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Abstract

The properties of charm and bottom quarks are an interesting corner of Quantum Chromo-Dynamics
(QCD) due to the fact that their masses are much heavier than the typical QCD interaction energy
Aqgcp. Due to this scale separation, it is possible to describe these heavy quarks by Effective
Field Theories (EFTs) that simplify their equations of motion, make explicit additional symmetries
that only appear for heavier quark masses, and simplify the theoretical calculations required for
predictions. By discretising these EFTs in a lattice regularisation, nonperturbative calculations
of observables of interest become possible. This thesis presents progress towards systematically
controlled calculations of two such observables: the Spectator Effect contributions to the inclusive
decay rates of b-hadrons, and the real-time dynamics of fermions propagating in a thermal medium.

Standard EFT calculations in Lattice-QCD proceed by expressing observables as sums over
perturbatively computed Wilson coefficients and nonperturbative matrix elements that can be cal-
culated by path integral monte-carlo methods. Though it is possible to carry out this procedure
within a regulator-independent renormalization scheme, in practice almost all such decompositions
are computed in the modified minimal subtraction scheme MS which is only defined for the di-
mensional regulator (DR), due to its simplicity. Computing such observables therefore requires a
matching between lattice regularised operators and operators renormalized in MS. In Chapter 2,
both the dimensional regulator (DR) and the lattice regulator are reviewed, with a particular em-
phasis on techniques needed for calculations carried out in later sections. An interesting subtelty in
DR is the need to introduce d-dimensional counterparts to the Dirac y-matrices, which a-priori are
only well defined in integer number of dimensions. This analytic continuation is of practical impor-
tance as it introduces additional Evanescent Operators (Sec. 2.1.4) that have physical consequences.
In Sec. 2.1.5, traces of d-dimensional y-matrices were related to Tutte polynomial evaluations [4],
presenting a new graph-theoretic interpretation of the dimensionally regulated y-matrices.

One strategy of renormalizing lattice-regulated operators into MS involves first renormalizing
into a regulator independent scheme, before perturbatively matching between the regulator inde-
pendent scheme and MS. In Chapter 3, regulator independent position-space (X-space) schemes
for renormalizing operators defined in the leading order Heavy Quark Effective Theory (HQET) are
proposed [3]. Compared to other regulator independent renormalization schemes such as RI-xMOM,
X-space schemes have the benefit that they are gauge invariant. The next to leading order matching

calculations between X-space and MS are presented for heavy-light and heavy-light-light multiplica-



tively renormalizable operators, as well as AQ = 0 and AQ = 2 four quark operators relevant for
heavy hadron decays and mixing, where @) refers to the static quark number.

Due to their heavy masses, hadrons containing heavy quarks decay via the weak nuclear force.
Experimental measurements of these lifetimes provide precision determinations of the fundamental
parameters of the Standard Model. The Heavy Quark Expansion expresses the inclusive lifetimes of
heavy hadrons in terms of matrix elements of HQET operators of increasing dimension. The Specta-
tor Effects are contributions due to the AQ = 0 four-quark operators, where the light quark degrees
of freedom within a heavy hadron participate in the decay. In Chapter 4, a Lattice-QCD determina-
tion of the static decay constant ngET and the isospin-nonsinglet portion of the Spectator Effect
matrix elements for heavy-light mesons is presented. Fits of bare matrix elements were performed
for three different lattice spacings, and renormalized with the schemes proposed in Chapter 3 before
a continuum limit is taken.

Due to the heavy masses mq of the heavy quarks, it is possible to find temperatures 1" ap-
proximately satisfying a hierarchy Aqcp « T' «< mg. At these temperatures, QCD undergoes a
deconfinement transition into the Quark-Gluon-Plasma (QGP) phase where the light degrees of
freedom are no longer confined, and instead screen the long-range colour forces. The heavy quarks
however are not thermalised, and act as probes of the QGP. Further understanding of the QGP re-
quires first principles simulations of the heavy quark dynamics at finite temperature, however such
calculations are difficult due to the enormous size of the Hilbert space. Variational approximations
of the Hilbert space encode wavefunctions within a few parameters, and provide a practical method
to simulate many particle systems. As a testcase, the variational approach was applied for the first
time to simulate fermions at finite temperature in a simple QFT: the 1+1d U(1) gauge theory known
as the massive Schwinger model. Both the real-time dynamics of string like states, and the prop-
erties of the thermal state were studied, and such variational methods are shown to be promising

approaches to the more difficult case of a heavy quark effective theory in QCD.
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CHAPTER 1

HEAVY QUARK FLAVOR PHYSICS

Contents
1.1 From the Standard Model to Heavy Quarks . . . ... ........... 7
1.2 Tensions in Heavy Hadron decays . . . ... ¢ v i vt v vt v venoa, 14
1.3 Real-time dynamics of heavy quarks . . . ... ... .. ... ........ 17

1.1 FROM THE STANDARD MODEL TO HEAVY QUARKS

It is a surprising fact that the natural phenomena of the world around us occurs at so many different
scales. A-priori there doesn’t seem to be any principle, anthropic or otherwise, why the solar
system is 106 times the size of you (the reader), or why you happen to be made of 10%” of your
constituent atoms. One could imagine an alternate reality with different fundamental particles and
different physical laws, where intelligent life is embedded as overdensities in an almost-homogenous
soup; instead in our universe we are left to muse at our insignificance as a part of the cosmos. As
perplexing as this situation is, it offers a great opportunity for physicists as each isolated scale offers
an opportunity to study an effective theory for the degrees of freedom at that scale, without worrying
about fine grained details. This is indeed how physics has historically progressed - for example
Newtonian gravity was superseded by General Relativity, which is expected to be an effective theory
for some yet unknown theory of everything.

Particle physics is the study of physics at the smallest experimentally accessible scales, and
deals with the interactions of particles currently thought to be fundamental. Even within particle
physics, there is yet still a great range of scales across which physics occurs. This thesis presents my
contributions to the corner of particle physics known as heavy flavour physics - which deals with the
properties of charm and bottom quarks. These quarks are special because they are much heavier
than the typical strong-force interaction strength, and can be described by effective nonrelativistic

theories. To introduce the subject we start by describing the Standard Model of particle physics,
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Table 1.1: Matter content of the Standard Model, and their charges under the different
gauge groups. The integers in the leftmost two columns refer to the dimension of the
representation, with 2,3 referring to the fundamental representation of SU(2),SU(3)
respectively. U(1)qep refers to the electromagnetic U(1) gauge group that remains

after electroweak symmetry breaking as reviewed later in this section.

which is the currently accepted description of the known fundamental particles and forces (there are
many reviews of this subject, see for example Ref [1]). The Standard Model is an SU(3)xSU(2)xU(1)
quantum gauge theory with matter content tabulated in Table 1.1. The Standard Model Lagrangian

without ghosts or counterterms is:

Low =7 S TR(EWF™) +i Y 01P0 + Dol + 42610 - A(810)?

G v (1.1)

Yl oeh = Yianédy, - Ve q olup + he.,

where F),,, are gauge field tensors for the three different gauge groups G € {SU(3)¢,SU(2)r,U(1)y },
1) indexes over all the fermionic degrees of freedom, ¢ is a complex bosonic doublet, [, are left-handed
leptons, qr, are left handed quarks, ug,dr are right handed quarks, er are right handed leptons,
h.c. refers to the hermitian conjugate and p, \,Y are free parameters. In Eq. (1.1), the Standard
Model comes equipped with only a single mass scale u. As it turns out however, physical processes
in the Standard Model occur at many different scales. Firstly, the form of the Higgs potential with
u?, X > 0 induces spontaneous symmetry breaking to |(¢)| =: v = % at tree-level.! This spontaneous
symmetry breaking in unitary gauge has the effect of giving the electroweak bosons (the W, Z and

Higgs boson) masses. The massless fermions, which interacted via the Yukawa matrices Y in the

1Formally, this statement only makes sense after gauge fixing, for otherwise ¢ is not a gauge-invariant quantity

and (¢) has no meaning.



so-called flavor-basis now acquire masses:
v
V2

where the term O(h) denotes the interactions of the quarks and the Higgs boson. Note that the

- Yq ¢dy - Ve g dhuly + hoe > —— (Yidydy, + Yiupul + h.c.) + O(h) (1.2)

matrices Y need not be diagonal: that is to say the flavor-basis used in Eq. (1.1) (which is the
basis that the gauge degrees of freedom naturally act on) is not the same as the mass basis for
the quarks. In this section, regular script u, d,q will refer to quarks in the flavor basis, and bolded
u,d, q refers to quarks in the mass basis. To compute the Lagrangian in the mass basis, one can

find unitary matrices Uy, Uy, K, K4 that perform a singular value decomposition:
Vi = UMK}, Y4 =U,MK] (1.3)

to extract diagonal mass matrices M,,, My so that the mass term becomes:

v

L v )
% (Yiddy iy + Yiusul +he.) = 7 ((dLU)Ma(K1dR) + (arUy) My (Klug) +h.c.)
:_L (aLMddR+1_1LMuuR+h.C.)

V2

This is the mass basis, that the QCD hadrons will be built out of. The only flavor mixing occurs in

(1.4)

the couplings to W;, from the term:

gy g 4 9L3 9L W+ w

Th o =i i : B2 e V2 ik L
iqglpg = 0;5 (ut  db (z(?-k'yﬂ( 6 g ))( :
(v ) ww,  wB-gwi)\4

e

B V/2sin 6,

so, in the mass basis the W* bosons couple fermions from different generations together with
strengths according to V = UlUy, the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2, 3]. There

is additional redundancy (in this case, the phases of the mass basis quark fields) to reduce the num-

ber of degrees of freedom of this matrix - the standard parametrisation of the remaining degrees of

freedom is:

1 cos i3 sin f;5e" cosfis  sinfio
V= COS 923 sin 923 1 —sin 012 COS 912

—sinfag  cosbag | \ —sin 5 cos 3 1

The experimentally determined values are sin(f12) = 0.22501 + 0.0006, sin(fa3) = 0.04183*5-30079,
sin(613) = 0.003732%)-05002°, & = 1.147 + 0.026[4]. Note that most of the mixing occurs between the
first two generations, and it’s a good approximation to take 6oz = 613 = 0 (612 is also known as the
Cabibbo angle).

After electroweak symmetry breaking, the particles of the Standard Model span across many

orders of magnitude, as shown in Fig. 1.1. The Standard Model (along with neutrino masses and
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Figure 1.1: Hierarchies of energy scales appearing in the standard model, with data
from Ref [4]. Lepton masses are shown in blue, quark masses are shown in purple,
electroweak boson masses (after symmetry breaking) are shown in green, and some
typical scales Aqcp = 330 2iMeV [5] and Aplanck = G_% ~ 10?2 MeV are shown.

Newton

PMNS mixing matrix) has been incredibly successful at describing the observed fundamental parti-
cles. But it is also known that the story is not complete, for example at energy scales approaching
Aplanck = G;éwton quantum gravity effects become important.” One motivation of modern particle
physics is to explore the apparent desert inbetween the electroweak scale and the Planck scale; is
there yet to be discovered New Physics hiding within this desert? Aside from advancing down the
precision/energy /intensity frontiers with experimental advances, theorists have the prickly job of
determining which regions in phasespace would be interesting to investigate, which is guided by the

following questions (among others):

e Naturalness.
A strong notion of ‘naturality’ is presented by Dirac in Ref [8], wherein a theory is considered
natural if all dimensionless constants are O(1) numbers. The flavour hierarchy is unnatural in
e~ 0.007%. A refined definition by ’t Hooft [9] is that a theory is

‘technically natural’ if a given number is small only when making it zero increases the symmetry

this sense because 7= ~ 0.002,

of the theory: in other words a parameter is allowed to be small if it cannot receive radiative
corrections from Planck scale physics due to the enhanced symmetry. There are parameters in the

Standard Model which are not natural in this sense: for instance the Higgs mass, or the parameter

2Furthermore, U(1) gauge theories coupled to fermions have a perturbative Landau-pole AQep at which energy
the renormalized coupling strength blows up to infinity, at a fixed order of perturbation theory. Nonperturbative
studies of lattice-QED also seem to indicate that the theory is quantum trivial [6, 7], lending us to believe that the

Standard Model is not UV complete.
3Quark masses are renormalisation scheme dependent, but the flavour hierarchies persist in any reasonable scheme.
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fqcp which appears in front of the dimension-4 CP-violating term in the QCD Lagrangian’.

e Cosmology.

A-CDM (the Standard Model of cosmology) is a combination of the Standard Model of particle
physics with general relavitivity as well as two additions: cold Dark Matter as well as a cosmological
constant A. Given the success of Quantum Field Theory at describing the Standard Model of
particle physics, it is natural to conjecture that these two additional components should also
be described by some quantum field theory, and many such models are constructed that are
consistent with current experimental cosmological constraints. There are many more unresolved
cosmological problems including explaining baryogenesis [12], the lithium abundance problem [13],
and the Hubble tension [14].

e Particle Physics Tensions.
Out of the many theoretical predictions made by the Standard Model, a handful show tensions with
experimental data. Two recent examples in particle physics are the Collider Detector at Fermilab’s
recent high-precision measurement of the W-boson mass [15], and the muon anomalous magnetic
moment [16, 17]. These tensions have received signficant further discussion and theoretical updates
in the previous few years. Other tensions include the heavy flavour physics tensions, which will

be discussed in detail in Sec. 1.2.

To begin tackling the questions raised above requires precision theoretical calculations of Stan-
dard Model predictions. At experimentally accessible energies, the electroweak interactions are
perturbative, and percent level results can be obtained by one-loop perturbation theory. On the
other hand, the SU(3)qcp gauge theory’s coupling becomes weaker at higher energies (known as
asymptotic freedom [18, 19]), and perturbation theory actually becomes less reliable at lower en-
ergies. The running of the strong coupling ag as a function of scale is shown in Fig. 1.2, and at
fixed orders in perturbation theory has a divergence at an energy scale Aqcp. Isolating the QCD
Lagrangian from the rest of the Standard Model:

ACQCD z_iTr(FuVFul/)+Zf:wf(i]p_mf)wfa (16)

one is left with a vector-like theory, where electroweak couplings can be considered as external
currents (as is done in the Fermi effective theory, discussed in Sec. 4.1.2). To obtain accurate predic-
tions about the strong gauge theory requires non-perturbative methods, the most well-established
of which being Lattice-QCD which is discussed in some detail in Sec. 2.2.

The flavors of the quarks have masses spanning many orders of magnitude, and are split into

roughly three categories, the light quarks, the heavy quarks, and the top quark. The up, down

4Note that fqcp actually does not run under ordinary perturbative renormalisation group at all, as it is a topo-
logical term that only contributes on a nontrivial background. It does however have nonperturbative renormalisation
scale dependence, and since the Standard Model is already known to be CP-violating (due to the CKM-matrix phase),
it is technically unnatural that the effective parameter §an has been experimentally constrained to be aQCD <10710

[10, 11]

11
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Figure 1.2: (Fig. from review [4]) Dependence of the running strong coupling as(Q)
as a function of the energy scale Q, where ay is renormalized in the MS prescription.
The black lines show the 5-loop perturbative running, with a jump with jumps at
u? =m?,m? due to matching between Ny +1 and Ny flavour theories. Note that the
strong coupling tends to zero as Q — co (asymptotic freedom), and in MS for fixed

orders of perturbation theory, the running coupling blows up at some finite scale.

and strange quarks are considered light quarks because my $ Aqecp. The quark masses of light
quarks do not contribute much to hadrons containing valence light quarks. In fact, due to the
light masses of the up, down, and strange quarks, the theory of the light hadrons is fairly well
described by Chiral Effective Field Theory. The charm and bottom quarks are considered heavy,

with Agﬁ ~ 3.9, AZC”D ~12.7°. They are heavier compared to typical QCD interaction energies, and
hadrons containing bottom quarks and charm quarks appear as some light QCD degrees of freedom
bound to the heavy quark. The top quark is often considered in it’s own category, as it is so heavy
that it does not form bound states. Formally, there are likely resonance poles corresponding to what
would be called ‘hadrons containing a top quark’ [20, 21], however the corresponding poles in the
S-matrix are so far off the real axis (very short lifetimes) that colloquially it is said that the top
quark decays before it has time to hadronize.

One of the main reasons that studying the large m; limit is interesting is that it gives an
additional small parameter, Aqcp/my, to expand in, which introduces additional symmetries and
simplifies many calculations. To see this in action, consider a heavy hadron containing a heavy
quark bound to some number of light quarks. In the rest frame of the heavy hadron the heavy

quark is approximately at rest, and interactions with the light degrees of freedom induces changes in

5These ratios depend on the renormalisation scheme used for the quark masses, and the exact definition of Aqcp

used.
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momentum of the order of Aqcp. In the infinite mass limit, the heavy quark becomes a nonrelativistic
object and the complication in systems such as the heavy-light mesons are due to the light degrees
of freedom, dubbed ‘brown muck’ by Nathan Isgur [22]. Inspired by this observation, an effective
field theory can be described with operators having power counting parameter \ := % where Q)

is a heavy flavour of quark. The heavy quark momentum is expanded as:

p" = mgout + k* (1.7)

where v* ~ O(X\?) is a fixed timelike four-vector satisfying v* = 1, and k*/mg ~ O(A') describes
the residual momenta due to interactions with the light degrees of freedom. The free heavy quark

propagator in momentum space can also be expanded in powers of A:

i(prmq) _i(mg(l+9)+§)

0)Q(p)) = = 1.8
(QO)Q(P)) p2—mé+ie 2mou -k + k2 + de (18)
, o1
i (1epy i-R)E-iR () A
_ , ( )+ 2 ) o2 (1.9)
v-k+ie\ 2 2mo(v- k)2 +ie mo
To leading order, the projector P, = % projects onto the particle degrees of freedom. Keeping

just this piece, the antiparticle degrees of freedom are removed from the theory, in the sense that
contracting the propagator against external antiparticle-like spinors will give zero because of this
projector. In position space, the propagator takes the form (for details on heavy-quark integrals,

see Sec. 2.1.2):

(Q0)Q(x)) = 5d—1(f)1+T70

where v has been chosen to be purely timelike, v = (1,0,0,0)”, and d is the spacetime dimension.

6(0 > z°) (1.10)

The 6%71(#) factor causes the heavy quark to not spatially propagate in the infinite mass limit of the
quark, hence why this limit is known as the ‘static quark limit’. One can also check what happens
to a quark-gluon-quark type vertex:

The formal procedure of expanding the QCD Lagrangian in powers of A generates the Heavy Quark
Effective Theory (HQET) [23], whose leading order Lagrangian is given by:

LuqeT = Q,iv- DQ, + O(N) (1.12)

where the heavy field Q,, satisfies P, @, = @),,. The power-counting is that @, ~ A2 o~ D~ A so
that the leading term in the HQET Lagrangian is A°. The static nature of the heavy quark introduces
new symmetries such as the heavy quark spin-symmetry, and causes the theory to drastically simplify.
Effective Field Theories such as HQET and the related Non-Relativistic QCD (NRQCD) used for
systems containing more than one heavy quark, allow one to study these heavy quark systems with

more control, and offers greater understanding of the underlying physics.
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Figure 1.3: Tensions between inclusive and exclusive measurements of V., and Ve,
where the black datapoint is the combined constraint from exclusive determinations,
and the blue datapoint is from the inclusive determination. Figure from Ref [5], with
data from [24-51, 51-60].

1.2 TENSIONS IN HEAVY HADRON DECAYS

Much of what drives the heavy-flavour-physics community is the presence of tensions between theo-
retical and experimental predictions of various decay channels. Of the tensions, three stand out due

to their persistence over time, and their roughly 3o level of statistical significance:

e Lepton Flavour Universality.
Lepton Flavour Universality is the statement that in the Standard Model the different generations
of leptons all couple in the same fashion to the weak force, the only difference being their masses.
This provides predictions between different branching ratios. Two quantities that can be measured
quite accurately are given by ratios of branching fractions of decays of semileptonic decays of B
mesons to 7, versus B mesons to either of the lighter leptons:

B(B - D7 v,) B(B - D*177;)

D =
(D) B(B - DIv;)’ B(B - D*l-v;)’

R(D*) = (1.13)

where [ € {e,u} has been averaged over in the denominators of the expressions appearing in

Eq. (1.13). Due to the ratio construction, the R(D™*)) quantities are largely independent of pa-
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rameters such as V,;, and hadronic form factors B — D), and instead are dominated by phasespace
effects. For instance, due to the heavy mass of the 7, the phasespace of decays to 7 are suppressed.
These effects can be calculated quite accurately, and currently there is a 3.140 combined tension
between the experimentally observed R(D), R(D*) and the theoretically predicted ratios [61].

e Rare b-decays.
The rare b-decays b — sl*l™ are excellent processes to consider to search for new physics, because
they are induced by flavor-changing-neutral-currents which are loop-suppressed in the Standard
Model. Hence, these processes are proportionally much more sensitive to new physics contribu-

tions. Current tensions in the By — ¢u*p~ branching rates are about 3.60 [62].

e Inclusive-Exclusive V,;, V., tension.
The V,; and V,, CKM matrix-elements determine the tree-level decay rates of bottom quarks into
up and charm quarks respectively; and hence are important factors in the decay rates of b-hadrons
into light hadrons containing up quarks and charm-hadrons respectively. Measurements of the V,;,
and V; CKM matrix-elements can be performed by exclusive analyses (analysing individual decay
channels of b-hadrons) or inclusive analyses (for example, an inclusive semi-leptonic analysis sums
over all semi-leptonic decay channels). Experimental determinations following these two strategies
are shown in Fig. 1.3, where the bounds from each exclusive channel is a different shaded band.

The tension between the two different determinations has a significance of 3o.

Of these, the tension between the inclusive and exclusive determinations of the CKM matrix elements
is particularly interesting, due to the theoretical difficulties inherent in ab-initio calculations of
inclusive decay rates. As explained later in Sec. 4.1.2, one of the more straightforward approaches to
predictions of inclusive decay rates of heavy hadrons is to expand the two insertions of the electroweak
current appearing in the optical theorem as an Operator Product Expansion (OPE). In fact, the
experimental method used in Fig. 1.3 for extracting the inclusive matrix elements relies on fits of
experimental data to OPE matrix elements, in contrast to exclusive measurements which require
no OPE. It is natural then to wonder whether this tension is caused by a failure of convergence in
the OPE (also known as violations of quark-hadron duality). To better understand the situation,
first-principles determinations of the matrix elements appearing in the OPE are needed, and this
thesis presents my work towards systematically controlled determinations of these matrix elements.

In more detail, the inclusive decay rate of a heavy hadron H, can be written as a sum [63]:

G2mp Hy|bb|Hy) 5 (Hplbgso,, F*blH,
I'(Hp) = —£ §|Vcb|2 03( /00| b>+%( b|bgsT, |Hy)
1927 2MH, m; 2Mpy, "
co (Hy|(br1q) (L rb)|H) | '
o3 +0|—
my My, mi

where G is the Fermi constant, My, is the mass of the heavy hadron Hy, 0, = %[’m,%], gs 1is

the strong coupling constant, I';,,I'r are spin-colour matrices that are discussed in more detail in
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Figure 1.4: Figure from Ref [65], showing the ratio of lifetimes of the A, baryon and
neutral By meson. Theoretical predictions using various frameworks for the lifetime
ratios are shown in the different scatter points [63, 66-76]. The only Lattice-QCD
determination of the relevant matrix elements dates back to work from UKQCD 25
years ago with quenched ensembles (no dynamical fermions) and lattice perturbation

theory renormalisation of the operators [68, 77].

Sec. 3.2, and ¢, are perturbatively calculable Wilson coeflicients. Note that this series relies on the
heavy mass of the b quark to converge. Of these terms, matrix elements of the dimension 6 flavour-
nonsinglet operators (bI'rq)(ql'gb) are known as the spectator effects, due to the participation
of the light spectator quark in the decay.® After matching the OPE operators to HQET, these
contributions are phasespace enhanced by a factor of 1672 relative to other %g corrections. As
explained in Ref [64], these contributions can either be fit from experimental data with sizeable
uncertainties, or the analysis can focus on regions of phasespace where these effects are relatively
suppressed and can simply be treated as a systematic error on the analysis. In either strategy,
they form a sizeable contribution to the total error budget of the inclusive CKM matrix element
determinations.

Historically, these spectator effects were also interesting as they provided large contributions to
measurements of ratios of lifetimes of b-hadrons with different light quark contents. In these ratios,
the leading CKM matrix elements and other factors cancelled out, leaving only hadronic matrix
element contributions. It was understood from the early days of HQET that to leading order, the
decays of b-hadrons are largely determined by decays of the b-quark in isolation; and that corrections
due to the ‘brown-muck’ describing the light degrees of freedom are subleading. This lead to the
A(%%

prediction that ratios of lifetimes of different b-hadrons should be 1 + O( In contrast, for

about a decade the experimentally extracted value of the lifetime ratio 7(Ay)/7(Bg) hovered around

6These are also known as ‘Weak Annihilation’ terms in the literature.
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0.8 £ 0.05 (Fig. 1.4), leading to speculation of enhanced contributions from the Spectator Effects
[78]. This tension closed slightly in 2007 with an updated measurement of the A,-lifetimes from the
CDF collaboration [79] of 7(Ap) = 1.59375-033 (stat) + 0.033(syst), which was 3.20 higher than the
previous world average 7(Ap) = 1.230 £ 0.074. 7 In recent years, this tension is mostly considered
resolved, however the Spectator Effect matrix elements remain a large contribution to ratios of
inclusive lifetimes[65].

There are various strategies to theoretical predictions of the Spectator Effect matrix elements,
which are reviewed in Sec. 4.1.3. In this thesis, I present progress towards Lattice-QCD determina-
tions of the Spectator Effect matrix elements in HQET. The QCD operators appearing in an OPE
have power-divergent mixings that prevent simple extractions with Lattice-QCD, hence it is common
to then match these operators to HQET, in a procedure that is collectively known as the Heavy
Quark Expansion. This comes with the unique challenge of dealing with the introduced static quark
self-energy divergence, which causes exponentially bad signal-to-noise problems in the continuum
limit, as well as difficulties in defining renormalisation schemes. In Chapter 3, I present new gauge-
invariant position-space renormalisation schemes for the four-quark operators appearing in these
Spectator Effects. The O(ays) matchings between the X-space scheme and MS are calculated, and
these are used to provide the first unquenched Lattice-QCD measurement of the Spectator Effects
in HQET. A review of all the different dimensional regularisation integrals required for the X-space

to MS matchings presented here is also provided in Appendix B.

1.3 REAL-TIME DYNAMICS OF HEAVY QUARKS

As the temperature is increased the renormalised strong coupling drops to zero by asymptotic
freedom, and one expects a transition from the zero-temperature ‘confined’ phase of QCD (where
the degrees of freedom are hadrons) to a high temperature ‘deconfined’ phase (where perturbative
quarks and gluons become the correct degrees of freedom). In a grand canonical ensemble where
all chemical potentials are set to zero it turns out that the transition between these two phases is
an analytic-crossover for physical quark masses [85, 86]. The phase diagram is often extended by
considering the effect of adding a positive baryon chemical potential g, where the corresponding

Euclidean-time partition function can be expressed as:

_ B _
ZplT.u) = [ DBDBDA expl [ [t N7 (D+m.f+‘fm)wf+£gaugel (1.15)

Note that due to the vy insertion, the Dirac operator no longer anticommutes with 75, and in fact
the fermion determinant is complex-valued causing Eq. (1.15) to no longer be an integral against
a probability distribution. This makes practical investigations of the phase structure using path-

integral Monte Carlo (introduced in Sec. 2.2) difficult, however perturbative calculations can still be

7This and other measurements, like of B mixing and the properties of =, ¥} baryons, are largely thanks to the

high luminosity run-II of the tevatron [80].
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Figure 1.5: Conjectured phase diagram of QCD in the (7, up) plane (not to scale).
Along the T' = 0 axis as up increases, first there is a liquid-gas transition to nuclear
matter at pup =mass of the nucleon [81, 82]. At intermediate densities the phase
structure is not well understood, but at high densities where perturbative calcula-
tions become reliable there is expected to be a Colour-Flavour-Locked (CFL) phase
that is colour superconducting [83, 84]. Neutron stars occupy the low 7', intermediate
pp region in this schematic, and are conjectured to contain various phases of QCD
matter. The putative phase transition separating hadronic matter from the high tem-
perature Quark-Gluon-Plasma phase ends at a critical endpoint, which is currently

being searched for.

performed in certain regions of phasespace, leading to the conjectured rich phase structure shown
in Fig. 1.5.

The predominant way that experimentalists attempt to create and measure properties of the
quark-gluon-plasma phase is with heavy-ion colliders, such as the Large Hadron Collider (LHC) and
Relativistic Heavy Ton Collider (RHIC). The behaviours of heavy quarks as they travel through the
QGP and eventually hadronize offers a precious probe of the thermal QGP medium. For instance,
it has long been conjectured [87] that bottomonium production is suppressed if produced within
a QGP medium. Such a suppression has been observed in heavy-ion collider experiments [88-91].
The authors of the original references reason that after bb pairs are produced, they are allowed
to propagate freely in the deconfined QGP medium whilst the medium is still hot as the colour-
force between them is screened by the medium, and only after the medium cools down do they
hadronize. This results in a greater production rate of open-heavy hadrons (hadrons containing a
single heavy quark and some light degrees of freedom) than heavy quarkonia pairs as sketched in

Fig. 1.6. Recent studies [92] have suggested that this interpretation is actually incorrect, as the real-
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Figure 1.6: Schematic depicting a typical central collision at a heavy-ion collider.

part of the heavy quark-antiquark potential actually is not meaningfully screened at all - rather the
suppression is due to the significant imaginary component of the heavy quark-antiquark potential
at finite temperatures, leading to quarkonia dissolution.

To better understand the role of the imaginary potential and to extract properties of the QGP
produced at heavy-ion colliders from observed bottomonium rates, one must be able to perform
theoretical simulations of the real-time dynamics of heavy quarks in the medium. The general
problem of real-time simulations of lattice discretised QFTs is very difficult due to the exponential
growth of the size of the Hilbert space as you increase the volume or take the continuum limit. The
specific problem of simulating heavy quarks in the QGP actually happens to be in an easy corner
of the realtime dynamics landscape, as not only are nonrelativistic theories a good description of
the heavy quark degrees of freedom, at high temperatures the effects of light quarks and gluons can
be treated perturbatively and integrated out. This procedure results in an Open Quantum System
description of the remaining heavy quark degrees of freedom encoded as a density matrix, whose
time evolution is given by a Lindblad equation.

To solve the problem of the large Hilbert spaces, the approach advocated for in this thesis is to
use a variational ansétz which parametrises the space of quantum states in terms of a few parameters
that capture the essential aspects of the underlying physics. In Chapter 5, this approach was studied
in a simple test-case for an open Quantum Field Theory - the open massive Schwinger Model, which
isa 14+1d U(1) gauge theory with a single massive fermionic degree of freedom coupled to a thermal
bath. The density matrices were parametrised by a neural network ansdtz known as the Neural
Density Operator (NDO, introduced in Sec. 5.1), for which arbitrary initial states can be prepared
and then time-evolved in the thermal bath in a systematically controllable manner. Extensions of
these methods to more realistic descriptions of heavy quarkonia in the QGP are currently underway.

By preparing these variational ansétz for density matrices, there is also the attractive possibility
that the thermal state can be investigated in regimes for which it is impossible to investigate using

traditional path-integral Monte Carlo methods. For example, as discussed earlier introducing a
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chemical potential term pp for the QCD action introduces a sign problem, which prevents efficient

sampling and evaluation of observables in Lattice-QCD. However, in the Hamiltonian formulation

there is no such issue as long as one can solve the problem of the exponentially large Hilbert space.

As it so happens, the steady state of the Lindblad equation is approximately the thermal state, with

errors depending on the perturbative order to which the Lindbladian has been derived. In Sec. 5.2.4,

the NDO ansétz is shown to be capable of parametrising the steady states of the Open Schwinger

Model at large volumes, and a study is performed at different number densities. Extending this

approach to QCD would be difficult due to the larger dimension, more complicated gauge group

structure and matter content - however may be a possibility in the future.
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Our modern understanding of particle physics is formulated within a framework known as Quan-
tum Field Theory (QFT). There a number of difficult questions that arise in practical QFT calcula-
tions: for instance how to formalise the path integral, and how to make sense out of the ultraviolet

(UV) and infrared (IR) divergences that naively appear. ‘Regularisation’ amounts to a controlled

25



deformation of a QFT of interest such that all divergences are made finite. Different regulators come
with their own benefits and disadvantages, but each offers a unique understanding of QFTs - and
along the way allow us to perform useful phenomenological calculations.

The dimensional regulator is an example of a regulator where the dimensions of spacetime are
formally analytically continued to an arbitrary complex number d. Divergences can be analysed
as d approaches the spacetime dimension of interest (in the physical world, this is d = 4), and
systematically subtracted in a process known as ‘renormalisation’. The dimensional regulator is
convenient for computing perturbative weak-coupling calculations, which for QCD are most accurate
and systematically controllable for high energy processes where the typical energies in the process
are much larger than Aqcp. In Sec. 2.1.1, a review is given of UV divergences and how they are made
finite by dimensional regularisation. Performing high order perturbative calculations in dimensional
regularisation is made difficult by the complicated structure of the relevant loop integrals, however
many tools have been developed to deal with this difficulty. The necessary techniques to compute
dimensionally-regulated HQET diagrams are covered in Sec. 2.1.2.

Though it has been used to great success and is a mainstay of modern perturbative calculations,
it is perplexing that Dimensional Regularisation is actually consistent at all. Naively the idea of ana-
lytically continuing the integer-valued dimension of a theory is a strange thing to do - and it is fairly
shocking that divergences as you approach an integer number of dimensions can be systematically
cancelled. One particular source of confusion that arises in theories including fermions is the need
to dimensionally regulate Dirac matrices, which a-priori are a strictly 4-dimensional construction.
This procedure leads to mixing with operators which vanish as the regulator is removed, known
as ‘Evanescent Operators’. In Sec. 2.1.4, an introduction to evanescent operators is given, and we
discuss how to deal with them when matching between MS and schemes designed for Lattice-QCD.
One might also wonder whether or not there is a more intuitive understanding of ‘what is actually
happening to the Dirac matrices’ as they are analytically continued - which until recently has just
been a formal prescription. In Ref. [1] T proved that dimensionally-regulated Dirac traces have a
graph-theoretic interpretation as a Tutte polynomial evaluation, and this newly found connection is
summarised in Sec. 2.1.5 (with formal mathematical details of the proof left to Appendix A).

Though Dimensional Regularisation is the simplest regulator for performing perturbative calcu-
lations, there is no known way of extending it to be nonperturbative. There is also the practical
problem of computing any but the first few orders of perturbation theory in dimensional regulari-

sation, as there is a combinatorial exponential explosion of number of diagrams needed to compute
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as well as an increasing complexity in evaluating multiloop diagrams.! Instead, nonperturbative
calculations of QCD properties can be carried out in Lattice-QCD. The lattice regulator used in this
approach is a regulator of QFTs where spacetime is discretised onto a (usually hypercubic) lattice
with finitely many vertices. This regulator falls into a class of ‘hard-cutoff’ regulators that remove
high-momenta modes from the theory (another prototypical example being Wilson’s hard-edge cut-
off regulator). One benefit of utilising a lattice cutoff for gauge theories is that it is possible to
construct manifestly gauge-invariant actions and operators by using the correct degrees of freedom.
A brief introduction to the aspects of Lattice-QCD needed for the calculations performed in later
sections is given in Sec. 2.2. An interesting consequence of discretising the leading order HQET ac-
tion is that the static-quark self-energy divergence which manifests as a pole at d = 3 in dimensional
regularisation, becomes physically important and leads to divergences and signal-to-noise problems
in the continuum limit, as discussed in Sec. 2.2.5. Finally, for various physical processes, it is also
important to consider Wilson lines which are not exactly parallel to one of the four spacetime axes.

These applications and their associated divergences are discussed in Sec. 2.2.6.

2.1 DIMENSIONAL REGULARISATION

2.1.1 TAMING UV DIVERGENCES WITH DIMENSIONAL REGULARISATION

The divergences of a perturbative QFT calculation are split into two classes, the Infrared (IR)
divergences associated with low-momenta modes and massless particles, and the Ultraviolet (UV)
divergences. In any physically measurable observable, the IR divergences should cancel when all
perturbative diagrams are summed - though this cancellation is often complicated and subtle. For
this thesis IR divergences will not play a signficant role - and instead we focus on UV divergences,
which are treated by renormalisation. When utilising bare perturbation theory, UV divergences
appear generically for nearly all operators? in QCD and HQET. As an example, consider a four-
quark operator in HQET of the form (QI'1q)(¢I'rQ), where I'r,,T'g are spin-color matrices. These
operators will become important later in the discussion of Spectator Effects in Chapters 3 and 4.
For now, all that will be used about the heavy quark field is that its bare propagator takes the
form derived in Eq. (1.10), the details of the renormalisation of HQET is covered in more detail in
Sec. 2.1.2. For this four-quark operator, there are six different O(«g) diagrams to compute for it’s
momentum-space Green’s function, shown in Fig. 2.1.

As an example of where UV-divergences can arise when doing bare 4-dimensional perturbation

1Even if this procedure was possible, there remains the intrinsic issue that the perturbative series is expected to
be asymptotic (not convergent) [2]. Attempting to Borel resum this series for a given physical quantity, in general
one finds a discrete series of poles - some of which correspond to instanton effects (which approximately enter as a
contribution like e=51 ~ 6_% where Sy is the action of the instanton), and some of which correspond to renormalon
effects [3]. Modern research into Resurgence Theory (see Ref. [4] and references contained within) offers a glimpse
of a dream that perturbative asymptotic series contain enough information to reconstruct the full nonperturbative

effects; however this program has not yet yielded a solution of nonperturbative QCD.
2Except those associated to a conserved current.
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Figure 2.1: Tree level and O(as) diagrams needed for renormalising the four-quark op-
erators of interest. Diagrams (b) - (g) are understood to have the same external quark
momenta and color-spin indices as shown in the tree-level diagram (a), where latin in-
dices a, b, ¢, d are color indices and greek indices «, 3, p, § are spin indices. Double-lines

represent static heavy quark propagators.
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To simplify the expression and isolate only the UV-structure, the integral has been expanded in
%z as it is being investigated in the limit that & — co. Once all the spin-colour structure has been

removed, this simplified integral has the form:

4 W1V nz 4 ur 4 Auv
Ak KR g Ak 1 _ g™ 57T im f dk% (2.2)

@2t kS 4 J @2tk 4 (21)% Am—OAuv—ee JA,

which logarithmically diverges as the UV-cutoff Ayy — oo. Note that one of the tricks used in

deriving Eq. (2.2) is that with no external scales available in the integral, the only available tensors

28



for the integral to be proportional to is the metric tensor g,,. Also, note that the momentum scale
p in Fig. 2.1 regulates the infrared divergence as Ajg = 0 (in other words, p plays the role of the
infrared cutoff Ajg for these Greens-function calculations). As such, the IR divergences have been
left out, and there is a remnant UV-divergence from the diagram. Even though this analysis was
only performed on one of the diagrams appearing in Fig. 2.1, after summing over all the diagrams
there is a residual UV-divergence.

One particular regulator for these divergences is the dimensional regulator, which analytically
continues the dimension of spacetime from d = 4 to an arbitrary complex parameter d. Heuristically,
logarithmic divergences will show up as simple poles at d = 4, and power divergences (which make
an appearance later in this chapter) will appear as poles at integer values of d < 4. To formalise
the procedure of dimensional regularisation, first we will discuss the dimensional regularization of
scalar functions, [ -4 (2 ) = f(k). The function f(k) may also depend on some external (fixed) momenta
1, Pn, some of which may live in d = 4, some of which may be other loop momenta that live in
a continuous-valued dimension. A common prescription is that all d-dimensional momenta such as
k lives in the infinite dimensional vector space, where the first 4 dimensions are the same subspace
as the external momenta. Then, a parallel subspace (denoted kj) that is spanned by the p; (of
dimension dy) and a perpendicular complement (denoted k,) can be defined. The dimensionally

regulated integral is defined by [5]:

[ sy ::/_ooddf’kH[mdd’d“kl FOhyo k)

ore(i-do)/2
-/ ddOk”f by = gy R k).

5e)

If this integral is defined for some finite d, then it is defined for all d by analytic continuation in d

(2.3)

(meromorphic continuations are unique). If the integral happens to not be defined for any d due to
the presence of both IR and UV divergences, the function can be split up and analysed separately,
which will be shown in the examples section. An important relation that can be used to simplify
integrals is integration by parts, which asserts that [ d?kdf(k)/Ok = 0. To extract recurrence
relations, one can apply the operator O - p to integrals, where p can be an external momenta, but
may also be k itself.

When dimensionally regulating, it is important to note that the whole theory has been analyti-

cally continued to be d-dimensional. For example the QCD action is modified to:

5= [ dis (—7F PR (00, + ip T g A )yH - m)z/J) (2.4)
where a mass-dimension 1 parameter p has been introduced to absorb the dimensions of g, which is
traditionally kept dimensionless. The field dimensions of the various parameters are modified to be:

d-2 d-1

W= lo)-1. (25)
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Thus, the bare momentum integral Eq. (2.2) becomes:

b AR L A1
(2m)* Kk (2m)d k4

(2.6)

In formal dimensional regularisation, this integral is zero. The reason is that it is scale-less (involves
no external scales) - by dimensional analysis Eq. (2.2) must scale as pu* A% for some mass scale
A, however there are no such scale available. So for d # 4 the integral is zero, and by analytic
continuation must also be zero at d = 4.

However, recall that the integrand actually contains overlapping IR and UV divergences, where
the IR divergences are regulated by external momenta. To focus just on the UV divergences, the

integral can be split up as follows:

) ﬂi =3 ddkE 0(k2 < A%R +14 ddkE 0(k2 > AQUV) + finite
(271_)d k4 (271.)d k4 (271‘)d k4
i 2(—:7Te/2 ) 7 4re 1E
= (AEA AN E ) finite = 1 finit
— ( 4 & ) I‘(2— %) + finite =(yv) R y— + 1672 n A%V + finite

(2.7)

where d = 4 — ¢*, and in the final equality only the piece that diverges due to UV-divergences has
been written explicitly (eyy has been decorated with a subscript to emphasize this point). Thus
correlation functions of bare operators in QFTs will have divergences which can be regulated by

dimensional regularisation, and will manifest as poles in powers of %

2.1.2 StATIC HEAVY QUARKS

For hadrons containing a heavy quark @ (Q = ¢,b), the heavy quark mass is much larger than
the scale of QCD-dynamics mqg » Aqcp. In the rest frame of the heavy hadron the heavy quark
is approximately at rest, and interactions with the light degrees of freedom induces changes in
momentum of the order of Aqcp. In the infinite mass limit, the heavy quark becomes a nonrelativistic
object and the complications of systems such as heavy-light mesons such as the B-meson are due
to the light degrees of freedom, dubbed ‘brown muck’ by Nathan Isgur [6]. To demonstrate that
the leading order position-space propagator of HQET is static in space, a d-dimensional Fourier

transform is needed. As a reminder, the momentum space static propagator is given by:

@oam)=—— () (28)

v-k+ie 2

To leading order, the projector P, = 1%’5 projects onto the particle degrees of freedom in the sense
that attaching antiparticle-like spinors will give zero when multiplying this projector. To derive the
corresponding propagator in position space, the +ie factor will be important for keeping track of
the time-ordering. In the general case where v = (m, ¥) is timelike and the momentum space

propagator is raised to the n-th power, a Fourier transform to position-space can be calculated as:

3Note that some conventions use d = 4 — 2¢ instead.
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where the change of variables k' = kg - \/% was performed, which does not give any jacobian
factor. Note that if ¢ < 0, then the function is suppressed in the upper half plane. The red contour
n the figure below can then be closed in the upper-half plane and the resulting integral is zero (no

residue).

If however ¢ > 0 the integrand is suppressed in the lower half plane, and closing the contour in

the lower half plane picks up the residue from the pole at k" = 0. The integral is thus evaluated as:

D3} (x;n) = 6971 (:z S ) (i) 0(t > 0) (2.10)
1+02) T(n)vy

In the approach above, the mg — oo limit was taken in momentum space, before Fourier transforming

to position-space. Performing the procedure the other way around is not as straightforward - as the

position space propagator only converges to the static § function in a distributional sense. For much

of this thesis, v = (1,0,0,0) will be chosen to be purely timelike, in which case the n = 1 case recovers

the usual position-space heavy-quark propagator:

— 1. a1+
(T{QUIR() = 5~ ) L0y > 2°) (2.11)
For completeness, the analogous Fourier transform for a power of a massive scalar propagator

can be calculated as:

d?p eipT Z‘r(é -n) 4
Dt (x;n) = = 2 2 _je)n e, 2.12
s@n)= | G rior ™ 48T () (a7~ i¢) (2.12)

The position-space propagator for a massless fermion can be derived from Eq. (2.12) by differentiating
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Figure 2.2: The two diagrams needed for O(as) renormalisation of the static field

renormalisation, and the static-light bilinear operator renormalisation.

against x:

d ) m ; T ' ;
R O B e
ir(g) N (‘¢)

(22 — i)

(2.13)

 2eimiq3 (22 —i€)?

At O(ag), divergences start appearing in static HQET due to UV divergences appearing in loop

integrals. For example, the interacting heavy-quark propagator has a diagram where it has been

dressed by a gluon, as shown on the left of Fig. 2.2. Operators such as (QT'q) where ¢ is a massless

quark, and T is an arbitrary spin matrix, also have O(«g) divergences associated with the right
diagram of Fig. 2.2. The left diagram has the following expression:

dik  —i 1+ i 1+ ¢ 1+ ¢

iMp = 4-d i U/LTA /I.TA
Q= # @y k2 r el ) oo 2 T
o aca [ A% 1 1 +¢
(2m)d (k2 +ie)(v-(p-k) +ie) 2

(2.14)

=-Crg°u

where Cr is the fundamental casimir (reviewed in Appendix B.0.1). The right diagram has the
following expression:

e )
+p+ze v (k+p)+ie
dek 1 L1+
(2m)e (k2 +i€)(k +p +i€)? 2

1L+¢g —i

B A)
2 k2 +ie

(igv"T

iMgp, = n'™? (ignT™)
¢ (2 )d f (2.15)

—ig*u*Cp

The general strategy used in this thesis to solve these (and more complicated) loop calculations is
to use integration-by-parts relations to relate the integral of interest to base cases known as ‘master

integrals’, and solve those by hand. For Eq. (2.14), the master integral is defined as:

1
)4 (v (k+p) +ie)m (—k2 —ie)n2’

d-ni1-2n27 ddk
Trp(ni,n2) = (-v-p) Tup(ni,ne) = f( (2.16)

where the HL subscript is a rough notation to denote that the integral has a heavy-type propagator

and a light-type propagator, and Iy has the leading dimensionful parameters removed. These
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notations follow Ref. [7] closely. This integral can be computed by Fourier transforming the relevant
propagators into position-space, and using the formulas already derived:

Tuw( ) f d'k 1
ni,Ng) = - -
LA (2m)d (v- (k +p) + i)™ (k2 + i)™

d%k,dk 1 m 1\
1 2( )( )(Sd(kl—p—kQ)

(2m)24 \wv-ky +ie k3 +ie

ddklddk2 / d —lklajl d kl Zklxl 1 "
d%x - X
(2m)2 (2m)° v-ky +ie
: A%y i 1\
d —1k212 2 ’Lk‘z.’rg d
([d Tae W@ (W) )6 (lﬁ—p—kz).

Using the Fourier transform of powers of the scalar propagator calculated in Eq. (2.12), the outside

(2.17)

integral can be performed with respect to ki, ks against the phase and delta functions to see that:

ddk ddk —ikix —z x —ipx
7(2;)2(126 iz p=tharagd (L p ko) = e PR 6N (2 + ). (2.18)

Relabelling x := z; and integrating out xo against the delta function:

f JlpeiPT ( (—1)n1i2—2n1r(g -ni) (—ac2 + ie)nl—g) (_5d—1(xj_)in2(_x0)nzle(l,o N 0))

75T (ny) I'(n2) (2.19)
g gy G220 D@ < ny ~ (S )
(4m)d/2 ['(n1)I'(n2)
which gives the result:
_ i2d—2n2(_1)—n1—n2 F(QTLQ +ny — d)F(g - TLQ) d=2n0—n4
Iun(ni,n9) = e ()T (m) (-v-p) : (2.20)
For example, for d = 4 — ¢ and small ny,n9, the master integral simplifies to the expressions:
Ak 1 —i i
)= [ - L (n(me )~ 2In (-
D= [ oni o e p)EE ~ dnte gz (M) 72 (o)) )
Ak 1 - i '
O = ey = (0-0) (it~ gz 2+ () =200
The light-light master integral calculation can be done similarly:
_ d% 1
I ) = (—p?)ETmn2] ng) = f
re(m;ne) = (=p7) ee(msne) = | G G s iy ((h+ p) + i)™
- T(2 - n)I(E = no)T(=d +2n1 +2n
Ton(ny,mg) = 2 =mIL(G ~ma)I L+ 2ns) (2.22)

22n1+2n2ﬂ-%1“(n1)r(n2)

The integrals Iy, I are used as base cases for more complicated master integrals calculated in

Chapter 3. This result can be now be used to calculate the divergences appearing in the two diagrams
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appearing in Fig. 2.2:

. . -Crag 3 Crag 7T677E,u2 1+’¢

iMg=1i(v-p) ( — o (2 +1n ( o) 5 (2.23)
. Cras Crag 47T6_7E,u2 1+¢
ZM@Fq = ( e + . (2 + ln (_p2 F'u 5 (224)

The renormalisation procedure is the procedure of adding counterterms to the theory to cancel
these divergences, such that all correlation functions of the remaining, renormalised fields are finite.
For the heavy quark field renormalisation, define the wavefunction renormalization Zg such that
QWO = \/Z_QQMS, where the MS (Minimal Subtraction) scheme is constructed such that counterterms
cancel only the }n poles, and the superscript (0) refers to the bare heavy quark field. Then,

examining Eq. (2.23) the wavefunction renormalisation is given to O(ag) as:

C
FAS L 0(a?) (2.25)

ngzl+

Many, but not all, one-loop momentum-space integrals come with factor of In (4dwe™7#) directly
proportional to % of the % pole. It is common to use a modified Minimal Subtraction scheme known

as MS which relabels the y parameter as:
(u? )NTS = 4meE 2 (2.26)

which has the effect of cancelling these finite logarithmic pieces.

The divergences appearing in the heavy-light operator are not just an addition of the divergences
from each of the bare fields that make it up, there are additional UV divergences when operators are
placed on top of each other. To clarify this difference, the notation ¢f*¢Z& will be used for a product
of two fields ¢1, ¢ renormalised in some scheme R, whereas the notation (¢1¢2)® denotes the
composite operator renormalised in the scheme R. For the renormalisation of composite operators,
there are various conventions that are used. Unless otherwise specified, the convention used in this
thesis (‘operator renormalisation’) is that ZFO© = Of where R is an arbitrary renormalisation
scheme, to be consistent with Ref. [8]. In the literature, it is commonly written the other way
around, as O = ZEOE Tt is also sometimes written such that the renormalisation constants of
the fields have been factored out (‘coefficient renormalisation’), so that for the heavy-light operator

—(0 —R
Q( )Pq(o) = ZquQ I'q"*. Using the operator renormalisation convention:

qu = Z@Fq@(O)FqO = ZgreV 222 Qg - (1 + %5Q + %52 +0grg * 0(0425))@MSFHQNTS
(2.27)
where Zx is expanded as 1+dx for any X, and where §, = — C;ﬂoés is the wavefunction renormalisation
of the massless quark field. Such a decomposition is needed because i/\/l@F g Was computed with

amputated external quark lines, equivalently it was computed with all fields being renormalised.

Using this relation, the operator renormalisation can be derived as:

_1_3CFas

org e O(a%). (2.28)
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2.1.3 INFINITE-DIMENSIONAL REPRESENTATIONS OF THE d-DIMENSIONAL CLIF-
FORD ALGEBRA

Some text in this subsection reproduced with coauthors’ permission from Ref. [8].

Along with specifying a procedure for analytically continuing the momentum integrals to d-dimensions,
similar continuations must be chosen for the other objects appearing in typical calculations. In any
QFT calculation involving fermions, fermion loops come with associated traces of strings of Dirac
matrices which must be consistently treated. There are various different schemes suited to different

purposes. The simplest kind of regularisation is to require the «-matrices to satisfy

{’YW’YV} =294, Guu = d, Trd(]l) =4 (2'29)

The base case Try(1) =4 is the conventional choice used in most calculations involving dimensional
regularisation, but this condition can be changed, for instance to Trg(1) = 2%. This latter choice
may seem more natural given that in even spacetime dimensions d, the standard representation
of the Clifford Algebra has dimension 2%, However, such modifications to the base case do not
affect the renormalisation procedure in any meaningful way, and simply amount to a shift in the
renormalisation constants [5].

Note that since all momenta formally live in an infinite-dimensional space due to the dimensional
regularisation procedure, finding a representation of the defining equations Eq. (2.29) requires an
infinite-dimensional space as well. An explicit construction provided in Ref. [5] for the Minkowski-
signature gamma matrices is to make the following inductive definitions: (up to a trivial reordering
that enforces ()T = (=1)H4*)

1) Define:

1 0 0 1
0 ._ 1.
T = lo _1:|7 Ty = l_l Ol- (2.30)

2) For any positive integer w € Zy1, define:

Aw) = 70 (2.31)
yn
. Yoy Y
Vo) = [ (0 ) ” )] for 0<p<2w, (2.32)
0 A 0 A
2w (w) 2w+1
= R ) 2.33
V(w+1) L'AY(w) 0 ] V(w+1) l—’?(w) 0:| ( )

3) The infinite-dimensional y-matrices are defined by block-diagonal copies of the finite-dimensional

construction, so that for y € Zsq, choosing any w > [ 5] +1,

”w
V(w)
A = 7€w) . (2.34)
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The ~ matrices defined here satisfy

{’Y;L/Yl/} = 29/LD5 '_Y/TL =YYuY0, (235)

where the metric is written in the mostly-negative convention, g,, = diag(+1,-1,-1,---). Note that
the 4° constructed by the inductive process above does not refer to the chiral vgh' (which for this
subsection only has a superscript of ch. to distinguish it), and is simply a part of the infinite-
dimensional representation of the d-dimensional Clifford algebra. Euclidean y-matrices are obtained
by defining 4 == 0,7, := —iv; such that {y7,7)} = 20,,.

There are two additional complications to discuss, the appropriate analytic continuation of the
charge operator C, and a continuation of the chiral fygh'. First we deal with C, as a treatment is
needed even for vector-like theories like QCD. Having explicit charge matrices C' will be useful later,
as charge-conjugation matrices C' are used in the construction of the baryonic operators such as
€[¢"TCT¢"]Q° (where T is a Dirac matrix). It is natural to assume that the defining relation
in 4-dimensions, C,C™* = —717;, also holds in dimensional regularization. However, to my knowl-
edge, an explicit charge-conjugation matrix satisfying the defining relations for an explicit basis of
infinite-dimensional y-matrices had not been constructed previously in the literature for dimensional
regularization until our work in Ref. [8] (a construction was presented for dimensional reduction in
Ref. [9]). The explicit construction presented below demonstrates that enforcing Cv,C™' = —7,7;
does not lead to inconsistencies in Dirac traces. This is in contrast to naively enforcing the anticom-
muting relation {vgh','yu} = 0, which leads to inconsistencies in certain Dirac traces as shown later
in this section.

With the inductive construction defined in Egs. (2.30) to (2.34), no finite product of v matrices
will satisfy the charge-conjugation matrix condition Cv,C™' = —fyg. Modifying the basis of ~-
matrices by eliminating v4,v6,7s... from the basis, such that the new basis ¥, is given by the

relabelling
{&Oa&l,’?Q:&37&45&57&67"'}a = {70,717’72/737’}/57'777’79’ } (236)

a charge-conjugation matrix can be defined. These 4 matrices still satisfy Eq. (2.35), but now we
can define C' = i7y72, which satisfies

circt=-3-, ct=0"=Cct=-C. (2.37)

Similarly, one might attempt to naively enforce the 4-dimensional identity {~™, Yu} = 0 to create
a d-dimensional v¢". This is known as Naive Dimensional Regularisation (NDR), but this famously
leads to inconsistencies. To see this, assume that you could construct such a vgh', and consider the

following set of identities:

1 —
Tra (V& Yav87um ) = = Tra (V& Yav8u W 12) = Tra (V& Ya¥8Vu W ) (2.38)

d d
where importantly, trace-cyclicity has been used. By analytic continuation in d, Eq. (2.38) im-
plies that Try (’ygh"ya'yﬁ'y#%) = 0, but it is known by explicit computation that in 4-dimensions

Try (ygh"yawg'y“%) = 4diea gy Where €4, is the Levi-civita tensor, hence there is a contradiction.
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Figure 2.3: Schematic drawing of a correction to a bilinear current gl'q. Such correc-
tions do not give rise to any evanescent operators, as the Dirac structure associated

to radiative corrections can be simplified.

To solve this problem, the 't Hooft-Veltman (HV) scheme [10] proposes to set 7" = i79y17273
(in Minkowski signature), which has been shown to be internally consistent (and consistent with
the definition of C' above, as Cy&™C~! = 4¢M) This explicitly breaks d-dimensional (SO(d - 1,1))
covariance, and causes the first four-dimensions to become ‘special’. In practical calculations, using
the HV scheme requires all d-dimensional quantities (momenta, y-matrices, spinors, etc.) to be split
into their four-dimensional, and (d —4) dimensional components, which are then treated separately.
Aside from NDR and HV, there are many other schemes each with their own benefits and quirks

[11] - however this thesis will primarily use the HV scheme for 4" regularisation.

2.1.4 EVANESCENT OPERATORS

Depending on the UV-regulator used, additional spurious operators can emerge that mix with physi-
cal operators, but vanish as the regulator is removed. These operators are known as evanescent oper-
ators, though this name is mainly used to refer to the operators appearing due to the d-dimensional
Dirac structure introduced in dimensional regularisation®. In vector-like theories such as QCD
(where no 75 insertions will be considered), there are no bilinear evanescent operators because any
diagram contributing to the green’s function involving a bilinear current Ty such as shown in
Fig. 2.3 takes the form of ¢/ T';T T, where I';,T'y are strings of Dirac matrices with all their indices
contracted. Such strings can however be simplified by repeated use of the defining anticommutation
relations, implying that bilinear operators are multiplicatively renormalisable.

Evanescent operators generically occur for four-quark operators of the form (¢YI'1) (YT ge), due
to the breakdown of four-dimensional Fierz identities that would allow one to simplify expressions

such as (ﬂwﬂf‘lw)(ﬂﬂmfgw). An example of particular importance for Chapter 3 are four-quark

4In some older references, these operators were also known as ‘effervescent’ operators [12]. In a sense, one can also
consider higher-dimensional ‘lattice artifacts’ appearing in a Symanzik Effective theory[13] to be evanescent operators,

though this terminology seems to never be used in the literature.

37



L dk - (149 i :
~J) @n)dk2+ie ( 5 1L (p—F) + z‘e(lm"TA))ab
(QuT1a)(7.TrQq) X((im“TA)(p—;Z) +ieFR1;¢)Cd

1
(TA'y”’y“FR—; ¢) +0(%)
cd

k  8re 2

ab

27 — \]j _£(1+¢FLVH'YVTA)
b c

Figure 2.4: The one-loop diagram in Minkowski space for the AQ = 0 operators that
generates the evanescent structures shown in Eq. (2.40). The indices a,b,c,d are

combined Dirac-color indices.

operators appearing in the operator-product-expansion for b-hadron lifetimes:

Of = (@ Pras) (@1 PLQ), 0} = (QPLay)(3;PrQ),
0f = (QuPLT"qs) (@1 PLTQ), Of = (QPLT"q;) (@, PrTQ), (2.39)

where {Pr, Pr} = {17%, 1*%} are left /right handed projectors, T# are colour matrices as reviewed
in Appendix B.0.1, and the adjoint A index is summed over. By one-loop diagrams such as shown

in Fig. 2.4, evanescent operators are generated with the structures:

E1 = (QVuPravs9) (@57au PLQ) - 404,

Es = (QP17a759) (7570 PrQ) = 40s,

Es = (Qv.PLvavsT 0) (@187 PLT* Q) - 403,

Ey = (QPLyva8T0) (@570 PrT* Q) - 40;. (2:40)

Note that these operators are chosen such that in the naive d — 4 limit, each of the E; vanishes due
to four-dimensional Fierz identities. Even though evanescent operators naively vanish in d = 4, they
have consequences for practical calculations. For example, different choices of bases for evanescent
operators give rise to finite shifts in renormalised MS matrix elements, and give rise to different
anomalous dimensions (at two-loop order) [14].

To see this in action, consider the infinite-dimensional vector space V' given by all four-quark oper-
ators of the form (@flrL¢f2)(@f3FR1/1f4) for fixed but not necessarily distinct flavours f1, f2, f3, fa
and arbitrary spin-colour matrix I'r,I'r. It is assumed that all operators in V have the same
quantum numbers, hence mix under renormalization. This space has a natural decomposition
V=VyeV;®&V,... where Vj are physical operators, and evanescent operators in V,, first ap-
pear at n-loop order.Computing the renormalization of these operators requires calculating the bare

(unamputated) Green’s functions with some fixed external kinematics (represnted by (-)):

(0) (alg'/lis)i (Tree)
(V)™ = 20 2 bmmig=—5(Va) (2.41)
m,i€lsq jEZ
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Figure 2.5: Example of operators that appear in decomposition of the total space

(Voe Vi@ Va...) of four-quark operators.

*where (0) refers to the bare Green’s function, (Tree) refers to the tree-level evaluation, and by, , ;
are coefficients. For the above formula and what follows in this section, we will consider a simple
situation where dim(V;,) =1 for all n, so that the operators are multiplicatively renormalizable up
to mixing with evanescent operators. In this case, by, 5 ; are fixed real numbers, if operator mixing
is allowed then these coefficients are promoted to matrices. MS renormalization usually simply

dictates that the }n poles are removed by the renormalization constants, such that at O(ag) the
renormalization condition is given by:

Vo(o) ag b0,0,1,71 b0,1,1,71 VO(MS)
o | = 1+— (VS) (2.42)
Vi € 0 b )|\W

where only the mixing between V[, and V; has been shown. However, this renormalization condition

is slightly undesirable because the MS-renormalized evanescent operator can have a finite residual

matrix element in the limit that d — 4:
(VM) = by o,1,0(Vo) (2.43)

The origin of this b1,,1,0 term comes from an <% loop integral contribution cancelling the O(e)
nature of the Dirac structure of V;. When mixing with evanescent operators, the MS scheme is
extended to require that the renormalized evanescent operators satisfy (VéMS)) =0 as d - 4. This

has multiple effects:

5Note that the perturbative expansion parameter is usually written as Z—_,Sr; here it is shortened to ag simply

because the numerical factors do not matter.
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e Enforcing that renormalized evanescent operators at a scale u are zero enforces that they are

zero at all scales.

e Regularization-independent renormalization schemes such as RI-MOM schemes or X-space
schemes used to connect continuum operators with those used in lattice-regularisations require
setting renormalized evanescent contributions to zero, as they only contribute on the continuum

side of the matching and have no corresponding operator in the lattice regulator.

The renormalization matrix is thus modified as:

‘/0(0) — ]]_ + Oéi b070>17_1 b031717_1 ‘/E)(MS) 2 44
1 € \€b10,1,0 01,1,1,-1 %4

Notice however that there is a freedom to redefine what the bare evanescent operators are, given by

a redefinition:
!
VO = v 4 ey @ (2.45)

for an arbitrary real constant a. The new V] operator still naively vanishes as d — 4, and is still

generated at one-loop order. However, introducing this shift introduces a shift of the renormalization

matrix: .
Vo(o) as bo,0,1,-1 bo,1,1,-1 VO(MS)
o == . (2.46)
v € \ela+bioro) bria-a)|\yM
which crucially introduces a shift of the renormalized physical operators:
. _
(VO(MS) ) = <VE)(MS)> — asboyl’lﬁ,la(‘/@>Tree (247)

Thus, the choice of evanescent operators influences the physical matrix elements. In the following
sections involving four-quark operators mixing with evanescent operators, an explicit basis will

always be chosen so as to resolve this ambiguity.

2.1.5 DIRAC TRACES AND THE TUTTE POLYNOMIAL

Some text in this subsection reproduced from my work Ref. [1].

The fact that the 't Hooft-Veltman prescription of dimensional regularisation gives a self-consistent
regulator which can be proven to renormalize the standard model to all orders is truly miraculous.
One small part of the mystery is the regularisation of Dirac Traces - the explicit construction pre-
sented in Sec. 2.1.3 provides a formalisation of the system, and yet does not provide much intuition
of ‘what is actually happening’. One might wonder if there is a different, more geometric explanation
for what the dimensional regulator actually does to Dirac Traces. The main observation made in
Ref. [1] is that the defining relations for gamma matrices in d-dimensions given in Eq. (2.29) can
be formulated as a ‘deletion-contraction relation’ on an appropriately constructed graph, relating

the value of Try on one graph to its value on a graph where an edge has been deleted, and a graph
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where the same edge has been contracted. Such a recurrence relation is very common among poly-
nomial graph invariants, and was initially observed for the chromatic polynomial [15] and number
of spanning trees [16]. This was later generalised to a two-variable polynomial known as the Tutte
polynomial [17], which contains many other graph invariants which satisfy deletion-contraction rela-
tions as special cases (as shown in Fig. 2.6) such as the reliability polynomial [18], Jones polynomial
of alternating knots represented as graphs [19], and the partition function of the ¢-state Potts models
[20] (¢ = 2,3 shown on Fig. 2.6).

All the formal statements of the theorems and their proofs are relegated to Appendix A, this
subsection contains only a review of the main results. The main theorem I derived in Ref [1] relates
the d-dimensional trace of a string of Dirac matrices contracted in an arbitrary way to an evaluation

of the Tutte polynomial of a corresponding graph along the line y = -1, as depicted in Fig. 2.6.

Theorem A.1.0.8 (reworded). Suppose the 2n-ple x = (21,22, ..., Ta,) contains the integers 1,...,n

each repeated twice in some order. Then
Tra(Vps, Vs, ) = 4(-1)1PI(=2)"7e(Cr@) g el @) 1 (Gr(2);1 - 4,-1) (2.48)

where if x1,...,Ton are placed in order around the circumference of a circle, with straight chords
connecting the repeated integers, then Gr(z) is the graph with a vertex for each chord and an edge
connecting pairs of chords that intersect, ¢(Gr(x)) is the number of connected components of Gr(z),
|E| is the number of edges of Gr(x), and T(Gr(z);x,y) is the Tutte polynomial of Gr(z) in the

variables x and y.

Specialising to d = 4, the 4-dimensional trace operation Try corresponds to evaluations of the
Tutte polynomial at (z,y) = (-1,-1). As it turns out, this is a special point in the Tutte plane, and

corresponds to evaluations of the bicycle number [21] (reviewed in Appendix A.1):

Theorem A.1.0.10 (reworded). Suppose the tuple x = (x1,22,...,Ta,) contains the integers1,...,n

each repeated twice in some order. Then
Tr4(7,u,,,,1 ...’Y/J/(Ez,n ) _ 4(_2)n+c(Gr(m))+dim(B(Gr(m))) (249)

where c(Gr(x)) is the number of connected components of Gr(x), and dim(B(Gr(x))) is the dimen-
sion of the bicycle space of Gr(x) .

Definitions and details of the proofs of these theorems are presented in Appendix A.1. As an
example application, in Quantum Electro-Dynamics (QED) with a single massless fermion, the two-

loop photon vacuum polarization (contracted against the metric tensor for simplicity) contains the
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Figure 2.6: Plot of the various restrictions of the Tutte polynomial T(z,y) in the
Tutte plane spanned by the two variables  and y. The dimensionally regulated trace

Try arises from evaluations along the line y = -1, with the point (z,y) = (-1,-1)
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corresponding to the four dimensional trace Try.

following diagram as one of the contributions:

= & Tra (Y0 Vua Vous Yoo Vo Voo Voss Yoa)
A%k A%y (K — k)Pt (y — ko — k)2 (y — k)2

(27.‘-)2d

(k1 = k)2(k1 — ko — k)2 (k1 — k2)2k2K2

(2.50)

where e is the electromagnetic charge. Eq. (2.48) can be used to compute the d-dimensional Dirac

traces required for the two-loop QED diagram shown in Eq. (2.50):

Gy i Gpaspna Tod (Vo Vaa Vias Yiao Yo Yoas Yous Vs ) = 1T ('Yaﬂaz’Yag'yaz’Yozl 7&47043’7044)

= TI‘d

1

2

4

3

2 1 2 4

11=324T \V;1—g,—1
3

4

42

= —4d* + 24d° -

4842% + 32d

(2.51)
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Figure 2.7: Average runtime (in seconds) of computing d-dimensional Dirac traces of
2n ~y-matrices contracted randomly. Runtime in seconds is plotted on a log-scale using
various code packages available in Mathematica [27] (TRACER [22], FeynCalc [23, 24]
and FormTracer [25, 26]) averaged over 128 different examples for each n. The red
star datapoints labelled ‘Tutte’ refers to a naive implementation of Eq. (2.48) with

Mathematica’s inbuilt TuttePolynomial function.

===

gmuz,guzmTrd (71/)’;“ 7#5’7#2'71/'7#3’)’#5’7#4) =Try Va1 Yas YasVas YarYas YasVYaq

12
- 32T E -4 21| = 4d* - 48d° + 11242 - 64d (2.52)
3

The third possible contraction g,, ., u,u, gives the same graph up to isomorphism as in Eq. (2.51).
Egs. (2.51) and (2.52) can be verified by various computer-algebra codes available that perform
Dirac traces [22-26]. In Appendix A.2, the formulas traditionally used in these computer-algebra
codes to simplify traces of Dirac matrices are re-interpreted as relations on Tutte polynomials of
graphs. Furthermore, the relationship to Tutte polynomials also provides new relationships for Dirac
traces, which can provide computational benefits when calculating long traces. Comparisons between
different code packages capable of performing d-dimensional Dirac traces in Mathematica [27] and
computing the Dirac trace with the Tutte polynomial are shown in Fig. 2.7, where traces of strings of
Dirac matrices contracted randomly. The observed performance improvement by using specialised
Tutte polynomial algorithms suggests that rewriting Dirac traces as Tutte polynomials may be
computationally useful.

The complexity of computing Dirac traces is explored via the connection to Tutte polynomials
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in Appendix A.3, which also provides a review of the relevant complexity classes discussed in this
section. The problem of computing Try on strings of 2n Dirac matrices contracted in some arbitrary
fashion is equivalent to the problem of computing the Tutte polynomial of circle graphs with n
vertices along the line y = -1 in the Tutte plane (where a circle graph is a graph obtained by
drawing straight chords on a common circle, with a vertex for each chord and an edge between
chords that intersect). In the more general case of evaluating the Tutte polynomial for arbitrary
graphs G, it is known for example that evaluating T(G;1-n,0) for some n € Z,n > 4 is #P-complete
by parsimonious reduction from n-colouring to 3SAT [28]. By utilising some general interpolation
theorems proven in Ref. [28] a corollary is that evaluating T(G;z,y) along the line {y = -1} is also
#P-hard. It might be hoped that a similar strategy would apply to the restricted class of circle
graphs, and that Dirac traces are #P-hard to compute. In the case where G is restricted to circle
graphs, it is only known that evaluating T(G;1 - n,0) for n € Z,n > 4 is NP-hard [29] (due to lack

of a parsimonious reduction), and we prove the statement:

Theorem A.3.0.9 (reworded). Let the class Circle™ be the class of circle graphs and all k-
stretchings of circle graphs, where a k-stretched graph (for k € N,k > 2) is obtained by subdividing
each of the edges into k-segments. Computing {T(G;x,-1) : x € R} (expressed as a polynomial in
x) on Circle” is NP-hard.

This falls short of the goal of proving that dimensionally regulated Dirac traces are #P-hard to
compute, but the strategy may still be salvageable in future investigations. For the special case of
evaluating the 4-dimensional trace Try however, this corresponds to evaluating T(G;-1,-1), which
happens to be an exceptional point in the Tutte plane, as there is a polynomial-time algorithm that

solves this problem:

Theorem A.3.0.10 (reworded). The bicycle number dim(B(G)) can be computed in polynomial

time by gaussian elimination, and the 4-dimensional trace is in FP.

where FP is the class of functions computable in polynomial time. Note that fixed-order perturbative
QFT calculations will only require the Dirac trace to some finite power of (d—4), in other words, the
taylor-series coefficients of the Tutte polynomial about the point (-1, -1) along the line y = —1. These
taylor-series coefficients might have graph theoretic interpretations that allow for polynomial-time
evaluations, but this is not explored in this work. Details, definitions and proofs of Theorems A.3.0.9
and A.3.0.10 are located in Appendix A.3. Finally, it is well understood that Dirac traces with open
(uncontracted) indices can be reduced to Dirac traces with all indices contracted. This allows for
products of Dirac traces to be computed, as well as traces including 't Hooft Veltman 5. As these
extensions mostly rely on connection to Tutte polynomials for single traces and other formulas known

in the literature, a brief perspective on this topic is presented in Appendix A.4.
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2.2 LATTICE QCD

Two sources of divergences in Quantum Field Theory calculations are infrared and ultraviolet diver-
gences, associated with low and high energy cutoffs respectively. The conceptually simplest way to
regulate these divergences is to place hard cutoffs on both the IR and UV degrees of freedom, as is
suggested by the Wilsonian picture of renormalization [30]. As the regulator is removed, renormal-
ized correlation functions should converge ideally as smoothly as possible. To this end, it is crucial
to design regulators in a way to preserve as large a subgroup of the continuum symmetry-group as
possible.

Lattice-QCD is an approach to discretising either the full four-dimensional spacetime or just
three-dimensional space such that the infinitely many degrees of freedom present in the continuum
are truncated to only finitely many degrees of freedom in the regulated theory. When discretising the
full four-dimensional spacetime, the standard approach approximates the continuum Euclidean-time

path integral formulation of QCD with a finite dimensional path integral:

Z[T,a] = / DUDYDU exp[-Sqgauge(U) + Stermion (¢, 4, U)] (2.53)

where T is the temperature, a is the lattice spacing, fermionic matter fields ¢ live on vertices of a
toroidal lattice, gauge degrees of freedom U € SU(3) are represented by parallel transporters of the
SU(3) gauge group, DU represents the haar measure, and other parameters of the action (such as
the fermion masses, coefficients of improvement terms, etc.) have been suppressed. Discretisation
of the gauge action is discussed in Sec. 2.2.1, and discretisation of the fermion action (with an
emphasis on preservation of the continuum chiral symmetry) is discussed in Sec. 2.2.2. These
discretisations are predominantly considered in Euclidean spacetime for QCD as the resulting finite-
dimensional path integral weighting factor exp[~S(1),v,U)] is real, meaning that it can be treated
as a probability distribution which one can draw configurations from to calculate physical properties
of QCD. In practice, for any given choice of parameters a collection of configurations is drawn from
the probability distribution with Monte Carlo, and this collection is known as an ‘ensemble’. On
any given ensemble, correlation functions can be measured and fitted to extract physical quantities
such as the spectrum of the theory, matrix elements, decay rates, and more (see Sec. 4.2.3).
Alternatively, it is possible to only discretise space and leave the (Minkowski) time ¢ continuous,
which is known as the Hamiltonian formulation of QCD. Investigating the real-time dynamics of
QCD becomes directly possible in this formulation, as opposed to attempting to analytically continue
Euclidean-time correlation functions to recover real-time information. This formulation comes with
its own difficulties: for example the exponentially large dimension of the Hilbert space as a function
of the volume of the lattice, and the need to truncate the Hilbert space associated with gauge links.

A review of the Hamiltonian formulation of Lattice-QCD is provided in Sec. 2.2.4.
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Spacetime | Gauge Chiral Discrete
Continuum R*%O(4) | {flf:R*—>g} | {D,y}=0 C,P
Hypercubic Lattice | Z] x H(4) Gt {D,v}=aDvysD | C,P

Table 2.1: Overview of how different continuum symmetries are broken to their lattice
counterparts for Euclidean time QCD. The lattice is assumed to be length L in each
direction, R* refers to both spacetime translations and the underlying space itself,
O(4) is the orthogonal group, H(4) is the hypercubic group, G is the gauge group,
a is the lattice spacing, and D is the Dirac operator (note that D is assumed to
satisfy the Ginsparg-Wilson equation, for further discussion of chiral symmetry, see
Sec. 2.2.2). The continuum gauge group is written as a collection of sufficiently nicely

behaved functions from Euclidean spacetime to the Lie Algebra g.

2.2.1 WILSON GAUGE ACTION

There are many different ways to discretise a continuum action. A standard choice used for Yang-
Mills gauge theories with gauge Lie group G is known as the Wilson gauge action, which for a
hypercubic lattice means introducing a G degree of freedom per link in the lattice, and using the

action:
o

Sw = (g (0))2 Z Tr[U (2)U, ($+GM)UT($+GV)UT(Z‘)] (2.54)

T, 0w

where a is the lattice spacing, U, () = exp(ig(9 T4 fwﬁaﬂ dz,, AELO)A(y)) is the Wilson line (parallel
transporter) starting at the lattice vertex z and ending at the vertex shifted by one lattice unit
in the p direction. The (0) superscript emphasizes that both the couplings and fields are bare.
Note that p, v are indepedently summed over from 1,---,4 which corresponds to summing over both
orientations of the plaquette, ensuring that the action is always real. The action can be expanded

in the continuum limit a — 0 as:

1
Sw=a® ) ZF;;‘V(:c)F;j‘V(gc) + Sartifacts:  Fry = OuAp — 0, A% + go fAPC AT AT (2.55)
T, 0,0
where Saitifacts corresponds to operators with mass dimensions greater than 4 - these are irrelevant
operators in the continuum limit. Note that the form of the expansion can be predicted simply by
listing all operators compatible with gauge symmetry and the hypercubic symmetry of the lattice.

On the hypercubic lattice, a basis for the dimension-6 lattice artifacts can be given as [31]:

Z Tr[ Dy, i) Dy, Fiy]

u v,p

Sy= Y, Tr[ Du,Ffp][Dij})]
HV,p

Sz =Y. Tr[Dy, F),1[Dy. Fiy ] (2.56)
8%
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Figure 2.8: Diagram of a typically used hypercubic discretisation of spacetime.

Note that the sums have been explicitly written out, as the usual Einstein-summation convention
to create Lorentz singlets breaks down when restricting to the hypercubic subgroup. For Yang-Mills

theories there is one other superficially marginal operator:

o 1 4 A A
Sp = —1(9(347€a,3'm, f d*z Fos(z)Fy,(x) (2.57)
which is CP-violating, where 0 is a real number and €,g,, is the Levi-Civita tensor. Because QCD
itself is CP-preserving, there is exactly zero mixing between CP-conserving actions (such as the
Wilson action) and such a theta term. The effect of including this term into the continuum path

NGO

integral is to introduce a factor e™52cP > ¢N0e=5acp where N is an integer counting the number

of instantons in a given configuration®. Note that this term gives a sign problem where the action
is no longer real, and traditional Monte-Carlo approaches can no longer sample configurations from

the path integral.

2.2.2 FERMION ACTIONS AND CHIRAL SYMMETRY

Isolating the fermionic part of the QCD lagrangian:

L= ijif(ingATA—mf)wf (2.58)

6Mathematically, an instanton corresponds to a smooth configuration with finite action (its curvature vanishes
sufficiently quickly at spatial infinity) that is topologically twisted. Given a sphere with sufficiently large radius
centered at the origin, and a basepoint x on the sphere, one can define a function f(y) € SU(3) for y on the sphere
given by the gauge transporter U(z — y). The condition that the curvature vanishes at infinity causes f(y) to be
well-defined (in the sense that it is independent of the choice of path connecting x to y). f furshishes a map from

53 — SU(3), which is topologically characterized by the homotopy group 73(SU(3)) =~ Z: this is the instanton number.
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one notices that in the limit as m; — 0, additional symmetries known as chiral symmetries become
manifest. Explicitly, supposing that there are N; massless flavours of quarks (and ignoring all

massive quarks), the Lagrangian can be written as:
— AA — . A LA
Echiral = wa(za + gA T )Pwa + wf(za + gA T )Pwa (259)
f

where Py, = 17% and Pg = H%

(the notation vy, := Ppi,¢g := Prt is also used to denote the separate chiralities). This lagrangian
is invariant under a U(Ny)r, x U(Nf)r = SU(N¢)r x SU(Nf)r x U(1)r x U(1) g symmetry, where

the actions are given by:

are projectors onto left /right handed degrees of freedom respectively

G esu(Ny) maps ¢y, > (ewG)fg g, Gesu(Ny)r maps ¢y p — (ewG)fg Vg, R, (2.60)

6 € u(1)r, maps ¢y — eiewﬁL 0 eu(l)r maps ¥¢r —> eiewﬁR (2.61)

The corresponding Lie Algebra can be factored into vector and axial contributions, su(Ny)y @
su(N¢)a@u(l)y ®@u(l)a where the vector contributions act the same on left /right-handed degrees
of freedom, and the axial contributions act in opposite ways on the left/right degrees of freedom.
Note that it is often written that the Lie Group can be similarly decomposed as SU(Ny )y xSU(Ny) ax
U(1)y x U(1) 4, however this is not strictly true because exponentiating the axial lie-algebras does
not give a well defined Lie group. We will however similarly abuse notations at points during this
thesis, sometimes writing such Lie-group decompositions when we really are referring to Lie algebra
decompositions.

For QCD, these chiral symmetry properties become important for flavours of quarks where
my S Aqep, in particular the up, down and strange quarks. Each factor in the chiral symmetry

decomposition has a different story:

e Sometimes symmetries of the action that hold classically are broken by quantum effects, known
as an anomaly. The U(1)y symmetry is known as the baryon-number symmetry, and in QCD
has no anomaly and is a true symmetry of the quantum theory. However, when including the
electroweak sector of the Standard Model, there is a mixed SU,(2)?xU(1)y anomaly, meaning
that baryon-number violations are mediated by spharelons (instantons of the SUL(2) gauge

field). However, B — L is not anomalous, where L is the lepton number, and B the baryon

1

3, as

number is the U(1)y current normalised such that each quark contributes a factor of

their anomalies cancel.

e The SU(Ny)r x SU(Ny)r symmetry spontaneously breaks to a SU(Ny)y symmetry, where
the order parameter is given by a nonvanishing chiral condensate (stdjgt) = 007404, Where
f, g are flavour indices, s,t are spin indices, and v is the vacuum expectation value of mass
dimension 3. Such spontaneous symmetry breaking can be predicted by matching the infrared

anomalies appearing in a low-energy effective theory of QCD with the ultraviolet perturbative
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theory of quarks [32]. Due to this breaking, there are Goldstone-bosons associated with each
of the generators of su(NNy)a, which give massless degrees of freedom. In the case that the
quark masses are finite but small, these are instead referred to as pseudo-Goldstone bosons,

and have masses that scale with the square-root of the quark masses.

e The U(1) 4 symmetry is anomalous even just within QCD itself (the SU(3)?xU(1) 4 anomaly),
where chiral symmetry violations are mediated by SU(3)-instantons. This has various ram-
ifications, for instance if the U(1)4 were not anomalous, the symmetry breaking pattern of
QCD would be U(N¢)r x U(N¢)r = U(Nys)y and there would be light " pseudo-Goldstone
boson meson. Instead, the 5’ is measured to have a parametrically larger mass due to this

axial anomaly”.

One use of chiral symmetries is to constrain the types of mixings that can occur between different
operators of the theory, for example the four-quark operators appearing in Chapters 3 and 4. Note
that if a symmetry is spontaneously broken, this is a property of the vacuum of the theory - and
the symmetry still splits operators into different representations that do not mix with each other.
Furthermore, if a symmetry G is anomalous, operators living in different G-representations cannot
perturbatively mix, because all violations of the symmetry are mediated by nonperturbative instanton
effects in the corresponding gauge degrees of freedom.

It turns out that implementing chiral symmetry in Lattice-QCD is difficult. For example, naively

discretising derivatives appearing in the continuum action in a symmetric way gives the action®:

EDnaivew =a* Z a(n)

neA

4 n n+n)-U_,(n n—
(l;%%( ) u)QQU,A Yo(n - i)

+ mw(n)) (2.62)

where A is the lattice, n are vertices in the lattice, and U_,(n) = U(n - ajt)’. Examining the free

massless limit U,(n) = 1,m = 0, the Dirac operator can be diagonalized in momentum space to find:

—ia ¥, ypsin(apy) ;Zp +0

Dnaive(p)71 = Z Sin(ap )2 = p2 (a) (263)

This has the correct dispersion relation for a massless fermion about p = (0,0,0,0), however it also

has spurious poles showing up at the edges of the Brillouin zone, at p € {(g, 0,0, O) , (O7 =0, 0) ey
(g, PR %)} Physically, this means that in the continuum limit if the naive discretisation is used,

instead of having one fermion there would be 15 additional ‘doubler’ modes included in the theory.
A solution proposed by Wilson in Ref. [33] that dates back to the creation of Lattice-QCD is to
introduce a term into the acion which gaps the doubler modes by a mass that scales inversely with

the lattice spacing, so that in the continuum limit only the mode about p = (0,0,0,0) survives.

"The large difference in masses between the n and ' mesons is known as the 7 — 7’ puzzle.
8Note that in the continuum, the Dirac matrix is usually denoted I to emphasize that a covariant derivative has

been contracted against «y-matrices, however in the lattice-QCD literature it is often just written as D.
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Concretely, the Wilson discretisation is given by:

(_ Uu(n)¢(n + ﬂ) - 26nm + U_H(n)z/J(n - ﬂ)
2a

4
¥ Dwitson? = ¥ Draiveth +a* Y > (n)

neA p=1

)w(m> (264)

This additional term provides a shift of 11 ¥ (1=cos(pya)) to the momentum space Dirac operator,
which gaps the doubler modes so that they vanish in the continuum limit. Note however that this
additional term explicitly breaks the U(1)4 chiral symmetry, which can be written as the condition
{D,~5} = 0. Consequently, the Wilson action allows operators that transform under different chiral
symmetry representations to mix, an immediate example being the power-divergent mixing between
the kinetic-like terms and the mass term of the Wilson action. Practically this means that to
achieve precise renormalized masses requires fine-tuning the bare lattice mass against O(ag/a) type
divergences.

This tradeoff between gapping the doubler modes but losing chiral symmetry is more general
than just the Wilson action. In fact Nielsen and Ninomiya proved a ‘no-go’ theorem [34] for lattice
fermions. The theorem states that a translationally invariant, hermitian, and sufficiently local
(the momentum space Dirac matrix exists and is analytic) Dirac matrix D such that {D,v5} =0
necessarily contains doubler modes ?. Instead of the exact continuum chiral symmetry, it was
realised by Ginsparg and Wilson [35] that the relation should be relaxed in a lattice discretisation.
By considering a chirally symmetric continuum action and performing a block-spin type integration
procedure to derive the corresponding action on lattice degrees of freedom, they found that the Dirac
operator should instead satisfy:

D5 +v5D = aDvys D (2.65)

where intuitively since the right-hand-side vanishes in the continuum limit a — 0, the chiral symmetry

is restored. Such a Dirac operator has two very attractive features [36]:

e Liischer proved that any Dirac matrix satisfying the Ginsparg-Wilson relation Eq. (2.65), the

action is exactly symmetric under the following modified U(1) chiral symmetry [37]:
) a - — ) a
1 = exp (ZO&’)/5 (]l - §D)) ¥, P exp (za (I[ - §D) 75) (2.66)
In fact, by defining a new lattice ~; as:

Y5 =v5(1 - aD) (2.67)

9There are two distinct problems, both sometimes referred to as the ‘lattice chiral fermion problem’. The first is
the ‘easy’ version, of constructing a discretisation of QCD without doubler modes that retains some amount of chiral
symmetry; the solutions to this problem following Ginsparg and Wilson’s approach are explained in this section.
The second is the ‘hard’ problem, of constructing chiral gauge theories, where left/right handed modes are charged
differently under the gauge group. For example, in the Standard Model only left-handed fermions couple to the weak
gauge theory. This latter problem is an active field of research, and it is not clear that there have been any successful

demonstrations for 3 + 1d nonabelian chiral gauge theories.
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one notices that the Dirac matrix splits into left and right handed components:

1-%5 L+79s
= Ppr =
2 ) R 2 )

where ¢ /r = P rt are the chirality projected operators.

P, YD = Dy + P pDipg (2.68)

o Fujikawa [38] demonstrated that the chiral anomaly can be understood in the continuum as
a non-preservation of the path-integral measure by chiral rotations. From this reasoning,
one should have never expected exact chiral symmetry {D,v5} = 0 to be implementable in
a lattice discretisation, as this would forbid the appearance of an appropriate lattice axial
anomaly. Note that Ginsparg-Wilson fermions do have the correct axial anomaly. Consider

an infinitessimal chiral rotation (for a single flavour theory):
. a - — , a
w»—>(1+ze'y5 (1—§D)), 1/)'—>¢(]].+16(I].—5D)’75) (2.69)

where terms of O(€?) are discarded, and € is a small parameter. The fermionic integration

measure picks up a factor:
DYDY DYDY (1 - 2ieQyop + O(€7)) (2.70)

where Qiop is the integer lattice topological charge [36] (discretisation of Eq. (2.57)) as ex-
pected.

An example of a lattice fermion action that satisfies the Ginsparg-Wilson relation is the Domain
Wall fermion [39]. The construction begins by extending the four-dimensional lattice to a fifth
dimension with extent N5, such that the lattice is Ax{1,2,..., N5}. There are now fermionic degrees
of freedom at every five-dimensional lattice site, though the gauge fields are kept four-dimensional.
There are variations on the domain-wall fermion action - one that will be relevant for the ensembles
used in Chapter 4 is the M&bius action [40]:

5

Sow =, 2. ¥(n,s)Dow(n,sim,r)(m,r) (2.71)
r,s=1m,neA
where the five-dimensional Dirac matrix is given in block-form as a Nj x N5 matrix as:
DY pMp. 0 0 0 -mDM P,
D@ p, p® p¥p o 0 0
0 p®p, D¥  p®p 0 0
Dpw = 0 o pWp, DWW 0 0 (2.72)
0 0 0 N DY\}S’D DENSLI)P_
-mDMp. 0 0 0o - pWp  pi
where )
D =b,Dy(M)+1, D =¢,D,-1, P.= % (2.73)
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and D,, (M) is the Wilson Dirac-matrix with mass M:

1 3
Dy (M) = (4+ M6y — 3 S (=) U ()b + (1 + 7)) UL ()] (2.74)
n=0
The real coefficients bg,cs for s € {1,..., N5} are constrained such that bs — ¢, is a constant in s.

In practice, the propagators used in Chapter 4 are all such that bs,cs are constants in s. Four-
dimensional fermionic fields are constructed by combinations of the degrees of freedom on the first

and last sites:

Yap(m) = P-yp(m, 1) + Pop(m, Ns5),  yp(m) =(m, Ns) P~ +p(m, 1) P, (2.75)

Integrating out the fifth dimension, one can rewrite the domain-wall fermion action as a nonlocal
Dirac matrix acting on the four-dimensional degrees of freedom. This effective action satisfies the
Ginsparg-Wilson relation in the limit as N5 — oo; for finite N5, the violations of chiral symmetry
are exponentially suppressed in N5. In practice, this small chiral violation is ignored in the analysis
performed in Chapter 4, as they constitute a much smaller systematic error than from statistical

uncertainties.

2.2.3 SMEARING AND GRADIENT FLOW

A practical problem that occurs in measurements of correlation functions in Lattice-QCD is finding
appropriate operators that have high overlap onto states of interest. Without high-quality operators,
much higher statistics are needed to resolve states; in fact states can be completely missed if operators
of the right structure are not used [41]. There is a rich history of trying to improve operators; a
highly successful method has been through the concept of smearing operators. Smearing an operator
has the consequence of taking a point-like gauge-invariant operator to a non-local gauge-invariant
operator, that may have higher overlap onto states of interest which are inherently nonlocal. For

the case of quark fields, the idea is to perform a replacement:
¢($) - Z C“/W'y(xa y)'(/)(y) (2'76)
¥

where the sum is performed over Wilson lines « starting at x and ending at y, weighted by some
factors ¢,. The Wilson lines are needed to preserve the gauge properties of the smeared operator
to be the same as the original operator. A simple and effective choice is to iterate a hopping-like
smearing [42]

P(x) = P(x) + K Z U(x,xz+ p)(z+ i) (2.77)

pe{(xa,+a,ta,+a)}
where the sum is sometimes restricted to p being nonzero only in spatial directions, in order to
construct smeared operators that are still time-local. In the case that the gauge fields are all set to
identity, iterating Eq. (2.77) N times has the effect of building a gaussian profile. Such operators are
utilised later in Chapter 4 to construct interpolating operators for heavy-light and heavy-light-light

hadronic states.
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Smearing of gauge-links is important for any observable that uses the gauge links directly, which
includes the static heavy-quark propagators used in HQET calculations. There are various smearing

procedures:

e Some smearing procedures replace links with sums over close-by Wilson lines that transform
in the same way under the gauge group, before projecting back to SU(3). The projection step
is important, as general sums over SU(3) elements will not remain in the group. For instance,

APE smearing [43] of a link in the v direction takes the form:

ftape= Projsy(s) (T +ey, (@ij))@n (2.78)

vEL

where € > 0 is a small number, single lines such as 1 represent the original gauge link, and
double lines {| represent the smeared link. The sum is performed over directions p # v, where
the link is displaced +1 units in the p-th direction (sometimes p is restricted to be spacelike if
a time-local correlator is desired). Note that there are various different algorithms to project
generic matrices to SU(3), but they are equivalent in the small € limit. The ®n means that
the operation is repeated n times (similarly to Gaussian smearing of quark fields). This has
the effect of causing the smeared links to be nonlocal combinations of the unsmeared links.
Alternatively, the HYP smearing [44] is a similar procedure, but only uses links within adjacent

hypercubies to construct the smeared links.

e Wilson flow [45] (also known as Gradient flow) is a smearing scheme that takes initial gauge

fields U, (z) and evolves them under the differential equation:

%Uu(x;t) = _98(8z,uSW(Ut))Uu(x§t)a Uu(x§0) = Uu(x) (2~79)

where 0, is the su(3)-valued derivative of the action with respect to Uy ,,, and the right-hand
factor of U(z, ) transports this to the tangent space at U(z, ). Wilson flow is incredibly
useful because the theory at a fixed flow-time ¢ also serves as a well-defined regulator of UV-
divergences of composite operators in the continuum limit. Wilson flow alternatively can be
described as integrating infinitessimally small steps of stout smearing [46], which in the small-¢
limit takes the form:

tseous=t +e 3 (T 7 -C0- 10+ -0+ 100-10)) (2.80)

vEL

where closed loops denote taking the trace of those loops, and dividing by N.. Note that
Eq. (2.80) does not require an explicit projection to SU(3) as the last 6 diagrams in the
equation are an implementation of a projection to SU(3) to O(€?). Operators are smeared

over a radius ~ /8t after applying Wilson flow for time ¢ (in lattice units).

When using Wilson flow to smear gauge links for use in HQET calculations, it has the additional

benefit of replacing power-divergences (such as those appering in an Operator Product Expansion),
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Figure 2.9: Schematic drawing of the Hilbert-space in a Kogut-susskind discretisation,
for an SU(2) gauge theory. On each link, the Hilbert space is L*(SU(2)), which
by the Peter-Weyl theorem is also given by the matrix elements of the irreducible
representations. For SU(2), these irreducible representation are indexed by the spin,
0, %, 1,.... On the vertices, there are fermionic degrees of freedom associated to each
colour-spin combination.

with finite mixings that are perturbatively calculable. Essentially, by using a fixed physical flow

time ¢, the relevant UV scale changes from a~! to ¢~'/2

. For the purposes of this thesis however,
Wilson flow was used in Chapter 4 primarily to improve the signal-to-noise properties of the resulting

correlators, and not as a regulator of OPE power-divergences.

2.2.4 HAMILTONIAN FORMULATION

Lattice-QCD works well in Euclidean time, as the Euclidean QCD action is real, and defines a
probability distribution that one can integrate with importance sampling. It is formally possible
to consider discretising spacetime without Wick rotating giving a regularisation of real-time QCD;
however due to the sign problem importance sampling Monte Carlo computations are practically
impossible to perform. Alternatively it is possible to leave time continuous and discretise the spatial
degrees of freedom of the QCD Hamiltonian, the first example of which was described by Kogut
and Susskind in Ref. [47]. On a spatial lattice, the local Hilbert space on each edge of the lattice
(where there is some canonical order to the edge) is given by L?(G), the space of square-normalisable

functions from the Lie group to C under the inner product:

(1.0) = [ dipaar(2) £ (2)g(2) (2:81)
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where fifaar 18 the Haar measure over the group G. Due to the Peter-Weyl theorem|[48], this space

has a orthonormal basis given by:

{\/@PULOZG_’ U(dp),1<i,j<d,} (2.82)

where p indexes over inequivalent unitary representations of G, p;; are the matrix entries of the
representation, and d, is the dimension of the representation. Gauge transformations at a vertex
act on the right/left of each of the local Hilbert spaces associated to the edges incoming/outgoing
to the vertex. To restrict to the gauge-invariant subspace of the theory, one must impose Gauss
Law conditions at each vertex, restricting to the gauge invariant subspace of the gauge-action at
that vertex. Note that one can also impose that at a given vertex, the group representations
corresponding to the adjacent edges must contract into a representation other than a singlet, for
example the fundamental representation of an SU(N) gauge theory. This would correspond to
physically placing a fundamental static charge into the system.

The Kogut-Susskind Hamiltonian can be written as[47, 49]:

2
1
H = % > E, ()% - oy > (U (@)U (@ + U@ + ) USIT(3) + hec.)
Z,u

T, u>v

- 3 (1@ TR0 @0+ ) +he ) +m NCREAIONE) (2.83)

To describe the gauge part of the Hamiltonian shown in Eq. (2.83), label the states of the Peter-Weyl
orthonormal decomposition of each link as |j, kl) where j indexes the representations, and kl are
the indices for the matrix element. Then, E, (%) is an electric field operator defined on each link,
where E2|j, kl) = Co(5)|j, kl), where Cs is the quadratic casimir. For SU(2) where j € {O, 1.1, }
indexes over spin choices, C3(j) = J? = j(j + 1) (this is discussed in the original reference [47]). For
SU(3) the irreps can be described by two numbers j = (j1,j2) where j; is the number of single-box
columns in the corresponding Young tableaux, and js is the number of double-box columns. In this
case, C2((j1,72)) = J+f+j§+3j13+3j2+jlj2

larger representations to have higher energies.

. The physical effect of the electric-field operator is to cause the

The next term in the gauge part of the Hamiltonian is the magnetic field term, which involves a
sum over all unoriented plaquettes and incentivizes the gauge field to be smooth. Operators of the
form U for some representation j act on arbitrary functions f € L?>(G) in the following natural

(U (@) = f(2)pD (@) (2.84)

where pU) : G - C is the corresponding representation, and k,l are matrix indices. The (F)
superscripts in Eq. (2.83) indicate that the operators are in the fundamental representation. Finally,
there are two-component fermionic fields introduced on all lattice vertices, such that the fermionic

operators satisfy canonical anticommutation relations:
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{$a (), V(1)} = 60500y, (2.85)

where «, 8 are the spin indices, and the o in Eq. (2.83) are Pauli matrices coupling the spins on
different sites. Note that this discretisation is known as a ‘staggered’ discretisation, due to splitting
up the four-component spinor into two-component spinors that live on even and odd sublattices.
This only fully removes the fermion-doublers in a 1+ 1d discretisation, and in higher discretisations,
fermion doublers remain. This type of discretisation is used for a U(1) gauge theory in 1+ 1-
dimensions in Chapter 5 as a toy model for full QCD-dynamics. 1+ 1d is also special because it
is possible to completely remove all the gauge degrees of freedom from the system (in one sense,
the gauge sector is trivial), and the fermionic operators can be converted to spin operators via the

Jordan-Wigner transformation (explained in Sec. 5.2.1).

2.2.5 STATIC QUARK ENERGY POWER DIVERGENCE

Recall that the full calculation of the O(ag) contribution to the bare heavy-quark propagator
(Eq. (2.14)) is given by:

14427 T3 -d)T (4-1)
iMg =-iCrg*u*™ :
Q Fg H 9 (477)%

(-v-p)*?

_ mch21;¢ (477(;_3) +0((d-3)0)). (2.86)
In the second line of Eq. (2.86), the expression has been expanded around d = 3, where the divergence
as d — 3 arises due to the I'(3 — d) factor. In a pure MS renormalization scheme, these poles at
values of d < 4 are ignored, and only poles at d = 4 are subtracted by counterterms. However in a
lattice regularisation, these poles become power divergences ~ <2, which is further explored in this
section.

Before calculating the self-energy divergence, a brief review of pure gauge lattice perturbation
theory following Ref. [50] is given. As the continuum limit a — 0 is taken, if a physical quantity is

kept fixed, the renormalization-group equation can be derived as:

dg(®)
a= = =-B™), B = (g (b + bi(9 ) +ba(g ) + ) (2:87)
where the first two coefficients are universal:
1 11 2 1 38
bp=——|—N.-=-N by =—(102- —N 2.88
0 (47r)2(3 °73 f)’ ! (47r)4( 3 f) (2.88)

Note that as the continuum limit a — 0 is taken, the bare coupling ¢ > 0, which is a signature
of asymptotic freedom. This behaviour is qualitatively different than what occurs in dimensional-
regularisation, where there are divergences of the form (g(®)? ~ %(g(R))z. These divergences don’t
appear in lattice regularisations, because % divergences cannot appear just by counting mass dimen-

sions - thus all lattice regularisation divergences in the coupling constant manifest as logarithms.
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In principle, one can perform perturbation theory in the bare coupling ¢(?), however the a-
dependence becomes obscured due to the RG-running of ¢(*). Instead, from the 8 function Eq. (2.87)

one can derive:

00 = g e log (£) - 0((6™?) (289)

where the renormalized coupling ¢ (1) has no a-dependence, and R refers to a ‘minimal’ scheme

with no finite piece and only the leading logarithmic contribution. Defining lattice Fourier transforms
10.

k i 0/2)k
Ay(x) = f o )4 et@ral/Dk 4 (k) A,(k) = a® %:e WeraiifDk A (1), (2.90)
the propagator in position space for the gauge field can be calculated as:
T d'k eth(z=y) 1 -y
Al (2) Ay () = 0706 | = —G( ) 2.91
( H(x) V(y)> (27T)4 2 Z)\ sm (ak;)\) ag a ( )

Here G(x) is the dimensionless coordinate-space propagator [51] which takes integer lattice points

as arguments. There is an asymptotic expansion for G(z):

1 1 rt 1 r? 8 (z1)?
G(x) ~ ——|1-—= +2 -4 +16 -48 +40 +0((z*)™ 2.92
(2) Ar2p2 ( 2 (@23 T (@2)? (22)3 (22)5 (22)0 (@)™) (2.92)
where 22" . From this, it is evident that the standard continuum propagator is reproduced

I u
as ¢ — oco. When performing calculations involving Wilson lines, often sums of the form:

G () = ioan(n) (2.93)

appear. Some values that are useful are listed below:

1 1

Go(n) :G’O—m—m+0(n‘3), Gl =Go(00) = 0.20383... (2.94)

G1(n) = lof(") e 87712 +O(n2), G =0.025723 ... (2.95)
n , 1 1 _3 ,

GQ(TL) = r 2~ F 87‘(’2n2 + O(TL ) 2 =0.0248. .. (296)
n? n log(n) ., 1 -2 ,

Gs(n) = 2t e ot G5 + 2 O(n™), G5 =0.0066.. . . (2.97)

Using this information, one can compute the O((g*)?) correction to a straight wilson line, with
physical length L that starts at (0,0,0,0) and ends at (%, 0,0, O) in lattice coordinates (assume that

a divides L evenly). For example, using the diagrams sketched in Fig. 2.10, the contribution can be

10Note that in the Fourier transforms, the position is shifted to the middle of the link (this is a convention).
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Figure 2.10: Schematic drawing of the O(ag) contribution to the linear divergence.

Note that if there are L links in the Wilson line, then there are L tadpole terms

of a gluon attaching to itself, (L — 1) terms with a gluon hopping from a link to it’s

neighbor, and so on.

The deviation from being directly proportional to L is what gives

rise to the logarithmic endpoint divergences, corresponding to field renormalizations

in the auxiliary field formalism [52].

written as:

(W(L))=1+Cr(g")

s (oo -Lan(7)- (7))

=1+ C’F(gR)2

[( L G(0)
(_a2 -

(5_1)0(1>—~~-1'G(5‘1))]

L
a
(L ( G(0) log(£) (1 a 1
_a(2_G6)+ f R PR B = RClCo] INCEY

The % term generates the linear divergence of the static-quark propagator. This power divergence is

intimately related to the corresponding renormalon in the pole-mass [3]. For a concrete interpretation

of this term, consider taking the induced measure on SU(3) obtained by isolating a Wilson line of

physical length L in a Lattice-QCD path integral with lattice spacing a. Instead of approaching a

fixed distribution on SU(3) like one might expect from analogies to discretised quantum mechanical

path integrals, the linear divergence term causes the distribution to limit towards the Haar-uniform

distribution.

A practical consequence is that the signal-to-noise ratio for two-point correlation

functions containing a static heavy quark vanishes exponentially in the continuum limit [53, 54].

The argument (colloquially referred to as the Parisi-Lepage argument) for a heavy-light correlation

58



function is that the signal correlator is:

Signal = ((@75¢)(0)(77:Q) (1)) = (Tr (GL() Gt (1)) » Z5, e P! (2.99)

where G,(t) is the light quark propagator, and Gg; is the static quark propagator. From Eq. (2.98),
FEiat has a power divergence which dominates the energy in the continuum limit. Now, one notices

that the variance of this correlator can actually be given a physical interpretation:

Noise? = (|(@75¢)(0)(7vsQ) (1)*)
= (Tr (GI(1) Gt (1)) Tr (Go ()G (1)) » Zoe ™ (2.100)

where the crucial observation is that the Wilson line propagating in the forward time direction is
compensated by a Wilson line propagating in the backward time direction, and the overall quantum
numbers of the contraction is given by the pion'!. Note that Z, is not given by the overlap of the
usual gq operator onto the pion state, because the contractions used in Eq. (2.100) don’t correspond
to the conventional contractions. Due to this difference, the ratio Signal/Noise vanishes either in
the continuum limit, or when the distance ¢ between the operators is taken to infinity.

In practice, by smearing the gauge configurations this problem is ameliorated. For example, by
Wilson flowing to a physical time ¢, the O(«ag/a) divergence in the static quark energy is replaced by
an O(as/\/t)-type behaviour, where for ¢ large enough the signal to noise problem can be avoided.
This is the strategy utilised in Chapter 4.

2.2.6 BENT WILSON LINES

There are various situations in Lattice-QCD calculations where ‘bent’” Wilson lines are required. As

they come in different flavours, we catalogue some situations below, along with some observations:

e For example, when discretising the light-cone operators required for Parton Distribution Func-
tion measurements into a Hamiltonian formulation, where space is discretised and time is

continuous, amounts to the replacement [55]:
1((0,0,0,0))I'W((0,0,0,0), (Na, Na,0,0))((Na, Na,0,0)) -
(¥((0,0,0,0))W((0,0,0,0), (a,a,0,0))Q((a,a,0,0))) "
(Q((a,a,0,0))W((a,a,0,0), (a,2a,0,0))Q((a,2a,0,0))) e*-..
T (Q(((N -1)a, Na,0,0))W(((N -1)a,Na,0,0), (Na, Na,0,0))¢((Na, Na,0,0)))
(2.101)

where @ is the static heavy quark field propagating in the purely timelike direction, as shown
in Fig. 2.11. To my knowledge, there have been no proposals of renormalization schemes for
such a discretisation in QCD, though various numerical studies using this scheme have been

performed in superrenormalizable theories such as the Schwinger model.

'The argument is only heuristic, as the variance correlator shown in Eq. (2.100) doesn’t actually correspond to
a valid two-point correlation function. In particular, the conventional two-point correlation function for the pion
interpolating operator gvysq is Tr(G:g(t)Gq(t)) which differs from Eq. (2.100).
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<

Figure 2.11: An example of a discretisation of a lightcone operator used in defining
Parton Distribution Functions in the continuum to a lattice-discretised version of the
operator, which utilises an auxiliary heavy quark field Q. Note that the usual Kogut-
Susskind discretisation of gauge theories is performed in axial gauge, so the vertical

Wilson lines in the figure on the right are all set to unity.

e In the limit of infinite masses for two flavours of quarks (taking the approximation that
me, mp > Aqep), the weak decay of a B-meson to a D-meson can be described by the Isgur-
Wise function £ [56]:

(D(0")[Q . Qo B()) ~ E(v-v") (vy +0),) (2.102)

Calculating the Isgur-Wise function in Lattice-QCD requires setting up HQET with two dif-
ferent time-like velocity sectors, v and v'. The traditional Eichten-Hill static action [57] covers
only the case where there is a single sector corresponding to v = (1,0,0,0), in which the Eu-
clidean action is given by a Wilson line propagating in the Euclidean time direction. As dis-
cussed by Aglietti [58], it is formally possible to construct Euclidean theories where the spatial
velocities of the heavy quark are nonzero by analytic continuation. The proposed analytic con-
tinuation was utilised in Ref. [59] to provide a lattice calculation of the Isgur-Wise function,
and has been explored in Ref. [60] as a method of calculating the Transverse-Momentum-
Dependent (TMD) soft function. To be precise, the proposal is to analytically continue the

heavy-quark velocity as:
vg = (ivg,7), where wy=V1+ 02 because v? = 1 (2.103)
The lattice-propagator is given by:

—i(vE)uDpSu(x) = —i(vE) u(Ou - igAH(x))54(x) (2.104)
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Figure 2.12: Time evolution using first or second-order schemes in Minkowski time of
the Heavy Quark static propagator in the free limit with v = (m, v5,0,0) and
vy = 0.5. The colour shown is proportional to the norm of the propagator, and both
position and time are written in lattice units. The true solution is given by the white
dashed line - with the delta function being transported at the corresponding velocity.
The first-order scheme shows significant artifacts due to the large spatial derivatives,
including the fact that the norm of the propagator is symmetric about = = 0. The

second-order scheme solution shows much better behaviour.

with the lattice equation:

(ve)o(Us(z, 2 +1)Sy, (z +1,y) - Su(z,9))+
2 —i(VE)u ~ N A N
3 T e+ S+ 09) = Ul =S (o= o)) =By (2:105)
There is, however, a potential sickness to utilising this equation - apparent already in the free
Minkowski theory (U,(z) = 1) in 1 + 1-dimensions. In this situation, the partial differential
equation (PDE) to be solved is essentially a linear-transport equation with a Dirac-delta initial

state:
dS,(z,t) v, dS(x,1)

at i da

There are various discretisations of this PDE, with Eq. (2.105) being known as an upwind first

=0, Su(,0)=06(z) (2.106)

order scheme. Improved schemes, such as the second-order Lax-Wendroff scheme [61] exist,
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and for the linear-transport equation in Eq. (2.106) are given by:

Vg

+1(U1') (Sp(z+1,t) =28, (z,t) + Sy (z - 1,1)) (2.107)

2\ /1+02

(the upwind-scheme corresponds to dropping the second-order term). By comparing the two

Sv(:zz,t+1):SU(x,t)—% (Sp(z+1,t) = Sy(z-1,t))

schemes behaviours on the Dirac-delta initial state, one notices that the second-order scheme
is much better behaved, as shown in Fig. 2.12. This suggests that a correct discretisation
of the nonzero spatial velocity heavy quark action may require using second or higher order

schemes, instead of the first-order schemes that have been tested in the literature.

The situation is perhaps even more dire - given that the analytic continuation of the linear
transport equation is the Cauchy-Riemann equations; implying that the appropriately rescaled
static quark propagator in Euclidean time is analytic as a function of the complex variable

x +itg. To be precise, the analytic continuation of Eq. (2.106) satisfies the Cauchy-Riemann

equations:
dS(z' .+ dS(z' .t \/1 +1}926
i (‘T ) E) n (Qj ) E) =0 where JJ, =2 Zr (2108)
dig dz’ Vg

and hence, S(2’,tg) is complex analytic away from the origin, and should be matched onto
a Dirac delta 6(z) at ¢ = 0. Morally, the solution should be an analytic continuation of §(x)
away from ¢ = 0, however it is not clear that there is a meaningful solution. This is related to
Aglietti’s comment [58] that even the free heavy quark effective theory with nonzero spatial
velocity in Euclidean time requires a UV-regulator to even be defined. Given this issue, it is

not immediately clear how such a theory can be nonperturbatively renormalized.

A final example of ‘bent’ Wilson lines are investigations of the Euclidean cusp divergences. By

this, we mean studying operators of the form:
Wg((z,0,0,0),(0,0,0,0))Wg((0,0,0,0), (a,b,0,0)) (2.109)

where a,b are positive real numbers, the E subscript denotes that the Wilson lines are in
Euclidean space, and the Euclidean angle between the two lines is given by arctan (g) In the
continuum MS scheme, this operator has power divergences (poles at d = 3) corresponding to
the static propagators, as well as a logarithmic divergence that depends on the Euclidean an-
gle formed. This logarithmic divergence can be associated with the so-called ‘cusp anomalous
dimension’ of the pointlike operator at the vertex in the auxiliary field formalism. For exam-
ple, as the Euclidean angle is taken close to 7, the resulting anomalous dimension becomes
related to the static quark-antiquark potential up to breaking from conformal anomaly [62].
Furthermore, given the analogy to the cusps required for Isgur-Wise function calculations,

TMD Soft functions, as well as heavy quark fragmentation (see Eq. (2.35) of Ref. [63]), one
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Figure 2.13: Subfigures (a) and (b) show two different ways of discretising a Wil-

son line that travels in an ArcTan(g)—Euclidean angle with respect to the z-axis.

Each of the black segments is repeated many times, to get a macroscopic-length Wil-

son line pointing in the correct direction. In the continuum limit, both (a) and (b)

should limit to the same operator, just with different matching coefficients. On the

right is the negative of the O(ag) coefficient of the linear divergence, also compared
Go

against — (GE) - 7) which is the coefficient corresponding to the linear divergence in

the straight line case (c) (derivation in Eq. (2.98)).

might wonder whether it is possible to extract such real-time physics from Euclidean cusp-like

matrix elements.

One issue that arises in possible Lattice-QCD calculations of operators containing Euclidean
cusps is the linear power-divergences arising from bent Wilson lines. For example (as shown in
Fig. 2.13), it is possible to discretise a Wilson line that is at a Euclidean angle of ArcTan(2)
with the z-axis as one that travels along the path given by iterating the steps &—t—-&—t—z—t-,
or the path given by iterating the steps & — & — & — & —t — ¢ — £, for a total of 4 steps in the
& direction, and three steps in the ¢ direction in either case. Both discretisations match onto
the same operator in the continuum limit, however the right figure of Fig. 2.13 demonstrates
that they have different linear power divergences - both of the linear divergences being more

severe than what is computed for the straight line path of the same length.
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CHAPTER 3

X-SPACE RENORMALIZATION OF HQET
OPERATORS

Some content in this section reproduced with permission from the following reference:
Joshua Lin, William Detmold, and Stefan Meinel. Position-space renormalization schemes for four-quark
opera- tors in HQET. JHEP, 07:188, 2024. doi: 10.1007/JHEP07(2024)188.
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The general pipeline for flavour physics calculations with Lattice-QCD is first an Operator Prod-
uct Expansion, where physical results of interest are written as a sum over Wilson Coefficients
multiplied by Matrix Elements. Due to the relative simplicity of Dimensional Regularisation and
the MS scheme as compared to other renormalization schemes, MS is almost universally used in
high-order perturbative calculations of Wilson Coefficients. Thus, a central difficulty for Lattice-
QCD calculations is to determine matrix elements similarly renormalised in the MS scheme - which
is difficult primarily because Dimensional Regularisation is naively not compatible with the Lattice

regulator'. For simplicity, consider a set of operators {O;} of the same mass dimension that mix

1To my knowledge, there has never been a demonstration of ‘nonperturbative dimensional regularisation’.
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under renormalization. Borrowing notation from Ref [1], perturbative evaluations of the operator in

some external state denoted by |p) behaves as follows in the two regulators:

WO )= (8 + ik (ol o « B+ 0D GOS0 (31
_ 2
w0 1p) = 3 (% o (1 log ? +RYS) + ow;@) (plO;"Ip). (3:2)
J

where R%jat', R%S are constants. This allows for the conversion between the two schemes:

(plO}®lp) = 3 (5@' - 7( 1 Moga?p? + R — RYS) + 0(93)) (4|07 |q). (3.3)
J

Such lattice perturbation theory was extensively used in early Lattice-QCD flavour-physics cal-
culations. An improvement is possible however by instead of using the perturbative result for
(;D|(9§Lat')|p)7 to use the nonperturbative measurement of the Green’s function in the ensemble. This
is equivalent to introducing an intermediate, regulator-independent scheme in which the chosen
Green’s function is set equal to its tree level value. For momentum-space Green’s functions, such
schemes go under the name of RI-MOM [2],(or, RI-sMOM |[3]) schemes.

An undesirable aspect of schemes like RI-MOM is that they involve gauge non-invariant cor-
relation functions. For example, the renormalization of a fermion bilinear operator ¥ involves
calculating ((p)|(¥T'¥)(q)[e(r)) for some choice of momenta p,q,r. These matrix elements must
be calculated after fixing the gauge redundancies, or else the matrix elements are exactly zero?. In
practice, different gauge fixing conditions can be used, for example Landau gauge whose continuum
form is 0, A,, = 0 can be discretised on the lattice in various ways. The original proposal from Ref [2]

proposed to minimize the functional:
4
Tr[Z(UH(a:) +Ug(z))] (3.4)
p=1

over gauge transformations of the original gauge configuration. Minimizing this functional (or solving
for 0,4, = 0 in the continuum) does not lead to a unique solution - instead there are multiple
solutions known as Gribov copies [5]. These Gribov copies introduce an unavoidable systematic on
the extracted renormalization constants. There have been some studies of the practical effect of
Gribov copies [6, 7], with varying conclusions on their relative size compared to typically achievable
statistical errors. In any case, it is slightly unnerving to include an uncontrollable systematic error
into any calculation.

An alternative strategy is to choose intermediate renormalization schemes that use only gauge-

invariant quantities. For example, one can instead impose renormalization conditions based on

2This statement seems trivially true as the matrix element has no singlet contribution under gauge transformations,
though in principle one might worry that it is possible for gauge symmetries to be spontaneously broken. Elitzur’s

theorem demonstrates that this is impossible[4].
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position-space correlation functions of gauge-invariant operators. In the literature this has been
called the X-space scheme [8], or the gauge-invariant-renormalization-scheme (GIRS) [9]. For mul-
tiplicatively renormalizable operators, the X-space renormalized operator OX) can be related to
the bare operator O(®) by OX) = Z((QX)(’)(O), where Z((QX) is an (often divergent) renormalization
constant. One possible X-space renormalization scheme can be defined by the requirement that
the renormalized two-point correlation function built from @) is equal to its non-interacting (NI)

value when the operators are separated by a fixed spacetime distance z:

(01 (0) 0O (2)) = (01O (0) OO () )] (3.5)

NI’

where V22 is the scale at which the operator is renormalized, and the non-interacting correla-
tion function is defined as the ag — 0 value of the correlation function®. Although the scheme
is gauge invariant by definition, it requires more-complicated perturbative calculations in order to
match to other schemes in the continuum. Matching calculations from X-space schemes to MS have
been performed for light-quark bilinears [10], heavy-light quark bilinears [11], dimension-5 opera-
tors appearing in the energy-momentum tensor [9], and supercurrent operators in supersymmetric
theories [12].

When implementing RI-(s)MOM renormalization conditions at momentum p with a lattice dis-

cretisation, there is a ‘window problem’ where Aqcp < p « a’t

is required to keep all systematic
uncertainties under control. Indeed, the RI-SMOM scheme [3] was introduced to remove infrared con-
vergence issues in applications of the original RI-MOM scheme where some momenta were not in the
desired range. Here, a is the lattice discretisation-scale that regulates the ultraviolet (UV) behaviour
of the theory and Aqcp is the typical QCD scale that emerges through dimensional transmutation.
The same window problem affects any position-space scheme, where Va? « Aéch is required to
control perturbation-theory errors appearing in the perturbative matching to MS, and a « Va2 is
required to control discretisation artifacts. In practice, this window problem must be investigated
on a case-by-case basis, and various investigations have been performed in X-space schemes for the
local light-quark bilinear operators using Wilson fermions [8, 13], twisted-mass fermions [14], as well
as domain-wall fermions [15]. Furthermore, numerical studies of the feasibility of X-space renor-
malization conditions for renormalizing the QCD energy-momentum tensor [16], heavy-light quark
bilinear operators [17], and operators in supersymmetric field theories [18] have been undertaken.
There have also been numerical investigations of the possibility of using position-space schemes to
match between three and four-flavor QCD [19, 20].

The X-space scheme is particularly suited to renormalizing Heavy Quark Effective Theory
(HQET) operators. Choosing a reference frame in which the heavy-quark velocity has spatial com-

ponents that vanish, v = (1,0,0,0)%, the bare Euclidean propagator for a heavy quark @ in the

3The non-interacting correlation function in X-space schemes is sometimes referred to as ‘tree-level’, though this
is a misnomer due to the fact that the noninteracting calculation of position-space correlation functions of composite
operators involves loops. Note that the superscript labels ‘(0)’ on the operators in the RHS of Eq. (3.5) are redundant

as the non-interacting values for the bare and renormalised operators are the same.

69



static limit is naturally written in position space [21] as

(QOOQ" (8))r =05, 5 0(-t5)W O (0,28) =2, (3)

where () indicates the path integral is performed over all the fermionic degrees of freedom but
not the gauge degrees of freedom, and W(O)(a,b) is the bare straight Wilson line from a to b. A
complication in lattice regularizations of the static theory is that the static-quark self-energy has a
power divergence [22], which is caused by mixing between the kinetic term QDyQ and a mass-like
term mstat@Q, where mgiay ~ O(ag)/a is radiatively generated. The X-space scheme proposed
in this chapter utilizes ratios of three-point to two-point position-space correlation functions to
nonperturbatively cancel this power divergence. Nonperturbatively-renormalized matrix-elements
of HQET operators can thus be extracted without needing to determine msgia; explicitly, which
would otherwise constitute another source of uncertainty.

In this chapter, a set of X-space schemes for renormalizing four-quark HQET operators is pro-
posed, and the O(ag) matching to MS is calculated in the static limit, extending the X-space ap-
proach used in Refs. [8, 9, 12]. The first set of operators that are considered are isospin-nonsinglet,
four-quark operators Tffr(@qu)(af,F’Q) where I', T are spin-colour tensors, ¢s € {qy, g4} are light-
quark fields, and 74+ is a Pauli matrix in the light-quark flavor space. In the Heavy Quark Expansion
(HQE) formalism, matrix elements of these AQ = 0 (heavy-quark flavor preserving) operators are
known as ‘spectator contributions’, and are the dominant O(l/m%)—corrections to the inclusive
lifetimes of heavy (charm or bottom) hadrons [23, 24]. The second set of operators that are con-
sidered are AB = 2 four-quark operators, relevant for determinations of B — B-mixing [25]. Precise
determinations of hadronic matrix-elements of these quantities will allow for better constraints on
fundamental parameters of the Standard Model such as the CKM matrix-elements, and will also
further constrain extensions of the Standard Model. Existing LQCD studies of these four-quark
operators have utilized lattice perturbation-theory to perform matching to MS [26-29], and the
nonperturbative renormalization-scheme proposed in this work will allow for more precise LQCD
determinations of the renormalized matrix-elements [30].

The four-quark operators studied in this work do not renormalize multiplicatively but rather
mix within multiplets of operators with the same quantum numbers, and therefore Eq. (3.5) must
be generalized to define a scheme that determines the entire mixing-matrix. In order to provide a
sufficient number of renormalization conditions to determine the full mixing-matrix, the X-space
scheme proposed here utilize three-point correlation functions involving the four-quark operator with
multiple choices of source and sink operators. There are many possibilities but to be concrete the
source and sink operators used are heavy-light mesonic operators QI'q and heavy-light-light baryonic
operators €2¢[¢TT¢"T2Q¢ for various choices of the Dirac matrices I', T'1,T'y. Perturbative calcu-
lations of two-point correlation functions constructed from these operators have been performed in
the literature, and these can be used to determine matching coefficients between X-space schemes
and the MS scheme, which are presented to O(as) in Sec. 3.1.1. The four-quark operators also mix

into evanescent operators (operators that explicitly vanish in d = 4) in dimensional regularization.
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To be able to utilize the X-space scheme as a regulator-independent scheme for conversion of lattice
matrix-elements, the scheme is defined in terms of evanescent-subtracted operators. The X-space
schemes, and O(ag)-matching to the MS scheme for the isospin non-singlet AQ = 0 operators and
the AB = 2 operators are presented in Sec. 3.2. An overview of the conventions and integration

techniques used in this section is given in Appendix B.

3.1  MULTIPLICATIVELY RENORMALIZABLE OPERATORS

Some text in this section reproduced with coauthors’ permission from Ref. [31].

3.1.1 X-SPACE SCHEMES FOR HEAVY-LIGHT BILINEAR AND HEAVY-LIGHT-LIGHT
TRILINEAR OPERATORS

In this section, the O(ag) matching-factors between X-space-renormalized operators and MS-
renormalized operators for heavy-light mesonic, and heavy-light-light baryonic operators in HQET
are presented. Choosing the frame in which the static heavy quark propagates purely in the Eu-
clidean time direction, the Euclidean HQET Lagrangian used in the following calculations is given
by

L= {FuFu+ Y Duas+ @D (37)

f={u,d}

with two massless light-quarks ¢, and g4, and one static heavy-quark ) that satisfies H%Q = Q.
To regulate the continuum theory, dimensional regularization (DR) is used, where v5 = voy172773 is
treated in the 't Hooft-Veltman (HV) scheme [32]. Due to the heavy-quark term in the action not

containing any Dirac matrices, in d = 4 there is an SU(2);, heavy-quark spin symmetry
Qr QG Qe (3.8)

that leaves the action invariant, where 7, € {~1,72,v3}. The resulting effect of this symmetry is that
local heavy-light mesonic operators are related by heavy-quark symmetry in the following SU(2),
doublets:
HF(0"):q H:(07):q

f( ) QfQ . SU2)n f( ) (Jf’Y5Q
Hi (1) 2 qp75%:Q H35(17) :q7@Q

where the J¥ quantum numbers of the state are listed along with the corresponding local heavy-

SU(2) (3.9)

light operator. Note that the + superscripts refer to the parity of the operator, rather than the
electromagnetic charge of the state. In Eq. (3.9) and what follows, 7; indexes the (d—1)-dimensional

spatial Dirac matrices, such that v;7; = (d—1)1.* Since the antiparticle is integrated out in HQET,

4In d = 4, where spatial Dirac matrices v; take values in v; € {vy1,72,73}, the heavy-quark spin symmetry is indeed
SU(2)p,. In dimensional regularization the spatial index ¢ now varies over the (d—1)-dimensions that are not timelike,
and formally the symmetry group is no longer SU(2)j. This distinction, however, does not have any implications for

the calculations presented in this section.
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the operators shown in Eq. (3.9) form a basis for the heavy-light bilinear operators with no derivatives
ind=4.

The heavy-light-light baryonic operators of the form ¢*¢[¢%T 7T ¢* T2 Q¢ for varying Dirac matri-
ces I'1,I's and isospin matrices 7 are also multiplicatively renormalizable. In the following, C is the
charge-conjugation matrix satisfying C"‘/MC’_1 = —’y;;, with an explicit construction in dimensional
regularization given in Sec. 2.1.3. The isospin matrices are written in terms of the antisymmetric

A : S

7% or symmetric 7;, matrices

1 1 1
A 0 , ’rlS:: 0’ T(‘Jg::i 0 , Tjgl = 0 0. (3.10)
-1 0 0 0 V2\1 0 0 1

Operators coupling to Ag baryons (isospin singlets) are given by

+
Al % 1€abc[anTAC’)/5qb]Qc,
+ .
A2 (3 ) e lgT T Crs704"]Q%,
% 5€abc|:anTACqb:|Qc7

|
S— T e N N

: eabc[q“TTAC%%qb]’)’i’YSQC»
He[q T TAC57i0"]Q° - 3 [q T T Oy 1, Q-

=
N |

-
L]
e T e R

Nl NI=
|

SU(2) (3.11)

Sy
|

The operators are labelled by their angular momentum representation and parity, JZ. The SU(2)-
doublet {A3, A"} arises from decomposing the tensor product of a spin-1 light-quark doublet with
the spin—% heavy quark into irreducible spin representations. In particular, spin—% operators such as
A7 satisfy the condition y;A;™ =0 in d = 4. Operators coupling to X -baryons which transforms in
the isospin-triplet representation, are given by

SU@) Sia(37) s e 7E CrgTnns Qs
La’l(%Jf):Eabc[anTgC% ]Qc 1 abc[ aTTAC%thﬂch’
SU@), Do (3): e [g 75 Cromg” ]'msQ‘i
S (37) 1 €[a°T 75 Cr0ma"1Q° - St (g5 Cronya i Q°,
su@, ] T (%:) L [q T 7S Cysomid” ]%75@6,
o (37) e la TS Csn0ma®1Q° - St [qT 75 s 0 T QF
N E Er s U et [ (3.12)

where « is the isospin index and i is the vector index of the spin—f field. The operators in Egs. (3.11)
and (3.12) form a complete basis in d = 4 for local HQET heavy-light-light currents with no deriva-

tives, of which the positive-parity local operators were previously classified in Refs [33, 34].
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Figure 3.1: Diagrams for the O(ag) contributions to the two-point position space

correlator shown in Eq. (3.13), when O is one of the heavy-light currents listed in
Eq. (3.9). The operator insertions are represented by the filled in dots in the diagrams
above. Feynman rules are derived from Eq. (3.7), double lines refer to the static-quark
propagator, single lines are light-quark propagators, and curly lines are gluons. The
unlabelled positions of the interaction vertices are integrated over. The diagrams in

HL HHH pnLL
order are referred to as Dy =, Dy, Dy ™.

The X-space scheme for multiplicatively-renormalizable currents is specified at a renormalization

scale t~! by the following condition:

(074 (-,6) 0 (1,0)) = (0 (-1,) 0 (1,0))]| (3.13)
NI

where R is a regulator (either DR or the lattice regulator), and X specifies the operators are
renormalized in the X-space scheme. The subscript NI on the right-hand side of Eq. (3.13) refers
to the non-interacting value of the correlator. If the operator has additional indices (such as isospin
triplet indices « in the case of the X-interpolating operators in Eq. (3.12), or spatial gamma-matrix
indices i) these additional indices are summed over on both sides of the renormalization condition.
For example, in the 17 mesonic channel (the B* mesouns if @ is a bottom quark), the renormalization
condition is

2@ @™ (<4,0) (@@ (1,0)) = X (@@ (+1,0) (@@ (1,0)) | . (3.14)

% 7 NI
Furthermore, the open Dirac indices of the static heavy-quark and heavy anti-quark in the baryonic
operators are traced over.

The position-space diagrams that contribute to the O(«g) determination of the two-point cor-
relation function for the heavy-light currents are shown in Fig. 3.1. Although chiral symmetry is
broken by the HV-prescription for 5, the massless nature of the light quark still has consequences
for the symmetries present in the renormalization factors. In particular, the specific I-matrix ap-
pearing in the interpolating operator O = gI'Q only affects the two-point correlation function by a

constant factor, as the correlation function (to any order in ag) has the form

<(§(DR,O)fq(DR,O)) (~t,0) (q(DR,O)FQ(DR,O)) (t, 6)) ATy ( 1 ;VOF’YOF)

1+")/0

= AP Tr( fr) , (3.15)
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where A is a constant that does not depend on T', P € {-1, +1} is the parity of the state (yI"' = PT'vyg),
and T = 4I''~y. This is because of the fact that regardless of the number of gluons attached to the
light-quark line in the two-point correlation function, there are always an odd number of ~-matrices
inserted (one for each massless propagator and one for each vertex). For example, shown below is

the case with three gluons attached to the light quark:

. ez VYo Vs vy -
(_th 0) (to,O).
7#1 7#2 ’Vlts

The only four-vector available for contraction is the purely timelike heavy-quark velocity v; thus,
after performing integration over loop momenta and Fourier transforming to position space, the
light-quark line is proportional to ¢ = vy. The result of Eq. (3.15) is that all heavy-light operators
qI'Q renormalize multiplicatively with the same factor to all orders of ag in the X-space scheme,
regardless of the choice of T'.

The diagrams in Fig. 3.1 can be computed by first calculating the corresponding two-loop
momentum-space diagrams (also known as p-type integrals [35]) and taking a Fourier transform; fur-
ther details of this computation are given in Sec. 3.1.2. In this section, the main results for the heavy-
light and heavy-light-light operators are discussed. Writing (gI'Q)P%%) = Z ((q’i%f) (Q(O)FQ(O)) for
the heavy-light currents (where S is a choice of renormalization scheme), the X-space renormaliza-

tion factors are given by®

(DR, X) __as(w) _as(u) (4 27 1 Ve 242
Zaro) (t,p) =1 — - 5t 9ty log (4me™” p*t?) (3.16)

in d = 4 — € dimensions. Here, p is the scale obtained after writing the renormalized coupling-

(DRMS) _ 1 (PRS2
9 Z

constant as a dimensionless object q,u’ég(o), where ag = e , and g is the

Euler-Mascheroni constant. It is possible to define an X-space scheme strong coupling angR’X) (for
example by fixing the two-point correlation function for the gluon correlator), but this work focuses
on the matching of composite operators between X-space schemes and MS, and hence the ag that
is used is always renormalized in MS at scale . The MS renormalization factor

ORMS), \_,_ as(u) as(p) —
Ziaro) (p)=1 — 5 log(4me™E), (3.17)

can be read off from Eq. (3.16) as the % piece and the corresponding MS logarithms. Comparing

this to Eq. (3.16), note that the MS-counterterm contains factors of +%21E whereas the X-space

counterterm contains corresponding factors of —*<£. The difference in sign arises from the d-

dimensional Fourier transform of the logarithmic structure [10]. This causes the conversion factor

50(0425) calculations of the two-point position-space correlation function of heavy-light currents can be found in
Ref [11].
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Y20, 850 | G 3 2l arXlai | 6 3

Table 3.1: O(as) conversion factors from X-space renormalized operators to MS-
renormalized operators, for the different heavy-light-light baryonic operators. Refer to
Eq. (3.19) for definitions of C1,0,C2,0. The two-point functions of the positive-parity
heavy-light-light currents have previously been computed in the context of QCD sum
rules [34].

O(DR.MS) _ C(DR’NTS;DR’X)(t, 1) OPRX) (1) between X-space and MS to contain g factors:
s 789 (1) 2
(DR,MS;DR, X) _ “@re) CLas(p) (4 27 1 v 2,2
C(aFQ) (t,p) = Z(PR’X)(t > =1+ - (3 + 9 + 5 log(e uot ) . (3.18)
(@re)

In numerical studies utilizing X-space schemes, p should be varied to provide an indication of the
size of the error caused by truncating the perturbative series. A natural candidate for a central
value of p is given by the condition ;2 = e7272¢~2 which would cancel the logarithm that appears in

the matching factor.

For the heavy-light-light baryons, the O(«as) conversion factors can be parametrized similarly as

(DR,MS)

S Z 2n?  C
C((?DR’MS’DR’X)(t, p)=—___ "7 (1) 1428 Cio+ o220 log(e®® 1?t?) |, (3.19)
z5 0t p) T\ 92

where the coefficients C1 0, Ca 0 are given in Table 3.1 for O taken from Egs. (3.11) and (3.12).°
The calculations of the conversion factors proceed similarly to those for the heavy-light mesonic

operators, by evaluating the baryonic analogues to the diagrams appearing in Fig. 3.1.

3.1.2 CALCULATION PROCEDURE FOR O(ag) TWO-POINT MATCHING CALCULA-
TION

In this subsection, a detailed calculation is presented for the heavy-light two point correlation func-
tion ((QT'q)(t)(gT'rQ)(0)), corresponding to the diagrams shown in Fig. 3.1. The calculations
needed for the two-point baryonic correlation function are similar, only requiring different contrac-

tions at the source and the sink, which were implemented in Mathematica[36]. A computational

6Note that Z((DDR’MS) (which contains only the % piece) can be read off as Z((,)DR’MS) = ’:—ESCQ,O as the yg factors
are directly proportional to the % pole.
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Figure 3.2: Example showing how the Fourier-transform relates a position-space dia-
gram appearing in the (QL'q(to,0)(gL'Q)(~to,0)) two-point correlation function to the

corresponding momentum-space diagram.

difficulty with using position-space schemes is that even at tree-level, position-space correlation func-
tions involve loop calculations. In the case of the two-point mesonic correlation function, the answer
can be derived by utilising the position-space propagators Eqs. (2.10) and (2.13) (where the loop

integral has been relegated to the Fourier transform used to derive the position-space propagators):
Do(Tr,Tr) = =No'Tr [[Di7 (=20) [T L[ DL (20) T k]
ir($)x (3.20)

o (—332)%

:NCTr[1;¢FL¢FR]

Note that in dimensional regularisation, since the mass dimensions [¢] = [Q] = %, even at tree
level the position-space correlator will have d-dependence. For the two-loop O(ag) diagrams listed
in Fig. 3.1, a key observation is that the position-space calculation can be related to a momentum-
space calculation via a fourier-transform, as shown for D% in Fig. 3.2. In momentum space, a new

type of integral is required:

(v p) TR T () iy ng, ng,n5) =

dkrdkp 1
@m)2d (v-(p+ ko)™ (v (p+kr))" (=KL )"s (=kg)™ (= (kL — kr)?)"s

corresponding to the schematic drawing showing the relation of the different n; indices as momentum

(3.21)

flows, static quarks as double lines and massless quarks as single lines:

3 4
5

(3.22)

1 2

This integral is symmetric under swapping n; with ny and ng with ny at the same time. It satisfies

the base conditions:

T(nl,ng,ng,n4,0) = THL(nl,ng)jHL(ng,TM) (323)
_ - _ d

1(0,n2,n3,n4,n5) = 1 (n3,n5) 1L (ng,m +ng+ns - 5) (3.24)
T(nl,ng,O,n4,n5) = YHL(nl,n5)THL(n2 +ny + 2’115 - d, n4) (325)
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in terms of the integrals Iy, Iy, introduced in Sec. 2.1.2 and tabulated in Appendix B. These base
conditions are derived by noticing that setting one of the n; values to zero effectively contracts the
diagram in such a way that there is always an independent sub-diagram that can be computed.
To simplify the integral in the case that all the n; > 0, one can utilise Integration-by-Parts (IBP)
relations, where the trick is to notice that the dimensionally regulated integral of a total derivative

is zero. In the case of this two-loop integral, one particular relation for example is given by:

Ak dkr ., [ kY
(2m)2d Rl (v (p+ k)™ (v (p+ kr))m (ki )me (<kg )™ (= (ki — kr)?)™

By expanding out the action of the O, on the inserted numerator and each denominator factor, one
finds:

] =0 (3.26)

v- -k -k3
dddedkR d—=mny (1 - U(Trz;m)) ~2n3 - ns (1 + —(kL-kr)? *(kL*II:R)Q)
(2m)2 (v (p+kr))™ (v (p+kr))"2 (=k3 )" (=kg)" (= (kL — kr)?)"s
=(d-n1(1+1%) = 2n3 -n5 (1+3"5~ -4"57)) I(n1,n2,n3,n4,15) = 0 (3.27)

where the bolded number operators act by increasing/decreasing the arguments to the I function

whilst maintaining its dimensionlessness, for example:
3*1(ni,n2,n3,n4,n5) = (—v-p)*?1(ny1,ng,n3 £ 1,14, 15) (3.28)

the +2 in this case because ns corresponds to a light propagator that has mass dimension [-2]. Note
that the leading d in Eq. (3.27) comes from the 9, k7 = d. In general, a whole suite of IBP-formulas
can be derived by taking derivatives with respect to either of the loop-integrals multiplied by some

internal momentum scale. For example, applying the O, -kr to the integrand gives the IBP relation:
(-m17(1+27)-n33"(5" -3 —47) +n5 (1 +4'5 —=3757)) I(n1,n2,n3,n4,n5) =0 (3.29)

These different IBP relations become important cross-checks in the computational implementation
of these multiloop integrals. The particular linear combination Ok, (ks — k4) gives a particularly

simple relation:
(d -ny—n3g—2ns + n11+27 + n33+(57 - 47))7(711, N2, N3, N4, n5) =0 (330)

which can be rearranged to give:

—n11+2’ - 771337(57 - 47)
d- ny —ns— 277,5

f(n1,n2,n37n47n5) = T(n17n2,n3,n4,n5) (3.31)

Applying this equation will lower one of the arguments no,n4 or ns, allowing one to reduce the
case with general arguments to a base case. This general strategy of applying IBP relations, and
reducing the tensors that appear in the numerator into structures that look like the propagators in

the denominator, is known as Laporta’s algorithm [37].
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To calculate the diagrams DL DEH and DFE | firstly each diagram must be decomposed into
evaluations of the master integral I(ni,...,ns). In general, each of the diagrams will have a tensor-
decomposition of the form I“**?* G192 where the I-tensor is the loop integration over only the
propagators and momentum factors, and the G-tensor indicates some external Dirac structures that

the result is contracted against. The loop-integral tensor will have a decomposition into:
e = (goc1a2"')10 + (anvaz'“)ll toeee = ZTI‘QIDQMIIH (332)
i
where in the case of these HQET diagrams the only tensors available are ¢g"” and v*. The sum
over index ¢ in Eq. (3.32) decomposes the integral into all possible combinations of g"” and v* that
match the number of indices that the I-tensor has. To solve for the I;, note that T;'“2""[*1%2™" can

be computed as a scalar integral, as the numerator will then become some combination of scalars

and raising/lowering operators of the form 17,27,-.-. Then:
Q1 Qoo e\~ 1 QO T Qe
I; = (Tereerpeaca) 2 (T [aee) (3.33)

To see this in action, consider the DZ diagram:

ddp

, d?kydk L+9 i
DHL r;,T __ ,Ad —izop 1 2 . /,LTA
1 ( L R) ,U, (271_)(1 (277)2d 9 v- (k'Q +p) (ng )
i i, Ay b -
— T (iy"T )FR)
v-(k1+p) “H Ko (k1 = k2)? (3.34)
=—iCrN, ,u47d f d’p e~ oP Ty (—1 - ¢FL7"¢7’)FR) .
¢ (2m)d 2
[ dkyd%k, kY kS ]
(2m)24 (k1 = k2)2kik3 (v (k2 +p))(v- (k1 +p))
Labelling the integral surrounded by square braces as I”?, note that:
14 vp 14 1% 1 (6707 1 (6% v 0 1 (6% (6%
I = g"PIy + 00l = g ”(EI - d_lvavgl ﬁ) + 0¥ of (—ﬂla + o 1%%1 /3) )
1 .
1% = 3 (37+4™-57), waupl®=1"2"+1"+2 +1
Note that also:
g7 ") = 2-d)p, V() = (3.36)
so that:
HL . 4-d -1 —im(2d-6) 1+9¢
Dl =—ZCFNCILL DH (—560,—2d+6)6 Tr ?FL?ﬁFR
1 1 1 (3.37)
(2+2~1—+2~2‘+2-1—2——73——74—+75‘)T(1,1,1,1,1)
2 2 2
Completing the integral, we have:
DyC DyC
DL - oras | Zovras (6 +3vp + 2712 + 3log T + 3log(—x2u2)) . (3.38)

TE 61
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The diagram in Fig. 3.1 with a gluon attached to the heavy line is slightly simpler, since the
momentum integral has a single tensor index which must be contracted against v*. The diagram

yields:

D = -

d d d .
d P —izop d kld kg (1+¢' 7 (’igUHTa)

7
(2m)1° (2m)1 2 v (ki +p) v- (k2 +p)
7 1 -1
- Yy —Te|—
v- (k1 +p) Lk/l R)(kz—kl)2
, dip Ay dks kY C+¢ )
= _iCpN, [ 2L g-izop T y"T
iCeNe | (2m)i° @27 (o~ (kL +p)2(v- (ko + p)RR(Rz — k)2 \ 2 2T F

¢rL¢rR)

(igv"T*)

1+

=—inAQD§%—xm—2d+6k”T@¢m(1’+1)ﬂ11JﬂQ1XH(

:D()CFOzS . DOCFaS

(2 +vE +logm+ log(—ysz)) .
TE 27

(3.39)

And finally, the diagram in Fig. 3.1 with a gluon attached to the light-quark line gives:

LL _
Dy =-

dip dkyd%ks (1+¢ i i i i ) —i
e vrop *—(igy*T*)— (igy* T —TH )| —
(2m)1 et T\ vnep| T g G T ) Ty

ddp —i ddlﬁddkg k?kﬁkp 1 +¢
e (st ren),
o (27T)de (2m)%d v (ky +p)kik3 (ke — k1)? . 2 LY YT TR

(3.40)

Note that the same strategy of decomposing the momentum integral would still work in this case,
however the integral is now a five-index tensor which is slightly more complicated. In this particular

situation however, the y-matrices simplify:

Ya YV Vp = (2 - d) (gaﬂ’}’p +98pYa — gozp'YB)

(3.41)
> (2-d)[(-5"+3 +47)(1"+1)-37(2" +1)],

where the €., term is dropped because it vanishes after contraction, and expressed the rest in

terms of raising/lowering operators gives the answer:

DI - vE +logm + log(-p%z?)). (3.42)

_DQOFQS _ DOCFQS(
27e 4

Summing these three contributions recovers the result presented in Eq. (3.16).
3.1.3 DECAY CONSTANTS

The renormalization conditions presented in this section are not directly applicable to two-point cor-
relation functions computed with the static heavy-quark action in Lattice-HQET as O(PR.-X )(t) #
olat, X )(t). The reason for this disagreement is that the lattice regulator introduces a power-

divergent mixing between the static kinetic operator QDyQ and a radiatively generated mass-term
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mstat@Q where mgtay ~ O(as)/a. The relationship between matrix elements of the operators renor-

malized in the two different regulators is
(OO ()] = ement - JOPRX (1)), (3.43)

where |---) represents arbitrary states. Without an additional renormalization condition that can be
used to extract mggag, it is not possible to match matrix elements of 0026:X) {4 matrix elements in
continuum renormalization schemes.

Since the self-energy power divergence affects all the two-point correlation functions discussed
in this section in the same fashion, it is, however, possible to take ratios to cancel this self-energy
divergence rather than computing it. As an example application, consider the following QCD matrix

elements:

(01 7u750) PN B (p)) = ipu By (3.44)
aber aT b1 1470 7.¢ (DR,MS) . NS
(0] (e*[q*T TaCy5q" 11005 [Ab(p, 8)) = ima, Na(p: s) [y, (3.45)

where b is a (relativistic) bottom quark field, p, is a Euclidean four-momentum, s is the spin of
the Ay-baryon, and Ny, is the baryon Dirac spinor satisfying N (p,s)N(p,s") = 2my,8ss. Here, fp,
is the mesonic decay-constant, and fy,, is the normalization constant for one of the distribution
amplitudes of the A, baryon [38]. The states in Eqs. (3.44) and (3.45) have standard relativistic

normalization

(B (0)[Bs () = 2B, (2)°6* (G- 7)), (3.46)
<Ab(p,7 S,)|Ab(p, S)> = 2655’EAb(p,s)(2ﬂ—)353(ﬁ - ﬁ,) (347)

Note that, given the conventions of Eqs. (3.44) and (3.45), the mass dimension of fp, is 1, while
the mass dimension of fa, , is 2 (using the normalization for distribution amplitudes from Ref [39]).
The decay constants fg,, fa,, as defined above do not have well-defined limits as m; — oo, as the
relativistic normalization of states does not behave well in this limit. The m; — oo limit can be

studied by switching to a non-relativistic normalization for the HQET states:
sr(Br(v,K)[By(v,k))nw = (27)°6° (k= ), (3.48)
Ne(Ab (0, k', 8| Ap (v, k, 8))NR = Oss (27)283 (K - K), (3.49)

where p,, = mxwv, + k,. The relativistically normalised and non-relativistically normalised states
additionally differ by O(m%)) effects, which are irrelevant in a static limit analysis. Furthermore,
matching the QCD operators to HQET operators with MS matching factors D(u), and dropping
the O(mib) contributions gives [40]

DR,MS) _ MS - MS
HPYS) = (G ysQ)PRMS) = Dy (1) (@7075b) M), (3.50)

APREMS - (| = Da, (1) ([¢*T TaC5° ] 2520, €ane

(DR,MS) (DR,MS)
) ) :

4" TaCY50"1 Q% €ave (3.51)
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Combining the matching of the operators and states from QCD to HQET with Eqs. (3.44) and (3.45)

gives the relationships

. stat,MS - DR,MS) 77
imp, fy"™ = Dy, ()™ \/2mp, (0| H )H ;(v,k))Ng, (3.52)
ima, Na(p,8) fart™ = Dy, (1) /2ma, , (OIAS Y|4y (v, &, 5) )am, (3.53)

where the superscript ‘stat’ has been prepended to the label of the decay constants to emphasize
1
my

sides of Eqs. (3.52) and (3.53) are defined completely in the static HQET limit, and hence have no

heavy-quark mass dependence. Therefore, up to logarithmic corrections due to the matching factors,

. . tat, MS tat, MS . .
the combinations f%fa o /mp, and fi:l’ ma, are constant in the m; — oo limit.

that O( " ) corrections have been dropped in the derivation. The matrix elements on the right-hand

To extract the ratio of the static decay constants using the X-space scheme as an intermediate
nonperturbative renormalization scheme, the bare two-point correlation functions are first calculated
in Lattice HQET:

Th,(t) = (H)(clat’o)(t, ())H?aw”(o, 0)) = |ZHf|QefEHft + excited states, (3.54)
Tp,(t) =) (Agl’zt’o)(t, G)Agtit’O)T(O, 6)) = |Zp, Pe Frant 4 excited states, (3.55)

[e3%
and fitted at large Euclidean time-separations, ¢, to extract Zy, and Z,,. Note that the energies
Ep,, Ey, are the binding energies of the respective hadrons shifted by the static quark mass mggat-
By renormalizing the operators in the X-space scheme at reference scale ;' and then matching to

the MS scheme, an expression for the ratio of the decay constants in the MS scheme can be derived

as
tat, MS 1 DR,MS;DR, X
5 (T ) TR\ (Car, T em)) (DAl(M) ) REZIEILT
f/s\tba‘f,MS Tg}{(to) TA1 (to) C/]\DIR,MS;DR,X(tO’M) DHf (’u) ZAl ,_me »

where the first factor renormalizes the bare operators in the X-space scheme, the second factor
converts to the MS scheme in the dimensionally-regulated continuum, and the third factor matches
the renormalized HQET operators to QCD operators in the MS scheme. All the renormalization and
matching in this expression is performed at the scale 5! for simplicity, but hybrid schemes where the
renormalized operators are run before performing matching are also possible. For instance, running
the operators in MS from the scale ¢;' to the scale my, before matching the HQET operators to QCD
is usually desirable, as this cancels the large logarithms appearing if the t5! scale is very different
from my.
Alternatively, it is possible to renormalize these operators using a ratio of the form:
(OO MOXTO)E _, (OO O)F (OO (0))P
(OO (20 (0))] OO (20)0©:1(0))]  [(O(2)O1(0))]

(3.57)

noninteracting

by noticing that the static quark power divergence cancels between the numerator and denominator,
leaving a factor of Z(297 allowing for the renormalization of the endpoint operators. This approach is
discussed further and utilised in Sec. 4.2.8.
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3.2 FOUR-QUARK OPERATORS

Some text in this section reproduced with coauthors’ permission from Ref. [31].

3.2.1 MS RENORMALIZATION OF FOUR-QUARK OPERATORS

The X-space renormalization of the four-quark operators is made complicated by the fact that they
mix. Before discussing position-space renormalization schemes, this section presents a review of
the MS renormalization of the set of AB = 0 four-quark operators relevant for spectator effects, as
well as the set of AB = 2 operators relevant for B — B mixing. Using the solution of Iz given in
Eq. (2.20), the O(ag)-divergences in the Green’s functions displayed in Fig. 2.1 can be calculated

as:

1 bd 1 ca
' ILL ’ RL )
ZMgbﬁc% () _ _&s a-d ¢TAF T 2¢TA
Bé Yo

TE 2
1+ ¢ bd 1 +¢ ca
abed y(e) _ QS a- d( ) (TAF A ) ,
(Z a,ﬁ'y(s) WEH 2 85 R 2 o
bd ca
(iMelsts) D = = it d(1+¢r ) (FRTA—1+¢) :
271'6 Bé 2 Yo

bd ca
(ZMade )(e) as ,LL4 d ( L+ ¢TAF ) (TAF L+ ¢) ,
" 2re 2 56 2 )oa

bd ca
(iMatedy (D = aSu4d(1+¢TAr r4) (FR—1+¢) :
Bo Yo

27e 2 2
bed \(g) _ XS acaflt¥ Abd A L+9\“
(iMGgys) = ——n (7FL'YH’YVT ) (T ’YV’Y”FRi) : (3.58)
8me 2 Bs 2 Jya

where the superscripts (b) —(g) refer to the different diagrams appearing in Fig. 2.1, and the operator
is assumed to take the form (QT'zq)(gl'rQ). It is useful to keep these formulas in this form, because
it is clear that the evanescent operators are completely determined by diagram (g) (Dirac structures
appearing in all other diagrams simplifies to be a multiplicative factor). Furthermore, it then takes
minimal effort to translate these results to the AB =2 operators, which have a different contraction
form (QT'Lq)(QTrq). The basis of AB = 0 operators of interest for spectator effects (discussed

further in Chapter 4) are conventionally written in the basis

O] = (@, Pray) (@, PLQ), 0} = (QPrqs)(@;PrQ),
Of = (QuPLT¢5) (@7 PLTQ), Of = (QPLT"q5) (G PrT*Q), (3.59)

where f € {u,d} index the flavours of quarks that are taken to be massless in this section. Note
that the flavor-singlet combinations of the operators such as O% + O¢ will mix with the lower-
dimensional QQ operator in a power-divergent way. When acting on B-hadrons, QQ is the identity
operator, leading to an a2 additive mixing to the operators in lattice-HQET computations. This

section focuses on the renormalization of the isospin-nonsinglet contributions such as O% — 04 where
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the mixing with the QQ operators cancel, and the four-quark operators are protected from power-
divergent mixing. The f-label on the four-quark operators is omitted in what follows, as it should
be understood that all operators refer to the isospin-nonsinglet versions.

In dimensional regularization, four-quark operators such as those listed in Eq. (3.59) mix with
evanescent operators, which are operators that formally vanish in d = 4 due to their Dirac structure.
Different choices of basis for the evanescent operators lead to finite shifts in the MS renormalized
matrix elements [41, 42]. Working in the HV scheme, the basis of evanescent operators appearing

at O(ag) chosen here is written as

By = (Q1uPryav89) (@170, PLQ) - 401,

Es = (QPrvav59) (@157 PrQ) — 402,

Es = (QyuPryavsT4 ) (@7 vu PLT Q) - 403,

Ey = (QPryav8T"q) (71870 PRTAQ) - 40, (3.60)

The Dirac structures present in these evanescent operators occur in the one-loop diagram with a
gluon attached to the two light quarks, as shown in Fig. 2.4. In order for the proposed X-space
scheme to be regulator-independent, evanescent contributions to operators must be subtracted for
all regulators, and the renormalization conditions must be formulated for the subtracted operators
[43, 44]. In general, all operators in {O1,02,03,04} will mix with each other, but to O(ag)
in MS the operators mix in sub-bases, with {O1, O3, E1, E3} having the same mixing pattern as

{O2,0,, Es, E4}. The MS-renormalization conditions for i € {1,2} are given by

O(MS)
) 2as _3as as || (s
0, - L+ e 2me 0 8me Oiz . (3.61)
ngg _as 14+ 85 as Tag Ei(MS)
3me 4re 36me 48Te E(MS)
i+2

The first generation of bare evanescent operators {Ej,--, E4} themselves mix at O(ag) with a
second generation of bare evanescent operators containing even more complicated Dirac structures
(such as (QPrLYa, Yas Yos Vos @) (@Ves Yas YanYos PRQ)) [41]. Such higher-order evanescent operators
are omitted in Eq. (3.61) as the matching conditions presented later between MS and X-space
schemes are not sensitive to them at O(ag).

Subtracting the % evanescent contributions to the physical operators gives evanescent-subtracted
operators O; that can be used in regulator-independent schemes. By reading off the coefficients from
Eq. (3.61) they are defined to be, for i € {1,2},

~ A Tas (0
00 - 0®_ 25 5O 5O _ ) 25 pO) _ 125 p0)
7 ) S7e +27 i+2 i+2 36me 7 487e i+2

In later sections of this thesis, the focus will be on the AQ = 0 operators relevant to Spectator

(3.62)

Effect calculations. The renormalization calculations of this thesis are however applicable to other
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Figure 3.3: The top two diagrams show the dominant box-diagrams contributing to

the B - B mixing rate. The bottom diagram displays the 4-quark effective field theory

treatment after integrating out the electroweak scale physics.

classes of four-quark operators, such as the collection of AQ = 2 operators. In the Standard Model,
neutral B-mesons (B, BY) mix with their own antiparticles. The lowest-order diagrams contributing
to this in the Standard Model are box diagrams with the exchange of two weak bosons and top quarks
shown in Fig. 3.3. After integrating out physics at and above the weak scale leads to AB = 2 four-
quark operators. When matching these operators to HQET, the Lagrangian is expanded to include
a static antiquark @_ that travels in the opposite direction to the static quark @, (compare to the
Q+-propagator Eq. (3.6)):

(@) @e)r =85 )W O (0,20)7 1, (3.63)

where 1?0 Q. = Q.. A basis of the relevant AQ =2 operators in HQET is

Q1= (Q.PLa)(@-Pra), Qai= (Q,PLT q)(@_PLT ),

_ _ _ _ 3.64
Q3= (Q,PrLq)(Q_Prq), Qu:=(Q,PLT"q)(Q_PrT"q). (364

The operators Q1, Qs contribute to neutral B-meson mixing in the Standard Model, and Qs, Q4 are
contributions that could arise from possible new physics [25]. The full basis of AQ = 2 operators also
contains {Q;, Qs} with left-handed projectors swapped with right-handed projectors (P, < Pgr),
but these are related by parity and so renormalize with the same factors as {Q;, Q2}. There are
also additional AQ = 2 operators when @ is relativistic, but these are related to the operators in
Eq. (3.64) in the static quark limit [45]:

— — 8
(QuuPre)(QuPra) = 3Qi+4Q2  in d=4 (3.65)
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The evanescent operators are defined as

— — 32
F1 = (@4 PLravs9) (Q-PrLyansq) = 5 Q1 ~ 16Q2,

— — 32 16
Fy = (Q, PrT*avs)(Q_PLT* 7o) - SU-3

F3:=(Q, Prvav89)(Q_PrYav39q) — 493,

Fy = (Q, PLT*Yav5)(Q-PRT Ya59) - 4Qu, (3.66)

where the y-matrix structure is governed by the O(«ag) diagram with a single gluon attached to the

two light quarks. The mixing pattern is given by the following MS renormalization:

QMS
(0) 14+ Has das 0o - s
Ql 9me 3me 8me QQ
o= s | (3.67)
QQ Fl
8ag 1+ 10ag Qg ag MS
27me 9me 36me  24me F2
oy
(0) 14208 ?;a—s 0 —;—S MS
e TE TE
( ?0)) = Fi/[s (3.68)
4 ag 3as  -ag as 3
—= 1+ MS
3me 2me 36me 24me F4
Correspondingly, the evanescent-subtracted operators are defined for i € {1,3} as
3(0) _ o(0) , &S 1(0) 5000 _ 300) | XS 5(0) _ XS 1(0)
Q=9+ @Fz‘ﬂa Q=+ ﬁFi - mFHl (3.69)

3.2.2 POSITION-SPACE SCHEMES

As the four-quark operators that are the focus of this section are AQ = 0, and the static quark can
only travel in the timelike direction, an X-space scheme utilising two-point correlation functions of
O, (similar to that proposed in Sec. 3.1.1 for the bilinear and trilinear operators) is not possible to
define. The reason is that the corresponding two-point correlation functions are zero (due to the
0(-tg) portion of the static heavy quark propagator shown in Eq. (3.6)). A possible way to rectify
this is to compactify the time direction (for instance, in a thermal calculation), but this would likely
be significantly more complicated due to the Matsubara sums required in the computation [46].
Instead, three-point correlation functions combining O, with different choices of source and sink
operators can be used to define an X-space renormalization scheme. Such an approach was also con-
sidered, for example, in the X-space renormalization of the QCD stress-energy tensor [9]. Taking
ratios of three-point correlation functions to appropriate two-point correlation functions cancels the
renormalization factors of the source and sink operators, provided they are multiplicatively renor-
malizable. In HQET, this has the added benefit of cancelling the static-quark self-energy divergence.
Writing the renormalized AQ = 0 operators as @gR’X)(t) = ZZ,(jR’X)(t)@§O), the renormalization con-

dition is defined here by a choice of four source-operator/sink-operator combinations (labelled as
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r J K.
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1 B—R—R
(KAUJI KlU K (Jz ® R, K> & QKZ)] 2
0,
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e
pea———ne———29"] (& AN )

Figure 3.4: Schematic drawing showing the matrix of correlation functions used to
define the position-space renormalization scheme defined in Eq. (3.70). Each row
corresponds to a different operator, and only two rows have been drawn in this figure
(though there are four total for the AB = 0 operators considered for spectator-effects).
Also, only two source/sink combinations (Ji,K1),(J2, K2) are shown - though in
practice there need to be at least as many as the number of operators, to completely
define the mixing matrix. In this figure, it is assumed that (J1, K1) are heavy-light
operators, and (Jz2, K2) are heavy-light-light operators.

Jn, Kp, respectively, n € {1,2,3,4}) and is given by (shown schematically in Fig. 3.4):

(A0 0,08, 50) (100 (0,0)K(t,0))
VIR (=4,0) 0, (8, O (=,0) K, (1, 0))] /(I (=4,0) Ju (2, 0D (=4,0) K (2,0))

(3.70)

(for all n; no sum over n implied) at a fixed ¢. In the same way as for the two-point X-space condition
presented in Sec. 3.1.1, additional indices on the source and sink operators should be summed over
on both sides of the condition, and the open spinor indices are traced over if the source and sink are
baryonic. Since the source and sink operators are multiplicatively renormalizable, this causes the Z-
factors of the source and sink to cancel in these ratios, so they are not labelled as bare or renormalized.
Furthermore, the static-quark self-energy cancels in these ratios of correlation functions with the
same physical length of the Wilson line, allowing for nonperturbative renormalization of the operators

without determination of mgta;. Defining
(J1(~t,000(0,0) K, (£,0))
VI (,0)0, (8, 0N ES (-, 0) K, (1,0))

Tyn(t) = =T () + asT{)) (t) + O(ad), (3.71)

where Ti(fr? (t) is the noninteracting value, the X-space renormalization conditions can then be solved
as
X - -
ZE) = S TO TN () = 1oy - as DT 0(TO(4);} + 0(a?), (3.72)
n n

i,n
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which is well-defined as long as the four source/sink pairs, n € {1,2,3,4}, are chosen so that the
noninteracting matrix Té?}(t) is invertible in d = 4.

The natural candidates for the source and sink operators are the mesonic and baryonic currents
discussed in Sec. 3.1.1. The requirement that T, i(’?l) (t) is invertible restricts which sets of source/sink

pairs can be chosen. For instance,

e It is not possible to use four mesonic source/sink pairs, as, for any mesonic source/sink pair
(Jar, Kpr), the matrix element (J;(/[(—t,6)@§O)Kﬂf(t,6))|N1 vanishes for ¢ € {3,4} due to the

color trace.

e The three-point correlation function with Ag-baryons as both source and sink vanishes due to
isospin symmetry (the four-quark operator is an isospin nonsinglet and A is an isospin-singlet,

so overall matrix element is nonsinglet and hence zero)

e The three-point correlation function with Ag-baryon as a source and a X g-baryon as a sink
vanishes as neither the Ag nor the four-quark operator has right-handed light quark fields, but

the ¥ has one left handed and one right handed (this is a consequence of chiral symmetry).

e The three-point correlation function with ¥ as both source and sink, using the I, = 0 com-
ponent of each ¥ will cause the correlator to vanish, as the corresponding Clebsch-Gordon

coefficient vanishes.

For the remaining nonzero ratios of correlation functions, the noninteracting ratios are parametrized

as

€

Oy 00 L (T 0\ 00
T () =T; WQtB—E(Ze E) + 15 T2f3c

+0(€%). (3.73)

In dimensional regularization, after removing factors of §9! corresponding to the d-function in po-
sition space from the static quark propagators, T; ,(¢) has dimension 3 — ¢, accounted for by the
factor of -9 in Eq. (3.73). The specific source/sink pairs that are studied in this section are
the negative-parity heavy-light mesonic operators and the positive-parity heavy-light-light baryonic
operators discussed in Sec. 3.1.1. The values of the decomposition for the noninteracting ratio for
these source/sink operators (J, K') are tabulated in Table 3.2. Every choice of four linearly indepen-
dent source/sink operators from this list (there are 28 different choices in total) defines a different
X-space scheme. In a similar way to the parametrization of the noninteracting contribution to the
ratio of correlation functions in Eq. (3.73), the O(ag)-contribution to the ratios are parametrized
by

A _ 0 1 m a1 a2 1
10 =100 i (o) 10 i T e r00. )

For the various source/sink pairs, the O(«ag) matrix elements for the ratio have been calculated and
are tabulated in Table 3.3.
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(0,0) (0,0) (0,0 (0,0 (0,1) (0,1) (0,1) (0,1)
n Jh I{" jl,n jg,n jg,n jl,n jﬁ,n jg,n jg,n Jl,n
1 HJT H}T -6 -6 0 0 3 3 0 0
2| Hy; | Hi; | 6 | 0 0 0 3 0 0 0
4 2 4 1 -8 -2

3| M [ oo | VB VB G5 | | | 5| s | 5
* -4 -2 -2 4 4

3 Az Y10 || 2V3 | V3 NG NG -2v/3 = Ve Ve
4 2170( 2170( 6 1 —4 _?2 _Tll —73 % 1
* 2 -5 -1 10 1
4 E:2,(1 EjZ,a -6 -1 4 3 5 3 > 3
5 I,a,i ;,a,i 0 -2 0 % % 0 %% 0
5* Ej;,a,i Ej;,a,i 0 -2 0 % % 0 %; 0

Table 3.2: Decomposition for the noninteracting ratio of correlation functions accord-

ing to Eq. (3.73), for varying source-sink pairs (Jn, Kn). The source/sink pairs n =3

and n = 3" give the same noninteracting matrix elements (

jﬂoﬁ>

i,n

) in d =4 up to a sign,

and hence may not both be chosen as part of the set of four source/sink operators

used in the renormalization condition due to the requirement that Ti((i) is invertible.

The same is true for n =4,4" and n =5,5%.

Choosing the specific source/sink pairs n € {1,2, 3,4} from the list of source/sink pairs presented

in Tables 3.2 and 3.3, the X-space renormalization matrix can be calculated using Eq. (3.72) as

(X)

ijne{1,2,3,4} ~

s
as (1) (Zev5t2uz)

1-

2
j;,+ 24+4m
TE 97
5 0 B
TE
-1 , -15+4x°
3me 54w
=1 =1
367 3me

0

2| 24+4x°
+ 9

-1

9

—15+472
54w

-3 -9+2472
27e 247
-1
167
1 90+567°
4me 144w
=3
167

=5
4w

-3 | —63+72rx°

ore T 7on
=1

127

1 414+168x°

Ire ¥ 432n

(3.75)

9

where 1 is the 4 x 4 identity matrix. As a check, it can be verified that the % divergent pieces match

up with the MS counterterms presented in Eq. (3.61). The corresponding conversion factor from the
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(1,0) (1,0) (1,0) (1,0) (1,1) (1,1) (1,1) (1,1) (1,2) (1,2) (1,2) (1,2)
n Tl,n T2,n TB,n T4,n Tl,n, T2,n T3,n T4,n Tl,n T2,71 TB,n T4,n
4 5 8 8 4 4
1 -12 -12 2 2 -10 -10 3 5 -3 -3 -3 -3
2 1 8 4
2 -12 0 2 0 -10 0 3 s -3 0 -5 0
- - V3 -8 | -7 T _5_ 4 _2_ 10 _5_
3 6v3|-3v3| V3 2 V3 V3 3v3 3v3 3v3 3v3 9v3 9v3
* - _V3 3V | _2 | VB | 4 | __ 2 | _10 | __5_
3 6v3 | 3v3 v3 2 v3 2 V3 2 33 3V3 9v3 93
1 22 43 5 4 2 10 5
4 18 3 i i e D s - 1 - - 0 s O s T
* 1 73 31 103 25 4 2 10 5
A 18 -3 3 3 | -5 | % | 18 | 36 3 5 £l 27
4 8 3 4 10
5 0 -6 0 1 3 -6 -3 3 0 3 0 >
* 4 19 8 31 4 10
5 0 -6 0 1 3 -3 -3 Is 0 5 0 5
Table 3.3: Decomposition for the O(ag) contribution to the ratios of correlation func-
tions defined in Eq. (3.74). The source/sink pair index n is the same as used in
Table 3.2.
X-space scheme to MS is given by
(MS;X) . (MS) ¢ 7(X)y-1 -
Cijne(12.3.4) = Zk: Zik (24 ))kj,ne{1,2,3,4} =1+
log(B) | 4 8 3log(B) 3 5
T Yo e 0 T T &R “ir
log(B) |, 4 8 1 3log(B8) 7
0 T T ~Tor T YT s
aS(M) )
_log(B) L 27 _ 5 _1 log(B) , 7m , 5 L
6m 27 187w o 8w 18 8w 127
1 _log(B) L 2m _ 5 -3 log(8) , 7w | 23
36 61 27 187 167 8w 18 24w
(3.76)

where § := eQWE%. A natural choice for p is p? = 16e727#/t2 which would cancel the factors
of log(B) appearing in the matching coefficient. In principle, when converting matrix elements
computed with lattice HQET to MS-renormalized matrix elements, varying over the different choices
of source/sink pairs, as well as varying over the scale ¢ that the X-space scheme is defined at before
perturbatively running to a common scale, will give an indication on the error due to O(a%) terms
that have been neglected in this study.

Single baryonic heavy-light-light currents cannot be used as source/sink pairs for the AB = 2
four-quark operators, as the corresponding three-point functions all vanish. Fortunately, enough
constraints can be derived with the mesonic heavy-light currents as source/sink pairs to constitute

a valid X-space scheme. Although chiral symmetry is formally broken by the HV ~5 scheme, the
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massless nature of the light quarks causes the operators to mix in the 2 x 2 subblocks presented in
Eqgs. (3.67) and (3.68). Thus, only two source/sink pairs are needed in the X-space scheme. Using
the choice (Qv5q,775Q) and (QViv5q, 7ViV5Q), the O(as) matching matrices are found to be

_ Tlog(B) | 472 23 2log(f) _ = 4
C(gﬁsg) 1438 9 9 9 3 33 | (3.77)
(01,02} m | 4log(®) 272 8 5log(8) , 5n% 19
27 27 27 9 9 9
472 25 3log(8) =% 7
T log(B) + —+ = -t
Clonol =1+ o2 4 3.6 | (3.78)
801 T | log(®) 27, T Blog(8) , 5n* , 43
6 27 27 4 9 18

where 3 := 275 %.
3.2.3 CALCULATION STRATEGY

Unlike the two-point functions, which could be Fourier-transformed into momentum-space diagrams
with a single external scale p as in Sec. 3.1.2, there is no analogous transformation for the three-
point functions, which effectively have two external scales corresponding to the distance between
the operator and source, and the distance between the operator and sink. Instead, at O(ag) the
position-space diagrams can all be split up into a number of component pieces. For example,
one diagram topology that appears in the O(ag) contribution to the three-point mesonic function
(QTTq(~t9,0) - (QT .q)(GTrQ)(0,0) -gTQ(t0,0)) can be written as

) T L R
5.2—4—1).2 ) 5.—4—072 % Fa2a1F5152F51ﬂ2F02P1'

Here, «;, (i, pi,9; are Dirac-color indices. As well as the position-space propagators and self-
energy diagrams, there are three O(«ag) diagrams to compute, corresponding to a gluon attaching
to two heavy-quark propagators, a gluon attaching on one end to a heavy-quark propagator and on
the other end to a light-quark propagator, and a gluon attaching to two light-quark propagators. In
the case of the AQ = 0 four-quark operators, the diagram with a gluon attaching to two heavy-quark

propagators can be directly calculated in Minkowski space as follows:
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1 1 0 t dy. _;ispk—isgk
|: +¢(i9v1LTA):| [ +¢(igvMTA)] . f dsy, f OdSR ke
2 a1 p161 —to 0

2 Cmi K2
= [#Ta) o [$T 4] s, (—ii -5 (2 +log (—ie”wﬁt%))) : (3.79)

where the static nature of the heavy quark has been utilized to integrate the vertex insertions at
sr and si along the line connecting the three operators. For the two diagrams involviong gluons
attaching to light-quarks, additional master integrals are required. Relabelled from the basis from
Appendix A of [9], and in Minkowski space, there is a Tripod diagram Tpr, and a Wedge diagram
Wrr:

whose form are

ddpdepR ePLTL o ~IPRTR
TLL(xL7$R;n y T2, T ) = ’ 3.80
o @ ()™ (~(or — pr)) ™ ()™ (380)
and
Wrr(xr, xg;ni,n2,n3, N4, N5, M6) 1=
f dprdiprd®k ePLTL o~iPRTR (3.81)
(2m)3d  (=pi)™ (=(pL - k)22 (=(pr — k)?)"s (=pF)"s (=k2)"s (= (pL — pr)?)™s

The W master integral has base cases whenever an internal line vanishes, or when two external

lines vanish:
d
Wrr(ng =0) =Irr(n3,ns)Trr(xr, xR0, —5 tmatnst N4, Ng)
d
Wrr(ns =0) =Irr(n2,n3)Trr(xr, xR;ni, na, —g tnatnst ng)

d
Wir(nz =0)=1Ipr(n2,ns)Tr(zr, TR; —5 Fmng s, n4,M6) (3.82)

Wir(ni =n4=0) = Dg' (2, —2p;ns)Tr (21, ¥R N2y N3, M6)
Wrr(ni =ne =0) = Dg' (x1;n2)Trr (2L, T R; N5, na, 13)

Wrr(na =ng =0) = D5' (~zr;n3) T (01,5, 12)
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In general, W, can be reduced to these base cases by use of integration-by-parts relations (derived
from inserting Jf - k in front of the integrand of Eq. (3.81)):
1927 (57 -17) +n33*(5--4")

Wir(zp, xr;n), (3.83)
d- N9 — N3 — 2715

Wrr(xrn, xgr;n) =

where 7 = (n1,--,ng), and m*W(xp,xgr,n) = W(xp,xzg,n’') with 7’ = i1 for all components except
the m-th component, n), = n,, + 1 (this is the notation used in Ref [35]). Eq. (3.83) reduces the W
master integral to base cases where either ny,ns or ns equals zero in the argument of W. In these
cases, the integral reduces to a p-type integral and the T master integral, which can be performed

explicitly using Schwinger parameters:

I ;
E:e(n) /0 s e where Im(A)>0,n>0 (3.84)

Before presenting the solution to Tpr, we first note that the solution should satisfy the following

symmetry relations:

Trr(zr,zr;ni,ne,ng) =Trr(-2r,—xL; N2, N1, N3)

=T (-2, xg —Tr;N3,N2,n1)

(3.85)
=Trr(xp — xR, —TR;N1,N3,N2)
=Trr(~rL,—TRr;n1,M2,13)

If any of the n; <0, then there are base cases for the T,
Tro(zp,zp;®y =0) = D5 (wp;n3) Dg' (v - TRin2)
Tyr(wr, xr; w2 =0) = Dg' (2, - xr;n2) D' (~wRr; n3) (3.86)

Trr(2r,wR; 23 =0) = Dg' (xr;n1) D' (2R3 2)

when one of the n; are zero, and by differentiating against x one can attain the result for negative

integer values of n;:
Trp(en,zrs=|mlsnal, Ins|) = (0,,))" 1 Ter (@r, r; 0, Inal, [ns])
Tpp(zr, wr; Il =[nal, Ins|) = (90, )" Tor (2, 25 [, 0, na]) (3.87)
Ty (er,op: bl Insl ~1sl) = (Oey) + 0ea)?)™ Ter (e, i m Inal,0)

After completing the square, pr,,pr can be integrated over using the following integral:

e o T ETHT( gy
S(s;n) = Do (-p?)reist+io) = 7—(2d) 5T YpeZ,n>0 (3.88)
(27) (am)T(2)
To simplify the integral:
Z'n1+n2+n3 %) 8183

Trr(x1,x2;n1,n9,03) = f dsidsadss S(Sl+83;0)5(82+7;0)

F(nl)F(ng)F(ng) 0 S1 + 83 (3 89)
2 2 2 :
-1 na—1 ng-1 _.s2xy +s3(xp —aR)” + 175 ~
s1TT 85 sy exp( i Lo15s + dsg5s + d315s exp (—e(s1 + 82+ 83))
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one can change variables to x; where x1, x5 integrated from 0 to 1, and 3 is integrated from 0 to

00!
53 5253 515253
Ty = 9 €2 = 1- ) T3 =
S9 + S3 5189 + S§183 + S2S3 5182 + 5183 + 5983 3.90
Zs3 x3 T3 ( . )
81 = , S2=———, S3=————
].—IL’Q T1X9 (1—.%1)1‘2
for which x5 and z3 can be integrated over analytically to find:
—F(é - nl)F(d —MNni1 —Ng — 713)
2 2 \—d+ni+nz+n:
Tip (71, w2501, n2,13) = ] — () e
F(ng)F(ng)F(§)4”1+"2+"37r (3 91)

1 L _d _ d d — _ 2
[ dx(l_331)_%Jrnﬁnrll‘l2+m+n3 12F1 *—n17d—n1—n2—n3,*7(m[4—xlxR2)
0 2 2" 21 (1-mx)x3,

This matches the result given in [9], up to a minus sign due to the fact this calculation was performed
in Minkowski space. Interestingly, the symmetries shown in Eq. (3.85) are not manifestly obvious
in this answer, for example the R < L symmetry is broken by the choice of which momenta to
integrate out first. An important case will be needed later is Trr(zr,zg;1,1,1), in which case one
can perform a series expansion in € and swap the order with the integral over x, which does not lead
to any additional divergences.

Using the results for T, and W, diagrams with a gluon attaching to a heavy-quark propagator
on one end and to a light-quark propagator on the other end can be calculated in Minkowski space,

for instance:

(2m)2 to Pr Pr—P; 2 p161 i

0 1+9 0 0 0
- 2 A A
= -9 dsr, | Ya¥vsT T — | —F+—7F= | T(zr,2Rr;1,1,1
2 [to S [’Y ¢75 :|01151|: 2 :Iplél 92;.(11% (83}‘% 83}’8) ( LX )

d%ppd? 0 i ; 1 i ip2 st -ip%to
= Mf dsL[l(igfy#TA) ! ] [ +¢(igUMTA)] ceth e TR
N a1

zr—(sr,0)
xr—(to,0)

(3.92)

Finally, the diagram with a gluon attaching to two light lines can be reduced to the Wp; master

integral

“\ Q999 O,”
2 Sm wn = =g 1 Y YT s (VAT s
01 P1 By Qq
f diprdiprdik  ePLTL=PRIR pO (pp — k)P (pr - k)PP
@2m)3  (—p3)(~(pL - k)?)(~(pr — k)?)(-p%) (-k?)’

(3.93)
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Nl =

Figure 3.5: For isospin-singlet version of the operator, it’s possible to evaluate the
expectation values of the operator at finite temperature T to obtain renormalization
conditions, as shown on the left. It is also possible to consider an RI-xMOM scheme
(mixed position-space/momentum-space scheme) where the heavy quark propagates
for a fixed time ¢ before and after the operator, and the incoming/outgoing light quark

is set to a fixed four-momenta p.

where the factors of pr,pr in the numerator can be handled by differentiating with respect to
xr,xr. Calculating Eqgs. (3.79), (3.92) and (3.93) at the relevant values of zz, and zp is the main
computation involved in calculating the O(ag) contribution to the ratios of three-point correlation

functions to two-point correlation functions presented in Table 3.3.

3.2.4 ALTERNATE RENORMALIZATION SCHEMES FOR 4-QUARK HQET OPERA-
TORS

There are many variations in position-space renormalization prescriptions, the simplest of which
being changing the source/sink operators, or the time-separations used in the schemes defined in
Sec. 3.2.2. For the isospin-singlet versions of the operators, it is also possible to consider expecta-
tion values of the operator at finite temperature 7" and obtain nonzero results for renormalization
purposes, as shown on the left of Fig. 3.5. This is a simpler calculation compared to the three-point
correlation functions required for the scheme proposed in Sec. 3.2.2, however it comes with a num-
ber of theoretical complexities. For this to be useful, one requires 7' > Aqcp, and also to perform
the perturbative calculations of this expectation value at finite temperature (requiring sums over
Matsubara modes [46]), and furthermore requires subtraction of the linear power divergence of the
static quark propagator, possibly simply by dividing by the Polyakov loop.

Alternatively, it is possible to use a modification of the RI-MOM scheme known as the RI-xMOM
scheme [47] that utilises mixed position-space/momentum-space Green’s functions to renormalize
the four-quark operators. These types of schemes have been utilised have been utilised for similar

operators utilised in hadronic structure measurements, where spacelike Wilson lines are renormalized
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via matching to an auxiliary field formalism. For HQET four-quark operators, a scheme such as
shown on the right of Fig. 3.5 can be utilised, where the static quark is propagated for some fixed
FEuclidean time t before and after the operator insertion, and a light quark enters and exits with a
given momentum p. The downside to such a construction is that it both requires gauge-fixing, and
also requires additional renormalization conditions to renormalize the static self-energy divergence.
For example, the scheme proposed in Ref [47] requires recovering the bare mass mgtat associated

with the static quark action by:

e = S 10g Tr (1QP(0)) (3.91)

where @ is the static field operator, and the propagator is just the Wilson line of length ¢. Using
such a scheme would require calculations of the momentum-space Green’s function of the four-quark
operators in a fixed gauge, for example the Coulomb gauge, at fixed kinematics.

These schemes can also be extended to renormalize the isospin-singlet versions of the AB =0
four-quark operators. This requires introducing the additional operator QQ, due to the power-
divergent mixings.Due to this additional operator, an additional source/sink pair will need to be

introduced to fully constrain the new mixing matrix.
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A large part of what makes Lattice-QCD interesting is that there is not always a straightforward
connection between quantities that can be efficiently calculated in Euclidean time, and quantities of
phenomenological interest. There are theoretical guarentees that reconstructing all the information
of the Minkowski theory is possible in-principle, sketched in Fig. 4.1. In the top-left corner, the
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. . Lattice Correlation Functions
Wightman Axioms

0 (0lp(x1)-¢(z0)[0)r
Wightman  Recon-
struction Theorem Continuum Limit
Wightman Functions Schwinger Functions
(O|q5(x1)¢(xn)|0) A OS Reconstruction (0|¢($1)¢(3§n)|0>E
Theorem

Figure 4.1: Sketch of how (in principle) a Minkowski-time theory is reconstructed from
lattice-discretised Euclidean-time correlation functions. The correlation functions here
are written in terms of some representative scalar field ¢(z), but there is no obstruction

to using gauge, or fermion, degrees of freedom.

Wightman Axioms [1] are a particular formalisation of what a Quantum Field Theory in Minkowski
space-time is, and state that fields should be operator-valued tempered distributions satisfying cer-
tain axioms (e.g. Poincare covariance, causality). By the Wightman reconstruction theorem, the
data of a collection of fields satisfying the Wightman axioms is equivalent to the data of “Wight-
man functions’ (correlation functions of fields in Minkowski time) satisfying certain axioms. By the
Osterwalder-Schrader reconstruction theorem [2], it is possible to formally Wick rotate the informa-
tion contained in ‘Schwinger functions’ (correlation functions of fields in Euclidean space-time) to
reconstruct the corresponding Minkowski-time functions. Lattice-QCD provides noisy measurements
of lattice-discretised Euclidean correlation functions, and hence by taking the appropriate infinite
statistics and continuum limits, in principle the full data of the Minkowski-time theory should be
able to be recovered.

Though real-time information is recoverable in principle, the actual task of finding an algorithm

to recover a given physical quantity from FEuclidean data varies in difficulty. Certain observables can

1This is, of course, with the caveat that in 3 + 1d, there have been no proofs that the continuum limit of any
interacting Lattice-QFT exists. Simple examples one might consider, such as the lattice scalar ¢* theory or Lattice-
QED, turn out to not have any continuum limits. In the case of ¢* theory, there were early numerical studies providing
strong evidence for this fact [3], much later confirmed by formal proofs of the quantum triviality of the 3 + 1d theory
[4]. For Lattice-QED, there is a perturbative Landau pole that suggests that the theory may not be UV-complete.
In fact, studies [5] of Lattice-QED suggest that the theory appears trivial, and that the approximate location of the
Landau pole is inaccessible to Lattice-QED for any choice of bare parameters due to spontaneous chiral symmetry
breaking. The interacting Lattice-QFTs that have the most numerical evidence of having well-behaved continuum
limits are asymptotically free, vector-like gauge theories such as QCD. Proving that the continuum limit exists for

QCD essentially amounts to a solution of the associated Clay Millenium Problem.
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be straightforwardly computed from lattice discretised correlation functions. For example, by fitting
two-point functions to spectral decompositions, one can extract masses and overlap factor matrix

elements:

(0(H)O"(0)) = Z(OIOIM e (n]O"0). (4.1)

Both the energies and overlap factors differ from their bare continuum values by O(a™™) errors, where
a is the lattice-spacing and m is the order to which the action and operators used are improved.
Certain flavour physics matrix elements where both in and out states consist of (at most) a single
stable hadron can be extracted from three-point-correlation functions, and are therefore sometimes
referred to as ‘gold-plated’ [6, 7]. In contrast vacuum condensates such as (0|F lﬁ,F ;:‘V|O) that look
simple to evaluate as they only require inserting a single operator into the spacetime volume; are
actually plagued with power-divergent mixings in the continuum limit, as well as renormalon issues
in their definition [8]°.

Inclusive decay rates of hadrons are one of the more theoretically difficult observables to extract.
As it is unrealistic to try and sum over all decay modes of a given state, it is common to focus

instead on utilising the optical theorem to write the inclusive decay rate I'(H) of a hadron H as:
1
PO = 5o (), T=1m(i [ AT (o) Her (0))), (4.2)
H

where mpy is the mass of the hadron H, and H.g denotes the effective hamiltonian that mediates
the decay. Note that the optical theorem, as expressed in Eq. (4.2), is the leading order contribution
under the assumption that Heg is suppressed, and 7 contains corrections of the order of ~ ”Hgﬂ.
There are various methods being explored to facilitate calculations of Eq. (4.2) when H is a b-
hadron. The Heavy-Quark Expansion starts by Taylor-expanding the two currents in Eq. (4.2) as
a sum over local operators (the Operator-Product-Expansion (OPE) as covered in Sec. 4.1.2), to
write the inclusive rate as a product of perturbatively computible coefficients (which are functions
of my,), with nonperturbative matrix elements. One immediate problem with this approach is that
because all the operators appearing in the OPE have the same quantum numbers, they mix under
renormalization. This is exacerbated in Lattice-QCD studies, because the operators appear with
lower mass dimensions, leading to power-divergent mixings in % as the continuum limit is taken.
To deal with these issues, various interesting proposals to provide theoretical calculations are being

considered:

e A class of recently proposed methods involves measuring the corresponding 4-point Euclidean
correlation functions and recovering the inclusive decay rates by analytic continuation/spectral
reconstruction [9-12]. Ref. [12] numerically demonstrates the viability of one such method at

unphysical parameters and includes a suite of comparisons to OPE predictions.

2Note that unlike the gluon condensate, the chiral condensate (iv) is physical, due to its appearance in the
Gell-mann-Oakes-Renner relation (see Footnote 13 of Ref. [8])
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Topology 1:

== Static heavy quark

— Light quarks

Topology 2:

T = Tsre T = Top T = Tenk

Figure 4.2: The two types of contractions that are relevant for Spectator Effect cal-
culations, in the case that the source and sink are given by heavy-light-light baryonic
operators. Topology 1 contractions appear in both flavour non-singlet and flavour sin-
glet contributions. Topology 2 is the so-called ‘eye-contraction’ appearing in flavour

singlet calculations that cause the operator to mix with lower dimensional operators.

e A Heavy-Quark Expansion exists for the masses of the heavy mesons, where the perturbative
coeflicients are different from those appearing in the expansion for inclusive rates, but the
matrix elements are universal. In Ref. [13], the b-hadron masses were calculated with lattice-
QCD for multiple different values of the b-quark mass, which allows for the matrix elements

to be extracted by fits, providing predictions for the inclusive lifetimes.

e By studying the Lattice-regularised theory at a fixed physical Wilson-flow time (see Sec. 2.2.3),
the lattice-spacing scale a™! is effectively removed from the system and replaced by the flow-
time scale ¢ 2. Operators of different mass dimensions that previously mixed with inverse
powers of the lattice spacing now mix with powers of the flow-time scale, which does not
diverge in the continuum limit. To match these operators to perturbatively defined schemes
such as MS requires computing a short flow-time expansion of the operators [14, 15]. A similar
‘window problem’ to nonperturbative renormalization arises, where \/t > a is required to
remove lattice discretisation artifacts, but v/t <« A’Qch is required for perturbatively-computed
short-flow-time results to be trustworthy. This scheme has recently been explored as an idea

to regulate the OPE appearing for heavy hadron inclusive lifetimes in Ref. [16].

e The standard Heavy-Quark Expansion matches the QCD operators appearing in the OPE
to HQET operators. This has the effect of suppressing many of the power divergences, as
the HQET action provides additional symmetries preventing certain mixings. Not all power-

divergences are suppressed though. Consider for example four-quark operators of the form
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7:;(QT £9:)(7;TrQ), where i,j are flavour indices, and 7 is a light-quark flavour-matrix. If
7 is in the non-singlet channel (the adjoint representation of SU(Ny)), these operators are
protected from power-divergent mixings, and constitute the non-singlet contribution to the
Spectator Effects wherein light quarks participate in the decay of the heavy hadron. If 7
however is in the singlet channel (identity matrix), the light quarks can contract in an ‘eye-

diagram’ as shown in Fig. 4.2, causing power-divergent mixing with operators such as QQ.

e After a Heavy-Quark Expansion has been performed, it is possible to determine the matrix
elements via Sum Rules calculations [17]. The general idea is to link matrix elements of the
form (H|O|H) that are required for the Heavy-Quark Expansion to three-point correlation
functions of the form (0|7 (£)O(0)JT(~t)|0), where J excites the hadronic state of interest H.
Then, these three-point correlation functions can be expanded in an OPE, expressing them in
terms of vacuum condensates such as the chiral (0[¢|0) and gluon (0|F}” F4"”|0) condensates,
which can be either fitted from other sum-rules expressions, or nonperturbatively calculated
using Lattice-QCD.

In light of the list of new approaches being investigated, a rigorous study of the OPE expansion
provides a much needed cross-check between the different methods. This section focuses on a nu-
merical study of the matrix elements appearing in the Heavy-Quark Expansion. The OPE matrix
elements are also interesting in light of the tension between inclusive extractions (which performs fits
of experimental data to OPE predictions) and exclusive extractions of the CKM matrix elements, as
discussed in Sec. 1.2. Sec. 4.1 provides a review of the theory of heavy-hadron decays, and how they
can be calculated with the Heavy-Quark Expansion. Lattice-QCD computations were performed at
three separate lattice spacings of the RBC-UKQCD (2+1)-flavor Domain Wall Fermion ensembles,
and in Sec. 4.2.8, a calculation of the heavy-light decay constant ngET which describes purely lep-
tonic decays of heavy-light mesons is presented. In Sec. 4.2.9, a calculation of the Spectator Effect

matrix elements for the heavy-light meson are presented.

4.1 THEORY OF SPECTATOR EFFECTS

4.1.1 b-HADRON DECAYS

After the discovery of CP violation in kaon decays [18], it was proposed that a third generation
of quarks (now known as the bottom and top quarks) could explain the origin of CP violation in
the Standard Model [19]. Four years later in 1977 the bottom quark was discovered at Fermilab
[20]. Starting in the 1990s, accelerators and detectors known as B-factories were designed with the
purpose of providing precision measurements of b-hadron properties. For example, both the Belle
at KEKB and Babar at SLAC experiments used electron-positron collisions with center of mass
energies tuned to the Y(4S5) resonance, which decays to BB with a branching reatio greater than
96%. In more recent years, LHCD [21] has further pushed our understanding of b-physics.

Thanks to these experimental efforts, many of the masses and lifetimes of many b-hadrons are
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JP | Name and quark content | Mass (GeV) | Lifetime (picoseconds)
0~ | B*(bu) 5279.41(7) | 1.638(4)

0~ | Bbd) 5279.63(20) | 1.517(4)

0~ | B%(bs) 5366.91(11) | 1.516(6)

171 AY(udb) 5619.57(16) | 1.468(9)

171 =5 (dsh) 5797.0(4) 1.570(23)

171 EY(ush) 5791.7(4) 1.477(32)

171 0 (ssb) 6045.8(8) 1.64(16)

Table 4.1: Table of selected b-mesons and b-baryons, and their associated J* quantum
numbers (J = angular momentum, P = parity), mass and lifetimes. Note that both
parity and quark content are not actual quantum numbers of the Standard Model
due to parity and flavour violating processes. They are however quantum numbers of
QCD, and are approximately conserved up to processes occuring at the electroweak

scale, thus hadrons can often be associated with parity and quark contents.

known to percent or sub-percent precision, as shown in Table 4.1. The fact that all the masses of
the different hadrons are approximately the same is not so surprising, given that the masses are
all of the form m; + O(Aqcep) given the heavy mass of the b-quark. What perhaps is surprising
is their lifetimes are approximately the same as well. As explained in Sec. 4.1.2, the Heavy-Quark
Expansion provides the reason: the dominant decay modes of b-hadrons correspond to decays of the
b-quark within the b-hadron that do not involve the light quark degrees of freedom. For example,
some primary decay channels of the B-mesons are shown schematically in the following diagrams:

C
I l
C
w+ Y
+
b s b cl o
0 0 B+
B d;»—d}[( {u4>—uD

Note that these decays do not involve the light quark, hence they are ‘spectator independent’. In
contrast, a decay mode of a B-meson which involves the light quark is a ‘weak annihilation’ process,

as shown in the following figure:
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These processes are suppressed relative to decays of the b-quark in isolation, however they cur-
rently are much less well determined theoretically. The rest of this section focuses on the phenomenol-
ogy of these Spectator Effects, and Sec. 4.2 presents a lattice-QCD calculation of the corresponding

matrix elements.

4.1.2 HEAVY QUARK EXPANSION

The large scale separations between the QCD degrees of freedom and the electroweak scale makes
practically including electroweak bosons in Lattice-QCD calculations difficult - not to mention the
fact that there have been no convincing demonstrations of lattice discretisations of 3 + 1d non-
Abelian chiral gauge theories (see Sec. 2.2.2). Instead, flavour-physicists utilise this scale separation
to define effective field theories describing the low-energy degrees of freedom. A general method
for constructing effective quantum field theories is to split the degrees of freedom of an original
Lagrangian into light, X, and heavy, Y, degrees of freedom, and integrate out the heavy degrees of

freedom order-by-order. Schematically, the procedure can be described by:

£OXY) = B (X) + L (X, ) = g (X) + 35 50 £0(X) (43)
where Ay is a mass parameter associated with the heavy degrees of freedom, £(™ (X) is a space
of n-dimensional operators involving the X fields, and the matching is perfomed in such a way as
to preserve correlation functions of the light degrees of freedom. In the case of defining an effective
theory of weak decays, the heavy degrees of freedom that are to be integrated out are the W*, Z
bosons, the Higgs boson, as well as the top quark. To approach this procedure formally in the case
of integrating out the W-bosons (which is the dominant effect to be considered in most electroweak
decays of heavy hadrons), one considers the part of the Standard Model Lagrangian involving the

weak bosons after electroweak-symmetry breaking:

1 bt 4 17 - -
EW:—i(QHWJ—&,W;)(@“W -0'W “)+M§VW:W " »
+ %(J;W“‘ S JWRY where  JY =ai VAL, T = () '
In the equation above, the currents J lf encode only the coupling to quarks: leptonic decays can also

be included by modifying the J; currents to include the leptonic couplings. The explicit solution of
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the contribution of this part of the Lagrangian to the partition function is given by:
Ty = f DWexp(i f L)

:fDW%m@/E%¥MWWMWWWMHMH;%/H%CEWWM+%W%@ﬂ

woxp (1 [ dte aty L@ )T 0),
(4.5)

where K1 denotes the propagator:

-1 kyky
) =00l 0+ 30~ 0,0.). K30 = i (- 5 ) - a9
w

Thus, the W bosons have been integrated out and replaced by a nonlocal Lagrangian. The idea
now is to use an OPE to expand K~! in terms of local operators as a series in 1 /M‘?V, when the
interaction energy is small. To lowest order in My}, the propagator is Kﬁi =6 (z - Y) g/ M3/, in

which case the charged current interaction Lagrangian becomes:

V297
M2,

Log = J ()T (), Grp = (4.7)

\/— 2
where G is known as Fermi’s constant. For the quark-only couplings, the effective Lagrangian is

spanned by the following two operators:

O1 = (Ep"bp ) (diyuuy)s O = (€py"b] ) (d)yuut), (4.8)

which mix under renormalization, where the ,j are indexing the color indices. Note that both
01, Oy are the only Lorentz, and colour singlets in the tensor representation ¢ ® by, ® dy, ® uz,. The
operators are protected from mixing with operators containing right-handed fields by approximate
chiral symmetry.

Supposing that the decay of a hadron H is governed by an effective hamiltonian Heg, its decay
into arbitrary final states can be written as:

DO = 55 [ 2000 G =2 X e B (49)

PhaseSpace

where X indexes the set of allowed final states. Note that the integral over phase space depends
on the particular choice of X, for instance different numbers of particles in the final states requires

different phase space integrals. The optical theorem transforms the total decay rate to:
D(H) = o (HITIH), T =Ta[i [ d' T[Hoa (o) He(0)]] (4.10)

Note that the energy released in the decay of a b-quark is a large scale compared to Aqcp, due in

part to the gap between the charm and bottom quark masses. This large decay energy causes the
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integration over current insertions in Eq. (4.10) to be dominated by the region where x? « Aqep,
and another OPE can be performed by expanding the product of currents as a local sum of QCD
operators with the same quantum numbers. Because the flavour symmetry is enforced in pure QCD,
all these operators will be AB = 0 operators meaning that the net bottom quark number is unchanged
by the operator, and it takes the form of Bi’abj’g possibly contracted with additional fields (where
1,7 are colour indices, and «, 8 are spin indices). To be precise, the lowest three operators in the
OPE take the form [22]:

Py = CET8 Lo, GO | cs (Hilbgsop P D)
b 19273 ¢ 2MH, m% 2Mpy, )
, C6 (H](OTg) @ rOIH) | o 1 :
mg MHb m;; 3

where cs, cs5, ¢ are perturbatively calculable Wilson coefficients, and o, = i[vu,’yy] /2. T, T are
spin-colour structures that will be specified later. The QCD operators appearing in this OPE all mix
with each other as they have the same quantum numbers by definition, leading to power divergences
as the continuum limit is approached for a lattice regularisation.

To suppress this mixing, the QCD operators can be matched to HQET:

- el D o 1] o0 1)

2m,2, my b my (4.12)
oo (HQl@ )@ rQlHg) | (1Y)
my M, my ) )’

where the relativistic b field has been matched to the static HQET @ field, the b-hadron state has
been matched to a nonrelativistic state Hg (but the relativistic normalisation has been kept), and

the kinetic and chromomagnetic energies of the B-meson are given by:

(HolQ50,, F* Q|Hq)
2 My,

2 _ (HolQ(iD)*Q|Hq) 2 _
My = ’ Ha =
oMy,

(4.13)

These matrix elements are well known from fits to the heavy quark expansions of the B-meson
spectrum [23]. Instead, for the rest of the section, the focus will be on the 4-quark matrix elements
known as the Spectator Effects.

4.1.3 SPECTATOR EFFECTS

In the Heavy-Quark Expansion of the inclusive lifetime presented in Eq. (4.12), there are various
terms that contribute at the order m%z, However, as shown in Fig. 4.3 the ‘Spectator Effects’ where
a light quark participates in the decay is phase space enhanced relative to the other contributions
as it appears from a one-loop diagram rather than a two-loop diagram [24]. The four operators that

contribute to the Spectator Effects are:
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Figure 4.3: Schematic of the Operator Product Expansion. Note that the third dia-
gram (representing the Spectator Effects where light quarks participate in the decay)
is a one-loop diagram, which contributes to a 167> phase-space enhancement over the

other two diagrams.

O{AA = (@’YALPLQf)(qf’Y“PLQ)a ngp = (@PLC]f)@fPRQ)a
T o= (@QuPLTap) @ PLTQ),  TL p = (QPLT 45) (@, PrTQ),
where f labels the flavour of the light quark. As depicted in Fig. 4.2, the matrix elements of

(4.14)

these operators in a b-hadron state contain two different types of contractions, the ‘eye’ contraction
where the light quark is contracted in a loop and effectively does not participate in the decay, and
the connected contraction that actually parametrises the Spectator Effects. Both contributions are
important for the full determination of the inclusive lifetimes, however the connected contractions
are simpler because they do not give rise to power-divergent mixings with the QQ operator. Also,

note that in ratios of the inclusive decay rates of the charged B meson to the neutral B meson:

Tpe _, #2(BY) - pa(B*) | cc pg(B) - pg(BY)

. 4.15
T po 2m? c3 2mj o
N + + 0 0 0 4
, (B (BIOIB) _ ca(B) (B°10IB") +O(A4)7 (4.16)
c3 my Mp C3 my Mp my,

the prefactors completely cancel out, and the leading order matrix elements largely cancel due to
isospin symmetry, leaving an enhanced contribution from the Spectator Effects. In the isospin

symmetric limit, defining the operators:

Oy := OdV_A - O@_A, Oy := Og'_P - Og’—P (417)
Oy =T o~ T4y, Ori=Ti -T2, (4.18)
(4.19)

then (By|O;|By) exactly capture the Spectator Effect contributions, by cancelling out the eye con-

traction diagram exactly. This is also equivalent in a sense to normal ordering the operators [24].
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The vacuum-saturation-approximation offers an order-of-magnitude estimation of the sizes of the
Spectator Effect matrix elements by inserting a complete set of states and restricting to the vacuum

state:

(BolOs|Bo) » Y (Bol(QT L,iq)[n){nl(qL r,:Q)|Bo) ~ (Bo|(QT'L:q)|0{Q(qL ,:Q)|Bo) (4.20)

n

where € is the interacting vacuum state. Note that there is no particularly good motivation for the
vacuum saturation hypothesis, and historically it was used only when Lattice-QCD results were not
available for these types of quantities. It is conventional to parameterise the Spectator Effects in

terms of so-called ‘bag parameters’ By 2,€1.2 as [24]:

2 M 2 M
(BO|01|BO>nr = fB BBl, (BO|02|B>nr = fBiBB%
8 8
fEMp fEMp (421
<BO|O3|BO>III‘ = B €1, (BO|O4|B>HI‘ = B8 €2,
where fp is the heavy-light decay constant defined by:
. m _
= iS55 0 = (UT115Q1Badus, (4.22)

and the ‘nr’ subscript refers to the nonrelativistic normalisation of states (for full details of the
normalization, see Sec. 4.2.3). With this definition, the vacuum saturation hypothesis is that By =
By =1 and ¢y = ¢; = 0. It is also possible to define analogous quantities for b-baryons such as the A,
baryon:

2 M 2 M
(Ap|O1| A ) = fB8 L1, (A|OsAp ) = fBg B L, (4.23)

as suggested in Ref. [25], where there are only two relevant matrix elements due to heavy quark
spin symmetry. Note that in the baryonic case, there is no vacuum saturation argument that is
possible, as the quantum numbers of the baryon do not match ‘half’ of the O; operators, hence the
decomposition into L, Ls bag parameters in Eq. (4.23) is only schematic. These baryonic matrix
elements are not investigated in this section, and are left to future work.

Besides the tensions in inclusive/exclusive measurements of V,;, Ve, as discussed in Sec. 1.2,
another motivation to measure the Spectator Effects are the recent reorderings of measured lifetimes
in the charm-baryon sector [26, 27]. Due to the lighter mass of the charm quark, higher dimensional
operators appearing in the OPE are much more significant contribution to the inclusive lifetimes.
Earlier analyses with heavy quark expansions suggested the originally measured hierarchy (induced
by operators up to dimension 6) [28-31], however including dimension 7 operators can provide an
explanation of the updated hierarchy [28, 32, 33].

There are very few Lattice-QCD calculations of the Spectator Effect matrix elements. The
earliest studies were performed in quenched HQET [34, 35], which means that the light quark fermion
determinant was set to one in the path integral, and the matrix elements were matched to the static

theory. Quenched QCD was utilised in early lattice studies due to its lower computational cost,
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Figure 4.4: Figure from Ref. [27] showing the recent inversion in charm-baryon lifetime
hierarchies, where the new measurement of the QU lifetimes are in 7o tension with the

world average reported by PDG in 2018.

however comes with systematic uncertainties that are difficult to estimate. A study of the matrix
elements in full QCD was presented in a conference proceedings in Ref. [36] by extrapolation in the
heavy quark mass using a number of different ensembles, however the details of the calculation were
never published. Recently, an effort has been made to measure the QCD Spectator Effect matrix
elements by using gradient flow to suppress the power-divergent mixings between the operators [16].
The measurements are still preliminary as the short-flow time expansion and matching to MS has
not been completed in its entirety, and small flow-time mixing with lower-dimensional operators has
been ignored.

Because the matrix elements in this section are computed in the static limit of HQET, using
them in the Heavy-Quark Expansion as predictions of the inclusive lifetimes of b-hadrons comes
with associated perturbative uncertainties due to the matching between QCD operators and HQET
operators. In contrast, calculations of the matrix elements directly in QCD are usually performed
at unphysically light values of the b-quark mass, as it is difficult to create ensembles with a lattice
spacing fine enough to suppress O(amy)-discretisation errors. Matrix elements at the physical point
can be recovered through an extrapolation in my. The static limit matrix elements are also useful
as an anchor point in this strategy as they provide the value at my = oo, turning the extrapolation

into an interpolation which is much better constrained [37].

4.2 DETERMINATION OF SPECTATOR EFFECT MATRIX ELEMENTS
IN LATTICE QCD
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4.2.1 DoOMAIN WALL FERMION ENSEMBLES

In choosing a lattice action to calculate quantities relevant for weak phenomenology, it is common to
use Ginsparg-Wilson fermions as they suppress mixings with operators in different chiral represen-
tations. For this study, we used configurations generated by the RBC-UKQCD? collaboration listed
in Table 4.2. The ensembles were generated with 3 flavours of quarks in the ‘sea’, meaning that
the up down and strange quarks were included in the path-integral action, and the charm, bottom,
and top quarks were not. This is a good approximation of most hadronic physics because the heavy
quarks effectively decouple at low energy scales. The masses of the up and down quark were chosen
to be degenerate, whereas the strange quark mass was heavier.The action used for the fermions in
the 241, 321 and 32Ifine ensembles was a Shamir domain wall fermion action [38, 39], which is a
particular case of the Mobius action discussed in Sec. 2.2.2 where b = 1,¢ = 0 on all steps in the
fifth-dimension. These Shamir ensembles were used to measure correlation functions, perform fits
and extract bare matrix elements. The fourth-ensemble labelled 48 is a finer-discretisation ensem-
ble, that was added later in the analysis for the purposes of step-scaling (as described in Sec. 4.2.5)
to reduce the size of the error arising from the perturbative mathching between X-space and MS
schemes. This finer ensemble uses a Mébius domain-wall fermion action with b = 1.5,¢ = 0.5 on all
steps in the fifth-dimension. It also differs from the other ensembles in that the temporal direction
has open boundary conditions - this is often done for practical reasons to allow for faster thermalisa-
tion of the Monte-Carlo-Markov-Chains used to sample from the path integral, because instantons
can flow in and out of the open boundary, essentially solving the topological freezing problem [40].
This comes at the expense of only being able to compute reliably correlation functions in the ‘bulk’
far away from the open boundary edges. The gauge action used for all the ensembles is an Iwasaki
gauge action [41] which includes traces of Wilson loops larger than the simple plaquette used in the
Wilson action (Eq. (2.54)) and coefficients tuned to improve the continuum limit behaviour of the
gauge theory.

Because the masses of the up and down quark are set to be equal, these ensembles all have perfect
isospin symmetry, causing the charged and neutral pions to have the same mass. Note that the
physical pion masses are actually given by m,+ = 139.57TMeV, m 0 = 134.98MeV. Ignoring the slight
isospin-asymmetry evident in the physical pion masses, it is clear from Table 4.2 that the dominant
difference is that the ensembles used have much larger masses for the up and down quarks than in
the physical case. This is primarily done because the computational cost of computing propagators
for heavier quark masses is cheaper, and thus it is easier to achieve low statistical errors with larger
quark masses. This is especially true for Ginsparg-Wilson fermions such as the M6bius action, where
the computational cost is an order of magnitude more than fermion actions that don’t satisfy the

Ginsparg-Wilson relation. In principle it is possible to utilise ensembles with various different pion

3A collaboration between RIKEN-BNL, Brookhaven National Laboratory, Columbia University, and Lattice-QCD

physicists at UK institutions.
4C.Lehner, private communication
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Ensemble | Lattice Volume | a™ (GeV) | m, (MeV) | Neggs | Np N,
241 243 x 64(x16) | 1.785(5) | 339.7(1.3) | 247 | 444 | 2133
321 32% x 64(x16) | 2.383(9) | 302.4(1.2) | 142 | 373 | 303
32Afine | 32° x 64(x12) | 3.148(17) | 371(5) 113 | 1062 | 2230
48 48% x 1920(x12) | 3.5(1) 280 13 |30 |o

Table 4.2: Values taken from Table IX in Ref. [42]. The lattice volume is denoted
by LX3 x LT(xNs) where LX is the number of points in each spatial direction, LT
is the number of points in the temporal direction and N5 is the number of points in
the fifth-dimension. N is the number of configurations used on each ensemble, and
N,/ Ns are respectively the number of point/smeared source propagators computed on
each ensemble. For ensemble 48, the ‘o’ indicates that open boundary conditions are
imposed in the temporal direction. The scale-setting for the ensemble labelled 48 is

unpublished, and received by private communication®.

masses to perform a coupled chiral-continuum extrapolation to the continuum, physical theory (with
the correct pion mass), but given that the ensembles available in this study have large pion masses
this is not attempted. Instead, the point of view is taken that the extracted matrix elements will
correspond approximately to the matrix-elements in a theory with m, ~ 350MeV, which can be
used as an estimate for the physical-point matrix element, or compared against HQET sum-rules
predictions in a theory with a similarly heavy pion mass.

There are also systematic errors associated with simulating QCD in a finite volume and at finite

~mxL controls the size of the dominant finite volume effects due to the

temperature. Heuristically, e
lightest mode wrapping around the box (where L is the physical length of the box), and should
be as small as possible if calculations are used to extract infinite volume quantities. Similarly, the
temperature 1" should ideally be much smaller than Aqcp to suppress finite temperature effects.
Calculating both of these quantities for the ensembles listed in Table 4.2, both effects are most severe
for the 32IF ensemble for which ™% ~ 0.02, and T ~ 50MeV, leading to percent-level errors. In
this section, both of these effects are ignored as subleading sources of error.

Light quark fermion propagators are computed on each of the ensembles using either point
sources (no smearing), or gaussian smearing as described in Sec. 2.2.3. It is technically possible
to compute propagators with different bare quark masses than what was used in the path integral
action, for the purposes of taking a chiral limit of the extracted matrix elements. However, this can
lead to observables which have infinite variance[43], as there are field configurations on which the
fermion determinant in the path integral is nonzero, but the Dirac matrix used for the propagator
calculation has zero modes. This problem is avoided in this study, as the bare quark masses used in
the propagator generation are the same as what was used in generating the configurations, which is
sometimes described as the ‘unitary limit’. The gaussian smearing kernel is fixed on every ensemble,

and corresponds to a smearing width of 4.35a in 30 iterations on the 24 and 321 ensemble, and a
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width of 5.75a in 60 iterations on the 32IF ensemble. There are no smeared propagators computed
in the 48 ensemble, as it is only used for renormalization purposes, and hence the operators are all

point-like.
4.2.2 LATTICE ARTIFACTS IN POSITION-SPACE

Following Ref. [44], the free Domain-Wall (Shamir-action) fermion propagator in momentum space,

and in the infinite N5 and infinite volume limit, is given by:

W(p)=1-M-2rY sin’ %", (4.24)
o
2 2
cosh(a) = Sl ;HE/T o p#7 (4.25)
54(p) = la(-p)a(p)) = —2esmpu+ (L2 We )m (4.26)

—-(1-eW) +m2(1 - We o)’

where r is the Wilson parameter, conventionally set to r = -1, and 1 < M < 2 is the mass parameter
of the five-dimensional modes (set equal to 1.8 for the ensembles shown in Table 4.2). As shown in
Ref. [45], the infinite N5 propagator is a function of b—c and does not depend on b+c, thus Eq. (4.24)
is also the expression for the tree-level propagator for the Mobius action b = 1.5,¢ = 0.5 used for
the finest ensemble. Note that at tree-level, the propagator S,(p) shown in Eq. (4.24) is suppressed
compared to the usual continuum propagator value by a factor of (1 —wg)?, where wy =1 - p.

By numerically performing a Fourier transform of the momentum-space propagator, it is possible
to compare the position-space results against the numerically-computed position-space propagators
on each ensemble, as well as the continuum result, as shown in Fig. 4.5. The bare light quark masses
used (corresponding to the bare masses utilised in the ensemble generation) are light enough that
the propagators are all approximately in the massless (chiral) limit.

This comparison is of critical importance to consider when deciding how to implement a X-space
renormalization scheme. The point is that in any X-space scheme, the renormalization condition is

of the form:
(O(X)(scl) .. C’)(X)(xn))interacting =(O0(x1)...0(xp) Mree (4.27)

Suppose that the typical separation between the x; coordinates is given by x. When implementing
Eq. (4.27) in a lattice discretisation, one ideally wants to work in a regime where x is large enough
such that discretisation artifacts are suppressed, and it does not matter whether the right-hand-
side free correlation function is computed with the free continuum propagators or using free lattice
propagators. In Fig. 4.5, this corresponds to choosing x such that the black crosses approach the
dashed line (corresponding to the overall normalisation), which requires = 2 20. In practice, this
is quite difficult to achieve whilst still maintaining that the chosen x is perturbative (z <« Agcp).
In Ref. [46], it was proposed to simply use the lattice tree-level propagator when implementing
Eq. (4.27), which will cancel the leading lattice artifacts. Although it is not clear whether this

procedure is completely systematically under control, this is the procedure used in this section.
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Figure 4.5: The filled in circles shows the logarithm of the ratio between the position-
space free propagators computed numerically using the different bare parameters on
each ensemble listed in Table 4.2, divided by the free massless continuum propagator

TOZEONE 5=3-3 where the spin-structure has been removed. In crosses, this is

also compared against the result utilising the free massless lattice domain-wall-fermion
propagator (in the infinite N5 and infinite volume limits) given by Eq. (4.24). Note that
the domain-wall fermion propagators are suppressed by a factor of (1 -wg) compared

to the continuum result in the x — oo limit. The z-axis is presented in lattice units.

4.2.3 CORRELATION FUNCTIONS AND MATRIX ELEMENTS

In this section, strict isospin symmetry is imposed (m, = mg), and hence there is no distinction
made between the positive B*-meson and the neutral B’-meson, they are both labelled as simply

the B-meson. The B-meson decay constant fp in the static limit is defined by

(Q|(67;1«'VSQU)R(/~L)|B (U? I%) >nr =—i EQET)R(M) V %UM’ (428)

where R denotes a choice of renormalization-scheme defined at scale p, € refers to the unit-normalised

interacting vacuum, and the phase of the |B(v, E)) state is chosen such that fp is real and positive.

The subscript ‘nr’ denotes continuum states with nonrelativistic HQET normalization defined by:
(B (o, ) |B (0,)). = w000 (20)6 (F — ) (4.20)

where 6,, is a Kroneker-delta over different discrete v-sectors, and §°3 (/5 K ) is a Dirac delta. In

the rest of this work v = (1,0,0,0) is always set to be purely timelike, such that the static-quark
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states in the lattice are indexed by their spatial quantum number Z:

(B(§)|B(2)) 1. = 02 (4.30)

where the subscript ‘lat.” refers to states in a lattice with N, sites in each of three spatial dimensions,
and lattice spacing a. The lattice nonrelativistic momentum states are related to the position

eigenstates by a Fourier transform:

|B(K)),,, = Va? Ze-i’f@ IB(E)as  1at(BE)BE)),, =’ N3G ... (4.31)
where lattice momenta are restricted to discrete values:
- 2
k= '(nl,TLQ,TLg), 0Sﬂ1,7L2,TL3<NS. (432)
Nga

This normalisation is chosen such that the lattice state approaches the continuum state |B(k))iat —
|B(i€))nr as the continuum and infinite volume limits are taken. fp can be extracted from the
spectral decomposition of lattice two-point correlation functions:

CO_ (1) = (2] @Q) D" (1) (Qrs59)( 2" (0,#)[Q) = Z%, Zy,e Bt + excited states, (4.33)

lat.

where s1, s2 refer to potentially different smearings, (0) refers to the bare lattice operators, Zs, , Zs,

are the associated (possibly complex) overlap operators:
Zs, = (@@ ™ (0,8 B(@)hat. (434)

Note that the parameter F in Eq. (4.33) does not correspond to the energy of the B-meson in
HQET, due to the linear power divergence of the static quark that requires renormalization. In
this chapter, operators are always renormalized in intermediate position-space schemes (studied in
Chapter 3) before being matched to perturbatively defined schemes such as MS. Such a procedure

leads to renormalization factors (unfortunately also labelled by Z):

— 0 —
Z3 @, = @sQ)" (). (4.35)
The static decay constant can then be extracted in the continuum and infinite volume limit as:

3
HQET())) = lim lim |Zp|ZZ 2a” 4.36
5o ()=l i [Zp| 250 (k) (4.36)
where P corresponds to pointlike-smearing (in other words, no smearing at all). Note that quark
propagators are conventionally computed in units of the lattice-spacing, meaning that quantities such
as Zp extracted from correlation functions must have their units restored before usage, Zp = a 375",
The Spectator-Effect matrix elements for B-mesons are expressed as:
HQET,R 2
( BQ (w) m

(B(v, k' = 0)|OF (1)|B(v, = 0))nr = 5 2Bl () (4.37)
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for i € {1,2,3,4}. Note that the bag parameters B;,¢e; have been combined into a single vector
of length 4, B;. This will simplify discussion of their mixing under renormalization. To extract
the four-quark matrix elements requires fitting the spectral decomposition of three-point correlation

functions:
O () = (A @sQ) " (t2.7) O, (0,7) (Qrsq)\o ™ (~t1,7)|2) (4.38)
=23, Zoye PO (B(3)| O, (0,2)|B())1ar. + excited states, (4.39)

where the four-quark-operator insertion is always unsmeared. The bare operators are related to

renormalized operators in some scheme R and scale p by the invertible matrix Zﬁ(u):

ZH (oS

J,lat

- OF (). (4.40)
The bag parameters can be related to the matrix elements calculated in Lattice-HQET by:

_ 3
a— —00 ( B s (,U/))

ZR (1) (B(2)|0%),(0,2)B(Z))1at. (4.41)

2 J,lat
mp
Once again, one must be careful to restore factors of the lattice-spacing into the matrix element

extracted from correlation functions computed in units of the lattice-spacing.

4.2.4 RUNNING OF ag

To use renormalization-group running equations to express matrix elements at some physical scale,
such as the mass of the bottom quark my, one needs to know the values of ag for all intermediate
scales to solve the RG differential equations. From the most recent Particle Data Group review [47],

the values of ag and myz used are given by:

al(mz) =0.1180£0.0009,  my = 91.1880 + 0.0020 GeV (4.42)
(Ny)

where ag '’ indicates that the running coupling has been renormalized in a theory containing Ny

quarks. The running of ag(p) as a function of p is given by the S-function:

J— —_— —=\ 2
MS MS MS
__p dog :6(a5)26+[30(%)+51(%) +.. (4.43)
2 4 47

QQg/TS du

where in this thesis, ag will always refer to the MS renormalized values. The 5 term vanishes as
d - 4 and is dropped in future expressions, but its presence is important for the consistency of
renormalization in dimensional regularisation. The S function has been calculated for QCD as a

function of Ny flavours of fermions in the theory as [48]:
B(as, Ny =3) = o (%) (1+0.565884a s + 0.453014a% + 0.676967a% + 0.580928a%),
7I
B(as, Ny =4) =B (%) (1+0.490197as + 0.308790a% + 0.4859010% + 0.280601ay),
78

B(as, Ny =5) =5 (%) (1+0.401347as + 0.1494270% + 0.3172230 + 0.080921a%), (4.44)
™
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where 5y = 11 - % is the one-loop result. The result for multiples of Ny is needed because the
MS scheme does not decouple heavy modes automatically, and all operators and coupling constants
should in principle be matched between an (N — 1)-flavour theory and an Ny-flavour theory when
running g past the mass of a fermion. An explicit artifact of this observation is that a pure MS
calculation would predict that all flavours of quarks ¢ should influence the § function, even when
i << my, which is clearly unphysical. It is for this reason that MS is sometimes referred to as an
unphysical renormalization scheme.

The ensembles used in this section (and listed in Table 4.2) all have three flavours of quarks
in the sea, hence the renormalization of the operators should be performed in the N¢ = 3 theory.

g’) using the known value of ag‘r’)(mz) requires first matching between a 5 flavour

To determine «
theory and a 4 flavour theory at the mass of the bottom quark, and then matching between 4 flavour
theory and 3 flavour theory at the mass of the charm quark. Assuming that the decoupling equation
is CSangH)(mh) = ang)(mh), and is performed at the scale corresponding to the heavy quark my,

being integrated out, then this decoupling ratio is given by [49, 50] °:

(N.f+1)(mh) 2 oz(N‘fH)(mh) 3
(2 =1+0.1528 ST +(0.9721 - 0.0847Ny) % (4.45)
a(Nfu)(mh) 4
+(5.1703 - 1.0099 N - 0.0220N7) 5‘7 +0(a3), (4.46)
where my, is renormalized in the MS scheme. The masses my, m, are given by:
my(p=mp) =4.183 £0.007 GeV, (4.47)
me(p = me) = 1.2730 + 0.0028 GeV. (4.48)
Now, equations Eqs. (4.44) and (4.45) can be used to find the ozgg) at various scales:
al?(1.785 GeV) = 0.317 = 0.007,
a'?(2.383 GeV) = 0.273 = 0.005,
al?(3.148 GeV) = 0.242 = 0.004,
o (3.500 GeV) = 0.232 + 0.004,
a'?(4.183 GeV) = 0.217 = 0.003. (4.49)

The significance of the first four scales used in Eq. (4.49) is that they are the values of a™! for
the four ensembles listed in Table 4.2. The last scale is approximately the mass of the b-quark.

Errors from ag contributions have been ignored, errors from ag(mz), mz,mp, m. are assumed to be

!

5Note that there appears to be a minor typo in Ref. [49], Eq (2.1) should read £LRCP (g%, m0,...) = £'(g%",m"’,...)
where the unprimed quantities refer to the full theory, and the primed quantities to the effective theory with some

heavy modes integrated out.
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Figure 4.6: a(SNf)(u) plotted as a function of p by numerically integrating Eq. (4.44)
and Eq. (4.45) for Ny = 3,4,5 in the range between m. and my (the two vertical black

lines).

independent in the determination of the errors shown in Eq. (4.49), and errors from lattice-spacing
determination are not included: the purpose of Eq. (4.49) is simply to give an indication of the size
of perturbation theory errors one should expect at these different scales. ag is known precisely over
the whole range of interest (percent level errors), and will be a small contribution to the final error
budget.

Fig. 4.6 shows the difference between using the 3,4, or 5-flavour ag for m. < p < my. Note that
for 0‘(53)7 the value of 0‘(34) first has to be run down to the m, scale, before matching to the 3-flavour

theory and running back to larger values of pu.

4.2.5 STEP-SCALING AND RENORMALIZATION GROUP RUNNING

When implementing nonperturbative renormalization schemes such as the schemes proposed in
Chapter 3, there is a window problem where ¢ > a is required to suppress discretisation errors,
but 2 > Aqcp is required for the perturbative matching coefficient to be well defined. Given that
as(a™t) on the three lattices 24, 321 and 32IF is relatively large, this window may not exist at all for
a given operator depending on the order to which the renormalization group equations are known.
To avoid this, step-scaling to the finer lattice labelled 48 is utilised, where bare operators in a coarse
lattice are first matched to their bare counterparts on the fine lattice, before matching to X-space
at a higher scale. To see how this works, suppose that T'(t) represents the correlation matrix that
is matched to the noninteracting (NI) value in order to define the X-space scheme. Choosing coarse

and fine scales t.,ts on coarse and fine lattices with lattice spacings a.,as respectively, the total
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renormalization factor is given by:

_ ne lat. ne lat. -1
fo)(u:ctfl):(T(O’ﬁ ) () (T2 (1) ) )X
_1\! -
(T(O,ﬁne lat.)(tc) (T(ﬁne lat.)(tc)|NI) 1) % (T(choarse lat.)(tc) (T(coarse lat.)(tc)|NI) 1) (450)

where all matrix indices have been suppressed. In Eq. (4.50), the constant ¢ should be varied in
the analysis to provide an estimate of the uncertainty due to perturbation theory. This procedure
renormalises operators defined on a coarse lattice in terms of a fine scale t¢, so that errors due to
matching to MS are suppressed. Due to the small Euclidean separations used, this procedure requires
only a few additional propagators to be generated on a fine lattice as the statistical uncertainties are
not very large. A technicality that arises is that if ¢, is chosen to be an integer multiple of a., it will
not be an integer multiple of ay (unless the lattice parameters are tuned such that a. is a multiple
of ay). Measurements of T(Ofime 1at) (1) can however be fit to splines of fixed order to interpolate a
value for T(%-fine 1a8) (¢ ) 'the simplest scheme being a first-order spline (linear fit) to the neighboring

points

T(O,ﬁne lat.)(t ) -

7(0.fine lat.) (af [%J) + (tj _ lth) (T(O,ﬁne lat.) (af |'tc“) _ (0fine lat.) (l%J)) , (4.51)
G,f Qe Qe af af

where |-|,[-] are the integer floor and ceiling functions respectively.
After renormalizing into X-space scheme, the rest of the matching procedure can be schematically
visualised in the following diagram:
(0,Lattice)
OudeT

nonperturbativel

X _ X _
OI({Q)ET(tfa W= ctfl) —_— OI({Q)ET(cmbl, w=mp)

! !

MS _ MS
OI({QE)T(N =cty!) —— OI({QE)T(N =my)

| ~
(MS)

MS
O(QCD)(/J' =my) ——— OQCD (N2 = m%v)

The ambiguity of defining a dimensional regularisation scale p corresponding to a given fine scale t}l
used in an X-space scheme is parametrised by a real positive constant c in the above diagram. Due to
only one-loop anomalous dimensions being available for the running of the four-quark AB =0 HQET
operators, the running between the lattice scale ct}l and my is only available to leading-logarithmic
(LL) accuracy, which is the same in both X-space and MS when operators in X-space are run

along the trajectory defined by a constant ¢ = putx. Combining this leading-logarithmic running
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with the O(ag) matching derived in Chapter 3 causes the square connecting OI(;BET (u? = cQt}Q) to
O%ET( p? = m%) to not commute: the two different paths (running and then matching, or matching
and then running) result in different results. This is because the matching performed at either
W= ct}1 or i = my gives different results, even though the logarithmic running in either scheme is
the same. In other words, the calculation is not consistent to NLO order - leading logarithmic running
should be combined with a leading order matching in order to give a consistent renormalization of
the operators. In Sec. 4.2.9 the operators are NLO matched before they are LL run to a higher
scale, with the understanding that when the NLO anomalous dimensions for the four quark AB =0
operators become available, they can easily included into the analysis to give a consistent NLO

renormalization of the matrix elements.

4.2.6 THE ROLE OF WILSON FLOW

As mentioned in the introduction of this section, Wilson flow can be used to regulate power di-
vergences appearing in an OPE. This requires Wilson flowing of the fermion fields along with the
gauge fields whose evolution equations are described in Eq. (2.79). One prescription for flowing the

fermion fields in the continuum can be written as [51]:

d
a% = DuDuwh (452)

where 1, is a flowed fermion field at time ¢, and D,, is the continuum Dirac operator. In fact, at finite
Wilson flow time all composite operator divergences vanish, and composite operators renormalize
multiplicatively according to their field content. For this reason, Wilson flow can be used as a
(partial) regulator of QCD itself, and matrix elements computed at fixed physical Wilson flow time
have well-defined continuum limits.

In the calculations presented in this section, Wilson flow is not used as a regulator of UV-
divergences, instead it is simply used as a smearing procedure to improve the signal-to-noise ratio
of correlation functions including a static quark propagator. The quark fields are never flowed
in this section, and all light quark propagators refer to their values computed on unflowed gauge
configurations. The static quark propagator is computed on flowed configurations, fixed to a2t = 2.0
where a is the lattice spacing of the ensemble being used. This has the effect of causing the physical
flow time ¢ to vanish as the continuum limit a — 0 is taken. The flowed configurations were computed
by iterating the Runge-Kutta scheme described in Appendix C of Ref. [52] 200 times, corresponding

to a Wilson flow time-step of dt = 0.01a? on each ensemble.

4.2.7 FITTING PROCEDURE

The Lattice-QCD observables considered in this section are all derived from correlation functions,

which as observables have the form:

gy~ L DU W)
DU 507

(4.53)
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where for simplicity the action here is simply written as a function of the gauge fields U. Ide-
ally, one would have a collection of uncorrelated samples drawn from the probability distribution
Uy, Us,...,Up ~ %e‘s (U], with correlation functions f;(U;) evaluated on each of the samples, where
i indexes over a different number of measurements. Because the samples used in Lattice-QCD
are nearly always generated using a Monte-Carlo-Markov-Chain (including those in Table 4.2), the
samples are never completely decorrelated. Furthermore, for the propagators computed on these
ensembles, the matrix f;(U;) has missing entries due to some measurements not being available
on certain configurations. The final complication is the fact that there are multiple f; functions
which correspond to a single correlation function observable: for instance the two-point correlation
function (O(t,#)O0(0,%)) is Z-independent, however different choices of # correspond to formally
different functions f;.

The first simplification made in our analysis is that all f; that correspond to the same physical
observable (up to symmetries) are averaged over per configuration. After averaging, each f; corre-
sponds to measurements of either the two-point or three-point functions at fixed time-separations

and smearing choices:

C2, 1, () = (@0 15Qe ) (D)@, 1505, ) (0)) (4.54)
CO (b t2) = (@, 75Q) (12) 0:(0) (@565 ) (1)) (4.55)

Note that this notation is slightly more detailed than the notation used earlier in Egs. (4.33)
and (4.38), as the generic smearing of composite operators has now been specified to a choice
of smearing s1, sy for the light quark field, and a choice of Wilson flow-time ¢; for the static quark
propagator. The spatial indices on all operators have been dropped due to spatial invariance of the
correlation functions. The sample mean and covariance are then calculated taking into account that

certain entries may be missing:

7-—i - 52 B 1
fi = N Zt:fz(Ut)a ij

i N, —1 Ui =) (4.56)

where each of the sums are only performed over configurations where the corresponding measure-
ments exist, IN; denotes the number of configurations on which the correlation function f; was
measured, and N;; denotes the number of configurations on which both f; and f; were measured.
The autocorrelations remaining due to memory effects in the gauge field generation can be measured
by calculating the normalised autocorrelation function:

pi() = O_%_Et[(fiwt) AU -] (4.57)

i

which measures how correlated a measurement of f; is at Monte-Carlo time ¢ with the measurement

of f; at Monte-Carlo time t + 7. p;(7) — e /2

is expected to decay exponentially at long times,
where A is the autocorrelation time. For a further discussion of the spectral decomposition of

autocorrelation times in the Langevin limit see Appendix C.0.2. For now it suffices to note that for

120



the configurations in the 24,32I and 32IF ensembles, autocorrelations of 2 and 3-point correlation
functions were measured to be negligible, and the samples are treated as independent.
When the smearing used at the source and sink are equal (s; = s2 = s), the two-point and

three-point correlation functions defined in Eq. (4.54) have spectral decompositions given by:

Ci?s),tf (t) = X | Zaf?e ™ Mo |21 PP, (4.58)
n=1
CELtite) = 2 ZnZie e (mlOin) my oo |21 e TR UON), (4.59)

m,n=1

where the sum is over all states with the same quantum numbers as the (Q7sq) operator, and as
before the overlap factors have been defined as Z,, := (Q|(7,75Qs, )In) with |Q) being the interacting
vacuum state. There are certain combinations of these correlation functions that approximately
extract physical observables of interest. For example the effective energy approximates the lowest

lying state’s energy in the large separation limit:

)
]. Cs,s,t (t + a)
Bt ()= = log| ===

Nt—o00 El (460)
S,8,ty (t)

and a ratio of a three-point function to a two-point function approximates the corresponding matrix
element: )
Cs,s,tf,i (tl’ t2)

C?, (ti+ty)

Whilst these derivative quantities can be fitted to extract the energies and matrix elements, it is
more common to directly perform fits of the spectral decompositions of the 2 and 3-point functions
shown in Eq. (4.58).

Fits in this section were implemented with the gvar and corrfitter packages [53], and the analysis
procedure is similar to the one performed in Ref. [54]. When fitting correlation functions, often the
correlation functions are truncated to large Euclidean time regions where it is believable that the
excited state contamination has been sufficiently suppressed, and only the states of interest remain.
Making such a choice in a principled manner is difficult however, as the fits can be made to have
a low x2 by restricting the fitting range to a tiny region. In this section, fits are performed on a
range of different fitting regions before being model averaged to account for this factor. For a given
fitting range, there is also the choice of how many excited states to fit the data to. As the number of
excited states used increases, the number of parameters in the fits increase, and the corresponding
x? of the fit decreases. To determine how many excited states to include for a given fit range, the
Akaike Information Criteria [55] is used. Explicitly, the number of excited states included in the fit
is increased until the x?/Nq.o.f improves by less than a fixed constant A, where Nq o is the number
of degrees of freedom in the fit. For all the fits f that have X2 /N4t < 2, associated to extracted
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Figure 4.7: Plots showing the static-light two-point effective mass meg =
0,5, (t+a)0l_ (0 _
é (%) where a is the lattice spacing, and O = Qv5q, on each of the

three ensembles. The subscripts s1, s2 denote that the source and sink can be smeared
differently, the data labelled pp corresponds to both being point-like, sp meaning one
is pointlike and the other is smeared, and ss means both source and sink are smeared.
The data shown is at a fixed flow-time of ¢ = 2.0 in lattice units. The shaded bands

correspond to the fitted energies.

quantities My with statistical uncertainty My, they are then weighted according to:

wy - p(0My)~?
Zfrpf’((st')fy

—92 —2 —_— —2 —2 —2
Ostat M~ =D wsSM7F, OoysM =3 wyp(Mp—Mg)?, M =0gaMy +0sysMy
f f

M= Z wyMy,
! (4.62)

where py =T'(Na.o0.£/2, X%/2)/T'(Ng.0.¢/2) is the p-value of each respective fit, and M + M is the final
model-averaged fit.

4.2.8 fHT RESULTS
ST HQET ; (2) (2)
In order to compute the static-light decay constant f , combined fits to Cp,p,2.0a2’ Cs,p,2.0a2 and

08(?3)72.0a2 are performed. The fitting ranges were parametrised by four integers tfi“,t;}ﬂn,t?ax,tglax
where the point-point correlation functions were only fit in the range [t;f““,t;“ax], and the strange-
point and strange-strange correlation functions were only fit in the range [t™® ¢™2%], The fitting
ranges were varied such that £ € [3,25], 7" € [t7", 25], ¢1%% € [t + 3,35], 109 € [t + 3, 35].
There were also corresponding fitting ranges included where the point-point correlation functions
were not fit, and only the smear-point and smear-smear correlation functions were fit in the same
ranges. The AIC used in these fits was A = 0.5. The model-averaged ground-state energies are
compared against effective mass plots in Fig. 4.7.

To compute the perturbative renormalization and running of the heavy-light current required for
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extraction of fz, firstly a calculation of the two-point correlation function in MS is required:

CTE (1) = (TP @) TV (0) = § Gt 5 () (1.6
where the C),(t) depends on ¢ only logarithmically, and are given by:

Co(t)=1,  Cy(t)=28.213+8L,,
Cy(t) = 154.647 + 817.580L; + 104L7,
C3(t) = 10907.039 + 13815.600L; + 18834.968L? + 1525.333L3, (4.64)

as calculated in Ref. [56], where L, :=log ’”p ® . InEq. (4.64), N. =3 and Nj = 3 have been utilised.
To run the renormalized matrix element using the renormalization group, a calculation of the running

of the heavy-light operator renormalization constant ZM—S(@I‘q)(O) = (@I‘q)l\/TS

SSa(e) (165

n=1

is needed, where:

dlog Z31g
dlog

A completely consistent renormalization and running requires an O(o/”l)

calculation of the pertur-
bative running coefficients if a O(a%) calculation of the matching is used (as the order is promoted
after running). Corresponding to the O(a%) matching coefficients listed in Eq. (4.64), there are

O(a%) running coefficients computed in Ref. [57]:
v =44, = +42.0258, s = +514.201, ~4 = +6308.65. (4.66)

Note that the anomalous dimensions quoted in Eq. (4.66) are the negative of those computed
in Ref. [57], due to the fact that the convention used in Ref. [57] was the opposite (QT'q)(®) =
ZI\TS(@Fq)NTS of what is used in this thesis, as can be confirmed by comparing 7; to the expected
value from Eq. (2.28).

To cancel the linear divergences, the X-space scheme used is:

(X) (tree)
C(2t) C(2t) ’ ’
so that if OMS) = ¢(MS, X)O(X) | the conversion factor can be calculated as:
COMSX) (1) =1 + Z—S (14.106 + 2L, ,)
78
2
+ (Z—S) [ ~33.763 + 415.457L; — 207.728 Loy + 30L? — 8L Ly, — 9L3,
7
+ny (3.864 - 21.041L, — 1.333L7 + 10.515Lo; + 0.667L3,) |- (4.68)

Before attempting to step-scale renormalize the static-light current, first the window problem is

investigated in Fig. 4.8. In the left plot, the X-space renormalization factors Z (XD are plotted as
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Figure 4.8: The left figure shows the X-space renormalization factor of the static-light
current as a function of t/a for each of the four ensembles. The right figure shows the
total factor required to renormalize the bare operator into the MS scheme at p = mp.
The inner error-bars are due to statistical error, and the outer error-bars are due
to errors from perturbation theory errors obtained by varying the scale p used after

matching to X-space by a factor of /2.

a function of é, and are not expected to exhibit any plateaus, because the scale is varying at each
time-step. The right plot combines Z(X) with the matching to MS coefficient C' (MS.X) calculated in
Eq. (4.68), as well as the evolution kernel G(myp, 1) that numerically integrates Eq. (4.65) in order
to run to the scale u = my;. Because these conversion rates are now all from the bare lattice operators
to MS at a fixed scale, there should be a plateau in the data corresponding to the usable window
of timescales. The perturbative error was estimated by uniformly drawing the initially used p from

the range (ﬁ, 7). The maximum value of this range was chosen because in the Wilsonian picture
T
the operators are separated by a distance ¢ should be approximately given by their non-interacting

of renormalization, by integrating out momentum modes with p > correlation functions where
values.

The figure seems to suggest that for each of the ensembles there is an approximate window for
2< % < 4. For the coarser lattices 24 and 321 and to some extent 32IF, the perturbative errors grow
significantly for larger values of t/a, and would prohibit precision extraction of the corresponding
matrix element regardless of the statistical precision achieved. In order to combat these effects,
step-scaling to the 48 ensemble is investigated in Fig. 4.9. In the limit of infinite statistics, the %
scale only needs to satisfy t. > a. in order to suppress discretisation artifacts in the coarse lattice,
which automatically implies that the discretisation artifacts are suppressed in the fine lattice as well.

t¢ should satisfy a genuine window problem, with both ¢y > ay to suppress discretisation artifacts,
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Figure 4.9: The conversion factor from bare operator to MS renormalized at u = my
for the static-light operator, using the step-scaling procedure described in Sec. 4.2.5.
Along the z-axis are different choices for the coarse and fine timescales (t./a,ty/a).
The error bars include errors due to perturbation theory by varying the p used in

the matching to MS in the range ). The horizontal bands correspond to the

( \/Etf ’ ﬁ
values specified at (t./a,ts/a) = (2,3), which are ultimately used to renormalize the

matrix elements.

as well as t}l > Aqcp to suppress perturbative errors. The two coarser ensembles shown in Fig. 4.9
do not show very clear plateaus, but the plateau is reasonable for the 32IF ensemble. For this study,
(tefa,ty/3) = (2,3) was used for all three ensembles and the corresponding matching coefficient is
plotted in Fig. 4.9 as a horizontal band. Note that the values derived from this choice also are
consistent with the plateaus shown in Fig. 4.8, but with smaller uncertainties as one would expect
from step-scaling.

By combining these matching coefficients with the fitted bare matrix elements, ngET(u =mpg)
can be plotted as a function of the lattice spacing, as shown in Fig. 4.10. As there has not been any
O(a) improvement of the operators used, the continuum limit fit takes a linear form ngET(a) =
fo + afy for some fitted constants fy, f1, and quadratic and higher order errors have been dropped.
As fEQET has been computed in a theory with light quark masses corresponding to m, ~ 350MeV
it is not directly comparable to results at the physical point, however it is consistent with chiral-
continuum limits taken in Ref. [58]. More propagators on the finer ensembles, with a possible
inclusion of a fourth lattice spacing may drastically improve the precision of the result extracted in
this section. O(a) improvement of the operators would require new X-space schemes with expanded
bases of source and sink operators to handle the new operator mixings, which have not yet been

derived.
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Figure 4.10: A linear continuum limit fit of fp renormalized in MS at u = mp. The

value fitted in the continuum limit is given by 0.2 + 0.1GeV.

4.2.9 SPECTATOR EFFECT RESULTS

Instead of directly implementing the Spectator Effect operators:

Oy = (by,PLa)(@y"Prb), Oz = (bPLq)(gPgb),

_ _ (4.69)
O3 = (07, PLTAq) (@ PLT D), Oy = (bPLTq)(qPRT"'D),
it is more convenient in practice to implement a different basis of operators:
Oy = (b PLai) (@ Prbs),  Oa = (biPra:)(d; Prb;), (4.70)

O3 = (Ei’YuPLC]j)(aj'YHPLbi)z Oy = (BiPLQj)(ajPRbi)v

where the 7, indices are colour indices. This is because the adjoint index of the T4 operator no
longer needs to be summed over. Note that because there are two quarks and two antiquarks, there
are actually two different colour singlets contractions corresponding to the two singlets in 3®3®3®3,

where 3 refers to the fundamental SU(3) representation. The relation:

1 1
T;ZTQ = §6ad60b - Eéabacd (471)

for N, =3 % allows the two sets of operators to be related by a change of basis:

0, 1 0 0 0)(O
Oxf [0 10 0ffO, (4.72)
Os| |-§ 0 1 0]|Os
O4 0 - o 1)\0y
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Figure 4.11: Plots showing the 3-point to 2-point correlation function ratios defined
in Eq. (4.61), normalised to show the matrix element with normalisation defined in
Eq. (4.37). Each row corresponds to a different ensemble, and each column corresponds
to the four Spectator Effect operators. Model-averaged fitted values for the matrix
elements are also plotted as shaded bands in each subfigure. 32I fitted values are
hatched due to lack of 3-point correlation functions with source sink separations larger
than 11, leading to unreliable fits.
The bare matrix elements were extracted from a coupled fit to 08(25)2_0(12 and C§35)2,0a2 ;» following

a similar procedure as described in Sec. 4.2.8. The fitting ranges were defined by four positive
integers, 51N, $ax min 4max  where C’S(?S)Q.OGQ was fit in the range [t5", t512x]. Ci?s),z.(m?,i was fit for
all 3-point functions where both the source-operator and the operator-sink separation was at least
t0in and the source-sink separation was no greater than t5'®*. For all three ensembles, t5'" was
varied in the range [10,15], and 5" was varied in the range [15,20], and t'" was varied in the
range [2,9]. For the 24 and 32IF ensembles, source-sink spearations up to 20 were available, however
the 321 ensemble only has source-sink separations up to 11, causing difficulty in proper isolation of
the ground state in the three-point functions. Due to this limitation, ¢5'** was varied in the range

[15,20] for the 24 and 32IF ensembles, and was set equal to 11 for 32I. This lead to fairly unreliable

6See Appendix B for a list of colour matrix identities written for all Ne.
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Figure 4.12: Continuum limit of the four matrix elements relevant to Spectator Effects
for B-meson decay, renormalised at g = myp in the MS-scheme. The fitted matrix
elements from the 321 ensemble have been included as gray points in this plot, but
have not been included in the linear continuum limit fit due to the correlation function

fits for that ensemble not being reliable.

fits for the 321 ensemble, thus the extracted matrix element has been hatched in Fig. 4.11, and has
not been included in the continuum limit fit. The AIC penalty used for all three ensembles was
A=1.0.

The operators were renormalised with the X-space scheme proposed in Sec. 3.2.2, with the
choice source-sink operators given by {(Hj:l,Hj?l), (H}3, Hj(p*:)), (A1,%2,0),(A2,%10)}, correspond-
ing to the matching matrix in Eq. (3.76). The renormalization was step-scaled with the 48 ensemble
as described in Sec. 4.2.8, with step-scaling times (%.,t¢) = (2,3). Perturbative errors from renor-
malization have been similarly estimated as in Sec. 4.2.8 by varying the u € (ﬁtf, 7 ) independently

of any of the other sources of error. After renormalization and matching, the leading-logarithmic

running of the MS-renormalized operators can be read off from the O(«ag) counterterms derived in

Sec. 3.2.1 as: L
MS ) _3 __
ud(dQM - % ( 2 ) OMS, (4.73)

where the operators mix in the (V — P) and (S - P) two-by-two subblocks, with an explicit solution
given by:

__ P _3\\
OMS(p) :eXp(L0 du ﬂ_Z( 2 f))(’)MS(uO), (4.74)

where the exponential is a matrix exponential.

The linear continuum limit fit for the MS-renormalized matrix elements at p = my is shown
in Fig. 4.12. This represents the first unquenched determination of the Spectator Effect matrix
elements with nonperturbative renormalization. Interestingly, the extracted matrix elements are
approximately consistent with the vacuum saturation hypothesis, which predicts that the O3 and Oy

matrix elements should be zero. For comparison against matrix elements extracted from experiment;
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a proper chiral limit will need to be taken to extrapolate the matrix elements to the physical point.

This is left to a future work.
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An interesting use of bottom quarks is as probes of the thermal QCD medium, for example as
produced at heavy ion collider experiments. The generic situation that will be considered is when
mq » T > Aqcp where T is the temperature of the medium, such that the light degrees of freedom
are all thermalised in the quark-gluon-plasma phase of QCD, but the heavy quarks with mass mq
are much heavier and act as nonrelativistic probes of the media. One observable of interest is the

nuclear-modification-factor
Naa

(TAA>gpp’

where A is the number of nucleons in each of the colliding ions, N4 is the observed number of

Raa = (5.1)

bottomonium states (of given quantum numbers) produced per event in heavy-ion collisions, oP? is
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Figure 5.1: Figure from Ref. [1] showing the experimentally measured Ra 4 values from
the ATLAS experiment for Pb+Pb collisions with a center of mass energy per nucleon
pair of 5.02 TeV. The z-axis shows the fitted mean number of participant nucleons
in the collision (Npart), and the different colours refer to the radial excitations of the

S-wave bottomonium state.

the cross-section for producing bottomonium in pp collisions at the same kinematics, and (T4 4) is the
mean nuclear overlap function (how many nucleons collide in the interaction) [1]. R4 is normalised
such that any deviation from 1 indicates the presence of nuclear effects not present in pp collisions:
chiefly the production of Quark-Gluon-Plasma medium for the heavy quarks to propagate through.
Due to the deconfining nature of the QGP, QQ-pairs produced during the initial hard collision
(Q = ¢,b) are allowed to stream through the QGP unimpeded, before forming hadrons which contain
a single heavy quark or antiquark, such as the Qu,u(@Q mesons, leading to a suppression of heavy
quarkonia production [2]. The experimental data in Fig. 5.1 can be interpreted as showing that as
the number of participants in a heavy-ion collision increases (equivalently, as the collision becomes
more central), the produced fireball of Quark-Gluon-Plasma grows larger in size, and hence there is
more suppression of the bottomonium states (leading to a smaller value of Ra4).

A quantitative understanding of such heavy-quark observables measured at heavy-ion colliders
requires first-principles simulations of the nonrelativistic dynamics and subsequent hadronisation
of heavy quarks in the thermal medium. A general difficulty in simulating quantum dynamics of
relativistic quantum field theories is the exponential scaling of the dimension of the Hilbert space
as either the IR or UV cutoffs are removed'. State of the art calculations are still very far away

from calculating meaningful QCD real-time dynamics, and have mostly been constrained to simpler

L Alternatively, for nonrelativistic systems, the exponential scaling in the number of particles included.
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theories (simpler gauge groups, or less space-time dimensions). The corner of quantum dynamics
given by heavy quarks in a thermal medium actually corresponds to a simple corner of quantum
dynamics, as the bottom quarks can be treated in the nonrelativistic limit, and the quark-gluon-
plasma degrees of freedom can be traced out leaving an Open Quantum System formulation [3]. In
the high-temperature limit, the time evolution of the density matrix p(¢) describing the heavy-quark

degrees of freedom can be written as a Lindblad equation:

DO~ w1 p)+ [ @300 9 (0@in(00G) - 5 {0@I0@0}),  (52)

dt
where D(Z,4);; is a coupling matrix that is required to be positive-semidefinite to ensure that the
density matrix p(t) remains positive, and trace normalised. H is a Hamiltonian describing the heavy-
quark degrees of freedom (usually matched to some EFT such as HQET, NRQCD, or pNRQCD
depending on the system of interest). The operators O(Z); mediate the interaction between the heavy
quarks and the thermal medium that has been integrated out, and may depend on an additional
internal index i.

Numerical studies of these Lindbladians have focused on in-medium dynamics of a single heavy
quark @, or a single quarkonia pair QQ [4]. This is sufficient to study bottomonium production
in current heavy-ion collision experiments, since the average number of bottom-antibottom pairs
produced in one collision event is close to one. However, in order to study charmonium (charm-
anticharm bound state) production in heavy ion collisions, many more QQ pairs must be tracked.
For example Pb-Pb collisions at the LHC reach a center of mass energy of 5.02 TeV per nucleon-
nucleon pair, causing O(100) éc-pairs to be produced per collision [5]. A full quantitative treatment
of the in-medium dynamics of multiple QQ-pairs would require simulation of all the pairs, as any
two (QQ, QQ or QQ) can interact via a two-body potential that approaches zero at large distances.
This motivates exploring algorithms which can simulate the quantum dynamics at lower cost.

An approach that offers a quadratic scaling improvement (but still stuffers exponential scaling
in the volume) is Master Equation Unraveling (also known as Quantum Trajectories), where the
Lindblad equation is converted into a stochastic Schrodinger equation [6, 7]. In this approach, the

Lindbladian is first put into canonical form:

dp®) _

1
dt i.p 2

Z [{Cincma P} - QCmpCIn] (53)

where the coupling matrix (D(Z,%),; in Eq. (5.2)) has been diagonalised after UV and IR regulators
have been introduced, and the eigenvalues of the coupling matrix have been absorbed into the
‘jump-operators’ ¢,,. To solve this equation over a small time 0t given an initial pure state |(¢)),

the following steps are performed [8]:

e A proposed update |¢(") (t+6t)) is prepared by evolving the initial pure state under an effective,

non-hermitian evolution kernel:

loM) (¢ + 6t)) = (1—i5t(H—;ZcIncm))|¢(t)). (5.4)
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This new state is not normalised, and the deviation of its norm from one is related to each of

the ¢,, operators characterising the different dissipative channels:
(0D (8 +31)[¢1) (t+6t)) = 1= 6t Y (d(t)|chemld () = 1= 6pm, (5.5)
m m
where 0, = ¥, dpm, is the total loss in probability.

e With probability 1 - d,, accept the proposal by defining the time evolved state to be the

properly normalised ¢(!) state:

_ o™ (t+6t))
lo(t+dt)) = T (5.6)

Otherwise, with probability dp,,, define the time evolved state to be:

o(t + 5t)) = ) (5.7)

NGO

After iterating this procedure, one obtains a single pure state trajectory |¢1(¢)). In practice, one
generates many such trajectories, [¢1(t)), |p2(t)), ... |¢n(t)) following the same procedure. As §t — 0,
the true density matrix p(t) is given by an ensemble average p(t) ~ + YN [6:(£))(#4(t)|. Note that
the procedure described here is a first-order discretisation of a stochastic differential equation, and
it may be possible to utilise higher order integrators. The utility of this approach is that instead of
storing and evolving the full density matrix, which has size dim(#)? where H is the Hilbert space,
one only has to store and evolve wavefunctions, which have size dim(#). If the initial state is a pure-
state, and one is interested in the short-time Lindbladian evolution, then the number of trajectories
Niraj needed is relatively small and Master Equation Unraveling offers a quadratic improvement in
cost. As time progresses however, the state becomes more entangled (eventually limiting towards
the thermal distribution) causing the number of trajectories needed to increase rapidly.

Alternatively, variational approaches have also become popular methods to approximate real-time
quantum dynamics. The key idea is to parametrise complicated wavefunctions or density matrices
in terms of a few variational parameters that encode physical properties of the state in question.
This chapter discusses my work in utilising Neural Network parametrisations of density matrices to
simulate the dynamics of quarks in an Open Quantum System framework. Before applying these
methods to the full 3 + 1d situation, they are tested for the Schwinger Model, which is a 1 + 1d
U(1)-gauge theory which shares many features with QCD such as confinement and chiral symmetry
breaking. We utilise the Neural Density Operator (NDO) ansatz [9], which parametrises density
matrices over a finite collection of spin—% degrees of freedom and is reviewed in Sec. 5.1. The
open quantum system framework applied to the Schwinger model is reviewed in Sec. 5.2.1, and its
associated symmetries are investigated in Sec. 5.2.2. Subsequently, Neural-Network parametrisations
of density matrices are investigated for the open Schwinger Model, and shown to be able to reproduce
both the short-time quantum dynamics, as well as the long-time thermal properties of the steady

state.
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e To investigate the Lindbladian dynamics of strings in Sec. 5.2.3, product states containing
string configurations are prepared and Lindbladian evolution is performed using the Time
Dependent Variational Principle (TDVP) introduced in Sec. 5.1.1. Comparisons to exact
results are shown on small lattice sizes, and the scaling of the method as lattice size is increased
is studied. Finally, Lindbladian evolution of string states on an L = 20 lattice are computed

with tVMC, for which exact diagonalization methods are infeasible.

e The thermal behaviour of the system is studied in Sec. 5.2.4 by extracting the steady state of
the Lindblad equation. The learned state is compared to exact diagonalization results on an
L = 4 lattice, before being bootstrapped up to an L = 32 volume lattice (see Fig. 5.5). The
key observable that is studied is the chiral condensate, which measures the chiral symmetry
breaking and is the prototypical order parameter for the confinement/deconfinement phase
transition. By performing a scan in the physical parameters, it is confirmed that the learned

NDO state is sensitive to this phase transition.

5.1 VARIATIONAL PARAMETERISATIONS OF QUANTUM STATES

Some text in this section reproduced with coauthors’ permission from Ref. [10].

When exact solutions become difficult to compute, variational approximations of quantum states
become useful. For pure quantum states, the central idea is to define a variational map ¢ : RY - H
from a space of N (real) parameters to a Hilbert space #, ideally in the limit that N <« dim(#).
The variational map is most useful when the image of the map v in some sense well-approximates
the states of interest. Historically, this was first used in the context of finding ground states of

Hamiltonians, because given a Hamiltonian H € H* ® ‘H the bound:

(@) H[¢(e)) (Y (@)In){nl(a))
{(Y(@)](a)) _nzzoEn (Y@ () > Fo

means that variational energies always form upper bounds on the true ground state energy Fy (where

(5.8)

E,, are the exact energies of the Hamiltonian H and () is a variational parametrisation in terms
of parameters «), regardless of the variational map 1 chosen. Choosing a better variational map (in
the sense that the image more closely approximates the true ground state) gives better bounds on
the ground state energy.

As shown in Fig. 5.2, variational ansatze span from more interpretable options to less inter-
pretable options. One diagnostic to determine the representation power of an ansatz is the amount
of entanglement it is able to capture. Specifically, supposing that a physical system is split into two
subregions A and B, and letting p4 be the reduced density matrix defined on subregion A (tracing

out degrees of freedom in B), the entanglement entropy is defined by:

Sa=-Tr(palogpa) (5.9)
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Figure 5.2: Variational parametrisations of quantum states live on a spectrum from
more interpretable parametrisations (such as Hartree-Fock, where at it’s core, a mul-
tiparticle wavefunction is built from symmetrising appropriately over single-particle
wavefunctions) to more complicated parametrisations. Neural Networks tend to be
regarded as the canonical black-box, where individual weights in the network do not
have much physical significance. Tensor-networks are (perhaps somewhat provoca-
tively) placed in the middle, due to fact there exists some physical interpretation of

the bonds as encoding entanglement in the theory.

Figure 5.3: Schematic drawing of the Restricted-Boltmann-Machine network.

The growth of S4 as the size of the region A is smoothly increased is one diagnostic for how
complicated a quantum state is. In particular, if the entanglement entropy depends linearly on the
area of the boundary of A, it is known as an area-law state. Instead, if it scales linearly with the
volume of the region A it is known as a volume-law state. Ground states of gapped-Hamiltonians
are expected to be area-law entangled, whereas generic quantum states (including thermal states)
are expected to be volume-law entangled. For the purpose of real-time evolution under the Lindblad
equation, one of the interesting physics questions is ‘how does the initial state thermalise’. Studying
this question requires ansatz to be able to capture volume-law entangled states. This is difficult with
Tensor Networks as they can only parametrise Area-Law entanglement efficiently [11]. There are
however some indications that Neural Network quantum states may be able to efficiently parametrise
volume-law states [12-14].

The types of variational ansatz usable for a given problem depends on the structure of the
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Figure 5.4: Diagrammatic representation of the Neural Density Operator as presented
in Refs. [9, 19]. In the center are the physical spins o, which take values o; € {-1,+1}
fori=0,...,L-1. Note that o here denotes the basis states, not Pauli matrices. There
are also hidden bits h; € {-1,1} and ancillary bits ax € {-1,1} for j=0,...,M,L -1,
k=0,...,M,L-1.

Hilbert space in question. For example, oftentimes lattice discretisations of field theories have total
Hilbert spaces that can be written as tensor products over local Hilbert spaces H = ®;H; where
1 ranges over the lattice sites, and H; encodes the local degrees of freedom at each site. This is
not always true for gauge theories, as the natural Kogut-Susskind [15] (Sec. 2.2.4) discretisation of
gauge theories require imposing local gauss-law constraints on the Hilbert space, which breaks the
tensor product structure. However, for open-boundary condition 1+ 1 dimensionsal gauge theories
such as the Schwinger model, the gauge fields can be integrated out leaving a non-local theory of
fermions that does have the necessary tensor product structure. For these kinds of Hilbert spaces,
a simple Neural Network ansatz is a Restricted Boltzmann Machine (RBM). These are a specialised
case of Boltzmann Machines [16, 17], which are Neural Networks defined by taking an Ising-model
like energy on a fully connected graph, where each edge’s coupling is a tunable parameter. The
RBM (shown in Fig. 5.3) restricts this by computing Ising-like weights on a bipartite graph, with
the interpretation that one set of nodes are ‘inputs’ and one set of nodes are ‘outputs’. Such a

structure was used in the seminal Ref. [14] to construct a variational ansatz:

(03 TW) = 3 €T o3 B bher B Wohuo] (5.10)
h

where the layer of nodes labelled h; € {-1,+1} are ‘hidden’ nodes that are summed over to define
a wavefunction over the physical spins o. The set of complex parameters are given by biases a,b
and a coupling matrix W;;. Formal theorems show that as the number of hidden nodes in the RBM
is taken to infinity (equivalently, the number of parameters is taken to infinity), any pure state
wavefunction can be approximated by this ansatz [18].

A natural idea to extend variational parametrisations of pure states into mixed states is to

introduce some auxiliary qubits a, which are then traced over. Performing this procedure for the
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RBM ansatz Eq. (5.10) where the auxiliary qubits are simply appended to the real qubits, this
would give a parametrisation that universally approximates the space of density matrices on the
physical qubits, as long as the number of auxiliary qubits is at least the number of physical qubits
and in the limit that the number of hidden bits is taken to infinity. This is due to the fact that
every density matrix on N qubits has a purification on 2N qubits, and the RBM construction is
universally approximating on the space of wavefunctions over 2N qubits. However, the issue with this
parametrisation is that the procedure of tracing out the auxiliary qubits cannot be done analytically,
and it would not be practical to manually have to trace out auxiliary qubits as this involves a sum
over an exponentially large Hilbert space.

Instead one can use an analytically tractable parametrisation, such as the NDO shown in Fig. 5.4.
To be concrete, this is a parametrisation of density matrices p : CV - H ® H* where CV is the
parameter-space [9, 19]. The parametrisation can be explicitly written as:

L-1 My L-1 M,L-1
log({alplo”)) = Y (bjoj +bjo5) + >o X+ 3 Iy,
j=0 k=0 p=0

-1 -1
Xy, = log cosh (c;c + ijoj) +log cosh (c;; + kajag-) ,
=0 j=0

L-1
Y, = log cosh (dp +d, + Z;J(Upjaj +Up;0] ) . (5.11)
i

There are two positive hyperparameters M}, M, (chosen such that My L and M, L are integers) that
control the size of the complex parameter space a:

o= {W e CMnlxL 17 ¢ CMalxL p e CL ¢ e CMnE e CMaLY, (5.12)

For fixed M}, M,, the total number of complex parameters in o grows quadratically as L increases.
By construction the density matrix represented by Eq. (5.11) is Hermitian and positive definite, as
it is defined as a trace over ancillary qubits of a pure-state wavefunction.

Note that it is not clear whether or not this parametrisation is universally approximating (in
fact, it might not be). A more recently introduced Autoregressive Gram-Hadamard Density Oper-
ator (AGHDO) ansatz [20] which generalised the NDO construction in Eq. (5.11) to be ‘deep’ was
shown to be universally approximating. Implementing the AGHDO ansatz for realistic in-medium
bottomonium simulations is underway, however the rest of this section will focus on the NDO con-
struction and its application to the Schwinger Model.

In practice, it is conventional to represent the density matrix numerically as log{o|p|c’), rather
than (o|p|o’), as it increases numerical stability when parametrising matrices whose entries range
over several orders of magnitude [21]. Another practical concern is that the definition of o as a
set of complex parameters can lead to numerical instabilities as those parameters are varied (e.g.,
in optimization/training), due to the branch point singularities of the logcosh function; a possible

regulator is given by replacing the logcosh functions appearing in the definition of Eq. (5.11) with
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a regulated log cosh function:
tanh(]z]) )
2]

log cosh(
RLC(z) :=

(tanh(|z|) ) ? (513)

B

which no longer has any branch-cuts, has the same behaviour near z = 0 as log cosh, but is no longer
holomorphic. As a result, this modification causes certain values of the parameters a to no longer

yield positive-definite density matrices, possibly introducing systematic uncertainties.

5.1.1 TIME DEPENDENT VARIATIONAL PRINCIPLE

A method to simulate the real-time dynamics of quantum states parametrised by some set of vari-
ational parameters « is the Time Dependent Variational Principle (TDVP) [22]. In the case of
Lindbladian dynamics with <4 p(t) = Lp, minimizing the L?-norm (denoted | - ||2) between the true
time derivative Lp and the difference induced by an infinitesimal variation in the neural network
parameters « gives:

— a=8'f (5.14)

Hlln

Z 041 Z Labpy

2
where

3ln(pa)

a _5(1
(Oi)ab = bab—1— Ba

Sij = plO]0;p+ pt 010, fi:=p'OILp+ pTLTOsp, (5.15)

where p denotes the vectorised density matrix (with a single index over the matrix entries), so that
the Lindbladian super-operator £ acts on it as a regular matrix p —» Lp. S is the Quantum Geometric
Tensor (QGT) [23], which is the pullback of the L? metric | - |2 on the vectorized space of density
matrices, along the variational parametrisation map p: CN - H ® H*. The QGT parametrises the
change of the physical density matrix under an infinitesimal change in the parameters of the neural
network.

In any variational parametrisation of a large Hilbert space, the forces f; and the QGT S;;
are expensive to compute exactly. Instead, it is possible to construct Markov Chain Monte Carlo
(MCMC) to estimate these quantities. The combination of the TDVP algorithm with stochastic
estimation is known as the time-dependent Variational Monte Carlo (tVMC). The forces f; and
QGT S;; from Eq. (5.14) can be rewritten as:

Sij=2), @Re ((0D)aa(O)aa). fi=2Y @me ((oj)m > ‘C“bpb) : (5.16)

a a b Pa
where Z = ¥, |pa]? is a normalization constant. When evaluating the time derivative of the pa-
rameters ¢ = S71f, the factors of Z cancel, and Eq. (5.16) can be stochastically estimated using a
MCMC that draws samples from the basis states of the doubled Hilbert space H ® H* according
to the probability distribution |p2[/Z. To regulate the possible divergences that may appear in
inverting S, a small diagonal offset is added (S;; = S;j + €d;;) which ensures its invertability. Note

that this offset should be taken to be as small as possible, as it introduces a systematic error into the
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simulated Lindbladian evolution. Physical observables of interest O (such as the chiral condensate
or electric field for the Open Schwinger Model) can be stochastically estimated via the following

identity (which is expressed in terms of basis elements of the original, un-doubled Hilbert space):

_Tr(pO)  ({alplo)\ [ (alpOlo)
Or="hy) ‘2( Tr(p) )( (o]plo) ) (5.17)

which requires constructing a separate MCMC to sample from the diagonal of the density matrix

according to the probability distribution |o) ~ (o|p|o).

Regardless of the initial state, in simulating the Lindbladian dynamics as t — oo the system
is driven towards its steady-state. This algorithm is also known as the Stochastic Reconfiguration
algorithm, and can be recast as a preconditioned version of regular gradient descent [24, 25]. Adding
larger diagonal shifts to S in the Stochastic Reconfiguration framework brings the updates closer
to regular gradient descent, and does not bias the machine-learned steady state (in contrast to
the systematic uncertainty that it introduces in the Lindbladian evolution itself). For finite values
of My, M,, the NDO parametrisation will not capture the full space of density matrices, which
introduces systematic errors in both the estimated Lindbladian evolution, as well as the estimated
steady states. Furthermore, the Monte-Carlo estimations of the QGT and forces come with inherent
statistical uncertainty that only vanishes in the limit that the number of samples used is taken to

infinity.
5.1.2 INITIALIZATION AND BOOTSTRAPPING

Real-time Lindbladian dynamics requires algorithms to prepare initial states of interest. In this
section, we focus on the real-time evolution of product initial states. It is possible to set the weights
of the NDO by hand to prepare given product states. Consider the case of preparing a product state

pa = |a){d| = |a1az--ar){araz---ay| (where Tr(ag) a) = a;). A simple scheme is given by setting:
ij = )\aj(skl + 0(6)7 ¢ = ALy + O(E) (5.18)

with all other parameters initialized to O(€) random numbers. The Wj; weights picks out the
pa-state, and the ¢ bias term breaks the symmetry between p; and p_z, so that the overall NDO
represents the state pxpo = pa + O(e™) + O(e). For the traditional TDVP algorithm used to evolve
the state, using a finite but small € is important to regulate the state otherwise the system can
be ‘frozen’ in the initial state. These types of problems can be resolved by using alternative time-
evolution strategies such as the p-tVMC algorithm [26].

An alternate method to initialize the state of interest is to construct a Lindbladian whose steady
state is the state of interest. An example scheme for constructing product states in the Schwinger
model is to set the Hamiltonian to zero, and choose a collection of jump-operators c;; for the

canonical form of the Lindbladian shown in Eq. (5.3):

{aﬁ”afj) 1<ij<L, ai=-1, aj= +1} (5.19)
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which by construction gives Lp; = 0. A potential concern is that the Lindblad equation has other

stable states other than the desired p;. Note however that stable states must satisfy:

0 = pstab = Z Uip)afm)p afp)a;m) = Vp,m: (w2|aﬁp)05m)p asp)aém)h/}l) =0 (5.20)
p,m

for any basis states 11,19. If 11,19 are not |@), then there is always some p,m that makes the
above nonzero, and thus (¢1|p|y2) = 0. Thus p can only have nonzero entries in the row/column
containing 1. Now, suppose p = [¢))(| + a|t) (@] +T|p) (1| + - for some basis state ¢ # 1. Restricting
to the |¢),|p) basis we see that the determinant of p is negative, so there must be a eigenvector
with negative eigenvalue, which also exists for the larger matrix - which is impossible as p is positive
semi-definite. Thus, p = p; is the only stable state of the Lindbladian.

When probing the steady-state properties of a system with the Stochastic Reconfiguration al-
gorithm, initializing the NDO to an arbitrary state will lead to the correct steady state. However,
initializing the model to a state close to the true solution can reduce simulation times drastically.
One strategy is to exploit the approximate translational symmetry of the system, which is broken
by O(e LAE) effects due to the open boundary conditions, where AE is the gap between the ground
state and the first excited state. The approximate translational symmetry implies that the steady
state on a lattice of size 2L has approximately the same structure on the left and right halves of the
lattice as the steady state on a lattice of size L with the same bare parameters. This motivates a
transfer learning procedure where an NDO on a size L lattice is first optimized to the steady state,
with the resulting weights then used to initialize an NDO on a size 2L lattice, as shown in Fig. 5.5.
By stitching together two copies of the smaller NDO together, the structure of the steady state is
preserved on both halves, and the Stochastic Reconfiguration algorithm need only learn the coupling

between the halves.

5.2 OPEN QUANTUM SYSTEMS

Some text in this section reproduced with coauthors’ permission from Ref. [10].

Modern computational resources (classical or quantum) are still far too limited to compute high
fidelity real-time simulations of QCD - preventing direct simulation of heavy quarks embedded within
a QGP medium. In certain parameter regimes however it is possible to simplify the underlying
QFT to arrive at a tractable Effective Field Theory. As shown in Fig. 5.6, by first matching
QCD onto a nonrelativistic EFT by making use of the mg > Aqcp, and then by integrating out
the light QGP modes that are assumed to have thermalised at a temperature T > Aqgcp, one
arrives at a Lindblad equation that has far fewer degrees of freedom than the initial system. Before
attempting the full 3 + 1d (p)NRQCD Lindbladian evolution with variational parametrisations, it
is useful to have a benchmark on a simpler open QFT in order to verify that the systematic errors
introduced by variational parametrisations can be controlled. This section presents a study using
Neural Density Operators to parametrise the real-time evolution of density matrices in the Schwinger

Model, introduced in the following subsection.

142



/

AL X

)

DRI

Wil
O

B

9’4}«&‘@&

APPAN

\1)(4) ® peay + O(e) \

N

SSes
R
VA

O O O

A%
ZSERR
RN

L,

& =[o® b0+ 0(e), @ =[e® D]+0(e), d® =[dD dD]+O(e)

Figure 5.5: The procedure for transferring weights from a network optimized to rep-

resent a density matrix defined on L lattice sites to a network representing one on 2L

sites (for any fixed values of M, My). Shown in the figure is a schematic for transfer-
ring weights a® = {U® w® p® @D 4B} from an NDO with M, = Mj, = 1.5 on
an L = 4 lattice to weights a® foran L =8 NDO, with the weight definitions from

Eq. (5.11). The € <« 1 are small random numbers.

QCD Match

mqQ>Aqcp

(p)NRQCD
+light d.o.f.

Trace out environment Lindblad | Comparisons to Heavy—Ion

Equation experiment collisions

T > AQCD

Figure 5.6: Schematic of first integrating out the heavy quark mass scale to match

to Non-Relativistic QCD, before tracing out the environment to obtain an effective

description of heavy quarks as a Lindblad Equation. This Lindblad equation can then

be simulated and compared to experiment.

5.2.1
TEM

LATTICE-DISCRETISED SCHWINGER MODEL AS AN OPEN QUANTUM SYS-

Due to the difficulty of directly implementing new numerical techniques for QCD; it has become

popular to focus attention on simpler gauge theories first to demonstrate the utility and scalability

of new methods, before moving onto more physical situations. The Schwinger Model is a U (1)-gauge

theory with a massive relativistic fermion (sometimes called an electron) in 1 + 1d that shares many
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of the features of QCD, such as confinement and chiral symmetry breaking [27]. The Schwinger
model as an open quantum system (coupled to a thermal environment) has been studied as a model
of heavy quarkonia in the QGP [28, 29]. It is important to note however that the Schwinger action
is not matched to a nonrelativistic action: this marks a fairly important difference between the
strategy outlined in Fig. 5.6 and what is carried out in this section. Because the fermions are not
matched to a nonrelativistic action, the Hilbert space actually exhibits exponential scaling with the
volume, and there can be arbitrary particle-antiparticle fluctuations in the system.

A prototypical construction is to consider a Schwinger-model fermion 1 of mass m coupled to a
scalar field ¢:

L= FuF™ G GID = m)y + g7 + Lo () (5.22)

where the scalars ¢ are environmental degrees of freedom with associated lagrangian Leny(¢). In
the analogy to heavy quarks embedded within the QGP, the ¢ degrees of freedom are the light
quarks and gluons that make up the QGP. We consider the Open Quantum System formalism that
traces out these environmental degrees of freedom in the Quantum Brownian Motion limit (7' - o)
leaving a Lindblad equation describing the remaining Schwinger degrees of freedom [28]. Note that
the gauge links are not traced out in this derivation of the Lindblad equation, although in 1+ 1d the
gauge links can be integrated out explicitly with open boundary conditions. So in one regard, this
system is simpler than the eventual 3+1d NRQCD setup as it is in a lower dimension with a simpler
gauge group, but in another regard it is more difficult given that matching to a nonrelativistic theory
is not performed, and the Hilbert space scales explicitly with the volume of the system.

To numerically simulate the Schwinger Model, the theory is discretised onto a lattice with L
points indexed by 0 < 7,j,--- < (L — 1) and lattice spacing a. In a staggered discretisation for the
Schwinger fermion, the lattice has % physical sites, with electrons occupying the even sites and
positrons occupying the odd sites. A general Lindbladian evolution for such a system coupled to a
thermal reservoir at temperature T is parametrised (up to O(1/T?) effects) by a spatial coupling

matrix D;; and operators O;:

dp(t . ~ 1~
Lo(t) = %) - i[H,p()] +a® Y D, (in(t)O;- - 5{o}oi,p(t)}) , (5.23)
i
~ 1 ~i 1
0,=20;-—[H,0;], O]=0;+-—[H,0] (5.24)
4T ¢ 4T
Note that Egs. (5.23) and (5.24) are lattice discretised versions of Eq. (5.2), where the O(1/T") cor-

~HIT ig 4 stable state of the

rection performed in Eq. (5.24) enforces that the thermal density matrix e
Lindblad evolution up to O(1/T?) corrections. All super-operators such as the Lindbladian £ that
act on the space of operators are labelled in calligraphic font. The coupling matrix D;; physically
encodes the length-scale of correlations in the environment (the Debye screening length). To con-

struct the Hamiltonian on a lattice with L total sites, notice that the Kogut-Susskind Hamiltonian
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(Eq. (2.83), with lattice-spacing factors restored) takes the form:
LS f mAS it
Z JJ+1 ~ 5 Z (%Uj,ju%u —1/1j+1Uj+1,j1/1j) e > (CD) 0, (5.25)
=0 =0

for the Schwinger model, where there is no magnetic term due to the theory being constructed in
1+1d, and the coupling strength e has been absorbed into the definition of the electric field operator.
The U(1)-gauge group has irreducible representations indexed by integers, where E; ;41 acting on
a link counts the integer amount of flux passing through that link in units of e. One problem with
digitizing the Hamiltonian in Eq. (5.25) is that it is not clear how to deal with fermionic operators,

which have the anticommutation relations:

{501} =0, {0y} =0, {l4f}=0 (5.26)

To handle this, the Jordan-Wigner transformation [30] maps fermionic operators to spin operators,
where each site j is associated with a qubit degree of freedom, on which one can act Pauli matrices

(hermitian generators of SU(2)):

0 1 0 —i 10 " 4oV
= s o7 = . Z7 g = ; g :ii. 5
o v : -2 20 27
10 i 0 0 -1 2

The fermionic operators are mapped as follows:

w; = (H +iaf) oy, = (H —io; ) (5.28)

i<j i<j

then, the Hamiltonian is the sum H = Hygy,. + Hinass + Helec., Where:

1 - L-1 L
Hkin. = 27 Z (O—;ro—;+1 + 0;.10—;)7 Hmass =m Z Oi, Hclcc. = g Z (529)
=0 =0 i=0
soi+1 ~ 1 ,
= (—1) 7, EZ =e (ZO + 5‘7=ZO(O'] + (—1)‘7)) s (530)

and where m,e are the bare mass and electric charge respectively, and ¢y denotes the boundary
condition, labelling the incoming electric flux at the ¢ = 0 lattice site. Note that the different sectors
of £y are not coupled by the Hamiltonian, and it is a boundary condition specifying the ‘background’
flux. In this study, £y = 0 is always used, and results are closer to the infinite volume result when
computed in the ‘bulk’ far away from the boundaries.

Note that in this formulation, the U(1) gauge field is completely determined by the boundary
condition ¢y and distribution of particles within the system by solving the local gauss law at every
vertex, as shown in Fig. 5.7. For this reason, it is sometimes said that the gauge field has been
integrated out after this mapping is performed.

The D;; matrix appearing in Eq. (5.23) encodes the coupling between the Schwinger Model

degrees of freedom and the environment degrees of freedom (in the example Lagrangian shown in
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Figure 5.7: A drawing of an example basis state in the Hilbert space corresponding to
£o = 0, and total charge N = —1. Electrons occupy the even sites and positrons occupy
the odd sites, both having the effect of altering the flux éE that passes through them
by +1.

Eq. (5.22), this is a Yukawa coupling to an environment scalar). Its specific value will depend on
the strength of the Yukawa coupling as well as the Lagrangian describing the environment degrees
of freedom Ly, and can in principle be computed perturbatively. As discussed in further detail in
Sec. 5.2.2 below, C'P-conservation of the total Hamiltonian shown in Eq. (5.22) places constraints
on the form of the D;; matrix, in particular the Lindbladian £ must be weakly CP-preserving

([CP®CP,L]=0). Results presented in this section will focus on two special limits:
Delta Coupling : D;; = Dgd;;, Constant Coupling : D;; = Dolsj, (5.31)

where the Delta Coupling is point-like, and 1;; evaluates to 1 for any choice of {7,j} in order that
the Constant Coupling has effectively infinite range. The Delta Coupling is ‘weakly C'P-preserving’
([CP®CP, L] =0) whereas the Constant Coupling is ‘strongly CP-preserving’ (L(CP) = 0) which

leads to qualitatively different Lindbladian evolution behaviours.

5.2.2 SYMMETRIES OF THE OPEN SCHWINGER MODEL

There are two relevant discrete symmetries for the Schwinger-model Hamiltonian that split the
Hilbert space into distinct sectors. Firstly there is the net particle number operator N = ¥ o2
that is equal to the number of particles minus the number of antiparticles in the state (equivalently,
this is also the net U(1)-charge of a state). Most results in this section focus on the neutral sector
N =0, which restricts the full Hilbert space of dimension 2” to a subspace with dimension (g ) The
second symmetry is the CP-symmetry (shown schematically in Fig. 5.8, whose operator is given by
CP=5- (HiL:f)l of) where S is the unitary operator that swaps all sites ¢ with L —i + 1. Note that
the Schwinger-model does not have separate charge (C) and parity (P) symmetries, and the naive

L-1 ¢

guesses for such symmetries (IT;Z; oFf and S respectively) do not commute with the Schwinger-
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model Hamiltonian. The CP operator swaps positive charge with negative charge N < —N, but

within each fixed |N| subspace the CP operator can be diagonalized to give the following subspace

dimensions:
IN|=0 [N|=2n>0
P | N(D 2 | 5,5
-
cP=-1|3(x)-27" | 3(:%.)

Note that the CP-even and CP-odd sectors in the |N| = 0 subspace do not have the same
dimension, due to the existence of basis states that get mapped to themselves under the CP-operator.
Under ordinary Hamiltonian evolution, N and CP quantum numbers are preserved by the evolution,
which is encoded in the theorem ([Q, H] =0) <— (%Q =0). The situation is more involved under
Lindbladian evolution as there are two different senses in which charge can be conserved: a charge
operator @ is ‘strongly-conserved’ if %Q = 0 (in the Heisenberg picture where operators evolve),
or ‘weakly-conserved’ if [Q ® Q, L] = 0 where £ is the Lindbladian. As shown in Ref. [31], strong-
conservation implies weak conservation, but weak-conservation does not imply strong conservation
(a schematic is shown in Fig. 5.8a). Fig. 5.8b shows for the specific case of CP-conservation in the
Open Schwinger Model the different behaviours under Lindbladian evolution in each case, when
starting from a state of definite CP-properties. The entire space shown is the space of density
matrices, i.e. positive-definite matrices that live in H ® H* where H is the Schwinger model Hilbert
space. The innermost box is the space spanned by states of the form |¢,)(1.], where CP|i),) =
[th,). This includes for example the free vacuum state |0)(0|, or string product states such as
le*(z)e (% - 2)){e* (x)e (£ - 2)|. The center box (C'P) = +1 represents density matrices p where
Tr(CP-p) =1, and the outer box CP = +1 denotes density matrices that satisfy CPp= CP-p-CP = p.

The different conservation properties lead to different long-term behaviour under Lindbladian
dynamics, in particular the steady state of the Lindbladian lives in different sectors, as shown in
Fig. 5.8b. Strong C'P conservation causes {C'P) to be conserved during Lindbladian evolution. For
such a Lindbladian there are two steady states, one with (C'P) = +1 and the other with (CP) = -1
which can be thought of as restrictions of the thermal state into the two C'P sectors. Weak C'P
conservation preserves the CP-sector that the initial state lives in. So long as the initial state is
in the CP = +1 sector, Lindbladian evolution is guaranteed to approach the thermal state as the
thermal state also lives in the CP = +1 sector. Finally, in the case that there is no C'P conservation,
the unique steady state will still be approximately thermal.

For the choice of coupling operators O; = (¥%);, the number operator N is always strongly-
conserved, regardless of the choice of coupling matrix D;;. In particular this means that the Lind-
bladian dynamics has no direct access to chemical potential effects, as the different fixed-IV sectors
are decoupled. It is still possible to indirectly probe chemical potential effects by simulating the
different fixed-N sectors and appropriately reweighting. The CP super-operator CP = CP @ CP
splits the space of density matrices into CP-even and CP-odd sectors. Note that regardless of the
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C P-nature of a pure state, they are all CP-even. As long as the C P-operator of the subsystem
can be extended to a unitary C Py symmetry of the entire Hilbert space (assuming the medium is
C P-symmetric), then there is weak C'P-conservation up to corrections that vanish in the Quantum

Brownian Motion limit:

[CPiot, Hiot] =0 = CPtoteiHmttWJ) = eiHmttCPtotW)

" L i (5.32)
= CPe"™" Trony(|¥){¥]) » €' CP Trenv(¥W){¢0|) = [CP,L] ~0.

This requirement rules out certain choices of coupling matrix D;; that are not weakly-CP con-
serving. For example, a previously considered ansatz for the coupling matrix is an open boundary
1i-j
2 w2

lates the weak CP-preservation condition. The physical implication is that the time-evolved electric
fields no longer satisfy the symmetry (FE;)(t) = (Er_;)(¢t). A modified ansatz that satisfies weak
CP-preservation is the periodic Gaussian coupling:

condition Gaussian D;; = Dy exp(- ) for some width w > 0 [29], however this D-matrix vio-

2r2w?

== :%ﬁg((i_j).%, 23 ) (5.33)

e 1 _%(nL+i—j 2

D‘qu(w) = Do Z

e
ne—oo W\ 2T

which can be expressed in terms of the Jacobi-theta function 9¥3. The parameter Dy controls the
overall coupling strength, and w is the width of the Gaussian. In the general case with w a finite
number, the D matrix can be diagonalized numerically on the open-boundary condition lattice to

obtain a list of L jump-operators:

D=U"diag(\1, ) U, F; =/\U,;0;, (5.34)
£p(6) = ~ilH, p(0] +a* 5 (o) F] - S {FIFopl0)}). (5.35)

The couplings studied in Sec. 5.2.3 are limits of the periodic Gaussian coupling, with the delta

coupling being the limit as w — 0 and the constant coupling being the limit as w — oo:

i}i_r}r%)w\/ 27 - Dlg] (’LU) = Do(sij, UI;LH;L . ij(w) = DO]-ij- (536)

5.2.3 LINDBLADIAN DYNAMICS

The Lindbladian dynamics of the Open Schwinger Model as presented in Sec. 5.2.1 is numerically
studied with the bare parameters shown in Table 5.1. Parameter set 1 is in a regime where Lind-
bladian evolution of string states leads to string breaking, and matches the parameters studied in
an earlier work [29]. Parameter set 2 is chosen such that the Lindbladian dynamics starting with
string product states of length 3, and with the two different types of couplings (see Eq. (5.31)), are
approximately equal for small times but show deviations when simulated for long time intervals. The

spectra of the associated Lindbladian operators are shown in Fig. 5.9. Note that for the d-couplings,
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40=L1(Q)=0 = [QL]=0 [£,CP] =0

(a) Relationship between discrete conserved (b) Different evolutions and steady states de-

charges Q and dynamical symmetries [31]. F} pending on the C P-nature of the coupling ma-

are the diagonalized jump operators corre- trix. The pictured initial state is the free
sponding to the Lindbladian £, see Eq. (5.35). ground state. Orange depicts strong C'P con-

Q = Q®Q is the charge super-operator, and servation, maroon depicts weak C'P conserva-
b

LT(Q) notates the Heisenberg evolution of Q. tion and blue depicts no C'P conservation.

o e

(c) Schematic of the C'P operator, which is a combination of a bond-reflection S and swapping 1, | on each staggered
site, where 1,| represent the spin—% basis of o%. Note that there are no individual C, P symmetries - in particular
[H,S]#0, and [H,[To.] #0.

Figure 5.8: Details of the CP operator for the discretised Schwinger Model.

a m | e T Dy;
Parameter set 1 (delta): 1 0 0.5 | 10 | 0.15 &;5
Parameter set 2 (delta): 0.6 | 0.5 2 1.5 | 0.72 ;4
Parameter set 2 (constant): | 0.6 | 0.5 | 2 1.5 | 0.216 145

Table 5.1: Bare parameter sets for the Lindblad operator described in Sec. 5.2.1, which
are simulated at various lattice sizes with NDO+tVMC in Sec. 5.2.3.

there is a well-defined Lindbladian gap A between the largest real value of the nonzero eigenval-
ues, and the unique zero eigenvalue which corresponds to the steady state. This gap controls the
long-time exponential decay towards the steady state, where the excited contributions die at least
as fast as e”®. Because the constant coupling is strongly CP-preserving, the lindbladian must have
multiple zeros (implying no Lindbladian gap) - interestingly the entire spectrum seems to collapse

to the imaginary axis in this case.
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Parameter Set 1 (delta)

Parameter Set 2 (delta)

Parameter Set 2 (constant)
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Figure 5.9: Eigenvalues of the Lindbladian operator for the three sets of parameters
introduced in Table 5.1, for the 6-site lattice Schwinger model in the N = 0 sector.
The initial states studied are product states describing n electrons and n positrons:
+ + - - - - + +
e (z1)--e"(zn)e” (Y1) (Un)) = O, 117000, 4105y, Oy, [ 11 -+ 41). (5.37)

Here, x;,y; label physical sites rather than staggered sites, and the state | |1 --- |1) is the free vacuum

product state expressed in the Z-computational basis. Observables that are useful for visualising
the real-time dynamics are the dimensionless chiral condensate and the electric field expressed in
units of e:

1 L-1 1 i—1

*Z(l Z(U +(=1)7).

When initialising to product states containing string conﬁgumtlons7 the time-evolved electric field

O’+].

(5.38)

(ES"™8)(t) contains large vacuum fluctuations, which can be removed by subtracting the electric field
W), giving (B} )(1) = (E;"5)(¢) - (B} (1)
For illustration purposes it is also useful to define a shifted electric field E;(t), which has been shifted
i) (1) = (Ei)(t) - (Ei)(0).

Fig. 5.10 shows a comparison of (1)1)}(t) between results computed with NDO-tVMC and results
computed using exact representations, for parameter set 1 on an L = 10 lattice. Both NDO-tVMC

of the time-evolved free vacuum state | |1 -+

by its value at t =0, (F,

and the exact results use the 4-th order Runge-Kutta integrator with d¢ = 0.05 to integrate the
Lindblad equation. The diagonal shift regulator for the Quantum Geometric Tensor inversion is set
to 5-107°. A total of 217 samples were used in both MCMCs when estimating observables/forces, and
the size of the NDO was varied as labelled in the figure. It was observed that vacuum fluctuations
cause systematic errors in the computed Lindbladian evolutions of the chiral condensate that grow in
time, which are relatively suppressed for string product states compared to vacuum product states.
Fig. 5.10(a) demonstrates that the network size significantly affects the systematic uncertainty in
the tVMC-NDO algorithm, with larger network sizes resulting in smaller errors due to the higher
representation power.

Fig. 5.11 compares the vacuum subtracted electric fields {E571n8)(¢) — ( EVacuum) (1) hetween the

NDO-tVMC determination (using the largest network (M, M,) = (10,10)) and the exact result.
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Figure 5.10: Studies of parameter set 1, on an L = 10 lattice. (a) The Lindbladian
dynamics of the chiral condensate (@1/1) computed with NDQO’s of various sizes, com-
pared with the exact result. (b) The same, but with the string state o30¢| |1 - 1) as

the initial state.

Qualitative agreement is observed between the solutions; for a more quantitative comparison, the
shifted electric fields (ES"™8)(t) — (Ey°""m)(¢) are compared between the NDO-tVMC calculation
and exact results in Fig. 5.12. Due to the fact that the d-coupling is weakly CP-conserving, the
electric fields satisfy the symmetry (F;)(t) = (Fr—;)(t). Fig. 5.12 demonstrates that the NDO-tVMC
algorithm has preserved this symmetry well in the simulated Lindbladian dynamics, as the results
of measurements of the electric field on each half of the lattice are consistent.

The NDO-tVMC method is able to simulate different types of coupling matrices D;;. Parameter
set 2 is specifically tuned such that the vacuum-subtracted chiral condensate has similar Lindbladian
dynamics for small times when comparing the delta coupling to the constant coupling with the initial
string state oz0¢| {1 -+ J1)—Fig. 5.13 shows that they share the same first oscillation, but diverge
in behaviour afterwards. As the constant coupling is strongly-CP conserving, there are two distinct
steady states and the long-time dynamics of the constant coupling dynamics does not match the
long-time dynamics of the delta coupling dynamics. Fig. 5.13 demonstrates the ability of the NDO-
tVMC to distinguish between the two types of coupling.

One of the advantages of the NDO approach is that it can be applied to lattice sizes L where exact
calculations are computationally intractable. However, it is important that the uncertainties arising
from the truncated parameterisation of the NDO can be controlled or estimated. In particular, for

an NDO parameterisation with fixed (M}, M, ), the number of complex parameters in the model
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Figure 5.11: The vacuum-subtracted electric fields as a function of time, computed
for parameter set 1 with string state o30§| 1 -+ |1). (a) The result computed with
a (Mp, M,) = (10,10) NDO which has been rolling-averaged over three timesteps to

reduce statistical noise. (b) The exact result.

grows quadratically with the lattice size, whereas the dimension of the space of density matrices
grows exponentially, as shown in Fig. 5.14(a). The effects of this (increasingly severe) truncation
can be quantified in the regime of lattice sizes L where exact calculations are possible, in order to
understand the scaling of systematic effects. Fig. 5.14(b) shows the scaling of the normalised error

in the chiral condensate for the vacuum initial state evaluated at ¢ = 2:
_ 1 — _
Err[(y1)(t = 2)] = 5((1/”/)>NDO(t =2) = (YY)exact (t = 2)) (5.39)

as a function of the lattice size L holding all other hyperparameters constant (number of samples
used in the MCMCs, regulator choice for the QGT inversion). The factor of % accounts for the
normalisation as () € [-1,1]. The time ¢ = 2 is chosen as the peak of the first oscillation in
the time-evolved chiral condensate, as observed in Fig. 5.10(a). As shown in Fig. 5.14(b), at fixed
time ¢ = 2 and for fixed (M}, M,) the scaling of the error as a function of lattice size is fairly
mild, suggesting that the accuracy of the NDO-tVMC algorithm can be controlled as the lattice
size is increased to larger values where exact results are not available. Other sources of systematic
error in the NDO-tVMC algorithm include the number of samples used in the MCMC chains [26],
choice of regulator for the Quantum Geometric Tensor inversion [32], and the timestep used in ODE
integrator.

The normalised error in the chiral condensate for the vacuum initial state is shown as a function
of simulation time in Fig. 5.15, for a variety of lattice sizes with the largest tested NDOs, (M, M,) =

(10,10). The approximate curve collapse for times ¢ < 2 once again suggests mild scaling of errors
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Figure 5.12: The same data as Fig. 5.11, with the shifted vacuum-subtracted electric
field at each lattice site shown as a separate line. The NDO-tVMC electric fields
measured on the left/right half of the lattice are denoted by blue/red bands. The

green band corresponds to the electric field link exactly in the center of the lattice.

as the lattice-size is increased at early to intermediate times during the evolution of the system.
At later simulation times, the scaling of errors as a function of lattice size is less controlled; note,
however, that there is no simple relationship between the size of the error for different lattice sizes.
Although the time ¢ = 2 corresponds to a physically relevant timescale (the first peak of the chiral
condensate evolution for the vacuum initial state), it does not correspond to a maximum/minimum
in Bre[ ().

To demonstrate the utility of the NDO-tVMC approach for larger lattice sizes where exact results
are computationally intractable to achieve, the Lindbladian dynamics of various initial states are
simulated on an L = 20 lattice, as shown in Fig. 5.16. The real dimension of the space of density
matrices is approximately 3 - 100, which was parametrised by 9280 real parameters corresponding
to My =1, M, =4 in the NDO construction. In Fig. 5.16(a) an initial e*e™ pair joined by a short
string splits into two strings due to the pair creation of an e*e™ pair in-between the two fermions,
which is the same physical scenario simulated in Fig. 5.11, but on a larger lattice size where finite
volume effects are suppressed. Fig. 5.16(b) illustrates that the dynamics of multi-string states can
be investigated, at the same computational cost as simulating the dynamics of single-string states.
Finally, Fig. 5.16(c) shows the dynamics of a long string, which can not be investigated on smaller

lattice sizes.
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Figure 5.13: Vacuum-subtracted chiral condensates computed with NDO-tVMC
(dashed lines) for the two types of couplings in parameter set 2, with initial string
state o30¢| {1 -+ |1). Shaded bands indicate statistical uncertainty estimated by
MCMC, added in quadrature with the uncertainty computed as the spread over three
separate runs of the simulation. Exact results (solid lines) are shown for comparison.
Results are computed on an L = 10 lattice, with (M, M,) = (10,10).

5.2.4 STEADY STATE PROPERTIES

Extracting the steady state solution pgtan., which by definition satisfies:
ﬁpstab. =0 - Pstab. = eXp(—H/T) + O(T72)7 (540)

allows thermal properties of the system to be probed. Note that the thermal properties of relativistic
QFTs such as the Schwinger Model and QCD can be obtained by discretising the Euclidean path
integral and performing Monte-Carlo over the resulting distribution, as in Lattice-QCD. It might
then seem strange and roundabout to study the thermal density matrix by preparing it variationally
as the long-time limit of the Lindblad evolution. Such a study however serves two purposes: firstly
it serves as a check that neural network variational parametrisations can adequately capture the
volume-law entanglement expected in thermal distributions. Secondly, this approach allows one
to explore regions of phase-space that are impossible for path-integral Monte Carlo due to sign
problems, for instance due to a chemical potential or a #-term.

As discussed in Sec. 5.1, Stochastic Reconfiguration with a finite diagonal shift as a regulator
for the Quantum Geometric Tensor inversion is used to drive the NDO towards the steady state.

Transfer-learning allows weights on smaller lattice sizes to be used as initialization for training on
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Figure 5.14: (a) Scaling of the number of parameters in the NDO construction at a
fixed set of choices of (M}, M, ) with the size of the lattice L, compared to the complex
dimension of H ® H* (black line). The three trajectories shown are the same choices
used in the comparison of Fig. 5.10. (b) Scaling of errors at ¢ = 2 for parameter set 1

and the vacuum initial state as a function of the lattice size L.

larger lattice sizes, which both reduces training costs and increases the reliability of results, as
described in Fig. 5.5. For a small L = 4 lattice size, exact results for the steady state are easily
computable; comparisons of the chiral condensate as determined with Stochastic Reconfiguration to
the exact results are shown in Fig. 5.17. Results shown are computed for a compact parameterisation
with (Mp, M,) = (1,1). A diagonal shift of 0.01 is used, with 16000 samples distributed over 16
independent chains for both the MCMC chains, and the system is trained for 6000 steps. The
Lindbladian used is the delta-coupling Lindbladian D;; = d;;, which is chosen to ensure a unique
steady state solution (as opposed to the constant coupling which has two separate steady states). The
chiral symmetry breaking transition can be seen by the nonzero chiral condensate as the temperature
is decreased, or as the bare mass is increased (explicit chiral symmetry breaking).

Instead of studying the system at a finite chemical potential i, the system is studied at a finite
net charge - which can be Legendre transformed to recover results at finite . The steady state
of the L = 4 system is used to bootstrap to results on larger lattice sizes where exact results can
not be achieved; the state is transferred to an L = 8 lattice size, and retrained. This process is
repeated twice, yielding an approximation of the steady state on a L = 32 lattice size. In the transfer
learning, 8000 samples are distributed over 128 independent chains, and gradients are clipped to

have maximum L? norm 1 [33]. The Stochastic Reconfiguration regulator parameter is set to € = 0.1
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Figure 5.15: For the largest neural network shapes tested ((Mp, M,) = (10,10)), the
normalised error in the chiral condensate for the vacuum initial state is shown as a
function of time for various lattice sizes. The green markers denote the same points

as those shown with the same symbol in Fig. 5.14(b).
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Figure 5.16: The vacuum-subtracted electric field as a function of time for various
initial states, for parameter set 1 on an L = 20 lattice. (a) Initial state is a single short
string ogo71| 41 - {1). (b) Initial state is three interacting strings o30¢0801,013075| 11

-+ 1). (c) Initial state is a single long string o5 074 $1 -+ |1).

for all the training sets. Fig. 5.18 shows the behaviour of the measured chiral condensate as a
-1

function of T, m, and the filling fraction v := % where N = Y,y o7 is the net particle number. The
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Figure 5.17: Comparison between the exact chiral condensate of the steady state (left),
with the chiral condensate computed by the Stochastic Reconfiguration algorithm
(center) as a function of temperature 7" and mass m. The unnormalised difference

between the two is shown in the right figure.
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Figure 5.18: Measurement of the chiral condensate of the learned steady state solution

on a L = 32 lattice size. The three different columns show the system at different filling

fractions v = %

filling fraction v varies in the range v € [-1,1]. By C'P-symmetry, the measured chiral condensate

is symmetric about v = % when all other bare parameters are held fixed.
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CHAPTER 6
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SUMMARY AND CONCLUSION

The large scale separation between Aqgcp and the masses of the heavy quarks mg makes their
properties particularly interesting, due to effective heavy quark expansions. This thesis has presented
my contributions in both developing techniques to compute heavy hadron matrix elements and the
real-time dynamics of heavy quarks in a thermal medium, as well as presenting a first measurement
of the Spectator Effect matrix elements using newly developed X-space renormalisation schemes. By
working towards more precise measurements of these and related observables, we move closer to an
understanding of inclusive/exclusive tensions of CKM matrix elements, of the Quark-Gluon-Plasma

produced at heavy ion colliders, and of QCD as a whole.

e X-space renormalisation schemes

In Chapter 3, a set of X-space renormalisation schemes for isospin-nonsinglet AQ = 0 and
AQ = 2 four-quark HQET operators have been proposed, and the O(«ag) matching coefficients
between these schemes and MS in the dimensionally regulated continuum have been calculated.
This allows for a gauge-invariant, nonperturbative renormalisation matrix elements calculated
in lattice HQET, without the need to extract the power-divergent self-energy contribution
Mgtat. Precise computations of these matrix elements with lattice HQET will reduce theory
uncertainties on lifetimes of heavy hadrons, and help constrain physics beyond the Standard
Model. Note that, when implementing the X-space scheme for these four-quark operators
in lattice HQET, it is convenient to use Ginsparg-Wilson discretisations of the light quarks
(e.g., with the domain-wall fermion action) to avoid additional mixing between the four-quark

operators of interest and operators in other chiral representations.

Next-to-next-to-leading-order calculations of the matching coefficients presented in Egs. (3.76)
to (3.78) at O(a%) are possible, but the computation is complicated by the fact that unlike
p-type integrals that only have one external scale, the perturbative calculations shown in
Sec. 3.2.3 have two external scales @gc, Tsnk corresponding to the source and sink locations of

the three-point renormalisation scheme proposed. Corrections due to finite light-quark masses
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are more easily calculable (though they are likely smaller than the O(a%) corrections on typical
lattice-QCD ensembles), and require computation of the three-loop integrals in Sec. 3.2.3 either
analytically in the light-quark mass, or by expanding in powers of the light quark mass. O( m%g)
corrections are in principle also calculable, but require considering mixing of the four-quark
operators with dimension-7 operators that contain an additional covariant derivative, as well
as considering the O(m%,) corrections to the static HQET Lagrangian.

The calculations and techniques used in this work can be readily applied to X-space schemes for
other classes of operators. For instance, using the auxiliary-field formalism, nonlocal operators
such as q(z)W(x,y)q(y), where W(z,y) is a Wilson line, are transformed into products of
local operators qu,z(x)@y_wq(y), which can be renormalized by the techniques presented
in Sec. 3.2.3. The calculations of the three-loop diagrams involving gluons attached to the
light-quark propagators presented in Sec. 3.2.3 can also be applied to renormalise massless

four-quark operators such as the AS =1 four-quark operators relevant for kaon decays.

Spectator Effects

In Chapter 4, a first determination of the Spectator Effect matrix elements for a heavy-light
meson are determined, using the nonperturbative X-space renormalisation schemes proposed
in Chapter 3. Though the uncertainties due to lattice-artifacts have been estimated with a
continuum limit fit, the calculation was performed in ensembles with an unphysically large
value of the pion mass, and chiral limit fits were not attempted. The addition of ensembles
with a lighter pion mass, or the use of partially quenches quark propagators, may allow these
calculations to be extended to an extraction of the relevant matrix elements at the physical
point. Such a determination would greatly reduce the current theoretical uncertainty on inclu-
sive lifetime ratios 7(B*)/7(B"), and may be compared to experimentally extracted matrix

elements used in the inclusive determination of the CKM matrix elements Vi, Vip.

The heavy-light decay constant ngET is similarly determined, however note that unlike the
Spectator Effect matrix elements, fp has been calculated in a number of different lattice
actions and strategies at the physical point. A detailed analysis of the window problem, and
the utility of step-scaling was demonstrated for ngET, where O(a?) results for the matching
between X-space and MS were available. The step-scaling was made slightly awkward by the
fact that the available ensembles did not have lattice spacings that were even multiples of each
other, leading to signficant uncertainties due to the interpolation strategies used. With the
addition of further ensembles with compatible lattice spacings, it may be possible that this
strategy can provide a determination of ngET with uncertainties that are competitive with

other determinations [1].

Variational Approaches to simulating Open Quantum Field Theories

Chapter 5 presents evidence that Neural Network variational ansétze can parametrise the space

of states of the Open Schwinger Model in a systematically controllable manner. This represents
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the first time a variational ansétz has been applied to an Open-QFT, and suggests possible
extensions to more complicated theories. This setting is quite different from heavy quarks
propagating in the Quark Gluon Plasma: it is easier because it is in less dimensions, but harder
because the fermions were not matched to an effective field theory. The fact that the theory was
not matched to a nonrelativistic theory is encouraging if the end goal is to simulate O(100) ¢c-
pairs produced in a heavy ion collision. In extending such variational parametrisations of lattice
discretised QFTs to higher dimensions, there a number of technical difficulties to deal with -
such as a choice of Jordan-Wigner path through the higher dimensional lattice. Alternatively,
continuous parametrisations of nonrelativistic density matrices are possible, which may be

simpler to implement.

Dirac Traces and the Tutte Polynomial

In this thesis, a connection between dimensionally regulated Dirac traces and Tutte poly-
nomials of corresponding graphs was proven. The connection is theoretically interesting in
both directions, on the one hand giving a graph-theoretic interpretation of what dimensionally
regulated traces means, and on the other hand providing a ‘physical’ interpretation for the
Tutte polynomial T'(G;x,y) evaluated along y = -1 (at least when G is a circle graph). Pre-
liminary investigations suggest the connection may also be practically useful, providing faster
algorithms to compute Dirac traces for single traces of randomly contracted Dirac matrices.
These preliminary investigations have to be taken with a grain of salt, given that the distribu-
tion of Dirac traces that actually appear in realistic multi-loop calculations is not going to be
the uniformly random contracted distribution. It would however be interesting to see a com-
plete implementation of arbitrary Dirac traces utilising the connection to Tutte polynomials

developed in the future.

The discussion in Appendix A.3 motivates one to consider a more in-depth study of the com-
putational complexity of Tutte polynomial evaluations on the class of circle graphs (similar
to what was performed for planar graphs in Ref. [2]). For instance, a natural conjecture to
consider is that Theorem A.3.0.9 can be strengthened to a statement that evaluations of d-
dimensional Dirac traces is #P-hard. Following the strategy outlined in Appendix A.3, this
would first require showing that ﬂ{(l_nm}(Circle) are #P-complete, possibly by showing that
the reduction in Ref. [3] can be made parsimonious. Then perhaps by finding a different trans-
formation (other than k-stretching) that circle graphs are closed under, that allows one to
interpolate the Tutte polynomial on the entire plane. In a similar vein, it would be interesting
to consider the computational problem of computing the coefficient of € in Trg, where d = 4—¢
for a fixed n (as in practical perturbative QFT calculations calculations are only performed to

some fixed number of loops).

Though a framework for handling open indices, multiple traces and the ‘tHooft-Veltman ~s

is presented in Appendix A.4, it is possible that there is a more natural framework for these
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objects as well. A more matroid-theoretic interpretation of products of multiple Dirac traces
with indices contracted in some fashion may allow for a clean analysis of the computational
complexity of this more complicated case. Graph-theoretic interpretations of 75, evanescent

operators, and similar complications in dimensionally regulated Dirac matrices may prove
fruitful in the future.
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CHAPTER A

DIRAC TRACES AND THE TUTTE POLYNOMIAL

Content in this section has been reproduced from the following reference:

Joshua Lin. Dirac Traces and the Tutte Polynomial. JHEP, 10 2024. doi: 10.1007/JHEP05(2025)235.
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This appendix contains details of the proofs of the main theorems presented in Sec. 2.1.5 linking

the conventional dimensionally regulated Dirac trace to Tutte polynomial evaluations:

Tra(Vpes, Yy, ) = 4(~1)El(~2)n-elGr(@) g e(Grle) 7 (Gr(z);1 - 4, -1) (A1)

A.1 MAPPING BETWEEN DIRAC TRACE AND TUTTE POLYNOMIAL

In this section, the formal connection between the dimensionally regulated Dirac trace and the
Tutte polynomial is proven. Before the main theorems and proofs are presented, some groundwork
is necessary to introduce key ideas and fix notation. We start by formalising the dimensionally
regulated Dirac Trace. One approach to constructing the d-dimensional trace Trg is by exhibiting
explicit infinite-dimensional representations of the d-dimensional Clifford Algebra, as discussed in
Ref [1]. In this section, a formal construction of Trg will be presented instead by considering the
defining relations

{'Y/u ’Yu} =YY VWY = G L up = d (A~2)
as relations on symbols, with no reference made to matrix-like structures for the y-objects. For the
purposes of this work, no distinction will be made between lower and upper indices (all indices will

be lower indices) as everything will be considered in Euclidean signature.
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For concreteness, first consider the case of computing a single Dirac trace where there are no free
indices. Extensions to traces with open (uncontracted) Dirac indices, and Dirac traces including
s insertions are presented in Appendix A.4. Let ¥ be a countable alphabet of symbols (usually
labelled as ¥ = {u1,p2,...}), and let P(n) be the set of all permutations of tuples of length 2n
with symbols from X, such that each symbol appears exactly twice. The map Try will be defined
as a map from z = (z1,...,T2,) € P(n) to Try(z) € Z[d], the ring of polynomials in d with integer

coefficients, with the interpretation that Trg(z) = Tra(Va, - Vas, )-

Definition A.1.0.1. A function Trg: Upen,, P(n) — Z[d] is called a d-dimensional trace operation
if it satisfies the base case Tr(@) = 4 where @ € P(0) is the empty tuple, and for alln>1, 1<i<2n

and x = (21,-+,T2n) € P(n), it satisfies the recursion relations:

i #xi1 = Trg(x) = -Trq(S; i1 (2)) + 2Trg(Ch i1 (), (A.3)
Ti = Tis1 — Tl"d(l') = d ’Iird(Ci’Hl(m)), (A4)

where S; j : P(n) - P(n) is the map that swaps the i-th element z; with the j-th element x; in the
tuple, and C; ; : {x € P(n)} - P(n—1) is the map that removes the i-th and j-th elements in the

tuple, and relabels all other occurrences of x; in the tuple to x;.

Definition A.1.0.1 is a formalisation of the defining relations given in Eq. (A.2). The base case
Try(@) = 4 is the conventional choice used in most calculations involving dimensional regularisa-
tion, but this condition can be changed, for instance to Try(@) = 2%. This latter choice may seem
more natural given that in even spacetime dimensions d, the standard representation of the Clifford
Algebra has dimension 2%, However, such modifications to the base case do not affect the renor-
malization procedure in any meaningful way, and simply amount to a shift in the renormalization
constants [1].

A graph G = (V, E, m) refers to an undirected graph possibly with multi-edges and loops, and is
specified by a vertex set V, an edge set E, and a map 7 : E - (V xV)/ ~; associating an edge with
its endpoints, where for all vg,v1 € V, (vg,v1) ~f (v1,v9). The collection of all graphs is typeset
as Graph. A circle graph is a graph formed by first drawing a collection of straight chords on a
common circle, then associating each chord with a vertex of the graph, and an edge between two
vertices if and only if the two corresponding chords intersect. The collection of all circle graphs is

typeset as Circle.

Definition A.1.0.2. The map
Gr: |J P(n) - Circle (A.5)

neNso
associates to every x € P(n) a circle graph. The construction first places the elements of the tuple x
in order around a circle, joining the repeated elements with straight chords. The circle graph s the
intersection graph of this construction, so that the vertex set is the set of symbols appearing in the

tuple x, and edges correspond to intersections of chords.
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As an example:

M3
hz /2 M1 2 pa
P(4) 3 (1, pro, 13, iy f15 fhas f13, fa) = M1 H1 = .\M ¢ Circle
M4 H4
M3

Clearly this construction satisfies a cyclic symmetry, where the same graph is associated to all
cyclic shifts of a tuple in P(n). This observation will be related to the property that traces are
invariant under cyclic shifts. Furthermore, the associated graph is invariant under reversing the
order of the tuple, which is related to invariance of traces under transposes and inverses.

In the general case, the Tutte polynomial is a polynomial defined for matroids (this will be
relevant in Appendix A.3, where a brief introduction to matroids is presented). For the purposes of
this section, it is simpler to restrict to the special case of undirected graphs. To define the Tutte

polynomial, we first introduce some basic graph terminology:

e ¢(@) is the number of connected components of the graph.

b(G) is the number of bridges of the graph, where a bridge is an edge that if removed from G,

the number of connected components increases by one.

I(G) is the number of loops of the graph G, where a loop is an edge that has both of it’s
endpoints as the same vertex.

G - e is the graph obtained by deleting the edge e from the graph G

G/e is the graph obtained by contracting the edge e (deleting e, and merging it’s two endpoints).

Definition A.1.0.3. [2] The Tutte polynomial is the unique function T : Graph — Z[x,y] satisfying
the base case T(G) = 2PN if G has no edges that are not bridges or loops, and for any edge

e that is not a bridge or a loop, the deletion-contraction relation holds:
T(G)=T(G-¢)+T(G/e). (A.6)

The main observation of this work is that the anticommutation relations of the Dirac algebra
can be reinterpreted as a deletion-contraction relation for the Tutte polynomial computed on the
associated circle graph. To see this, it is simplest to make some technical detours. Firstly, the ‘recipe
theorem’ for the Tutte polynomial for graphs which was originally stated and proved in Ref [3] is

given below in the form presented in Ref [4]:

Proposition A.1.0.4. [3, Thm. 1] Suppose the function T : Graph — Z[z,y,a,0,T] satisfies the
base case T(G) = ! OlyllOIIVI if G has no edges that are not bridges or loops, and satisfies a

modified recurrence relation
T(G) =0T(G-e)+71T(G/e). (A7)
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Then T is given by a transformation of variables of the Tutte polynomial:

T(G;z,y,a,0,7) = (D GlEVIHe(G) L VIme(G) (G; %, g) . (A.8)
T o

In the following proofs, it is easiest to utilise an alternative parametrisation of the Tutte poly-

nomial:

Definition A.1.0.5. For a graph G, let f:V — {1,---,n} be an arbitrary function. Assigning an
arbitrary direction to each edge of the graph, where src,dest : E — V are functions associating an

edge with its source vertex and its destination vertex, then the number of collisions is defined by
cOll(f) = D" G p(src(e)). f(dest(e)) (A.9)
ecE

where dqp 18 the kronecker-delta. The generalised chromatic-polynomial is a function x : Graph —
Z[q,n] given by

x(G;q,n) = Z g (A.10)
fV-{1,-n}

Note that x(G;0,n) is the chromatic polynomial of the graph G, that counts the number of proper
colourings of the graph G with n-colours (where the endpoints of every edge must be coloured
different colours). The generalised chromatic-polynomial satisfies a deletion-contraction relation,

which allows us to prove that it can be written as an evaluation of the Tutte polynomial:

Proposition A.1.0.6.

_ -1
X(G;q,n):T(G;HL 7q,n,1,q—1) :nC(G)(q—1)'V“C(G)T(G;1+ nl,q) (A.11)
n q-—

Proof. Note that if G has no edges, then x(G;q,n) = nlVl as there can be no collisions. If e is
a bridge, then x(G;¢,n) is composed of a contribution corresponding to the endpoints of e being
colored the same (%) X(G - ¢e;q,n), and a contribution corresponding to the endpoints of e being
colored differently ("T_l) X(G -e;q,n), giving a relationship x(G;q,n) = (1 + %) x(G-e;q,n). If e
is a loop, then x(G;q,n) = ¢x(G - e;¢,n) as the loop always gives a collision. Finally, for any other
edge e there is a deletion-contraction relation, described pictorially in an example:

X ﬁ sq.n | =x ;g |+ (q-1) x $q;n (A.12)
( ) ) )

where the grey blob represents the rest of the unshown graph that has arbitrary structure. The first
term on the right hand side of Eq. (A.12) correctly counts the contributions from the sum where the
two vertices connected by e are coloured differently, and the second term corrects for the behaviour
when the two vertices are coloured the same (in order to generate the factor of ¢ due to the collision).

Eq. (A.11) follows from the above observations and an application of Proposition A.1.0.4. O
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Proposition A.1.0.7. There is a unique function Try satisfying the postulates outlined in Defini-

tion A.1.0.1, and it is given by:
Trg(x) = 4(-1)'F1 \(Gr(x); -1,d) (A.13)

Proof. For positive integer values of d, the right hand side of Eq. (A.13) (RHS) can be expanded

using Definition A.1.0.5 as

RHS(Gr(z)) = 4(-1)/" > (-1)n) (A.14)
f:V(Gr(z))—-{1,....d}

=4 > [T (~1)*Psereen.scaestcen (A.15)
FV(Gr(z)—={1,...,d} ecE

We will now proceed to show that RHS satisfies the defining postulates of Try. Since Gr(@) is
the empty graph, RHS(Gr(z)) = 4, thus the base condition is satisfied. Now suppose that z =
(z1,...,22n),1 <i < 2n, and z; = x;41. The vertex corresponding to (x;,x;.1) in Gr(z) is an isolated
vertex, and RHS(Gr(z)) = d- RHS(Gr(C;+1(x))) as the isolated vertex can be coloured in d ways
and there are no associated collisions. Hence the condition corresponding to «y,v, = d-1 is satisfied.
Suppose instead that x; # x;11. Then x; and ;41 correspond to two different vertices in Gr(x),
which are either connected by a single edge, or not connected by any edges. Suppose j, k are chosen
such that 4,7+ 1, j, k are four different integers. Then, the following equation holds regardless of the

structure of the chords connecting the regions (1),(2) and (3) (not shown below):

where it is understood that RHS is acting on the corresponding intersection graphs of the circle
graphs depicted in Eq. (A.16). To prove Eq. (A.16), first notice that for a particular coloring of the
chords, if chord a is colored differently to chord b, then the contribution from that coloring vanishes
on the left hand side of Eq. (A.16) as the first circle diagram has a relative factor of (-1) compared
to the second circle diagram due to the color collision. So, the only colorings that contribute on
the left hand side are colorings in which both chords a and b are colored the same, which are in
bijective correspondence with colorings of the chords on the right hand side diagram, where chord ¢
is coloured the same as the chords a and b. Note that any chords that connect region (1) to (3), or
region (2) to (3) will cross exactly one of either chord a or chord b for the left hand diagrams, and
will cross chord ¢ on the right hand diagram. Thus, any such chord will contribute the same factor
to the sum on either side of Eq. (A.16). And if a chord connects region (1) to (2), it crosses both

chords a and b on the left hand side, but since a and b are colored the same, it is equivalent to not
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crossing either (as it picks up two minus signs if it is colored differently to a and b), as in the right
diagram. Hence Eq. (A.16) is true, proving that RHS satisfies the recurrence relation corresponding
to {Vu, Vv } = 29, for positive integer values of d.

The observations above show that RHS satisfies the recurrence relations defining Try for all
positive integer values of d. Since RHS are finite degree polynomials in d, by lagrange interpolation
in fact RHS satisfies the recurrence relations for all values of d. It is the unique valid definition,
as the value of Try on any particular value of z is uniquely determined by the recurrence relations,
which can always simplify Gr(z) to graphs with no edges.

O

The proof above is formalising the intuition that d-dimensional traces of Dirac matrices behave
as if there were d-different anticommuting matrices for positive integer values of d. With this

proposition, the main theorem follows:

Theorem A.1.0.8. The unique map Try satisfying the defining properties in Definition A.1.0.1 is
given by:
Tra(z) = 4(-1)FI(-2)VI=(Gr @) ge 7 (Gr(2),1- ¢,-1) (A.17)

where ¢(Gr(z)) is the number of connected components of Gr(zx), V is the set of vertices of Gr(x),
E is the set of edges of Gr(x).

Proof. Eq. (A.17) follows from Proposition A.1.0.7 and Proposition A.1.0.6. O

An immediate observation from Theorem A.1.0.8 is that traces in d = 4 correspond to evaluating
the Tutte polynomial T'(G;-1,-1) for appropriately constructed graphs G. This point (z,y) =
(-1,-1) is one of the special points in the Tutte plane where the Tutte polynomial is known to be
calculable in polynomial time. Following the definitions in [5], consider 2V,2F as the free vector
spaces over Z/27Z with basis given by the set of vertices V, and the set of edges E respectively for
a graph G = (V, E). There are boundary @ and coboundary § maps defined between the two vector
spaces:

2V # 2P (A.18)
where 9(e) is the sum of the two endpoints of edge e, §(v) is the sum over all edges incident to v
(loops are counted twice, thus they don’t appear in the result as the base field is Z/2Z), and the maps
are extended by linearity to be well defined on all of 2V and 2¥. The subspace ker(9) nim(§) ¢ 2¥
is the space of bicycles.

Theorem A.1.0.9 ([5], Thm. 9.1). If a graph G has |E| edges and the dimension of the bicycle
space of G is dim(B(G)), then

T(G;-1,-1) = (-1)F(=2)HmB(ED) (A-19)
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Theorem A.1.0.10. For x € P(n), the 4-dimensional trace is given by
TI‘4($) _ 4(_2)|V|+c(Gr(w))+dim(B(Gr(a:))) (AQO)

where ¢(Gr(z)) is the number of connected components of Gr(x), V is the set of vertices of Gr(x),
and dim(B(Q)) is the dimension of the bicycle space of G.

Proof. Follows from Theorems A.1.0.8 and A.1.0.9. O

A.2 COMPARISONS TO TRADITIONAL ALGORITHMS

In light of the connection between Dirac traces and Tutte polynomial evaluations, standard identities
used to simplify Dirac traces can be reinterpreted as identities for Tutte polynomials. This exercise
can be instructive in understanding the structure and nature of currently used algorithms. For
instance, both TRACER [6] and FORM [7] make use of variations of the following identity to

simplify d-dimensional traces:

n

Y Yo Vv Y = (_1)nd YorVon T 2 Z(_1)n_j’ij’yV1...’ij—lny]#l-..’yVn (A21)

J=1

where the v, at the right end of the chain on the left hand side of the equation is anticommuted
through the chain all the way to the left side. This can be interpreted as an identity for Tutte

polynomials:

I

ool

T ;x,y +- 4T ;x,y +T ;x,y (A.22)

where the grey blob represents the rest of the graph, with possible edges between the nodes labelled
V1,...,Vn. The identity is proven by repeatedly applying the deletion-contraction formula to the
edges connected to p, starting with the edge connected to v,. For traces in four-dimensions, there

is a Chisholm identity for odd values of n [8]:

Tr4("/u'7’t/1"'7un'7ﬂ) = _2Tr4('7vn""‘/u1) (A~23)

which translates into a theorem concerning the bicycle number:

170



Theorem A.2.0.1. For a graph G with nodes u, vy,...,v, where n is odd and the only edges
connected to p are single edges to each of the nodes v1,...,v,, then there is a natural isomorphism
between the bicycle space B(G) of G, and the bicycle space B((G - u) x K,,) of a modified graph
where the vertex u has been removed, and edges have been attached between every pair of distinct
vertices in the list vq, ... v, (equivalently, a copy of the complete graph on n nodes K, is glued onto

the vertices {v1,...,vn}).

I

B /lk ~ B ,ﬂ'-\\ (A.24)
ey &0

Proof. 1t is possible to utilise the Chisholm identity as well as Theorem A.1.0.10 to conclude at the
very least that the dimensions of the respective bicycle spaces are the same. The following purely
graph-theoretic proof presents more geometric intuition for the theorem, as well as providing an
explicit isomorphism f: B(G) - B((G — u) » K,,) between the two bicycle spaces.

For any X € B(G), X € im(d), so choose a representative Y € 671(X). The collection of all
vertices in Y that are not p forms a subset of vertices Y’ in (G - u) « K,,, define f(X):=§(Y"). For
this map to be well defined, §(Y’) must first be invariant under the choice of Y € 671(X). To see
this, first note that because X is a bicycle, X € ker(9) and hence there must be an even number
of edges connected to p, corresponding to an even cardinality subset N ¢ {vy,...,v,} of neighbors
of p in the subgraph defined by X. If u ¢ Y, then Y n{vy,...,v,} = N, conversely if u € Y then
Yn{vi,...,vn} ={v1,...,vn} — N owing to the fact that §(Y) = X. In either situation, §(Y') n K,
is given by the complete bipartite graph Ky|,-n| which contains exactly every edge connecting
vertices in N to vertices outside of N in the subset {vy,...,v,}. Hence, §(Y”') is invariant under
your choice of Y € 671(X). Note that it is precisely because n is odd that d(6(Y’)) = 0, as the
vertices in N have an odd number of K,, edges (n —|N|) connected to them.

The above remarks have demonstrated a map f : B(G) - B((G - )  K,,). The inverse map
can be constructed completely analogously, where for any X € B((G - p) * K,,), pick a Y € 57 1(X),
and set f71(X) = (YY) (where the vertices in Y are now considered as vertices of G). O

For even values of n the corresponding statement about bicycle spaces does not hold (a coun-
terexample is given by the four-cycle G = Cy, where dim(B(G)) = 1 but dim(B((G - ) * K3)) =0

for any vertex p € Cy). Instead, for even n there is a different relation:

’yﬂfyl’l h .’YVn ’yﬂ = 2’}/1)71 nyl h .Fy’/n—l + 27”71—1 . .ryyl ,)/Vn (A'25)

which can be proven by applying the anticommutation relation to 7, on the right once, and then
applying the Chisholm identity Eq. (A.23). Naively, the number of terms generated by applica-

tions of the d-dimensional recurrence relation Eq. (A.21) and the 4-dimensional recurrence relations
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Egs. (A.23) and (A.25) in order to simplify a string of v-matrices is exponential in the length
of the string. A natural question to ask is what computational complexity classes evaluations of
d-dimensional and 4-dimensional traces belongs to, and this is discussed in Appendix A.3.

A simple reason that dedicated Tutte polynomial algorithms might be asymptotically faster than
currently used Try algorithms is that being able to use the Tutte polynomial deletion-contraction
relation on graphs can relate Dirac traces to Tutte polynomial evaluations of graphs that are not
Circle graphs. To understand this in more detail, first we introduce the notion of local equivalence
of graphs in order to understand the classification of Circle graphs. To locally complement a graph
G at a vertex v is to replace the induced subgraph on all the neighbors of v with the complement
graph (to be precise, neighbors w;, w; of v are connected by an edge in the new graph if and only if
they were not connected by an edge in the original graph) . If a graph G can by a series of local

complementations turn into a graph G5 then they are said to be locally equivalent.

Theorem A.2.0.2 ([9]). A simple graph G is a circle graph if and only if no graph locally equivalent
to G has an induced subgraph isomorphic to one of the graphs depicted below:

() (0) (c)

Figure A.1: Key examples of graphs that are not circle graphs.

With this classification of Circle graphs, it is possible to construct relationships between an
evaluation of Try and Tutte polynomial evaluations that cannot be written as d-dimensional traces,

for example in the evaluation of the trace of the following product of 12 y-matrices:

M1
H2 6 M5 d
Trd('Y;tl7#37#27#57#47#67#57#3’7#4’7#1 '7#2'7#6) =128d-T i1- 9’ -1
M3 221
d d
=128d| T ;1—57—1 -T ;1—5,—1 (A.26)

derived by applying the deletion-contraction formula to the graph Fig. A.1(a). This formula however

cannot be written as a relation on single dirac traces, as the first graph appearing in the final line
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of Eq. (A.26) is not a circle graph. Such relations open the door to potentially faster algorithms
for computing Try. For example, a generic algorithm is to specify certain special classes of graphs
where the answer is known and use the deletion-contraction relation to recursively travel towards
these special cases. All current algorithms for Try rely on this idea where the special case are graphs
with no edges, however (as described in Ref [10] for chromatic polynomial computations) a trivial
improvement is to include the complete graphs as a special case as well. In the case of Eq. (A.26), it
would require adding 6 edges to complete the graph, but require taking away 9 edges to reduce it to
the empty graph. For this idea to be useful, an explicit formula is required for the Tutte polynomial

evaluated on the complete graph, which is provided below:

Theorem A.2.0.3.

n

. d
Tra (Vi Vyan Yy Yy ) = (1)1 1212077 T(Kn; 1- 5,—1)

-1 n!
=4 Y (~1)Fi NN q!}.ok! (H(d - z’)) o (A.27)

AFn i=0 )\1')\['
where the sum is performed over all distinct partitions X = (A1,..., A1) of n (such that i < j implies
Ai <A, and Zézl Ai=n), and c1,...,c, are the multiplicities of the distinct numbers in the partition.

Proof. The proof follows from considering the representation Trg(z) = 4(-1)F! x(Gr(z);-1,d)
proven in Proposition A.1.0.7. Each partition A = (A1,...,A;) + n corresponds to a certain par-
tition of the n vertices into I different colours, and the factor of (~1)Zi<i**i accounts for all the
colour collisions. The factor of Hé;é(d — 1) counts the number of ways of assigning colours from
d choices to the different groups defined by the partition, but must be corrected by the factor of
to correct for overcounting. Finally, )\1,"7')\1, accounts for the different ways of distributing

01!'“Ck!
the colours among the vertices. O

A.3 COMPLEXITY OF EVALUATING SINGLE DIRAC TRACES

Given the connection developed between Dirac traces and computations of the Tutte polynomial, a
natural question to consider is the asymptotic complexity of computing Dirac traces. The algorithms
to compute Try with deletion-contraction relations as in Appendix A.2 naively generate exponentially
many terms, and one may wonder whether it is possible to find a polynomial time algorithm instead.

As a quick review of the relevant complexity classes that will be discussed in this section,

- P is the class of decision problems that can be solved by a deterministic Turing machine in a

polynomial amount of computation time with respect to the size of the input.

- NP is the class of decision problems for which any successful query is accompanied by the
existence of a polynomial-length ‘certificate’, which can be verified in polynomial-time by a

fixed deterministic algorithm.

- FP is the class of function problems which are computable in polynomial time.
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- #P is the class of function problems corresponding to counting the number of certificates to

given decision problems in NP [11].

- p4 (FPA) for a given problem A is the class of decision (function) problems which are com-
putable in polynomial time given access to an oracle that either decides A if A is a decision

problem, or computes A if A is a function problem.

For more detailed definitions, see Ref [12]. This section will consider the problem of computing
single Dirac traces with all indices contracted, and no 75 insertions. Because these correspond
to evaluations of the Tutte polynomial for circle graphs by Theorem A.1.0.8, the computational

problems we will be interested in are defined in terms of evaluations of the Tutte polynomial:

Definition A.3.0.1. Let mx(C) be the function problem of computing the Tutte polynomial for a
specified class of graphs C in the subset X of the Tutte plane. X can take three forms:

- X is either a single point X = {(a,b)} where (a,b) € R?

- X is a rational curve, specified by a parametrisation f : R — R? where f(s) = (:E:;, f((;)))
where u,v,w, z are finite-degree polynomials in s with coefficients in Q. In this case, the Tutte

polynomial output is considered as a rational function in the parameter s.

- X is the entire plane R?, in which case the Tutte polynomial output is a polynomial in canonical

variables x,y.

Computing single Dirac traces corresponds to computing the Tutte polynomial along the line
y = =1 for circle graphs, and is written as 7;(s _1).ser} (Circle). Mainly this section will deal with
the question of whether or not 75 _1).sery (Circle) € FP, the class of functions which are computable
in polynomial time, or whether (s _1).ser} (Circle) is contained in a complexity class believed to
be distinct from FP (which would necessarily require superpolynomial time algorithms to compute),
such as the class of #P-hard problems. Though it is possible that #P = FP, it would for example
immediately imply that P = NP which has long been conjectured to be false [13].

It was shown that for the class of all graphs, m(4,4)} (Graph) € #P-hard, and 7 f(s).scry (Graph)
€ #P-hard in Ref [14] for generic rational points (a, b) and generic rational curves f(s). These results
were then extended to the class of planar graphs in Ref [15]. The analysis for the complexity of
evaluating Dirac traces is slightly complicated by the fact that Dirac traces are associated with
evaluating Tutte polynomial along the specific curve y = —1, and for the class of circle graphs. It
is however quite natural to conjecture that Dirac traces would also be #P-hard in the absence of
some special structures present only within the class of circle graphs. Towards the goal of proving
this statement, we follow the strategy used in Ref [14] for the case of Tutte polynomial evaluations
for the class of all graphs. The first objective is to identify specific points within the Tutte plane for
which evaluations are difficult. For the class of circle graphs, deciding whether a given circle graph

has a proper n-colouring for n > 4 is known to be NP-complete by reduction to 3-SAT:
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Theorem A.3.0.2 ([16], Thm. 1). The problem of deciding whether a given circle graph is n-

colourable is NP-complete for n > 4.

Unfortunately, this does not immediately imply that the corresponding function problem of
computing T(G;1-n,0) for n >4 and circle graphs G is #P-complete, as this would require finding
a parsimonious reduction (one that preserves the number of solutions) from n-colourability to 3-SAT.
It may be possible to modify the reduction in Ref [16] to become parsimonious, for now, we will be

satisfied with the following corollary:

Corollary A.3.0.3. 7((1_n,0)}(Circle) for integer n >4 (and hence, also mg2(Circle)) are NP-hard

function problems.

Proof. The only technical remark to make is that because m{(1-,,0)} (Circle) is a function problem,
what is meant by NP-hard in this context is not a polynomial time many-to-one reduction of decision
problems (as in Ref [17]), but rather that given access to a m(1_y )} (Circle)-oracle, one can solve
any NP problem in polynomial time, NP ¢ PTta-n.0)(Cirele) = Corollary A.3.0.3 then follows from
Theorem A.3.0.2, because deciding whether a given circle graph G is n-colourable can be done
by computing the chromatic polynomial x(G;0,n) = n(& (-1)VI=<(S) T (G;1-n,0) and checking
whether or not the result equals zero.

This immediately implies 7r2 (Circle) is also NP-hard, because being able to compute the Tutte
polynomial on the entire plane allows you in polynomial time to evaluate the Tutte polynomial at

any specific point (1 -n,0) by evaluating the polynomial at z =1-n,y = 0. O

The strategy proceeds by utilising a general theorem proven in Ref [14] that 72 (C) is polynomial
time reducible to 7y, (C) for generic rational curves L, and as long as the class of graphs C is ‘large’
enough in a technical sense. The theorems quoted below from Ref [14] are all stated in the more
general case of matroids, which we now provide a brief a review of. A matroid is a pair M = (5, p)
of a ground set S and a rank function p: 2° — Z satisfying 0 < p(A) < |A| for all Ac S, p(X) < p(Y)
for X cY ¢S, and p(XuY)+p(XnY) < p(X)+p(Y). Every graph G = (V,E) gives rise to
a ‘graphic’ matroid by letting the ground set be the set of edges F, and letting the rank function
p(X) =n - c where n is the number of vertices in the subgraph formed by the edges in X and c is
the number of connected components of the subgraph. Instead of specifying the entire rank function
p, a matroid can also be specified by its bases, which are the maximal independent subsets X c .5,
where an independent subset X is one that satisfies p(X) = |X|. In the case of graphic matroids,
p(X) =|X] if and only if X has no cycles (X is a forest).

The number f(n) of non-isomorphic matroids on a set of n elements grows at least as fast as
log, (logy(f(n))) > n - 2logy(n) + O(loglogn)[18]. As pointed out in Ref [14], this implies both the
input size, and the runtime for computing the Tutte polynomial on general matroids is exponential
in n, as the naive algorithm utilising deletion-recurrence relations runs in time exponential in n.

The class of matroids corresponding to circle graphs can be represented more succinctly however:
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Definition A.3.0.4 ([14]). A class of matroids C is succinct if there is an injective mapping e of
the members of C into strings of some finite alphabet 3, such that if |e(M)| denotes the length of
e(M)

Cn={(8,p) €C:[S|=n}, e(n):=max{le(M)|: M €Cy}, (A.28)

then there exists some polynomial p such that e(n) < p(n) for all n.
Lemma 5. The class of circle graphs is succinct.

Proof. Succinctness of the class of circle graphs follows from succinctness of the class of all simple
graphs. An explicit succinct encoding of simple graphs is given by writing down the adjacency

matrix of a simple graph. O

A class of simple transformations on matroids are given by tensor products with the uniform
matroid U, ,, which has ground set of n elements and bases all subsets of size r. To define this
tensor product, a few background definitions are required. A pointed matroid Ny is a matroid on
a ground set with a distinguished element, the point d, which is neither a loop (p({d}) = 0) nor a
coloop (p(S -{d}) = p(S)-1). If M = (S,p),N = (T,)) are two matroids with e € S, f € T, the
2-sum of M and N is the matroid ((SuT)\{e, f},o) such that for A c S\{e}, BcT\{f}

o(AUB) = p(A) + \(B) - (A, B) + §(2, 2) (A.29)

where 6(A4, B) = 1 if both p(A) = p(Au{e}) and A\(B) = A\(Bu {f}), else §(A, B) = 0. The tensor
product M ® N of an arbitrary matroid M and the pointed matroid NV is obtained by taking the
2-sum of M with N at each point e of M and the distinguished point d of N [19]. For tensor products
with the uniform matroid, it does not matter which element is chosen as the distinguished point, as
the matroid is invariant under permutations of the base set.

Not all uniform matroids are graphic, however the cases of interest are. In particular, Uy k41
corresponds to (k + 1)-edged cycle graph, and Uy y+1 corresponds to the (k + 1)-edged dipole graph
((k+1) edges connecting two vertices). The tensor product of a graphic matroid with Uy, x+1 has the
effect of replacing every edge with a k-stretched version, and the tensor product of a graphic matroid
with Uj x4+1 with a k-thickened version, hence the naming convention. For example, 2-stretchings

and 2-thickenings of K, are shown below:

VAN N/, N

4 Uz 3 4

The utility of thinking about these tensor products is that evaluating the Tutte polynomial on
the k-lengthened or k-thickened versions of a matroid at a specific point (z,y) yields the Tutte

polynomial for the original matroid at a different point (2’,y"). Specifically,
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Theorem A.3.0.6 ([14], Eq. 4.1). For a matroid M = (S, p) and a pointed matroid N,
T(M®N:2,y) = To(N:a,y) STy (N2, )" DT (M X,Y) (A.31)

where for k-lengthening:

k-1 k
i ¥ +x(y-1) -
Te(Ukperizy) =y, 2", To(Uerersz,y) =1, X=a" V= % (A.32)
i=0 -
and for k-thickening:
k-1 k
i +z(y-1) -
TC(Ul,k+l;x7y) = 17 TL(Uk},kﬁ-l;xay) = Z Y, X = yy(kyl)y, Y = yk (A33)
i=0 -

Thus, being able to evaluate the Tutte polynomial efficiently for a class of graphs closed under k-
thickening and k-lengthening allows one to take a given graph, and evaluate it’s Tutte polynomial on
the transformed (X,Y") coordinates, which in turn allows for an interpolation of the Tutte polynomial
on the entire plane provided the curve is generic. Note that the k-thickening operation is not useful
for the problem m(, _1).ser} (Circle) because the class of circle graphs contains only simple graphs
and does not contain any k-thickened graphs. Furthermore by inspecting Eq. (A.33), it is clear that
the k-thickening transformation (z,y) ~ (X,Y") is only well-defined for the line defined by y = -1
by taking some limit as y — —1, complicating the situation. By focusing only on the k-lengthening

operation, the main theorem of Ref [14] is slightly modified:

Theorem A.3.0.7 ([14], Thm. 1 (modified)). Let L be a rational curve f(s) = (z(s),y(s)) =

(ZE:;, LZU((:))) for polynomials u,v,w,z with coefficients in Q such that (z(s) — 1)(y(s) —= 1) is not

constant, and such that x(s) is also not constant. Let C be a succinct class of matroids closed
under k-stretching, where computing the k-stretch of a succinct representation of a matroid takes
polynomial time both in k and the size of the matroid, yielding a succinct representation of the

stretched matroid. Then mg2(C) is polynomial time reducible to 71, (C).
Unfortunately, the class of circle graphs is not closed under k-lengthenings.
Proposition A.3.0.8. The class of circle graphs is not closed under lengthenings.

Proof. An explicit example of a graph G whose 2-lengthening is not a circle graph is provided below:

2-lengthen Locally complement at vq,v2,v3,
_

a then delete v1,v2,v3.

G Fig. A.1(b)

Figure A.2: Example of a circle graph G whose 2-lengthening is not a circle graph.
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But G is a circle graph, since it has 4 vertices, and hence cannot be locally equivalent to a graph
that contains one of the graphs in Theorem A.2.0.2 as an induced subgraph, as they all have at least
6 vertices. An explicit example is given by Gr((1,2,3,4,1,2,3,4)). O

A weaker statement is of course possible to make:

Theorem A.3.0.9. Let the class Circle™ be the class of circle graphs and all k-lengthenings of circle
graphs. Then computing Trgq on this class is NP-hard.

Proof. Follows from Theorem A.3.0.7 and Corollary A.3.0.3. O

To circumvent the issue of circle graphs not being closed under k-stretchings, it is possible to
imagine that there is a subset of circle graphs closed under stretchings yet where determining whether
the graph is k-colourable is still NP-hard. A candidate for such a class is the class of circle graphs
that do not contain a 4-clique, as Ref [16] comments that the k-colourability problem is still NP-hard
on this class. Unfortunately, this class is also not closed under lengthenings, for example the graph
G’ obtained from G in Fig. A.2 by taking a single edge and subdividing it into two pieces, is a circle
graph with no 4-clique but whose 2-lengthening is not a circle graph.

The situation is considerably simpler for 4-dimensional traces, for which the computational prob-

lem 7¢(_1,-1)}(Circle) corresponds to evaluating the Tutte polynomial at the special point (-1, -1).
Theorem A.3.0.10. Computing 4-dimensional traces is in FP.

Proof. Let G = (V, E) denote a circle graph. Note that one choice of succinct representation consists
of writing down its adjacency matrix, whose size scales as O(|V|)2. The bicycle space im(§) nker(9)
can be computed in polynomial time by gaussian elimination over the field Zs, as pointed out in
Ref [14]. Computing the 4-dimensional trace by utilising Try(z) = 4(=2)!VI+e(Gre))+dim(B(Gr(z)))
is then a polynomial in |V| overhead, as the number of connected components of Gr(z) can be
computed with breadth/depth-first search. O

In practice, dimensional regularisation calculations usually only require expansions of Trgz around
d = 4 at some finite fixed order (corresponding to the number of loops in the diagram). It may be
the case that these expansions also have a graph-theoretic interpretation, and can be calculated in
polynomial time. In light of these partial results, a complete understanding of the computational
complexity of computing the Tutte polynomial for the class of circle graphs would be an interesting

study to see.

A.4  OPEN INDICES, MULTIPLE TRACES AND 75

The formalism established in Appendix A.1 deals with the case where all indices within a single Dirac
trace are contracted amongst each other, and there are no 5 insertions. In practical calculations,
these conditions are violated if there are multiple fermion loops connected by some interactions, or the

theory under investigation contains chiral interactions. Formally speaking, the problem of computing
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products of Dirac traces with indices contracted in some arbitrary fashion can be reduced to the
problem of computing single Dirac traces with some open (uncontracted) indices. Furthermore,
Dirac traces with ~5 insertions (in the ‘t-Hooft Veltman -5 scheme) can similarly be reduced to the
problem of computing Dirac traces with open indices. Though it is standard knowledge about how
to reduce the problem of traces with open indices to traces with all indices contracted, it seems
helpful to provide a perspective on how to formalise this procedure.

To formalise the problem, it is easier to now specify a specific alphabet of symbols. Let P(n,m)
be the set of all tuples of length 2n + 2m where each symbol in {u1,...,u,} appears twice (these
are the contracted indices) and each symbol in {v1,...,vs, } appears only once. Unlike in the case
with all indices contracted, recursion relations of the form Eqs. (A.3) and (A.4) are not sufficient
to determine Try on P(n,m) due to the fact that anticommuting uncontracted indices doesn’t help
simplify the expression. The additional physical axiom that is imposed is that the only structures
that can appear in the trace Trq(z) for € P(n,m) are metric tensors g,, ,,. Let Q(m) be the set
of perfect matchings on the complete graph K, with labelled vertices {1,...,2m}. Then the trace

can be written as a linear combination:

Trd(x) = Z Cq (H gl’src(e)l’snk(e)) (A'34)
GeQ(m) e

for some constants Cg, where for each edge e in each perfect matching G, an arbitrary orientation

has been picked. This arbitrary orientation has no affect on the resulting expression, as the metric

tensor is symmetric (gos = gga). The problem has thus been reduced to determining the constants

Cg. What is calculable with the technology introduced thus far are traces where the uncontracted

indices are contracted, in other words for some G’ € Q(m),

Trq ( H Gvgre(e)yVsnk(e) x) = Z Ca ( H ngrc(e')Vsnk(c')) (Ilgysrc(e)’/snk(e))
€ee

eeG’ GeQ(m) e’eG’
LS G (A35)
GeQ(m)

where ‘cyc’ is the function that counts the number of undirected cycles of a graph, and G ~ G’ is
the graph obtained by gluing the labelled vertices of the two graphs together. The left-hand-side
of Eq. (A.35) has no uncontracted indices, and can be computed by a Tutte polynomial evaluation
of the corresponding graph, and the right hand side is a linear combination of the unknown Cg
coefficients. By computing Eq. (A.35) for all G’ € Q(m), enough contraints are found to constrain
Cg for all G € Q(m). With the observations made above, the Dirac trace with open indices can be

defined as follows:

Definition A.4.0.1. Let A be a |Q(m)| x |Q(m)| sized matriz, whose entries are given by:

Ag, @, = d VLI (A.36)

179



The d-dimensional trace is extended to P(n,m) by defining:

Trd(m) = Z Trd( H gysrc(e)usnk(e)z) (Ail)G1,G2 ( H ngm(e)Vsnk(e)) (A'37)

Gl,GQEQ(m) eeGq eeGa
A practical way to approach the problem is to use anticommutation relations to move all
the uncontracted indices to the left of the string. The contracted indices then can be handled
via a Tutte polynomial evaluation, and what’s left is a trace over purely uncontracted indices
Trq(v1,v2,...,V2m). There is a simple formula for this trace, which requires first a few technical

definitions and statements:

Definition A.4.0.2. The sign sign(G) of a perfect matching G € Q(n) on the complete graph Koy,
with labelled vertices {1,...,2n} is given by the sign of the naturally constructed involution in the
symmetric group Sap,. Fxplicitly:
Slgn(G) - H (_l)snk(e)—src(e)+l (ASS)
eeG

where an arbitrary orientation has been chosen for the edges e € G.

Lemma 3. Forn >0,

> sign(G) =1 (A.39)
GeQ(n)

Proof. This lemma can be proven by induction on n. For the basecase, Q(0) contains only the empty
perfect matching, which has sign 1. For any n > 1, the node labelled by 1 is matched to some other
node i € {2,...,2n}. The result of summing over the signs of all such perfect matchings fixing i
gives (-1)" Y geg(n-1) sign(G) = (-1)* by inductive hypothesis. Finally, summing over i € {2,...,2n}

proves the lemma. O

As an intermediate step, the following theorem gives an interesting alternate way of evaluating

the d-dimensional trace:

Theorem A.4.0.4. For x € P(n),

Trg(z) =4 ), (-1)%En(@g ve(@&(@) (A.40)
GeQ(n)

where Gr'(x) is the graph on 2n vertices where vertex i is connected to vertex j by an edge if and

only if x; = x;.

Proof. Fix a positive integer value of d, and consider the generalised chromatic number formula for

Try given in Proposition A.1.0.7:
Tra(x) = 4(-1)F y(Gr(2); -1, ) (A.41)

The RHS of Eq. (A.40) has a similar structure to the RHS of Eq. (A.41). For every graph G € Q(n),

d e(G+Gr(2)) 5 counting the number of non-proper vertex-colourings of Gr’(z) if there are d colours

180



where each cycle is coloured the same. As the cycles are colored the same, each of these colorings
can be associated with a colouring appearing in x(Gr(z);-1,d). For a single term in the LHS
sum (where each of the contractions is colored with a specific color), it matches correctly onto the

contributions on the right, by some kind of inclusion-exclusion. O
Finally, traces with all uncontracted indices can be evaluated by the following formula:

Theorem A.4.0.5. For x = (v1,-, v ) € P(0,m), the equation:

Trd(x) = 4 Z (_1)51gn(G) (H gusrc(e)l’snk(e)) (A'42)

GeQ(m) eeG
holds where sign(G) indicates its sign when canonically associated to a permutation in Soy,.
Proof. Follows from Definition A.4.0.1 and theorem A.4.0.4. O

For example for n € {1,2} Eq. (A.42) takes the form:

Tra(Y, V2 ) = 49010,
Trd(’Ym 7V27V3’YV4) = 4gl/1v2gV3V4 - 4gV11/39V2V4 + 4gV1V4gV2V3 (A43)

Now that the technology is set up to treat traces including open indices, extensions to multiple
traces and the ‘t-Hooft-Veltman (HV) 75 is not difficult. In particular, products of multiple traces
where indices are possible contracted amongst the different traces can formally be handled by doing
single dirac traces with open indices, and contracting the resulting metric tensors. Also, the HV 5
is specified by:

V5 = %guwzusm’ym’yufz’Yﬂs'VM (A.44)

where € is the fully-antisymmetric tensor in four dimensions; hence traces involving 75 are performed
simply as traces with open indices. The ~ emphasizes that the e-tensor is a 4-dimensional object in

the HV-scheme. The 4-dimensional tensors satisfy the contraction relations:

4
6M1M2N3M4€V1V2V3V4 = Z Slgn(O’) Hgﬂi%(z)’ (A'45)
oeSy =1
Gupr Cpapapspa = Gups Cpapopspa = Cvpopspias GrpaGrvps = G Grps = Guaips» Gup =4 (A.46)
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A.5 NOTATION

(@)

B(G)
Ci;

(@)
x(G;q,n)

Circle

Circle”
coll(f)
d

9,6

FP
GG

Gr(z)

Gr'(z)

#P

mx(C)

The number of bridges of the graph G. A bridge is an edge which, if removed,
causes ¢(G) to increase by one.

The space of bicycles of the graph G.

Operation on P(n) that contracts the i-th index with the j-th index.

The number of connected components of the graph G.

Generalised chromatic-polynomial function, where x(G;0,n) is the regular
chromatic polynomial in the variable n.

The class of circle graphs.

The class of circle graphs, and all k-lengthenings of circle graphs.

The count of the number of collisions in the coloring described by f.
Dimension of Euclidean spacetime, analytically continued from integer values
to arbitrary complex values.

Boundary and coboundary maps used to define the bicycle number.

Function problems which can be computed in polynomial time.

For two graphs G, G’ with subsets of vertices that are labelled the same, G x G’
is the graph obtained by gluing the vertex subsets together.

For z € P(n), the graph formed by placing the elements of z around a circle,
connecting contracted elements by straight chords, and taking the intersection
graph.

For x € P(n), the graph formed on 2n labelled vertices {1,...,2n} such that 4
and j are connected by an edge if and only if i # j and z; = z;.

Complete graph on n vertices.

Complete bipartite graph (an edge connecting every node in a set of m vertices
to every node in a set of n vertices).

The number of loops of the graph G. A loop is an edge which connects a vertex
to itself.

The class of decision problems for which a verification Turing machine can
verify a given problem has a solution in polynomial time given a polynomial
length certificate.

The class of function problems corresponding to counting the number of cer-
tificates of a given NP decision problem.

The class of decision problems solvable in polynomial time.

The rank function of a matroid.

Function problem corresponding to computing the Tutte polynomial on some
subset X € R? for the family of graphs described by C.
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P(n) Set of all permutations of tuples of length 2n with symbols from ¥, such that

each symbol appears exactly twice.

Q(n) Set of perfect matchings on the complete graph Ko,.
b)) Countable alphabet of symbols, usually labelled as ¥ = {u1, 2, - .. }-
Si.j Operation on P(n) that swaps the i-th element in the tuple with the j-th

element in the tuple.

Sn Symmetric group of permutations on n elements.

src(e),snk(e) | The source and sink/destination of an oriented edge e.

T(G;z,y) The Tutte polynomial of the graph G, in the variables x and y.

Try The dimensionally regulated Dirac trace in d-dimensions.

Z[x1,...,x,] | Ring of polynomials in the variables x1,...,z, with integer coefficients.
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Different dimensionally regulated loop-integrals are introduced in various places during this the-
sis, some of which are related to others by boundary conditions. For convenience of reference, the
important integrals are collected in this appendix. A brief overview of relevant facts about the
su(3)-Lie algebra is also provided in Appendix B.0.1. Many calculations were performed in Mathe-
matica [1], with the aid of the Tracer package [2] for Dirac traces in the ‘t Hooft-Veltman scheme,

and HypExp [3] for expansions of hypergeometric functions.

B.0.1 COLOUR MATRICES

Due to QCD being a nonabelian gauge theory, perturbative diagrams include traces over products
of colour matrices. Throughout this thesis, lowercase latin letters a,b,c,... are indices for either
the fundamental or antifundamental representation of SU(3). An orthogonal basis of 8 traceless,
laAB
2

hermitian matrices T is chosen to have the normalization Tr(T4T5) = , such that they satisfy

[TA’TB]:ifABCI{7 0}1)

where fABC are the structure constants of SU(3). Note that this normalization differs from the

normalization chosen for the Gell-Mann matrices A4, which are chosen such that Tr(AaAg) = 2045.
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Note also that the conventional mathematical definition of the Lie algebra as the tangent space at
the identity of SU(3) as embedded in the space of 3 x 3 complex matrices (in other words, the space
of matrices X such that 1 + eX has determinant one and is unitary up to O(e?)) is actually the
space of traceless antihermitian matrices. Thus, i74 in the convention adopted by this thesis forms
a basis of the su(3) Lie algebra, and A can be thought of as indexing the adjoint representation of
SU(3).
With this choice of convention, the fundamental casimir Cg takes the form:
N2 -1

TATA = Cpbye = —5—8,. B.2
abtbe F 2N(- ( )

Also, the following identities are used to convert the Spectator Effect operators between Eq. (4.69)

and Eq. (4.70), as well as to compute the O(«ag) renormalization of the operators:

TATS = ~=00idey — ~—TigT = —1 | ~0aadeh — 5 0apde B.
cd — Nc dPcb — N ch = 1- ﬁ (Nc dO9cb NCQ b d) ( 3)
1
(THTo ) (TieTh) = 5ac5df N —TuTy (B.4)
C’ 1 C
A F A A F A
( bTbc)(TdeTef) - 6af6dc 2NC2 Tadec = QNC 5ac5df + (CF - W) T Tdf (B5)
TATBTA 2N — 7158 (B.6)
2C
eabcT(ﬁiT(;;Edef = ﬁ(;('f (B?)

Because three-quark baryonic sources were used in defining the X-space schemes (which only exist in
N, =3, and introduce an €%*° tensor), color traces involving baryonic sources are explicitly evaluated

without attempting to write in terms of N..

B.0.2 PROPAGATOR TYPE DIAGRAMS

Firstly, in Sec. 2.1.2 the generalized position-space propagators (with arbitrary powers of the prop-

agator in the denominator) were introduced:

1 e’ d-1 e (—z)"! .
Dy (xn) = [ (27r)d W p)" =90 (xl)T9(0>xo) if n>0 -
D= (zsm) - f pikz _ iT'(§-n) (2% i >0 '
i (27r>d (-k3)" ~ 4n3T(n)
from which the ordinary position-space propagators can be derived by substituting in n = 1:
_ dip . i —il(4
Di* )~ (T (v Oa - [ et -2 m’* =
2T ’ (B.9)
_ — dip 1
D @) = (TN = [ byt e =5 @) o0> a")

186



For O(ag) renormalization of HQET, there are some propagator-type diagrams that are needed,

drawn schematically below:

2 2

N LN N B0

1 2

Note that the ie is implicit in all propagators. The notation X, X is used for a momentum-space
version/a dimensionless version of X (wherever this is unambiguous). The first diagram corresponds
to:
- d’k 1
I (n1,ne) = (—p? gmmina niy,n :f
reni,nz) = (=77) ACHC) (2m) (k2 + i)™ ((k + p)? + ie)n2
L(4-n)T(4 - n2)T(=d + 20y +2ny)

Inn(n ,Ng) = B.11
(n1,n2) 22”1+2’L27T%F(n1)F(n2) ( )
the second diagram corresponds to:
- dk 1
Iyp(ni,mg) = (—v-p)* ™" Ty (n1,ns) = (B.12)

@m) (0 (p+ k) +ie)" (k2 —ie)2
12‘172”2(—1)7”17”2 F(Qng +ny — d)F(g - 712)
(4m)d/2 I'(n1)l(n2)

and the third diagram corresponds to:

7HL(”17”2) _ (—’U _p)d—nlenQ (—U _p)d—2n27n1 (B.13)

(—1} . p)d—nl—n2—3713—2n4—2n57(n1 M2, N3, N, Tl5) .
dkpd%kg 1 (B.14)
(2m)2 (v-(p+kr))™ (v (p+kr))"2(=k7 )" (<kg)" (= (ke — kr)?)"s

where
I(n1,n2,n3,n4,0) = Iy (ni,n3) g (n2,na) (B.15)
1(0,n2,n3,n4,15) = I1,(n3,n5) 1, (nz,m +n3+ns— g) (B.16)
I(n1,m2,0,n4,n5) = Typ(n1,n5)Tap(ng +ny +2n5 — d, ny) (B.17)

and applying the combination O, (ks — k4) gives the integration-by-parts relation:

—n11+2’ - 77,337(57 - 47)
d- ny —ng— 2’115

T(nlan27n37n47n5) = T(nl’n27n37n4’n5) (Blg)

B.0.3 TRIPODS

There are a series of tripod diagrams, where the light-light diagram is given by:

1152 /N

Ty 0 TR TL 0 TR (Blg)



where the first diagram corresponds to the Ty, (solved in Sec. 3.2.3):

ddpdepR ePLTL o~PRTR
TLL(xL,QCR;TL , N2, N3 :/ B.20
1 ) (27.‘.)261 (—p%)"l (_pQR)nz(_(pL _pR)Q)nS ( )
-T(¢-n)I'(d-n1-ns-n
Tin(z1, w2501, n2,n3) = (5 —n)I( . ;min ?:1)(_x§z)*d+nl+n2+’ﬂ3
PR TG (B.21)

1 _d -4 -1 d d —(vp -x17R)?
dz(l -z gtnitna-l,. 3 Tn1+ns FlZ—n d=ni —no = e, = L7 Z12R)
[; ( 1) 1 2471 2 1, 1 2 3 27 56'1(1—.%1)1'%

The corresponding heavy-heavy diagram was not solved in the main text, but it can also be
used to provide boundary conditions for wedge diagrams containing a heavy line. This provides a

cross-check for certain integrals in the method provided in the main text. Ty gy is given by:

dd dd IPLTL ,~IPRTR
THH:[ L Pr c ¢ _ (B.22)
(2m)*¢ (v-pL)™ (v-pr)"(=(pL ~ PR)*)"™
which can be solved similarly to Ty, by introducing Schwinger parameters:
( ) g Mi—n2+ns3 oo
Trpu(z1,22;n1,N02,03) = / ds1dsadss
I'(ny)I'(n2)I'(n 0
()T (22) (1) B2

S(s;;)éf_l(xL —xR)o(s1 + 82+ ;vOL - xOR)s?l_lsgrlsgg’_lexp (

» (vsy +:rL)2)

4s3
and integrating over sz, and then integrate over so then s; (remember the § function means the
domain gets changed), to get:

1 F(g -n3)
gnsrd T'(n3)T(ng +ns)
(—idz) 42 (—(29)2)7245, (2), — 22)0(dz > 0)

T (w1, v2;n1,n2,03) = —5

—-dz
oI (nl,d—Qna,m +na, )
Ty

(B.24)

where dz = x% - m%. Note that the ¢ function forces zy,x g to have the same spatial component, so

that the entire integral has a simple functional dependence on v - x.

B.0.4 WEDGE DIAGRAMS

There are two ‘Wedge’ diagrams of interest:

(1) ! @ & (zr) (z1) == (zr) (B.25)

(0) (0)

The first is the light-light wedge, which was considered in Sec. 3.2.3:

WLL(ZL,l’R;nl,nQ,ng,nz;,nE},nﬁ) =
[ dipr.diprdik eIPLTL o~iPRTR (B.26)
(2m)3d (=pp)™ (=(pr ~ k)22 (~(pr ~ k)?)" (~pR)" (=k2)"s (~(pr — pR)?)"e
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The W master integral has base cases whenever an internal line vanishes, or when two external

lines vanish:
Wrr(ng =0) =Irr(n3,ns)Trr(xr, xR na, -3 + N3 + N5 + Ny, M)
d
Wrr(ns =0) =Ipr(n2,n3)Trr(xr, xR;ni, na, —g tnatnst ng)

d
Wir(ns =0)=1Ipr(n2,ns)Tr(xr, TR; -5t N2+ s, n4,M6) (B.27)
Wirr(ni =ns=0) = Dg' (2, —2p;ns)Trr (21, ¥R N2y N3, M6)
Wrr(n =ne =0) = Dg' (x1;n2)Trr (2L, TR; N5, na, 13)
Wrr(na =ng =0) = D5' (~zr;n3) T (n1, 5, 12)

In general, Wy, can be reduced to these base cases by use of integration-by-parts relations (derived

from inserting J - k in front of the integrand of Eq. (3.81)):

27 (5~ -1 3" (6 —-47)—
na2'( )+ a8 )WLL(xLa$R§ﬁ)7 (B.28)

Wirr(xr,or;n) = pE—.
—-ng —n3 —2ns

Eq. (B.28) reduces the Wy, master integral to base cases where either na,n3 or ns equals zero in
the argument of Wy,
To solve the right diagram Wy,

War(2p, £r;n1,n2, N3, N4, N5, N ) =

/' ddpdededk eWPLTL p=IPRTR
(2m)3d (v-pr)™ (v-(pr - k)" (=(pr — k)?)"s (-pR) ™+ (=k*)"> (v (pr. — PR))"™
(B.29)
one can use integration by parts by applying (9 - k):
0= (d—n2—n3—2n5)+n2172+—n3(—47+57)3+ (BSO)

which can be used to lower indices until either ny,n4,ns are zero, in which case it can be evaluated

with the boundary conditions:

War(rr,zr;n1 =ne =0) = Dy (vr;n2) T (21, TR, N5, 14, 03)
War(zr,2r;n4 = 16 = 0) = D3 (~2r;n3)Tam (T — TR, ~TR; N1, N2, 15 (B.31)

War(zp,zr;ns =0) = Ipp(ne,ns)Tuu(zr — xR, —Tr; N1, —d + No + 213 + NG, Ng)

B.0.5 THREE PoOINT FUNCTIONS

The heavy-heavy three-point function required for the X-space position schemes are given as:
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01 (s1,0) P1 Bl (sg,0 aq
1+¢ 1+¢ ) ] to ddk _Z-eist—ist
- T T f d f d
[ (igv, A)]alﬁl[ 5 (igv.Ta) b, t SL SR (27)d k2
as as 1 E 2
[¢TA]0151 [¢TA]P151 T o 2 +log _Ze T t ’ (B32)

The heavy-light diagram can be evaluated in terms of tripods:

ddpdepR [O [ 1+9¢ " _Z‘eiP%SL*iP%to
= | —— | dsc 19T [ igv, T’ ] —
(2m)2d  Jy, P (ig97 )¢R ’, -, 9 (igv,T™) it 2

. 0 1+ 0 0 0
B _ZgQ [to dsi [’yaw}/ﬂTA]ah@’l [ 2 ¢TA:| Iz ( ’ ’B)T(xL7xR; o 1)

,0151 axR aZﬁR aJTL

IL"(SL{))
zr—(t0,0)

(B.33)

Finally, the diagram with a gluon attaching to two light lines can be reduced to the W master

integral:

o wn = =ig? VYT ag (YA T) ps
1 p1 B a1
y / diprdiprdik  ePrTL=PRTR p& (pp — k)P (pr - k)PP,
2m)3d  (=p3)(~(pL - k)?)(~(pr — k)?)(-p%) (-k?)’

where the factors of pr, pr in the numerator can be handled by differentiating with respect to xr, zg.

(B.34)

Calculating Egs. (B.32) to (B.34) at the relevant values of zy and xp is the main computation
involved in calculating the O(«ag) contribution to the ratios of three-point correlation functions to

two-point correlation functions presented in table 3.3.
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C.0.1 USAGE OF STATISTICS IN THIS THESIS

Statistics plays a crucial role in various analyses described in this thesis. For example, as described

in Sec. 2.2, Lattice-QCD calculations are traditionally performed by Monte-Carlo sampling of the

space of gauge fields, for a chosen discretisation of the continuum QCD action. Furthermore, the

variational ansatz used in Chapter 5 also utilised Monte-Carlo sampling from the basis states of the

Hilbert space in order to estimate observables, and provide estimates for the Quantum Geometric

Tensor (QGT) and forces required for Lindbladian time evolution. In these situations, various errors

should be taken into account, for example:

e Statistical error due to the finite number of samples taken from either distribution.

Sec. 4.2.7, the statistical error and correlations between different correlation functions were

taken into account by utilising a Bayesian framework [1]. Assuming that the number of sam-

ples is large enough that the central limit theorem can be utilised, the data set has approx-

imately Gaussian statistics. Formally, supposing that G/(x) labels some correlation function

data based on a discrete label z (possibly indexing over both 2-point and 3-point correlation

functions), and M (0;z) is a deterministic model for the correlation function with a finite

number of parameters indexed by 6. Given a prior distribution p(@) for the parameters, the

posteriori distribution is given by:

(G) - M(Bs);% (G - M(0:')) | GEY

P(OIG) o p(0)exp| -3

where G(z) and o2 ,, are the estimated means and covariances of the correlation functions
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given the data. This framework allows one to include prior knowledge of the fitted parameters

into the fitted parameters, though in practice the priors were taken to be relatively flat.

In Chapter 5, because both the QGT and forces are estimated with Monte-Carlo, the statistical
error due to having a finite number of samples actually induces a drift into the time evolution.
To assess the effect of this drift, multiple runs at the same parameters were taken (for example,
in Fig. 5.13). For a given observable such as the chiral condensate, this error was added in
quadrature with the estimate of the statistical uncertainty due to the MCMC sampling of the

observable.

e There is also systematic error due to choosing a model to use in either situation. In the case
of Sec. 4.2.7, this amounts to a choice of fitting range, and choosing a number of excited states
to use in the fitting function. As discussed in Sec. 4.2.7, the Akaike information criterion is
used to select the number of excited states used, and fitted results are model averaged over a

wide range of fitting regions.

For the neural network parametrisations investigated in Chapter 5, the systematic errors in-
duced by the parametrisation were systematically investigated in Fig. 5.14. The takeaway
message is that the systematic error can be controlled in the infinite volume limit by using an

appropriate polynomial scaling of the number of parameters used.

e Monte-Carlo Markov Chains introduce autocorrelations between samples in the same chain, as
commonly used proposal algorithms do not immediately thermalise. This is discussed briefly
in Sec. 4.2.7, and the situation in the Langevin limit of Hamiltonian Monte Carlo is clarified
in Appendix C.0.2.

C.0.2 AUTOCORRELONS, AND THE FATE OF LANGEVIN

Sampling from path integrals is a numeric way to obtain nonperturbative results about quantum

systems. To be concrete, physical observables () are obtained by the following formula:

_ [ D® O(®)e 5
[ D® e S®

(0) (C.2)
where @ are some degrees of freedom describing the physical system, and S(®) is the action. Because
the integral [ D® is often very high dimensional (in the case of Lattice-QCD, 10" dimensional),
innovative algorithms are required to perform the calculation. The algorithm utilised to generate the
ensembles described in Sec. 4.2.1 utilise a variant of the Hamiltonian Monte Carlo (HMC) algorithm
[2]. To implement HMC, one can introduce conjugate momenta variables p to the field variables ®
(which are assumed to live in some compact base space X). Notice that the probability distribution
given by:

exp [—S(QJ) - %pTM_lp] (C.3)
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is the same path integral distribution as shown in Eq. (C.2) when marginilizing over p, and M is a
symmetric, positive-definite mass matrix. At each step in the MCMC chain, the momenta can be

directly resampled (refreshed) from the correct Gaussian distribution:
1
q~eXp(—§qTq), p~VMq (C.4)

Notice that the classical Hamiltonian equations of motion:

e _0H . dp_ OH _ 05(%)
a op P T e oo

H(®,p) = S(2) + 20" M 'p, (C5)
preserves the action Eq. (C.3) and there is a trivial jacobian term, where the action plays the role
of the potential in the Hamilton equations of motion. The choice of mass matrix M cuts the total
phase space X x X" into surfaces of constant energy. After refreshing the momenta, the classical
Hamiltonian equations of motion are integrated for a fixed amount of time ¢, before starting over.
Note that there are integration errors in integrating the equations of motion, which require Monte
Carlo accept/reject steps to account for.

In the limit that the time between momentum refreshes is taken to zero, the HMC algorithm
limits towards the (overdamped) Langevin approach, which can be represented by the following
stochastic differential equation:

d®, = —VS(Dy)dt + V2dW, (C.6)

where W; is a standard brownian motion. The first term on the right side of Eq. (C.6) causes
the sampling to be driven toward local minima of the action S, and the second term adds random
brownian noise to the motion to be able to properly thermalise. An alternative way to understand
Eq. (C.6) is the associated Fokker-Planck equation:

d

=7 (pvS)+ v (c7)
where p is a probability distribution over the ® degrees of freedom, that approaches the distribution
e~ as t - co. A practical question important for the usage of this algorithm is “how quickly does p

—So»

approach e . The answer to this question is provided by the spectrum of Eq. (C.7); specifically

when the space of fields ® is compact, or when S is sufficiently well-behaved, there is a discrete

spectrum. The steady distribution e

corresponds to the zero eigenvalue, and the larger eigenvalues
(dubbed ‘autocorrelons’) are modes that exponentially decay under Fokker-Planck evolution.

A practical 0d-QFT example is shown in Fig. C.1, where the potential has the shape of a double-
well. The blue curve corresponds to the zero eigenvalue, which is e~ (the steady-state solution).
The first excited state in orange is the mode that decays the slowest under Fokker-Planck evolution,
and intuitively has the expected shape, it is essentially a mode that tells you which well you are
living in. The second excited state (in green), is much higher up in the spectrum, and decays much

faster than the orange mode.
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® Naive topological operator
®  ‘Perfect’ topological operator
1.6 === Theoretical expectation

Figure C.1: A 0d-QFT example, where S(z) = (z - 1)®(z + 1)?. On the left: Black
dashed line shows S(x), colored lines show the spectrum of the Fokker-Planck operator.
On the right: Effective mass plots for autocorrelation times of ‘topological’ operators,
in blue is 6(z > 0), and in orange the operator es(g”)q(:c)7 where ¢(x) is the orange

curve in the left plot.

Note that each of the modes g(x) of the Fokker-Planck equation corresponds to an observable
O(z) = q(z) - e that has an autocorrelation time given by the eigenvalue of ¢(x) under the Fokker-
Planck operator. On the right of Fig. C.1 shows effective mass plots for autocorrelation times from
simulations of the Langevin equation (with d¢ = 0.01). Both the naive operator 6(x > 0) (that tries to
detect whether the particle is in the left well or the right well), and the ‘perfect’ operator q(x)e® (@)
limit to the correct exponentially decaying behaviour in the black dashed line (spectral gap of the
Fokker-Planck operator). The naive operator however also has nontrivial overlap onto higher modes
of the Fokker-Planck operator, and hence sees some ‘excited-state contributions’ from higher mass
autocorrelons.

In the case of 3+1d SU(3) gauge theory, it is expected that the longest autocorrelation times arise
in topological observables, such as the instanton number. Extending the analysis performed in this
section to 3+ 1d SU(3) gauge theories and solving the Fokker-Planck spectrum could confirm this
belief, and rule out gauge-invariant observables with very long autocorrelation times. Furthermore,
it provides a construction of a ‘perfect’ definition of instanton number - in the sense of constructing

the operator with the longest autocorrelation time.
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