two derivatives which will contribute to these states and so will change the
relative contribution from various operators leading to such states. Similar to light and
strange baryon spectra [35], we also found the number of extracted states of each spin

in the three lowest-energy bands and the number of quantum numbers expected based
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on weakly broken SU(6) x O(3) symmetry agree perfectly, i.e., all the low lying charm
baryon spectra remarkably resemble the expectations of quantum numbers from quark
model [6, 7, 8] though we used relativistic as well as non-relativistic hybrid operators
which are not present in such models.

In addition to the pattern of the spectra, we also studied various energy splittings that
could give insights into spin-dependent interactions that exists between multiple charm
quarks as well as charm quarks and the light or the strange quarks. In the heavy quark
limit, the energy splitting due to spin-orbit coupling should vanish as it is proportional
to the heavy quark masses. To check this, we identify a few states with the same L
and S values from overlap factors of various operators and found that the spin-orbit
energy degeneracy between these states are more or less satisfied both for bottom and
charm quarks, justifying a heavy quark status for the charm quarks. More precise data
are necessary to check the breaking of this degeneracy at the charm quark mass. We
also evaluated some other energy splittings that mimics the binding energy of various

. 3 3 3 ..
baryon states, such as : mq,, — 35 mx;, , M., — 5 Mg, and mq,, — 35 mg,, . Significant

quark mass dependence was observed for such splittings that can be modeled with a form
a + b/mpg, which assumes they will tend to a constant in the heavy quark limit. It is
interesting to note that the heavy quark expansion gives a good fit with data at bottom,
charm as well as strange masses.

It is to be noted that we did not use any multi-hadron operators in this calculation.
Inclusion of those operators, particularly those involving light quarks, may affect some of
the above conclusions, though to a lesser extent than their influence in the light hadron
spectra. Also this calculation was carried out with one lattice spacing, one volume
and at m, = 391 MeV. In order to get precise estimate, which can be compared with
experiments, this study needs to be repeated with multiple volumes and lattice spacings
at lighter pion masses.

Complementary to the above work, we calculated charm and strange hadron spectra
with the overlap fermions in the background of a set of 2+1+1 flavors HISQ gauge
configurations. By adopting such a mixed action approach, we took advantage of the
chiral symmetry and low quark mass limit of overlap fermions, and the advantage of
having a large set of configurations with small discretization errors as well as small
taste breaking effects. We were also able to simulate both light, strange as well as
heavy fermions on the same lattice formalism with chiral fermions having no O(a) errors.
Results obtained, in particular the splittings between various hadrons, including the

hyperfine splitting in 1S charmonia, are encouraging and consistent with experiments.
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This suggests that the overlap valence quarks on 2+1+1 flavor HISQ configurations is a
promising approach to do lattice QCD simulation with light, strange and charm quark
together in the same lattice formulation. We found the tuning of the charm quark mass
with the kinetic mass, rather than the pole mass, improves the discretization errors. We
also have the estimates for various charm and charm-strange hadrons. The splitting
(M@... — 3myw), between J/¥ and the unknown triply charm baryon Q... was found to
be 145(10) MeV and 144(10) MeV, on our coarser and finer lattices respectively.

This is a complementary study of the first project to access the effect of discretization
errors on extracted masses. In both the works, we calculated the (... mass, for which the
discretization error is maximum since all the three quarks are heavy. We observed that
results from both the calculations are consistent with each other and are also consistent
with a few other independent lattice calculations. This shows that the discretization
errors entering in our estimates are in good control.

It is to be noted that we have not performed continuum and chiral extrapolations
which will be performed later by ILGTI after adding another lattice spacing. The chiral
extrapolation has to be done carefully by using mixed action partially quenched chiral
perturbation theory [60] with proper mixed action discretization term A,,;, [61].

In the second part of the work, we calculated thermal correlations in quenched QCD
in channels with various hadronic quantum numbers, with a aim to access the behavior
of baryons at finite temperature. The correlation functions are consistent with the usual
picture of the QCD phase diagram : below 7, long-distance correlations are mediated
by hadrons and above T, these are mediated by weakly interacting quarks. Above T,
at the temperature T" = 1.57, we found strong signals of approximate chiral symmetry
restoration in the near degeneracy of screening masses of hadronic parity partners. In
addition, we found, as before [54, 55, 56], that the correlation functions and screening
masses are not far from those obtained in FFT, which is a model of non-interacting quarks.
The estimates from this work is in consistence with previous results using clover quarks
[55] and overlap quarks [56], while staggered quarks in the quenched approximation
always indicated stronger deviations from FFT [57, 58].

Mesonic channels and the nucleon ground state show no thermal effects below T..
However, the opposite parity excitation of the nucleon, Sy, is seen to move closer to the
ground state signaling a precursor to chiral symmetry restoration. No such effects have
been seen earlier either in the glue sector or with quarks, nor do we see any effect in the
V/AV channels here. This is a new observation which can constrain models of quantum

hadrodynamics, as well as have implications for the analysis of heavy-ion collision data.
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This encourages for future study of baryonic correlators in a comprehensive way.



Bibliography

[1] P. W. Higgs, Phys. Lett. 12, 132 (1964);
S. Chatrchyan et al. [CMS Collaboration|, Phys. Lett. B 716, 30 (2012)
[arXiv:1207.7235 [hep-ex]];
G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1 (2012) [arXiv:1207.7214
[hep-ex]].

[2] RPP : J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001 (2012).

[3] M. Mattson et al. [SELEX Collaboration|, Phys. Rev. Lett. 89, 112001 (2002) [hep-
ex/0208014].

[4] B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 74, 011103 (2006) [hep-
ex/0605075].

[5] Y. Kato et al. [Belle Collaboration], arXiv:1312.1026 [hep-ex].

[6] S. Capstick and W. Roberts, Prog. Part. Nucl. Phys. 45, S241 (2000) and the refer-

ences therein.

[7] E. Klempt and J. -M. Richard, Rev. Mod. Phys. 82, 1095 (2010) and the references

therein.

[8] V. Crede and W. Roberts, Rept. Prog. Phys. 76, 076301 (2013) and the references

therein.

[9] J. D. Bjorken, FERMILAB-CONF-85/69, Is the ccc a New Deal for Baryon Spec-
troscopy?, Int. Conf. on Hadron Spectroscopy, College Park, MD, Apr. 1985;

[10] S. Aoki, et al. [CP-PACS Collaboration]|, Phys. Rev. Lett. 84, 238 (2000); Phys.
Rev. D 79, 034503 (2009).

[11] C. W. Bernard, et al., Phys. Rev. D 64, 054506 (2001) [hep-lat/0104002].

XXX1il



Synopsis XXXIV

[12] C. T. H. Davies et al. [HPQCD and UKQCD and MILC and Fermilab Lattice Col-
laborations|, Phys. Rev. Lett. 92, 022001 (2004) [hep-lat/0304004].

[13] C. Aubin, et al., Phys. Rev. D 70, 094505 (2004) [hep-lat/0402030].

[14] S. Durr, et al., Science 322, 1224 (2008) [arXiv:0906.3599 [hep-lat]].

[15] T. Burch, et al., Phys. Rev. D 81, 034508 (2010).

[16] G. C. Donald, et al., Phys. Rev. D 86, 094501 (2012).

[17] Y. Namekawa et al. [PACS-CS Collaboration], Phys. Rev. D 84, 074505 (2011).
[18] C. McNeile, et al., Phys. Rev. D 86, 074503 (2012) [arXiv:1207.0994 [hep-lat]].

[19] D. Mohler and R. M. Woloshyn, Phys. Rev. D 84, 054505 (2011);
D. Mohler, S. Prelovsek and R. M. Woloshyn, Phys. Rev. D 87, 034501 (2013).

20] R. J. Dowdall, et al., [HPQCD Collaboration], Phys. Rev. D 85, 054509 (2012)
[arXiv:1110.6887 [hep-lat]]; Phys. Rev. D 86, 094510 (2012) [arXiv:1207.5149 [hep-
lat]].

21] E. B. Gregory, et al., Phys. Rev. D 83, 014506 (2011) [arXiv:1010.3848 [hep-lat]].

[22] N. Mathur, R. Lewis and R. M. Woloshyn, Phys. Rev. D 66, 014502 (2002);

I

R. Lewis, N. Mathur and R. M. Woloshyn, Phys. Rev. D 64, 094509 (2001).

23] J. M. Flynn, et al., [UKQCD Collaboration], JHEP 0307, 066 (2003) [hep-
lat /0307025].

24] L. Liu, et al., Phys. Rev. D 81, 094505 (2010) [arXiv:0909.3294 [hep-lat]].
[25] G. Bali, et al., J. Phys. Conf. Ser. 426, 012017 (2013) [arXiv:1212.0565 [hep-lat]].

[26] R. A. Briceno, H. -W. Lin and D. R. Bolton, Phys. Rev. D 86, 094504 (2012)
[arXiv:1207.3536 [hep-lat]].

[27] S. Basak, et al., [ILGTI] PoS LATTICE 2012, 141 (2012) [arXiv:1211.6277 [hep-lat]];
PoS LATTICE 2013, 243 (2013) [arXiv:1312.3050 [hep-lat]].

28] S. Duwrr, G. Koutsou and T. Lippert, Phys. Rev. D 86, 114514 (2012)
[arXiv:1208.6270 [hep-lat]].



Synopsis XXXV

[29] Y. Namekawa et al. [PACS-CS Collaboration], Phys. Rev. D 87, 094512 (2013).

[30] M. Peardon, et al., [Hadron Spectrum Collaboration|, Phys. Rev. D 80, 054506
(2009).

[31] C. Michael, Nucl. Phys. B 259, 58 (1985);
M. Luscher and U. Wolff, Nucl. Phys. B 339, 222 (1990).

[32] J. J. Dudek, R. G. Edwards, N. Mathur and D. G. Richards, Phys. Rev. D 77,
034501 (2008).

[33] S. Basak et al. [Lattice Hadron Physics (LHPC) Collaboration], Phys. Rev. D 72,
074501 (2005).

[34] R. G. Edwards, J. J. Dudek, D. G. Richards and S. J. Wallace, Phys. Rev. D 84,
074508 (2011).

[35] R. G. Edwards, N. Mathur, D. G. Richards and S. J. Wallace, Phys. Rev. D 87,
054506 (2013).

[36] J. J. Dudek, et al., Phys. Rev. Lett. 103, 262001 (2009); Phys. Rev. D 82, 034508
(2010).

37] L. Liu, et al., [HSC], JHEP 1207, 126 (2012);
G. Moir, et al., JHEP 1305, 021 (2013).

38] J. J. Dudek and R. G. Edwards, Phys. Rev. D 85, 054016 (2012) [arXiv:1201.2349
[hep-ph]].

[39] M. Padmanath, R. G. Edwards, N. Mathur and M. Peardon, arXiv:1307.7022 [hep-
lat];
arXiv:1311.4354 [hep-lat]; arXiv:1311.4806 [hep-lat].

[40] E. Follana et al. [HPQCD and UKQCD Collaborations|, Phys. Rev. D 75, 054502
(2007).

[41] A. Bazavov et al. [MILC Collaboration], Phys. Rev. D 87, no. 5, 054505 (2013).

[42] S. Datta, S. Gupta, M. Padmanath, J. Maiti and N. Mathur, JHEP 1302, 145
(2013).



Synopsis XXXVi

[43]

[44]

[45]

[46]
[47]

[48]

[49]

[50]

[51]

[52]

K. G. Wilson, Phys. Rev. D 10, 2445 (1974).

G. Burgers, F. Karsch, A. Nakamura and I. O. Stamatescu, Nucl. Phys. B 304, 587
(1988); T. R. Klassen, Nucl. Phys. B 533, 557 (1998); P. Chen, Phys. Rev. D 64,
034509 (2001).

R. G. Edwards, B. Joo and H. -W. Lin, Phys. Rev. D 78, 054501 (2008)
[arXiv:0803.3960 [hep-lat]].

H. -W. Lin et al. [HSC], Phys. Rev. D 79, 034502 (2009) [arXiv:0810.3588 [hep-lat]].
S. Meinel, Phys. Rev. D 85, 114510 (2012).

M. J. Savage and R. P. Springer, Int. J. Mod. Phys. A 6, 1701 (1991);
M. J. Savage and M. B. Wise, Phys. Lett. B 248, 177 (1990).

N. Brambilla, A. Vairo and T. Rosch, Phys. Rev. D 72, 034021 (2005) [hep-
ph /0506065;
S. Fleming and T. Mehen, Phys. Rev. D 73, 034502 (2006) [hep-ph/0509313].

H. Neuberger, Phys. Lett. B 417, 141 (1998); ; ibid. B427 (1998) 353;
M. Luscher, Phys. Lett. B 428, 342 (1998).

S. Gupta, et al., Science 332, 1525 (2011).

J. Cleymans and K. Redlich, Phys. Rev. Lett. 81 (1998) 5248;
P. Braun-Munzinger and J. Wambach, Rev. Mod. Phys. 81 (2009) 1031.

C. E. DeTar and J. B. Kogut, Phys. Rev. Lett. 59 (1987) 399, Phys. Rev. D 36
(1987) 2828.

K. D. Born et al.(MT. Collaboration), Phys. Rev. Lett. 67 (1991) 302.
S. Wissel et al., PoS LAT-2005, 164; S. Wissel, Ph. D dissertation (2006).
R. V. Gavai, S. Gupta and R. Lacaze, Phys. Rev. D 78 (2008) 014502.
R. V. Gavai, S. Gupta and P. Majumdar, Phys. Rev. D 65 (2002) 054506.
A. Gocksch, P. Rossi and Urs M. Heller, Phys. Lett. B 205 (1988) 334.

R. Rapp and J. Wambach, Adv. Nucl. Phys. 25 (2000) 1.



Synopsis XXXVii

[60] O. Bar, G. Rupak and N. Shoresh, Phys. Rev. D 67, 114505 (2003);
J. -W. Chen, D. O’Connell and A. Walker-Loud, Phys. Rev. D 75, 054501 (2007);
K. Orginos and A. Walker-Loud, Phys. Rev. D 77, 094505 (2008) and references

therein.

[61] M. Lujan, et al., Phys. Rev. D 86, 014501 (2012).



Publications

S. Basak, S. Datta, A. T. Lytle, M. Padmanath, P. Majumdar and N. Mathur,
PoS LATTICE 2013, 243 (2013), [arXiv:1312.3050 [hep-lat]].

¢ M. Padmanath, R. G. Edwards, N. Mathur and M. Peardon, arXiv:1311.4806
[hep-lat], conference proceedings : CHARM 2013.

e M. Padmanath, R. G. Edwards, N. Mathur and M. Peardon, PoS LATTICE
2013, 247 (2013), arXiv:1311.4354 [hep-lat].

e M. Padmanath, R. G. Edwards, N. Mathur and M. Peardon, arXiv:1307.7022
[hep-lat], submitted to Phys. Rev. D.

S. Datta, S. Gupta, M. Padmanath, J. Maiti and N. Mathur, JHEP 1302, 145
(2013) [arXiv:1212.2927 |hep-lat]].

S. Basak, S. Datta, M. Padmanath, P. Majumdar and N. Mathur, PoS LATTICE
2012, 141 (2012) [arXiv:1211.6277 [hep-lat]].

XXXVl



Outline of the thesis

In this thesis, I present my work on the non-perturbative studies of various aspects of
baryon physics using lattice QCD. An outline of the works presented in the thesis is as

follows :

e Spectroscopy of charm hadrons

— Excited state charm baryon spectroscopy using clover fermions.

— Charm hadron spectroscopy using overlap fermions.

e Nucleons at finite temperature.

The organization of this thesis is as described below.

In Chapter 1, I introduce the aforementioned works, covering the phenomenology in
the respective aspects. I discuss the experimental and the theoretical advances in the
spectroscopic studies and the future prospects from both experimental and theoretical
point of view. After the phenomenological background and motivation, I discuss the
works on Ezcited state charm baryon spectroscopy and Charm hadron spectroscopy using
overlap fermions. The work on Nucleons at finite temperature is discussed briefly in the
last section.

Chapter 2 serves as very brief review of the basics of the first principle non-perturbative
technique, known as Lattice QCD, that we employ for our calculations. The review cov-
ers a short introduction to the QCD in the continuum followed by a section dedicated
to the lattice regularization of QCD. A third section discusses the basics of simulations
involved and an introduction to the conventional spectroscopy studies using lattice.

Chapter 3 is dedicated for the technical details related to the work on excited state
spectroscopy. I begin by discussing the procedure involved in conventional spectroscopy
studies using lattice QCD and the challenges that appear in the excited state spec-

troscopy. Individual sections are dedicated to explain the solutions, which include the
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use of anisotropic lattice formalism, derivative based operator construction formalism
and variational fitting techniques, to these challenges.

In Chapter 4, our results for charm baryons from the excited state spectroscopy
studies are presented. The chapter is divided into three sections : 1) Triply charm
baryons, 2) Doubly charm baryons and 3) Singly charm baryons and spectra for them
are discussed in the respective sections. Along with I also discuss our calculations to
assess the discretization errors entering our estimates. Separate subsections are used for
various energy splittings, which carry the information about the binding energies of the
extracted states. We also discuss various systematics involved in this calculation that
have not been addressed.

In Chapter 5, I discuss the details and the results from our heavy hadron spectroscopy
calculations using overlap fermions. In this chapter, we discuss the detailed study of the
discretization errors in this non-perturbative approach, and make a comparative study
of various estimates that we measure from this work and the previous one, along with
estimates from other lattice and potential model calculations.

In Chapter 6, I discuss our study of hadron screening masses at finite temperature.
Main emphasis has been given for the nucleonic channels, where we observe interesting
behavior in the negative parity nucleonic channels indicating precursor effects for the
chiral symmetry restoration in the nucleonic channels immediately below T..

In Chapter 7, we give a brief summary of the findings made in the works described

in the thesis.



Chapter 1
Introduction

Understanding the building blocks of the universe and the fundamental laws of nature
that govern the interactions between them is the primary aim of theoretical physics, with
a hope that this understanding will help us explain all the complex natural phenomena
around us. This view is known as reductionism. Success of such a view in atomic physics
began with John Dalton’s (1803) atomic theory, followed by Dmitri Mendeleev’s proposal
of atomic periodic table and the developments that followed till the early 20" century.
Atomic physics further got a substantial boost in its understanding about the atomic
spectra and atomic substructure following Ernest Rutherford’s Gold foil experiment,
Niels Bohr’s proposal of his atom model and, in particular, the development of quantum
mechanics. The enormity of the success of quantum mechanics is such that it found
applications in a wide variety of areas beyond atomic physics, including a great deal of
modern technological inventions which revolutionized our life.

Particle physicists also believe in such a reductionist point of view in order to un-
derstand the proliferated collection of particles that were observed after the invention of
cyclotron and the development of various particle accelerators. The rich spectra of light
hadrons provided us with a framework for constructing a theory of strong interactions
starting from the eightfold way to treating quarks and gluons as the fundamental degrees
of freedom. The development including the unification of the electromagnetic and the
weak interactions [1, 2, 3], followed by the proposal of Higgs field [4], which is believed
to give mass to all the fundamental particles in the universe, gave the Standard Model
of particle physics its modern form.

Though the discoveries of the neutral intermediate vector boson, the top quark, the

7-neutrino and the Higgs boson [5, 6] put the Standard Model of particle physics on solid
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footing, there remains significant limitations in our understanding. Quantum Chromo
Dynamics (QCD), a local non-Abelian gauge theory representing the SU(3) sector in
the Standard Model, is established to be the theory of strong interactions. The most
desirable feature of QCD, the asymptotic freedom [7, 8], allowed successful application
of perturbative techniques in explaining the observations in the high energy domain from
various particle collider experiments. However, a complete understanding of the non-
perturbative part of QCD in the low energy domain remains a challenge. The masses of
the hadrons made of light quarks, in particular baryons, are observed to be an order of
magnitude higher than the sum of the mass of the quarks that constitutes them. Baryons,
particularly neutrons and protons, account for ~99% of the mass of the visible universe.
However, only ~1% of the proton mass is explained by the Higgs mechanism. Hence
it is very important to understand the origin of the mass that constitutes the major
part of the visible universe. From various lattice studies, it is now understood that this
mass comes from the non-perturbative nature of the strong interactions in the low energy
domain. The calculation of the energy spectra of various hadrons is the main aim of this

work.

1.1 Baryons

Baryons are relatively simple systems in which quintessentially confining character of
multiple quarks is manifest and are sufficiently complex to shed light on physics hidden
from us in the mesons. Understanding the baryon spectra is thus expected to answer
a large series of questions on baryons and the interactions that exist within them [9].
A few questions for which the current day and the future baryon spectroscopy studies
are expected to provide answers are the following. Can all baryon resonances be ex-
plained from QCD? What are the leading interactions that govern the spectra of baryons
from the light to the heavy sector? Can we find signatures for the property of flavor
independence of the QCD interactions? How much the mean field theories, like quark
model calculations that are highly successful in explaining the low lying spectrum, will be
successful in explaining the full resonance spectrum? Why are the ‘missing resonances’
missing? Missing resonances are those that are predicted by symmetric quark models
but have not been observed. Even the diquark models, in which the diquark excitations
are suppressed, predicts a lot more resonances than observed. Do they really exist in
nature? What is the spectral pattern of the highly excited states? Are they organized

in the form of spin-parity doublets or chiral multiplets of mass degenerate states having
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identical spin and parity?

Though in its infancy, one also expects to understand a number of questions in the
heavy baryon sector. The triply heavy baryons are expected to shed light into the quark
dynamics in baryons, which is somewhat hidden by the chiral dynamics in the light
baryons. The doubly charm spectrum will explain if it is dominantly governed by a
charmonium-like heavy quark dynamics or a charm meson-like relativistic light quark
dynamics around a static color source formed by the heavy-heavy diquark. While the
spectra of singly charm baryons are expected to help us understand the hierarchy of the
light quark excitations. Particularly, with the recent excitement in heavy hadron physics
and fore-seeing the observations from large statistical samples that will be collected in
many future and ongoing experiments [10, 11, 12, 13, 14, 15], a detailed understanding
of the heavy baryon spectra is expected to provide insights into various aspects of the

strong force that cannot be probed with light baryons.

1.2 Heavy hadrons in QCD

A comprehensive understanding of the theory of QCD in the strong coupling regime
implies a rigorous determination and understanding of its bound states. If QCD is the
correct theory, then one should be able to reproduce the physical hadron spectra from a
high precision first principles non-perturbative calculation. Much like the role of atomic
spectroscopy in the development of quantum mechanics, hadron spectroscopy, both the-
oretically and experimentally, has played a crucial role in understanding the nature of
the fundamental strong force and its degrees of freedom. The dense spectra of hadrons
with light quarks provided us with a framework for constructing the theory of strong
interaction. The discovery of the heavier hadron, J/1) meson, and the subsequent dis-
coveries of other charmonia put this framework on a solid footing. These discoveries
and the identification of these states as charm-anti-charm bound states took the con-
cept of quarks from a mere mathematical construct to reality. The discovery of J/1
meson triggered such a huge scientific interest that it was termed as the November revo-
lution. The charm quark mass being heavy, the approximation that the charm quark and
anti-quark are non-relativistic were found to be good for many predictions. Studies on
various energy splittings provided crucial information on heavy quark-anti-quark poten-
tial, hyperfine and spin-orbit interactions, etc. The ground state charmonia, J/¥ and 7.,
gave the excellent analogs of hydrogen atom for strong interactions, which revealed the

quark layer of substructure for hadrons. Potential models, consisting of non-relativistic
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quark kinetic energy, a central confining potential, and spin-dependent interaction terms
were found to be very successful in explaining various observed states. Recently, a tower
of heavy hadron states, including the X’s, Y’s and Z’s, has been discovered with un-
usual properties [16]. These discoveries have rejuvenated the heavy hadron spectroscopy
tremendously and offer a bright promise in detailed understanding of various interesting
aspects of the theory of strong interaction.

While the heavy quarkonia and other heavy flavored mesons have been studied quite
extensively, the heavy baryon physics has received substantially less attention, even
though they can provide similar insight in understanding the strong interaction. Ex-
perimentally nearly a score of singly charm baryons have been discovered, but only a
few of the low lying states have been assigned the spin-parity quantum numbers based
on experimental evidence [16]. A reliable determination of the quantum number of most
of the observed states has not been made. For doubly charm baryons, only experiments
at SELEX reported the discovery of five doubly charm baryon resonances and inter-
preted those as 2} ,(3443), =F (3520), =5F(3460), 215 (3541) and =11 (3780) [17, 18].
Later they confirmed the = ;(3520) state in two different decay modes (=, — A K~ 7+;
EF — pDTK™) at a mass of 3518.7 £ 1.7 MeV with an average lifetime of less than 33
fs [19]. However, these states have not been observed either by BABAR [20] or Belle
21, 22] in eTe” annihilation experiments. Along with the well-established triply fla-
vored A(uuu) and strange €2(sss) baryons, QCD predicts similar states built from charm
quarks, the triply charm baryon, €2.... Such a state is yet to be observed. This could be
because of the large energy threshold required for their production via either resonant
or continuum production mechanisms, their very short lifetime and the very low recon-
struction efficiency for the highly excited heavy hadron resonances, which follow cascade
decays into multi-particle final states. The extremely low production rate hinders the
identification of the spin-parity quantum numbers, even though the partial wave analysis
is relatively simple in heavy hadrons in comparison with the light hadron spectra. Being
a baryon-baryon collider experiment, SELEX, unlike BaBar and Belle, may have had
huge cross section for the production of the charm baryons through continuum produc-
tion mechanism from the QCD background. This could be a reason for the observation
of the doubly charm baryon in SELEX experiments, while not in BaBar or Belle. One of
the main aims of the proposed PANDA experiment at the Facility for Anti-proton and
Ion Research (FAIR), Darmstadt, is to provide an ideal environment to study the heavy
hadron physics. It will investigate anti-proton annihilations in the momentum range from

1.5 GeV to 15 GeV. The ongoing proton-proton collider experiments at LHCb aim at wide
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range of physics programs covering many important aspects of heavy flavor physics. The
high intensity baryon beams and the gluon rich reaction product from the baryon-baryon
and the nucleus-nucleus collisions in both these experiments will allow high precision

spectroscopy of heavy hadrons.

1.2.1 Potential model calculations

On the theoretical side, one expects that potential models will be able to describe, charm
baryons [9, 23, 24], in particular the triply charm baryons, to a similar level of precision
as their success in charmonia. The triply charm baryons may provide a new window
for understanding the structure of baryons, as pointed out by Bjorken several years ago
[25]. Just as the quark-anti-quark interactions are examined in charmonia, these studies
can probe the interactions between multiple heavy quarks and heavy quarks with one
or more lighter quarks. Various spin dependent splittings between baryons can provide
information to constrain spin dependent potential terms, which are crucial in building
successful Non-Relativistic QCD (NRQCD), pNRQCD and similar models [26, 27]. The
low lying spectra of charm baryons have been studied theoretically using various ap-
proximate formulations [9, 23, 24] of QCD. These include potential model calculations
with non-relativistic and relativistic heavy quarks utilizing various symmetries in a heavy
quark system, calculations based on QQCD sum rules and Regge phenomenology. These
kind of calculations were performed as early as in late 1970’s by Isgur and Karl [28, 29]
where they studied baryons in a quark model framework inspired by QCD. These were
followed by studies using a QCD motivated bag model [30]. Potential model calculations
in non-relativistic quarks were performed in a number of works using simple variational
methods [31] or by employing Faddeev formalism to solve the three body problem of
baryons [32, 33, 34]. Taking into account the presence of the valence heavy flavor, calcu-
lations were performed based on heavy quark effective theory formulations [35], and with
heavy quark spin symmetry constraints [36, 37, 38] to solve the non-relativistic three
body problem. In Ref. [39] masses and mass relations between heavy baryons with one
heavy quark using 1/mg and 1/N. expansions were studied. Non-relativistic potential
model calculations were also performed treating baryons as quark-diquark systems [40],
where the excitations in the diquark are frozen or occur at significant higher energies.
Calculations were also performed using NRQCD and its improvisations called pNRQCD
formalisms, which were found to be successful in classifying the low lying charmonia and
bottomonia [41, 42, 43, 44]. Owing to the fact that the NRQCD Lagrangian can be
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derived in a systematic manner from QCD, these formulations were also used in many
first principles lattice spectroscopic studies [45, 46, 47, 48]. Various forms of relativistic
potentials were also used in many studies. For example, in Ref. [49] a relativized quark
model with simple Breit-Fermi potential, combined with the spin-orbit interactions after
accounting for the corrections from Thomas precession, was considered. Ref. [50] uses a
relativistic potential for baryons constructed from a hyper-spherical expansion. Another
approach was to extract the spectrum by solving the three body problem of baryons
based on Bethe-Salpeter equations using relativistically covariant quark model in the in-
stantaneous approximation [51]. In Ref. [52], the relativistic three quark equations were
derived using dispersion relation techniques and were solved so as to extract the masses
of charm baryons with orbital excitations. In Ref. [53] a constituent quark model with a
full relativistic form for the light quarks and a velocity expanded relativistic potential for
the heavy quarks up to second order was used. Other calculations were also performed
based on QCD sum rules [54, 55|, inspired by their success in explaining the low lying
heavy quarkonium systems. Masses and mass relations among the heavy hadrons were
studied assuming the quasi-linear Regge phenomenology ansatz for the heavy meson and
heavy baryon spectra [56]. Although predictions from all these models for the low lying
spectra are satisfactory, none of these models possess all the features of the full theory
of QCD and many of them also does not possess the full relativistic nature. Further,
it is questionable about the validity of the predictions for the extended baryons, where
the dynamics could include features beyond the approximation made in these models.
Hence, in the absence of any experimental discovery the only way to test these model-
dependent calculations is to compare these with the results from first principles lattice
QCD calculations.

1.2.2 Lattice spectroscopy

QCD, like other quantum field theories, needs to be regularized. Discretizing the space-
time serves as an intutive non-perturbative regularization scheme for the theory by intro-
ducing a UV cut off through the lattice spacing, ‘a’. A gauge invariant regularization of
QCD is possible this way, which is often referred to as lattice QCD. Such a regularization
combined with putting the theory on a finite sized box reduces the theory with infinite
degrees of freedom to a theory with finite number of degrees of freedom and thus allowing
to perform numerical computations of QCD. Expectation values of the QCD observables

can be expressed as finite dimensional path integrals, which can directly be evaluated
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with controlled systematics using Monte Carlo methods. At present, lattice QCD is the
only ab-initio approach to access the non-perturbative aspects of QCD, that includes the
QCD spectrum.

A quantitative description of the QCD spectra, particularly the charm baryons, using
rigorous ab-initio computations like lattice QCD is important for a number of reasons.
Firstly, many of the estimates of physical states from these calculations will be predictions
and thus can naturally provide crucial inputs to the future experiments. Secondly, lattice
results can provide guidance in identifying unknown quantum numbers (spin-parity) of
the discovered states, based on what one expects from QCD. Moreover, it will be interest-
ing to compare the low lying spectra of charm baryons computed from a first principles
method to those obtained from potential models, which have been very successful for
charmonia. It is expected that more information about interactions between multiple
charm quarks and charm quark and light quark can be obtained by computing the ex-
cited state spectra of charm baryons, including in particular the spin-dependent energy
splittings.

Lattice computations of hadron masses proceed through the calculations of the Eu-
clidean two point correlation functions, followed by performing non-linear exponential fits
to the long distance tail of these two point correlators, where only the ground state con-
tribution dominates. Lattice computations of light hadron masses are well documented
in the literature. Lattice studies with quenched approximation, which assume no quark
loops in the theory, were found to give estimates that are accurate with respect to the
observed values at ~10% level [57, 58]. Light hadron spectroscopy calculations performed
in the preceding couple of years with dynamical configurations, that included the quark
loop effects from the light and strange flavors [59, 60], obtained an improvement in the
estimates and the results were observed to be accurate with the physical values at 3%
level of the statistical and systematic errors. Other dynamical calculations were also
performed, which used the fermion discretizations like O(a) improved Wilson action [61],
domain wall fermion action [62, 63] and twisted mass fermions [64]. But all of these
calculations compromised with one or other systematics involved. A notable work is by
the BMW collaboration [65], where they performed a precise determination of the masses
of the light hadron ground states, with controlled systematics that included the effects
of light and strange sea quark effects, the chiral extrapolations, the infinite volume limit
and the continuum limit. Their results were in excellent agreement with the experimental
observations.

The study of heavy hadron spectroscopy using lattice QCD, mainly for the ground
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state mesons, is quite mature. From early days of lattice QCD, impressive results were
obtained for spectra as well as for decay constants of heavy mesons, for example, in
Refs. [66, 67, 68, 69, 70, 71] and in many other works. Charmonium and bottomonium
mass splittings, particularly the 1S hyperfine splittings, were studied in detail in differ-
ent works using staggered quarks Asqtad improvement [72], Highly Improved Staggered
Quarks (HISQ) [73, 74, 75, 76, 77]. Notably the estimates from Refs. [76, 77] included
the quark loop effects up to the charm quark mass, various systematics including chiral,
infinite volume and continuum extrapolations. Their results include a set of predictions
along with a set of post-dictions, which are found to be in good agreement with the
observed values. Considering the heavy mass of the charm quarks, Ref. [78, 79] used
relativistic heavy quark formulation for the charm quarks, to determine the low lying
spectra of charmonium and charm mesons.

For charm baryons, early calculations include those using quenched configurations
80, 81, 82]. Recently, the interest in lattice charm baryon spectroscopy has revived with
quite a few calculations being reported. Ref. [83] used relativistic Fermilab formulation
for the valence heavy quark and domain wall fermions for the valence light and strange
quarks on Ny = 241 gauge configurations using improved Kogut-Susskind sea quarks to
study the spin-1/2 singly and doubly charm baryons. N; = 241+ 1 gauge configurations
using HISQ action for sea quarks was utilized by Ref. [84], to study the ground state
charm baryons, using relativistic heavy quark action for charm quarks and clover-Wilson
fermions for light and strange quarks. The masses of low lying charm baryons are evalu-
ated using two degenerate flavors of twisted mass sea quarks in Ref. [85]. There are a few
dynamical calculations using clover-Wilson fermions [86, 87] and relativistic heavy quark
action for charm quarks [88] aimed at spectroscopy of the low lying charm hadrons and
improving the discretization errors using different discretization schemes for the heavy

quarks [87].

1.2.3 Excited state spectroscopy

In spite of all these motivating results for low lying hadrons from lattice QCD, estimation
of excited state spectrum remained a major challenge. Lattice results are available only
for a few excited states [89, 90, 91, 92, 93, 94, 95| using usual local operators which
fails to give higher radial and orbital excitations. This deficiency is mainly because the
excited state contributions decay faster than those from the ground state. Hence the

conventional fitting procedures fail to produce reliable estimate as the signals for the
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excited states are swamped by those from the low lying states. One solution to study
the excited states is to use very fine temporal resolution and scan early times so as to
get stronger signals from the excited states. This can be achieved by using anisotropic
lattices, where one uses a finer temporal lattice spacing in comparison with the spatial
lattice spacing. Further, one can use a large set of operators that allow strong overlap with
the excited states. Use of novel smearing technique, called distillation [96], aid in efficient
computing of correlation functions between such large number of interpolating operators.
Development of distillation and the proper utilization of fitting techniques, such as the
generalized eigenvalue method [97, 98, 99|, along with the derivative based operator
construction formalism [100, 101], boosted the hadron spectroscopic studies, facilitating
the determination of the excited state spectra [101, 102, 103, 104, 105, 106, 107, 108].
A significant part of this thesis consists of spectroscopy of charm baryons using two
complementary non-perturbative approaches. The first, which constitutes the major
part, employs these novel techniques mentioned above, enabling us to extract a tower of
spin identified excited states for all charm baryons. In this work, we follow a well de-
fined procedure developed and employed extensively for extracting excited states for light
mesons [103, 104, 105], mesons containing charm quarks [106, 107], and light and strange
baryons [101, 102, 108]. The procedure uses anisotropic lattice configurations with the
light and strange quark dynamics included [109, 110]. The anisotropic discretization
helps us obtain better resolution of the correlation functions, which is very helpful for
extraction of excited states. The anisotropic gauge configurations utilized here are gen-
erated with Ny = 2 + 1 flavor clover improved Wilson fermions [109, 110]. The valence
quarks, including the charm quark, are realized using clover action, which are O(am)
improved at tree level in tadpole-improved perturbation theory [111]. Furthermore, we
follow the derivative based operator construction formalism as described in Ref. [101].
This procedure proceeds in two steps : First we construct a large set of baryonic opera-
tors in the continuum. These operators transform as irreducible representations (irreps)
of SU(3)r symmetry for flavor, SU(4)s symmetry for Dirac spins of quarks and O(3)
symmetry for orbital angular momenta, corresponding to a SU(12) ® O(3) symmetry. If
instead of the Dirac spinors with four components, Pauli spinors that are formed from
purely the upper two components of the Dirac spinor in Dirac-Pauli representation are
used, one would have obtained only an SU(6) ® O(3) symmetry, where the SU(6) is built
up from the sub-groups according to SU(6) = SU(3)r ® SU(2)s. The O(3) corresponds
to the symmetry in the spatial part. These continuum operators are then subduced to

various lattice irreducible representations to obtain lattice operators [101]. Finally, using
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the novel technique called “distillation” [96], correlation functions for these operators
are computed and the variational method is utilized to extract excited energies of charm
baryons with one or more valence charm quark content as well as to reliably determine
the spins of these states up to spin 7/2. We also computed several energy splittings, for
example, hyperfine as well as spin-orbit splittings between various states. Being first of
its kind in the excited charm baryon spectra calculation, this study serves as a founda-
tion for many follow up studies, which may help us address many of the challenges in the
baryon spectroscopy. The results from these studies were reported in Ref. [112, 113, 114].

Like any other lattice study, this work also possess certain systematics. The finite
lattice spacing introduces a UV cut-off and the finite box size brings in an IR cut-
off. It is very crucial that any physics extracted from these studies remains unaffected
by these cut-offs. In order to have good control over the ma errors, we used the tree
level tadpole improved clover action with O(ma;) and O(mas) errors removed. We have
not addressed other higher order terms, as the temporal lattice spacing is quite small.
We also do not make a quantitative study of O(m?a?) errors. However, to study the
charm physics, it is essential to have an action with discretization errors as small as
possible. Further, one needs to perform lattice calculations with multiple lattice spacings
on multiple lattice sizes; this is beyond the scope of this work. Furthermore, the light
quark mass on the lattices we use is such that the pion mass is ~ 391 MeV. Along with the
approach to the thermodynamic limit, one also needs to perform a chiral extrapolation
due to the unphysical pion mass in these calculations, which again is beyond the scope
of this work. Another caveat in the above study is that the clover action does not have
chiral symmetry at finite lattice spacing, i.e., we have not addressed the effects of chiral
symmetry on observables. Though this may not affect the triply charm baryon spectra,
charm baryons with valence light quark content could have some effects. Furthermore, it
is also to be noted that we have not used any multi-hadron operators, which are expected
to give significant implications in the extracted spectra. Hence, one also need to perform
calculations considering multi-hadron operators. Keeping these caveats in mind in future
it will be worthwhile to pursue same calculation by addressing all these systematics to

make more precise quantitative predictions which can then confront experimental results.

1.2.4 Spectroscopy with chiral fermions

So as to complement the above calculation on spectroscopy of excited charm baryons,

we perform a second non-perturbative calculation of the low lying charm hadron spectra
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with highly controlled systematics. The main advantage of performing these calculations,
which cover the second part of the work on spectroscopy of charm baryons, using the
mixed action approach is the better control over the systematic errors that appear in the
estimates. Mixed action approaches have been studied by many groups such as DWF
valence on staggered fermion sea [63, 115, 116, 117], overlap valence on DWF sea [118],
overlap valence on clover sea [119], and overlap valence on twisted fermion sea [120].
This calculation uses overlap valence quarks in the background of a large set of dynami-
cal configurations generated with the one-loop, tadpole improved [111] Symanzik gauge
action and the highly improved staggered quark (HISQ) fermion action [121, 122]. Taste
violations, which were a generic problem with the unimproved staggered fermion action,
were found to be small in the HISQ formalism [121]. The overlap formalism has exact
chiral symmetry [123, 124] on the lattice and is automatically O(a) improved. By adopt-
ing such a mixed action approach, one can simultaneously get the advantage of having
a large set of configurations with very small discretization errors as well as small taste
breaking effects and the unbroken chiral symmetry as well as the low quark mass limit of
overlap fermions. The overlap action also has some desirable features computationally,
such as the adaptation of multi mass algorithms [125], which allows us to perform quark
propagator construction for multiple quark masses very efficiently. One also gets the
advantage of simulating both light, strange as well as heavy fermions on the same lattice
formalism with chiral fermions having no O(a) errors. With a large set of quark masses
being studied, we plan to perform a chiral extrapolation so as to get the estimates at
the physical pion mass. With the above formulation we have calculated the ground state
spectra of various charm hadrons and have made a comparative study between these two
projects along with other results from literature where available. Agreement between
these results from different approaches gives confidence in our estimates. The results

from these studies were reported in Ref. [126, 127].

1.3 Hadrons at finite temperature

Following the zero temperature calculations involving the spectroscopy of the low lying
hadrons, we are further interested in understanding how these physical states behave at
finite temperature. QCD at finite temperature proceeds through a crossover transition
between two phases : deconfined chirally symmetric phase at high temperatures to a
confined chiral symmetry broken phase at low temperatures. It has been observed from

many lattice calculations that this proceeds through a cross-over transition during this
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change of phase. While in a pure gluonic field theory, this change of phase proceeds
through a first order transition. The non-perturbative effects that dominate the low
temperature regime of QCD, contributes at a significant level even at finite temperatures.
In this work, we are interested in understanding how the degrees of freedom, in particular
those with nucleon quantum numbers, that exists in the zero temperature QCD gets
modified with increasing temperature.

In order to understand the thermal effects on the zero temperature degrees of free-
dom, we study the static correlation lengths that exist in a pure SU(3) gauge theory
above and immediately below the deconfinement transition temperature, 7T.. Such static
correlations that persist in the equilibrium thermodynamic system can be studied by
introducing static probes into the equilibrium plasma and measuring the response of the
medium. This response depends on the quantum numbers carried by the probes; so one
can classify static correlators as glueball-like, meson-like and baryon-like probes with the
usual quantum numbers of these quantities corrected for the fact that the static spatial
symmetries are different from the Poincare group.

Meson-like screening masses have been studied in QCD in great detail [128, 129, 130,
131, 132, 133, 134, 135]. Baryons at finite temperature has not been studied in detail
in recent past and a few notable works were in the late 1980’s [128, 133]. Moreover, a
detailed study of the baryon screening masses in the low temperature phase also has not
been performed yet. In this work, we perform simulations of pure gauge theory for three
different temperatures across the transition temperature and study screening correlators
for mesonic and nucleonic resonances with clover fermions. The main emphasis, in this
work, has been given to the nucleon channels, which are expected to provide important
inputs to the study of baryon number fluctuations and thus to the experimental search
for the critical point of QCD. The results from these studies were reported in Ref. [136].

1.4 Summary

In this chapter, we give a detailed discussion about the phenomenological and theoretical
background in the spectroscopy calculations of baryons from lattice QCD. We begin with
briefing the major questions that are expected to be answered with the experimental
progress in the baryon spectroscopy, in Section 1.1. While in Section 1.2, we discuss
the main part of the thesis work, that includes the charm baryon spectroscopy. We
begin by emphasizing the experimental status and the theoretical developments from first

principles lattice QCD calculations and quark model calculations of the low lying heavy
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hadron spectrum. Following these discussions, we discuss our two main complementary
non-perturbative calculations, which cover most part of this thesis, of the heavy baryon
spectrum. The first calculation focuses on excited charm baryon spectroscopy using clover
fermions (Section 1.2.3), while the second calculation performs a spectroscopy of the low
lying heavy hadron states, with improved control over the systematics related the lattice
formulation of QCD (Section 1.2.4).

In the last section, we discuss our studies on hadron screening masses to study the
the nature of the strongly interacting matter at high temperatures. Main emphasis
was given for the study of baryonic screening lengths above and immediately below the

deconfinement transition temperature.



Chapter 2

Quantum ChromoDynamics on

lattice

Quantum ChromoDynamics (QCD) is the established fundamental theory of strong in-
teractions that governs the dynamics in a system of quarks and gluons. Along with the
weak and the electromagnetic gauge theories, QCD, which is an SU(3) gauge theory,
constitutes the Standard Model of particle physics. Perturbation theory, which relies on
the smallness of the coupling strength, provided an excellent tool to understand high
energy regime of QCD [7, 8]. However, first principles studies of QCD at the low energy
regime that includes spectroscopy, remained a highly non-trivial task.

The lattice formulation of QCD makes calculations of the QCD observables in the low
energy regime possible. Introduced by Kenneth G. Wilson in 1974 [137], lattice QCD is a
first principle non-perturbative regularization scheme that proceeds by putting the QCD
action on a discretized Euclidean space-time array. On a finite lattice, with only finite
number of degrees of freedom, it serves as a promising tool to study QCD using numerical
techniques. This formalism is widely used in determining various QCD observables. The
discretization introduces a UV cut-off, while the finite size of the lattice gives the system
an IR cut-off. All the infinite dimensional path integrals representing physical observables
become finite dimensional numerical integrals similar to those in statistical mechanics.
One can then use the Markov-chain Monte Carlo methods, which have been widely in
use for studies in statistical mechanics, to determine the observables in QCD.

This chapter is dedicated to a brief introduction to the theory of QCD on lattice.
Section 2.1 discusses the continuum formulation of QCD, while Section 2.2 briefs how

the QCD action is realized on the lattice and Section 2.3 details how simulations and
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spectroscopy calculations are made using this lattice formulation of QCD.

2.1 QCD in the continuum

The QCD action in a four dimensional Euclidean space-time, with temporal extent at 0
and T, can be written as [138, 139, 140)]

Sty ¥, Al = Selth, ¥, A] + Sq[A, (2.1)

where

Ny g
Seltnd, A=Y / ar / 0% B (V) (Beay + A (2)od) + D000} ()
f=170

(2.2)

is the Fermion action and

1
Sald] = 55 / Az Tr[F o (2) Fy () (2.3)
is the gluon action with the bare gauge coupling, g.

Here ¢(¥)(z) is the Fermion field corresponding to a quark flavor, f, with mass m/)
and ~, is the Euclidean Dirac gamma matrix. {(6cq0, + i4,(z)cqa)} is the gauge co-
variant derivative with A, being the gauge field, which can be decomposed as A,(z) =
> N A (x). Here X\’s are the generators of the SU(3) gauge group. F,(z) is the field
strength tensor, which can be expressed as F,,(z) = 325, F) (z)\!, where F,S,Z,) can be
written in terms of the vector potential as

F{) = 0,A7(z) — 0,AV(2) — fisnAD (2) AP (2), (2.4)
where f;;,’s are the structure constants.

This theory can be quantized using the Euclidean path integral formalism, in which

the partition function for this system can be written as,

Zy = Tr(e"TH) = / Dls, &, AeSaco ¥4 (2.5)

The expression in the center represents the partition function in the Hamiltonian oper-

ator formalism, where the self-adjoint operator, H , is the Hamiltonian operator of the
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system that measures the energy in the system and also governs the time evolution. The
expression on the right is the partition function in the path integral formalism. The

expectation value of an operator O is given by
~ A 1 _ - _
(0)=——Tr(e7"0) = Z / D[, b, Ale=SEenb3: A0, . Al. (2.6)

The usage ‘partition function’ for Z7 appears very natural, once we establish the
structural equivalence between quantum field theory and statistical mechanics. For a

canonical ensemble of spins (s), the expectation value of an observable O is given by

(0) = % S e HHO)s). 2.7)
{s}

where Z = Z{S} e PHll is the partition function, 1/3 is the temperature in units of kg
and Hs] is the Hamiltonian of the system. The similarity between eq. (2.6) and eq. (2.7)
is very much evident. The Boltzmann factor, e #"I¥ is replaced by the weight factor,
e_SSCD, and the summation over all spin configurations by the integral over the fields
Y, 1 and A, at all space-time points. The structural equivalence allows one to apply
the numerical methods, like Monte Carlo techniques, originally developed in statistical

mechanics, to quantum field theories.

2.2 Lattice formulation of QCD

Lattice QCD proceeds by the discretization of the space-time and thus regularizing the
theory from UV divergences by introducing a cut-off. The theory is put on a finite sized
box, so as to perform numerical computations, and this introduces an IR cut-off. The
next step is to define the QCD action on lattice such that it is explicitly gauge invariant
at any lattice spacing ‘a’. Further, any such definition for the QCD action on the lattice
should approach the continuum form in the limit, a — 0.

The quark fields are placed on the lattice sites, followed by the discretization of the

derivative terms. Naive discretization of the derivative terms in the action,

1

A,n) = oo (bl + ) = ¥(n — ), 23)

introduces terms involving fields at different space-time points resulting in gauge de-

pendent expressions. For example, consider the term ¢(n)y(n + i) : under a gauge
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transformation,

Y(n) = ¢'(n) = Qu(n)y(n),  (n) = ¢'(n) = d(n)Qh(n)

and () (n + i) = D) (M)Q(n + )(n + 1)

U,(n) is a new field living on the links between two lattice sites that is introduced so

as to construct gauge invariant action. Then
Y(n)U,(n)y(n+ 1) —= &' (n)U,, ()3 (n + 1) = () (n) Uy, (n)Qu(n + @) (n + )
is gauge invariant, given U, (n) transforms as
U(n) = Ul(n) = 0, (), ()2 + ).

Objects with such transformation properties in the continuum are the path ordered
(P) exponential integral (eq. (2.9)) of the gauge field (A4,) along a curve (C') connecting

two points, z and y.

U(z,y) = P exp (/C igAds). (2.9)

Based on the transformation properties, U, (n)s are interpreted as the lattice version of
the gauge transporters in the continuum and hence the lattice gauge fields are introduced

U,(n) = exp (iaA,(n)). (2.10)

Since U, (n) lives on the links connecting the adjacent sites, they are called as link vari-
ables. Thus, all the quark fields ¢ and ¢ live on the lattice sites, while the gauge fields

live on the links between adjacent sites.

2.2.1 Gauge action on lattice

As mentioned above, the main requirement of any lattice definition of QCD action is
that they should explicitly be gauge invariant and should have proper continuum limit.
The gauge invariant objects that can be formed purely from link variables are various
path ordered closed loops. With this information it is very straight forward to define the

lattice form of gauge action in terms of these closed loops. The simplest definition of the
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lattice gauge action, Sg, is given by

Sa[U] = % Y>> Re Tr(I — U (n)), (2.11)

9 neN p<v

where U, (n), called the plaquette, are the smallest closed loops constructed by the

product of four link variables.
Uwn)=U,n)U,(n+ p)U_,(n+ p+v)U_,(n+v), (2.12)

where U_,,(n + p) = Uj(n).
Expressing this gauge action in terms of the field strength tensor in the continuum

and the lattice spacing one gets

SelU] = ;—92 SN Tr(Fu(n)?] + O(a). (2.13)

neA u,v

In general, it is advantageous to use a gauge action with improved discretization effects
defined by adding contributions from the large loops constructed out of six or more link
variables to the definition given in eq. (2.11). Such an improvement is called Symanzik
improvement. In our spectroscopy calculations, we use such improved gauge actions with
appropriate co-efficients, to correct for the O(a?) errors in eq. (2.11). The details are

discussed in the respective sections.

2.2.2 Fermion action on lattice

The continuum action for a free Fermion is given by

S, = [ dia B@md,0) + mi)(), (2.14)

where the Dirac indices are suppressed for convenience. Defining the lattice derivatives

as symmetric differences, a naive discretization can be made as

Szaive = Z &nVuAu@bn +m Z @Z_)n@bn - Z @EmDm,n¢n> (2'15)

n, 1 n

where A1, = %(wnﬂ; — Yp_p) and Dy, , = %Zu Yu{Ontpim — On—jym } + MO is called
the Dirac operator.
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Since Fermions are anti-commuting in nature, they are described by the Grassmann

numbers. Using Matthews-Salam formula [141],

N
/ 11 @n dvn e Sli= ViDisvi = det[ D] (2.16)
n=1

the two point functions of the Fermionic fields or the Fermion propagator can be obtained

as

The lattice free propagator in the momentum space is given by

1 —iyusin(p,a) + ma
aDnalive(p) = £ ( > )

Y, simA(pua) + m2a?

(2.18)

A free Fermion propagator in the continuum, D(p) = (iv,p, + m)~', has its pole
at p, = (0,0,0,0). While for the naive discretization of Fermions on the lattice, one
get additional poles at p, = (7,0,0,0), p, = (0,7,0,0), ..., p, = (m, 7,7, m) (all the
corners in a Brillouin zone). Hence in the continuum, we get sixteen poles representing
sixteen Fermions instead of just one Fermion. This is the (in)famous Fermion doubling
problem. Associated with this is a no-go theorem, which has important consequences on
Fermion discretization schemes This no-go theorem was first formulated in the Ref. [142].
It states that describing the Fermionic fields on a lattice by a transitionally invariant
(D(z,y) = D(z — y)) Hermitian matrix that preserves the chiral symmetry and have
couplings that extend over a finite number of lattice spacings, one inevitably runs into

the problem of Fermion doubling.

Wilson Fermions

One solution to get away with Fermion doubling is to force the unwanted solutions to be
heavy in the continuum limit and thus retaining only one low energy solution. Wilson
Fermions involve such a solution, where one adds an irrelevant operator constructed of

two derivatives.

w - T

S" = rEDw Y = =37 (i — 20+ Yumy) ~ —FODM,(219)
it
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where DY is called the Wilson term forces the doublers to be heavy. With this definition,
the momentum space propagator becomes

1, 1

B —iyusin(pua) +ma+1rY (cos(p,a) — 1)
aDnaiveJrW(p) = ale(p) £

- >, 82 (pua) + {ma +r)_ (cos(p,a) — 1)}

(2.20)

While the doubler modes are lifted to energies that are of the order of 1/a at any
non-zero r, the pole at p, = (0,0,0,0) remains unchanged and thus retaining only one
low energy solution.

The Wilson term is not chiral, due to the presence of a term proportional to the mass
term in it, that causes explicit breaking of chiral symmetry. Thus the chirality of the
Fermion action is sacrificed in this formulation according to the aforementioned no-go
theorem. Consequently, the Wilson action may not be able to capture the subtle effects
of the spontaneous chiral symmetry breaking. This explicit symmetry breaking due to
the Wilson term cannot be rectified by further adding irrelevant terms to the lattice
action and is inherent to the theory. Another unpleasant disadvantage with the Wilson
Fermions is that the discretization errors appears at O(a), unlike the case of naive lattice

Fermions, where the discretization errors start at O(a?).

Symanzik improved Wilson Fermions

Symanzik improvement program offers a clean solution to avoid the leading cut off effects.
The basic idea is to use additional terms in the action with dimension, d > 4, and tune the

4=1) are removed. First

respective co-efficients such that all contributions of order O(a
application of this methodology to remove the O(a) errors in Wilson Fermions is by
Sheikholeslami and Wohlert [143]. They used the counter terms up to O(a®). The only
effective term at O(a®) other than the Wilson term that contribute to this improvement
1S

SW = cow o, Fub, (2.21)

where F|

uys
oriented loops of link variables as shown in Figure 2.1. As was mentioned for the Wilson

known as the clover term, is the imaginary part of the sum of the four

Fermions, the addition of irrelevant terms to the lattice action does not restore the
explicitly broken chiral symmetry. Thus the chiral symmetry is broken in this formulation
also, in accordance with the aforementioned no-go theorem.

For the tree level improvement, cgyy = 1. A non-perturbative evaluation of the co-

efficient, csw (g) has been performed by Luscher, et al. [144] and an empirical form for
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Figure 2.1: The ‘clover’ term

csw was obtained,
1 —0.656¢% — 0.152¢* — 0.054¢°

1—0.922¢2

Cow = (2.22)

It is to be noted that this empirical form has been derived for isotropic lattices. While
for the calculations using anisotropic lattices, we used the tree-level tadpole improved

values for the spatial and temporal improvement co-efficients.

Staggered Fermions

The doublers contribute from each corner of the Brillouin zone. Staggered formulation
ameliorates the doubling problem by reducing the size of the Brillouin zone from 1/a
to 1/2a. Effectively, the doubler Fermion degrees of freedom are distributed over a
hypercube of lattice spacing 2a on the lattice. This method was originally suggested by
Kogut and Susskind [145] and hence it is also known as Kogut-Susskind Fermions. The

staggered Fermion action is given by

S = 5 S X)X~ X ) 103 o (2.23)
. n
where o, (n) = (—1)motmtFm-1,

x and Y are the single component spinors. Because of the alternating nature of the
sign of ,(n), the natural unit for the staggered Fermion field is the 2* hypercube. The
sixteen hypercube components are formed by four ‘taste’s of four ‘Dirac component’s.
The taste degree of freedom corresponds to the residual doubler degree of freedom. On

a finite lattice and for massless Fermions this action is invariant under

¢_>€i07vb & ¢_>6i5(’¥5®r5)¢7
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where 75 is the v5 matrix acting on the taste space. Thus the action has a remnant
U(1) ® U(1) chiral symmetry and this makes it useful in the study related to the chiral
symmetry. With the partially preserved chiral symmetry, the assumption in the no-go
theorem that is relaxed in this Fermion formulation is the remnant doubler degrees of
freedom (taste) contributing to the low energy physics.

Associating different taste with different physical flavors were considered in many
older works [146], but it was proved to be not a fruitful idea, because it is not possible
to break the flavor symmetry by introducing different masses for different tastes. One
alternative is to introduce new species of staggered field with its own mass for each flavor.
But this comes with a penalty of having additional multiplicity : each flavor comes with
its own four tastes. In common practice one uses one staggered Fermion for each flavor
and take the fourth root of the Fermion determinant [146].

Overlap Fermions

One way to realize chiral Fermion on lattice is through overlap formulation invented by

Narayanan and Neuberger [123]. The overlap action is given by

75Dw
V 75Dw75Dw7

where D,, is the Wilson Dirac Fermion operator and sgn denotes the matrix sign function.

Doy = 1+ v559n(75Dy); sgn(v5Dy) = (2.24)

The operator possess a form of chiral symmetry on the lattice [147] :

) = iays(1 — a/2Dg)Y & 69 = ia)p(1 — a/2Dy,)7s, (2.25)

that leaves the Fermion action invariant for any a # 0. In the continuum limit, this
transformation reduces to the continuum definition of chiral transformation. Hence this
is interpreted as exact chiral symmetry at a # 0 and thus the overlap operator is bet-
ter suited for study of problems related to chiral symmetry. However, the presence of
the matrix sign function makes the overlap operator highly non-local and so it is very
expensive to implement it in numerical calculations. Thus the assumption of the local
nature of the couplings in the Fermion formulation is relaxed in accordance with the
no-go theorem.

One important symmetry of these lattice Dirac operators, that has very important
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implications on numerical computations, is the ys-hermiticity :
(D) =D or 3Dy = D', (226)

One important consequence of this property is that the eigenvalues of a v5-hermitian
Dirac operator are either real or come in complex conjugate pairs. This implies that
the Fermion determinant, which is the product of all the eigenvalues, is real and hence
det|D] = det[DT].

Followed by these definitions for the Fermion action in the free field theory, one can
construct the Fermion action in the non-trivial gauge field theory by inclusion of the link
variables, which acts as gauge transporters and make the action gauge invariant. In our
calculations dealing with excited state spectroscopy, we use the O(a) improved clover
Fermion action on lattices with non-degenerate spatial and temporal lattice spacings
(anisotropic lattices). While in the studies employing the MILC configurations, the
dynamical simulations were carried out using a highly improved version of the staggered
quarks (HISQ) [121] and the spectroscopy calculations used overlap quarks. In the finite

temperature studies, the clover improved Wilson Fermions were used on isotropic lattices.

2.3 Numerical calculations using lattice QCD

In this section, we briefly discuss how simulations and spectroscopy calculations are

performed numerically using the lattice formulation of the theory of QCD.

2.3.1 Simulations using lattice QCD

Following the discretization of the space-time and the definition of the gauge and the
Fermion fields on the lattice, we move on to the discussion of how simulations are per-
formed on the lattice. The Fermion fields are represented by anti-commuting Gramss-
mann valued field variables so as to satisfy the Fermi statistics. Since there is no existing
realization of the Grassmann valued variables on a computer, one integrates out the

Fermion degrees of freedom and obtain the partition function as

7 = / D[U] =% [ [ det[Dy] (2.27)
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. Given eq. (2.26), for mass degenerate pair of quark flavors in dynamical simulations
with a vs-hermitian Dirac operator, this weight factor (H}\Z ,det[Dy]) will be positive

definite real number, which is a requirement for the application of Monte Carlo methods.
det[D] det[D] = det[D] det[D'] = det[DD'] > 0. (2.28)

Monte Carlo techniques

Although the lattice formulation of the QCD in a finite sized box reduces the problem
of infinite degrees of freedom to a problem of finite degrees of freedom, the partition
function, Z, is still very large dimensional and naive numerical integrations are not
possible even on small lattice within finite time. The structural equivalence (Section
2.1) of the quantum field theories and statistical mechanics comes to aid here. Monte
Carlo techniques, originally developed in the context of statistical mechanics, can be
utilized to find a representative sequence of statistically independent field configurations,

{Q}, on which the observables can be measured such that
1 s,
(OQ)e =~ Zi:e O(). (2.29)

The underlying idea behind the Monte Carlo methods is as follows : Since the number
of configurations is very large, the weight factor for most of the configurations, €2;, is very
small. Hence a simple set of randomly picked configurations from a uniform distribution
would result in a very bad convergence of eq. (2.29) and so highly inefficient. In Monte
Carlo technique, one performs an importance sampling, in which the configuration se-
quence is generated with a probability distribution P(€2) equal to the weight factor in
eq. (2.27).

P(Q) = % e % rf[ det[Dy]. (2.30)
f=1

Markov process is a method to generate such a sequence of configurations that rep-
resent the whole ensemble. The idea is to pick a new configuration, €2, with a transition
probability, T'(€2, '), which depends only on the current configuration, €2, and '. The
procedure is repeated, so that after some time of thermalisation, the equilibrium, which
satisfies eq. (2.29), is reached. The transition probability, 7'(€2,2") should posses two
important properties, so that it is a Markov process and hence guarantees the approach

to the equilibrium distribution after the initial period of thermalisation.
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1. Strong ergodicity : For every Q and ¢V,
T™(Q,Q) >0  for every Q and (.

In other words, every configuration should be reachable in finite number of updates,
N.

2. The transition probability, T'(€2, '), should be a map of P(2) to itself.

P(QY) = /dQP(Q)T(Q,Q’) for every V.

It can be shown that the (O(f2)) evaluated on an ensemble generated from such a
Markov chain indeed approaches the ensemble average, (O), with a statistical uncertainty
of the order of \/iﬁ Here n is the number of configurations in the set, {Q2}. Simulations
for the finite temperature studies were performed using a combination of one heat bath
and three over-relaxation updates [140]. While the gauge configurations, that were used
in these spectrum calculations, were generated with the Rational Hybrid Monte Carlo
algorithm [148, 149, 150]. The details of these algorithm and the other related subtleties
related with the simulations are very huge that they themselves can cover the original
size of this document. Hence we omit those and refer the interested reader to the Refs.
[109, 122].

The major part of the computation resource in simulations goes into the evalua-
tion of the Fermion determinants. So as to reduce the computational intensity, sim-
ulations can also performed after putting these Fermion determinants to unity. This
approximation known as quenched approximation, is equivalent to neglecting all the cre-
ation/annihilation of the quark-anti-quark pairs in the vacuum. Though this is an acute
unphysical approximation, it has been surprisingly successful in many spectroscopy stud-
ies.

The finite temperature studies that are discussed in this thesis are based on the
quenched approximation, where there are no quark loops allowed in the gauge configura-
tions, while both of our works on charm baryon spectroscopy employs dynamical configu-
rations. The excited state spectroscopy studies employ Ny = 2 light and 1 strange quark
fields in the configuration generation, where the charm quark fields follow the quenched
approximation. While the MILC configurations used for spectroscopy calculations were

generated with Ny = 2 light, 1 strange and 1 charm quark fields in the lattice action.
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2.3.2 Spectroscopy on the lattice

All numerical simulations of lattice QCD begins with the determination of the low lying
hadron masses. Since most of the masses are experimentally known to a high precision,
the comparison of these to the numerical estimates is an important check to the lattice for-
mulation of QCD. Other lattice QCD calculations, like matrix elements, thermodynamic
properties, also begin with the spectroscopy calculation of the low lying hadron masses.
In this section, we brief the theory behind conventional spectroscopy calculations.
Using the standard time evolution of a Hamiltonian system, a two point correlation

function can be expressed as

1 A A
—Tr(e’THetHOie’tHO;), (2.31)

(O:00}0) = -

where Z7, which is the partition function, which ensures proper normalization of the
correlation function. In the limit of large 7, one can express the zero-momentum two

point correlation function as a sum of contribution from the eigenstates at rest,

A AT n n*x
. 5 At o Z <O|Oi|n><”|0j|0> —tAE, Z Z; Zj —tAE,

n

where AFE,, = E,, — Ej is the energy difference of the eigenstate relative to the energy
of the vacuum and the Z" = (0|0;|n) is referred to as the overlap factors, which carries
the information about the quantum numbers of the states they represent. In Section 3.5,
we will see these quantities are crucial in the determination of the spin of the extracted
states. Since the calculation will be performed on a finite lattice, the ) is over a finite
number of states. Assuming discrete spectrum in the low lying states, in the large ¢ limit,
the lowest lying state corresponding to AF; contributes significantly, while contribution
from all other higher lying states can be neglected.

In brief, the first step in the lattice spectroscopy calculations is the identification /
construction of the hadron interpolators !, which are functionals of the lattice fields with
the quantum number of the state one is interested in. Once the interpolators are identified
/ constructed, one evaluates the two point Euclidean correlation functions between them.
Finally, the low lying spectrum can be extracted by performing non-linear fitting to the
exponential fall of the correlation functions at large ¢, where the contribution from the

excited sates can be neglected.

nterpolator and operator refers to the same quantity and we use them here synonymously.
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Consider an isovector meson operator, Oy (z) = ¥, ['g(z), where T' carries the spin
quantum numbers and the spatial description of the operator. The two point Euclidean

correlators for this operator is then given by

(Om(2) Om(y) ) = (Pulalz) Yaltu(y) )
= —Tr{T D;'(z,y) T D;'(y,) }, (2.33)

where D;l(x, y) = (s(x)Ys(y)). The negative sign appears due to the rearrangement
of the Grassmann valued Fermion fields. From the above expression once can see that
the expectation value factorizes with respect to the flavors, ( ... ) = ( ... )p( ... )p-
Application of the Wick’s theorem for each individual flavors expresses the correlation
function as a product of the quark propagators as given in the second step of eq. (2.33).
This procedure is called as Fermion contraction.

It can be seen from the eq. (2.33), the quark propagators carry no information about
the quantum numbers in the interpolator and all the information about the quantum
numbers of the state of interest are embedded in I' factors. Hence, the computation
of the quark propagators can be performed independently. More importantly, once all
these quark propagators are computed, one can construct correlation functions for any

interpolators of interest.

2.3.3 Quark propagators

To compute the hadron correlation functions, we will have to compute the quark propa-
gators in each configurations. However, computing quark propagators from all the sites
on the lattice to all the sites on the lattice (all-to-all) would not be feasible, due to the
computational intensiveness and the huge memory requirement. For example, if we con-
sider all-to-all propagators on the lattices that we use for the excited state spectroscopy
(163 x 128), quark propagator from each configuration consumes approximately 633 Ter-
abytes of memory, which is enormously huge. The simplest solution, that is widely
followed, is to put quark source (7;) in just one point in space-time (point-to-all propa-
gator) followed by construction of the quark propagators from them as the solutions of
the matrix equations

D z; =, (2.34)

where D is the Dirac matrix. However, for operators that are non-local, one may need to

compute point-to-all propagators using quark sources at multiple space-time points. We
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employ novel smearing techniques to circumvent these necessities, the details of which
are described in the Section 3.4.7.

In general, this system of linear equations (eq. (2.34)) are solved by iterative methods
such as Conjugate Gradient (CG) for symmetric positive definite matrices, the MINRES-
method for symmetric non-definite matrices or Bi-Conjugate Gradient (BiCG) method
for non-symmetric matrices. These details of the quark propagator generation are either

described in brief or referred to literature in the respective sections.

2.4 Summary

In this chapter, we briefly discuss the QCD in the continuum (Section 2.1) and how it is
formulated on a lattice, so as to perform numerical computations (Section 2.2 and 2.3).
In Section 2.2, we discuss the details about the standard discretization scheme for the
gauge fields and the various lattice realization of Fermionic fields along with the main
pros and cons in each of the realizations. In Section 2.3, we briefly discuss the basic idea
behind Monte Carlo simulations and the spectroscopy calculations using lattice QCD.
This chapter serves as a fundamental building block for various topics discussed in later

chapters.



Chapter 3
Excited state spectroscopy

As mentioned in the previous chapter, spectrum calculation proceeds by the construction
of the two point correlation function on the lattice, followed by fitting them with non-
linear fit forms and extracting the energy spectrum of QCD from the exponential fall of
these correlation functions at large Euclidean times. While the ground state energy can
be determined fairly straight forward from the correlations at large time, the extraction
of the excited state spectra is highly non-trivial. This is because the signals from the
excited state appears in the sub-leading exponentials and simple multi-dimensional fits
are usually unstable. In this section, we start by discussing the conventional methodology
in extraction of the ground state masses from the large time exponential fall-off in Section
3.1, followed by the challenges in excited state spectroscopy on the lattice in Section
3.2. Then we discuss the solutions of these challenges including the use of anisotropic
lattices, construction of large basis of carefully designed interpolators, and a good fitting

technique, which also aids in reliable spin identification in Section 3.3, 3.4 and 3.5.

3.1 Conventional spectroscopy from lattice

As discussed in the previous chapter, spectroscopy proceeds by constructing the two point
correlation functions between the operators with the desired quantum numbers. Based
on the spectral decomposition, the two point correlation function at large times behaves

as
C(t) ~ Ae P, (3.1)

where E is the energy gap of the ground state from the vacuum. If the energy gap

between the ground state and the excitations are large enough, the ground state can

29
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Figure 3.1: The plot of effective mass versus the time slice, showing the plateau in the
effective mass at large times. At short times, the contribution from the excited states is
clearly visible from the approach to the plateau. The fit value is an estimate using the
fit range {8-14}.

be extracted reliably by fitting it with single exponential at large Euclidean times. The
non-negligible contamination of the excited states will be evident as the instability in the
fit range. This can also be viewed in terms a local fit estimate, known as effective mass

or local mass, which is defined as

C(t)

cir D) (3.2)

a; Mepp = In(
This quantity helps to visualize the decaying contribution from the excited states in the
correlation function as the approach to plateau in effective masses.

The final step in the extraction is to compare the fit estimates with the plateau in
the effective mass plot. This method is very efficient as the effective masses are very
much visually appealing than the correlation functions itself, as the correlation function
involves numbers that differ in magnitude by many orders. Thus, reliable fits can be

made in those ranges with negligible contribution from the higher lying states to the
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effective masses by ensuring a stable plateau in the fitted range of time slices. In Figure
3.1, we show a sample effective mass plot, where the best fit result (fit range {8-14})
is also plot. One need to be careful with the fact that, if the covariance between the

time-slices are large then the good fit range may not pass through the effective masses.

3.2 Challenges in excited state heavy hadron spec-

troscopy

Though the basic procedure in all spectroscopy calculations on the lattice are similar and
fairly straight forward, the challenges in the excited state heavy hadron spectroscopy
are multiple fold. The first obvious difficulty is attributed to the heaviness of the quark
in the heavy hadrons. The discretization errors in a lattice fermion action and the
Fermionic observables are quoted in terms of the dimensionless quantity am, where m
is the quark mass. The typical lattice spacings that are used for the light hadron spec-
troscopy (O(0.1 fm)), cannot be used for the heavy quark systems, as they will provide
very large discretization errors to the estimates. For rapidly decreasing successive cor-
rections from the higher order terms in am, one requires am << 1, so that one can
neglect the contributions beyond some order of am. This requires one to use a lattice
with very fine spacing between the lattice points, so that am << 1. Further, the physical
states comprised of heavy quarks, being heavy, the correlations fall very rapidly with the
Euclidean time. Employing very fine lattices in the calculation becomes a requirement
due to this necessity for high temporal resolution at very early time slices.

The study of excited states also comes with various difficulties. Lepage analysis [151]
of fluctuations in hadron correlations shows that while signal-to-noise ratio (SNR) in
meson correlations is a constant with Euclidean time, the SNR in baryon correlations
falls exponentially. The argument is as follows. The signal for mesons and baryons can

be extracted from the respective correlations. While the fluctuations in such correlations

-2 mg —3 mgT

are given by C?, which goes as 03,(7) ~ ¢ 7 for mesons and o%(7) ~ e in
baryons. This is because each quark propagator is uncorrelated with any other in a
gauge field and does not know which physical state it is part of. Hence the variance in
the baryon correlations are dominated by the state with three pions, and hence op(7)

falls much more slowly than the signal as 3/2m, < mp. Further, for the excited states,
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the scenario is much worse as 3/2m, << mj; and the SNR goes as

lim (1)

T—00 O'B(T)

o \/Nepg e~ m5=3/2m=)7 (3.3)

Employing a very fine lattice serves as a naive solution here also. We can extract the
energy of the resonances from very early time slices, where the signals from the desired
correlations may not have eclipsed by the noise. But using very fine lattice spacings
along all the four dimensions is extremely costly. So we follow a formalism, in which
the temporal lattice spacing, along which the correlations are measured, is much finer
compared to the spatial lattice spacings, while keeping the latter unchanged. This allows
one to reduce the huge computational necessity that will arise from reducing lattice
spacing in all four dimensions, while keeping the discretization errors under control. This
formalism, known as anisotropic formalism [109, 152, 153, 154, 155], is briefly discussed
in Section 3.3.

Another major difficulty is in the extraction of the excited state spectrum using
conventional fitting procedures. In principle, one can perform multi-parameter fits to get
the information about the higher excited states. But in general, the stability of the fits
degrades very fast with the addition of each successive exponentials to the fit form. Hence
it is desirable to have the correlation functions such that contributions from the higher
lying states to the state being studied are suppressed, while keeping contribution from the
state of interest intact. The solution to this problem is to perform a careful construction
of large basis of interpolating operators, which can overlap strongly with various physical
states. Marrying this with a novel smearing technique, called distillation, provides an
efficient method to compute the two point correlation functions for the large basis of
operators, in addition to suppressing the contribution from the higher lying states to
the state being studied. Details of this construction of the operators and the use of
distillation are discussed in detail in Section 3.4.

In addition to the computation of the correlation functions with improved signal from
the physical states, one also require to have a good analysis procedure in their extraction
along with precise determination of the respective quantum numbers. A reliable identifi-
cation of the spin-parity quantum numbers of a state is highly non-trivial on the lattice.
We use the variational fitting method so as to extract the spectrum of baryon states
from the matrix of correlation functions using large basis of interpolators. Section 3.5
discusses the details about the variational fitting method. We also discuss the procedure

we follow to identify the quantum number of the extracted state from these lattices with
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single lattice spacing using the overlap factors, Z.

3.3 Anisotropic lattice

A possible solution for the issues related to the discretization errors as well as the rapid
decay of the temporal correlations is to increase the temporal resolution by adopting a
very fine lattice spacing along the Euclidean time direction, while keeping the spatial
lattice spacing same. This reduces the huge computational efforts that would have come
from reducing the spacing in all lattice directions [109, 152, 153, 154, 155]. In this work,
we adopt such an anisotropic dynamical lattice formulation to extract the highly excited
charm baryon spectra.

We use the anisotropic Ny = 2 4 1 flavor dynamical gauge configurations generated
by the Hadron Spectrum Collaboration (HSC)[109]. For the gauge sector, a Symanzik-
improved action was used. With tree level tadpole improved coefficients [111], the action

is given by

SE1U) = 5 (

where P is the plaquette and R is the 2+1 rectangular Wilson loop. In order to preserve

57)55’ Rss’ 4Py Rst
— — 3.4
Z [ 3u 12u§} * Z {BUEU% 12u§uf}) ’ (3:4)

z,s<s’ x,s

the positive definiteness of the transfer matrix, length-two rectangle in time were omitted

from the action. The coupling g? appears in the 3 = 2;2[0. The parameter v, is the

bare gauge anisotropy and us and u,; are the spatial and temporal tadpole improvement
factors, dividing the spatial and temporal gauge links respectively. This action has leading
discretization errors O(a?, a?, g%a?).

For fermions, we use an anisotropic Shekholeslami-Wohlert fermion (clover) action,
with tree level tadpole improvement and three dimensional stout link smeared gauge
u, the

‘Wilson operator’ : Wu = @# — %‘AH and the clover term : F;w = aya, F),, the fermion

fields. In terms of the dimensionless variables, mg, = mgay, ﬁu = aivu, Au = a,A

action is given by

" 1 A 1 .
SHlU 4] = Z¢(m>a—t<atmo+wt+7f§jws

1 1
w1y 1
P e I PAPAT Vi

Z Ustht + Z Uss’Fss )a (35)

8 s<s'
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where ~; is the bare fermion anisotropy, 7, is the renormalized gauge anisotropy,
and u; are the spatial and temporal tadpole improvement factors associated with the
three dimensional stout smeared gauge fields and 0, = 1[y,,7,]. Finer details of the
formulation, the determination of the tadpole factors and the improvement co-efficients,
the tuning of the anisotropy coefficients and the algorithms employed in the simulation
of these lattices are detailed in the Ref. [109].

Lattice size aymy aymg Netos | Mg /my  mg/MeV aymo
16% x 128  —0.0840 —0.0743 96 1.39 391 0.2951(22)

Table 3.1: Properties of the gauge-field ensembles used. N is the number of gauge-field
configurations.

The important lattice parameters required for this work is summarized in the Table
3.1. The temporal lattice spacing, a;, was determined using the {2-baryon mass measured
on these ensembles [110]. This leads to a; ' = 5.67(4) GeV. On these lattices we find
mea; << 1, which validates the use of these lattices to study the charm physics. With
an anisotropy close to 3.5, as = 0.12 fm. This gives a spatial extent of about 1.9 fm,
which would be sufficient to study charm baryons, in particular doubly and triply charm
baryons.

The charm quarks were not included in the sea during generation of these lattices.
It is expected that the effects due to the absence of the dynamical charm quark loops
in this calculation will be small, as the disconnected diagrams are OZI suppressed. Liu,
et al. [106, 107] initiated the study of charm hadron spectroscopy using these lattices
and the construction of clover fermion perambulators (equivalent of quark propagator,
see Section 3.4.7). The action parameters for the charm quark, including the fermion
anisotropy and the temporal and the spatial clover co-efficients, are obtained by ensuring
that the mass of the 7. meson takes its physical value and its dispersion relation at low
momentum is relativistic. In their studies, the preliminary tests they made to estimate the
contribution of disconnected diagrams to the hyperfine splitting in charmonium showed

that this contribution is negligibly small.

3.4 Construction of baryon operators

After addressing the issue of discretization, the next challenge is to construct a large

basis of baryon interpolating operators, such that they project on to the desired states
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of interest. In this section, we discuss the construction of baryon interpolating operators
using up to two derivatives, such that they project up to J = % states with both even and
odd parities. We follow the prescription given in [101]. The details about the construction
of the operators used for the study also provides insight into the results obtained from
the numerical studies. Since our calculations are performed in a hyper-cubic lattice, all
the operators that we use should be classified according to the symmetry on the lattice,
rather than the full symmetry of the continuum space-time. As the lattice spacing is
made quite small, we expect to recover the symmetry of the continuum space-time.
Since we are only interested in spectroscopy, restricting ourselves to the zero-momentum
correlations, we require that our operators should transform according to the irreps of
the double-cover octahedral group, OP. The methodology involves first constructing a
basis of baryon interpolating operators in the continuum with well-defined continuum
spin-parity quantum numbers. These continuum operators are then subduced/reduced
to the irreducible representations (irrep) of the double-cover octahedral group on the
lattice. The correlation functions, constructed out of these octahedral operators, are
expected to show rotational symmetry breaking artefacts in these calculations due to the
reduced symmetry on a lattice. However, we observe, as will be discussed in Section 3.6,
an effective rotational symmetry from the primary spin identification tests and that the
symmetry breaking effects are very small. In the next section, we will be discussing these

tests in detail with examples.

3.4.1 Continuum baryon interpolating operators

All hadrons are color singlet objects and thus they form totally anti-symmetric combi-
nations in the color indices of its constituents. Since baryons are fermions made of three
quarks, their interpolating operators excluding the color part should be totally symmetric
combinations of all the quark labels representing flavor, spin and the spatial structure.
The overall flavor-spin-spatial structure of a continuum baryon interpolating operator

with quantum numbers, J”, can be decomposed into a combination as
OV = [Fy, ® Sy, © Ds,]”" | (3.6)

where F, § and D are flavor, Dirac spin and spatial projection operators respectively and
the subscripts stands for the symmetry in the respective subspaces. For every baryon

operator, we must combine the symmetry projection operators such that the resulting
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baryon operator, excluding the color part, is overall symmetric. In the next subsection,
we discuss the general symmetry constructions possible for three objects, based on which

we construct the symmetry projection operators in individual subspaces.

3.4.2 General symmetry combinations

Before we start with construction of the continuum operators, let us look at the definite
symmetries for three objects that can be labeled by x, y and z, where the first object is
labeled by x, the second is labeled by y and third by z. There are four definite permutation
symmetry combinations: Symmetric (S), Mixed-Symmetric (MS), Mixed-Anti-symmetric
(MA) and Antisymmetric (A). They are as follows

{zyz}y = N,|zyz+yxz + zyx +yzx + x2y + 22y |
{zyz},s = Nyolzyz+yrz+ zyr +yze — 22y — 222y |
foyzhn = Nyol2ys — yoz + 2yo — yzo |
{zyz}, = N,[ —xyz+yrz+ zyr — yze + xzy — zay | (3.7)

The objects x, y and z could be identical as well, depending on which the normal-

ization constants N,, N

wes Ny, and N, change. For example, when all of them are

different, N, = \/Lé’ and when all of them are the same, N, = 1. The convention used for
mixed symmetries is the same as used in [101], where the MS and MA are according to
whether the first two labels are symmetric or antisymmetric.

As described in eq. (3.6), baryon operators are constructed from direct products of the
different projection operators corresponding to the flavor, spin and the spatial derivative
labels. Each of these labels can be arranged according to the symmetry combinations
above, following which they have to be combined with each other in order to make an
overall symmetric object. The general rules for carrying out direct product between the
symmetry combinations of independent sets to make different overall symmetries are as

follows [101] :

{2 = {12, {13s{2hs = {1 21
s 2h = {120, {13420 = {12},
2k ={1.2}, {1h{Z2he = {12}
—{hd2ha = {12} {142 = {1 2],
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1
E(+{1}Afs{2}Ms + {1}MA{2}MA> = {17 2}57
12(_{1}N[S{2}IMS + {1}J\/IA{2}J\/IA> = {1’ Q}IMS7
7(+{1}MS{2}JWA + {1}1\/114{2}1»13) = {17 2}MA7

1
S5 s 2ha + (1a2h0) = (1,2],, (3.8)

) H%|

3.4.3 Flavor symmetry structures

Figure 3.2: The SU(4) multiplets of baryons containing u, d, s and ¢ flavors [16]. (a) 20,,-
plet containing the light-strange SU(3) octet, (b) 20g-plet containing the light-strange
SU(3) decuplet and (c) 44-plet containing the light-strange SU(3) singlet

Figure 3.2 shows the SU(4) - classification of the baryons containing the u, d, s and ¢
flavor quarks. The lowest plane in all these diagrams represent the octet, decuplet and the
singlet in the light-strange SU(3) r symmetric flavor sector. With the approximation that
m,, ~ mq (the theory has an approximate isospin symmetry) and mg being only an order
of magnitude heavier, we see in nature that this multiplet structure is nearly followed.
But due to very heavy mass of the charm quark, we believe that there could be very strong
mixing between various multiplets in the physical states. Though this symmetry is greatly
broken to the large non-degeneracy in the masses, these provide a good bookkeeping
systematics for the large set of baryons that are allowed based on quark models. The
layers, except the lowest, constitutes of the charm baryons. With only three different
flavors simultaneously possible, the flavor wave functions of the charm baryon operators
can be constructed to be members of SU(3)r multiplets as 3 ® 3 ® 3 = 105 & 8yr5 @
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814 14. These represent a subset of states from the larger group of SU(4)r which has a

decomposition based on symmetry considerations as 4®4®4 = 205 ® 203,56 D204 D4 4.

Table 3.2 contains the details of the flavor symmetry constructions possible for various

charm baryons.

20
I I, S Fus Fua
AT |0 0 0 %ﬂcud)MS — |ude)ars) %ﬂcud)MA — |ude) pra)
Y l1 o +1] 0 luuc) s luuce) pra
o1 0o O |ucd) prs |ued) ara
2/8 1 -1 0 ’ddC>MS ‘ddC>MA
=L 45| -1 lucs) prs |ucs) pra
N I S \dcs) ars |des)aa
=t % +% -1 %(]cus)MS — |usc)prs) %(|cus>MA — |usc)ara)
=9 % —% -1 %(]cds)Mg — |dsc)ars) %(]cdsﬁw,ﬁ; — |dsc)ara)
Qg 0 0] -2 |ses)ars |ses)ara
Shas % +% 0 lecu) prs lecu) pra
=L |3 -3 0 leed) prs leed) pra
QF |0 0] -1 |ces) s |ccs)na
20g
T L] S| Fs
P11 41 0 Juuc)s
o1 0] 0] |ued)s
0 |1 —1| 0] |ddc)g 14
=5 |3 4L =1 Jucs)s L L] 5| ¢a
-5 |7 7 AT |0 0| O] |udeha
= 5 —5 | =1 |des)s _C
c |2 2 XL 4+l -1 Jues)a
00 1o 0| =2 |ssc)s -9 i _i 1| Jdes)
S % +% 0| |ccu)s Tc 12 2 A
EL % —% 0| |ced)s
QL 10 0] =11 |ees)s
Qrrlo 0| 0] |cec)s

Table 3.2: Flavor symmetry structures for charm baryons. [ in the first column stands
for the isospin, I, in the second column is for the third component of isospin and S in
the third column is for the strangeness.

With only one kind of flavor available, the Q.. baryon, like the A and 2 baryons,

appears only in the S flavor construction. While all those baryons with two of the quarks

having identical flavor, which is different from that of the third quark, can appear in the
S, the MS and the MA flavor constructions. The doubly charm baryons, ¥, and the €.
baryons falls in this category. While the =, baryon that have all the three quarks in three
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different flavor can appear in all the symmetry constructions. A, baryon, for which all
three quark flavors are different, being an isospin singlet, can appear only with MS, MA

and A flavor constructions.

3.4.4 Dirac spin symmetries

The Dirac matrices in the Dirac-Pauli representation can be expressed as a direct product
of two SU(2) components : one for ordinary spin (s-spin) and the other for intrinsic
parity (p-spin), where the SU(2) components are generated by 2 x 2 Pauli matrices
corresponding to the two component Pauli spinor ( T) [100]. This representation of Dirac
matrices is convenient for constructing the symmetry combinations that exists in the
Dirac labels. Expressed in terms the SU(2), ® SU(2), matrices, 74 = ps ® o4, where
ps = diag[l,—1] and o4 = diag[1, 1]. Thus the Dirac index p = 1,2, 3,4 is equivalent to a
two-dimensional superscript corresponding to p-spin (p = +1, —1) and a two-dimensional
subscript corresponding s-spin (0 = +1, —1), and the quark field may be expressed as
Y* = ¢?. The mapping of Dirac indices (p) to the p and s labels are as given in Table
3.3(a). We refer to the p value as p-parity because of its role in the parity transformations
(74 is the parity transformation operator).

Using a two component Pauli spinor, o-spin, and the formula in eq. (3.7), one gets the

31

following symmetry combinations for a three quark system, with total spin 5, 5 and % for

the symmetric (S), mixed symmetric (MS) and mixed antisymmetric (MA) combinations

respectively.
Si R =l++t)g R =l++ )
-2 =l+-—)s -3 =l-—")g
MS: hh) ==y hh) = s
MA: |%’+%>:‘+_+>MA; |%’_%>:_’_+_>MA' (3.9)

Only the operators formed by considering a two component Pauli spinor (p = +1), which
form the upper two components of the four component Dirac spinor (u), appear in the
leading order in a velocity expansion of any baryon operator. The baryon operators
constructed purely from such a two component Pauli spinor is hence non-relativistic in
nature. Those based on the lower components of Dirac spinors are relativistic. A full
relativistic formulation requires consideration of the p = —1 sector as well, hence one

uses the full four component Dirac spinor instead of the two component Pauli spinor.
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The symmetry constructions for the p-spins also follow similarly. The direct product of
the p-spin and the o-spin follows the rules as described in eq. (3.8), and yields sums of
three-quark terms in which each quark has a p and s label representing its Dirac index.
The construction of the symmetry combinations for full four component Dirac spinor

using the symmetry patterns from p-spin and s-spin is detailed in Table 3.3(b).

D IR Emb S=p®s
S % 1 %(+‘0>MS’ s)ms + |p)rrals >MA)
- 31,2 p)sls)s
1{% PS5 MS L 12 |p)sls) s
Lt 3| J5( = 1P)assls)ars + p)arals)ara)
A 3 1 REEIE
T A T |p)s1s)ara
4 1
© 3| Z5(+ |phassls)ara + |P>MA| )s)
3 1 |p)arals)s
A I L 5 (= Ip msls)ma + [p)aals)wrs)

P

(b)
Table 3.3: (a) : Mapping of Dirac spin indices to p and s labels. (b) Table taken from
Ref. [101] : Symmetries of Dirac spin states based on direct products of p-spin and s-spin
states for three quarks. |p)s, and |s)s, refer to a p-spin and s-spin state with 3, and
Y symmetries respectively. Direct products of the p-spin and s-spin states yield sums

of three-quark terms in which each quark has a p and s label. These two labels together
determines each quark’s Dirac index according to (a).

From the above discussion, it is clear that using spatially local constructions the total
spin of baryon can have only two values, 1/2 or 3/2. The flavor and non-relativistic
spin can be combined in an approximate spin flavor SU(6) whereby the multiplets are
6R06®6=>56g® 70y @70y ®204. These can again be decomposed into flavor SU(3)
multiplets as 56 = *10 & 28, 70 = 210 & ‘8 & 28 & ?1, 20 = 28 & *1, where the superscript
(25+1) gives the spin for each particle in the SU(3) multiplet. The wave functions of the
56-plet can be combined with local or non-local spatial projections to make the non-color
component of the wave function symmetric, while the wave functions of the 70 and 20-
plets require some non-local excitations of the spatial part to make the overall non-color
component of the wave function symmetric. With the four component Dirac spinors, the
actual construction of the operators corresponds to SU(12), which is built up from the
subgroups according to SU(12) = SU(3)r ® SU(2), ® SU(2)s. The details of the local
operators constructed from the symmetries in the flavor and Dirac spin sector, forming
the SU(12) group, is tabulated in the Table 3.4.
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S o Na N
S (10, 4) 1 1 dsXs
(10,2) 1 Psxs
(8,4) 1 \/%(GﬁlvlsXMs + dmAXMA)
(8,2) 12 \%(CbMSXMS + dmaXMA)
(1,2) 1 PaXA
M (10,4) 11| MS DsXMS MA PsSXMA
(10,2) 12 $sXMs dsXMA
(8,4) I 1 OMS XS OMAXS
(8,4) 1 5 (—msXms + Smaxua) 5 (dmsxma + Smaxus)
(8,2) 1 PMmsXs dMAXS
(8,2) I 2 \/%(—CbMSXMs + dmaxMA) \%(¢MSXMA + dmaXMS)
(87 2) 1 OMAXA OMSXA
(1,4) 1 OAXMA OAXMS
(1,2) L2 OAXMA OAXMS
A (10,2) 1 PsXA
(8,4) 1 \/%(chsXMA — OMAXMS)
(8,2) 2 \%(¢MSXMA — OMAXMS)
(17 4) 1 ¢AXS
(1,2) 1 PaXs

Table 3.4: Local baryon operators classified according to symmetry of the flavor and the
four component Dirac spin. The first element inside the braces in the second column
shows the dimensionality of the SU(3)# representation, while the second element shows
the dimensionality of the Dirac spin projections. The third column is the number of
Dirac spin embeddings in non-relativistic (p = +) construction, while those constructions
involving the lower two components also are shown in the fourth column. The multiplicity
of operators in the non-relativistic case is 565, 70375, 70a74 and 204, and corresponds
to the conventional non-relativistic SU(6) construction. The relativistic construction,
which involves both positive and negative parity operators, corresponds to the reduction
of SU(12). Table taken from [101].

3.4.5 Spatial projection operator symmetries

In order to project the higher spin baryons (J > 3/2) and the excited baryon states, one
needs to employ baryon operators that create states with angular and radial excitations.
Such excitations can be explored using baryon operators with non-local behavior. Covari-
ant derivatives defined in Ref. [100] are incorporated into the three quark operators in
order to obtain suitable representations that transform like orbital angular momentum.

First the covariant derivatives are combined in the definite symmetries with respect to
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their action on the three quark fields. At the single derivative level, there are two relevant

symmetry combinations transforming like an L = 1 object. They are

1
L=1; DW.m) = %{QD() D — p@1,
1
Dija(m) = —={DS) - D}, (3.10)

where the different m-components in Dﬁ,‘{), which acts on the ¢g-th quark, are given by

DY — iQ(Dm)im(q)) D(@:_%D(q) (3.11)

The superscript inside the square brackets in eq. (3.10), stands for the number of deriva-
tives in the operator being represented. There is no totally antisymmetric construction
of the one derivative and the symmetric combination DM + D@ 4+ D®) is a total deriva-
tive that gives zero when applied to a baryon with zero momentum. Totally symmetric
baryon operators with one derivative are constructed by applying eq. (3.10) to the mixed

symmetric spin-flavor operators as given in Table 3.4.

= s (Dhsulls + Dol 3.12)

where the superscripts in brackets indicate the number of derivatives in the operator.
The two derivative baryon operators are constructed as follows. Initially, definite
symmetry combinations of two derivatives are formed using the single derivatives, based
on the same general rules of combination of two symmetry labels (see eq. (3.8)). The
three quark symmetry combinations with two derivatives that transform like L = 0,1, 2

are as follows,

2 1 1 1 1 1
LZO,QQDE;] = _{DE\}SDE\/[]S—i_DEW]ADE\/I]A}’
V2
1
L=02D8, = —{-Dl D[A}S+D”AD "y

\/_
\f{
i

L=0,2D%, = phlpl, + Di Dy,

2 1] 1] 1 1]
L=1; D[A] = DE\JSDE\/[A + DE\/I]ADEWS} (3'13)
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Using these two derivative symmetric constructions one can construct the totally
symmetric baryon interpolators by applying them on the local baryon operators. They

are as follows.

2 2] /[0 1 2] [0 2] [0 2] /[0
§'=Dls’s —s(Distins + Diravina)i - DIvi (3.14)

where no total derivatives are considered in these constructions. In Table 3.5, we give

the different derivative operators that can be constructed using two derivatives.

L=02 =1
S (qqq)1. 0
M (qqa)i. [(qqq)s. Gs.Ji.
A 0 (999)1.

Table 3.5: Summary of the bound state interpretations of the two derivative structures.
Table taken from Ref. [108]

The subset of operators, as given in Table 3.5, that follows the MS and MA con-
structions, with angular momentum, L = 1, corresponds to a commutation of the two
gauge-covariant derivatives acting on the same quark field [108]. Note that such opera-
tors form color singlet object, [(¢qq)s.Gs.]1., as a combination of the three quarks in color
octet and a gluon field, G. Such operators vanish in a theory without the gauge fields
and corresponds to the chromomagnetic components of the gluonic field strength tensor.
This leads to the identification of the so-called hybrid operators, as they are formed out
of a hybrid combination of quark and gluon fields. As will be observed later, operators
that are proportional to the gluon field strength tensor are essential in obtaining some
states in the spectrum.

These spatial projection operators with definite symmetries are then combined with
the symmetry combinations constructed out of the Dirac spin projection operators using
the standard Clebsch-Gordan formula of SU(2) in order to obtain operators with good .J
in the continuum. Table 3.6 shows the details of the allowed spin-parity patterns of the
non-relativistic local and non-local operators for various symmetries in the flavor sector.
We show the constructions up to two derivatives. Using non-relativistic components
alone, it is not possible to construct a negative parity state with a spin higher than 5/2,
even with operators that include two derivatives. Use of relativistic operators along with
non-relativistic ones enables us to extract states with spin up to 7/2 for both the parities.

We follow the same naming convention as used in Ref. [101]. As an example, {2.¢s oper-
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ator with spin and parity of the three quarks as %_, with two derivatives coupled into L =

— 2
where the subscripts show the definite symmetries in different labels. Accounting for

JP=1
2 and total spin and parity J© = I7, is denoted as (chs,s ® (%;M) ® D[LQ]:ZM) :

the orbital motion classifies the total symmetry in a non-relativistic approach to be
SU(6) ® O(3) super-multiplets with the O(3) describing the orbital motion. With four

component Dirac spinors, the construction of the operators corresponds to SU(12)®Q0(3).

3.4.6 Subduction into lattice irreps

Discretization reduces the symmetry of the space from O(3) to OP. The eigenstates of
the lattice Hamiltonian transforms as irreps of the OF. With the reduced symmetry,
the continuum states get separated across the lattice irreps. Restricting the operators in
the continuum to the symmetries allowed by the lattice generates the representations of
these continuum operators that are reducible under O. Subduction is this method of
generating the representations of the continuum irreducible operators, which are reducible
under OF in terms of the lattice irreps. Once the continuum operators are constructed,
we subduce them to the irreps of the octahedral group.

The octahedral group consists of 24 group elements, each corresponding to a rotation
that leaves invariant a cube, or an octahedran embedded within the cube. When the
objects that are rotated involve half-integer values of angular momentum, the number of
group elements doubles to extend the range of rotational angles from 27 to 4m, forming
doubled-valued representations of the octahedral group, giving the irreps for half integer
spins also. Spatial inversion commutes with all rotations and together with identity forms
a two-element point group simply doubling the number of group elements.

The eight irreps of the double-valued representations of the octahedral group include
Ay, Ag, E, Ty and T, for integer spins and G, G5 and H for half-integer spins. The
continuum spins are distributed over these eight irreps on a lattice. Since we consider
only baryons, we discuss only the appearance of the continuum spins over different lattice
irreps for half integer spins (G, Gy and H). The irreps of the octahedral group are
determined only by the s-spins and the derivative structures. A J = 1/2 spin state
appears only in Gy irrep. A spin of J = 3/2 appears only in H irrep. A continuum spin
of J = 5/2 distributes itself across G and H irrep, while J = 7/2 appears over Gy, G
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N(JT)
i+ 3+ s5F 7F[1- 3— 55—
FANp L S13 5 5 3 |3 5 3
Sel 0 0 3| 1
1
1 1 3 11
1
2 0 3|1
3
2 0 3 1
2 1 ;|1 1
2 2 3 11
2 2 211 1 1 1
Ap | 1 1 3 11
1
2 0 3|1
2 1 2|1 1
2 1 /1 1
1
2 2 3 1
Mp| 0 0 5|1
1
1 1 3 11
1 1 2 11 1
1
2 0 3|1
1
2 0 3|1
3
2 0 3 1
2 1 /1 1
2 1 32/1 1 1
1
2 1 3|11 1
2 2 3 11
2 2 211 1 1 1
2 2 3 11

Table 3.6: The number of operators of a given J¥ that can be constructed from up to
two derivatives acting on non-relativistic quark spinors. Np indicates the number of
covariant derivatives, S indicates the total spin of the quarks and L indicates the total
orbital angular momentum. The row indicated in bold face contains the two-derivative
hybrid operators, which vanish in the absence of a non-trivial gluon field.

and H. A simple mathematical notation of this phenomena of subduction is given by

Vp, =Y ST, Qi (3.15)
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where 7, A 18 the lattice operator that is the r'" row of the n'* embedding of the irrep:
A on the continuum spin J, subduced from a continuum spin operator €2. The S‘],’JKVT

are called the subduction coefficients.

Qccc Gl H GZ Eca Qcc Gl H G2
g u g u g u (Sg+Mp)| g u g uw g wu
Total |20 20 33 33 12 12 Total 55 b5 90 90 35 35
Hybrid | 4 4 5 5 1 1 Hybrid 12 12 16 16 4 4
NR 4 1 8 1 3 0 NR 1 3 19 4 8 1

(a) (b)

Table 3.7: The number of lattice operators for triply (left) and doubly (right) charm
baryons obtained after subduction to various irreps of operators with up to two covariant
derivatives. The number of non-relativistic (NR) and hybrid operators for each irreps
and for both parities are given.

> O, el f el A, el f G,
(Sg+Mp)| g uwu g uw g u (Mp+Ap) | g w g uwu g u
Total 55 55 90 90 35 35 Total 53 53 86 86 33 33
Hybrid 12 12 16 16 4 4 Hybrid 12 12 16 16 4 4
NR 1m1m 3 19 4 8 1 NR 0 3 17 4 7 1

@ 0

= G, H G

(SP+Mp+Ap)| g uw g u g u

Total 116 116 180 180 68 68

Hybrid 24 24 32 32 8 8

NR 23 6 37 10 15 2

()

Table 3.8: The number of lattice operators for different singly charm baryons obtained
after subduction to various irreps of operators with up to two covariant derivatives. The
number of non-relativistic (NR) and hybrid operators for each irreps and for both parities
are given.

Considering the p-parity involved, one can classify these irreps into even and odd
parity versions, indicated by the subscripts g (gerade) and u (ungerade). The parity of

the baryon operator is determined from it p x (—1)%, where p = pipaps and L is the
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angular momentum from the derivatives and p; is the p-value of the i** quark. For non-
relativistic operators, p; = py = p3 = 1 always, hence its parity is solely determined by
the orbital angular angular momentum.

Table 3.7 and Table 3.8 shows the total number of relativistic and non-relativistic oper-
ators constructed using the above procedure for various charm baryons. They also contain

the number of non-relativistic and hybrid operators used for various charm baryons.

3.4.7 Distillation

Having constructed a large set of operators, it is possible to calculate their diagonal and
off-diagonal correlation functions to extract excited states by using variational methods.
However, construction of correlation functions with so many operators, particularly for
the operators with one or more derivatives, is very computationally intensive as it needs
extra inversions for non-local sources. The total time needed for the construction of
correlation function could be as intensive as gauge field generations. To avoid this we
use a recently developed novel technique, called the “distillation method” [96]. Using
this method, one can efficiently construct a large number of correlation functions with
multiple operators. Moreover, this method automatically includes a smearing process, a
requirement for suppressing the high frequency modes that do not contribute significantly
to the low energy regime in the spectrum and thus increases the relative contributions
from the low lying states in the correlation functions. As a smearing function, the con-
straint on the distillation operator is that it should preserve as many symmetries as
possible while effectively removing the contribution from the short distance modes.

A gauge covariant source, with a shape similar to a Gaussian is obtained by Jacobi
smearing [156], where one uses a gauge covariant second order three dimensional lattice

Laplacian operator,

3
- ngﬁy(t) = 651?/ o Z{UJ (:E7 t>6g:+j,y + UJT(:C —Js t)(szfj,y}7 (316)

J=1

where the gauge fields may be constructed from an appropriate covariant gauge field
smearing algorithm. The high energy modes of this operator is suppressed by exponenti-
ating it, exp (cV?(t)), with a smearing weight, o. The resulting smoothened operator is
applied on the quark fields (1) to construct the smeared quark fields (1)). The suppres-
sion of the high energy modes of the Jacobi smearing operator means that only a small

number of modes contribute significantly to the smeared quark fields, .
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The distillation technique [96] replaces the exponentiation of the Laplacian by an outer

product over the low lying eigenmodes of the discretized gauge covariant Laplacian,

Oay(t) = Ve (VI (1) = > €W ()ePi(e), (3.17)
k=1

where fg(gk) are a finite number, N << N2N,, of eigenvectors of V? evaluated on the
background of spatial gauge fields of the time slice ¢, once the eigenvectors have been
sorted by the eigenvalues. The number of modes, N (volume dependent), should be
sufficient to sample the required angular structure of the low lying hadronic states, but is
small compared to the number of sites on a time slice. Once the eigenvectors are sorted
by the eigenvalues, in terms of V(¢), the k%" column of V() contains the k™" eigenvector
of V2 evaluated on the background of the spatial gauge fields of time-slice ¢. This is the
projection operator onto the subspace, Vi, spanned by the N lowest lying eigenmodes,
so (02 = 0. When N is the same as NN, times the number of sites on a time-slice, then the
distillation operator becomes identity, and the fields acted upon are unsmeared. In this
calculation, we used 64 eigenvectors from four time slices in construction of the baryon
correlation functions.

The Laplace operator inherits many symmetries of the vacuum. It transforms like a
scalar under rotations, is covariant under gauge transformation and is parity and charge
conjugation invariant. If the action of one of these symmetries on the Laplace operator
maps V2 onto V2, then there is a unitary transformation, R on the vector space spanned

by the eigenmodes of the Laplacian such that
RV?R' = V2. (3.18)

This implies that if v is an eigenvector of V2, then Rv is an eigenvector of V2.
Considering the definition of the distillation operator, the transformed operator must
obey

ROR' =0, (3.19)

and so the correlation functions constructed using the distilled fields have same symmetry

properties on the lattice as those constructed using the Laplacian methods.
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Distilled baryon correlation functions

Here we discuss the application of the distillation technique in the construction of the
hadron correlation functions and a smart representation of the correlation functions in
terms of the eigenvectors of the discretized gauge covariant Laplacian, which will make
their computation efficient. We take the case of the isospin—% baryon as an illustrative
example. A generalization is straight forward. A general baryon annihilation operator

can be written as
Oi(t) = ™S, 5, (T10d)% (To0u) 3 (TsOu)S, (3.20)

where u and d are the quark fields; I'; is a spatial operator, including possible spatial
displacements, acting on quark j; a, b, ¢ are the color indices, and «, § and ~ are the
spin indices; S encodes the spin structure of the operator, and is constructed so that the
operator has the desired quantum numbers. Using eq. (3.20), we construct the baryon
correlation function as

Oij (t/, t) abc—achz

«

oS ([(10d)5 (To0u) 3 (TsBu)s (+)].[(dOT) & (alCy )& (a0 )3 (1)),
(3.21)

where the bar over S and I indicate these are from the creation operator. Inserting the

outer product representation for distillation operator, we can write the baryon correlator

as

Cigt',1) = Dug® (¢) L7 () > [TE(H )it T 6) — Tt O (¢, )T 5 )],

afy aBy
(3.22)
where BT = ¢ (PP (T (Tyg)° (323)
and 777 Bt ) = P () Mg (1, 1)EW. @2(5”7’q’r has a well defined momentum and all

the mformatlon about the quantum numbers of the operator goes into this quantity.
While 7'5 g(t' ,1) is called the operator independent ‘perambulator’ with no explicit mo-
mentum projections. Hence the perambulators can be computed independently between
any source and sink. In principle, once the 7 has been computed and stored, the corre-
lation of any local or non-local source and sink operators can be computed.

Note that both the ®’s and 7’s are 4N x 4N matrices. Such a decomposition of
the correlation functions reduces the cost of their computation substantially. Firstly,
such a decomposition enables efficient computation of correlation functions with a large
basis of interpolating operators at both the source and the sink time slices. It also en-

ables a momentum projection at both the source and the sink time slices, in contrast
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with conventional spectroscopy, where a momentum projection only at sink is possible.
Furthermore, it also reduces the costs of computations involving all-to-all quark propa-
gators, since calculation of all elements of a perambulator requires only 4N inversions of
the Dirac matrix, in contrast to 12N?2 inversions for conventional all-to-all quark propa-
gators. Thus, the ‘distillation’ technique allows one to perform computations involving
disconnected diagrams, multihadron operators, etc. also, with limited computation re-

sources.

3.5 Variational fitting technique

After constructing two point correlation functions (see eq. (2.31)) for a large basis of
interpolating operators, the next task is the extraction of the spectrum from these matrix
of correlation functions in a reliable way. We employ a variational fitting method [97, 98,
99] for this purpose. The construction of the large basis of operators has been discussed
in detail in the previous section. The basic idea of variational fitting technique is to solve

a generalized eigenvalue problem of the form
C(t)ve = AaC(t0)va, (3.24)

where C(t) is the matrix of correlators at time-slice t. The orthonormality condition
for the generalized eigenvectors is v}, C(to)vs = das. The ‘principal correlators’ A\, as
a function of the times-lice, representing the physical two point correlation functions,
are formed from the generalized eigenvalues of the correlation matrices on the respective

time-slices and can be shown to behave at large times as
Ao(t) = e7malt=t) (1 4 O (e~ 1omilt=to))y, (3.25)

where m,, is the mass of a state labeled by a and dm is the energy splitting from the
nearest excited state to a. The eigenvectors form a dim(C) x dim(C) matrix V that
transform the interpolating operators into an optimum linear combination to overlap
with the dim(C') lightest states accessible to them. These eigenvectors should be time
independent to the extent that the correlator is saturated by the lightest dim(C') states.
In practice, one solves the eigenvalue problem on each time-slice and obtain eigenvectors
that can vary with . The C(ty)-orthogonality of these eigenvectors are then utilized to

order these eigenvectors across the time slices. Examining the form of the eigenvalue in
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eq. (3.24) with the substitution of the spectral decomposition in eq. (2.32) one finds that

Z& = (V- H2/2mae™t0/2. The inverse of this eigenvector matrix is trivial to compute

owing to the orthonormality property VIC(to)V =1 = V-1 =VIC(ty).

2 T T T T T T T T T T T T
1.85F Hg (State 0) 41 F % Hg (State 1) = Ek Hg (State 2) B
= 17L %2/Nyos = 22/15 1L 12N gof = 9.3/6 1L 12N gof = 27/16 i
¥ m= 0.8345(11) m= 0.9315(55) m= 0.9513(22)

T T T T
185 Hg (State 4) Hg (State 7) - —>‘< Hg (State 8) B
= 17k 22Ngqt = 30/16 1®Ngos = 5.9/12 i 13 Ngos = 11 i
& X m= 0.9575(23) m=1.0678(69) m= 1.1636(76)

20 25

10 15
t/ay

Figure 3.3: Principal correlator fits for six (2. states in irrep H, that will be identified as
JP = 3/2% based on the procedure described in the Section 3.7. Fits are obtained using
eq. (3.27). Data points are obtained from e™ (=) (¢) and the lines show the fits and one
sigma-deviation according to the fitting form e™(t=t) )\ () = 1 — A, 4+ A e~ (Mn—mn)(t=to)
with ¢ty = 10; the gray points are not included in the fits.

The selection of the parameter ¢y plays a crucial role as in practice one works with a
limited number of interpolating operators. The eigenvectors are forced by the solution
procedure to be orthogonal on the metric C'(¢y), which will be a good approximation to the
true orthonormality, defined in continuum with an infinite number of states and operators,
if the correlator at to is dominated by the lightest dim(C') states. The choice of the
optimum ¢, is governed by two factors. The contribution from the excited states pushes
the optimum value of ¢y to larger values where they would have died down significantly

in the correlators, while the fall in the signal-to-noise ratio with the Euclidean time slice
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urges one to keep t;, to be as small as possible. A remedy for this is to define a x?
like quantity, so as to gauge how well the generalized eigenvalue problem describes the

correlators for any given tg, as [99]

1 tmaz

= N T i TN T . 2 (Cu-CF W) )Gy t) -G ()
maz 50t =tg+1

(3.26)
where N = dim(C) and C is the data covariance matrix for the correlator C;; com-
puted with jackknife statistics. For a given value of %3, one gets the estimates for the
masses and the overlap factors (Z) by solving the eigenvalue problem and then fitting
the principal correlators. Using these mass and overlap factor estimates one can recon-
struct the correlator matrix using the spectral decomposition in eq. (2.31). Cf7“ are the
correlation functions obtained from the reconstruction procedure discussed above. The
optimum value of ¢y is chosen based on the minimum of the chi-square like quantity
defined in eq. (3.26).
After the diagonalization procedure to obtain the optimum linear combination repre-
senting the physical states, we extract the energy of a state by fitting the dependence of

Ap, on t — tg to the form,
An(t to) = (1 — Ay)e ™10 4 4 e=mnlt=to), (3.27)

with three fit parameters m,, m, and A,. We find that allowing a second exponential
stabilizes the fits and the resulting second exponential decreases rapidly with large to,
implying that m! >> m,. In Figure 3.3, we plot some examples of fits to six Q.
principal correlators in irrep H,, where the fitted states will be identified with JZ = %+.
The fits approach the constant value, 1 — A,,, for large ¢, and they approach one if a

single exponential dominates. This is seen to be the case for most of our fits.

3.6 Rotational symmetry and cross correlations

After the construction of the matrix of two point correlation functions for a large basis
of interpolating operators and the extraction of the physical states employing a reliable
advanced fitting technique, what remains is to make a precise determination of the quan-
tum numbers of the extracted physical states. One primary goal of lattice calculations
such as this one is such an identification of the continuum quantum numbers for the

extracted physical states. As discussed earlier, lattice possess only a reduced symmetry
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Figure 3.4: The normalized correlation matrix, C;;/1/C;iCjj, of ccc baryon at t/a; = 5
for the H, irrep averaged over all the configurations. Operators are ordered such that
those subduced from spin 3/2 appear first followed by spin 5/2 and then spin 7/2.

of the continuum. And hence the physical states in the continuum gets subduced over
the lattice irreps. In the continuum limit, the rotational symmetry should be restored.
If the lattice is fine enough, one should be able to observe the effects of the restoration
of the rotational symmetry. The use of smeared fields in construction of interpolating
operators should help in making this restoration more directly observable. With the aim
of creating a more direct link between the lattice operators and the physical quantum
numbers, operators were constructed first in the continuum and then subduced onto the
lattice irreps. Therefore, it is useful to determine whether these lattice operators exhibit
a remnant of the continuum rotational symmetry on the lattice.

To check this, in Figure 3.4, we plot the normalized two point correlation functions

(Cii/+/CiiCj;) of triply charm baryons in the H, irrep at time separation 5 averaged
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Figure 3.5: The normalized correlation matrix, C;;/1/CiCj;, of Qs baryon at t/a, =5
for the H, irrep averaged over all the configurations. Operators are ordered such that
those subduced from spin 3/2 appear first followed by spin 5/2 and then spin 7/2.

across all the configurations used in the study. The normalization ensures all the diagonal
entries are unity, while cross correlations are always less than 1. There are 33 operators
used in this irrep, including operators up to two derivatives. The solid lines divide these
operators subduced from continuum spins %, % and %, and the dashed lines are used for

separating operators defined above with various abbreviations (nr : non-relativistic, nh :
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Figure 3.6: The normalized correlation matrix, C;;/1/C;;Cjj, of Qs baryon at t/a; =5
for the H, irrep averaged over all the configurations. Operators are ordered such that
those subduced from spin 3/2 appear first followed by spin 5/2 and then spin 7/2.

non-hybrid, r : relativistic and h : hybrid). A breaking of the rotational symmetry on the
lattice is expected to reflect in these plots in terms of the relatively large magnitude of the
cross correlations between lattice operators with different continuum spin in comparison
with the diagonal elements. The matrix plot can be trivially seen to show a block
diagonal pattern in the various continuum spin labels. We observe similar patterns of

block diagonal structure in correlation functions of other irreps as well as correlation
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functions of different irreps in other charm baryons. For example, we show in Figure 3.5
and Figure 3.6 the matrix plot of correlation for the Q..s and €2, baryons. The solid lines
in these plots divides different continuum spin operators with varying flavor symmetry
constructions, while the dashed lines divide various abbreviations (nl : non-relativistic
and non-hybrid, n2 : non-relativistic and hybrid, rl : relativistic and non-hybrid, r2 :
relativistic and hybrid). As mentioned above, one can trivially observe a block diagonal
structure along the boundaries of different continuum spins. Similar patterns were also
observed for the light ant the strange baryons [102]. These observations suggest that after
subduction a remarkable degree of rotational symmetry remains in the lattice operators.
And this fact gives us confidence in our ability to make unambiguous spin-identification
for the charm baryons.

This analysis also aids in identifying the mixing between different operators. For
example, it is evident from Figure 3.4 that there is strong mixing between ‘nr-nh’ and ‘r-
nh’ type operators and comparatively weak mixing between ‘h’ and ‘nh’-type operators.
As was observed in Ref. [157], we also found additional suppression of mixing for operators
with a given J, but with different L and S, compared to those with the same .J, as well
5 ® D[Lo]zo,s]% g1 and

21,8
0, = [(37,) ® DPL, (3 Hyy both of which have J = 3/2,L = 0,5 = 3/2, the matrix

21,8
element My = C12/4/C11C29 = 0.99. On the other hand, the mixings of these operators

with O3 = [(3 ) ® DFL, (]2 Hyy which has J = 3/2,L = 2, = 3/2 are M3 = 0.0026

and Mo = 0.0031. This suppression of mixing is however evident only for the non-

as the same L and S. For example, for the operators O; = [(

relativistic operators. We found that for some relativistic operators mixing enhanced
between operators with same J but different L and S, compared to those with same .J,
L and S. This observation, particularly in the non-relativistic sector can be explained in
terms of the heaviness of the charm /bottom quark. Being heavy, the spin-orbit interaction
is significantly small and hence L and S acts as good quantum numbers separately. Hence
those operators with same L and S values can be expected to show strong correlations as
their quantum numbers match, while a cross correlation between operators with different
L and S may not be significant. Similar observations can also be made in the other
charm baryons also.

These plots also aid in qualitative understanding of how much the SU(4)r symmetry
is violated due to very heavy charm quark mass compared to the light and strange quark
masses. These violations of the flavor symmetry are expected to reflect in these matrix
plots in terms of the cross correlation (mixing) between the operators from different

flavor symmetry combinations. One can easily observe in Figure 3.5 and Figure 3.6 that,
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the non-hybrid operators from the 10r flavor combination, corresponding to S, show
significant mixing with non-hybrid operators in the 8 flavor combination, corresponding
to MS and MA. A similar observation can also be made between the hybrid operators
in two different multiplets. It is also very clear from the figures that this mixing is very
strong in the singly charm baryons. Similar observations are also made in other irreps

and different irreps in other charm baryons.

3.7 Spin identification

One main goal, which is a highly non-trivial task, in these lattice calculations is to ensure
that any state identified can be assigned continuum quantum numbers in a reliable way.
In principle, the spin of a hadron state can be determined by extracting the spectrum at
various lattice spacings and then extrapolating to the continuum limit. In the continuum
limit, where the SO(3) symmetry gets restored, the emergence of energy degeneracies
between the lattice irreps will aid us in identifying the continuum spin of the state.
However, there are difficulties with this procedure. Firstly, this requires high precision
calculations with successively finer lattice spacings, and hence with increasing compu-
tational demand. With the current computational resources, this procedure is hence
impractical. Secondly, in the continuum limit, the spectrum can exhibit degeneracies not
just arising from SO(3) symmetry restoration, but also due to the physical degeneracies,
like the ones due to hyperfine splittings and spin-orbit splittings. This raises the problem
of identifying degeneracies due to lattice discretization unambiguously.

An alternative approach, which was detailed in Ref. [99] and used in the calculations
of light baryons [101, 102], light mesons [103], charm mesons as well as heavy-light mesons
[106, 107], was followed by us in these calculations. The main ingredient is the overlap
factor, Z!', as defined in eq. (2.32). To identify the states with spin 1/2 and 3/2 are
fairly straight forward. A state with spin S should have large overlap factors with those
operators, which are subduced from continuum spin S. The operators with largest overlap
factors to this state not only determine the quantum numbers, but also the spin and
spatial structure of this state. Figure 3.7, Figure 3.8 and Figure 3.9 shows the matrix
plot of normalized Z" values of various states across various operators for ..., €2..s and

Qess baryons respectively. The normalization of Z' is given by — so that for a

axrj[Zf] ’
given operator the largest overlap across all states is unity. It is very easy from this
plot to identify the spin of the state from the operators corresponding to darker pixels

for a given state. As one can see, that the low lying states correspond to first seven
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Figure 3.7: “Matrix” plot of values of overlap factor, Z', of an operator ¢ to a given state

n, as defined by eq. (2.32) for Q... baryon. Z!" are normalized according to W, SO

—_

\S)
I

<————— States

O o0 N N B~ W

—
o

that for a given operator the largest overlap across all states is unity. The normalized
magnitudes of various operator overlaps to states in the H, irrep are shown. Darker pixel
indicates larger values of the operator overlaps. Various type of operators, for example,
non-relativistic (nr) and relativistic (r) operators, as well as hybrid (h) and non-hybrid
(nh) operators are indicated by column labels. In addition, the continuum spins of the
operators are shown by 3/2, 5/2 and 7/2. Here one can associate state 6 with quantum

number J* = %Jr, the states 3, 5 and 10 with J© = g+, and the rest with JZ = %+. The

states 7 and 9 are predominantly hybrid in nature, while states 4, 8 and 10 are found to
have substantial overlap with non-hybrid operators.

states in (.. have very strong non-relativistic content. They also have contribution
from the relativistic operators. The higher lying states can be seen to have very little
overlap with the non-relativistic operators, while they overlap very significantly with the
relativistic operators. Similar observation can also be made to identify the low lying
states as strongly non-relativistic in nature for the other charm baryons, which is evident
from the plots for Q..s and Q. baryons. For states with spin 1/2 and 3/2, which gets
subduced simply over single irrep, GG; and H respectively, this procedure is sufficient for
identification.

One can also identify certain states in these plots that have overlap with 5/2 and

7/2 spin, and not with the 3/2. However, spin - 5/2 and 7/2 states appear in multiple
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Figure 3.8: Same as in Figure 3.7, but for Q.. baryon.

lattice irreps, as in these cases, the continuum operator is subduced to multiple lattice

irreps. Identification of spin of these states is made by identifying the Z degeneracies
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Figure 3.9: Same as in Figure 3.7, but for (2., baryon.
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Figure 3.10: A selection of Z-values for €)... baryon states conjectured to be identified
with J¥ = §+ (left) and %+ (right). Operators in consideration, which overlap to these
states, are mentioned as the x-axis tick labels. Z-values obtained for a given operator,
but from different irreps, are found to be consistent to each other which helps to identify
the spin of a given state.

between states across different irreps. In the continuum limit, for a given physical state,
the overlap factors obtained from different operators, which are subduced from the same
continuum operators should become equal. They should nearly be equal even on a finite
lattice, if the rotational symmetry breaking effects are small. Hence in order to confirm
the identification of a state with a given spin > 3/2, one has to compare the magnitudes
of overlap factors of those operators, which are subduced into different irreps. In Figure
3.10 and Figure 3.11, we show a selection of Z values for a set of (... and .. states
respectively, across a set of operators with matching overlaps. A degeneracy between
the Z-values is clearly evident in these plots helping in identification of the states with
spin > 3/2. After confirming the matching overlap factors, it is also necessary to check
whether the energy of the identified state also matches over the irreps. The legends in
these plots contains the ma values obtained for each of these states in the respective
irreps. Comparing those estimates one can see that the spin identification made in
these plots are valid. In Figure 3.12 and Figure 3.13, we show the histogram plots of
normalized Z values of a selection of low lying €2... and .. states identified to be spin
1/2(black), 3/2(red), 5/2(green) and 7/2(blue) for the positive parity, respectively. The
normalization of the Z values follows the same definition as used in the Figure 3.7. Once
this is made, we perform a simultaneous fitting of the respective principal correlators

over the irreps to get the final mass. Figure 3.14 and Figure 3.15 show two examples of
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Figure 3.11: A selection of Z-values for )..s baryon states conjectured to be identified

with J¥ = g+ (top left), J¥ = 27 (top right), %Jr (bottom left) and I~ (bottom right).

Operators in consideration, which overlap to these states, are mentioned as the x-axis
tick labels. Z-values obtained for a given operator, but from different irreps, are found
to be consistent to each other which helps to identify the spin of a given state.

such simultaneous fits performed for a state with spin 5/2 and 7/2 respectively.

3.8 Summary

This chapter discusses various details about the techniques used in the excited charm
baryon spectroscopy calculations. We begin this chapter discussing the conventional

methodology followed in spectroscopy calculations (Section 3.1), following which we dis-
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Figure 3.12: Histogram plot showing normalized overlap factor, Z, of a few operators
onto some of the lower-lying €)... states in each of the lattice irreps. The overlaps are
normalized according to Wln[zl"] s that the largest overlap across all states for a given
operator is unity. Black bars correspond to spin-1/2 state, red for spin-3/2, green for
spin-5/2 and blue represents spin-7/2 states. Lighter and darker shades at the top of
each bar represent the one-sigma statistical uncertainty:.

Figure 3.13: Same as the Figure 3.12, but for .. baryon.

cuss about the challenges in the excited state spectroscopy (Section 3.2). In Section 3.3,
3.4 and 3.5 we discuss how the use of anisotropic lattices, the derivative-based operator

construction formalism, and the variational fitting method help us meet these challenges.
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Figure 3.14: The joint fits of principal correlators identified to be the same 5/2 state
obtained from H, and Gy, irrep. The red point are those included in the fit, while the
grey points are excluded.
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Figure 3.15: The joint fits of principal correlators identified to be the same 7/2 state
obtained from G44, H, and Gy, irrep. The red point are those included in the fit, while
the grey points are excluded.

In the last two sections, 3.6 and 3.7, we discuss how a reliable identification of the quan-
tum numbers of a state is made. In short, this chapter discusses all the major technical

details related with the calculations referred in the next chapter.



Chapter 4
Charm baryon spectrum

In this chapter, we present our results on the spectra of charm baryons with spins up
to 7/2 and for both the parities. Results for the extracted masses are quoted in terms
of various energy splittings. This convention is preferable, as it is expected to reduce
the impact of various systematic errors that could arise from the uncertainty in determi-
nation of the quark mass parameters as well as the discretization of the lattice action.
Particularly, we consider the option of subtracting out the valence charm quark content
in the spectrum, as the contribution for the discretization errors from the charm quark
is larger than the light quarks. Various spin dependent energy splittings between the ex-
tracted states are also considered and compared with similar splittings at light, strange
and bottom quark masses, wherever possible. We divide the discussion of results in three
separate sections for the charm baryons with three, two and one flavor in the valence

sector, respectively.

4.1 Triply charm baryons

With three valence charm quarks, triply charm baryons are the heaviest of all the baryons
made of u, d, s and ¢ quarks. The triply-charmed baryons may provide a new window for
understanding the structure of baryons, as pointed out by Bjorken several years ago [25].
A comprehensive study of the excitation spectra of these states, where the complications
of light-quark interaction are absent, can provide information about the quark confine-
ment mechanism as well as elucidating our knowledge about the nature of the strong force
by providing a clean probe of the interplay between perturbative and non-perturbative

QCD [158]. Just as the quark-antiquark interactions are examined in charmonia, these

64
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studies will probe the quark-quark interactions in the charm baryons. The flavor content
being similar to A(uuu) and Q(sss), only symmetric flavor combination is allowed for
the triply charm baryons. Table 3.7(a) shows the total number of operators including up

to two derivatives that we use in our calculations.

4.1.1 The spectrum
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Figure 4.1: Spin identified relativistic spectra of triply-charmed baryons with respect
to %mnc. The boxes with thick borders corresponds to the states with strong overlap
with hybrid operators. The states inside the pink ellipses are those with relatively large
overlap to non-relativistic operators.

Figure 4.1 shows the relativistic spectrum of triply charm baryons as splitting from
3/2 times the mass of 7. meson, while Table 4.1 contains the estimates. The factor of 2
corrects for the different number of valence charm quarks in triply-charmed baryon and
charmonium states. As mentioned earlier, plotting in this splitting is expected to reduce
the possible discretization errors in the estimates. Boxes with thicker borders correspond
to those with a greater overlap onto operators proportional to the field strength tensor
as discussed in the previous chapter and might consequently be hybrid states. The states

inside the pink ellipses have relatively large overlap with non-relativistic operators.
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IS N S I S S S N S A S S
0.923(13) | 0.287(6) | 0.930(15) | 0.921(49) | 0.644(9) | 0.648(13) | 1.040(64) | 1.205(28)
0.929(14) | 0.841(31) | 0.988(15) 1.136(31) | 1.186(31) | 1.233(25)
1.563(33) | 0.954(13) 1.155(43) | 1.248(44) | 1.234(24)
1.607(42) | 0.989(13) 1.273(21) | 1.289(34) | 1.236(32)
1.992(80) | 1.618(40) 1.656(69) | 1.823(44)

2.236(56) | 2.147(46) 1.850(51)
2.165(43)
2.298(46)
Table 4.1: Relativistic spectrum m,, — 3 m,,_ in units of GeV.
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Figure 4.2: Spin identified non-relativistic spectra of triply-charmed baryons with respect
to %mnc. The boxes with thick borders corresponds to the states with strong overlap with
hybrid operators.

An analysis of the spectrum using only the non-relativistic operators is presented in
the Figure 4.2. One can easily see that the low lying states in the relativistic spectrum
(Figure 4.1) looks the same as in the non-relativistic spectrum. This supports the non-
relativistic nature of the low lying spectrum of triply charm baryons. The main difference

between Figure 4.1 and Figure 4.2 is the absence of negative parity states with spin higher
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than 3/2 in the non-relativistic spectrum. This is because with the two component Dirac
spinor (p = +1) and using up to two derivatives, one can construct operators that has
continuum quantum numbers only up to spin 3/2 for negative parity. A similar non-
relativistic spectrum was studied for the triply bottom baryons in Ref. [157]. The main
difference with the set of operators used in that calculation is the inclusion of the hybrid
operators in this work, which provides access to two higher lying states with spin 1/2
and 3/2, represented using boxes with thick borders in Figure 4.2.

In the low lying bands of states, up to the second band, the pattern of states expected
based on and SU(6) ® O(3) symmetry is as mentioned in Table 3.6. With only symmet-
ric flavor structure allowed for triply charm baryons, only a symmetric spin pattern can
combine with a local spatial structure to give a totally symmetric baryon wavefunc-
tion, modulo the color part. Hence the ground state is formed by a spin-3/2 (H,) local
structure. The first excited band is formed from the states with overlap on to the one
derivative operators. Ome derivative operators possess only MS and MA construction
with L = 1. Hence they can combine only with MS and MA spin constructions to give
a totally symmetric spin-spatial projection operator. Thus, two negative parity states
(1/27 and 3/27) are formed in the first excitation band as a result of the spin-orbit
interaction between the spin-1/2 (G4,) structure and the orbital angular momentum of
L = 1. With two derivatives, a set of positive parity states with a range of spins from %
to I is expected in the second excitation band based on a model with SU(6) ® O(3) sym-
metry. All these patterns up to the second excitation band is clearly evident in the full
spectrum determined by this calculation, as shown in Figure 4.1. This agreement of the
number and pattern of low lying states between the lattice spectra obtained in this work
and the expectations based on non-relativistic quark spins implies a clear signature of
SU(6) x O(3) symmetry in the spectra. Such SU(6) x O(3) symmetric nature of spectra
was also observed in Ref. [102]. It is not meaningful to interpret the higher excited states,
that are extracted in this calculation, in terms of SU(6) x O(3) symmetry due to the
following reasons. We have not included non-relativistic operators with three derivatives
and as the relativistic operators are expected to have strong overlaps with the higher
excited states, it is not clear how the relative importance of all the relevant operators
overlapping to that state will change in the presence of non-relativistic operators having
three or more number of derivatives. For the same reasons, it is also not possible to

identify negative parity states with strong hybrid content.
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4.1.2 Investigating lattice artifacts

For a simulation carried out at a finite lattice cut-off, the results obtained will differ
from their continuum counterparts and the difference can be understood in a Symanzik
expansion in powers of the lattice spacing. Usually, the best means of removing these
artifacts is to perform calculations at a range of lattice spacings and to use the expansion
to extrapolate to the limit of vanishing lattice spacing. In this study, we do not have
sufficient data to carry out this extrapolation. So we follow a calculation similar to the
one that was made in Ref. [106] so as to get an estimate on how much our spectrum is
affected with the corrections from the discretization.

In Ref. [106], a simple experiment was carried out to provide a crude estimate of the
systematic uncertainty due to spatial discretization artifacts. The charm quark action is
discretized using an action that removes the O(as) effects at the tree-level. To assess if
radiative corrections to the co-efficient of the improvement term in the charm-quark action
could lead to significant changes in physical predictions, a second calculation was carried
out after the spatial clover co-efficient was boosted from its tree-level value, ¢, = 1.35
to cs = 2. In the charmonium study, it was observed that this new ad-hoc value for ¢
is found to increase the hyperfine spitting (m;/, — m,.), from its tree level estimate, by
~ 45 MeV and take it to its physical value. A very similar shift was observed in other low
lying states in the charmonium spectrum indicating a similar magnitude of uncertainty
in their estimation. Higher lying states do not show any statistically significant difference
between the two charm quark actions.

With three valence charm quarks, triply charm baryons is expected to posses the
maximum discretization errors among the charm baryons. We perform a similar calcu-
lation using the charm quark action with ¢, = 2.0, where we computed the two point
correlation functions for the triply charm baryons. Figure 4.3 and Figure 4.4 shows the
energy splitting, mq,.. —3/2m,,, of positive and negative parity, respectively, for various
states that we extracted using the two charm quark actions. Here the factor of % corrects
for the different number of valence charm quarks in a triply-charmed baryon and the 7,
meson. A very similar shift, to that observed in charmonia, is observed in the lowest
few states, indicating a similar scale of uncertainty in this calculation for triply charm
baryons also. The lowest few states, where this shift is observed, has been shown in
insets of the plots for clarity. The higher lying triply charm states also do not show any

statistically significant shifts between the estimates from the two calculations.
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Figure 4.3: Comparison of the positive parity triply charm baryon spectrum from the
two calculations; one using the tree level tadpole improved spatial clover co-efficient,
cs = 1.35, and the other using ad-hoc boosted value, ¢, = 2.0, to study the systematics
coming from the discretization. The spectrum is in terms of the energy splittings from
3/2 times the mass of the 1, meson in the respective calculations.

4.1.3 Valence quark mass dependence of energy splittings

Spin-dependent splittings between the triply-flavored baryons provide an insight into
interactions between three confined quarks with the same mass. We consider now the
dependence of these splittings on the mass of the valence quarks.

As presented in Table 3.6, operators with increasing numbers of gauge-covariant
derivatives (which can correspond to non-zero orbit angular momentum in a quark model)
create states with numerous values of total spin J. For example, we construct flavor (F)
decuplet states with D = 2, S = 2 and L = 2 with the combination {10Fs®(5)s®(D)s},
where S in the subscript stands for symmetric combinations, as defined in Ref. [101]. In
this way of construction, we get four quantum numbers with JZ = %Jr, %Jr, g+ and %Jr.
In the heavy quark limit, the spin-orbit interaction vanishes since the interaction term is

inversely proportional to the square of the quark mass. States corresponding to quantum

numbers (|, S, JF) = |2, %, %+), 12, %, %+>, 12, %, g+> and |2, %, %+)) will thus be degener-
-

ate in the heavy quark limit. Similarly, two states with quantum numbers J* = 3 and
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Figure 4.4: Comparison of the negative parity triply charm baryon spectrum from the
two calculations; one using the tree level tadpole improved spatial clover co-efficient,
cs = 1.35, and the other using ad-hoc boosted value, cs = 2.0, to study the systematics
coming from the discretization. The spectrum is in terms of the energy splittings from
3/2 times the mass of the 7. meson in the respective calculations.

%7 with L =1 and S = % will also be degenerate in the heavy quark limit. In Figure 4.5,
we plot absolute values of energy differences between energy levels which originate from
the spin-orbit interaction of the following (L, S) pairs : (2,3 —in the left column), (2,3
—in the middle column) and (1,3 —in the right column). We plot these spin-orbit energy
splittings at various quark masses corresponding to following triple-flavored baryons :
Ay Qsssy Qece and Q. We identified the states with these (L, .S) pairs by finding the
operators, which incorporate these pairs and which have major overlaps to these states.
These energy differences are obtained from the ratio of jackknifed correlators, which in
general, reduce error bars by canceling systematic corrections in these correlators. For
bottom baryons we use data from Ref. [157] and for light and strange baryon results from
Ref. [102] are used.

It should be noticed that energy levels shown for bottom baryons are obtained from
only non-relativistic operators [157]. For charm baryons, we show results from the full

set of operators (including relativistic and non-relativistic operators) as well as from only
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Figure 4.5: Energy splittings between states with same L and S values, starting from
light to heavy baryons. For Q, results are with only non-relativistic operators [157];
for €., results from relativistic and non-relativistic as well as only non-relativistic op-
erators are shown, and for light and strange baryons results are with relativistic and
non-relativistic operators [102]. These results are obtained from fitting the jackknife ra-
tio of the correlators which helps to get smaller error bar in splittings. The left column
is for the states with D = 2,5 = 2 and L = 2. The symbol H, g refers to the first em-
bedding of irrep H, in the totally symmetric Dirac spin combination, while D[l?} 5.5 refers
to spatial projection operators with two derivatives in a totally symmetric combination,
and with orbital angular momentum two. Similarly, the middle column is for the states
with D = 2,5 = % and L = 2. Here irrep is G, and both Dirac and derivative are in
a mixed symmetric combination. In the right column these negative parity states have
D=125= % and L = 1. Here again irrep is G, and both Dirac and derivative are in a
mixed symmetric combination.

non-relativistic operators, and for light and strange baryons the splittings results are
obtained also with the full set operators. In some cases, we find that the inclusion of
the relativistic operators increase error bars. As one can observe that the degeneracy
between these spin-orbit split states is more or less satisfied both for bottom and charm
quarks. However, data with higher statistics is necessary to identify the breaking of this
degeneracy at charm quark. For A(uuu) and Q(sss) some of these splittings are non-zero.

This is expected because of the presence of the light quark masses in the denominator of
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the spin-orbit interaction, which enhance these splittings.
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Figure 4.6: Energy splittings of a few positive parity triple-flavored baryons from vector
meson (77 ~) ground state are plotted against the square of the pseudoscalar masses.
Data at charm quark are from this work, while light and strange quark results are from
Ref. [102] which uses the same gauge field configurations. Data points for bottom quark
are shown by open symbols and are taken from Ref. [157], which uses non-relativistic
action. A factor 3/2 is multiplied with vector meson masses to account for the difference
in the flavor content between baryons and mesons. The fits are performed assuming a
form a+b/m,,, inspired by HQET [39], (except for %Jr ground state, where data are also
fitted with a constant, which gave better x?/dof). The light quark data has not been
considered in the fits though the fit estimates are extrapolated to light quark masses.

We also compared how energy splittings change between light and heavy baryons.
Some of these, such as the hyperfine splitting, vanish in the heavy quark limit while others
become constant. However, most splittings tend to be higher at lighter quark masses
where relativistic effects are prominent. We determined the energy difference between
the triply-flavored baryons with respect to the vector mesons with two constituents of
the same flavor. To make a comparison, which is independent of the quark mass in the
heavy quark limit, we subtract % of the vector meson mass, where this factor simply

takes account of the difference in the flavor content between baryons and mesons. It is
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to be noted here that the light and strange vector mesons are isoscalar in nature, while
for the charm and the strange vector mesons the disconnected diagrams were omitted
in the calculations so as to reduce the computational costs. It is expected that the
contributions from such disconnected diagrams will be very small, since such diagrams
are OZI suppressed. Specifically we consider following splittings: ma,,, — % Mgy s MQues —
%m% y MO — %m J/be. and Mmqy, — %ngb. These splittings mimic the binding energies
of triple-flavored states and thus it is interesting to compare these as a function of quark
masses. In Figure 4.6 and Figure 4.7, we plot these splittings, for the ground-state and
a few excitations as a function of the square of the pseudoscalar meson masses. For
AT (uuu) and Qe baryons, results are from Ref. [102], while for Quy,, we use results
from Ref. [157]. Notice that most of the splittings in various spin parity channels decrease

with quark mass.
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Figure 4.7: Energy splittings of a few negative parity triple-flavored baryons from vector
meson (77 ~) ground state are plotted against the square of the pseudoscalar masses.
Details same as in Figure 4.6. The fits are performed assuming a form a+b/m,,s, inspired
by HQET [39], except for 1~ ground state, where data are also fitted with a constant,

2
which gave better x?/dof.

In the heavy quark limit, naively one can expand the mass of a heavy hadron, with
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State a b x%/DOF | State a b x%/DOF
773 (16) | 59 (22) | 1.876 511 (12) 27777
758 (16) | 117 (19) | 0.411 963 (31) | 193 (27) | 10.89
168 (9) | 2.0 (9) | 0.474 513 (14) | 45 (15) | 0.085
170 (5) 27977
640 (22) | 179 (21) 0.558 1089 (30) | 109 (20) 0.200
765 (17) | 149 (21) | 1.228
805 (12) | 177 (21) | 0.179
760 (17) | 140 (16) | 0.009 954 (61) | 230 (50) | 10.33
807 (17) | 167 (15) | 0.148 1021 (26) | 271 (26) | 28.54
739 (17) | 201 (16) | 0.687 1009 (30) | 220 (27) | 17.41

Table 4.2: The fit estimates for the parameters in the fit form, a + b/m,, (inspired by
HQET), for different states from various quantum channels. The states are identified
between this table and the figures 4.6 and 4.7 by keeping the colors consistent between
them.

n heavy quarks, as Mp,, = n mqg + A+ B/mg + O(1/mg2) [39]. Though in Ref. [39]
such an expansion is argued for singly charm baryons, here we assume it to work for
hadrons with multiple quarks. Hence, the energy splittings between heavy hadrons, that
take into account the difference in the heavy flavor content, can be expressed in the form
a+ b/mg and similarly in the heavy quark limit with a + b/m,,. Note this form is not
expected to be valid for light hadrons. Using this function, we fitted the data obtained
— 3 myg,,. Because of the very different

3 3
for mq,,, — 5 my,, , Ma.. — 5 My and mq

ccc EEE]

behavior in the chiral limit, the light quark points, ma,,,. — % My, are excluded from the

fit. For the cases where data for the bottom quark are not available (mainly for negative
parity cases), fitting is done using only the two data at charm and strange masses. While
there is no good reason for the heavy-quark inspired functional form to model the data at
the strange quark mass, a good fit is still found. We also extrapolate fit results to lighter
pion masses and observe that for many cases they pass through the light quark points
though those points are not included in these fits. However, as mentioned before, one
should not use this extrapolation to get splittings at lighter quark masses as is evident in
many cases where data points fall significantly below the fit. It is worth noting that that
3 1

+ -
5 and spin-; ground states are almost constant, even

when varying the quark mass from light to bottom. In fact, we observe better fit with a

the energy splittings for the spin-

constant term for these splittings. Table 4.2 tabulates the fit estimates for the parameters
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in the fit form, a +b/m,, (inspired by HQET), for different states from various quantum

channels.

4.2 Doubly charm baryons

2.4
22 -
2.0
— 1.8
>
o 1.6

+

127 327 st Rt 127 312 512 712

Figure 4.8: Spin identified Z.. baryon spectra for both parities and with spin up to 7/2.
Energy splittings of the =, baryons from the mass of m, meson, which has same number
of charm quarks, are shown here. The states inside the magenta boxes are those with
relatively larger overlap to non-relativistic operators and the states with thick borders
corresponds to the states with strong hybrid content. The number of states inside these
boxes matches with the expectations based on non-relativistic quark spins, as shown in
Table 3.6. This agreement of the number of low lying states between the lattice spectra
obtained in this work and the expectations based on non-relativistic quark spins implies
a clear signature of SU(6) x O(3) symmetry in the spectra.

Doubly charm baryons are interesting systems as they provide a unique opportunity
to get insights into the nature of strong force in the presence of slow relative motion
of the heavy quarks along with the relativistic motion of a light quark. The study of
their excited state spectra and various energy splittings will help us understand how the
collective degrees of freedom gives rise to excitations in these systems. A comparison of
these excitations with corresponding spectra of singly and triply charm baryons, where the

number of charm quark is one less and more respectively, will be helpful to get information
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about quark-quark interactions within these systems. A doubly-heavy baryon can be
treated as a bound state of a heavy antiquark and a light quark (¢QQ « ¢Q) in the
limit when the typical momentum transfer between the two heavy quarks is larger than
Agep [159, 160]. In this limit of quark-diquark symmetry, definite predictions of the spin
dependent energy splittings can be made [42, 161]. It is thus interesting to study those
spin splittings based on first principles to check whether charm quark is heavy enough
to respect this quark-diquark symmetry.

With two valence charm quarks, doubly charm baryons are the second heaviest
baryons of the SU(4) flavor family. The flavor pattern being similar to the X+ baryon
(suu), the allowed flavor symmetry combination are symmetric, mixed-symmetric and
mixed-antisymmetric. Table 3.7(b) shows the total number of operators including up to

two derivatives, we have used in our calculations.

4.2.1 The spectrum

& o [y & s [ 5 [ 5 1§
0.676(08) | 0.770( 9) | 1.329(13) | 1.393(10) | 1.049(11) | 1.098(12) | 1.224(14) | 1.583(68)
1.338(22) | 1.291(23) | 1.376(14) | 1.558(15) | 1.083( 8) | 1.185(10) | 1.572(22)
1.342(20) | 1.351(33) | 1.523(19) 1.201(12) | 1.243(13) | 1.741(20)
1.397(30) | 1.391(13) | 1.534(16) 1.604(30) | 1.653(35) | 1.806(34)
1.456(21) | 1.422(28) | 1.602(17) 1.666(32) | 1.734(21)

1.526(18) | 1.446(30) 1.687(44) | 1.836(20)

1.564(14) | 1.541(14) 1.751(33) | 1.925(21)

1.780(72) | 1.555(22) 1.769(28)

2.049(37) | 1.565(29)

2.061(47)

2.078(56)

Table 4.3: Relativistic spectrum m__ — m,, in units of GeV.

In Figure 4.8 and Figure 4.9, we show the spin identified full spectra, that we extracted
on our lattices, of =.. and (2.. baryons, respectively, as splittings from 7. meson, while
Table 4.4 and Table 4.3 contains the respective estimates. The states inside the magenta
boxes are those with relatively larger overlap to non-relativistic operators and the states
with thick borders corresponds to the states with strong hybrid content.

Similar to the case of the triply charm baryons, an analysis of the number of pattern of

the states in the spectrum for both the doubly charm baryons points to a spectrum based
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Figure 4.9: Spin identified spectra of €2.. baryons for both parities and with spin up
to 7/2. Energy splittings of the (2. states from the mass of 7. meson, which has same
number of charm quark, are shown here. All other details are same as in Figure 4.13.

o+ [ ¥ [ [ & 5 [ F [ 5 | F |
0.720(7) | 0.792(9) | 1.362(16) | 1.438(12) | 1.084(12) | 1.134(8) | 1.272(11) | 1.736(18)
1.314(37) | 1.345(18) | 1.405(14) | 1.620(12) | 1.088(11) | 1.176(23) | 1.640(22)
1.371(17) | 1.364(27) | 1.531(21) 1.206(15) | 1.222(17) | 1.767(24)

1.391(35) | 1.400(16) | 1.569(15) 1.677(27) | 1.703(35) | 1.786(30)

1.462(21) | 1.473(35) | 1.577(28) 1.736(24) | 1.708(33) | 1.840(25)

1.555(15) | 1.475(27) | 2.070(48) 1.837(26) | 1.709(30)

1.563(17) | 1.535(22) 1.882(20) | 1.920(26)

1.896(47) | 1.587(17)

2.115(49) | 1.602(16)

2.143(44)

2.186(37)

Table 4.4: Relativistic spectrum mg, — m,, in units of GeV.

on non-relativistic quark models. With two flavor symmetry constructions possible, dou-
bly charm baryons allows two local non-relativistic operators : one from the combination
of spin 1/2 (G4,) and the other from the combination of spin 3/2 (H,) with local spa-
tial structure, giving rise to two positive parity operators with total angular momentum

1/2 and 3/2, respectively. While the set of one derivative operators posses a pattern of
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(3,3,1,0) with the total angular momentum J = (3, %, :, %), the two derivative operators
form a pattern of (6,8,5,2) with the total angular momentum J = (%, %, g, %) Figure

4.8 and Figure 4.9 shows this pattern is very clearly followed in the low lying three bands
with the allowed quantum numbers as mentioned above. It is to be pointed out that in
our calculation, we use the whole set including non-relativistic and relativistic operators
and still we obtain the number and pattern of states allowed by purely non-relativistic
operators. This agreement of the number of low lying states between the lattice spectra
obtained in this work and the expectations based on non-relativistic quark spins implies
a clear signature of SU(6) x O(3) symmetry in the spectra. As mentioned in the previous
section, such a symmetry based on non-relativistic quarks is observed in the triply charm
baryons and in the light baryons [102]. Note that there are no 7/2 operators with nega-
tive parity that can be constructed purely with non-relativistic quarks, and the signal for
the extracted state is a result of the inclusion of the relativistic operators. We also able
to identify a few states which has strong overlap to hybrid operators. Though there are
more number of non-relativistic operators with hybrid nature in Table 3.6, we could not
clearly identify those. We expect a data with higher statistics will aid in extracting the
signals from those states. Further, one cannot argue an SU(6) ® O(3) symmetry for the
higher lying states to these non-relativistic bands, because of same reasons as described
for triply charm baryons. Identification of the negative parity states with hybrid content
also suffers from this ambiguity.

Since both the doubly charm baryons have the same flavor structure, pqq, and hence
the same allowed flavor symmetry combinations, the interpolators used in their spec-
troscopy are similar. They differ only in their flavor content. Hence one expects a similar
pattern in their spectra also. To check such a similarity in the spectra of doubly charm
baryons, in Figure 4.10 and Figure 4.11, we show the extracted positive and negative
parity spectra, respectively, in terms of another type of energy splittings. For each spin,
left column is for splittings of =.. — D and the right column is for €2.. — D, splittings. By
subtracting out D and D mesons from =.. and §2.. baryons we effectively leave only the
excitation of one charm quark in both cases. One would thus naively expect that both
spectra will be equivalent. This is almost true for the lowest state in each spin parity
channel, except for negative parity spin-7/2 state, as can be observed in Figure 4.10 and
Figure 4.11. That state is obtained from relativistic operators and it is expected that
such naive expectation may not hold there. This is also true for other excited states,
where the contribution from relativistic operators are much larger. The inset figures in

Figure 4.10 are for the positive parity ground states of spin-1/2 and spin-3/2 baryons.
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Figure 4.10: Energy splittings of positive parity =.. and (2. baryons from D and D
mesons, respectively. For each spin, left column is for splittings of Z..(ccu) baryons from
the ground state D(cu) meson and the right column is for splittings of Q..(ccs) baryons
from the ground state Dg(cs) meson. The inset figure are for the positive parity ground
states of spin-1/2 and spin-3/2 ground states. Results for D and D, mesons are taken
from Ref. [107].

Results for D and D, mesons are taken from Ref. [107].
As mentioned in the introduction that the experimental discovery of doubly heavy
baryons is quite unsettled. It is thus important to compare the ground state spectra

of the two doubly heavy baryons obtained by different calculations. In Figure 4.12 we
1t

show the ground state results of J = 5 and %+ Q.. baryons, obtained in this work,

along with other lattice as well as various model results. In Figure 4.13, we show the
1+
2

the only experimental (SELEX) result and other lattice as well as various model results.

ground state results of J© = 17 and %Jr of =.. baryons, obtained in this work, along with
The discretization scheme for charm quarks followed by the other lattice calculations
are as follows : Mathur, et. al [80] =NRQCD; Briceno, et. al [84] and PACS-CS [8§]
—relativistic heavy quark formalism; ILGTT [127] — overlap fermions; and Bali, et.
al [86]—clover Wilson fermions. Our results are at pion mass 391 MeV, results for PACS-
CS [88] and Briceno et. al [84] are extrapolated to the physical pion mass, while ILGTI
[127] and Bali, et. al [86] results are at pion mass 340 MeV and 348 MeV respectively.
The lattice spacing in the temporal direction (a;) for this work is 0.035 fm, the lattice
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Figure 4.11: Energy splittings of negative parity =.. and {2.. baryons from D and Dy
mesons, respectively. For each spin, left column is for splittings of =..(ccu) baryons from
the ground state D(cu) meson and the right column is for splittings of Q..(ccs) baryons
from the ground state Dg(cs) meson. Results for D and Dy mesons are taken from
Ref. [107].
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Figure 4.12: Ground state masses of spin-1/2 and spin-3/2 doubly charm ()., baryons
as a splitting from 7, meson mass. Our results are shown by the red filled circle. Other
lattice as well as model results are also shown.

constants in other lattice calculations are as follows : PACS-CS a; = 0.09 fm, Bali et.
al a; = 0.08 fm and for ILGTI a; = 0.0582 fm. Results from only Briceno et. al are

extrapolated to the continuum.
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Figure 4.13: Ground state masses of spin-1/2 and spin-3/2 doubly-charmed =.. baryons
as a splitting from 7, meson mass. Our results are shown by the red filled circle. Our u
quark mass is not physical and have a pion mass 391 MeV, while results for PACS-CS
[88], and Briceno et. al [84] are extrapolated to the physical pion mass, while ILGTI
[127] and Bali, et. al [86] results are at pion mass 340 MeV and 348 MeV respectively.

4.2.2 Investigating lattice artifacts

1.8

F 0

3/2

I

1.6 I

|

I

I

1.4 |
— | 0.9

s |
Q12 : 0.85
é ! 0.8

|
g 1.0 075

............. -

l: mmm |
0.8 rreeee s e (®) = .
Cmmmm @ EREEEE RS | |
............... | | —o.74 .
’ I 10.7
1

1 1
cyw=1.35 Cow=2.0 cow=1.35 Cw=2.0 ¢g,=1.35 Cw=2:0 ¢ =1.35 ¢y, =2.0

Figure 4.14: Comparison of a few low lying positive parity €1.. baryon states from the
two calculations; one using the tree level tadpole improved spatial clover co-efficient,
c¢s = 1.35, and the other using ad-hoc boosted value, ¢, = 2.0, to study the systematics
coming from the discretization. The spectrum is in terms of the energy splittings from
my, in the respective calculations.

As in our previous study for triply charm baryons [112], to check the systematic
uncertainty due to spatial discretisation artifacts, we carried another calculation in which

the spatial clover co-efficient was boosted from its tree-level tadpole improved value,
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Figure 4.15: Comparison of a few low lying negative parity {2.. baryon states from the
two calculations; one using the tree level tadpole improved spatial clover co-efficient,
cs = 1.35, and the other using ad-hoc boosted value, ¢, = 2.0, to study the systematics
coming from the discretization. The spectrum is in terms of the energy splittings from
m,, in the respective calculations.
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Figure 4.16: Comparison of a few low lying positive parity =.. baryon states from the
two calculations; one using the tree level tadpole improved spatial clover co-efficient,
cs = 1.35, and the other using ad-hoc boosted value, ¢s = 2.0, to study the systematics
coming from the discretization. The spectrum is in terms of the energy splittings from
m,, in the respective calculations.
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Figure 4.17: Comparison of a few low lying negative parity =.. baryon states from the
two calculations; one using the tree level tadpole improved spatial clover co-efficient,
cs = 1.35, and the other using ad-hoc boosted value, ¢, = 2.0, to study the systematics
coming from the discretization. The spectrum is in terms of the energy splittings from
my, in the respective calculations.

cs = 1.35 to ¢, = 2. At this boosted value the new extracted hyperfine splitting was
found to be physical [106]. The mass splittings were found to have increased by ~45 MeV
between two calculations. For doubly charm baryon also we performed similar analysis
with the boosted spatial clover co-efficient. Figure 4.14, 4.15, 4.16 and 4.17 shows the
comparison of a few low lying doubly charm baryons using the two different charm quark
actions. We find a similar shift in the low lying doubly charm baryon energies, indicating
a similar scale of uncertainty in this calculation. While for the higher excited states this

shift seems to have eclipsed by the statistical uncertainties.

4.2.3 Energy splittings in doubly charm baryons

The energy splittings between various excitations in a spectra provide important informa-
tion about the nature of interactions needed to excite those states. The energy splittings
also provide inputs for building models which can describe these states successfully. The
most notable spin dependent baryon energy splitting that one always considers is the
hyperfine splittings between %+ and %Jr states (for example, splitting between A and
nucleon). For doubly charm baryons, we also compute this splitting and show in Figure

4.18 for =, (left plot) and Q.. (right plot) baryons. Our results are compared with other
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lattice results as well as with various model results. As one can see that our estimates

are in very good agreement with other lattice estimations.
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Figure 4.18: Hyperfine mass splittings between spin—%Jr and Spin-%Jr states of =, (left
plot) and Q. (right plot) baryons are compared for various lattice and model results.
Our results are shown by red filled circle. Pion mass in these calculations is 391 MeV,
while results for PACS-CS [88], and Briceno et. al [84] are extrapolated to the physical
pion mass, while ILGTI [127] and Bali, et. al [86] results are at pion mass 340 MeV and
348 MeV respectively.

In Figure 4.19, we compare these hyperfine splittings for =.. and €2.. baryons as a
function of quark mass. In the z-axis of that figure, we use the square of the pseudoscalar
meson mass (1), while y-axis shows hyperfine splittings at those pseudoscalar meson
masses. Along with =.. and €).., we also show splittings between spin—% and spin—% states
of Q... baryon. The later splittings is not hyperfine in nature. For the (... baryons, we
take the spin-orbit splittings between E;;(%Jr) and EO(%Jr) states, which have same L and
S values corresponding to the 7% row in Sy in Table 3.6.

In Figure 4.20, we show energy splittings of the ground states of each spin-parity
channel from the lowest state in that parity channel. For the positive parity, the lowest

state is J¥ = %Jr and for negative parity the lowest state is J© = 17, It is interesting

2
to note that both for =.. and .. this splittings are almost same. This indicates that
the interquark interactions, which are responsible for these splittings, are similar in these
two different type of baryons. The negative parity 7/2 state is a result of the inclusion
of the relativistic operators and doesn’t appear in a purely non-relativistic spectrum
constructed using up to two derivatives. So the contribution to that state from a possible
three derivative operator is unclear and hence the disagreement may change after its
inclusion.

Motivated by the success of HQET inspired fit form in understanding the quark
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Figure 4.19: Mass splittings between spim—%Jr and spin—{r states are compared for

ZEec(ccu), Qe(ces) and Qge(cec) baryons. For .., mass splitting is between Fy(1/27)
and F3(3/27) states, which is actually due to spin-orbit coupling, while for =.. and €.,
these are between respective ground states and are due to hyperfine splittings.

mass dependence of energy splittings in triple flavored baryons, we fit similar energy
splittings for doubly charm baryons. However, there is a difference in doubly charm
baryons. So as to show quark mass dependence one need to include triply-charmed
baryons also. In the study of triple flavored baryons, states at different quark masses
are obtained from same operators and so they are easy to compare. However, states at
doubly charmed-baryons and triply-charmed baryons are not obtained from same set of
operators except for positive parity spin 3/2 states. We thus consider energy splittings
only for this state. In specific, we calculate the following energy splittings : =% .(ccu) —
D, (cu), 2, (ccs)— Dg(es) and 2, (ccc) —ne(cc), and 2, (ccu) — D (cu) , Q2 (ccs) — Di(és)
and QF .(ccc) — J/1(éc) and plot in Figure 4.21. Absorbing the mass of the one remnant
valence charm quark in to the additive parameter,‘a’, we again fit these splittings with
a form a + b/m,,, which was used for triply charm baryons, and obtain good fits. We
also like to point out that energy splittings at very light quark masses should not be
calculated using the above form and is valid only in the heavy quark domain.

It is interesting to note that one can extrapolate the fitted results to bottom mass to
obtain the energy splittings of %, (3 Y= B, and Q3 *)— B at the mass of B, meson.
Using these splittings, we can empirically predlct the mass splitting of B — B, by taking
the difference between 7, (2 =B, and Q3 Y= B?. Further, one can predict the mass
of 0

it is as a pseudoscalar meson with mass 6277 MeV, using the splitting Qccb(3+) — B..

by taking input for the mass of only discovered charm-bottom meson [16], assuming
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Figure 4.20: Energy splittings (in units of GeV) between the ground states of different
spins are shown for positive (top two) and negative parity (bottom two) doubly-charmed
baryons. Left two plots are for =.. and right two are for €2.. baryons. For positive parity,
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Figure 4.21: Energy splittings between positive parity spin-3/2 baryons and pseudoscalar
meson as well as vector mesons are plotted against the square of the pseudoscalar masses.
Left figure is the splittings of : = (ccu) — D, (cu) , Q7 (ccs) — Dg(és) and QF,.(ccc) —ne(cc),
and right figure includes following splittings : =.(ccu) — D} (cu), Q. (ccs) — D(és) and
QF..(ccc) — J/(cc); they are plotted against the square of the pseudoscalar masses (i.e.,
at D, , D) and 7. mass. We fit the quark mass dependence with a form a + b/m,,; (right
figure is also fitted with a constant term). The fitted results are shown by solid lines with

shaded regions as one sigma error bars.

This way we obtain the mass splitting of B} — B, as 80 = 8 MeV (fitting with a form
a+b/m,s) and 76 £ 7 MeV (fitting with a constant term). This result agrees very well
with the results obtained in potential models [162]. However, this result does not agree
with other lattice QCD prediction [74, 75, 163], which provided much lower values. It
will be interesting to study the lattice cut-off effect on the hyperfine splittings of these
hadrons with the possibility of future discovery of B} meson. By taking mp, = 6277
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MeV, our other prediction, the mass of Q,(3/2%) is 8050 £+ 10 MeV, which is consistent

ccb

with the results from various models [30, 34, 38, 50] and a recent lattice calculation [164].

4.3 Singly charm baryons

Singly charm baryons have received significant scientific attention, mainly due to the
recent experimental discoveries at various particle colliders like, SELEX, CDF, D0, Belle
etc. In contrast to the triply and doubly charm baryons, the production and identification
of singly charm baryons are relatively easier in hadron-hadron colliders as well as in
electron-positron colliders. Particularly, the new Beijing Spectrometer and Belle IT has
great potential for accumulating large number of events and thus help us understand
more about single charm baryons. The PANDA experiment, a GSI future project, and
the LHCb are also expected to provide huge amount of information on charm baryon
spectrum.

Considering the experimental prospects, it is very timely to study the singly charm
baryons using a first principle non-perturbative calculation. That will serve various pur-
poses : understanding the structure of already discovered states, assigning quantum
numbers to ambiguous states and finally predicting states, which can be searched exper-
imentally. After triply and doubly charm baryons, we studied singly charm baryons with
the same detailing. However, for singly charm baryons the number of channels are many
more, namely, A.(cud), X.(cuu), Z.(cus), and Q.(css). In the presence of one or two light
quarks, the dynamics of these particles become much more complicated and hence they
provide a unique opportunity to study the interaction between one or more light quarks
in the presence of a heavy quark. These systems provide an excellent laboratory to study
the dynamics of the light quark in the heavy quark environment, such as those controlled
by the chiral symmetry. In a heavy quark effective theory, the two light quarks in the
singly charm baryon can often be considered as a diquark system, similar to the case
in doubly charm baryons. In the heavy quark limit, the spin-spin interactions between
the heavy quark and the diquark will vanish and hence the diquark spin will be a good
quantum number and will have implications in the singly charm spectrum as degeneracies

between the spin-spin coupled states.
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4.3.1 The spectrum

In this case, the number of possible interpolating operators are more than triply and dou-
bly charm baryons as was shown in Table 3.8. We considered a large set of interpolating
operators, as high as 180 (in H, irrep for =. baryons), in construction of the correlation
functions. In the analysis, we considered the full set of relativistic and non-relativistic
operators for all the singly charm baryons, except for the =., where we used only the
non-relativistic operators. We show our results for the spectra of singly charm baryons
in Figure 4.22, 4.23, 4.25 and 4.26, while the respective estimates are tabulated in the
Tables 4.5, 4.6, 4.7 and 4.8. As in the previous cases, we plot the spectra in terms of
the mass splittings instead of the absolute values. This is because the mass splittings
are expected to suffer less from the discretization errors, as they gets canceled between
the individual masses. In these plots, we show the mass splittings of these channels from
0.5 m,,, where the effects of charm quark discretization cancels out.

As in the previous cases, we observed that the pattern of the extracted low-lying
states are remarkably similar to the expectation from a model with broken SU(6) x O(3)
symmetry. As previously, the low lying bands that have relatively large overlap with
the non-relativistic operators are shown with magenta boxes. Similarly the states with
significant overlap with the operators proportional to the field strength tensor are painted

with thick borders, and are identified as strongly hybrid in nature.

oy oy Ly s Ly s F
1.072(10) | 1.185(10) | 1.827(21) | 1.058(25) | 1.443(12) | 1.524(12) | 1.522(22) | 2.105(37)
1.825(15) | 1.825(20) | 1.838(21) | 1.822(16) | 1.448(10) | 1.533(10) | 2.093(27)
1.872(18) | 1.825(40) | 1.916(21) 1.612(13) | 1.626(12) | 2.083(38)
1.883(25) | 1.883(13) | 1.950(29) 2.122(26) | 2.092(19) | 2.138(30)
1.892(16) | 1.904(20) | 2.055(30) 2.165(31) | 2.257(16)
1.918(16) | 1.943(20) 2.180(25) | 2.261(28)
2.022(19) | 1.979(17) 2.193(28) | 2.310(24)
2.591(30) | 2.027(23) 2.251(27)
2.533(28) | 2.033(18) 2.340(20)

2.511(35)

Table 4.5: Relativistic spectrum my_ — 0.5 m,,, in units of GeV.
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Figure 4.22: Results on the spin identified spectra of . for both even and odd parities
w.r.t. 0.5 m,, . The keys are same as in Figure 4.1.
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Figure 4.23: Results on the spin identified spectra of €). for both even and odd parities
w.r.t. 0.5 m,, . The keys are same as in Figure 4.1.
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F 1 v [ ¢ 1 ¢ [ ¥ [ ¥ 17§ J]F
1.210( 6) | 1.262(14) | 1.927(21) | 1.945(14) | 1.515(34) | 1.593(21) | 1.674(19) | 2.267(21)
1.895(35) | 1.849(43) | 1.936(21) | 2.184(18) | 1.550(17) | 1.619(19) | 2.175(25)
1.913(17) | 1.910(30) | 1.954(15) 1.744(12) | 1.750(10) | 2.210(32)
1.964(18) | 1.939(24) | 2.112(24) 2.274(41) | 2.157(33) | 2.338(31)
2.014(22) | 2.045(28) | 2.152(27) 2.280(20) | 2.315(38) | 2.381(28)
2.046(25) | 2.054(26) 2.305(17) | 2.333(17) | 2.417(31)
2.059(74) | 2.075(25) 2.360(19) | 2.359(38)

2.155(14) | 2.079(27) 2.499(16) | 2.421(20)
2.258(90) | 2.109(23) 2.426(40)

Table 4.6: Relativistic spectrum mg, — 0.5 m,,, in units of GeV.

4.3.2 . and (). baryon

The ¥t and Q. baryons have the same flavor structure : pgg. The allowed flavor
symmetries are similar to that of the doubly charm baryons, where one can have S flavor
structure and MS/MA flavor structure. Thus the spectrum of these two baryons should
resemble the spectrum obtained for the doubly charm baryons. This is quite evident from
the Figure 4.22 and Figure 4.23. In Figure 4.24, we show the hyperfine splittings of the
Q. and Y. baryons in units of MeV. Alongside we plot the estimates from various lattice
calculations available in the literature and quark model calculations. We also show the
experimental value in the plot with a magenta filled polygon in each of the plots. We see a
reasonably good agreement between various lattice calculations, though our estimate for
the X, hyperfine splitting lies above the experimentally observed value. One important
caveat in these calculations is that the light pion mass is heavier than its experimental
value and the disagreement between our estimate and the experimental value is mainly
due to this unphysical pion mass. The box size of the lattice used in these calculations is
L ~ 1.9fm. The finite size effects in singly charm baryons can be expected to be larger
than the corresponding effects in triply and doubly charm baryons. Hence, a systematic

study of finite size effects is also necessary, which is beyond the scope of the current work.

4.3.3 A. baryon

The A, baryons are those with quark content udc and can have an A or MS/MA flavor
structure, which corresponds to A.-singlet and A.-octet respectively. The difference be-

tween the A.-octet and the X7 is that the latter is a part of the isospin triplet, while the
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Figure 4.24: Hyperfine splittings in 2. and X, baryons(in MeV). The estimates from this
calculation has been quoted in red filled circles, while estimates from other lattice calcula-
tions in black squares, and a quark model calculation in blue square. The experimentally
observed value is quoted as magenta filled polygon. Pion mass in these calculations is
391 MeV, while results for PACS-CS [88], and Briceno et. al [84] are extrapolated to the
physical pion mass, while ILGTI [127] and Bali, et. al [86] results are at pion mass 340
MeV and 348 MeV respectively.
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Figure 4.25: Results on the spin identified spectra of A. for both even and odd parities
w.r.t. 0.5 my, . The keys are same as in Figure 4.1.
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F 1 v [ ¢ 1 ¢ [ ¥ [ ¥ 13§ J]7F
0.969(11) | 1.732(19) | 1.685(31) | 1.995(25) | 1.353(14) | 1.410(20) | 1.706(22) | 2.156(34)
1.761(19) | 1.811(70) | 1.934(40) 1.517(22) | 1.541(31) | 1.950(39) | 2.292(42)
1.825(28) | 1.923(16) | 2.017(29) 1.518(12) | 1.698(18) | 2.094(40)
1.837(33) | 1.927(25) | 2.061(39) 2.084(66) | 2.073(59) | 2.397(29)

1.926(17) | 2.047(22) | 2.148(21) 2.220(21) | 2.224(19)
1.981(23) | 2.058(25) 2.239(26) | 2.244(18)
2.067(27) | 2.128(24) 2.287(41) | 2.258(45)
2.272(55) | 2.371(26) 2.298(19) | 2.265(41)
2.295(51) | 2.568(32) 2.320(23) | 2.354(43)
2.403(41) 2.480(28) | 2.419(18)
2.489(30)

2.669(23)

Table 4.7: Relativistic spectrum m, — 0.5 m,, in units of GeV.

former forms an isospin singlet. The details of the flavor structure is shown in Table 3.2.
Since there is no totally antisymmetric spin combination that can be constructed from
a purely non-relativistic formalism, one requires angular momentum structure through
non-local behavior to construct a flavor-singlet A. interpolating operator. Figure 4.25
shows the spectrum of A., where one can observe only one state in the low lying band.
This state has significant overlap with the flavors MS/MA with non-relativistic spin 1/2.
As observed for the other channels, the numbers and the pattern of the first negative
parity band and the first excited positive parity band agrees with the non-relativistic
predictions. It is to be noted that the energy ordering of the low lying two positive parity

states are in accordance with the experimental observation.

4.3.4 =. baryon

The =. baryons, with quark content usc, can have S, A or MS/MA flavor structure,
which correspond to =.-decuplet, =.-singlet and =.-octet respectively. Within Z.-octet
flavor structure, one has two possibilities. If we assume an us-spin symmetry, similar to
the isospin that describes the symmetry between u and d quarks, there are two possible
MS/MA combinations : the Z.-octet and the E;-octet. The latter is a part of the us-spin
triplet, of which €. and X1 are included, while the former is a us-spin singlet. As in
the case of A., due to the absence of a totally antisymmetric spin combination that can

be constructed from a purely non-relativistic formalism, one requires angular momentum
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Figure 4.26: Results on the spin identified spectra of =. for both even and odd parities
w.r.t. 0.5 m,, . The keys are same as in Figure 4.1.
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Figure 4.27: Hyperfine splittings in =. baryon(in MeV). The estimates from this calcula-
tion has been quoted in red filled circles, while estimates from other lattice calculations
in black squares, and a quark model calculation in blue square. The experimentally
observed value is quoted as magenta filled polygon.

structure through non-local behavior to construct a flavor-singlet =, interpolating oper-

ator. Hence the low lying spectra for =, baryon will have two spin 1/2 states from the
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Lo & [ [ & 1 5 [ F [ 3 [F
1.033(12) | 1.221(10) | 1.856(16) | 1.985(14) | 1.467(15) | 1.458(26) | 1.640(11)
1.148(10) | 1.805(28) | 1.930(19) | 2.019(22) | 1.504(26) | 1.572(43) | 1.758(13)
1.738(55) | 1.845(21) | 1.935(17) | 2.180(22) | 1.528(33) | 1.608(38)
1.762(14) | 1.870(36) | 2.019(19) 1.563(13) | 1.619(22)
1.923(18) | 1.917(30) | 2.030(18) 1.585(13) | 1.622(38)

1.931(19) | 1.953(18) | 2.089(21) 1.692(22) | 1.679(40)

1.957(18) | 2.037(17) | 2.147(24)

1.982(19) | 2.048(15) | 2.164(21)

2.043(21) | 2.059(40) | 2.198(16)

2.074(24) | 2.037(32) | 2.202(15)

2.078(25) | 2.079(19) | 2.670(90)

2.083(17) | 2.116(23)

2.126(19) | 2.125(20)

2.138(21) | 2.128(23)

2.280(42) | 2.146(24)

2.437(56) | 2.162(54)

2.517(35) | 2.721(51)

2.551(34) | 2.771(55)

2.640(37)

2.738(42)

Table 4.8: Relativistic spectrum m, — 0.5 m,, in units of GeV.

=.octet and E;-octet operators and a spin 3/2 state with the =.-decuplet flavor struc-
ture. This can clearly be observed in Figure 4.26. We have calculated the correlation
matrix for all of them. However, being too many in numbers, it is quite difficult to put
together all these operators in our framework of variational fitting code. Hence, in this
work, we use a smaller set comprising only the non-relativistic operators for fitting, and
the =, spectrum shown in Figure 4.26 is non-relativistic. In Figure 4.27, we show the
hyperfine splitting between the 3/2% and 1/2% ground states of =, baryon. Alongside
we show the estimates from other lattice calculations and quark model estimate. The

experimental value is shown as magenta filled polygon.

4.3.5 Energy splittings : A preliminary study

One important caveat in these calculations of the excited state charm baryon spectroscopy
is that the pion mass used, m, = 391 MeV. This unphysical heavy pion mass can give

serious implications in the spectrum, where one expects the light quark chiral dynamics
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Figure 4.28: Spectra of spin 1/2 singly charm baryons shown as their splitting from the
light vector mesons, such that the effective valence content in the splitting is a charm
quark. Explicitly we consider the following splittings : A.(cud) — p(ud), X.(cuu) — p(uu),
ZEc(cus) — K*(us) and Q.(css) — ¢(8s).

to play a significant role. So as to make a comparative study of light quark effects in the
singly charm baryons, we consider the splitting of the singly charm baryons with respect
to the corresponding light vector mesons, such that there is only one remnant valence
charm quark in the splitting. In other words, we consider the splittings, A.(cud) — p(ud),
Ye(cuu) — p(uu), Eq(cus) — K*(us) and Q.(css) — ¢(ss). This is a good choice, since to
the leading order all these splittings should have the same discretization errors and the
same effect of the light quark dynamics, making a comparative study between the singly
charm baryon spectra possible. In Figure 4.28, 4.29, 4.30 and 4.31, we plot the spectra of
the singly charm baryons, as the splittings mentioned above, corresponding to the spin
1/2, 3/2, 5/2 and 7/2 respectively. We also plot the experimental values (violet circled
star) of the low lying singly charm states in these plots. Question marks are given beside
those states that for which the quantum numbers are not certain (even based on quark
model assumptions). It is very clear that the pattern of the low lying states, particularly
for 1/2 and 3/2% channels, is almost the same between the experimental estimates and
the results from our calculations. The little disagreement in the low lying spectra with

the experimental numbers could be because of the various systematics that we will be
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Figure 4.29: Spectra of spin 3/2 singly charm baryons shown in terms of the splittings :
Ac(cud) — p(ud), Xe(cuu) — p(au), Z.(cus) — K*(us) and Q.(css) — ¢(3s).

discussing in Section 4.4. This observation calls for a detailed study of the singly charm
baryon spectra, with improved control over the systematics, particularly with lighter pion

mass as well as with multi-hadron operators.

4.4 Caveats in excited state spectroscopy

Lattice computations should be accompanied with a study of the systematics associated
with the formulation of the theory on lattice, so as to validate and compare the results
obtained from these calculations with the actual values. The discretization of the space-
time introduces a UV cut off proportional to the inverse of the lattice spacing (1/a). The
systematics from this UV cut off is in general quantified in terms of the dimensionless
quantity, ‘am’, m being the quark mass. One in general considers complicated lattice
formalisms, that has the discretization errors up to different orders of ‘ma’ removed. In
this study, in order to have good control over the discretization errors, we use the tree
level tadpole improved (mean field improvement [111]) clover fermion action, which has
no O(ma;) and O(mas) errors. We have not considered any higher order terms as the

temporal lattice spacing is quite small. However, for the charm quarks the discretization
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Figure 4.30: Spectra of spin 5/2 singly charm baryons shown in terms of the splittings :
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Figure 4.31: Spectra of spin 7/2 singly charm baryons shown in terms of the splittings :
Ac(cud) — p(ud), X.(cuu) — p(au), Z.(cus) — K*(us) and Q.(css) — ¢(5s).
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errors is significantly larger than the light and strange quarks on a given lattice. The
study of heavy hadrons using lattice QCD has this inherent problem, since at these
masses, with currently available lattices, the condition ma, << 1 and ma, << 1, in
general is not satisfied leading to larger systematic errors. In such a case, one require
to perform a continuum extrapolation of the estimates from calculations using multiple
lattices with very fine lattice spacings : this is beyond the scope in these excited state
spectroscopy calculations.

Another systematics that enter the lattice calculations is due to the finite box size,
which is limited by the available computational resources. To ensure negligible finite size
effects in these systems, in general one makes sure that the lattice size, L, is at least 4
times the Compton wavelength of the lightest state in that lattice. In our calculations,
m,L = 3.77 and hence we expect the finite size effects to be under control. An infinite
volume extrapolation is necessary to have the estimates free of finite size effects : This is
also beyond the scope of the previous work, as excited baryon spectroscopy calculations
involving larger lattices calls for very large computational requirements, which is currently
beyond the limit of the available resources.

A third systematics in lattice QCD calculations is related to the light quark masses
that are used in the calculations. The computational cost for calculations involving
fermions increases as the quark mass decreases and hence the studies involving lighter
quark masses are highly CPU intensive. The light quark mass used in these calculations
corresponds to a pion mass of ~ 391 MeV, which is greater than the physical pion mass.
Hence, along with the continuum and the infinite volume extrapolations, one need to
perform a chiral extrapolation, which is not possible with just one light quark mass
available in these calculations. With all these caveats related to the lack of study of
systematics in mind, confronting this calculation with another non-perturbative study
with better control over the systematics, will be a good check to validate the smallness
of the systematic errors in our results from calculations in the previous chapters.

Finally we have not used the multi-hadron operators in our basis of operators. These
operators couples efficiently onto multi-hadron scattering states having the same quan-
tum number as the resonance states. As an example, while studying p resonance, one
needs to include w7 two-particle operators along with regular 17~ operator set. To match
the appropriate quantum number one use the technique of moving frames where the total
momentum of the system is nonzero. This has been demonstrated in Ref. [166], where p
resonance has been studied in great details. This is also true for A, S;;(1535) resonance,

where one needs to use N7 operators to study these resonances. Other higher particle
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decay channel operators also need to be included for comprehensive study of resonances.
These additional operators will increase the number of levels that can be extracted and
hence the resonance parameters can be evaluated from the extensive mapping of the en-
ergy dependence of the scattering amplitudes. In this calculation, one should also use
these multi-hadron operators in the basis of operators. Inclusion of those operators, par-
ticularly those involving light quarks, may affect some of the above conclusions. However,
due to the presence heavier quark(s), influence of these multi-hadron operators may be
lesser for charm baryons, particularly for triply and doubly charm baryons, than their

influence in the light baryons.

4.5 Summary, conclusions and future prospects

In this work, we present results from the first non-perturbative calculation on the excited
state spectroscopy of the charm baryons, with three, two and one valence charm quarks
and with spin up to 7/2. Employing a large set of operators classified according to the
irreps of the lattice symmetries, constructed out of derivative based operator formalism
using up to two derivatives, we extracted approximately 20 states for each of the charm
baryons, along with a reliable identification of the spin-parity quantum numbers for each
of these states. Beside identifying the spin of a state we are also able to decode the
structure of operators leading to that state : whether constructed by relativistic, non-
relativistic, hybrids, non-hybrid types or a mixture of them all. We discussed the results
in three sections, dedicated for triply, doubly and singly charm baryons respectively.

The spectra for the triply, doubly and singly charm baryons are shown in Figure 4.1,
4.9, 4.8, 4.22, 4.23, 4.25 and 4.26. Similar to light and strange baryon spectra [102], we
also find the number of extracted states of each spin in the three lowest-energy bands
and the number of quantum numbers expected based on weakly broken SU(6) x O(3)
symmetry agree perfectly, i.e., all the charm baryon spectra remarkably resemble the
expectations of quantum numbers from non-relativistic quark model [28, 29, 165]. Tt is
to be noted that in these calculations, we use the full set of operators (non-relativistic
and relativistic) and still the spectra behaves to be non-relativistic.

Discretization errors are of major concern for heavy hadron spectroscopy. Since a
calculation involving multiple lattice spacing is beyond the scope of this work, we follow
a similar analysis procedure, as was performed in Ref. [106]. To assess if radiative
corrections to the co-efficient of the improvement term in the charm quark action could

lead to significant changes in physical predictions, we perform a second calculation using
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a boosted spatial clover co-efficient, ¢, = 2, from its tree level tadpole improved value,
¢, = 1.35. A very similar shift of ~ 45 MeV, to that found in charmonia, was observed
for the lowest few states of triply and doubly charm baryons, indicating a similar scale
of uncertainty in this calculation of charm baryons also. The higher lying charm baryon
states do not show any statistically significant shifts between the estimates from the two
calculations.

Various energy splittings, including splittings due to hyperfine and spin-orbit coupling,
are also evaluated for all these baryons. In the triply charm baryons we performed a
quantitative study of the spin-orbit coupling to understand how good is the heavy quark
approximation for the charm quarks, by comparing them with the respective splitting for
triply light, strange and bottom baryons. We find degeneracy between these spin-orbit
split states is more or less satisfied both for bottom and charm quarks. However, data
with higher statistics is necessary to identify the breaking of this degeneracy precisely
at charm quark. The energy splitting of the triply charm baryon spectrum, from the
isoscalar vector meson (irrep 7] ~) ground state is also evaluated. These splittings are
compared with similar ones obtained at other quark masses. For the splitting, which
mimics the binding energy of these states, significant quark mass dependence is observed
for ground as well as for first few excited states, except for the J¥ = 3/2% and J¥ = 1/2~
ground states. These splittings can be modeled with a form a + b/ms to show their
expected quark mass dependence, which assumes they will tend to a constant in the
heavy quark limit. It is interesting to note this form gives a good fit with data at
bottom, charm as well as strange quark masses. For some of them, we observe that the
extrapolated fit lines pass through the light quark data points even through they are not
included in the fit.

For doubly and singly charm baryons, we calculated hyperfine mass splittings between
3+ 1
2 2
model results. We also evaluated mass splittings between ground states of spin—% and

spin-= ' and spin- T states and compared those with various other lattice as well as
spin—% states at both parities. To study the quark mass dependence of these splittings
we compared results for Z..(ccu), Qq(ces) and Qg..(cce) baryons for which there is a
common ‘c¢’ diquark and a varying quark from ‘u’ to ‘¢’. Encouraged by a successful
fitting of the mass splittings in triple flavored baryons, we studied similar mass splittings.
Here also we find that a heavy quark motivated form a + b/m,s can fit quite successfully
energy splittings like : =% .(ccu) — D, (cu), Q2 (cecs) — Dg(és) and QF,.(cec) — n.(éc), and
= (ccu) — Di(eu) , Q. (ces) — Di(es) and QF,.(ccc) — J/(éc). From the fitted results we
are able to predict B} — B, = 80 £ 8 MeV and 27,,(3/2") = 8050 4+ 10 MeV. The study

ccb
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of energy splittings of singly charm baryons is ongoing and we expect similar interesting
results from that sector also. The method used here to study charm baryons can also
be employed for similar study of bottom baryons. Considering experimental importance
and prospects we will carry out such calculation in future.

There are various systematics that are unattended in this calculation, which include
various extrapolations like chiral extrapolation, continuum limit and infinite volume ex-
trapolation. Furthermore, it is also to be noted that we have not used any multi-hadron
operators, which are expected to give significant implications in the extracted spectra.
Hence, one also need to perform calculations considering multi-hadron operators. How-
ever, this calculation is the first of its kind in the excited charm baryon spectra calculation
and hence this study serves as a foundation for many follow up studies, which may help

us address many of the challenges in the heavy baryon spectroscopy.



Chapter 5
Spectroscopy using chiral fermions

In this chapter, we discuss another independent non-perturbative calculation to deter-
mine the low lying charm baryon spectrum with improved control over the systematics.
This alternative calculation was made with a hope that confronting our ground state
studies with the excited state calculations will give us an idea of the systematic errors
appearing in our excited state spectrum calculations. We give a brief introduction of this
calculation in Section 5.1 and Section 5.2. As mentioned earlier, discretization errors are
of major concern in charm baryon spectroscopy. In Section 5.3, we detail our attempts
to quantify the discretization errors that enters in these calculations, by studying the
dispersion relation for the pseudoscalar charmonia. In Section 5.4, we discuss our results
on charmonia, charm-strange mesons and charm baryons. There we make comparison
of estimates from this studies with the experimental estimates, wherever available. We
also make comparison of estimates from this calculation and our studies of excited state
spectroscopy, wherever available. Finally, in Section 5.5, we summarize the findings in

these calculations.

5.1 Mixed action formalism

In order to study the systematics due to the discretization errors in our previous study, we
thus performed another calculation with a chiral action with the overlap fermions [123,
124], which is automatically O(a) improved. However, using overlap action for the dy-
namical quarks is still prohibitively costly, except with fixed topology [167]. A substan-
tially less expensive approach is to adopt a mixed action formulation with chiral fermions

as valence quarks in a background of existing highly improved gauge field configurations.

102
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Mixed action approaches have been studied by many groups such as DWF valence on
staggered fermion sea [63, 115, 116, 117], overlap valence on DWF sea [118], overlap
valence on clover sea [119], and overlap valence on twisted fermion sea [120]. The Indian
Lattice Gauge Theory Initiative (ILGTI) has adopted this mixed action approach and
this part of my thesis is related to my work in that project. This calculation uses a large
set of dynamical configurations generated during the past few years by MILC [122] with
the one-loop, tadpole improved Symanzik gauge action and highly improved staggered
quark (HISQ) fermion action [121]. T'wo degenerate light quarks, a strange and a charm
sea quark field were included in the generation of these dynamical configurations. With
very small magnitude of taste violations in comparison with the unimproved staggered
quarks, HISQ provides an efficient lattice fermion formulation that demands very less
computational requirements in contrast with the overlap action in simulation.

The valence quarks in this calculation are realized using the overlap formalism [123,
124], which has many desirable features. The overlap formalism has exact chiral symme-
try [124] on the lattice and is automatically O(a) improved. By adopting such a mixed
action approach, one can get advantage of the chiral symmetry and low quark mass limit
of overlap fermions, and the advantage of having a large set of configurations with small
discretization errors as well as small taste breaking effects. One also gets the advantage
of simulating both light, strange as well as heavy fermions on the same lattice formalism
with chiral fermions having no O(a) errors. The overlap action also has some desirable
features computationally, such as the adaptation of multi mass algorithms [125]. How-
ever, we will have to encounter the usual systematics related to mixed action and partial
quenching [169, 170, 171]. With the above formulation we have calculated the ground
state spectra of various charm hadrons and have made a comparative study between these
two projects along with other results from literature. Agreement between these results
from different approaches gives confidence in our previous estimates. The results from
these studies were reported in the Ref. [127, 126]

5.2 Numerical details

In this calculation, we used two sets of dynamical 24141 flavors HISQ lattice ensembles,
generated by the MILC [122] : 323 x 96 lattices with lattice spacing a = 0.0877(10) fm
and 48 x 144 lattices with lattice spacing a = 0.0582(5) fm. The gauge action used in
these calculations is a one-loop, tadpole improved Symanzik gauge action that included

1 x 1 and 1 x 2 planar Wilson loops and a 1 x 1 x 1 ‘parallelogram’. The co-efficients of
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these terms are calculated perturbatively and are tadpole improved. As mentioned above,
the sea quark fields were realized using the HISQ action, which ensured the quark action
is order a? improved. The use of HISQ action, instead the naive staggered quark ac-
tion, ensured very small taste-symmetry violations. The lattice spacings of these lattices
mentioned above were determined by equating the {2 baryon mass measured on these en-
sembles to its physical value. Our estimates for the lattice spacings, as mentioned above,
are consistent with the estimates as measured by MILC using the r; parameter [122],
which are a = 0.0888(8) fm and a = 0.0582(4) fm respectively. The strange and charm
masses are set at their physical values, while m;/mg = 1/5 for both lattices. The details
of these configurations are summarized in Ref. [122]. The results reported here were ob-
tained from 110 configurations on the coarser lattice, and 65 configurations on the finer
lattice.

For valence quarks we used overlap action [124]. The overlap Dirac operator has the

following definition for massive fermions :

m m 75Dw
D,, = — - — Dy); D) = ———, 5.1
(p+ 5 )+ (p 5 )75591(75 D) sgn(vs D) — D, (5.1)

where sgn denotes the matrix sign function, D,, is the Wilson Dirac fermion operator
and p = 1/2k — 4 here is a negative mass parameter. Liischer showed that on the lattice

one can define the chiral transformation as [147],

) = iays(1 — Dov)w & 0 =ia)(1l— OU)’Y{,, (5.2)

which reduces to the proper continuum form in the continuum limit. For any a # 0,
the overlap action remains invariant under this lattice chiral transformation. While
the Wilson fermion action is ultra-local having only up to second derivative terms in
it, in overlap fermions the condition of ultra-locality is sacrificed to preserve the exact
chiral symmetry on the lattice in accordance with the Nielson-Ninomiya theorem. The
advantage of the overlap fermion over Wilson fermion is the presence of the exact chiral
symmetry. But since the operator contains a matrix sign function, its numerical studies
require more computational resources than the Wilson fermion formulation.

Hence, for the numerical implementation of massive overlap fermions the methods
used by the yQC'D collaboration [168, 172] were followed. The gauge configurations were
first fixed to Coulomb gauge and then HYP smeared [173]. Low mode deflation technique

was employed in the inversion of the Hermitian Wilson Dirac operator (y5D,,). In these
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calculations, we projected out 350 and 160 low lying Wilson eigenmodes for the coarser
and the finer lattices, respectively, using Arnoldi algorithm. The matrix sign function
of the Hermitian Wilson Dirac operator in the overlap Dirac operator is calculated with
22" degree Zolotarev rational polynomial approximation [174, 175]. We used periodic
boundary condition in the spatial and anti-periodic in the temporal directions. Using
both point and wall sources and sinks, we calculated various hadron two point correlation
functions. The adaptation of the multi mass algorithms on overlap action helped us
to calculate the quark propagators over a wide range of quark masses with 10 — 12%
overhead. Our extracted pseudoscalar meson masses are within the range 400 — 5130
MeV and 230 — 4000 MeV for the coarser and finer lattices respectively. The valence
strange quark mass was tuned by setting the ss pseudoscalar mass to 685 MeV [176]. At
heavy quark masses, one need to be careful about the discretization errors. The charm
mass is tuned by setting the spin-averaged 1S state mass, (. +3m./y)/4, to its physical
value, where we take into account the kinetic mass, as defined below, in the definition
of mass. As in the previous sections, in the following sections also, we will discuss our
estimates for mesons and baryons mostly in terms of energy splittings as those have less

systematics compared to extracted energies.

5.3 Discretization errors

Since ma is not very small, we need to be careful about discretization errors. Overlap
action does not have O(ma) errors. In order to estimate the size of discretization errors
coming from higher orders of ma, we look at the energy-momentum dispersion relation of
the 1S charmonia. A naive construction of finite-momentum meson correlation functions
by projecting the point-point meson correlation function to a suitable momentum is
in general noisy, and require large statistics. Hence in these calculations of dispersion
relations, we use a momentum induced wall source to construct the quark propagators,
which are later used to project the meson correlators to suitable momentum. Below we
briefly discuss this method, which is found to improve the SNR ratio significantly in the

finite momentum correlators with much less statistics [127].
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5.3.1 Finite momentum meson correlators
The mode expansion of a quark propagator from a point source is given by

, 1

S@iien) = T > etnlrnmm) S (k). (5.3)

A quark propagator constructed out of a momentum (ky ,, = %Tm) induced wall source is
defined as :

zkl marl

> drtS(a,) = Z I3 N, Zelku S (k).

! ! !
z,T5,25 x) ,xh,xh ku

lk’l,mm

= #1212 S (ki n, 0,0, k
Nt %6 (1,7774)7

= S(x1,xe; 20 k1m)- (5.4)

With m = 0, we get back the wall source,

1 O /
> S(aliw,) = A Zem‘* 21729.5(0,0,0, ky) = S(q; 7)) (5.5)

11,272,3:3

Construction of finite momentum meson correlation function follows by introducing
another phase factor in the final momentum projection, so as to compensate the phase
factor that was introduced in the source. Local meson interpolating operators possess
the form ¢T4(z), where I' carries the quantum numbers. With the use of momentum
induced wall sources, the finite momentum correlation functions for such operators can

be written as

> e hn (g (@) T (o)

Z,Y,z

= Z Tr{TS(z1, x4; 2'y; k1 ) Dy ST (245 ) y5 } e F1m ™

7y7

= Tr{Nt > M) Sy 4, 0,0, ky)

ks

F
’75 Ze—zk4 T4— 14)5(0 O 0 k4 "}/5}26 (k1,m—k1,n)x1 (5 6)
k,/

1
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and
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Here z/;m (2') is the momentum induced quark source field with a phase factor, etk my

and M (k1 ,,) is the finite momentum meson propagator with a momentum, k.
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Figure 5.1: Energy-momentum dispersion relation for the 7. on the coarser lattices with

a = 0.09 fm. Also shown are the continuum relativistic dispersion relation (solid line),
and the lattice dispersion relation (dashed line) for the standard scalar action.

Employing this method and simple point source, we calculated pseudoscalar meson
mass at various external momenta p* = n? (2r/L)?, with n < 2. While the momen-
tum induced wall requires a separate inversion for each momenta, that is more than
compensated by the improvement in the signal, as shown in Figure 5.1. In this fig-
ure, we show both point source and momentum induced wall source results for the
coarser lattice. Also shown are the continuum dispersion relation, E? = m? + p2,
and the lattice dispersion relation for the standard scalar action with O(m?a?) error,
sinh®(E(p)a/2) = (sinh*(ma/2))? + sin®(pa/2). Note that the wall source results are
from 8 configurations, but the statistical error is already comparable to that from 100
configurations with the point source. While substantial deviation from the continuum
dispersion relation is seen, the lattice scalar dispersion relation seems to explain the data
quite well.

For a more quantitative analysis, we follow the standard practice of introducing an

effective “speed-of-light” ¢ through E?(p) = m? + p*c%. The value of ¢ obtained using
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Figure 5.2: ¢ = (E*(p) — E*(p = 0))/p* calculated for 7. at various values of p, on
lattices with @ = 0.09 fm. Solid horizontal lines represent the estimate ma/ sinh(ma),
suggested by the lattice scalar action.

this relation and F(p) at various p are shown in Figure 5.2. As the figure shows, we get
c? ~ 0.75 on our coarser lattices. Using quenched overlap fermions, on an even coarser
lattice, Ref. [177] found ¢* ~ 1 for the charm. However, on our dynamical lattices, we
obtained ¢? values similar to that obtained in the literature with clover action, indicating
a similar size of cutoff in the overlap action as that in the clover. The c¢? values are
well-approximated by the estimate ma/ sinh(ma), suggested by the lattice scalar action.

With such a large deviation of ¢ from unity, the discretization errors entering due to
uncertainty in the tuning of charm mass could be very large. In a second attempt, we
used an expansion of the energy-momentum dispersion relation in powers of pa, assuming
p <<mp & 1/a,

M
E(p)* = M} + M;PQ +0(p") = M} + p*c. (5.8)

Here M is the called pole mass, E(0) : which is the same as rest mass in our previous
definition, and M, is called the kinetic mass (M;/c?). The difference between M; and
M, is a measure of O(ma) cutoff effects. As highlighted in Ref. [178], in the so-called
Fermilab interpretation, since M, controls the non-trivial physics of a heavy hadron
system, in using a relativistic action for heavy quarks, one should use Ms to measure the
masses. In Figure 5.3, we show F(p)? for various momenta for the pseudoscalar meson on
our finer lattices. The green line is for the continuum dispersion relation, E? = m? + p?,

while the blue line is the fitted dispersion relation with ¢ = 0.96(2). For coarser lattices
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Figure 5.3: Energy-momentum dispersion relation for the pseudoscalar meson at charm
mass on the finer lattices. Blue line is with ¢ = 0.96(2) obtained by fitting our data while
green line is with ¢ = 1.

we obtain ¢ = 0.92(3). With a better estimate for ¢, kinetic mass proved to be a good
candidate to be used for tuning the charm quark mass, as mentioned in the previous

section.

5.4 Results

In this section, we discuss our results from these calculations. We studied pseudoscalar
meson masses in a broad range of energies spanning between 400 — 5130 MeV and 230 —
4000 MeV for the coarser and finer lattices respectively. Figure 5.4 shows two plots of
m, versus m, for the range of quark masses we performed the computations for coarser
and finer lattices respectively.

We start our discussion with various energy splittings in mesons, including hyperfine
splittings, in the following section. Following which, we discuss our estimates for various
charm baryons, and their comparison with our previous calculations and other lattice

determinations in literature.

5.4.1 Hyperfine splitting in 1S charmonia

The hyperfine splitting in 1S charmonia is one of the most well studied physical quan-

tities in lattice charmonium calculations over the year, and until very recently [72, 73]
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Figure 5.4: m, versus my, for a broad range of quark masses, where the computations
were performed, for (left) coarser and (right) finer lattices. Our quark masses 'ma’ are
always less than 1 and m.a = 0.29 and 0.425 for finer and coarser lattices respectively.
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Figure 5.5: Effective hyperfine splitting in 1S charmonia for wall-point correlators for
lattices with spacing 0.0582 fm. Horizontal lines show the fit results with one sigma
error.

lattice results were found to be smaller than the experimental value (~ 116 MeV). This

underestimation is now understood to be mainly due to the discretization error associ-

ated with the charm quark action and the quenched approximation. The effects due to

the discretization errors are evident in the results from the excited state spectroscopy

calculations using a tree level tadpole improved ¢, value, where this hyperfine splitting

is found to be ~40MeV below the experimental value. In this study, we calculated this

splitting. In Figure 5.5, we show the effective splittings between vector and pseudoscalar
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correlators (jackknifed) at the tuned charm mass for wall-point correlators on finer lat-
tices. horizontal lines shown are the fit results, with one sigma error bar. Our final
estimate for this hyperfine splitting are 125(6) MeV and 119(3) MeV corresponding to

coarser and finer lattices respectively. A com
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Figure 5.6: Meson mass splitting for charmonia and charmed-strange mesons at two
lattice spacings. Experimental values are shown in the left side.

5.4.2 Energy splittings in charmonia and charmed-strange mesons

Beside 1S hyperfine splittings, it is also important to consider energy splittings between
various other charmonia. In Figure 5.6, we plot energy splittings between axial, scalar and
tensor charmonia from pseudoscalar charmonium. In addition to this, we also calculate
charmed-strange mesons with various quantum numbers. Energy splittings between these
mesons are plotted in Figure 5.6. It was observed that tuning of charm mass by using
kinetic mass has brought these splittings more closer to experimental values than those
obtained using the rest mass [127]. After adding one more lattice spacing, the continuum

extrapolation will be carried out in future.

5.4.3 Charmed baryons

Our main motivation is to compare baryon masses calculated in this formalism with those
obtained from the excited state spectroscopy study. Here we investigate that by studying

the ground state spectra of charm baryons with one or more charm quark content, e.g.,
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with quark content css, ccs, and ccc on these lattices. To project out the baryon states

with 1/2 spin, we use the following standard local interpolating operators :
Qee = €[l Crssp)c. and Q. = €°[s] Ovsey)se,

with C' = 7479 being the charge conjugation matrix. For spin 3/2 baryons, we choose the

following operators :
Qece = e“bc[caTC'%cb]cC, Qee = e“bc[caTC'%Sb]cc and Q.= e“bc[sZC’yucb]sc.

However, these operators has both spin 1/2 and 3/2 projections in them. At zero mo-
mentum the corresponding correlation functions using these operators can be written
as
Cij(t) = (055 — %%%‘)03/2(?5) + %%%'01/2(15),

where i and j are the spatial Lorentz indices and Cs/5(t) is the correlation function for
spin 3/2 state [179]. By choosing the appropriate Lorentz components, the spin 3/2 part
of the correlation function, C3/5(t), can be extracted and used to calculate the mass of
the spin 3/2 baryons.

The discretization effects will be maximum for triply charmed baryons since they have
three heavy charm quarks, followed by doubly charmed baryons made with two charm
quarks. Hence we first compare the results of {2... obtained from these two independent
studies. The mass splittings Q... — %J/\IJ are shown in Figure 5.7. The factor 3/2
accounts for the difference in the valence charm quark content in the baryons and the
mesons. The blue rectangles represent the results from this work for the two different
lattice spacings, while the rectangles in red are results from the work discussed in the
previous section. The two red points corresponds to the estimates from the tree-level
clover coefficient ¢; = 1.35 and at a boosted value of ¢, = 2 (see Section 4.1.2), which
gives correct charmonium hyperfine splitting, J/v —n.. The consistency between the red
and blue squares is evident. We also plot results from other lattice calculations (violet
: Ref. [87], green : [88]). These can also be seen to be consistent with our estimates.
We have omitted the estimate from Ref. [84], as the error bar was very large, though
consistent with our estimates. Different variety of discretization used in above references.
Our calculations were with anisotropic clover and overlap fermions, while Ref. [87] used
Brillouin quraks and Ref. [88] used relativistic heavy quark action for the heavy quarks.

The agreement between our calculations and furthermore with results from other lat-
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Figure 5.7: Mass splitting of the ground state of JI' = %Jr Qeee from J/1p meson. A

factor 3/2 is multiplied with J/¢¥ mass to account for the difference in the number of
charm quarks in baryons and mesons. This mass splitting mimics the binding energy
of the ground state Q... Results of this mass splitting from this work (blue boxes) are
compared with those obtained from calculations discussed in the previous section (red
box). Along with we compare estimates that are available from various lattice and quark
model calculations available in the literature.

tice calculations gives us confidence in our estimates from the excited state spectroscopy
calculations. While this consistency in results also make our calculations using overlap
fermions itself serve an excellent formalism to study heavy quark systems. We also quote
a few quark model calculations (orange) in the Figure 5.7, to show how potential mod-
els stand in predictions for the triply charm systems. As one can see that, though the
relativistic calculations by Martynenko [50] and bag model calculations by P. Hasenfratz
[30] lie in the range of lattice predictions, a relativistic calculation by Migura, et al.,
accounting for the spin dependence of the confining potential in two different ways gives
widely different estimates [51]. This plot can potentially provide crucial input to the
future discovery of €2...

Next we calculate various spin splittings for doubly charm baryons where one also
expect larger discretization error. We have already shown the numbers from this calcu-

lation in Figure 4.18 and Figure 4.24 while comparing the numbers from the previous
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Figure 5.8: Mass splittings of 2., — J/W. The inset plot shows the hyperfine splitting in
this channel. Also shown are other lattice determinations.

calculations with results from various lattice calculation. For a completeness, we show
the results here again. We find our results from the excited stated spectroscopy calcula-
tions and the calculations using overlap fermions are consistent with each other. We also
find similar consistency of our results with estimates from other lattice calculations. In
Figure 5.8, we show the results for 1/27 and 3/2% ground states for the 2., baryon in
terms its splitting from m ;. Along side we plot estimates from other lattice determi-
nations. It is to be noted that these baryons are yet to be measured experimentally. The
inset plot shows the corresponding hyperfine splitting. Our results for both the splittings
are consistent with other lattice results [80, 84, 86, 83, 114]. This agreement further
boosts the confidence in our results from our excited stated spectroscopy calculation and
the applicability of overlap fermions in heavy quark systems. In Figure 5.9, we plot our
estimates for the . baryons. It shows the 1/2 and 3/2 ground states for the €. baryon
for both the parities. We also quote the experimental numbers also in the plot, so as to
have a comparison. While there are observations for the positive parity states, the neg-
ative parity states are yet to be measured experimentally. In the inset plot, we show the
hyperfine splitting in this baryon, and make a comparison with other lattice estimates.

Once again the consistency in our findings validates the credibility in our results.
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Figure 5.9: Ground states of €2, for even and odd parities. The inset plot shows the
hyperfine splitting in this channel. Also shown are other lattice determinations, along
with the experimental values, where available.

5.5 Summary, conclusions and future prospects

In this chapter, we discuss an alternative dynamical lattice QCD calculation of the low
lying heavy hadron states. The main motivation is to compare the results between
two independent calculations by two different type of discretization and then get an
estimate of the discretization effects in energy spectra. Using a mixed action approach,
we utilized the highly desirable features of small discretization errors and small taste
breaking effects of the HISQ action and the small discretization effects and the low quark
mass limit of the overlap fermion action. We are thus able to study a long range of
pseudoscalar meson masses from 230 — 5000 MeV. By tuning the charm quark mass
using the kinetic mass, we made sure the discretization errors due to the uncertainty in
the charm mass tuning is small. And at this tuned charm mass, we extracted the meson
and the baryon spectra containing one or more charm quarks. We observed that results
from our two independent methods are consistent with each other. Furthermore, we made
a comparative study of our results with results from other lattice calculations and quark
model calculations. The consistency within the lattice calculations and the agreement of
those with the experimental values, wherever available, validates the credibility in both of
our calculations. Thus, this calculation serves simultaneously as a complementary study
to compare the results from our previous calculations and as an independent study with
improved control over the systematics that gives predictions about the low lying charm

hadron spectrum.



Chapter 6

Baryons at finite temperature

6.1 Introduction

In this chapter, we will describe our investigations of the nature of the strongly interacting
matter at high temperatures using baryonic probes. The QCD matter undergoes a change
of phase when its temperature is varied: from a chiral symmetry broken state of color
singlet objects called hadrons at low temperatures to a deconfined chiraly symmetric state
of the quark gluon plasma at high temperatures. It has been observed from many lattice
calculations that there is no sharp phase transition but a cross-over from the hadronic to
the deconfined state. One the other hand, in a pure gluonic field theory, this change of
phase proceeds through a first order transition. In this work, we focused on the hadronic
correlation lengths that exist in a pure SU(3) gauge theory above and immediately below
the deconfinement transition temperature, T,.. These correlations will help us understand
the non-perturbative nature of QCD with varying temperature.

The starting point of the lattice computations of the correlation lengths in QCD

medium at finite temperature, T, is the thermodynamic partition function,
Z = Tr{e Pr Hocn} (6.1)

where Hgep is the QCD Hamiltonian and Sy = 1/7 (kg = 1). This partition function
can be expressed as a path integral of the QCD action, Socp (eq. (3.5)), over a four
dimensional Euclidean space-time with a compactified temporal direction of extent Sy =
1T,

Zr = / DY DDA, e~ 50D, (6.2)

116
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At finite temperature, the fermion and the gauge fields must satisfy anti-periodic and
periodic boundary conditions along the temporal direction respectively due to the trace

relation

O@E+1/T) = —p(3,1),  A%(E,t+1/T) = A%, 1) (6.3)

After discretizing the space-time, the physical volume of the system is V' = N3a® and
T = 1/(N;a), where N; an N, are the number of lattice points along the spatial and the
temporal directions.

We study the QCD medium at finite temperatures by looking at the static correlation

functions,

0(z) = %Tr(h(z)h(O)e‘BT Haen)  and
O() |1 = besp [-a(T)2]. (6.4)

Static correlation lengths (1) indicates the spatial distance beyond which the effects of
putting a test hadron in the medium is screened. This response depends on the quantum
numbers carried by the probes; so one can classify static correlators as glueball-like,
meson-like and baryon-like probes with the usual quantum numbers of these quantities
corrected for the fact that the static spatial symmetries are different from the Poincare
group.

Meson-like screening masses have been studied in QCD in great detail [128, 129, 130,
131, 132, 133, 134, 135]. Baryons at finite temperature has not been studied in detail
in recent past and a few notable works were in the late 1980’s [128, 133]. Moreover, a
detailed study of the baryon screening masses in the low temperature phase also has not
been performed yet. In this work, we perform simulations of pure gauge theory for three
different temperatures across the transition temperature and study screening correlators
for mesonic and nucleonic resonances with clover fermions. The main emphasis, in this
work, has been given to the nucleon channels, which are expected to provide important
inputs to the study of baryon number fluctuations and thus to the experimental search
for the critical point of QCD.

The organization of this chapter is as follows. In Section 6.2 we discuss technical
details related to the simulation, inversion and analysis, including the details of inter-
polating operators used and their asymptotic fit forms. In Section 6.3 and Section 6.4
we display the results for mesonic and baryonic channels, respectively, for temperatures

above and immediately below T.. In Section 6.5, we compare our results on screening
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masses with the estimates from free theory and the other existing lattice calculations.
Section 6.6 summarizes and concludes this study of hadrons at finite temperature. Ap-
pendices 6.A and 6.B discusses two technical aspects related with these calculations,

which interested reader is referred to in the main section in this chapter.

6.2 Runs and measurements

T/T, [N, x N3 B | Nuons | Cow K

0 [32x16°| 6.03 | 71 |1.7333 0.1345, 0.1347
0.95 | 8x 328 | 6.03 | 94 |1.7333 0.1345, 0.1347

1.5 | 8x 323 |6.332| 67 | 1.5667 | 0.1345, 0.1350, 0.1355

Table 6.1: The simulation and measurement parameters used in this work. [ is the
bare coupling for the Wilson gauge action, cgy is the clover coefficient (determined non-
perturbatively using eq. (2.22)), and « is the hopping parameter in the improved Wilson-
Dirac operator.

The hadronic correlation functions with mesonic and baryonic quantum numbers were
constructed out of clover-improved Wilson quarks [143], in zero and finite temperature
ensembles generated using the Wilson gauge action. The finite temperature configura-
tions were generated on lattices with lattice spacing a = 1/(87") with T" = 0.957, and
1.5T,. The spatial size of the lattice, L, was tuned such that LT = 4. We use the notation
L =N, aand V, =V/T. Zero temperature measurements were carried out on (2L) x L3
lattices with coupling 5 = 6.03, which corresponds to the same lattice spacing as the
finite temperature run below 7, [180, 181]. The box size, L, is sufficiently large (> 4
times the Compton wavelength of the lightest state on the lattice) in all our lattices, as
a result of which finite volume effects are under control. A zero temperature study at
B = 6.332, corresponding to the thermal ensemble above T, was not made, but the corre-
sponding choice of kK was made so that we could use a previous study [182]. Details of the
simulation and measurement parameters are tabulated in Table 6.1. With the choices of
k listed for 3 = 6.332, the values of m, /T, are 1.52, 2.58, and 3.31 respectively.’.

The zero momentum correlation functions for the mesonic channels are,

Su(t) =Y (H'(x,)H(0,0)),  where  H(x,t) = {(x, t)[,ib(x, 1), (6.5)

X

I'Discussion on a subtle aspect related to the studies has been omitted from the main text and has
been discussed in detail in the Appendix 6.A



Baryons at finite temperature 119

where 1(x,t) is the quark field at time ¢ and spatial point x (we will also use the com-
ponent notation x; = z, xo = y and x3 = z). The sum over all spatial sites of the
point-to-point correlator projects on to zero spatial momentum. All Dirac, flavor, and
color indices are summed. I'; is an appropriate Dirac, flavor matrix which gives the
quantum numbers of the meson, H. In actual practice, we replaced the point source of
eq. (6.5) by a wall source (see eq. (5.5)). Wall source allows the suppression of high mo-
menta modes, especially above T, allowing more accurate study of the screening masses,
which are related to the long distance behavior of the static correlation function in eq.
(6.5). Wall source being a gauge non-invariant source, this required gauge fixing; we fixed
to the Coulomb gauge.

We used I'pg = 75 for the isovector pseudoscalar (PS), I's = 1 for the isovector scalar
(S), I'v = v for the vector (V) and 'y, = =75 for the isovector axial vector (AV)
channels. For the T' = 0 measurements, we considered propagation in the time direction
as shown in eq. (6.5), and since all the orthogonal directions are equivalent, we summed
the V and AV propagators over the three polarizations ¢ = 1,2,3. For the screening
correlators all the polarizations of the V and AV are not equal, and we summed over only
¢t =1 and 2.

Masses and screening masses can be obtained without renormalization. They were
estimated, as described in Section 3.1, by fitting to an assumed cosine-hyperbolic form,
and looking for agreement with effective masses. Statistical errors on masses are obtained
by a jackknife procedure. The propagation of statistical errors is done by jackknife when

they could be correlated, and by adding in quadrature when they are independent.

() (b) ()

Figure 6.1: Quark line diagrams which couples with scalar propagator in the full theory.
In the quenched theory (c) does not contribute.

Though analysis of meson correlators is straight forward, scalar correlators in quenched
calculations require special care. There have been several calculations to study the isovec-
tor scalar meson (ag) at zero temperature with the 1)1 interpolation field in the quenched
approximation [183, 184, 185]. In all these works the scalar correlation functions were
found to change the signature between the source point and N, /2 violating spectral pos-
itivity. In this work, we make the observation of similar interesting unphysical behaviors

of the scalar correlators at finite temperature (see for example Figure 6.2). An expla-
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nation of this behavior based on quenched chiral perturbation theory (QxPT) has been
discussed in [183, 185]. Unlike full QCD, the contributions to the scalar correlator in
the quenched approximation comes only from diagrams Figure 6.1(a) and Figure 6.1(b).
The diagram Figure 6.1(b) is equivalent to the propagation of 7 — 7 intermediate state
along significant fraction of the time in the correlation function, in contrast with the
diagram Figure 6.1(a), which corresponds to the propagation of a scalar excitation. The
negative value of the 1) correlator appears due to the absence of the diagrams like in
Figure 6.1(c), and hence does not compensate for the coupling of scalar with the n — 7
ghost state appearing due to the presence of Figure 6.1(b). In quenched calculations the
intermediate 7 — 7 state is equivalent to m — 7w state and hence we use twice the mass of

the pseudoscalar excitation in our studies to estimate its binding energy.

Ox
1074 = T T/1,-0935 —e— '
3t 0 —e— i
2 L -

4 = . . . . .
4 6 8 10 12 14

7.6%(2.4)*T,

Figure 6.2: Scalar correlation functions below the deconfinement transition temperature,
T.: for temperatures 7' = 0 (red) and 7'/T, = 0.95 (blue) and m,/T. = 1.99. The con-
tinuous curves are the fit estimates using the asymptotic fit forms predicted by quenched
chiral perturbation theory (eq. (6.6)).

In references [183, 185], it has been argued that the large time behavior of the zero

temperature scalar correlator in the quenched theory is given by

SOPT(y = p{exp [-mst] + exp [-ms(N, — )]}
—as {(1 +mgt)exp(—Eyxt) + (1 +m,(N; — t)) exp(—Eyyr (N — t))}. (6.6)
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The negative term is explicitly due to the quenched ghost. m,,s are the masses of the
PS and S meson, E,, is the energy of the ghost state (£, = 2m, — Ej,) and —ag is the
coupling to the ghost. Since the ghost exactly cancels a physical term, these two param-
eters are physical. For sufficiently small m, the second term dominates at intermediate
distances, leading to negative values for the correlator. Though the asymptotic form in
eq. (6.6) has been derived for zero temperature, in our calculations we have used the
same form at finite temperature to study the thermal effects for the scalar meson. The
continuous lines in Figure 6.2 are the best fit curves describing the unphysical coupling,
obtained by fitting the tail of the correlation functions with the coupling term as in eq.
(6.6). This negative dip becomes prominent as one decreases the quark mass.

The SUL(2) x SUR(2) chiral symmetry of the QCD vacuum is restored above T.. The
anomalous U 4(1) remains broken asymptotically, although its effects are seen to be small
at temperatures of 1.57,.. The most straightforward consequence of this is that the S/PS
and the V/AV correlators should become pairwise degenerate in the high temperature
phase. The observation of some breaking of this symmetry has been an issue of some

interest recently [134]. Here we introduce a new measure for this symmetry—

Ry

1 Z (S, (t) —SH:(W (6.7)

TN 1 (S () + Su_ (1)

t=1

where Sy, (t) are parity partner correlators (for the screening correlators ¢ is replaced by
z and N; by Nj), and the angular brackets are averages over the gauge ensemble. The
correlators at ¢ = 0 are left out of the sum to avoid problems with time doublers. We
will use the convention of taking the positive parity partner for the label H. When chiral
symmetry is broken we expect R, ~ O(1).

One subtlety in computing R, is that the lattice mesonic currents need to be renor-
malized to connect them with the continuum currents, before S, could be used to com-
pute R,. For quarks of mass m,, the lattice operators, H(x,t), are multiplicatively

renormalized to

Zu(9%) (14 bu(g®)am, ) H(x, 1), (6.8)

where a is the lattice spacing, ¢*> = 6/8, and am, = (k — k.)/2. We use the results
in the M S scheme where the renormalization constants are determined at the scale of
1/a. For non-perturbatively improved clover fermions, the factors Z, ,, and b, have

been calculated non-perturbatively [186], where the following interpolating formulae are
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found:

11— 0.7663g* + 0.0488¢* 1= 0.8496¢% + 0.0610g*

— -
v 1 — 0.6369¢2 ’ A 1 — 0.7332¢2 ’
1 —0.6518¢2 + 0.12264*
b, = 6.9
v 1 —0.8467¢2 (6.9)

For the other coefficients, we use the expression from the one-loop, tadpole improved

perturbation theory [187]:
ZPS,S - U0<1 - ZPS,S§2>7 (6.10)

where wy is the tadpole factor, (P) = ug, §* = g?/ug, and the one-loop coefficients zpg s
as obtained from [188] are zp5 = 0.107—0.019¢4,, +0.017¢2,, and z5 = 0.026 +0.065¢C sy, —
0.012¢2,, where ¢gy = ugcsy. The one-loop order tadpole-improved forms of b, can be

written as

by — i(1+b;g2>. (6.11)

Uo
where one obtains from the calculations of [189] the values b}, = 0.109, b. = 0.070, and
bl = 0.069, computed for the tree-level ¢gy = 1.

For the nucleon operator we used

No(%,t) = €ape(Cys) psti (X, t)wg (x, t)15(x, 1), (6.12)

where a, 3, and ~ are Dirac indices, a, b, and ¢ are color indices, ¢ is the Levi-Civita sym-
bol, and C' is the charge conjugation operator. The projection of the correlation function
on to vanishing spatial momentum is performed by the usual means of summing over x
at T' = 0 where we imposed periodic boundary conditions in all directions. However, at
finite temperature, anti-periodic boundary conditions must be imposed on quark fields in
the Euclidean time direction. As a result, the screening correlator must be projected to
the lowest Matsubara frequency [128]. The parity projection operators for the correlator

whose propagation is measured in the direction p is
1
Pl = 5(1i7“). (6.13)

The zero momentum correlators of the two parities of the nucleon can be fitted to the
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behavior expected of a Wilson fermion—

SN+ (t) = crexp [_ﬂNﬂf] +c_exp [—fiy_(N; — )]
Sy (t) = c_exp|—fiy t]+ cyexp[—fin, (N —t)]. (6.14)

Because of the admixture from opposite parity states, these correlators change sign across
the middle of the lattice. It is to be noted that this structure is also expected for the
excited baryon spectrum for both the parities. It is because our construction and the
analysis were always concentrated on the temporal ranges close to the source point in the
forward temporal direction, we did not encounter this behaviour in Chapter 4. In this
work, we study this structural behaviour in the nucleon correlations to study the chiral
symmetry across T.. For this, we used the absolute value of the correlators above. We
note that Ry does not require knowledge of Z, because the parity partners are generated
by the same lattice operator. For the T" = 0 measurement, where jiy+ = my+. For the

finite temperature measurement where we replace t by z, we have
2 2 .2
Myt = [+ — SIN (W/Nt)7 (615)

where we have subtracted the contribution coming from the anti-periodic boundary along

the temporal direction [128].

6.3 The meson sector

K mw/Tc mv/Tc mAV/Tc
0.1345 | 2.20£0.03 3.55+0.06 5.6+04
0.1347 | 1.99 +£0.03 3.534+0.08 5.54+0.5

Table 6.2: Meson masses in units of T, at T'=0 and 8 = 6.03.

The analysis of meson masses at T' = 0 follows the procedure described in Section 3.1.
The results are collected in Table 6.2. We choose to express all results in units of 7, for
two reasons. First, because quenched QCD is not open to experimental tests and hence
quoting numbers in MeV units is based on assumptions which cannot be tested. We
prefer to quote ratios of quantities, which are computable in practice. Second, because in

quenched QCD the critical coupling is known with high precision, and N, = 8 is within
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the scaling region [190], the statistical and systematic errors involved in using this as a

scale are completely under control.

m /T, | H poar /T fa /M
220 | PS 2.18+0.02 0.99+0.02
V.  345+£0.06 0.9740.02
AV 5184+0.09 0.934+0.06
1.99 | PS 1.97+0.02 0.99+0.02
V. 331+£0.07 0.944+0.03
AV 51£0.1  0.92=£0.08

Table 6.3: Meson screening masses, iy at T' = 0.957 in units of T, and the corresponding
T = 0 meson mass, my.

The analysis of most mesonic correlators below T, is equally straightforward. The
only subtlety has been mentioned earlier: since the zero momentum screening correlator is
measured for separations along the z-direction, the three polarizations states of the V and
AV are two spatial and one temporal. The temporal polarizations have behavior distinct
from the spatial polarizations [191]. We measure the screening masses of the spatial
polarizations only. Our main results for the screening masses below 7, are summarized
in Table 6.3. Our results shown in Table 6.3 indicates that the pole mass of the mesons

is hardly affected by temperature.

T=0
mﬂ'/TC Eint/mﬂ' X2/d0f
220 10.6%+0.2 1.92
1.99 10.5£0.2 1.28

T = 0.95T,
Eint/mﬂ' X2/d0f
—0.1£0.8 0.25
0.1£0.7 0.57

Table 6.4: FEjy in units of m, obtained by fitting the scalar correlator with the fit form
in eq. (6.6).

We treat the scalar correlator separately because of its distinctive behavior in corre-
lation functions compared to those for other mesons as shown in Figure 6.2. Table 6.4
contains the measure of the binding energy (FE;,), in units of m,, extracted by fitting
the scalar correlation functions with the functional form in eq. (6.6) at both 7'= 0 and
for T < T,. Ey at T = 0 is non-zero at the 95% significance level for both values of
m, which we used. While the finite temperature measurements are statistically indis-

tinguishable from these, they are consistent with zero within errors, due to the larger
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fit errors at T" > 0. It is interesting to note that the central values of Ej;; at T" > 0 lie

outside the 20 errors of the T = (0 measurement.
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Figure 6.3: A signal of restored chiral symmetry above T, is that (a) the PS and S
correlators and (b) the V and AV correlators become degenerate. The continuous curves
are correlation functions in a FFT; in order to remove trivial artifacts, these have been
computed on a lattice of the same size.

As described in the previous section, chiral symmetry restoration in the high temper-
ature phase of QCD is signaled by pairwise equality of correlators which are related to
cach other by parity. This is the case shown in Figure 6.32. The figure also shows that the
correlation functions are not too far from those expected in a theory of non-interacting
quarks (also called the free field theory, FFT).

At T = 0 in the V/AV sector we found R, = 0.73 £ 0.02; at T" = 0.957, this drops
marginally to R, = 0.59 + 0.02 for both the bare quark masses we have used. This
indicates that chiral symmetry remains strongly broken up to 0.957,.. A simple model of
V/AV mixing below T, was presented in [192] using a mixing parameter ¢, which can be

adapted to our use by writing schematically
Sv(T) = (1—=¢)Sy(0) + €S, (0), and Sav(T) = (1 —¢€)S4,(0) + €S, (0). (6.16)

This gives R, (T') = (1—2¢)R,(0). Using the values quoted above, we find e = 0.104-0.02.
In the unquenched theory one may expect much larger values of this parameter below
T. [192]. We observed that at 7" = 1.5T, the value of R, drops as a power of the quark

mass, vanishing as m, vanishes (see Figure 6.4). However, there is no dependence of R

2The quantity in the z-axis is a dimensionless measure of the lattice extension in units of the tem-
perature, T'. It is thus labeled, and runs from 0 — 4, because for the finite temperature lattices LT = 4.
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on the quark mass.
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Figure 6.4: Above T, Ry is found to be almost independent of m, /T.. However, R, goes
to zero as a power of m, /T., showing that correlation functions of the parity partners V'
and AV do become exactly degenerate in the limit.

We have extracted screening masses, py from the correlation functions. We found that
effective masses showed a good plateau which agreed with fits, unlike previous experience
with Wilson quarks at 7' > T, [130]. The main reason for this is the use of wall source and
the details are explored in Appendix 6.B instead of a point source, where some effective
mass plateaus are also displayed. Our results for the screening masses are collected in
Table 6.5. The pairwise degeneracy of the masses is quite evident. It is also evident that
the screening masses are close to that expected in a theory of free quarks. The screening
masses in the S/PS channel are 7-9% smaller than that in the free theory, whereas in
the V/AV channel they are within 2-3% of the free theory.

my [T, prs/T ps/T pv /T frav /T pv, /T pv_ /T

1.52 [ 5.544£0.02 559+0.04 588+0.02 589+£0.02 872+£0.10 8.68=£0.10
258 |556+£0.02 559+£0.02 590£0.02 591+£0.02 875+0.10 8.73+0.10
3.31 | 561+£0.02 565£0.02 595£002 596+£0.02 882+0.08 &8.77+0.09

Table 6.5: Hadron screening masses at T" = 1.57, for three different masses of quarks.
In FFT all the mesonic (baryonic) screening masses are expected to be 5.99 (8.44),
5.995 (8.456) and 6.01 (8.48) on our lattices, when the bare quark mass is tuned to give
m./T. = 1.52, 2.58 and 3.31 respectively.
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6.4 The baryon sector
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Figure 6.5: Nucleon correlators at (a) 7 = 0 and (b) 7" = 0.957.. Both sets are asym-
metric, showing that the nucleon, N, and its parity partner, N_, are not degenerate.

Analysis of baryon correlators requires more care than meson correlators. This is be-
cause states of opposite parity contribute to each parity projected correlator, as explained
in eq. (6.14) and shown in Figure 6.5. This contribution from the parity partners that
are non-degenerate due to chiral symmetry breaking causes the asymmetric behavior in
the nucleon correlation function, as is evident from Figure 6.5(a). As a result, both the
fitting procedure and the extraction of effective masses is more complex than the analysis
for mesons. In addition, the projection of the screening correlator on to zero momentum
requires a twist to compensate for the thermal boundary condition [128]. The subsequent
extraction of a screening mass from the nucleon correlator also requires the subtraction
of (see eq. (6.15)) resulting in additional loss of precision.

In Figure 6.5, it would appear that the finite temperature correlators are more nearly
symmetric than those at 7' = 0. Whether or not there is an early onset of chiral symmetry
restoration can be probed by constructing the measure Ry, defined by eq. (6.7). At
T = 0 we find Ry = 0.88 when m, /T, = 2.20 and 0.89 at the lower quark mass. At
finite temperature these change to Ry = 0.8 and 0.83 respectively. Contrary to the visual
impression created by Figure 6.5, once the covariances between the N correlators are
accounted for, the correlation functions themselves do not show any tendency towards
early restoration of chiral symmetry. In fact if we adapt the model of eq. (6.16) to this
case, we find a mixing parameter ¢ = 0.04 in the nucleon sector, which is even smaller
than that found for the V/AV at the same temperature.
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me/Te | my, [Te pn,/Te | my JTe | pn_[Te
220 [510+010| 53+02 [68+04]66+04
199 | 49401 |52840.14|674+05]64+0.7

Table 6.6: Nucleon masses at 7' = 0 and screening masses at T' = 0.957...
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Figure 6.6: The analysis of mass splittings between N, and N_ for m,/T = 2.20 at (a)
T =0 and (b) T = 0.95T. and for m,/T = 1.99 at (c) T =0 and (d) T = 0.95T.. The
data points are effective masses, the band between the dashed lines is obtained by taking
the difference of screening masses. The band between the full lines is obtained by direct
fits to the splitting between the two masses, and gives the results shown in eq. (6.17).

The results of fitting the masses is shown in Table 6.6. Here we indeed find some

precursor effects of chiral symmetry restoration in the form of a thermal shift in the mass

splitting between the baryon and its parity partner. We measured the splitting by the
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ratio of the correlators, Sy, /Sy , and extract the mass difference, Am, by fitting to an
exponential form exp(—Amt). Since this method takes care of covariances between the
correlators Sy, and Sy , we expect to control statistical errors better. The fit can be
cross checked against the equivalent of effective masses for the ratio. Such checks are

exhibited in Figure 6.6. The resulting values are

My — My, 1.53£0.09 (m,/T. = 2.20)
T, 1.82+0.17 (my/T. = 1.99)
and
— 1.15£0.14 (m,/T.=2.20
Pv. = vy (mx/ ) , (6.17)
T. 1.24+ 020 (mn/T, = 1.99)
My By HMN LAY — Uy HN_—[N,
Tc my MmN, may—my MN_—MN,
2.20 | 0.974+0.02 | 1.05£0.05 || 0.86 + 0.16 | 0.75 £ 0.10
1.99 || 0.944+0.03 | 1.07 £0.04 | 0.89 £ 0.22 | 0.68 £ 0.12

Table 6.7: Thermal shifts in masses and mass splittings at T' = 0.957; uy denotes the
screening length in the hadronic channel H, and my the mass at T' = 0. The ratio of mass
splittings suggest that, unlike in the case of vector-like mesons, nucleonic correlations
show some precursor effects to chiral symmetry restoration immediately below 7.

In Table 6.7, we show the thermal shifts in the masses and the mass splittings in
nucleonic and vector-like parity partners, in terms of the ratio of masses and the ratio
of mass splittings between non-zero temperature and zero temperature. We find that
py = mpy within 95% confidence limits, indicating no significant thermal effects in the
vector meson, V and nucleon, N,. Nor do we observe a thermal shift in the mass
splittings between the V and the AV (axial vector) mesons. However, we find that in the
nucleon sector the mass of the opposite parity nucleon moves closer to the ground state
immediately below T,. This is the most definite evidence to date about precursor effects
to chiral symmetry restoration immediately below T,.. The thermal effects in the parity
partner nucleon is, hence, significant and these observations not only constrain models
of quantum hadrodynamics [192], but could also have implications for the analysis of
heavy-ion collision data.

Above T, the correlators for Ni become symmetric and degenerate (see Figure 6.7).

We find Ry = 0.230 4+ 0.005 when m, /T, = 3.31, Ry = 0.146 + 0.006 for m,/T. = 2.58
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Figure 6.7: Nucleon and its parity partner correlators at 1.5 7T.. The degeneracy in
the correlators signal the restored chiral symmetry at this temperature. The continuous
curves are correlation functions in a FFT; in order to remove trivial artifacts, these have
been computed on a lattice of the same size.

and Ry = 0.076 £0.009 for m, /T, = 1.52. These lead to a vanishing of R, as a power of
mx/Te. Chiral symmetry restoration is also seen in the fitted screening masses, displayed
in Table 6.5. As in the meson sector, the screening masses are within 3-4% of those

expected in a theory of free quarks.

6.5 Hadrons above T, and free field theory

Above T,, at the temperature T' = 1.5T,, we found strong signals of approximate chiral
symmetry restoration in the near degeneracy of screening masses of all the hadronic
parity partners, evident in Table 6.5. We also observed the correlation functions and
screening masses are not far from those obtained in FFT, which is a model of non-
interacting quarks. For mesonic channels, this observation has been already made in
Refs. [129, 132, 130, 131, 134]. To make a quantitative statement on these observation, in
the Figure 6.8, we show the ratio of screening masses for mesonic and nucleonic quantum
channels at T' = 1.57, in the interacting theory to the free theory. Alongside we also

show the estimates from other lattice calculations. We see that the PS and S screening
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Figure 6.8: The ratio of screening masses measured at 1" = 1.57, in quenched QCD with
those in FFT. Along side we add the estimates for these ratios from earlier computations
with clover [130], overlap [131] and staggered fermions[132, 133]. Unity on the y-axis
indicates that the hadron propagates as freely propagating quarks in the absence of
gluonic fields.

masses are only ~8% away from the free theory estimates, while the V, AV and nucleonic
channels already are consistent with a model of non-interacting quarks. We also observe
that our estimates agree with previous work using clover quarks [130]. It also agrees with
results of studies using overlap quarks at smaller lattice spacing [131]. However, it seems
that studies with naive staggered quarks always indicate stronger deviations from FFT
than any of these above studies, indicating strong staggered artifacts in the estimates.
Later studies using dynamical staggered fermions, with appropriate smearing to account
for the staggered cut off artifacts, related to the taste-splitting, have shown that this is
indeed the case and the estimates from this study were found to be much closer to the
FFT [193].

6.6 Summary, conclusions and future prospects

In this work, we studied the hadronic screening correlators above and immediately below

the deconfinement transition temperature, 7., using non-perturbative lattice method in
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the quenched approximation with lattice spacing 1/87 employing the clover improved
Wilson quarks. We perform simulations at temperatures 7/7,. = 0,0.95 and 1.5. As seen
in the other lattice calculations, we observed no statistically significant thermal effects
in the mesonic correlations immediately below T,.. We also make the observation of the
unphysical quenching artifacts in the scalar screening correlators immediately below T,
and make a first attempt to understand the thermal effects on the ghost coupling in these
correlators. We found no statistically significant deviations with the available statistics in
these studies also. Above T, clear evidence of the chiral symmetry restoration in terms
of the pairwise degeneracy in the parity partner correlators and the weakly interacting
nature of quarks was observed in the mesonic channels.

Above T., baryonic correlations also show clear evidence of the chiral symmetry
restoration in terms of the pairwise degeneracy in the parity partner correlators and
propagate as three weakly interacting quarks. Below T, we find interesting behavior in
the nucleonic correlations, indicating precursor effects for the chiral symmetry restoration
in the nucleonic channels immediately below 7.. While no such effects have been seen
earlier either in the glue sector or with quarks, these observations are expected to have
implications for the analysis of the heavy ion collision data. These implications clearly

call for follow-up studies of nucleon below T..

Appendix

6.A Exceptional configurations

In our calculations we observe certain configurations with widely different behavior in
the pseudoscalar correlator in comparison with the pseudoscalar correlators from the
other majority of configurations. The pseudoscalar correlators in these configurations
were found to be very much asymmetric about the center of the lattice with respect to
the source and oscillating with unexpected features, which is different from the expected
cosine hyperbolic behavior. A typical example of pseudoscalar correlator of a few of such
configurations observed in this work is shown in Figure 6.9.

Configurations with such unexpected behavior have been observed in quenched cal-
culations by various collaborations [130, 194, 195, 196, 197, 198] using the same fermion
discretization as in this work. Pseudoscalar charge [196] in these configurations were

found to show singular behavior below the critical hopping parameter value (k.) indicat-
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Figure 6.9: A typical case of appearance of exceptional configurations in pseudoscalar
correlators. The filled circles are identified as correlators in exceptional configurations
based on our analysis. These correlators are at 1" = 1.57; at m,, = 250 MeV'.

ing a shift in k. value corresponding to these configurations [195, 196]. In literature these
configurations are called as exceptional configurations. An explanation for appearance
of such configurations is as follows. The real part of all the eigenvalues of a discretized
fermion operator (eg. clover improved Wilson fermions) with explicit chiral symmetry
breaking term is not bound to have same signature. It can happen that a subset in the
sampled set of configurations possess an eigenvalue near to —m and hence D + m is not
invertible. In the dynamical simulations, these configurations will not be contributing as
the fermion determinant will be zero. But in quenched calculations the non-zero measure
of configurations having such unphysical zero modes causes unexpected behavior in the
correlation functions and limits the quark mass to values much heavier than the physical
quark mass, that can be studied using such operators[194].

There were attempts to ameliorate this problem in different ways in literature. AL-
PHA collaboration [199] used a twisted mass term in the lattice fermion operator to
remove the singularities in the quark propagator due to the exceptional configurations.
It was, however, shown that the twisted mass term doesn’t solve the problem of excep-
tional configurations in the deconfined phase [200]. In the light hadron spectroscopic

studies, [195] used fat-link improved clover fermions successfully to improve the chiral
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properties of the operator and to suppress the unphysical configurations. However it was
observed that the attractive short distance piece of the potential gets modified by the
fattening. This results in serious systematic errors in the decay constant and quarkonium
spectroscopic studies [201, 202]. Since one of the main objects of our study is the cou-
pling of the scalar with the n” — 7 ghost state in the finite temperature scalar screening
correlators, we haven’t used this technique to get rid of these unphysical configurations.
Ref. [196] employs a modified quenched approximation in their work, in which they
push the shifted k. in such configurations back to the average value of k., which are
determined from the chiral limit of the pseudoscalar masses in the well-behaved config-
urations. The method lacks a systematic way of labeling a configuration as exceptional,
because even two 'well-behaved’ configurations needn’t have same k. always. Moreover,
the overhead calculations needed to determine the zero mode in such configurations is
also significantly large. Ref. [130] reported the observation of configurations with such
unexpected behavior and to get rid of these issues, they handpicked and discarded such
configurations during the analysis. In the present work, we follow a similar approach, but
a systematic procedure developed based on phenomenology of such unphysical configura-
tions. In comparison with most of the other techniques, our analysis requires very little
overhead computation. Also this method could be supplemented in either of the methods
in [196] or [130] to classify such configurations. Here we discuss the naive phenomeno-
logical approach we have employed to exclude the configurations with such unexpected
behavior.

We used the pseudoscalar correlators to define two measures, the measure of symmetry(.S)
and the measure of oscillation(O). We defined cuts in these measures such that varying
the measures slightly around the cut will not cause significant changes in the estimates.
Those configurations which lie outside the defined cuts were excluded from the analysis.
Below we discuss the details of the measures we defined and the details of the analysis

done.

e Measure of symmetry (S®)
We expect the pseudoscalar correlator to be well-behaved and symmetric about
the center in a periodic lattice. .S, a measure of the symmetry in the pseudoscalar
correlator, is defined as in eq. (6.18). The superscripts (i) are the configurations
labels.
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Figure 6.10: Histograms of the quantity (a) S and (b) O. All the configurations on left

hand

side of the blue dotted line are considered as well-behaved configurations.

Measure of oscillation (O®)

The pseudoscalar being the lightest, oscillations in the correlator is very unlikely
and can occur only to the level of statistical fluctuations. We introduce a quantity,
O which is a measure of the oscillations observed in a correlator. It is defined as
follows. Those configurations with the minima of the correlator lying outside the
range > 43 time slices from the center of the lattice with respect to the source point,
are considered ill-behaved. Such configurations are removed before estimating the
measure O, In each of the remaining configurations we count the no. of points
a(b) where the slope is positive(negative) in the first(second) half of the correlator
excluding the middle band defined earlier. Then, O® is defined to be a + b.

The histograms of the measures for the lightest pseudoscalar mass at zero temperature
and T" = 0.95T, are shown in Figure 6.10. The blue dotted line is the cut used in the
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For simplicity the superscript label for the configuration is omitted in the plots.

respective measures to exclude the unphysical configurations. The subplots in Figure
6.11 are the scatter plots of the configurations on these above defined measures, S@ and
0 for m/T. = 1.99 studied at zero temperature and 7' = 0.95T,. The blue dotted line

is the cut used in our calculations.
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Figure 6.12: Effective mass plots for pseudoscalar correlators with varying cuts on S and
O. The effective mass is observed to be more sensitive to O than S.

The effective mass (see eq. (3.2)) plots for the pseudoscalar, estimated for various
cuts attributed for the measures S and O™ are shown in Figure 6.12. It is evident
from the plots that the cut doesn’t affect the results much. In our calculations we took
configurations, which are well-behaved as those with ((S® < 10) N (O® < 2)). The ()
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T/T.| v [N [N
0 | 0.1347 | 100 | 71
0.95 | 0.1347 | 100 | 94
15 | 0.1355 | 70 | 67

Table 6.8: The total no. of configurations (N) generated and the no: of configurations
(N;) used for the analysis after discarding the configurations with strange behavior at
different temperatures.

is to emphasize that the cuts are applied only in those configurations with well-behaved
pseudoscalar correlator minima, as mentioned in the definition of the measure O. Table
6.8 contains the details regarding the no: of configurations generated and the no: of

configurations used as well-behaved configurations for the analysis.

6.B Wall sources

In this section, we make a detailed comparison of the screening correlator with the cor-
responding correlators in the FFT. We used wall sources for FFT, and compared the
effective masses, m(z), obtained on 32? x 8 x N, lattices (with N, = 80), with those
obtained in the interacting theory. Wall source at zero temperature is defined as the
collection of point sources with equal magnitude in all the points on a given time slice.
This is equivalent to a sum of the all the space indices at the source in a point-to-all
quark propagator. This can be expressed algebraically in terms of the point-to-all quark
propagator as

DNty 2t = Z D;l(x,y,z,t;x',y’, 21, (6.19)

T,,%

where DP(z,y, z, t; 2,y , 2’, t') is the point-to-all quark propagator, with source at (z,y, z, t)
and the sink at (2/,y/, 2/, t').

In Figure 6.13 we compare the PS and V screening masses for our lightest quarks
(corresponding to m, /T = 1.52 at 1.5T,) to screening masses in FFT with similar bare
quark mass. In the free theory, the screening correlator for wall source in these two
channels are equal. The results for the FF'T were obtained on a lattice with N, = 80
using the estimator InC(z)/C(z + 1) for the screening masses. The plateaus in the
effective masses shown is due to the use of a wall source. When a point source is used,
neither the free theory nor the interacting theory shows a plateau [130]. These checks

give us confidence that we are able to extract the asymptotic behavior of the screening
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points and the bands show the effective masses and the fitted estimate for the asymptotic
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Figure 6.14: Mesonic and nucleonic screening masses in FFT as a function of N;/Ng =
1/LT for N; = 8. The filled symbols are estimates from wall source quark propagators,
while the unfilled symbols are estimated using point sources. In the latter case, since
there is no plateau in the local mass, we use the prescription of [130] and use the local
mass at distance N, /4.

correlator.

The effective masses for the negative parity nucleon are also shown in Figure 6.13.
In the interacting theory, a reasonable plateau is obtained in the effective mass, C'(z) ~
exp(p(z) x (N, — z)). The plateau is more pronounced in our data for heavier quarks.

We see that the effective mass in the interacting theory is larger than that in the free
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theory.

Since we use N;/N; = LT = 4 we also check finite volume effects in a theory of free
quarks. In Figure 6.14 we show the screening masses for pseudoscalar meson and nucleon
on lattices with N, = 8 and varying N,. With wall sources we find essentially no finite
volume effect in either channels already for LT = 4. Since finite volume effects are larger
in the free theory than in the interacting theory, therefore finite volume effects in our

studies are expected to be small. In contrast, point sources give large finite volume effects
[130].



Chapter 7
Summary and conclusions

This thesis is a combination of two major works on baryons from lattice QCD. The first
part of it, involving charm baryon spectroscopy, is subdivided into two subparts : First
one dealing with the excited state spectroscopy of charm baryons, while the second work
is on charm hadron spectroscopy using overlap fermions. In the second part, we perform
a finite temperature study of screening masses of hadrons, particularly for baryons, where
we analyze the temperature dependence of the hadronic screening correlators above and

immediately below the deconfinement transition temperature.

7.1 Excited state charm baryon spectroscopy

This work constituting first segment of the first work covers major part of the thesis.
This work deals with the first non-perturbative calculation of the excited state spectra
of charm baryons with one, two and three charm quarks. In these calculations, we
extract highly excited states, which are very difficult to extract using the previously
existing lattice QCD techniques, of charm baryons. Utilizing the advanced lattice QCD
techniques like anisotropic lattice formalism, the derivative-based operator construction
and the variational fitting techniques, we extract the spectrum of all the charm baryons
having all possible flavor combinations with well-defined total spin up to % We also
perform several studies on various energy splittings between the charm hadrons. Being
first of its kind in the excited charm baryon spectra calculation, this study serves as a
foundation for several follow-up studies, which may help us to address many challenges
in the baryon spectroscopy. A summary of the results from this work is as follows.

We extract approximately 20 states for each of the charm baryons, along with a

140



Summary and conclusions 141

reliable identification of the spin-parity quantum numbers for each of these states. Beside
identifying the spin of a state we are also able to decode the structure of operators leading
to that state : whether constructed by relativistic, non-relativistic, hybrids, non-hybrid
types or a mixture of them all. Similar to light and strange baryon spectra [102], we also
find the number of extracted states of each spin in the three lowest-energy bands and the
number of quantum numbers expected based on weakly broken SU(6) x O(3) symmetry
agree perfectly, i.e., all the charm baryon spectra remarkably resemble the expectations
of quantum numbers from non-relativistic quark model [28, 29, 165]. Extracted spectra
do not show the signature of diquark spectra and the chiral symmetry restoration as
predicted by some models [204].

Since the spin dependent energy splittings can provide crucial information about
interaction energy we study various energy splittings, including splittings due to hyperfine
and spin-orbit coupling, for all the charm baryons. We find degeneracy between these
spin-orbit split states is more or less satisfied both for bottom and charm quarks. While
for the splittings, which mimics the binding energy of these states, comparison with the
respective splittings at other quark masses suggest that these splittings can modeled
with a form a + b/m,s derived from heavy quark effective theory. From the fitted results
involving both doubly and triply charm baryons, we are able to predict B} — B. = 80£8
MeV and Q,(3/2%) = 8050 £+ 10 MeV.

However, it is to be noted that pion mass used in this calculation is not physical and is
391 MeV. Furthermore, we have not used any multi-hadron operators in this calculation
which will play a major role at lighter pion masses. Inclusion of those operators, partic-
ularly those involving light quarks, may affect some of the above conclusions, though to
a lesser extent than their influence in the light hadron spectra. To get precise numbers
for the excited spectra one needs to follow up this calculation with physical pion mass
and multi-hadron operators.

The method used here to study charm baryons can also be employed for similar
study for bottom baryons. Ground state bottom baryons have been studied by lattice
QCD [80, 205, 206, 208, 207, 209]. However, so far excited state spectra from Lattice QCD
is limited only to a few low lying states [210] and triply bottom baryons (Qy) [157] using
NRQCD. Considering experimental importance and prospects a comprehensive study,
using this method, is thus quite essential and an immediate extension of our work will

be carried out for bottom baryons in future.
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7.2 Charm hadron spectroscopy using overlap fermions

The second part of the spectroscopy work is precise non-perturbative calculation of the
low lying charm hadrons at multiple lattice spacings with improved control over the
cut off effects. Using a mixed action approach, we utilized the highly desirable features
of small discretization errors and small taste breaking effects of the HISQ action and
the small discretization effects and the low quark mass limit of the overlap fermion
action. We are thus able to study a long range of pseudoscalar meson masses from
230 — 5000 MeV. By tuning the charm quark mass using the kinetic mass, we made sure
the discretization errors due to the uncertainty in the charm mass tuning is small. At this
tuned charm quark mass, we extracted the meson and the baryon spectra containing one
or more charm quarks. We made a comparative study between the results obtained in this
method to out previous study on excited charm baryons. Both results are also compared
with other lattice calculations and quark model calculations and experimental results,
where available. The consistency within the lattice calculations and the agreement with
the experimental values validates the credibility in both of our calculations. Thus, this
calculation serves simultaneously as a complementary study to compare the results from
our previous calculations and as an independent study with improved control over the
systematics that gives predictions about the low lying charm hadron spectrum.

It is also worthwhile to consider excited state study using overlap fermions. However,
the distillation method used for charm baryons will be prohibitively costly with extended
baryons. One may consider excited state calculations using only local operators but using
same flavor structures as those used in our study. The extension of overlap formulation
to bottom sector in our current formulation is not possible. However, one may think
about to use a full Fermilab type formulation to check whether it is at all possible to go

to bottom quark mass with minimum discretization error.

7.3 Nucleons at finite temperature

In the second work, we investigate the nature of the strongly interacting matter at high
temperatures using baryonic probes. In this work, we focused on the hadronic correla-
tion lengths that exist in a pure SU(3) gauge theory above and immediately below the
deconfinement transition temperature, 7T.. As seen in the other lattice calculations, we
observed no statistically significant thermal effects in the mesonic correlations immedi-

ately below T.. We also make the observation of the unphysical quenching artefacts in the
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scalar screening correlators immediately below T, and make a first attempt to understand
the thermal effects on the ghost coupling in these correlators. We found no statistically
significant deviations with the available statistics in these studies also. Above T, clear
evidence of the chiral symmetry restoration in terms of the pairwise degeneracy in the
parity partner correlators and the weakly interacting nature of quarks was observed in
the mesonic channels.

Above T., baryonic correlations also show clear evidence of the chiral symmetry
restoration in terms of the pairwise degeneracy in the parity partner correlators and
propagate as three weakly interacting quarks. Below 7., we find interesting behavior in
the nucleonic correlations, indicating precursor effects for the chiral symmetry restoration
in the nucleonic channels immediately below T,.. While no such effects have been seen
earlier either in the glue sector or with quarks, these observations are expected to have
implications for the analysis of the heavy ion collision data. These implications clearly
call for follow-up studies of nucleon around 7. In future we like to do a comprehensive
calculation of baryonic correlations, including nucleonic, at various temperatures below

T, and just above T..



Bibliography

[1] S. Weinberg, Phys. Rev. Lett. 19, 1264 (1967).
[2] A. Salam, Conf. Proc. C 680519, 367 (1968).
[3] S. L. Glashow, Nucl. Phys. 22, 579 (1961).

[4] P. W. Higgs, Phys. Lett. 12, 132 (1964).

[5] S. Chatrchyan et al. [CMS Collaboration], Phys. Lett. B 716, 30 (2012)
[arXiv:1207.7235 [hep-ex]].

[6] G. Aad et al. [ATLAS Collaboration|, Phys. Lett. B 716, 1 (2012) [arXiv:1207.7214
[hep-ex]].

[7] D. J. Gross and F. Wilczek, Phys. Rev. Lett. 30, 1343 (1973).
[8] H. D. Politzer, Phys. Rept. 14, 129 (1974).

[9] E. Klempt and J. -M. Richard, Rev. Mod. Phys. 82, 1095 (2010) and the references

therein.
[10] M. F. M. Lutz et al. [PANDA Collaboration|, arXiv:0903.3905 [hep-ex].

[11] K. T. Brinkmann, P. Gianotti and I. Lehmann, Nucl. Phys. News 16, 15 (2006)
[physics/0701090].

[12] F. Wick [CDF Collaboration|, Int. J. Mod. Phys. Conf. Ser. 02, 163 (2011)
[arXiv:1105.0517 [hep-ex]].

[13] RAaij et al. [LHCDb Collaboration|, JHEP 1312, 090 (2013) [arXiv:1310.2538 [hep-

ex|].
[14] T. Abe et al. [Belle-II Collaboration|, arXiv:1011.0352 [physics.ins-det].

144



Bibliography 145

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28]
[29]

[30]

D. M. Asner, T. Barnes, J. M. Bian, I. I. Bigi, N. Brambilla, I. R. Boyko, V. Bytev
and K. T. Chao et al., Int. J. Mod. Phys. A 24, S1 (2009) [arXiv:0809.1869 [hep-ex]].

RPP : J. Beringer et al. (Particle Data Group), Phys. Rev. D 86, 010001 (2012).

M. Mattson et al. [SELEX Collaboration]|, Phys. Rev. Lett. 89, 112001 (2002) [hep-
ex/0208014].

J. S. Russ [SELEX Collaboration], hep-ex/0209075.

A. Ocherashvili et al. [SELEX Collaboration|, Phys. Lett. B 628, 18 (2005) [hep-
ex,/0406033].

B. Aubert et al. [BABAR Collaboration], Phys. Rev. D 74, 011103 (2006) |[hep-
ex/0605075].

Y. Kato et al. [Belle Collaboration|, arXiv:1312.1026 [hep-ex].

R. Chistov et al. [BELLE Collaboration], Phys. Rev. Lett. 97, 162001 (2006) [hep-
ex,/0606051].

S. Capstick and W. Roberts, Prog. Part. Nucl. Phys. 45, S241 (2000) and the refer-

ences therein.

V. Crede and W. Roberts, Rept. Prog. Phys. 76, 076301 (2013) and the references

therein.

J. D. Bjorken, FERMILAB-CONF-85/69, Is the ccc a New Deal for Baryon Spec-
troscopy?, Int. Conf. on Hadron Spectroscopy, College Park, MD, Apr. 1985;

A. Pineda and J. Soto, Nucl. Phys. Proc. Suppl. 64, 428 (1998) [hep-ph/9707481].

N. Brambilla, A. Pineda, J. Soto and A. Vairo, Nucl. Phys. B 566, 275 (2000)
[hep-ph,/9907240].

N. Isgur and G. Karl, Phys. Lett. B 72, 109 (1977).
N. Isgur and G. Karl, Phys. Rev. D 18, 4187 (1978).

P. Hasenfratz, R. R. Horgan, J. Kuti and J. M. Richard, Phys. Lett. B 94, 401
(1980).



Bibliography 146

31] Y. Jia, JHEP 0610, 073 (2006) [hep-ph/0607290].

[32] J. Vijande, H. Garcilazo, A. Valcarce and F. Fernandez, Phys. Rev. D 70, 054022
(2004) [hep-ph/0408274].

[33] H. Garcilazo, J. Vijande and A. Valcarce, J. Phys. G 34, 961 (2007) [hep-
ph/0703257].

[34] B. Silvestre-Brac, Few Body Syst. 20, 1 (1996).

[35] J. G. Korner, M. Kramer and D. Pirjol, Prog. Part. Nucl. Phys. 33, 787 (1994)
[hep-ph/9406359)].

[36] C. Albertus, J. E. Amaro, E. Hernandez and J. Nieves, Nucl. Phys. A 740, 333
(2004) [nucl-th/0311100].

[37] C. Albertus, E. Hernandez, J. Nieves and J. M. Verde-Velasco, Eur. Phys. J. A 31,
691 (2007) [hep-ph/0610131].

[38] J. M. Flynn, E. Hernandez and J. Nieves, Phys. Rev. D 85, 014012 (2012)
[arXiv:1110.2962 [hep-ph]].

[39] E. E. Jenkins, Phys. Rev. D 54 (1996) 4515 [hep-ph/9603449].

[40] W. Roberts and M. Pervin, Int. J. Mod. Phys. A 23, 2817 (2008) [arXiv:0711.2492
[nucl-th]].

[41] N. Brambilla, A. Pineda, J. Soto and A. Vairo, Rev. Mod. Phys. 77, 1423 (2005)
[hep-ph,/0410047].

[42] N. Brambilla, A. Vairo and T. Rosch, Phys. Rev. D 72, 034021 (2005) [hep-
ph /0506065).

[43] N. Brambilla, J. Ghiglieri and A. Vairo, Phys. Rev. D 81, 054031 (2010)
[arXiv:0911.3541 [hep-ph]].

[44] F. J. Llanes-Estrada, O. I. Pavlova and R. Williams, Eur. Phys. J. C 72, 2019 (2012)
[arXiv:1111.7087 [hep-ph]].

[45] B. A. Thacker and G. P. Lepage, Phys. Rev. D 43, 196 (1991).



Bibliography 147

[46] G. P. Lepage, L. Magnea, C. Nakhleh, U. Magnea and K. Hornbostel, Phys. Rev. D
46, 4052 (1992) [hep-lat/9205007].

[47] H. D. Trottier, Phys. Rev. D 55, 6844 (1997) [hep-lat/9611026].

[48] C. T. H. Davies et al. [UKQCD Collaboration]|, Phys. Rev. D 58, 054505 (1998)
[hep-lat/9802024].

[49] S. Capstick and N. Isgur, Phys. Rev. D 34, 2809 (1986).
[50] A. P. Martynenko, Phys. Lett. B 663, 317 (2008) [arXiv:0708.2033 [hep-ph]].

[51] S. Migura, D. Merten, B. Metsch and H. -R. Petry, Eur. Phys. J. A 28, 41 (2006)
[hep-ph/0602153].

[52] S. M. Gerasyuta and E. E. Matskevich, Int. J. Mod. Phys. E 17, 585 (2008)
[arXiv:0709.0397 [hep-ph]].

[53] D. Ebert, R. N. Faustov and V. O. Galkin, Phys. Lett. B 659, 612 (2008)
[arXiv:0705.2957 [hep-ph]].

[54] J. -R. Zhang and M. -Q. Huang, Phys. Lett. B 674, 28 (2009) [arXiv:0902.3297
[hep-ph]].

[55] Z.-G. Wang, Commun. Theor. Phys. 58, 723 (2012) [arXiv:1112.2274 [hep-ph]].

56] X. -H. Guo, K. -W. Wei and X. -H. Wu, Phys. Rev. D 78, 056005 (2008)
[arXiv:0809.1702 [hep-ph]].

[57] F. Butler, H. Chen, J. Sexton, A. Vaccarino and D. Weingarten, Nucl. Phys. B 430,
179 (1994) [hep-lat/9405003)].

[58] S. Aoki, et al. [CP-PACS Collaboration], Phys. Rev. Lett. 84, 238 (2000) [hep-
lat /9904012]

[59] C. W. Bernard, et al., Phys. Rev. D 64, 054506 (2001) [hep-lat/0104002].
[60] C. Aubin, et al., Phys. Rev. D 70, 094505 (2004) [hep-lat/0402030].

[61] S. Aoki et al. [PACS-CS Collaboration], Phys. Rev. D 79, 034503 (2009)
[arXiv:0807.1661 [hep-lat]].



Bibliography 148

[62] D. J. Antonio et al. [RBC and UKQCD Collaborations|, Phys. Rev. D 75, 114501
(2007) [hep-lat/0612005].

[63] A. Walker-Loud, et al., Phys. Rev. D 79, 054502 (2009) [arXiv:0806.4549 [hep-lat]].

[64] C. Alexandrou et al. [European Twisted Mass Collaboration]|, Phys. Rev. D 78,
014509 (2008) [arXiv:0803.3190 [hep-lat]].

[65] S. Durr, et al., Science 322, 1224 (2008) [arXiv:0906.3599 [hep-lat]].

[66] C.T. H. Davies, K. Hornbostel, A. Langnau, G. P. Lepage, A. Lidsey, J. Shigemitsu
and J. H. Sloan, Phys. Rev. D 50, 6963 (1994) [hep-lat/9406017].

[67] C. T. H. Davies, K. Hornbostel, G. P. Lepage, A. J. Lidsey, J. Shigemitsu and
J. H. Sloan, Phys. Rev. D 52, 6519 (1995) [hep-lat/9506026].

[68] M. Okamoto et al. [CP-PACS Collaboration|, Phys. Rev. D 65, 094508 (2002) [hep-
lat/0112020].

[69] A. Gray, I. Allison, C. T. H. Davies, E. Dalgic, G. P. Lepage, J. Shigemitsu and
M. Wingate, Phys. Rev. D 72, 094507 (2005) [hep-lat/0507013].

[70] C. Aubin, C. Bernard, C. E. DeTar, M. Di Pierro, E. D. Freeland, S. Gottlieb,
U. M. Heller and J. E. Hetrick et al., Phys. Rev. Lett. 95, 122002 (2005) [hep-
lat /0506030].

[71] A. Bazavov et al. [Fermilab Lattice and MILC Collaborations|, Phys. Rev. D 85,
114506 (2012) [arXiv:1112.3051 [hep-lat]].

[72] T. Burch, C. DeTar, M. Di Pierro, A. X. El-Khadra, E. D. Freeland, S. Got-
tlieb, A. S. Kronfeld and L. Levkova et al., Phys. Rev. D 81, 034508 (2010)
[arXiv:0912.2701 [hep-lat]].

(73] G. C. Donald, C. T. H. Davies, R. J. Dowdall, E. Follana, K. Hornbostel, J. Koponen,
G. P. Lepage and C. McNeile, Phys. Rev. D 86, 094501 (2012) [arXiv:1208.2855
[hep-lat]].

[74] C. McNeile, et al., Phys. Rev. D 86, 074503 (2012) [arXiv:1207.0994 [hep-lat]].

[75] E. B. Gregory, et al., Phys. Rev. D 83, 014506 (2011) [arXiv:1010.3848 [hep-lat]].



Bibliography 149

[76] R. J. Dowdall et al. [HPQCD Collaboration|, Phys. Rev. D 85, 054509 (2012)
[arXiv:1110.6887 [hep-lat]].

[77] R. J. Dowdall, C. T. H. Davies, T. C. Hammant and R. R. Horgan, Phys. Rev. D
86, 094510 (2012) [arXiv:1207.5149 [hep-lat]].

[78] Y. Namekawa et al. [PACS-CS Collaboration], Phys. Rev. D 84, 074505 (2011)
[arXiv:1104.4600 [hep-lat]].

[79] D. Mohler and R. M. Woloshyn, Phys. Rev. D 84, 054505 (2011) [arXiv:1103.5506
[hep-lat]];

[80] N. Mathur, R. Lewis and R. M. Woloshyn, Phys. Rev. D 66, 014502 (2002) |[hep-
ph/0203253]

[81] R. Lewis, N. Mathur and R. M. Woloshyn, Phys. Rev. D 64, 094509 (2001) [hep-
ph/0107037).

[82] J. M. Flynn, et al., [UKQCD Collaboration|, JHEP 0307, 066 (2003) [hep-
lat/0307025].

[83] L. Liu, et al., Phys. Rev. D 81, 094505 (2010) [arXiv:0909.3294 |hep-lat]].

[84] R. A. Briceno, H. -W. Lin and D. R. Bolton, Phys. Rev. D 86, 094504 (2012)
[arXiv:1207.3536 [hep-lat]].

[85] C. Alexandrou, J. Carbonell, D. Christaras, V. Drach, M. Gravina and M. Papinutto,
Phys. Rev. D 86, 114501 (2012) [arXiv:1205.6856 [hep-lat]].

[86] G. Bali, et al., J. Phys. Conf. Ser. 426, 012017 (2013) [arXiv:1212.0565 [hep-lat]].

[87] S. Durr, G. Koutsou and T. Lippert, Phys. Rev. D 86, 114514 (2012)
[arXiv:1208.6270 [hep-lat]].

[88] Y. Namekawa et al. [PACS-CS Collaboration|, Phys. Rev. D 87, 094512 (2013)
[arXiv:1301.4743 [hep-lat]].

[89] N. Mathur, Y. Chen, S. J. Dong, T. Draper, I. Horvath, F. X. Lee, K. F. Liu and
J. B. Zhang, Phys. Lett. B 605, 137 (2005) [hep-ph/0306199].

[90] D. B. Leinweber, W. Melnitchouk, D. G. Richards, A. G. Williams and J. M. Zanotti,
Lect. Notes Phys. 663, 71 (2005) [nucl-th/0406032].



Bibliography 150

91] K. Sasaki, S. Sasaki and T. Hatsuda, Phys. Lett. B 623, 208 (2005) [hep-
lat/0504020).

[92] T. Burch, C. Gattringer, L. Y. .Glozman, C. Hagen, D. Hierl, C. B. Lang and
A. Schafer, Phys. Rev. D 74, 014504 (2006) [hep-lat/0604019].

(93] M. S. Mahbub et al. [CSSM Lattice Collaboration], Phys. Lett. B 707, 389 (2012)
[arXiv:1011.5724 [hep-lat]].

[94] M. S. Mahbub, A. O. Cais, W. Kamleh, D. B. Leinweber and A. G. Williams, Phys.
Rev. D 82, 094504 (2010) [arXiv:1004.5455 |[hep-lat]].

[95] G. P. Engel, C. B. Lang and A. Schafer, Phys. Rev. D 87, no. 3, 034502 (2013)
[arXiv:1212.2032 [hep-lat]].

[96] M. Peardon, et al., [Hadron Spectrum Collaboration|, Phys. Rev. D 80, 054506
(2009) [arXiv:0905.2160 [hep-lat]].

[97] C. Michael, Nucl. Phys. B 259, 58 (1985);
[98] M. Luscher and U. Wolff, Nucl. Phys. B 339, 222 (1990).

[99] J. J. Dudek, R. G. Edwards, N. Mathur and D. G. Richards, Phys. Rev. D 77,
034501 (2008) [arXiv:0707.4162 [hep-lat]].

[100] S. Basak et al. [Lattice Hadron Physics (LHPC) Collaboration]|, Phys. Rev. D 72,
074501 (2005) [hep-lat/0508018].

[101] R. G. Edwards, J. J. Dudek, D. G. Richards and S. J. Wallace, Phys. Rev. D 84,
074508 (2011) [arXiv:1104.5152 [hep-ph]].

[102] R. G. Edwards, N. Mathur, D. G. Richards and S. J. Wallace, Phys. Rev. D 87,
054506 (2013) arXiv:1212.5236 [hep-ph].

[103] J. J. Dudek, R. G. Edwards, M. J. Peardon, D. G. Richards and C. E. Thomas,
Phys. Rev. Lett. 103, 262001 (2009), [arXiv:0909.0200 [hep-ph]]

[104] J. J. Dudek, R. G. Edwards, M. J. Peardon, D. G. Richards and C. E. Thomas,
Phys. Rev. D 82, 034508 (2010) [arXiv:1004.4930 [hep-ph]].

[105] J. J. Dudek, R. G. Edwards, M. J. Peardon, D. G. Richards and C. E. Thomas,
Phys. Rev. D 83, 071504 (2011) [arXiv:1011.6352 [hep-ph]].



Bibliography 151

[106] L. Liu, et al., [HSC], JHEP 1207, 126 (2012) [arXiv:1204.5425 [hep-ph]].

[107] G. Moir, M. Peardon, S. M. Ryan, C. E. Thomas and L. Liu, JHEP 1305, 021
(2013) [arXiv:1301.7670 [hep-ph]].

[108] J. J. Dudek and R. G. Edwards, Phys. Rev. D 85, 054016 (2012) [arXiv:1201.2349
[hep-ph]].

[109] R. G. Edwards, B. Joo and H. -W. Lin, Phys. Rev. D 78, 054501 (2008)
[arXiv:0803.3960 [hep-lat]].

[110] H.-W. Lin et al. [HSC], Phys. Rev. D 79, 034502 (2009) [arXiv:0810.3588 [hep-lat]].
[111] G. P. Lepage and P. B. Mackenzie, Phys. Rev. D 48, 2250 (1993) [hep-lat/9209022].

[112] M. Padmanath, R. G. Edwards, N. Mathur and M. Peardon, arXiv:1307.7022 [hep-
lat].

[113] M. Padmanath, R. G. Edwards, N. Mathur and M. Peardon, arXiv:1311.4806 [hep-
lat].

[114] M. Padmanath, R. G. Edwards, N. Mathur and M. Peardon, arXiv:1311.4354 [hep-
lat].

[115] D. B. Renner et al. [LHP Collaboration], Nucl. Phys. Proc. Suppl. 140, 255 (2005)
[hep-lat/0409130].

[116] R. G. Edwards et al. [LHPC Collaboration|, Phys. Rev. Lett. 96, 052001 (2006)
[hep-lat/0510062).

[117] J. D. Bratt et al. [LHPC Collaboration|, Phys. Rev. D 82, 094502 (2010)
[arXiv:1001.3620 [hep-lat]].

[118] C. Allton, C. Maynard, A. Trivini and R. Tweedie, PoS LAT 2006, 202 (2006)
[hep-lat/0610068].

[119] S. Durr, Z. Fodor, C. Hoelbling, S. D. Katz, S. Krieg, T. .Kurth, L. Lellouch and
T. Lippert et al., PoS LAT 2007, 113 (2007) [arXiv:0710.4866 [hep-lat]].

[120] K. Cichy, G. Herdoiza and K. Jansen, Acta Phys. Polon. Supp. 2, 497 (2009)
[arXiv:0910.0816 [hep-lat]].



Bibliography 152

[121] E. Follana et al. [HPQCD and UKQCD Collaborations|, Phys. Rev. D 75, 054502
(2007) [hep-lat/0610092].

[122] A. Bazavov et al. [MILC Collaboration], Phys. Rev. D 87, no. 5, 054505 (2013)
[arXiv:1212.4768 [hep-lat]].

[123] R. Narayanan and H. Neuberger, Phys. Rev. Lett. 71, 3251 (1993) [hep-
lat /9308011].

[124] H. Neuberger, Phys. Lett. B 417, 141 (1998); ; ibid. B427 (1998) 353;

[125] R. G. Edwards, U. M. Heller and R. Narayanan, Phys. Rev. D 59, 094510 (1999)
[hep-lat/9811030].

[126] S. Basak, et al., ILGTI] PoS LATTICE 2012, 141 (2012) [arXiv:1211.6277 [hep-
lat]].

[127] S. Basak, S. Datta, M. Padmanath, P. Majumdar and N. Mathur, PoS LATTICE
2012, 141 (2012) [arXiv:1211.6277 [hep-lat]].

[128] C. E. DeTar and J. B. Kogut, Phys. Rev. Lett. 59 (1987) 399, Phys. Rev. D 36
(1987) 2828.

[129] K. D. Born et al.(MT,. Collaboration), Phys. Rev. Lett. 67 (1991) 302.
[130] S. Wissel et al., PoS LAT-2005, 164; S. Wissel, Ph. D dissertation (2006).
[131] R. V. Gavai, S. Gupta and R. Lacaze, Phys. Rev. D 78 (2008) 014502.
[132] R. V. Gavai, S. Gupta and P. Majumdar, Phys. Rev. D 65 (2002) 054506.
[133] A. Gocksch, P. Rossi and Urs M. Heller, Phys. Lett. B 205 (1988) 334.

[134] M. Cheng et al., Eur. Phys. J. C 71 (2011) 1564;
D. Banerjee et al., Phys. Rev. D 83 (2011) 074510.

[135] M. Cheng et al., Nucl. Phys. A 862-863 (2011) 308.

[136] S. Datta, S. Gupta, M. Padmanath, J. Maiti and N. Mathur, JHEP 1302, 145
(2013) [arXiv:1212.2927 [hep-lat]].



Bibliography 153

[137] K. G. Wilson, Phys. Rev. D 10, 2445 (1974).
[138] T. DeGrand and C. E. Detar, New Jersey, USA: World Scientific (2006) 345 p
[139] C. Gattringer and C. B. Lang, Lect. Notes Phys. 788, 1 (2010).

[140] I. Montvay and G. Munster, Cambridge, UK: Univ. Pr. (1994) 491 p. (Cambridge

monographs on mathematical physics)
[141] P. T. Matthews and A. Salam, Nuovo Cim. 2, 120 (1955).
[142] H. B. Nielsen and M. Ninomiya, Phys. Lett. B 105, 219 (1981).
[143] B. Sheikholeslami and R. Wohlert, Nucl. Phys. B 259, 572 (1985).

[144] M. Luscher, S. Sint, R. Sommer, P. Weisz and U. Wolff, Nucl. Phys. B 491, 323
(1997) [hep-lat/9609035].

[145] J. B. Kogut and L. Susskind, Phys. Rev. D 11, 395 (1975).
[146] S. R. Sharpe, PoS LAT 2006, 022 (2006) [hep-lat/0610094].
[147] M. Luscher, Phys. Lett. B 428, 342 (1998) [hep-lat/9802011].

[148] M. A. Clark and A. D. Kennedy, Nucl. Phys. Proc. Suppl. 129, 850 (2004) [hep-
lat /0309084].

[149] M. A. Clark, A. D. Kennedy and Z. Sroczynski, Nucl. Phys. Proc. Suppl. 140, 835
(2005) [hep-lat/0409133].

[150] M. A. Clark and A. D. Kennedy, Phys. Rev. Lett. 98, 051601 (2007) [hep-
lat /0608015].

[151] G. P. Lepage, CLNS-89-971.
[152] F. Karsch, Nucl. Phys. B 205, 285 (1982).

[153] G. Burgers, F. Karsch, A. Nakamura and I. O. Stamatescu, Nucl. Phys. B 304,
587 (1988);

[154] T. R. Klassen, Nucl. Phys. B 533, 557 (1998); [hep-lat/9803010].

[155] P. Chen, Phys. Rev. D 64, 034509 (2001). [hep-lat/0006019)].



Bibliography 154

[156] C. R. Allton et al. [UKQCD Collaboration|, Phys. Rev. D 47, 5128 (1993) [hep-
lat/9303009].

[157] S. Meinel, Phys. Rev. D 85, 114510 (2012).

[158] N. Brambilla, S. Eidelman, B. K. Heltsley, R. Vogt, G. T. Bodwin, E. Eichten,
A. D. Frawley and A. B. Meyer et al., Eur. Phys. J. C 71, 1534 (2011)
[arXiv:1010.5827 [hep-ph]].

[159] M. J. Savage and M. B. Wise, Phys. Lett. B 248, 177 (1990).

[160] M. J. Savage and R. P. Springer, Int. J. Mod. Phys. A 6, 1701 (1991).

[161] S. Fleming and T. Mehen, Phys. Rev. D 73, 034502 (2006) [hep-ph/0509313].
[162] E. J. Eichten and C. Quigg, Phys. Rev. D 49, 5845 (1994) [hep-ph/9402210].

[163] E. B. Gregory, C. T. H. Davies, E. Follana, E. Gamiz, I. D. Kendall, G. P. Lepage,
H. Na and J. Shigemitsu et al., Phys. Rev. Lett. 104, 022001 (2010) [arXiv:0909.4462
[hep-lat]].

[164] Z. S. Brown, W. Detmold, S. Meinel and K. Orginos, PoS QNP 2012, 107 (2012).
[165] O. W. Greenberg, Phys. Rev. Lett. 13, 598 (1964).

[166] J. J. Dudek, R. G. Edwards and C. E. Thomas, Phys. Rev. D 87, no. 3, 034505
(2013) [arXiv:1212.0830 [hep-ph]].

[167] H. Fukaya et al. [JLQCD Collaboration], Phys. Rev. Lett. 98, 172001 (2007) [hep-
lat/0702003)].

[168] A. Li et al. [yQCD Collaboration], Phys. Rev. D 82, 114501 (2010) [arXiv:1005.5424
[hep-lat]].

[169] O. Bar, G. Rupak and N. Shoresh, Phys. Rev. D 67, 114505 (2003) [hep-
lat /0210050).

[170] J. -W. Chen, D. O’Connell and A. Walker-Loud, Phys. Rev. D 75, 054501 (2007)
[hep-lat/0611003].

[171] K. Orginos and A. Walker-Loud, Phys. Rev. D 77, 094505 (2008) [arXiv:0705.0572
[hep-lat]].



Bibliography 155

[172] N. Mathur et al. [xQCD Collaboration|, PoS LATTICE 2010, 114 (2010)
[arXiv:1011.4378 [hep-lat]].

[173] S. Capitani, S. Durr and C. Hoelbling, JHEP 0611, 028 (2006) [hep-lat/0607006].

[174] J. van den Eshof, A. Frommer, T. Lippert, K. Schilling and H. A. van der Vorst,
Comput. Phys. Commun. 146, 203 (2002) [hep-lat/0202025].

[175] Y. Chen, S. J. Dong, T. Draper, I. Horvath, F. X. Lee, K. F. Liu, N. Mathur and
J. B. Zhang, Phys. Rev. D 70, 034502 (2004) [hep-lat/0304005].

[176] C. T. H. Davies et al. [HPQCD Collaboration|, Phys. Rev. D 81, 034506 (2010)
[arXiv:0910.1229 [hep-lat]].

[177] S. Tamhankar, A. Alexandru, Y. Chen, S. J. Dong, T. Draper, I. Horvath, F. X. Lee
and K. F. Liu et al., Phys. Lett. B 638, 55 (2006) [hep-lat/0507027].

[178] A. X. El-Khadra, A. S. Kronfeld and P. B. Mackenzie, Phys. Rev. D 55, 3933
(1997) [hep-lat/9604004].

[179] M. Benmerrouche, R. M. Davidson and N. C. Mukhopadhyay, Phys. Rev. C 39,
2339 (1989).

[180] S. Gupta, Phys. Rev. D 64 (2001) 034507.

[181] G. Boyd et al., Nucl. Phys. B 469 (1996) 419.

[182] D. Becirevic et al., Phys. Lett. B 558 (2003) 69.

[183] W. Bardeen et al., Phys. Rev. D 65 (2001) 014509.

[184] N. Mathur et al., Phys. Rev. D 76 (2007) 114505.

[185] S. Prelovsek et al., Phys. Rev. D 70 (2004) 094503.

[186] M. Liischer et al., Nucl. Phys. B 491 (1997) 344.

[187] G. P. Lepage and P. Mackenzie, Phys. Rev. D 48 (1993) 2250.
[188] M. Gockeler et al., Nucl. Phys. B (Proc. Suppl.) 53 (1997) 896.

[189] S. Sint and P. Weisz, Nucl. Phys. B (Proc. Suppl.) 63 (1998) 856.



Bibliography 156

[190] S. Datta and S. Gupta, Phys. Rev. D 80 (2009) 114504.
[191] S. Gupta, Phys. Rev. D 60 (1999) 094505.
[192] R. Rapp and J. Wambach, Adv. Nucl. Phys. 25 (2000) 1.

(193] S. Gupta and N. Karthik, Phys. Rev. D 87, 094001 (2013) [arXiv:1302.4917 [hep-
lat]].

[194] M. Luscher, S. Sint, R. Sommer, P. Weisz, U. Wolff, Nucl. Phys. B 491 (1991),
323 — 343.

[195] T. DeGrand, A. Hasenfratz and T. G. Kovacs, Nucl. Phys. B 547 (1999) 259 — 280.

[196] W. Bardeen, A. Duncan, E. Eichten, G. Hockney and H. Thacker, Phys. Rev. D
57, 1633 — 1641, (1998).

[197] M. Gockeler, A. Hoferichter, R. Horsley, D. Pleiter, P. Rakow, G. Schierholz and
P. Stephenson, Nucl. Phys. B (Proc. Suppl.) 73 (1999) 889 — 891.

[198] A. Hoferichter, E. Laermann, V. K. Mitrjushkin, M. Muller-Preussker and P.
Schmidt, Nucl. Phys. B (Proc. Suppl.) 63A-C (1998) 164 — 166.

[199] R. Frezzotti, P. A. Grassi, S. Sint and P. Weisz, Nucl. Phys. B (Proc. Suppl.),
83 — 84 (2000) 941 — 946.

[200] C. Gattringer and S. Solbrig, PoS, LAT2005:127.

[201] C. Bernard, T. DeGrand, C. DeTar, S. Gottlieb, Urs M. Heller, C. McNeile, K.
Originos, R. Sugar and D. Toussaint, Nucl. Phys. B (Proc.Suppl.) 83 (2000) 289—291.

[202] C. Bernard, S. Datta, T. DeGrand, C. DeTar, S. Gottlieb, Urs M. Heller, C. Mc-
Neile, K. Originos, R. Sugar and D. Toussaint, Phys. Rev. D 66 (2002) 094501.

[203] V. I. Eletskii and B. L. Ioffe, Sov. J. Nucl. Phys. 48 (1988) 384;
W. Florkowski and B. L. Friman, Z. Phys. A 347 (1994) 271.

[204] L. Y. .Glozman, C. B. Lang and M. Schrock, Phys. Rev. D 86, 014507 (2012)
[arXiv:1205.4887 [hep-lat]].

205] K. C. Bowler et al. [UKQCD Collaboration], Phys. Rev. D 54, 3619 (1996) [hep-
lat/9601022).



Bibliography 157

[206] A. Ali Khan, T. Bhattacharya, S. Collins, C. T. H. Davies, R. Gupta, C. Morn-
ingstar, J. Shigemitsu and J. H. Sloan, Phys. Rev. D 62, 054505 (2000) [hep-
lat/9912034].

[207] R. Lewis and R. M. Woloshyn, Phys. Rev. D 79, 014502 (2009) [arXiv:0806.4783
[hep-lat]].

[208] W. Detmold, C. -J. D. Lin and M. Wingate, Nucl. Phys. B 818, 17 (2009)
[arXiv:0812.2583 [hep-lat]].

[209] H. -W. Lin, S. D. Cohen, N. Mathur and K. Orginos, Phys. Rev. D 80, 054027
(2009) [arXiv:0905.4120 [hep-lat]].

[210] T. Burch, C. Hagen, C. B. Lang, M. Limmer and A. Schafer, Phys. Rev. D 79,
014504 (2009) [arXiv:0809.1103 [hep-lat]].



	Synopsis
	Introduction
	Lattice methodology in excited state spectroscopy
	Anisotropic lattice
	Construction of baryon operators

	RESULTS : Excited state spectroscopy of charm baryons
	Triply charm baryons
	Doubly charm baryons
	Singly charm baryons

	Mixed action approach : Charm and strange hadron spectroscopy
	Energy splittings in charmonia and charm-strange mesons

	Baryon screening masses at finite temperature
	Summary and conclusions

	Publications
	Outline of the thesis
	Introduction
	Baryons
	Heavy hadrons in QCD
	Potential model calculations
	Lattice spectroscopy
	Excited state spectroscopy
	Spectroscopy with chiral fermions

	Hadrons at finite temperature
	Summary

	Quantum ChromoDynamics on lattice
	QCD in the continuum
	Lattice formulation of QCD
	Gauge action on lattice
	Fermion action on lattice

	Numerical calculations using lattice QCD
	Simulations using lattice QCD
	Spectroscopy on the lattice
	Quark propagators

	Summary

	Excited state spectroscopy
	Conventional spectroscopy from lattice
	Challenges in excited state heavy hadron spectroscopy
	Anisotropic lattice
	Construction of baryon operators
	Continuum baryon interpolating operators
	General symmetry combinations
	Flavor symmetry structures
	Dirac spin symmetries
	Spatial projection operator symmetries
	Subduction into lattice irreps
	Distillation

	Variational fitting technique
	Rotational symmetry and cross correlations
	Spin identification
	Summary

	Charm baryon spectrum
	Triply charm baryons
	The spectrum
	Investigating lattice artifacts
	Valence quark mass dependence of energy splittings

	Doubly charm baryons
	The spectrum
	Investigating lattice artifacts
	Energy splittings in doubly charm baryons

	Singly charm baryons
	The spectrum
	c and c baryon
	c baryon
	c baryon
	Energy splittings : A preliminary study

	Caveats in excited state spectroscopy
	Summary, conclusions and future prospects

	Spectroscopy using chiral fermions
	Mixed action formalism
	Numerical details
	Discretization errors
	Finite momentum meson correlators

	Results
	Hyperfine splitting in 1S charmonia
	Energy splittings in charmonia and charmed-strange mesons
	Charmed baryons

	Summary, conclusions and future prospects

	Baryons at finite temperature
	Introduction
	Runs and measurements 
	The meson sector 
	The baryon sector 
	Hadrons above Tc and free field theory 
	Summary, conclusions and future prospects
	Exceptional configurations
	Wall sources 

	Summary and conclusions
	Excited state charm baryon spectroscopy
	Charm hadron spectroscopy using overlap fermions
	Nucleons at finite temperature


