Lattice QCD and Hadron Spectroscopy

Zhimei Liu
May 2, 2024

Contents
1 Introduction 1
2 The Path Integral Formalism on the Lattice 3
2.1 Euclidean correlators . . . . . . . . .. L 3
2.2 Deriving the path integral for the Euclidean correlator . . . . . . ... ... ... ... 3
3 QCD on the Lattice 5
3.1 Pure gauge theory on the lattice . . . .. . .. .. .. oL )
3.1.1 Wilson gauge action . . . . . . .. . . ..o e 5
3.1.2 Haar measure . . . . . . . . . ... e e e e e e 6
3.1.3 Wilson loop and confinement . . . . . ... .. ... ... .. .. 7
3.2 Fermions on the lattice . . . . . . . .. .. L 9
3.2.1 Naive fermion action . . . . . . . ... oL L 9
3.2.2 Wilson fermion action . . . . . . . . . .. ... e 10
3.3 The QCD lattice path integral . . . . . . . . . ... ... .. 11
4 Chiral symmetry on the lattice 11
4.1 Wilson fermions with exact chiral symmetry . . . . . . ... .. 0oL 12
4.2 The overlap operator . . . . . . . ... 13
5 Monte Carlo simulations 13
5.1 Monte Carlo algorithms . . . . . . . . ... 13
5.2 Data analysis for lattice simulations . . . . . . . ... ... 0oL 15
6 Hadron Spectroscopy 16
6.1 Lattice methods for hadron spectroscopy . . . . . . . . . . . ... L L. 17
6.1.1 Hadron interpolators and correlators . . . . . . . . . .. .. ... ... ..... 17
6.1.2 Extraction of hadron eigenstates . . . . . .. .. ... ... L 0. 19
6.1.3 Finalizing theresults . . . . . . . . .. . L 22
6.2 Review of simulation results . . . . . . .. . L oL 24
6.2.1 Light meson spectrum . . . . . . . .. ... Lo 24
6.2.2 Volume dependence of the isoscalar spectrum . . . . . .. ... ... ... ... 24
6.2.3 Quark mass and volume dependence . . . . . . ... ... oL 25
6.3 Resonances and scattering . . . . . . . ... Lo 25
6.3.1 Meson resonances on the lattice. . . . . . . ... oo Lo 26
6.3.2 Baryon resonances on the lattice . . . .. .. ... .. . 0oL 26
7 Conclusion and outlook 27
7.1 Further studies . . . . . . . . . e 28

1 Introduction

Quantum chromodynamics (QCD) is the fundamental theory to describe the dynamics of quarks
and gluons in hadrons. It is a quantum field theory of non-Abelian SU(3) gauge field. At low-
energy regime, the QCD theory is strongly coupled and exhibits two prominent phenomena: colour
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confinement and the chiral symmetry breaking. The former confines quarks and gluons in the hadrons,
forbidding the existence of a single (anti-)quark on its own, while the latter is the origin of large
effective masses of quarks and light pseudoscalar mesons such as pions. It is admitted that only
gauge-invariant objects are observable. Hadrons are gauge-invariant (i.e. colour singlet) bound states
of quarks and gluons and thus are observed in nature as free particles. At high-energy regime, the
QCD coupling has a striking feature that it decreases asymptotically to 0 as r < Aé(ljD. This is
another interesting phenomenon in QCD called asymptotic freedom. With this property, we can use
the perturbation theory at high energy, whereas when the energy scale decreases down to Aqcp, the
coupling becomes too strong so that we cannot trust the perturbation theory anymore. Therefore,
we need an alternative method to conduct the analysis.

In the 50 years since formulation of QCD, it has been particularly successful at high energies
where perturbation theory can be employed. However, this rich and elusive theory still has much
left to uncover. A significant hurdle towards progress in strong-interaction physics is the low-energy
regime of QCD where the theory becomes non-perturbative. Additionally, the observed degrees of
freedom are not the quarks and gluons which define QCD but rather composite states corresponding
to colour singlets. How the underlying theory of QCD leads to the vast number of observed hadrons
is still not understood and remains an active area of research.

Lattice QCD simulation is a theoretical tool that allows us to analyse the nonperturbative nature
of QCD directly with full systematic control. The approach is based on regularizing QCD on a finite
four-dimensional Euclidean spacetime lattice and is often studied using numerical computations of
QCD correlation functions in the path integral formalism. Monte Carlo simulation has become the
primary tool for the study of nonperturbative phenomena in both quantum field theory and statistical
systems. With the development of computational equipment as well as numerical algorithms, lattice
QCD simulations have become a powerful tool to give quantitative predictions of hadronic matrix
elements such as those needed for flavour physics. Lattice QCD can also be used to explore the nature
of QCD dynamics, such as the spontaneous chiral symmetry breaking, the confinement mechanism,
the instanton dynamics, the U(1) problem, the finite temperature phase transition, and so on.

Hadron spectroscopy is a field that studies the masses and decays of hadrons. Hadron spectroscopy
is the key to the understanding of various interesting properties of QCD, such as confinement, dy-
namical chiral symmetry breaking, emergence of topological matter, etc, which are something still
not fully understood. Hadron spectroscopy experiments also aim to search for exotic hadrons, such as
tetra-quarks, penta-quarks and glueballs, which are configurations of quarks and gluons beyond the
conventional quark-antiquark mesons and three-quark baryons. The discovery and study of exotic
hadrons can provide insights into the underlying structure of matter. Figure 1 shows some examples
of the discovery of exotic candidates in the past two decades. Last but not least, hadron spectroscopy
experiments also serve as tests of the correctness of QCD. Comparing experimental results with QCD
predictions allows physicists to refine and improve our understanding of the strong force and its man-
ifestations in hadron properties. Having discussed the importance of hadron spectroscopy, we will
focus on the lattice QCD calculation of hadron spectroscopy in Section 6.
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Figure 1: The X(3872) discovered by Belle [9] corresponds to the first diagram which defined
expectations from the quark model. In the middle, the Z. (3900) discovered by BESIII [2] is a
charged charmonium state. On the right is the T} (3875) discovered by LHCb [1] which has two
charm quarks and integer spin and therefore must be exotic.

The structure of this essay is as follows. We will start with the derivation of formalising the
FEuclidean path integral on the lattice in the subsequent Section 2, and very soon in Section 3, we will
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discuss the discretization of the QCD action on the lattice. We will derive the Wilson gauge action
and the Wilson fermion action in this section, which are the most simple forms of the lattice QCD
actions. In Section 4, we will briefly look at the chiral symmetry on the lattice. In Section 5, we will
focus on the Monte Carlo simulations of the QCD actions and the techniques for analysing the data.
Lastly, we will spend the remaining part of the essay discussing hadron spectroscopy in Section 6,
with a focus on the lattice methods for spectroscopy first, followed by the review of various spectra
from lattice QCD simulations and the discussion of resonance on the lattice.

2 The Path Integral Formalism on the Lattice

The Euclidean path integral is the basic tool for quantizing fields on the lattice. Therefore, to begin
with, we derive the Euclidean path integral expression for the Euclidean correlators in this section.

2.1 FEuclidean correlators

We start by defining the Euclidean correlator (O (t)01(0)>T:

(02(1)01(0)) . := ZiTTr [ef(Tft)HégeftHél] with Zp = Tr[e”"H]. (1)
Here, the normalization factor Zr is also called the partition function. 61 and 62 are operators
(which can be operators that create or annihilate states, or operators that measure observables), and
the self-adjoint operator H is the Hamiltonian operator of the system which measures the energy in
the system and governs the time evolution.

The trace Tr[@] of an operator O is the sum or integral over the expectation values of Oin a
complete basis of states. Let |n) be the eigenstates of H and E,, be the corresponding energy eigen-
values, which are real and discrete numbers. Then, Zp =" <n|e’Tﬁ Iny =Y, e~ TEn. Similarly, for
the Euclidean correlator,

1

= —— > e TDEn(m|Oyfn)e =" (n| O m)
Zr

m,n ~ ~ (2>
Zm,n ei(Tit)AEmeitAEn <m|02 |TL> <n|01 |m>

1+ e TAEL 4 e~TAE: 4

(02(1)01(0)) .

)

where AFE, := E,, — Ey. For convenience, let’s normalize the energy Fj of the vacuum state to zero,
then AF, = E,,. Now we analyze in the limit 7' — oo, we then obtain the first key equation

Jim (0:(1)01(0)) . = > (0|0a]n)(n|O[0)e~ En. (3)

n

This is an expression that will be central to the interpretation of lattice field theory.

2.2 Deriving the path integral for the Euclidean correlator

We start by considering a real scalar field ¢(¢,x) in Minkowski spacetime. Eventually, we will work
with fermionic quark fields, but the quantization steps follow similarly. From the Part III Quantum

Field Theory course, the canonical momentum for this system is 7 (¢, x) = ¢(¢,x), and the Hamiltonian
is

o= /d% (;W(t,x)Q + %(V(é(t,x))z (%) + v<¢(t,x)>>.

Upon quantization, the Hamiltonian H and the fields ¢(¢,x) and 7(¢,x) turn into Schrodinger op-
erators with time evolution of operators given by O = et . Og - e *H* where Oy and Og denote
the operators in Heisenberg picture and Schrodinger picture respectively. The operators ¢(x) and
7(x) obey the following canonical commutation relations at equal time: [¢(x),7(y)] = id(x —y),
[6(x), 6(y)] = [7(x),7(y)] =0.

To build up a lattice field theory, we replace the continuous space by a 3D finite lattice As:
Az={an €R?®|n;=0,1,..,N —1 (mod N) Vi=1,2,3} (4)

3



Zhimei Liu — May 2, 2024 Lattice QCD and Hadron Spectroscopy

where the length a is referred to as the lattice spacing. The Schrodinger operators ¢(n) and 7(n)
now live on the lattice sites labelled by vector n with integer-values components ni,ns,n3. We also
want to discretize the derivatives of the fields. For small lattice spacing a, the derivative may be
approximated as

byos) = HBD)—0tn )

where ;7 denotes the unit vector in the j-direction. Then we obtain a lattice version of the Hamiltonian
H for the system:

3 n . n—A' 2 mg
H=d Z(;ﬂn)u;z(‘“ ) +2¢<n>2+v<¢<n>>>~

Jj=1

+0(a?),

To derive corresponding canonical quantization relations, by analysing the length dimension, the
canonical quantization relations are replaced by the following commutation relations:

[¢(m), 7(n)] = ia" 6mn, [¢(m),¢(n)] =0, [r(m),7(n)] =0. ()

where dm n = Omy n1Omoy,ny Omsy,ng and the factor a3 is to keep the length dimension correct.
The commutation relations (5) are satisfied when the momentum operator is

7 0
a3 dp(n)’

Using this representation, we can write the Hamiltonian for the Klein-Gordon field on the lattice as
H = Hy + Hi,, where

m(n) = —

0
Ho—asz ( a® 9¢p(n ) - 2a326¢

neAs
3 n S n— S\ 2 m2
Hipng =a3n§' (;; (¢( +])2a¢( ])> +2¢5(n)2+V(¢(n))>.

We can further introduce a 4D lattice by adding a time dimension, defined as
Ay = {(n,n4) |neAs, ng=0,1,..., Npr — 1 (mod NT)}, (6)

so we can rewrite ¢(n); =: ¢(n, ns) which is a more compact way. Note that the lattice A4 is periodic
in all four directions. Therefore, after Wick rotation, i.e., rotating the time into the imaginary axis,
the Euclidean action is rewritten as

3

Seld] = ca® Y {;<¢(n7n4+1)—¢(n,n4)>2+1Z<¢<n+5,n4)_

$(n — j,n4) ) ?
(n,na)EAs € 2 2a

= )
+ o)+ Vo)

with the path integral measure

Digl= [ don, na). (®)

(n,na)EAs

After applying the time slicing techniques as shown in Part III Advanced Quantum Field Theory
course, we can derive the final path integral expression for the Euclidean correlator on the lattice [15]:

e=9el0l0, n¢)|O1|9(
(Oult)01 (0 = L2 Dt rgJOneLO, 0

where the measure D[¢] is defined in (8) and the action Sg is given in (7). The O;[¢(.,0)] and
Os[é(.,n¢)] are functionals that map the whole field configuration, defined by the set of all field
values at the given time, into the complex numbers. This is the second key equation we derive in this
section that we will be using later in this essay.
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3 QCD on the Lattice

After formalising the path integral on the lattice, we are ready to look at the QCD theory on the
lattice. But before we approximate the continuous space by a lattice and develop the theory, we first
recall (from the Part IIT The Standard Model course) that in the continuum, the quarks are massive
fermions described by Dirac 4-spinors

6§ 2(@) , a{)(x)

where each quark carries a colour index ¢ = 1,2, 3, a spinor index o« = 1,2, 3,4 and a flavour index
f=1,..., Ny. Note the difference in notation that we use letters a, b, c, ... to denote colours and Greek
letters to denote Dirac indices. The Dirac adjoint spinor is g(z) = q(z) 0.

In addition to the quarks, QCD also contains gauge fields describing the dynamics of gluons,

Gu(x)%

where the gauge fields carry a Lorentz index p which labels the direction of the different components
in spacetime, as well as colour indices a,b = 1,2,3 because these gluon fields are SU(3) Lie-algebra
valued, i.e. they are traceless, Hermitian 3 x 3 matrices at each spacetime point x.

The fermionic part (which describes the dynamics of the quark fields) of the QCD action is a
bilinear functional in the fields ¢ and g, given (in Euclidean metric) by

Ny
$510:0.Gul = 3, [ @' D @)ae (1) 0eady + iGo(e)ea) 4 M Dousba)a V@) (10)
f=1

where we explicitly write out the contraction of spinor indices and colour indices.
We require the QCD action to be gauge invariant under the action of the gauge group SU(3) for
the fermion fields. Under this constraint, we get the transformation rule for the gauge field

G, — G (x) = Q(2)Gu(2)Qx)" +i(9,9(2))Q2)t, where Q(x) € SU(3). (11)

The gluonic part of the QCD action for the gluon field G, (z) is a functional of only the gauge
fields G, and is also required to be gauge invariant, i.e., S,[G},] = Sy[G]. The field strength tensor
is F(x) = 0,G, — 0,G(x) + 1[G ,(z), Gy (x)]. Then

$)(Gi) = 53 [ dte TFu(@)F (), (12)

where g is the gauge coupling constant. Note that we keep the gauge coupling constant as an overall
factor of the gauge action for convenience later on the lattice.

It is important to note that we will be working in the Euclidean space in the lattice QCD theory.
This is because that on the Minkowski space, there will be an oscillating factor exp(¢S) in the path
integral, which is difficult to deal with numerically. It is often called the sign problem. In Euclidean
space, we have a real exponential exp(—.S), which allows for efficient Monte Carlo sampling techniques,
such as the Metropolis algorithm (see Section 5.1).

Having reviewed some fundamentals of QCD in the continuum, we are now ready to derive the
QCD theory on the lattice. We will first look at the pure gauge theory on the lattice in Section 3.1,
since it is relatively easier to deal with than the fermionic part. Subsequently, we will explore the
fermion action on the lattice in Section 3.2. Lastly, we will conclude this section by summarising the
complete expression for the QCD lattice path integral in Section 3.3.

3.1 Pure gauge theory on the lattice
3.1.1 Wilson gauge action

To construct a lattice action for a gauge theory, we need two key ingredients. Firstly, the gauge action
should be SU(3) gauge invariant. Secondly, it must have the correct continuum limit. The key to
defining such an action is to introduce a field U, (n), called the link variables [11]. They are elements
of the fundamental representation of SU(3), related to the gauge field in the continuous case through

U,(n) = exp(iaG,(n)). (13)
5
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U, (n) ) U (n+ )t )
n >N+ [ n+v<+e——mn+ut+v
U, (n)f Uy (n+ f)
U_pu(n) =Uu(n—p)t Up(n) .
n— [i - n n— -—>n+[

Figure 2: The left diagram shows the link variables U,(n) and U_,(n) respectively; The right
diagram demonstrates the four link variables which build up the plaquette P,,(n), with arrows
indicating the order that the links are run through in the plaquette.

The link variable is the path-dependent gauge connection that relates the colour space at site n to the
site n + fi, where i are unit vectors in the four directions, u = 0,1,2, 3. The link variables U, (n) are
forward connections. We can denote the link variables U_,(n) as backward connections that points
from n to n — fi, and is related to the positively oriented link variable U, (n — f) through

U—p(n) = Uuln — i)

The left diagram of Figure 2 depicts the link variables U, (n) and U_,(n) respectively. The gauge
transformation rules of the link variables are

Uu(n) = Uy, (n) = Qn)U,(m)Q(n + @),

(14)
U_u(n) = U, (n) = Qn)U_,(n)Q2n — i)t, Q(n) € SU(3).

Having introduced the concept of link variables, we are now ready to construct the gauge action
for gluon. To construct gauge-invariant gluon action on the lattice, we can consider the product of
link variables along a closed loop and then take the trace. The simplest non-trivial Wilson loop (see
Section 3.1.3 for more details on Wilson loops) on the lattice is the plaquette

Pu(n):=U,(n)U,(n+ p)U_,(n+ g+ 0)U_,(n+ 1)

— U (U + @)U+ 9)'U, (). 15)

We depict the plaquette in the right diagram of Figure 2. The trace Tr(P,,(n)) is gauge-invariant
after substituting the transformation rules (14). A straightforward calculation then shows that (see

[15])
Py (n) = exp(ia®F, (n) + 0(a*)).

Therefore, the simplest lattice action (Wilson gauge action) for the gauge fields is

S,|U] = ;22 > ) Re Tr[l— Pu(n)]. (16)

neNy p<lv

Therefore, for pure gauge theory, from Eq.(9), the path integral of the product of observables
01,03, ...,0, are given by

(0105..0,) = %/D[U]e’SQ[U]Ol[U}OQ[U]...On[U} , Z:/D[U]e*SH[U], (17)

where the gauge field action is the Wilson gauge action (16) and the integration measure for the link

variables is .
/D[U] - 10 H/dUM(n). (18)

neAy p=1

3.1.2 Haar measure

The motivation for this subsection is that, before approximating the path integral (17) using the
Monte Carlo simulations, we need to address the definition of the measure [ D[U] which integrates
the link variables U, (n) over the whole group manifold of SU(3). From the last subsection, we have

6
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seen that the Wilson gauge action is invariant under the gauge transformation (14) of link variables.
Similarly, we want the path integrals to be also gauge-invariant. For example, for the partition
function, we require

Z:/@[U] e %l = /D[U’] e~ SslU"] :/D[U’] o SslU]

This implies the requirement D[U] = D[U’] on the measure. We also know from (18) that D[U] is a
product of measure, thus we derive the condition

dU, (n) = dU,(n)’ = d(Q(n)U, (m)22n + 1)1).

Since Q(n) and Q(n + 1) can be chosen independently, the measure dU for any group element
U € SU(3) must be invariant under left and right multiplication with another group element V,
ie, dU = d(UV) = d(VU). Together, it implies that the measure [ D[U] is the so-called Haar
measure.

Definition 3.1 (Haar measure). The Haar measure [23] on the compact Lie group G is the unique
probability measure pg that is both left and right invariant over the group G, i.e., for all integrable
functions f and for all V' € G, we have:

[ 10 dun(@) = [ 5OV) dun(@) = | 1V (G
G G G

The Haar measure is a probability measure satisfying the property 0 < f g 1-dug(G) <1 for any
subset S C G, and [, 1-dup(G)=1.

To prove that the Haar measure on SU(3) is indeed gauge invariant, we first note that aaggf)) Uw)™!
is in the Lie algebra su(3). We can thus define a metric on the group:

oUW, (00w \', s m o (n
Bw((m)) U(w) l(awE"))U(w) 1) ]dw( ) dw™ = g(w)mpdw™ dw™.

ds® .= Tr

where g(w) is a metric tensor given by

QU)o 1 (OUw) 1]
datm U ) <8w(”) ) )

SNECOLIO0]

9(W)mn = Tr

We can therefore define the measure dU as [15]

dU = cy/detg(w) l—Ialw(k)7 (20)
k

where c is a constant chosen such that the normalisation condition f SU3) 1-dU =1 is satisfied.

Now we just need to prove that the measure defined by (20) is gauge invariant. Let U(w) be the
group element obtained by another group element V' multiplying to U(w) on the left or right. Then
the new parameters @*) and the original parameters w(*) are related by [[, dw® = det(J) [, d&o®,

where (J)pmn = % is the Jacobi matrix for the change of variables. Applying the chain rule to

(19), we get g(@)mn = 9(w)ijJimJjn, or in matrix notation g(w) = J¥ g(w).J. Combining everything,
we find that the measure is indeed invariant

dU = c¢\/(detg(@)) [ [ do™ = ¢v/(detg(w))(det)? ] [ do™ = dU.
k k

3.1.3 Wilson loop and confinement

In this subsection, we introduce observables that are used to determine the potential between two
static colour sources. These observables, known as Wilson loops and Polyakov loops, are initially
introduced and their interpretation is provided later.

Definition 3.2 (Wilson loops). A Wilson loop W, [15] is a gauge-invariant object made from
two so-called Wilson lines S(m,n,n;), S(m,n,0) and two temporal transporters T'(n, n;), T'(m, n;),
where the Wilson line

S(m,n,n;) = H Uj(k,ny)
(k,7)€Cm,n

7
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connects the two spatial points m and n along some path Cp,  with all link variables at time ny,
and the temporal transporter T'(m,n;) being a straight line of n; link variables on time argument, all

located at spacial position m,
nyg—1

T(m,ny) = [] Us(m,j). (21)
j=0

The Wilson loop W is then obtained by taking the trace,

WU} =Tr [S(m,n,nt)T(n, n¢)'S(m,n,0)I7T(m, nt)] =Tr

II u.®

(k,p)eL

The plaquette given in (15) is the simplest non-trivial Wilson loop.

The temporal gauge is a gauge on the lattice such that we set all temporal links to I, i.e., Uy(n) =
I Vn. If we are choosing the temporal gauge to fix the gauge, then the temporal transporters become
trivial, and the expectation value of the Wilson loops under temporal gauge becomes

(We) = (Tr[S(m,n,n¢)S(m,0,0)1]) = > (0[S (m, n)q|k) (k]S (m, n)],|0)e 5+, (22)
k

where the Euclidean time ¢ = an;. We can see that the advantage of using temporal gauge is that, it
reduces the Wilson loops to the form where we can use (3) in the second equality.
Applying the transformation rule (14) of link variables, we know that

S(m,n)q — Q(m),e S(m,n).; Qn)l,.

On the other hand, a quark-antiquark pair ¢(m),g(n), at spatial positions am, an transforms under
gauge transformations as

g(m),q(n)y — Q(m) e (g(m)cg(n)g) Qn) ;.

Thus the Wilson line has the same transformation properties as the quark-antiquark pair. Hence, the
lowest energy Ej in (22) describes the energy of the quark-antiquark pair located at spatial position
m and n. This energy is called the static potential V(r) at spatial quark separation r = a|/m — n|.
Thus, we obtain

(W) ocem™ (14 0(e72F)) = eV (14 0(e ™2 F)). (23)

A modified version of the Wilson loop is the so-called Polyakov loop [27]. To construct the Polyakov
loop, we set the temporal argument n; of the Wilson loop infinitely large. In this case, we cannot use
the temporal gauge anymore, because we cannot gauge-transform all temporal links to I. Instead, we
can choose the "spatial gauge” where we gauge all the spatial parts of the loop to I. Then the Wilson
loop reduces to two disconnected paths 7'(m, n;) and T'(n, n;)" of the temporal link variables, located
at spatial positions m and n, respectively. Since now the two pieces are disconnected, we construct
the gauge-invariant observables by taking traces of the temporal transporter (21) separately. Then
the Polyakov loop is a gauge-invariant object

P(m) =Tr

ne—1

H U4 (m7.])‘| .

j=0

The vacuum expectation value of the Polyakov loop is therefore
(P(m)P(n)!) oc =7V (14 O(e"reAE) ).

Next, we are going to investigate the static potential in the limit of strong coupling. The static
QCD potential V (r) can be parameterized by the Cornell potential

Vir)=V, — % +or (24)

(see, e.g., Ref. [19]). The string tenson o is given by the leading order expression

o= —632111(158) (1+0(8))

8
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(see, e.g., Ref. [15]). Ref. [0] gives a novel approach to compute the static potential based on
expectation values of Wilson loops or Polyakov loops with chromoelectric field insertions.

The linear term in (24) implies that the energy increases linearly as one tries to pull the quark-
antiquark pair apart. Hence, the quark and the antiquark are confined in a strongly bound meson
state. We find that lattice QCD is very friendly to confinement. Figure 3 is a plot of the static
potential aV (an) as a function of n for two different couplings 8. The plots nicely show the linearly
rising behaviour at large values of n as expected. For short distances, the data points also exhibit
non-linear behaviour which corresponds to the Coulomb part of the potential.

B=5.95 B=6.20
T T T il T T T T T 1T Ii T T T 1T T 1T 17T 0.9
aV(an) | : | - : ,
| = | 0=
— < —0.8
10 I | e
b B e T
i b 1 o —07
0.8 — =~ ! — = o .
B * i 1 F < i — 0.6
L < .
i I T I ’
0.4 Il L L 1l L Il Il | I I A I S | 0.4
2 4 6 8 2 4 6 8 10 12 14 16

n n

Figure 3: Numerical data for the static quark potential computed with the Wilson gauge action at
two different couplings 5. The dashed vertical lines are drawn at a distance that corresponds to the
Sommer parameter (a way to determine the scale of the lattice spacing a). [15]

3.2 Fermions on the lattice

Having discussed the fundamentals of pure gauge theory on the lattice, we now focus on how to
construct the fermion action on the lattice. We will first introduce the so-called “naive fermion
action”. However, we will soon encounter a problem with this action that will motivate us to derive
the Wilson fermion action.

3.2.1 Naive fermion action
We have introduced the 4D lattice A4 in (6), so we place the spinors (quarks) at the lattice points,
q(n) ) Q(n) , N E A~4

where the spinors carry the same colour, flavour and Dirac indices as in the continuous case. We also
discretize the partial derivative as

0ua(z) = o (aln+ ) — aln — ),

where fi are unit vectors in the four directions, p = 0,1,2,3. Then the free fermion action S% (set
G, = 01in (10)) becomes

S})[q,(ﬂ — a4 Z Q(n)(Z'YMQ(n—Fﬂ) — Q(n—ﬂ) +Mq(n))

2a
neAy p=1

To construct a gauge-invariant fermion action, we consider the following gauge-invariant term
q()Uu(n)q(n+ p) = ¢ (n)U},(n)q'(n+ 1) = q(n)Uy(n)q(n + f). (25)

Therefore, we can generalise the free fermion action (10) to the so-called naive fermion action [15]
for fermions in an external gauge field U:

4 N
swvel, g, U] =a* 3 gn) ( S Uu(n)g(n + i) — U—,(n)q(n — fi) + Mq(n)) (26)

2a
neENy

This is the simplest lattice implementation of the fermion action.

9
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3.2.2 Wilson fermion action

The fermion action (26), however, isn’t complete, because we need to take into account the correct
statistics, which is the Fermi statistics, since the quark fields are anti-commuting Grassmann variables.

Previously we obtained the fermion action (26). Since the action is bilinear in quark fields ¢ and
q, we can re-write it in the following form

Sf [qa Q7 = a Z Z Oc a n m)aﬁ,ab q(m)ﬂ,ln

n,meNy a,b,a,

with flavour indices being summed over. The Dirac operator D(n;m) on the lattice is given by

4

D(n;m)ag,ap = Z(’Yu)aﬂ

p=1

Uu (n)abén—&-ﬂ,m - U—u (n)ab(sn—/l,m
2a

+ M(Suﬂ(sab(sn,m .

We analyse the lattice Dirac operator D(n;m) by computing its Fourier transform for the case of
free lattice fermions, i.e. U,(n) = L. In this case, we ignore the colour indices for convenience and
sum over Dirac indices:

n 1 —ip-na iqg-ma
D(p7q):|A4| Z e’ D(n;m)eq

n,meNy

—igua

+M]I4X4> — 5(p— q)D(p),

'Lq“ —
D

neNy

where |A4] is the total number of lattice points and

.4 ; .
. 7 ~ Mlygq — 2 Z 'Vusm(pua)
D(p) = Mluxs + = Y _7psin(pua), D(p)~' = =

x a/; a s M?+a=23%" sin(pa)?

(27)

If we set M = 0 in the inverse propagator in (27), this inverse propagator has the familiar
continuum limit

51 _ — L3, usin(pua) L, i
M=o @), sin(pua)? p2
However, we notice that the lattice propagator for free fermions has poles not only at p = (0,0, 0,0)

(which is the only pole for the continuum case) but also at either p,, =0 or p, = =

p=(%,0,0,0), (0.%,0,0),

There are 15 unwanted poles other than p = (0,0,0,0), which are known as the doublers. This
problem is known as the doubling problem.

A possible solution suggested by Wilson [32] is to add an extra Wilson term to the Dirac propagator
(27):

.4 4

~ ? ) 1

D(p) = Ml x4+ p 2:'yus111(pH + p Z (1 —cos(pya)) Laxa. (28)
pn=1 pu=1

the Wilson term

The Wilson term acts as a momentum-dependent mass term. For small momenta, it vanishes dramat-
ically. For each component with p,, = 7, it provides an extra contribution % to the Dirac propagator.
Hence, this term acts like an additional mass term, and the total mass of the doublers is given by
m + %7 where k is the number of momentum components with p, = 7. As we can see, in the
limit @ — 0, the doublers become very heavy and decouple from the theory, and the unwanted
poles are gone in the momentum space propagator D(p)~* in this limit, while only the physical pole
p = (0,0,0,0) remains. Therefore, the doubling problem is solved by eliminating the doublers from
the theory in the continuum limit after adding a Wilson term to the propagator.

Then the Dirac operator D(n;m) becomes

+4

4 1
D(f) (mm)a/iab = (M(f) + a)éaﬂéab‘smm - % Z (H - VM)QBUM(n)ab(SnJr%m» (29)
p==1

10
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and we finally arrive at the Wilson fermion action

Za S 4D m)DY (n;m)g D (m).

n,meN,

Substituting it into the path integral (32), we can therefore evaluate the integral over the Grassmann
variables. Fermions satisfying the Wilson fermion action are called Wilson fermions. There are also
other types of fermions such as the staggered fermions (e.g., see [11]). For this essay, we will be using
Wilson fermions throughout.

3.3 The QCD lattice path integral

Having derived the Wilson gauge action and Wilson fermion action on the lattice, we are now ready to
write down the complete QCD lattice path integral. From Eq.(9), we write the Euclidean correlators
as a lattice path integral in the form

<02( / D _Sf MJLU}_Sg & 02 [% Qa U]Ol [q7 (17 U]a (30)
where the partition function Z is given by

:/D[‘I]D[q_]®[U]e—sf[q@,U]—sg[U}.

In the above integrations, U is an external field. The path integral measures on the lattice are
products of measures of all quark field components and products of measures for all link variables:

DigDlg = [[ ] da’ Wae d7’ (n)ae . DU = [ ] dUu(n). (31)

neAy f,a,c n€ENy p=1

The fermionic part of the action S¢lg,q, U] is (26), with flavour index being summed over on ¢ and
g, while S,[U] is just (16).

For notational convenience, we denote (...)r and (...)¢ as the fermionic and gluonic parts of the
path integral, respectively, where

1

prin / Dlg.q) e S4910(0,0.] . ZelU)i= [ Dlggle 00, (32

(W) = 5

(O)r)G = = / U1 Zp[U)(O[U]) (33)

Here, Zp[U] is called the fermionic partition function. It is easy to check that in (30), (O2(t)01(0)) =
({O2(t)01(0)) p). We have therefore successfully split the fermionic and gluonic parts of the action
for later analysis. This is particularly useful when running Monte Carlo simulations for the fermionic
fields and gluonic fields separately.

4 Chiral symmetry on the lattice

Chiral symmetry and its spontaneous breaking are important aspects of QCD. They explain why
pions have unexpectedly small masses. This important role of chiral symmetry and the mechanism
of its breaking require that a reasonable lattice version of QCD has to implement chiral symmetry
properly.

We start by briefly reviewing the chiral symmetry in continuum QCD. Recall (from the Part IIT
The Standard Model course) that the action for a single massless quark in the continuum is

Stlg,q,G] = /d4x Gy, (0, +1GL)g = /d4xi(qu.

This action has a chiral symmetry of U(1)4: ¢ — ¢*5q, § — ge'®7s, for some real constant . Then
chiral symmetry implies the equation
D5 + 75D = 0. (34)

11
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4.1 Wilson fermions with exact chiral symmetry

We now turn to the analysis of chiral symmetry on the lattice, starting with analysing the chiral
properties of Wilson fermions.

When we examine the Dirac operator (29) for massless Wilson fermions, we find that (34) is not
satisfied anymore. This is due to the reason that the Wilson term added in (28) comes with the unit
matrix I in Dirac space that does not anti-commute with 75, hence violating (34). We now see that
even for massless Wilson fermions, we break chiral symmetry explicitly. As a result, we fail to expect
to capture such a subtle effect as spontaneous chiral symmetry breaking with Wilson fermions.

However, this situation cannot be simply solved by adding a term for removing the doublers
differently. This is the fundamental result proved by Nielsen and Ninomiya [25], which states that on
the lattice, one cannot implement chiral symmetry in the form of (34) and at the same time have a
theory without any doubler.

Ginsparg and Wilson in [17] proposed to replace the equation (34) by

Drys +v5D = aDvys D, (35)

based on renormalization group transformations. This is the so-called Ginsparg- Wilson equation. To
balance the dimension, the right-hand side of (35) comes with a factor of a because the Dirac operator
has dimension 1/length. Therefore, the right-hand side vanishes for ¢ — 0 and the continuum form
of chiral symmetry is recovered.

Multiplying both sides of (35) with D~! we obtain

5D~ (n;m) + D™ (nym)ys = aysd(n —m).

where we explicitly write the space-time arguments n,m of the propagators. We can see from this
that the original anti-commutator of the propagator with 75 is modified only for m = n. The chiral
symmetry is thus partly preserved.

Based on the Ginsparg-Wilson equation, it is possible to define a modified chiral symmetry trans-
formation which leaves the lattice action for massless quarks invariant [22]. We modify the definition
of a chiral rotation from the usual dq = iavysq, 6§ = iagys to

0q = iarys (H — %D)q, 6q = iaq(]l — %D)%.
Then

q = exp(ioryg) (I- gD)):;, qd = (jexp(ioz(]l — %D)’75>. (36)

We see that in the limit ¢ — 0 reduces to the continuum transformation. In (36), the Dirac operator
is understood in the sense

(Dg)(n)a,a = Z D(nym)ag,abg(m)pp » (gD)(m)sp = Z a(n)a,aD(n;m)ag,ab-

m,B3,b n,o,a

By substituting the transformation rule (36) and using the Ginsparg-Wilson equation (35), we can
easily see that the Lagrangian density for massless fermions for such a Dirac operator is invariant:
L(¢',q') = dDq = qDq = L(q,7q).

The symmetry-breaking mass term is identified as the following lattice term

_ _ _ a
m(qrqr + qrqr) = mq (H - §D)q-

Therefore, Ginsparg-Wilson fermions with mass are described by the following operator

Dy =D+m(I—$D) =wD+ml, where w=1- ==,

There are some other important consequences of the Ginsparg-Wilson equation, such as the lattice
index theorem. The lattice index theorem is a truly remarkable result: The Dirac operator depends
on the gauge field variables U, (n). Thus the topological charge Qyop is a functional of the gauge field,
and it is a highly nontrivial statement that this functional is an integer number (see [15] for more
detail).

12
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4.2 The overlap operator

The overlap operator is a particular solution of the Ginsparg-Wilson equation, presented by Neuberger

in [24]. Explicitly, the overlap Dirac operator is given by
1 .
DOV = ;(H + s Slgn[H})v H= ’}/5A,

where A denotes some suitable vs-hermitian “kernel” Dirac operator, i.e., y5A4vs = AT, thus H is
hermitian with real eigenvalues. An alternative form of the overlap operator is

1
Doy = = (1 +~sH(H?)7/?).
a
The simplest choice is to use the Wilson Dirac operator for the kernel: A = aDy — I(1 + s), since
the Wilson Dirac operator is «ys-hermitian. Here, s is a real parameter with |s| < 1 with can be used
to optimise locality. Dy is the massless Wilson Dirac operator (compare with (29)):

+4

4
DW(n;m)aﬁ,ab - géaﬁaabén,m - % Z (H - Vy)aﬁUu(n)ab5n+ﬂ,m~
p==1

Thus, the overlap operator becomes
1 _
Dov = a (H + A(75A'Y5A) 1/2) .

Inserting the overlap operator into (35), we can verify that the overlap operator satisfies the Ginsparg-
Wilson equation.

To evaluate the overlap operator numerically, the main problem is to compute the sign function
of the operator H. There are two most popular approximation methods for the numerical evaluation
of the sign function, the polynomial approzimation and partial fractions a la Zolotarev (see [15] for
more detail).

5 Monte Carlo simulations

We want to compute the path integrals such as (17). Since it is very hard to evaluate the integral
analytically, we usually use the Monte Carlo simulation to approximate the integrals.

5.1 Monte Carlo algorithms

The central idea is the so-called importance sampling. More generally, we want to evaluate the
expectation value of some function f(z) with regard to a probability distribution p(z) (which might
not be normalised):

Y da p(a) f(2)
o= =g
v 2 da p(x)

In the importance sampling Monte Carlo integration, this expectation value can be approximated by

N
(Fp= Jim > (o),
n=1

N —oc0

for z,, € (a,b) each randomly sampled with the normalized probability density dP(z) = %.

For the path integral (17) that we are interested in, we can think of the Boltzmann weight exp(—.S)
as a probability measure. Then we may write the expectation of an operator O as

N
. 1
(0) = Jim <> O[],
n=1
where each U, is sampled according to the probability distribution density dP(U) = %.

13
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This is the so-called Gibbs measure. Here the gauge field configurations U, are the random
variables and we approximate the integral using IV such configurations.

We will discuss a few Monte Carlo algorithms below, with a specific emphasis on the Metropolis
algorithm.

Metropolis algorithm

We are going to use a Markov process to find field configuration U,,. A Markov process is a process
of events in which the probability of happening of an event depends only on the single event that
preceded it. Let T(U’|U) denote the transition probability to get U’ from U in a Markov process,
ie., Pr(Upy1 = U'|U, =U) = T(U'|U). Then we have 0 < T(U’'|U) <1and ), T(U'|U) =1. If a
Markov process reaches an equilibrium, then we have the balance equation

S T |U)Pr(U) =D T(UIU)Pr(U’) = Pr(U’).
U U

Detailed balance condition is a sufficient condition for the balance equation:
TU'\U)Pr(U) =T(UU)Pr(U"). (37)

We will use the detailed balance condition to construct the so-called Metropolis algorithm [33].

The Metropolis algorithm with Pr(U) o« exp(—S[U]) consists of the following steps. The first
step is to randomly select a configuration U with probability given by To(U|Uy), where Uy = U, —1
is the initial configuration. In the second step, we accept the candidate configuration U as the new
configuration U,, with the acceptance probability

To(Uo|U)exp(=S[U]) )
" To(UlUo)exp(—S[Uo]) )

The min function implies that T4 = 1 if To(Up|U)exp(—S[U]) > To(U|Uy)exp(—S[Uop]), which means
that the move will always be accepted if it is toward a higher probability configuration. Otherwise, it
will be accepted with a probability of %0(((%0&%):;(5((:;%})) < 1. If a suggested change is not accepted,
then the unchanged configuration is considered again in the Markov process. The first two steps are
repeated.

It can be checked easily that the detailed balance condition (37) is satisfied in the step U,_1 =
Uo —U,=U.

We may also use a symmetric selection probability such that Ty (Up|U) = To(U|Up). In this case
the acceptance probability (38) simplifies to

A(U|Uy) = min(1,exp(—AS)) with AS = S[U] — S[Up].

A(U|Uy) = min(l (38)

The advantage of using a symmetric selection probability is that the acceptance probability now only
depends on the change of the action AS with respect to the change of the configuration.

We can see that what’s really powerful about the Metropolis approach is that we do not need to
know the probability function itself. Instead, we just need a function which is proportional to it, here
it is the Boltzmann weight exp(—S[U]).

Now we apply the Metropolis algorithm in the SU(3) Wilson gauge action (16). In four dimensions,
when updating the configuration U’ from some initial configuration U, there are six plaquettes being
affected by this change. So the local contribution to the action is

6

6
S,[Uu(n)] = g%z Re Tt [}1 — U, (n)P| = g%Re Tr [6]1 ~ U )Y Pz}
i=1 i=1

where

6
Z P, = Z (U,,(n + ) U_p(n+ p+0)U,(n+0) + U_,(n+ p)U—,(n+ pp — 0)U,(n — 9)).

i=1 [z
Then the change of the action is

6
2
A8 = S[Uu(n)] = S[Uu(m)] = = S Re Tr[(UM(n)’ — U,(n)) ZPZ}. (39)
i=1

We can therefore update the three steps above of the Metropolis algorithm for the case of SU(3)

Wilson gauge action [15]:

14
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1. Given some initial gauge configuration U, (n), update the configuration U, (n)" according to
some symmetric selection probability Tp. For example, we can choose U, (n)" = XU,(n) for
some random matrix X € SU(3) in the vicinity of I, with X and X ~! having equal probability
of being chosen.

2. Compute the change of the action according to (39). Uniformly generate a random number r
from the interval [0,1). Accept the new variable U, (n)" if r < exp(—AS) and reject it otherwise.

3. Repeat the first two steps.

We also need to specify the boundary condition on a finite lattice for our numerical simulation.
For gauge fields, we usually adopt periodic boundary conditions by the definition (4) and (6) of the
lattice. For fermions, one often chooses boundary conditions anti-periodic in one direction.

Other Monte Carlo algorithms

The heat bath algorithm [10] is a modification of the Metropolis algorithm. The method combines the
step 1 and 2 of the Metropolis algorithm into a single step and picks the new configuration U,(n)’
according to the local probability distribution defined by

6

%Re (U P)

dP(U) = dU exp
g i=1

(40)

Here dU denotes the Haar measure (discussed in Section 3.1.2) of the gauge group SU(3). Therefore,
we can see that the heat bath algorithm can be more computationally efficient than the Metropolis
algorithm, because the heat bath algorithm update multiple variables simultaneously, reducing the
number of iterations needed to reach equilibrium.

Overrelazation [3] is an algorithm used for updating the configurations of a system such that
the convergence of the simulation is accelerated by reducing the autocorrelation time of the Markov
chain. The starting point of this algorithm is the same as that of the heating bath algorithm, which
is the probability distribution (40). The idea of the overrelaxation algorithm is to find a new value
U’ that has the same probability weight as U and thus is automatically accepted.

The Hybrid Monte Carlo (HMC) algorithm [15] for gauge fields and fermions combines ideas from
molecular dynamics simulations and Monte Carlo simulations. In the step of molecular dynamics
(MD) simulation, the system of interest (e.g., quarks and gluons on a lattice) is simulated using
classical mechanics, treating the lattice degrees of freedom as a dynamical system. This involves
evolving the system according to equations of motion derived from an action, which is a function
that describes the dynamics of the system. After a certain “molecular dynamics trajectory”, a
Metropolis acceptance/rejection step is performed to decide whether to accept or reject the proposed
configuration. To ensure the detailed balance condition and ergodicity, the momentum variables of
the system are typically refreshed randomly after each MC update. The key advantage of the HMC
method is that it allows for large moves in configuration space while maintaining the detailed balance
condition, thereby enhancing the efficiency of the simulation.

5.2 Data analysis for lattice simulations

An important part of the Monte Carlo analysis is the estimate of the statistical errors. In this section,
a few methods of estimating the statistical errors will be presented.

Autocorrelation
The data sample in our case is the result of a time series, thus in our Monte Carlo simulation, it
is very likely that the observables are correlated. Autocorrelation is a measure of the correlation
between a sequence and a lagged version of itself over successive time interval. It can be used to
estimate the statistical error and assess the efficiency of the sampling process, particularly for some
large data sets.

Consider a sample of a random variable X; and suppose that we have computed the values
(z1,22,...,xN) of some observable for a Markov chain of Monte Carlo-generated configurations in
equilibrium. The autocorrelation function is defined as

Cx(t) := U%((X,; (X)) (Xige — (Xipe)) = ULZ
X X

15
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where 0% is the variance of the observable. Typically, C'x (t) decays exponentially,

cx<t>~exp(— ! )

TX,exp

where Tx exp is the exponential autocorrelation time for X. We consider only the largest autocorrela-
tion time Toxp = SUPx Tx,exp, Which provides information on how strongly subsequent measurements
are correlated.

The most important measure of autocorrelation is the integrated autocorrelation time [31], defined
as

1 N
TX,int = 5 + Z CX(t)'
t=1

The number of effectively independent data out of N values is Nindep = r—
When producing the data with 1% error, one usually needs more than 10,0007 values [5, 16].

Therefore for correlated data, the result is

~ 1 ~
X + o0 with Uzma

where X = + Zf\il X is the unbiased estimator for the mean.

Statistical bootstrap

Statistical bootstrap is a resampling method used for estimating the sampling distribution of a statistics
by repeatedly resampling from the observed data with replacement. It is a powerful non-parametric
method commonly used for assessing the variability of estimators and constructing confidence inter-
vals. Consider a set of data of size IV and assume that we are interested in some observable 6 which
may be estimated from the data, e.g., mean, median, mode, etc. First, we generate one bootstrap
sample by randomly sampling N data out of the original set with replacement. This means that any
data in the original data set has the chance to appear multiple times or not at all in the bootstrap
sample. Repeat this step M times, so that we have M sets of N data values each. For each of these
sets, we compute the observable 6, resulting in values 6; with ¢ = 1,..., M. Then we can determine
the estimators for (f) and o3:

| M 1M 2
~ o, 1 oz
a_M;@, ag_M;@ 9).
Therefore, the final result for the observable is (6) = 6 + oy

Jackknife

Consider similarly a data set of size N and an observable 6. Let 6 be the value of the observable
computed from the original data set. We construct N subsets by removing the nth entry of the
original set, n = 1,2,..., N, and determine the value 6,, for each set. Then the estimator for 05 is

N 2
N -1 ~

n=1

Therefore, the final result for the observable is (0) = 6+ o8

6 Hadron Spectroscopy

The spectrum of hadrons is a rich manifestation of the dynamics of QCD. Since there are many possible
combinations of quantum numbers such as spin, flavour content, parity etc., there is an abundant
number of possible hadrons. Apart from the conventional hadrons like mesons and baryons, there are
many other possible exotic colour-singlet combinations of quarks and anti-quarks such as tetra-quarks
(e.g.,G7qq) and penta-quarks (e.g.,gqqqq), or configurations with constituent gluons such as hybrids
and glueballs. To test the correctness of QCD, reproducing the masses of hadrons is a way. In this
section, we will discuss the implementation of a numerical spectroscopy calculation using the hadron
correlation functions.
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6.1 Lattice methods for hadron spectroscopy
6.1.1 Hadron interpolators and correlators

We first define the term hadron interpolator, which is a functional of the lattice fields with the
quantum numbers of state that one is interested in. The corresponding Hilbert space operators O
and O of the hadron interpolators O and O annihilate and create the particle states that we want
to analyse.

A general local meson interpolator has the form [15]

Owm(n) = gV ()T (n), Oar(m) =g (m)T ¢ (m),

where I' is some product of gamma matrices. The interpolators should have the same quantum
numbers as the hadrons and fulfill the same discrete symmetries. For example, if we want to create
an interpolator of the pions 7%, the interpolators should fulfill

7t dsospin I =1, I, =1, charge @ = +e, parity P =—1, spin J =0.

The quantum numbers of the up- and down-quarks are

1 1 2 1 1 1
s I==, I,=+= =4=e; d: I==, I,=—=, = ——e.
“ 2’ tg @=Tge 2’ 3 @= 3¢
It follows that for the right numbers of I, I, and @, 7+ need to be a d — u combination, and 7~ need
to be a w — d combination. We also expect them to be colour singlets. We can use the pseudoscalar
interpolators for the charged pions 7+ and 7~ :

S

Or+ (n) = d(n)ysu(n)
Or—(n) = a(n)ysd(n) = w(n)a,c(75)apd(n)s,c

Il
—~
3
=

Q
o
—
%)
wt
S—
=
3
S—
)
)

where the up-quark u(n) and anti-down-quark d(n) in the 7+ interpolator are at the same lattice site
n, and similarly in the 7~ interpolator.
A parity transformation P acts on the lattice fields as

P _ P
Q(n7n4) — ,)/4Q(_n7n4)7 Q(n7n4) — Q(_n?n4)’y47

where 4 := 79 in Euclidean space. Then the 7T interpolator transforms under parity as

:P — —
O+ (n,ng) —— d(—n,ng)v4v572u(—0,n4) = —d(—n, ng)ysu(—n,n4) = =0+ (n,ny4), (41)
showing that O,+ indeed has negative parity, similarly for O, -.
Charge conjugate € transforms particles into antiparticles and acts on the spinor fields as

g(n) % C'g(n)", q(n) - —q(n)TC.

where the transpose of the fermion acts on the Dirac indices. Applying charge conjugation on the
interpolator of 7+ gives

O+ (n) ., —d(n)TC%C_lﬂ(n)T = —d(n)ngﬂ(n)T =u(n)ysd(n) = O,-(n),

where we used CysC~! = ~7.

In Table 1, the matrices I' for the most commonly used interpolators as well as the corresponding
quantum numbers are listed.

Next, we are ready to calculate the meson correlators (Opr(n) Opr(m)). The correlators for the
fermionic part of an iso-triplet (I = 1) operator of the form Oy; = dT"u is

(Om(n)Oni(m))p = (d(n) D u(n) a(m) T d(m)) .
= Ta1Fazpa (d(n)ay e u(n )ﬁl,clﬂ(m)az),@d( )2 )
T Paagt (0(0) 3y T ) (M) M)y (42)
= Lo Las Dy (im 51a270102Dd Hmin) yaneaen
—Tr[I‘D; (n;m)T' D! (m;n)],
17
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r States Jre Particles ‘
I, 4 Scalar 0t+ fo, a0, K¢, ...
vs, 7475 Pseudoscalar 0t 7% 7% n K+ KO, ..
Vi, YaYi Vector == pE 0w, K* ¢, ...
Yivs Axial vector 1t+ ai, fi, ...
ViV Tensor 1= hi,bi, ...

Table 1: Meson states created by local operators of the form ¢gI'g.

where in the third equality, the fermions are contracted for each of the two flavours separately, and
Wick’s theorem was applied in the fourth equality.

On the other hand, the fermionic part of the correlator of an iso-singlet operator of the form
Oy = (alu+dTd)/V?2 is

(O () Ors(m))p = — %ﬂ[m;l(n;m)mgl(m; n)} + %Tr{l"D;l(n; n)} Tr [rp;l(m m)

1
+ §Tr[FD;1(n;n)}T‘r{FD;l(m;m)} Fusd
The first term of (43) is the connected contribution to the correlator similar to (42), while the
remaining terms are the disconnected contributions to the correlator. The comparison between the
connected pieces in (42) and the disconnected pieces in (43) is visualised in Figure 4.

Figure 4: The diagram on the left corresponds to the connected piece of a meson correlator, while
the diagram on the right corresponds to a disconnected piece of a meson correlator.

(43)

Having discussed the meson interpolators and meson correlators, we now focus on the discussion
of baryons. Baryons are objects made out of three valence quarks. Protons (I, = +%) and neutrons
(I, = —%), which are collectively called nucleons, are types of baryons. They are both iso-doublet,
ie., I = % By examining the quantum numbers, we can determine that the proton is of the type
uwud, while the neutron is of the type ddu. For example, let’s discuss the proton interpolator. The
neutron interpolator can be obtained by interchanging v and d.

The simplest interpolation for the proton is given by
On(n) = €ape u(n), (u(n)i Cvsd(n).). (44)

The interpolator On has quantum numbers I = %, I, = +% and J = % as needed for the proton, and
it can be checked similarly as (41) that the parity for both proton and neutron is P = +1.
Some more general spin-% interpolators are listed below:

On, = EabcPiFA’u,a (ubTFBdC), 6Ni = eabc(ﬁaFBJbT)ﬁcFAPi,
Os, = €awcPilug (i TPs.), Os. = eape(WI'Ps] a4 Py,
Oz, = EabcPiFASa (SEFBUC)7 651 = €abe (EQFBﬂg)ECFAPi,
Op, = €ape PLTA (25,1 (u{FBdC) +d, (ugFBsc) — Ug (dlj;FBsc)),
On, = €ape (Q(afFBJb)gc + (@l TPs)d. — (JaTngb)ac)PAPi,
where Py = 1(I++4) and baryons ¥ (I = 1, = 1), E (I = 3,S = —2) and A (I = 0,5 =

—1). Three possible choices for the matrices T4 and T giving rise to J¥ = 3¥ are (04, 1'5) =

(H7 075)7 (75, O)a (]L 2740’75)
18
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The correlator for the nucleon interpolator (44), for example, is
(ON.()aOn. (M)a)F = €avceartye (CY5)arp (C5)ap (P )y Dyt (n5m) rg by
(Dgl(n; m)o/oz’a’aDzjl(n; m)v"Y’C’C - DJI (n; m)a/%a’cDgl(m m)v’@&’@) )
showing that for baryons, only connected pieces occur.

6.1.2 Extraction of hadron eigenstates

To extract the hadron masses from the correlator, we first do Fourier transformation on the hadron
states so that the states are of definite spatial 3-momentum p:

- 1 ,
O(pvnt) = T Z O(n,nt)eilan.pa
V |A3| neA;
where the spatial 3-momentum p has components p; = 2% k; = — & 1. & Then using formula

(3), if the sink operator O(n,n;) is projected to zero momentum, we find

C(ny) = (0(0,7,)0(0,0)) = Z<0|6\k><k|6*|0>e—”mk’
k

for finite-volume lattice, therefore the energies Ej are discrete. For large values of n;, the lowest
energy state Fy dominates. Then
C(ny) = Ae~Fone,

where A is some constant. The left diagram of Figure 5 shows an example of the variation of the
correlation function of a mesonic operator with the quantum number of a pion as time n; changes.
We notice that the curves are symmetric about n; = 16, i.e., the pion correlation function is identical
in ny and N7 —n; up to a possible relative minus sign. This can be seen from (42) and (43). However,
this is not the case for baryon. Due to the symmetric and periodic properties of the meson correlator,
the correlator exhibits a cosh or sinh dependence on ny:

2A’e~N1E0/2 cosh((Ny /2 — ny) Ep), or

45
2A'e~N1E0/2 ginh (N7 /2 — ny) Ep). (45)

Clng) = Ale=F0 4 A= OVr=n) o {

§""""""I""I""I""'; LELELELE LR BN L DL B B
g m=0.02 ] 12k m=0.02 b
10°1 +—em=0.05 - ! +—+m=0.05 i
+—am=0.10 +~—am=0.10
Cny) «<m=0.20 1.0 |- «<m=0.20 2
Mefp
0.8
102 [ 7 i
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02+ .
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Figure 5: Result of a Monte Carlo simulation on a 163 x 32 lattice at lattice spacing a ~ 0.15 fm.
The left diagram corresponds to the log-plot for the pion correlation function. The right diagram
corresponds to the effective mass plot (in lattice units). The different sets correspond to different
values of the quark mass in lattice units. [15]

In order to determine the range of m; such that the contribution of the exponential in higher
energy eigenstates can be neglected, we define an effective mass:

() = o 0" ). (46)

19



Zhimei Liu — May 2, 2024 Lattice QCD and Hadron Spectroscopy

The asymptotic value of this function is meg = Ey [11]. Substituting (45) into (46) and solving for
meg at each ng, we can observe the range of values of n; for which the effective mass becomes constant.
This was done in the right diagram of Figure 5, where the effective mass of a pion is plotted against
time n;. We see that the effective mass is approximately constant for 4 < n; < 28. Therefore, in
this range, the contribution of excited states can be neglected, and a two-parameter fit to the form
Ae~Fomt can be performed to determine the mass of the meson. On the other hand, in the range of
ny < 4 and n; > 28, the excited states dominate.

To find the best fit, we use correlated least chi-square analysis. We need to fit the data in a range
Nmin < Mg, M) < Nax Dy minimizing

Mmax

= Y (Cln) = f(ne)) Coviy'(ne, my) (C(nf) — f(n)), (47)

’_
M, =Nmin

where f(n;) = Ae Font with parameters A and Ey. The measured covariance matrix of the data
estimated from the Monte Carlo is

Covn (i, ) = 5= ((Clm) — (Cn)) ) (Clnd) — (C)x)) -
where (...) y denotes the average over N gauge configurations.

However because of statistical fluctuations, sometimes it is difficult to determine the estimator
Covj\,1 (ng,ny). A possible modification is to use just the diagonal part of the covariance matrix, so
that (47) reduces to uncorrelated fits [15].

To estimate the statistical error of the fit, we can use the statistical bootstrap or jackknife methods
described in Section 5.2.

Next, we would like to discuss several methods of extracting the energies of excited states.

Variational analysis: We may extract higher energy eigenstates by including more operators in
the correlator C'(n;). If there are N interpolating operators, we may consider N excited states and
compute a matrix of cross correlators:

N
Cij(ne) = (0;(0,1,) 0,(0,0)) = Z<0|5ilk><k|5}\0>e‘Ek"t,
k=0

for a set of N basis interpolators O;, i = 1, ..., N. Let g;m = (0|O;|m). Then the generalised effective
mass formula in matrix form is
gy~ = C(ny + 1)C 1 (ny),

where I' = diag{e~F*} [11]. Therefore at large n, the effective energies A\, = e % k = 0,1,..., N,
behave as the eigenvalues of the matrix C'(nt + 1)C~!(n;). We may also formulate the analysis as a

generalised eigenvalue problem
C(t + 1)1}k = )\kC(t)’Uk

where the eigenvector vy, is the kth column of gT~'. As the space of basis interpolators is increased,
the method improves and we expect that the lowest-lying eigenvalues converge first.

In [18], a generalized method of effective mass techniques was proposed. The method combined
correlation function values from different time slices subtracting the leading exponential decay, which
gave direct access to the first excited state.

[14] studied the excited isoscalar meson spectrum and observed that each state in the observed
spectrum had strong overlap only onto operators subduced from a single J value. Within a given
JPC sector of the extracted spectrum, states are found to occur in pairs with overlaps that suggest
they are admixtures of the light-quark, strange-quark basis states. We parametrize this admixture
by introducing a mixing angle, assuming the pair of states |a), |b), where m, < mjp are orthogonal
combinations of just two light strange basis states:

@)\  [cosa —sina )
<|E>> B (cosa cosa) <|s>> ’
where |I) = %(|uﬁ> +|dd)), |s) = |s5). Assuming that
(110"(0)[0) = Zi,  (s|0"(0)]0) =0,
{Uosto)oy =0, (slo**(0)l0) = Z,
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Figure 6: Effective mixing angle, a4(t), as a function of Euclidean time for the lightest two pseu-
doscalar states. Seven different operator constructions, I' 4, are indicated by different colours. The
grey band is a constant fit. [13]

then we can determine the mixing angle «, from

a=tan"! - Z}’Z;‘
- 737t )

In general, there is a good agreement between determinations from the different operators forming
our variational basis. Figure 6 is an example of the calculation of the mixing angle for the n, n’ states.

As an example of the procedure outlined above, the result of the variational analysis of the 77"
correlator matrix on the m, = 391 MeV lattice of volume 243 x 128 is presented in [14]. The paper
used 18 operators subduced from J = 1 (the same 9 operators in each of [ and s flavour constructions),
two J = 3 operators and two J = 4 operators, leading to a matrix of size 22 x 22. The resulting
lowest eight principal correlators for the case tg/a; = 5 are shown in Figure 7, and The fits to the
time-dependence yield estimates of the mass spectrum.

Bayesian analysis: To directly fit the correlation function to a hypothesis function f(n:) =

chvzl cre~Fent instead of minimizing (47), we minimize x? 4+ \¢, where ¢ is some stabilizing function
of the fit parameters and ) is a positive real Lagrange multiplier. In [20], a stabilizing function

¢= ZN: (ak(Ek — Ey)* + be(er — Ek)Z)

=1

is proposed, where Ek and ¢, are prejudices for the expected energies and coefficients. The fit is
then stabilized even if there are more fit parameters than the number of data, giving unique results
depending on the multiplier \.

Maximum entropy method: In this method [20], we write the correlator as the Laplace trans-
form of a spectral density:

Cng) = /000 dE p(E)e ™%,

The E axis is divided into a large number of increments, say 800 or 1000, with centres of each
increment being F;, and the integral is approximated by a sum. The fit parameters are the values
of p(E;) for all j. Peaks in p(E) signal bound states. Since the number of fit parameters is usually
much larger than the number of data points, a prior distribution is necessary.

The maximum entropy principle provides a framework for constructing priors. We normalize the
spectral density p(E) according to C(0) = [, dE p(E) = 1, and let p(E) > 0. This suggests that we
can think of the spectral density as a probability density. The most probable density is the one with
the largest entropy, which suggests that we choose a monotonic function of the entropy as a prior,
e.g., P(p) o< e*3) which is maximized when the entropy S(p) is at maximum. Using a prior of this
form, we can then fit all of the p(E};) to the Monte Carlo data.

21



Zhimei Liu — May 2, 2024 Lattice QCD and Hadron Spectroscopy

agm = 0.2525(10)

aym = 0.2760(17)

X*/Naot = 0.74

12 X% /Naot = 0.81 12}

n=0 3 n=1

agm

R W R R

05F

n=2 n=3
apm = 0.3894(31) agm = 0.4045(30)
X*/Naot = 0.43 Nk X /Naot = 0.92

10

04 =TT,

08

[ AN
0.6 U')
A
0 5 Cg
5
14 i ay . 1 aym = 0.4232(18)
X*/Naot = 0.88
12 0 3
1.0
e
08 0
A
—_—
0.6 ')
A
0 5 10 15 20 0 5 10 15 20 25 30 0

18 I

16

14

2
12 q 10

1.0
=, ° 08
- iiﬁ**} }}*{ 06

04

0.6

I

0 5 10 15 20 0 5

Figure 7: Lowest eight "principal correlators’ of the T;"t correlation matrix at m, = 391 MeV on
the 243 x 128 lattice. The plots are \,(t) - e™»(*=*) with t,/a; = 5, and the fits to the data using
the form A, (t) = (1 — A,)e~™n(t=10) 1 A e=ma(t=%0) with A,, < 1 and m/, > m,,. [14]

6.1.3 Finalizing the results

Lattice calculation results are always dimensionless numbers. However, we want to compare the
theoretical results with the experimental values. Therefore, we need to convert the calculated results
to physical units such as MeV. This step is called scale setting. After determining the physical value
of the lattice constant a, we can obtain a mass M from the calculated dimensionless number for aM .
There are two main techniques to set the scale [15]:

o Setting the scale with the Sommer parameter: The Sommer parameter is a certain distance
related to the shape of the static potential used to determine the lattice spacing. The lattice
constant a has the form a = x fm for some dimensionless number x. From hadron correlators,
we have computed the dimensionless number X = aM for some hadron mass M. Therefore the
physical mass M = X/a is given in fm~!. To convert this unit to MeV, since we are now in
natural units A = 1, ¢ = 1, s0 1 = hic = 197.327 MeV fm . Thus we have 1 fm ™" = 197.327 MeV.
Then, we obtain the hadron mass in MeV

M = % = Xf = % x 197.327 MeV.

e Setting the scale with a hadron mass: In this method, one of the hadron masses M is used to
set the scale, e.g., the p meson. Then the mass in lattice units, aMy(m,), needs to be known at
several values of the bare quark mass m,. One then extrapolates the data to the values mg of the
mass parameter, where the dimensionless pion to p mass ratio assumes its physical value, i.e.,
M (my)/Mp(my) = M /MP = 0.180. The extrapolation result is a dimensionless number
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X = aMoy(m}), where Mo(m}) = My where My is the mass of our hadron in MeV obtained
in experiments. To obtain the lattice constant, a = X/Mg*P.

For simulations with three light quark flavours, apart from determining the scale a, the masses
of the three light quarks (up, down, strange) also need to be determined. The up and down quark
masses can be either determined by the methods described above or assumed to be massless. To set
the strange quark mass, one uses a hadron containing the strange quark, e.g., the K* pseudoscalar
meson, the ¢ vector meson or the  baryon. For K* which has quark content u and s, its mass is
a function of m, and ms: Mg+ (m,, ms). First, the data are extrapolated to either the chiral limit
m, = 0, or m? as discussed above. Then the K* mass Mg+ (m;) gets different values for different
values of the strange quark mass. Hence the data for the function Mg+ (ms) can be interpolated.
When the interpolated data m* coincide with the experimental result, My« (m?) = M;‘f =494 MeV,
it gives the bare strange quark mass ms; = mJ.

To compare the results of simulations with experimental values, one also needs to estimate the
systematic errors. There are a lot of sources of systematic errors, but here we will just list some of
them.

e Finite lattice spacing. Numerical simulations are performed at finite lattice spacing a. But
eventually, we want to obtain results for continuous spacetime, i.e., in the limit « — 0. However,
decreasing the lattice spacing for a fixed number of lattice points would shrink the physical
volume. Therefore, as we decrease the lattice spacing a, we need to increase the number of
lattice points N3 x Np too. Usually, simulations try to afford three or four values of @ and
extrapolate to a = 0.

e Finite lattice volume. Numerical simulation is obtained also in finite lattice volumes. To reduce
finite volume effects, one can increase the lattice volume or perform simulations at multiple
finite volumes and extrapolate to the infinite-volume limit.

o Chiral extrapolation. Numerical results are often obtained for unphysically large quark masses,
whereas eventually, we want to approach the small quark masses corresponding to the physical
pion or in the chiral limit m — 0. However, this limit is hard to achieve (see [15]).

5.39 T T T T

538 | 1

537 } 1 @% ;
o [ )
3
< 536 &
o
=
535 .
Set 1
i Set2 —A— |
5.34 Set3 —¥%—
Set4 —H—
Set5 —+—
5.33 1 1 1 L
0 0.005 0.01 0.015 0.02 0.025

a2 fm2

Figure 8: Results for the B, meson mass for each ensemble against the lattice spacing. The
darker shaded band shows the 6 MeV error from the fit and the light band includes the estimate of
systematic errors. Error bars on the data points are uncorrelated and come from statistics, quark mass
mistuning and uncertainty in the lattice spacing. The data points have been corrected for mistuning
of valence quark masses and missing electromagnetism /7, annihilation effects. The experimental
value is included in black for comparison. [12]

Figure 8 is an example of the simulation results for the Bs; meson mass with the darker shaded
band showing the 6 MeV error from the fit and the light band includes the estimate of systematic
errors. Main sources of error include: Stats/tuning/uncty in a: 4.8 MeV, Lattice spacing dependence:
2.2 MeV, etc. (see [12] for more detail).
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Figure 9: Spectrum of isoscalar (green/black) and isovector (blue) meson states computed using
lattice QCD such that m, = 391 MeV. The vertical height of each box indicates the statistical
uncertainty on the mass determination, while states with orange outlines are the lowest-lying states
having dominant overlap with operators featuring a chromomagnetic construction, interpreted as the
lightest hybrid meson supermultiplet. [14]

6.2 Review of simulation results

Having discussed some lattice methods for hadron spectroscopy, we now review some simulation
results with the techniques described before. Here, we will focus on the isoscalar mesons. Isoscalar
mesons, characterized by all flavour quantum numbers being zero, provide a valuable tool for exploring
the nonperturbative aspects of QCD. We will look at isoscalar spectra obtained for a range of light
quark masses on several lattice volumes.

6.2.1 Light meson spectrum

Figure 9 shows the isoscalar and isovector meson spectrum on the m, = 391 MeV, 243 x 128 lattice,
separated by JPC. The black/green boxes indicate the degree of hidden light — hidden strange
mixing as determined by the mixing angle, extracted as described earlier. We observe that with a
few exceptions, notably 0~ and 17T, the spectrum shows very little mixing of light and strange.
The computational challenges of these calculations currently require the utilization of masses for the
lightest quarks which are heavier than the physical up and down quark masses, leading to a systematic
shift in computed meson masses. However, since the immediate goal is to understand the underlying
QCD dynamics by studying the pattern of states, rather than predicting the mass of each meson
precisely, the computed spectrum allows us to develop intuitive rules for constructing hadrons that
generally apply to quarks of any mass (see [30] for a review).

6.2.2 Volume dependence of the isoscalar spectrum

Figure 10 shows the dependence of the isoscalar spectrum on the lattice volume. The overall pattern
of the spectrum remains stable even when the volume changes, and any alterations are generally
within the range of statistical uncertainty. This moderate reliance on volume might be unexpected,
considering that the actual spectrum in a finite volume consists of mixtures including multi-meson
states that strongly depend on volume.

The only unexpected variation with volume that may have is that of the 7', which should be
exactly stable in the calculations since the decay channel n7w is kinematically closed. There is no
explanation for this variation, although a possible candidate might be the volume dependence of the
gauge-field configurations of non-trivial topology since they would contribute to the U(1) 4 anomaly
that can split the o’ from the 7.
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Figure 10: Volume dependence of isoscalar spectrum for m, = 391 MeV. [11]
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Figure 11: Quark mass and volume dependence of low-lying pseudoscalar mesons (left) and vector
mesons (right). Plotted against m?2 in units of GeV?. For the diagram on the right, p masses (labelled
by circles) shifted to the right for clarity. The vertical dashed lines indicate the actual pion mass.
The blue circle (shifted further to the right) describes the p as a resonance, with inner error bars
showing the very small statistical uncertainty on the mass, and outer bars showing the hadronic
width. Dashed lines indicate the decay threshold into two pions (relevant for the p) and three pions
(relevant for the w). Triangles indicate the KK threshold relevant for the decay of the ¢. [14]

6.2.3 Quark mass and volume dependence

In this subsection, we discuss the quark mass and volume dependence of two specific cases, the
low-lying pseudoscalar mesons (7, n and 1) and low-lying vector mesons (p, w and ¢).

The left diagram in Figure 11 shows the detailed quark mass and volume dependence of the 1 and
1’ mesons. In the previous subsection, we have discussed the unexplained sensitivity of the n’ mass
to the spatial volume at m, = 391 MeV. Additionally, we observe that since only a 163 volume was
used at m, = 524 MeV, the mass demonstrated there might be underestimated.

The right diagram in Figure 11 shows the quark mass and volume dependence of the low-lying
vector mesons along with the relevant threshold energies. The p is unstable at our lightest pion mass
and the figure shows the p mass extracted from analysis featuring only fermion bilinear operators.

6.3 Resonances and scattering

So far in Section 6, we have assumed that all particles in the spectrum are stable, and that quark
bilinears or three-quark operators are a reliable way to reproduce the states of interest. However,
the majority of hadrons observed in nature are not stable and are in fact resonances whose existence
is deduced from enhancements in the energy dependence of scattering amplitudes. A resonance is a
state that forms when colliding two particles and which then decays quickly to scattering states, for
example. Resonances are usually indicated by a sharp peak in a cross-section as a function of the
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centre-of-mass energy of the collision.

6.3.1 Meson resonances on the lattice

Experimentally, resonances are often observed to decay preferentially into certain sets of mesons and
not others, and these patterns can be used to infer details of the resonant state’s internal structure.
To be able to calculate the decay properties of the excited hadrons directly from QCD would provide
a powerful tool for interpreting experimental data. In the case of predictions of previously unobserved
excitations, it may also provide suggested decay channels to be examined in experimental searches.
In Figure 12 we present the cross-section for two pions to form the lightest 1™~ resonance, known
as the p, and then to decay back into two pions. A clear bump is observed whose position and width

provide the mass and decay rate of the p (see [30] for a review).
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Figure 12: Cross-section (in arbitrary units) for 77 — 77 with 17~ quantum numbers calculated
using lattice QCD with light quark masses such that m, = 236 MeV. The p resonance is clearly
observed as a bump, and from its position and width, the mass and decay rate of this excited state
can be extracted. [30]

6.3.2 Baryon resonances on the lattice

Compared to the meson sector, baryon resonances have received very little attention, primarily be-
cause of the computational challenges. The need to compute numerous Wick contractions, potentially
involving annihilation diagrams, along with the increased computational and storage demands due
to a higher number of valence quarks and the exponential degradation of signal-to-noise ratio, ne-
cessitates vast computational resources. Furthermore, the non-zero spin of baryons adds complexity
to phase shift analysis (see [21] for a review). In this subsection, we discuss two recent calculations
investigating isospin-3/2 and 1/2 N7 scattering in p-wave to describe the A baryon and the Roper
resonance (NN (1440)), respectively.

A(1282) baryon, the lowest baryon resonance decaying to Nm in p-wave with a branching fraction
of approximately 99.4% and a width of about 100 MeV, presents an ideal candidate for investigation
within an elastic approximation. In [4], the authors conduct a finite-volume analysis to deduce the
resonance parameters of the A(1232) baryon within their lattice setup. Employing a single lattice
QCD ensemble (CLS) with Ny = 241 dynamical flavours of Wilson clover fermions, a pion mass of
m, = 280 MeV, and a physical lattice size of L = 3.67 fm, they observe the mass of the A(1232)
baryon to be close to the N7 threshold. The phase shift as a function of the centre-of-mass energy is
depicted in the left diagram of Figure 13.

Another interesting low-lying light baryon resonance is the Roper resonance (N(1440)). Tt was
originally postulated by L. D. Roper to describe the N7 scattering data below 1.7 GeV [29]. This is
the first radial excitation of the nucleon, observed in two hadronic final states, Nm and Nz, with a
total width of 350 MeV. The Nnr final states can arise from N7, No and Am, which indicates the
need for a coupled channel finite volume analysis, possibly including three hadron interpolators, to
discern the Roper resonance from the lattice. In the right of Figure 13, the bare lattice energy levels
ignoring possible strong decay modes for the ground and the first excited state of the nucleon as a
function of the pion mass squared are shown.
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[21]: A summary of mass estimates for the nucleon and its first radial excitation from different lattice
calculations.

Many resonance structures are also being discovered beyond mesons and baryons, generally re-
ferred to as XYZs. For example, charmed tetraquarks, doubly bottom tetraquarks, penta quark
systems, six quark systems and so on (see [20] for a review).

7 Conclusion and outlook

Lattice Quantum Chromodynamics (QCD) provides a systematic framework for understanding the
strong interactions between quarks and gluons, predicting particle properties that are difficult or
impossible to measure directly in experiments, such as the masses of exotic hadrons and the properties
of excited states.

In this essay, we reviewed some fundamental lattice QCD methods and hadron spectroscopy. The
essay first presented some of the important features of lattice QCD, starting with the derivation of the
path integral for the Euclidean correlator on the lattice, which is the key to building up a lattice QCD
theory. Subsequently, in Section 3, we began the discretization of the QCD action. To construct the
gauge-invariant gluon action on the lattice, the simplest non-trivial Wilson loop called the plaquette
was introduced. Then, we discussed briefly the Haar measure over the group manifold SU(3) which
appeared in the path integral and followed by the definition of Wilson loops, which are crucial for the
investigation of the phenomenon of quark confinement. Subsequently, we turned to the investigation
of constructing fermion action on the lattice. With the “naive fermion action”, the doubling problem
arose due to the 15 more unwanted poles. A possible solution is to add an extra Wilson term to the
Dirac propagator to remove the unwanted poles. We then arrive at the Wilson fermion action.

The spontaneous breaking of chiral symmetry in the continuum case of QCD is one of the most
important phenomena in QCD. Therefore in Section 4, we focus on the chiral symmetry on the lattice.
However, due to the extra Wilson term added, the Wilson fermions fail to exhibit chiral symmetry.
A solution to the problem is to propose the Ginsparg-Wilson equation. A particular solution to this
equation is the so-called overlap operator.

In Section 5, we focused on the Morte Carlo simulations in lattice QCD. We specifically discussed
the Metropolis algorithm in detail, followed by a brief mention of other algorithms such as the heat
bath algorithm, overrelaxation and the hybrid Monte Carlo algorithm. After simulation, an analysis
of the data is needed. We looked at some methods of estimating the statistical errors, for example,
autocorrelation, statistical bootstrap and jackknife, followed by a brief discussion of possible sources
of systematic errors.

Lastly in Section 6, we concentrated on hadron spectroscopy. After deriving some methodology
for calculating hadron masses and excited eigenstates, some experimental results were reviewed. We
specifically looked at the spectrum of meson states computed with light quark masses. Then we
briefly examined meson and baryon resonances on the lattice. Continuing lattice QCD efforts to
study the hadron spectrum on several volumes including all relevant multi-hadron interpolators and
to perform a rigorous finite volume analysis, are necessary to further understand these resonances.
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7.1 Further studies

Further studies in hadron spectroscopy are essential to address the challenges of several key areas
and to enhance our understanding of fundamental aspects of particle physics. Some of the crucial
directions for future research include:

1. Exotic resonances. Significant progress has been achieved using lattice QCD methods to
study the masses and strong decay widths of various hadrons from first principles (see [3]).
However, despite these achievements, definitive conclusions regarding many interesting exotic
resonances discovered in experiments remain elusive. This challenge arises mainly due to the
complex decay mechanisms of these hadrons, which involve multiple decay channels, making
the first-principle studies difficult though not impossible. Therefore, further studies on certain
exotic hadrons that are not situated too high above the lowest threshold are expected, which
will help us understand the experimentally observed conventional and exotic hadrons better.

2. Finite-volume effects. To accurately interpret lattice QCD results, a deeper exploration of
finite-volume effects is needed, especially concerning resonance properties and interactions and
ensuring that they have the correct behaviour in infinite volume (see [7]).

3. Heavy quark systems. Further studies of heavy quark systems to better understand their
spectroscopy, decays and interactions are needed (see [28]).

4. Systematic uncertainties. As we have discussed in Section 6.1.3, there are systematic errors
in lattice simulations. Exploring techniques to improve the precision and reliability of results
should also be included in future studies.
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