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Abstract

The LHC is expected to find new physics beyond the Standard Model (BSM).
Technicolor models are a class of BSM models which involve a new strongly
interacting sector responsible for electroweak symmetry breaking (EWSB). The
phenomenological viability of these models depends on features such as the
existence of an infrared fixed point (IRFP) at strong coupling, and the size of the
mass anomalous dimension at this fixed point. As these features are at strong
coupling they are not accessible to perturbative methods, and so need to be
investigated non—perturbatively using lattice methods.

In this thesis, two candidate Technicolor theories are investigated using two
independent and complementary lattice methods, the Schrodinger Functional
(SF) and the Monte Carlo Renormalisation Group (MCRG), to measure the

running of the coupling and the anomalous mass dimension in these theories.
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Chapter 1

Dynamical Electroweak

Symmetry Breaking

1.1 The Standard Model

1.1.1 Introduction

The Standard Model of particle physics [1] is a very successful description of
the interactions of elementary particles in nature. It has been extensively
experimentally tested and verified over the last thirty years [2]. It consists of
a set of spin—1/2 matter fields, the quarks and leptons, which transform under a
local SU(3) ® SU(2) ® U(1) gauge symmetry. Their interactions are mediated

by a set of spin—1 gauge bosons. These particles are shown in Fig 1.1.

Figure 1.1: Standard Model particle content. Image from Fermilab.

In addition there is a spin—0 particle, the Higgs boson [3, 4, 5], which remains
the only particle in the Standard Model yet to be experimentally verified. It

1



1.1. The Standard Model

performs two key roles. The first is to spontaneously break the SU(2) ® U(1)
electroweak symmetry to U(1), which gives mass to the Z and W bosons via the
Higgs mechanism. The second role is to give mass to the matter fields via Yukawa

interaction terms in the Lagrangian.

1.1.2 Higgs Mechanism

If a Lagrangian has a global symmetry, but the vacuum expectation value of the
field does not respect this symmetry, then it is said to be spontaneously broken.
According to the Goldstone theorem [6, 7] each spontaneously broken symmetry
gives rise to a massless spin—0 Goldstone boson. For the case of a local, or gauge
symmetry, each spontaneously broken symmetry gives a mass to a previously
massless gauge boson, which absorbs the corresponding Goldstone boson as a
longitudinal degree of freedom.

This is the mechanism used in the Glashow—Weinberg—Salam theory of weak
interactions [8, 1, 9] in the Standard Model. The Higgs boson is gauged under
SU(2) ® U(1). It is a doublet under SU(2) and has a charge +1/2 under U(1),

with the corresponding gauge transformation
¢ — T B2, (1.1)
and covariant derivative
Dy = (0, — igAlr® —izg'B,) ¢. (1.2)

Expanding the kinetic term in the Lagrangian %]D#¢|2 about the vacuum
expectation value (¢) = (0,v) gives three massive gauge bosons, the Z, W,

W, and one massless gauge boson, the photon A [10],

Wi = \%(Ait T A7) mwy = gv/2 ~ 80.4 GeV
ZB - \/g21+g’2_ (gAi —g'By,) mz = \/WU/2 ~ 91.2GeV
A, = ! (g’Ai +9B,) my = 0

(1.3)

2’;2,2 = sin?fy ~ 0.23, and v ~ 246GeV. The non zero vacuum
g“+g

expectation value of the Higgs also gives masses to the fermions via Yukawa

where



1.2. Dynamical EWSB

terms of the form
(/\UU)HL’LLR, ()\ev)ELeR. (14)

1.1.3 Theoretical Issues

The Higgs boson is the simplest way to spontaneously break electroweak
symmetry, but there are a number of theoretical issues. The main one is known
as the hierarchy problem [11]. Scalar fields are always accompanied by quadratic
mass divergences, which means that the physical Higgs mass will naturally tend
to be of the order of the Planck scale, ~ 10 GeV. To obtain a physical Higgs
mass of the order of a GeV requires the bare mass to be fine-tuned to one part
in 10%, wich is considered an unnatural amount of fine-tuning.

Another issue is that the scalar ¢* theory is trivial [12], meaning that without
new physics at some higher energy scale the Higgs decouples and becomes non—
interacting. Finally, the masses of all the fermions are free Yukawa parameters [13]
which are put in by hand, there is no explanation of flavour physics.

This suggests that, while the Standard Model is a very successful low energy
effective field theory, the Higgs boson is not a fundamental particle, and there

exists some more fundamental theory of electroweak symmetry breaking [14].

1.2 Dynamical EWSB

1.2.1 Technicolor

In fact, even without a Higgs sector, electroweak symmetry is spontaneously

broken by the quark condensate [15]
<ﬂLUR + C_lLdR> #0. (15)

This gives a mass to the Z and W bosons via the Higgs mechanism, where the

absorbed Goldstone bosons are now the massless pions, leading to a mass

_ 9%

My ~ 29 MeV, (1.6)

where F, ~ 93 MeV is the pion decay constant, but this mass is so small compared

to the measured value that its contribution is typically neglected.



1.2. Dynamical EWSB

The original proposal for Technicolor (TC) [16, 17] was to replace the Higgs
sector with a SU(Np¢) gauge theory with n fc Dirac fermions, or “techni—quarks”.
The scale of this theory Ap¢ is chosen to be much higher than the QCD scale
Agep, such that the breaking of electroweak symmetry by the techni-quark
condensate gives the experimentally observed gauge boson masses,

Zr]Yj

Quark masses are generated by interactions between the Standard Model
fermions and the techni—quarks. These are mediated by gauge bosons from some
larger gauge group known as Extended Technicolor (ETC) [18, 19], which breaks
down to the Technicolor gauge group at the scale Agrc. The remnants of the

ETC group include four—fermion interactions of the form [20]

T T° T T°
QL Q;WL (o L4, b¢L wng wR (1.8)
A A
ETC ETC
where the o terms lead to Yukawa masses of the form
g
my ~ “5-(QQ) pre, (1.9)

2
/\EYYj

where (QQ) gre is the Technicolor condensate at the ETC scale Agre.

1.2.2 Technicolor Problems

Technicolor is an attractive theory, but it was quickly found to have two major
problems. The first is that it conflicts with precision electroweak experimental
data. The vacuum polarisation effects of new physics on electroweak processes

can be parameterised by the three parameters S, T and U [21], where

aS = 4e? [H’ (0) — M5,(0)],
ol = 7 [111(0) — Ts3(0)] . (1.10)

5202

alU = 4e? [H 1(0) = TI35(0)]

and
ig" xy (q?) + (¢"q” terms) = /d4x6_in<J§-(a€)J{§(0)>. (1.11)



1.2. Dynamical EWSB

These are all zero in the Standard Model, and the experimentally measured
values are also consistent with zero, shown for S and T in Fig. 1.2. The
Technicolor contribution to these parameters was calculated perturbatively [22,
23], and the S parameter was found to be positive and proportional to the number

of techni—quarks and colors,

nIC N

S =~ 0.25-L-~1C 1.12

2 3 ( )

Even for a single SU(3) doublet of techni—quarks this disagrees with the
experimentally measured value S = 0.01(10) [2] by a few sigma, and the

disagreement grows as more matter or colors are added.

1.25 T T T T AT
RRARS RALAS RARE N RRARE EARRN LLLLE LARAN RASAZ BACEN
L. 60 Ry R ! | - PiPid
- P
1.00 - : ! - . 3
------ ymmetries | - [ Lz E
Y | | //./7./ ]
0.75 W i P 3
— — - vscattering | ; 1 /////” K-
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Figure 1.2: S and T parameter experimental fits for the Standard Model with
My = 117,340, 1000 GeV. [2]

The second problem is that of generating realistic quark masses. The difficulty
comes from the 3 terms in Eq. 1.8. These terms induce Flavor Changing Neutral
Current (FCNC) interactions amongst the quarks and leptons. These are very
well constrained to be small experimentally, and the contribution to the K;Kg

mass difference [18] yields a lower bound on the ETC scale of

Apre = 10° TeV. (1.13)
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Even with the optimistic assumptions o < 10, Ny < 10, Ap¢ < 1TeV this gives
an upper bound on the quark masses of
OéNTcAS

2

¢ <100 MeV. (1.14)

mg ~
q
AETC

These and other difficulties are discussed in detail in Refs. [20, 24], but it is
already clear that Technicolor with QCD-like dynamics is not a viable theory.
But what about gauge theories with dynamics that are very different to QCD?

1.2.3 Walking/Conformal Technicolor

One proposal to alleviate the tension between supressing the FCNC contributions,
(e

~

while still generating large enough quark masses, was to have a large
4N7¢) number of techni—fermions such that the theory is near—conformal [25, 26,
27].

An illustration of the qualitative differences between running, walking and
conformal theories is shown in Fig. 1.3. Unlike a running theory, where the gauge
coupling becomes large at small scales and the theory becomes confining, in a
conformal theory with an IRFP the gauge coupling flows to its constant fixed—
point value at small scales, and the theory is no longer confining. A walking theory
is a near—conformal theory, where the gauge coupling remains approximately
constant over a large range of scales, but eventually becomes large at small scales
so that the theory is confining. Thus a walking theory is asymptotically free at
high scales and confining at low scales, just as in a running QQCD-like theory, but
it is quasi-conformal for some intermediate range of scales.

The size of the quark masses in Eq. 1.9 are determined by the size of the
Technicolor condensate at the ETC scale, (QQ)grc. This is related to the

condensate at the TC scale by the anomalous mass dimension -,
Agrc

@MWWWMWVWWMO@Wm (1.15)

where ¢g2(u) is the gauge coupling. In a QCD-like theory 7 oc g?(u) oc 1/1n p,

which leads to a (negligible) logarithmic enhancement of the condensate between
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» Conformal
@ -
UVFP u
Walking
Running
(a) Beta function (b) Coupling

Figure 1.3: Beta function and coupling for running, walking and conformal
theories.

the two scales,

(QQ)prc ~ In (AETC> (QQ)rc. (1.16)

Arc
By contrast in a walking theory the coupling, and hence the anomalous mass
dimension, are almost constant between the TC and ETC scales, which leads to

a power enhancement of the condensate,

9*2

@)1 ~ (AETC) @Q)re, (1.17)

Are

where ¢g*? is the critical value of the coupling at the fixed point. For v(g*?) ~ 1
this gives an enhancement factor ~ 103, which would increase the quark mass
upper bound of Eq. 1.14 to m, < 100 GeV. Unfortunately, as can be seen from
Eq. 1.12, such a large number of techi—fermions would cause an unacceptably
large contribution to the S parameter, so this solution would also appear to be
ruled out. However, the near—conformal dynamics will modify Eq. 1.12, and may
reduce the size of the S parameter [21, 28, 29, 30]. Unlike the case of QCD-like
dynamics, where all the contributions are positive, in this case there are also

negative contributions. One estimate [28] gives
Swalking = (0.055a — 0.035b)n“ Nyc — 0.015n7 €. (1.18)

where a and b are unknown O(1) constants, and may be such that Syaking = 0.
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While it is possible that this cancellation occurs, a more recent proposal is to
use gauge theories with fermions in higher representations of the gauge group [31].
These theories can be close to the conformal window with a small number of
fermions [32], as shown by the perturbative estimates of the conformal window for

various representations in Fig. 1.4, and so will have a much smaller S parameter.

4
/

Fund amental
Antisymmetric
Symmetric
Adjoint

TC

Figure 1.4: Phase diagram showing the perturbative estimate of the
conformal window for SU(N) gauge theories containing Ny fermions in various
representations. Based on the figure in Ref. [32]. For Ny = 0 all the theories
are confining. As Ny is increased, the second term of the S-function changes
sign (the dashed line), indicating the existence of a Banks—Zaks fixed point. At
the bottom of the shaded region chiral symmetry—breaking is lost, and at the
top of the shaded region asymptotic freedom is lost. In this perturbative picture
conformal theories lie in the shaded regions, and walking theories just below these
regions.

The two specific models investigated in this thesis are described in more detail
in Sec. 1.4. For a recent review of these and other Technicolor models see Refs. [33,
34, 35], and for a recent review of the ongoing lattice investigations of these
theories see Refs. [36, 37].
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1.3 Scheme Dependence

The Callan-Symanzik equations describe the change of parameters in the
Lagrangian of the theory as a function of the cut—off. The evolution of the
coupling, for example, is described in a massless renormalisation scheme by the

0 function
dg

B(g) = I ||’

(1.19)

A zero of this function corresponds to an ultraviolet fixed point (UVFP) if the
slope of 3(g) is negative, or an infrared fixed point (IRFP) if the slope is positive.
The existence of a fixed point is universal among mass-independent schemes!, as
is the critical exponent at the fixed point,

Yy = — d59) (1.20)

g dg *7

9=9

the slope of the # function at the fixed point. In fact y, determines the rate at
which any perturbative coupling approaches the fixed point [39]. While the rate
of approach to the fixed point is scheme—independent, the value of the coupling
at the fixed point, ¢g*, is scheme-dependent.

For small values of the coupling the  function can be expanded in powers of

the coupling,
dg

-7 3 5 7

B(g)

where the first two terms g, 51 are scheme—independent [40]. This expansion has
been calculated in the MS scheme to 4-loop order [41].

“Walking” theories are typically said to have “small” § functions, such that
the coupling runs slowly, as in Fig 1.3. This is a scheme—dependent statement,
since a coupling which has a small § function in one scheme may appear to be
running in another scheme.

The running of the mass in a massless renormalisation scheme [42] is described

by the equation
dlnm

1(9) = (1.22)

Cdlnp’

where -y is the anomalous mass dimension, and at a fixed point where 3(g*) = 0,

! Assuming the transformations relating different schemes are non—singular [38]. See also
Appendix A.
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~v(g*) is a scheme independent quantity.
For small values of the coupling this function can also be expanded in powers

of the coupling,
dlnm

v(g) = = dog® + O(g"), (1.23)

~dln 1
where the first term dj is scheme-independent [43]. This expansion has also been
calculated in the MS scheme to 4-loop order [44]. See Appendix A for further
details of the scheme dependence of these quantities.

The key point of all this is that the only physical, scheme independent

quantities we can measure are

e the existence of a fixed point ¢*? in the coupling,
e the slope of the § function at that fixed point, yq,

e the size of the anomalous mass dimension at that fixed point, 7.

1.4 Specific Models

1.4.1 Minimal Walking Technicolor

Minimal Walking Technicolor (MWT) [31, 45, 46] is an SU(2) gauge theory with
two adjoint Dirac fermions. The combination of a small number of flavours and
colors along with near—conformal behaviour means the S parameter is expected
to be small [47], and that realistic quark masses can be generated while supressing
FCNC interactions.

The left handed techni—quarks are doublets of the SU(2), weak interaction,
and the right handed techni—quarks are singlets,

UCL
Qr = ( Do ) , Q= (Ugr),(Dg), a=1,23. (1.24)
L

In general, an SU(2) gauge theory with an odd number of left—handed fermion
doublets suffers from the Witten topological anomaly [48]. To solve this problem
the model also contains a weakly charged fermionic doublet which is a technicolor
singlet [49],

L, = ( ]];7 )L, Ly = (N, Eg). (1.25)

10
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The action has a global SU(4) flavour symmetry, which when broken to the
maximal diagonal subgroup O(4), leads to nine Goldstone bosons. Three of these
are absorbed as longitudinal degrees of freedom by the weak gauge bosons, and
the remaining six will receive masses from ETC interactions.

The first two terms in the beta function, which are scheme independent, are
of opposite sign and hence predict a fixed point,

4 2
gre AT o (1.26)

T B 5

with a corresponding anomalous mass dimension

*2

2 _ 39

and a coupling critical exponent

565
Sy

This is at relatively strong coupling, where it is not clear that perturbation

= —0.1. (1.28)

theory is valid. In the MS scheme these perturbative expansions have been worked

out to 4 loops [41, 44], and predict the following:

order | g2 | ~ Yy

2 —loop | 7.90 | 0.820 | —0.1000
3 —loop | 5.77 | 0.543 | —0.0927
4 —loop | 5.66 | 0.500 | —0.0937

(1.29)

The stability of v and y, as the number of loops is increased suggests
that perturbation theory may be reliable in this region. The anomalous mass
dimension at the fixed point can also be computed analytically using the

conjectured all-order beta function [50], which predicts?

11C5(A) — 4TRnf¢ 11

v = = — =~ (.458, (1.30)
TC 7 C2(A) 24
27Ty (1+ F54)
2This prediction supersedes the original all-order conjecture [51] of v = [11C5(A) —

ATrn7 /(20T Tg] = 0.75 for this model.

11
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where expressions for the group invariants are given in Table E.1. This value is
consistent with the perturbative predictions [52].

This model has been the subject of many lattice spectrum studies in recent
years [53, 40, 54, 55, 56, 57, 58, 59, 60, 61, 62], as well as several Schrodinger
Functional studies [63, 64], in addition to the results presented in Sec. 3.2. and
Chapter 4 of this thesis.

1.4.2 Minimal Conformal Technicolor

Minimal Conformal Technicolor (MCT) [65, 66] is an SU(2) gauge theory with
(2 + n) fundamental Dirac fermions, where n is large enough that the theory

has a fixed point. It contains the following fermions which transform under
SU2)cre @ SU(2)w @ U(1)y as

¢ ~ (27 2)07
wl ~ (27 1)_17
~ 2 (1.31)
¢2 ~ (27 1)+%7
X ~ (27 ]-)0 Xn
The conformal symmetry is softly broken by technifermion mass terms,
AL = —kpt) — Ry — Kxy + hec., (1.32)

where it is assumed that K > k,k. This means that at the TC scale the
n x fermions can be integrated out, leaving an effective asymptotically free
SU(2) gauge theory with 2 fundamental Dirac fermions. These fermions have an
approximate SU(4) symmetry, which when broken to Sp(4) leads to 5 Goldstone
bosons. Three of these are absorbed as longitudinal degrees of freedom by the
weak gauge bosons, and the remaining two are a composite Higgs scalar h and a
pseudoscalar A.

We consider the case of the SU(2) gauge theory with six fundamental fermions.
The first two terms in the beta function, which are scheme independent, are of
opposite sign and hence predict a fixed point,

16072
2 _Po 16070 s (1.33)

G 11

12
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This is clearly at strong coupling where perturbation theory is not reliable, and
so this needs to be investigated non—perturbatively. The conjectured all-order
beta function predicts® v = 55/89 ~ 0.618.

While SU(3) gauge theories with many fundamental fermions have been the
subject of many recent lattice studies [67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77,
78, 79, 80, 81, 82, 83, the results presented in Sec. 3.3 are the first for an SU(2)

gauge theory with many fundamental fermions.

1.5 Summary

Technicolor theories with QCD-like dynamics have been ruled out by experiment,

[4

but recent “walking” incarnations provide promising dynamical theories of
electroweak symmetry breaking. Whether or not they are actually phenomeno-
logically viable depends on their strong dynamics, which are not perturbatively
accessible. Of particular importance is the existence of an IRFP at strong
coupling in these theories, and the size of the anomalous mass dimension at
this fixed point.

The goal of the work described in this thesis is to obtain non—perturbative
measurements of these scheme independent quantities in two candidate walking
Technicolor theories: Minimal Walking Technicolor - two Dirac fermions in the
adjoint representation of SU(2), and Conformal Technicolor - six Dirac fermions

in the fundamental representation of SU(2).

3This prediction supersedes the original all-order conjecture of v = [11C3(A) —
4TRn§;C]/[2n?CTR] = 5/3 for this model.

13



Chapter 2

Higher Representations on the
Lattice

2.1 Continuum QCD

2.1.1 Introduction
The QCD Lagrangian in four-dimensional Euclidean space is given by [84]
Laocp = ¥; (VW0u — igAu(@)] +ma) i — §Fu F*™, (2.1)

where the gamma matrices are defined in Eq E.2, 1); is a fermion field with mass

m; and A, is the gluon field which can be written

Ay =T Al (z). (2.2)
F,,, is the field strength tensor which can be similarly decomposed as

B, =T"F, (r), (2.3)

where

Fp, = 0,A5(x) — 0, A5(x) + g fane AL A (2.4)

po

and T are the generators of the color gauge group and fu. are the structure
constants.

This Lagrangian is invariant under a number of symmetries, in particular it

14
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is locally gauge—invariant, and chirally invariant in the massless limit.

2.1.2 Gauge Symmetry

The Lagrangian is invariant under a local gauge transformation,

v = G,
v 9GTa), | (2.5)
Ay — G(2)AG (@) = 5 (9,G(2)) G (),
Fu, — G(x)FuVG_1<I)7
where
Glr) = e @1, 2.6)

is an element of the color gauge group.

2.1.3 Chiral Symmetry

In a quantum theory, symmetries are encoded in Ward identities. In the
massless limit m — 0 the lagrangian is invariant under an infinitesimal chiral

transformation [85],
v v, (27)
o= Y+ (@) s,
where it is assumed there are N mass-degenerate quarks forming an SU(XN)
multiplet with generators 7.
Such a change of integration variables does not change the value of a physical

observable,

(0) = / () dip () O ™5 = / Jd(x)dp(x)(O + 60)e” 5 (2.8)

and since the matrices T* are traceless the measure is invariant, J = 1, so

expanding to first order this gives the Ward identity

(50) = (05S). (2.9)

15
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The variation in the action is then

08 = [d'z [Pw(@)ysT (Y8, + m)ep + (140 + m)w (2)T*751)]

= [d'z [2muw® (@) Py T + T {35,730, + (90" (2)) Py T 5]
(2.10)

The second term is zero since {7s,7,} = 0, and the third term can be rewritten
by integration by parts (assuming w®(x) smoothly goes to zero at the boundary),
to give

dS = /d4xw“(x) (=0, A" (x) + 2mP(x)), (2.11)

where the isovector axial current A} and density P* are given by

Al(x) = V(@) T (),  P* = ()T (). (2.12)

Inserting this expression into Eq 2.9, and assuming that O lies outside the
domain of integration so that (§O) = 0, gives the PCAC equation (Partially

Conserved Axial Current),
(0, AP (x2)O) = 2m(P*(x)0), (2.13)

showing that the axial current is conserved in the massless limit. The conservation
of this axial current, as well as other similar Ward identities, show that the

quantised theory is chirally invariant in the m — 0 limit.

2.2 Lattice QCD

2.2.1 Introduction

To simulate the QCD Lagrangian on a computer, a discretised version of Eq 2.1
is required, defined on a lattice with L, x L, x L, x L, points and a lattice spacing
a. There is considerable freedom in how to do this, but any discretisation must
reduce to the original theory in the a — 0 continuum limit, be gauge—invariant,

and be chirally symmetric in the massless limit.

16
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2.2.2 Gauge Action

Gauge links U, ,, are defined on the links between every site  and x + fi. They

are related to the vector potential A, through
Uy, = 94T (2.14)
and under a gauge transformation they transform as
Upp — G(2)U, G + ). (2.15)

The gauge part of the action can be constructed from a closed loop of these

links, the simplest example being the Wilson gauge action

Sy=8Y_ (1—+RtrP,,), (2.16)
p<v
where 3 = 2N/g?, and
P = Ux,uUerﬂ,vU;Jra,uUj:,u‘ (2.17)

2.2.3 Naive Fermions

The ‘naive’ discretisation procedure for the fermionic part of the action is to

replace the covariant derivative with a symmetrised difference,

1
[aﬂ — ZgAu(l')],@Z}:c - % (Uz,,u'lva—f—ﬂ - U;«rfﬂ,u'lva—ﬂ) ) (218)

which preserves the anti-hermicity of the differential operator. This leads to a

discrete action

3
S}wwe =da* an (% Z gl (Un,;ﬂ/}nﬂl - Uv]:fﬂ,u@bn—ﬂ) + mﬂ}n) (2.19)
n u=0

where n is an index running over all lattice sites with periodic boundary
conditions. Unfortunately this discretisation produces a doubling of species from

the discretisation in each dimension [86], as can be seen by considering the above

17
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Dirac operator in momentum space for massless free fermions (so that ¢ oc e=%-%),

1 ; —ipua 1 .
D(p) = % Z,Yu(ezpua — ety = Z,yu sin(p,a). (2.20)
1 u

T
In lattice units of @ = 1 this has 16 zeros in the first Brillouin zone for p, =
(p1, D2, P3, p4), where p; = 0, 7. The means that the fermion propagator formed
by inverting this operator has 16 poles, corresponding to 16 fermions instead of

the 1 expected in the continuum limit.

2.2.4 Wilson Fermions

One solution to this is to add a Wilson mass term to the lagrangian [87],
— — ar _
mzn:wnwn — mzn:wnwn + 7;@%%%, (2.21)

which effectively gives the doubler fermions a mass proportional to 1/a, so that
their mass will be of the order of the cut-off and decouple from the low energy
physics. The Wilson term itself tends to zero in the continuum limit, so that
the original Lagrangian is recovered. The constant r can take various values, the

simplest being r = 1. This leads to the Wilson-Dirac action

3

Sy=a') ¥, (;—1 > {0 = Vst + (L4 UL o + (2 + mﬂx)

" (2.92)

which contains a Wilson momentum—dependent mass term that vanishes at the
zero of the Brillouin zone. Considering the ward identity of Eq 2.9 under the
chiral transformation of Eq 2.7, the change in the action is given by [8§]

55 = VEAS () — (x){T*, m}yse(z) + X*(2), (2.23)
where X“(z) is the chiral variation of the Wilson term

+ Em—ﬂTa75U 7$*ﬂw$ + EmTa75U;t,x—ﬂw$ - 4EmTa75wx:|
(2.24)

18
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and the isovector axial current A}, is given by

Al (z) = = [z + @)1, 5TUu(x)p(x) + hee] . (2.25)

N | —

At tree level X(z) vanishes for vanishing lattice spacing, since U — €° = 1
in the limit @ — 0, but ultraviolet divergences of the loop integrals also need to
be considered. A multiplicatively renormalizable operator X (z) is defined by

removing lower dimensional operators from X*(x),
X" = X+ 9{T s ) + (Za — 1)0" A (2.26)

where Z,4 and m are completely defined by the additional requirement

~-a

(X (2)¢(21)d(x2)) — 0 (2.27)

in the a — 0 continuum limit. Rewriting the Ward identity in terms of this

operator and taking the continuum limit (so that (X" (z)) — 0) gives
Za(0,A;,) = (W{T*, m — m}ys0) (2.28)

This is the PCAC in the continuum limit for Wilson fermions. The matrix
elements of A% can be shown to satisfy the normalisation condition (Z4Af) =

Za(Aj), so that the Axial Current is conserved for a critical bare mass
m = Me = M(Mer, T,y Go)- (2.29)
We can now write a discretised version of the QCD lagrangian as
S =85,+ 5 (2.30)

where S, is the Wilson gauge action defined in Eq 2.16, and Sy is the Wilson-
Dirac fermion action defined in Eq 2.22. This action is gauge invariant, has the
correct continuum limit, and is chirally symmetric in the massless limit as long as
the bare quark mass is appropriately tuned to compensate for the additive quark

mass renormalization [89].
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2.3 Higher Representations on the Lattice

2.3.1 Introduction

To simulate gauge theories with fermions in higher representations of the gauge
group some changes are required. The Wilson gauge action is unchanged, Eq 2.16
can still be used with the link variables in the fundamental representation of the
gauge group, exactly the same as for QCD. The fermionic part of the action needs

to be changed however.

2.3.2 Generic Representation Wilson Fermions

The action for fermions in some representation R of the gauge group can be

written

St =S, +a"> 9, Db, (2.31)

where S is the Wilson gauge action of Eq 2.16, and

mex = (% + mO)wx - i Z {(1 - Vﬂ)UijuwzﬂLH + (1 + 7#)(Uffu,y>Tw$*#} :
I

(2.32)

If the chosen representation is the fundamental, then the gauge link variables
are given by

Ul = e T, (2.33)

where T} are the generators of the fundamental representation, and the action is
identical to Eq. 2.30.
If the fermions are in a higher representation then the gauge link variables are
instead given by
UR, = e =mTh (2.34)

where T are the generators of the higher representation, and the functions
w?(z, u) are the same in both Eq 2.33 and Eq 2.34.
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2.4 HiRep

HiRep [54] is an implementation of the RHMC algorithm [90] for gauge theories
with any number of flavours and colours, and in a variety of representations of
the gauge group.

It uses HMC molecular dynamics update algorithm to simulate the action of
Eq 2.31, for fermions in the fundamental, adjoint, symmetric and anti-symmetric
representation of the SU(N) gauge group for any N. In addition it uses the
RHMC algorithm to efficiently simulate a range of different numbers of fermion
flavours, and uses even—odd preconditioning to speed up the inversion of the Dirac

operator.
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Chapter 3

Schrodinger Functional Method

3.1 The Schrodinger Functional

To determine the critical coupling and the anomalous mass dimension, we need a
scheme to measure the coupling and mass for a range of scales. The Schrodinger
Functional (SF) [91, 92, 93, 94, 95] is a finite volume renormalisation scheme
which allows us to do this. Space-time is defined as a L* cylinder with periodic
spatial boundary conditions, and Dirichlet boundary conditions in time. The
scale p is inversely proportional to the size of the cylinder, u ~ 1/L, so the scale
dependence of renormalised quantities can be determined by varying L.

The gauge fields are fixed on the timelike boundaries,
Ap()|o=0 = Ck,  Ap(2)|po=r = Cy, (3.1)

where C}, C), are classical gauge potentials which generate a gauge configuration
B which is a minimum of the action. The partition function under these boundary
conditions is the quantum mechanical transition amplitude from a state |C) to a
state |C") after a (Euclidean) time 7.

Since this background field is a minimum of the action it dominates the path

integral for weak coupling gy, and the action has a perturbative expansion

LBl = TolB]+T1[B]+gTaB] +.. ..

LoB) = gS[Bl. 32

The strength of the background gauge fields is parametrised by a single
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3.1. The Schrodinger Functional

dimensionless quantity 7. The observable I" = <%> is used to define a
renormalized coupling g?(L), which is chosen to coincide with the bare coupling
g¢ at weak coupling,

g*(L) = Iy [B]/T'[B]. (3:3)

3.1.1 Lattice Formulation

The SF can be formulated on a lattice with L* points, with lattice spacing a, so
that L = La. The spatial dimensions have the usual periodic boundary conditions
but the time dimension is finite, with constant gauge fields on the boundaries.

A specific choice for the gauge group SU(2) is the abelian background field
induced by the boundary values [96]

i1 [ —m O , 1 [ np— 0
C, = — , O =— , 3.4

evaluated at n = m/4. From these the boundary spatial gauge fields can be
formed,

nyk’fto=0 = eaCka Uz,k|x0:L7a = eaC]’C. (35)

In addition boundary conditions are required for the fermions [94, 97],

P+w|:00=0 = 07 P*lb’Io:L*a = 07
¢P—|$0:0 = 07 ¢P+|xo:L—a = 07

where Py = %(1 + 70).

Since the dirac operator is a first order differential equation only half the
boundary terms need to be specified for a unique solution, and for consistency
the complementary components of the boundary values not fixed by Eq. 3.6 must
vanish [98]. The choice of vanishing fermionic boundary conditions in Eq. 3.6
ensures that apart from the renormalisation of the coupling and the quark mass,
no additional renormalisation of the SF is necessary [99]. Outside of the manifold,
i.e. sites with zg < 0 or &g > L — a, the fermions are set to zero, and the gauge

links are set to the identity.
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.y

Figure 3.1: Boundary-to-boundary and boundary-to-bulk correlators used to
measure the PCAC mass in the SF scheme.

3.1.2 Renormalised Coupling

The observable used to determine the running coupling defined in Eq. 3.3 is

ar  /ds\ _ /ds, dset
8_n_<d77>_<d77>+<d77>’ (3.7)

where S is the Wilson action. The pure gauge part d.S,/dn is given by the colour

8 component of the electric field at the boundary [99],

% Z{Ek EY ()}, (3.8)

where
1
Ee(x) = —sRetr {z)\UMUﬂkOUJ:OkU;[}}xO:O, (3.9)
1
(E)(x) = ——Retr {z/\UjOkUIOU WU mo} L ()
zo=L—a

and \ = diag(1, —1).
eff
The fermionic part <ddsf7 > is zero for the Wilson action [100], so the

renormalised coupling on the lattice is only a function of the gauge fields [98],

7*(L) = —242—22 sin {Z—Z(w — 217)} /<%—f79> . (3.11)
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3.1.3 PCAC Mass

Using the relation between the partially conserved axial current (PCAC) and the
vector current we can define a PCAC mass in terms of correlators between the
zo = 0 boundary and the bulk [101]

%@0 + 05) fa(xo) _ falzo + aﬁ) — fa(xo — aﬁ)
2fp(xo) 4fp(x0)

mpos(xo) - (312)

where zo ~ T'/2, and

fale) = %62<Tr{[c<z> (@] s [T Yy (313

fp(xo) = —Z<Tr (@)] 5 [W(@)CW)] 5} ) (3.14)

where the trace is over dirac and color indices [102].
A PCAC mass can also be defined using correlators between the zo =T — a
boundary and the bulk

100+ 05) falao)  fiy(wo + ab) — fi(zo — ab)

Mineg(To) = STAEN = AT (3.15)
where xg ~ T'/2, and

fawo) = ~ S S { [ o [ 0] }) (316

frteo) = S (e {[CEE@] s [p@C W) 5)) @

The difference between the correlators is just a time reversal, but since the
boundary gauge fields are in general different the correlators will not be identical.
However, the two definitions of the PCAC mass should be equivalent up to O(a)
effects - so the difference between the two values will give an indication of the
size of these effects.

When measuring the running of the mass we choose to use unit boundary
gauge fields, so in this case the boundary gauge fields are the same and S0 1,0,

and my,, can be averaged, improving the statistical accuracy of the measurement.
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3.1. The Schrodinger Functional

The Schrodinger Functional is defined at zero mass, but the physical quark
mass is additively renormalized when using the Wilson action. This means that
to simulate at the massless point, x must be tuned to its critical value, k., where
the PCAC mass is zero. Note that this is the bare PCAC mass, the renormalised
PCAC mass has an additional Z_ﬁ factor, but the bare PCAC mass is sufficient
for finding k..

3.1.4 Renormalised Mass

To investigate the running of the mass we need to measure the renormalized mass

m() Zalan)
__ A 9o
k) = Zp(go, aj)

The factor Z, is scale independent and only depends on the bare coupling

m(go) (3.18)

go [103]. So the running depends only on the factor Zp [104]

Zp(go, apt) = vih

Fo(L/2) (3.19)

K=Kc¢

which is 1 at tree level, and where fp(L/2) is the correlator defined in Eq. 3.14
for myes and in Eq. 3.17 for my,.,. So the only additional observable required is

the boundary to boundary correlator f; [95]
12 B ~
fi = % uzy <Tr { [C(z)C (u)] 5 [CEX)], 75}>G (3.20)

Again when measuring the running of the mass we use unit boundary gauge

fields so that Zpp,s and Zp,e, can be averaged.

3.1.5 Implementation

The Schrodinger Functional was implemented by modifying the HiRep code
described in Sec. 2.4. Full details of the implementation are given in Appendix C,
and the tests performed on the code to ensure it was working correctly are given

in Appendix D.
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3.2. Minimal Walking Technicolor Results

3.2 Minimal Walking Technicolor Results

The Schrédinger Functional method was used to measure the running of the
coupling and the mass in Minimal Walking Technicolor, the SU(2) gauge theory
with two adjoint Dirac fermions described in Sec. 1.4.1. These results are
published in Ref. [43].

3.2.1 Lattice parameters

We used the Wilson plaquette gauge action, together with adjoint Wilson
fermions, and an RHMC algorithm with 2 pseudofermions. We performed two
sets of simulations in order to determine the running coupling and Zp. The
parameters of the runs are summarised respectively in Tab. 3.1, and 3.2. Note
that Zp is determined from a different set of runs at similar values of 3, L, k. The
values of k. are obtained from the PCAC relation as described in Section 3.1.3.
We measured the average plaquette for a range of values of # and x, shown in
Fig. 3.2. There is a clear jump in the plaquette for < 2.0, implying the presence
of a bulk transition. The lowest 3 we use for our measurements of g and Zp is

B = 2.0, so our results should not be affected by this transition.

3.2.2 Results for the coupling

We measured the coupling g?(3, L) for a range of 3, L. Our results are reported
in Tab. 3.3, and plotted in Fig. 3.3: it is clear that the coupling is very similar
for different L/a at a given value of (3, and hence that it runs slowly.

In Fig. 3.4 we compare our results to those obtained in Ref. [63]. Our
results are directly comparable since we use the same action and definition of
the running coupling, and it is reassuring to see that they agree within statistical
errors. The numbers reported in the figure have been obtained using completely
independent codes; they constitute an important sanity check at these early stages
of simulating theories beyond QCD.

The running of the coupling is encoded in the step scaling function o(u, s) as

Y(u,s,a/L) = §2(9078L/a)}§2(90,L/a):u7 (3.21)
o(u,s) = }}:mOZ(u,s,a/L), (3.22)
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3 L=6 L=8 L=12 L=16
2.00 | 0.190834 - - -
2.10 | 0.186174 - - -
2.20 | 0.182120 | 0.181447 | 0.180500 -
2.25 | 0.180514 | 0.179679 - -
2.30 | 0.178805 | 0.178045 - -
2.40 | 0.175480 | 0.174887 - -
2.50 | 0.172830 | 0.172305 | 0.171720 | 0.171720
2.60 | 0.170162 | 0.169756 - -
2.70 | 0.167706 - - -
2.80 | 0.165932 | 0.165550 | 0.165050 -
3.00 | 0.162320 | 0.162020 | 0.161636 | 0.161636
3.25 | 0.158505 - 0.158000 -
3.50 | 0.155571 | 0.155361 | 0.155132 | 0.155132
3.75 | 0.152803 - - -
4.00 | 0.150822 | 0.150655 - -
4.50 | 0.147250 | 0.147200 | 0.147120 | 0.147120
8.00 | 0.136500 | 0.136450 | 0.136415 -

Figure 3.2: The average plaquette for a range of 3 and » on 6% lattices. The bulk
transition occurs around (8 = 2.0.

Table 3.1: Values of 3, L, x used for the determination of 2. The entries in the
table are the values of k. used for each combination of § and L.
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3.2. Minimal Walking Technicolor Results

3 L=6 L=8 L=12 L=16
2.00 | 0.190834 - - -
2.05 | 0.188504 - 0.186250 -

2.10 | 0.186174 - -
2.20 | 0.182120 | 0.181447 | 0.180500 -
2.25 | 0.180514 | 0.179679 - -
2.30 | 0.178805 | 0.178045 - -
2.40 - 0.174887 - -
2.50 | 0.172830 | 0.172305 | 0.171720 | 0.171720
2.60 | 0.170162 | 0.169756 - -

2.70 | 0.167706 - - -

2.80 | 0.165932 | 0.165550 | 0.165050 -
3.00 | 0.162320 | 0.162020 | 0.161636 | 0.161636
3.25 | 0.158505 - 0.158000 -
3.50 | 0.155571 | 0.155361 | 0.155132 | 0.155132
3.75 | 0.152803 -
4.00 | 0.150822 | 0.150655 | 0.150510 -
4.50 | 0.147250 | 0.147200 | 0.147120 | 0.147120
8.00 | 0.136500 | 0.136450 | 0.136415 | 0.136415
16.0 | 0.130200 | 0.130200 | 0.130200 | 0.130375

Table 3.2: Values of 3, L, k used for the determination of Zp. The entries in the
table are the values of k. used for each combination of § and L.

as described in Ref. [93]. The function o(u, s) is the continuum extrapolation of
Y(u, s,a/L), and is a discrete version of the 3 function. The relation between the
two functions for a generic rescaling of lengths by a factor s is given by:
o(us) dx
2logs = ’ N Noh (3.23)
It can be seen directly from the definition of o(u, s) in Eq. (3.22) that an IRFP
corresponds to o(u,s) = wu, or in other words the condition that the coupling
doesn’t change when the scale is changed by a factor s.
Starting from the actual data, we interpolate quadratically in a/L to find
values of g?(8,L) at L = 9, 10%, so that we obtain data for four steps of size
s =4/3 for L — sL: L = 6,8,9,12; sL = 8§, 10%,12,16. Then for each L we

perform an interpolation in 3 using the same functional form as Ref. [80]:

1 8 |< IN\"
o= |5 (5) | 21

1=0

We choose to truncate the series with the number of parameters that minimises
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Figure 3.3: Data for the running coupling as computed from lattice simulations
of the Schrodinger functional. Numerical simulations are performed at several
values of the bare coupling (3, and for several lattice resolutions L/a. The points
at L/a = 9,10% are interpolated.

B L=6 =8 =12 I=16

2.00 | 4.237(58) - - -

2.10 | 3.682(39) - -

2.20 | 3.262(31) | 3.457(59) -

2.25 | 3.125(19) | 3.394(54) -

2.30 | 3.000(25) | 3.090(46) -

2.40 | 2.813(21) | 2.887(44) - -

2.50 | 2.590(20) | 2.682(35) | 2.751(68) | 3.201(324)
2.60 | 2.428(16) | 2.460(29) - -

2.70 | 2.268(14) - -

2.80 | 2.141(12) | 2.218(22) | 2.309(40) -

3.00 | 1.922(10) | 1.975(25) | 1.958(32) | 2.025(157)
3.25 | 1.694(5) - 1.830(90) -

3.50 | 1.522(4) | 1.585(11) | 1.626(30) | 1.603(76)
3.75 | 1.397(3) - - -

4.00 | 1.275(3) | 1.320(7) - -

450 | 1.101(3) | 1.128(5) | 1.152(10) | 1.106(64)
8.00 | 0.558(1) | 0.567(2) | 0.574(3) -

Table 3.3: Measured values of g2 on different volumes as a function of the bare

coupling .
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Figure 3.4: The results of our numerical simulations are compared to recent
results obtained in Ref. [63]. Different symbols correspond to different values of
the lattice bare coupling 3, corresponding respectively to 8 = 2.5, 3.0, 3.5,4.5, 8.0.
Empty symbols correspond to the data obtained in this work. Full symbols
correspond to the data in Ref. [63]. Symbols have been shifted horizontally for
easier reading of the plot.
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3.2. Minimal Walking Technicolor Results

the x2 per degree of freedom.

All the subsequent analysis is based on these interpolating functions, and does
not make further use of the original data. Using the fitted function in Eq. (3.24),
we compute X(u,4/3,a/L) at a number of points in the range u € [0.5,3.5]. A
continuum extrapolation is then performed in a/L using these points to give a
single estimate of o(u) = o(u,4/3). Example extrapolations for three values
of u are shown in Fig. 3.5. The L = 6 data were found to have large O(a)
artifacts, and are not used in the continuum extrapolation. The L = 16 data
have a large statistical error, which limits their current impact on the continuum
extrapolation. The sources of systematic uncertainty in our final results for o(u)
are due to the interpolation in L and 3 and to the extrapolation to the continuum
limit. Full details of the statistical and systematic error analysis are provided in
Appendix B.1.

The resulting values for o(u) with statistical errors only can be seen as the
black circles in Fig. 3.6. The red error bars in Fig. 3.6 also include systematic
errors, but using only a constant continuum extrapolation. This is equivalent
to the assumption that lattice artefacts are negligible in our data. A similar
assumption has been used in Ref. [63], where the data at finite a/L were used
directly to constrain the parameters that appear in the § function of the theory.

Our current values for the step scaling function are consistent with a fixed
point in the region g* ~ 2.0 — 3.2, as reported in Ref. [63]. Further simulation
at higher g2 is limited by the bulk transition at 3 ~ 2.0, shown in Fig. 3.2, and
observed in Refs. [55, 57].

The errors from also including the linear continuum extrapolation are much
larger and mask any evidence for a fixed point, as shown in Fig. 3.7. This should
be a conservative estimate of the total uncertainty on o(u), which is dominated

by systematic errors.
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Figure 3.5: Results for the lattice step—scaling function 3(4/3,u,a/L). The
dashed lines represent the initial value of u. The point at x = 0 yields the
value of o(u), i.e. the extrapolation of ¥ to the continuum limit. The error bar
shows the difference between constant and linear extrapolation functions, and
gives an estimate of the systematic error in the extrapolation as discussed in the
text.
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Figure 3.6: The relative step—scaling function o(u)/u obtained after extrapolating
the lattice data to the continuum limit. The black circles have a statistical error
only. The red error bars also include systematic errors, but using only a constant
continuum extrapolation (i.e. ignoring lattice artifacts). Note that a fixed point
is identified by the condition o(u)/u = 1.
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Figure 3.7: The relative step—scaling function o (u)/u obtained after extrapolating
the lattice data to the continuum limit. The black circles have a statistical
error only, the red error bars include systematic errors but using only a constant
continuum extrapolation, and the grey error bars give an idea of the total error
by including both constant and linear continuum extrapolations.
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3.2.3 Running mass

The running of the fermion mass is determined by the scale-dependence of the
renormalisation constant for the pseudoscalar fermion bilinear Zp defined in
Eq. (3.19). Note that Zp is both scheme and scale dependent. The same step
scaling technique described for the gauge coupling can be used to follow the
nonperturbative evolution of the fermion mass in the SF scheme. In this work,
we follow closely the procedure outlined in Ref. [101].

We have measured the pseudoscalar density renormalisation constant Zp(/3, L)
for a range of 3, L. Our results are reported in Tab. 3.4, and plotted in Fig. 3.8,
where we see that there is a clear trend in Zp as a function of L at all values of
0.

The lattice step scaling function for the mass is defined as:

Zp(Qo, SL/CL)

> Y= Zolg Lja)
p(u,s,a/L) Zp (g0, L/a) 7*(L)=u

; (3.25)

the mass step scaling function in the continuum limit, op(u, s), is given by:
op(u,s) = liH(l) Yp(u,s,a/L). (3.26)

The method for calculating op(u) = op(u,4/3) is similar to that outlined in

Sec. 3.2.2 for calculating o(u). We interpolate in § using a function of the form:

Zp(B. La) ioc (%) (3.27)

Full details of the procedure are given in Appendix B.2. Again the errors are
dominated by systematics, in particular the choice of continuum extrapolation
function. In Fig. 3.9 we see that, unlike g%, Zp has a significant variation with a/L
that is fit well by a linear continuum extrapolation. The constant extrapolation
is only used to quantify the errors in extrapolation.

The mass step scaling function is related to the mass anomalous dimension
(see e.g. Ref. [101]):

o () = (ﬁ)(dm%)) exp [ /ﬁ ™ (% - %)] | (3.28)
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Figure 3.8: Data for the renormalisation constant Zp as computed from lattice
simulations of the Schrodinger functional. Numerical simulations are performed
at several values of the bare coupling /3, and for several lattice resolutions L/a.
The points at L/a =9, 10% are interpolated.
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Figure 3.9: Results for the lattice step—scaling function ¥p(4/3,u,a/L). The
point at z = 0 yields the value of op(u), i.e. the extrapolation of ¥p to the
continuum limit. The error bar shows the difference between constant and linear
extrapolation functions, and gives a conservative estimate of the systematic error
in the extrapolation as discussed in the text.
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Figure 3.10: The step-scaling function for the running mass op(u), using a linear
continuum extrapolation. The black circles have a statistical error only, the red
error bars include systematic errors using a linear continuum extrapolation. The
grey error bars come from also including a constant extrapolation of the two
points closest to the continuum, and give an idea of the systematic error in the
continuum extrapolation.
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B =6 =8 =12 L=16
2.00 | 0.3016(6) - - -
2.05 | 0.3265(11) - 0.2466(6)
2.10 | 0.3469(6) - -
2.20 | 0.3845(6) | 0.3550(7) | 0.3087(6)
2.25 | 0.4028(6) | 0.3707(7) -
2.30 | 0.4203(6) | 0.3841(7) -
2.40 - 0.4134(7) - -
2.50 | 0.4762(6) | 0.4406(9) | 0.3970(7) | 0.3763(39)
2.60 | 0.5012(7) | 0.4624(7) - -
2.70 | 0.5228(6) - -
2.80 | 0.5424(7) | 0.5025(6) | 0.4639(6) -
3.00 | 0.5770(7) | 0.5381(7) | 0.5008(8) | 0.4647(55)
3.25 | 0.6120(6) - 0.5342(30) | 0.5063(44)
3.50 | 0.6385(7) | 0.6030(7) | 0.5580(10) | 0.5523(43)
3.75 | 0.6654(6) - - -
4.00 | 0.6830(6) | 0.6501(6) | 0.6197(14) -
4.50 | 0.7173(7) | 0.6859(6) | 0.6547(4) | 0.6341(27)
8.00 | 0.8261(3) | 0.8114(3) | 0.7956(2) | 0.7827(11)

(4) 2

16.0 | 0.9146 0.9005(5) 0.8887(15)

Table 3.4: Measured values of Zp on different volumes as a function of the bare
coupling .

We find good agreement with the 1-loop perturbative prediction, as shown in
Fig. 3.10.
In the vicinity of an IRFP the relation between op and ~ simplifies. Denoting

by v* the value of the anomalous dimension at the IRFP, we obtain:

m(u/s) g ul's g
/ an_ —7*/ ey (3.29)
o

m(w) m q

and hence:

log |op(s,u)] = —~"logs. (3.30)
We can therefore define an estimator

sy Lozlp(s)

31
log |s| (33

which yields the value of the anomalous dimension at the fixed point. Away from
the fixed point 4 will deviate from the anomalous dimension, with the discrepancy
becoming larger as the anomalous dimension develops a sizeable dependence on
the energy scale.

We plot the estimator 4 in Fig. 3.11. Again the error bars come from
evaluating the above expression using the extremal values of op(u) at each wu.

We see that the actual value of 74 is rather small over the range of interest. In
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particular at g? = 2.2, the benchmark value for the IRFP tentatively found in
Ref. [63], we have 4 = 0.11673; using just the linear continuum extrapolation,
and 4 = 0.116%%5 if we include the constant continuum extrapolation as well.
In the presence of an IRFP #4 yields the value of the anomalous dimension, and
therefore the values above can be used to bound the possible values of v*. The
results of Ref. [63] suggest the IRFP is in the range g% = 2.0—3.2; at the extremes
of this range we find 7* = 0.086"% and 0.41115 using just the linear continuum
extrapolation, and v* = 0.0861]5° and 0.417}> including the constant continuum
extrapolation. Over the entire range of couplings consistent with an IRFP, v* is
constrained to lie in the range 0.05 < v* < 0.56, even with our more conservative

assessment of the continuum extrapolation errors.
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Figure 3.11: The mass anomalous dimension estimator 4(u). The dashed line
shows the 1-loop perturbative result, the black circles have a statistical error
only, and the red error bars include systematic errors using a linear continuum
extrapolation. The grey error bars also include a constant extrapolation of the two
points closest to the continuum, giving an idea of the systematic error involved
in the continuum extrapolation.
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3.2.4 Conclusion

Our results for the running of the coupling are completely consistent with those
of Ref. [63]. While our statistical errors are larger, we have carried out our
analysis in a way that aims at disentangling clearly the scale dependence from the
lattice artefacts. Our analysis can be systematically improved as more extensive
studies are performed, and will ultimately allow us to take the continuum limit
with full control over the resulting systematic errors, in particular by using a
linear and quadratic extrapolation in place of the current use of a constant and
a linear extrapolation. Our results appear to show a slowing in the running of
the coupling above g% = 2 or so, and are consistent with the presence of a fixed
point where the running stops at somewhat higher g?. However, once we include
the systematic errors from the continuum extrapolation we find that our results
no longer give any evidence for a fixed point. The fundamental reason for this is
that the running of the coupling is very slow in this theory and so great accuracy
is needed, in particular near a possible fixed point.

By contrast, we find that the behaviour of the anomalous dimension 7 is much
easier to establish. The systematic errors from the continuum extrapolation are
much smaller than the signal, and we find a moderate anomalous dimension,
close to the 1-loop perturbative prediction, throughout the range of 5 explored.
In particular, in the range g* = 2.0 — 3.2, where there may be an infrared fixed
point, we find 0.05 < v < 0.56. Our conclusion that 7 is not large is unlikely to be
affected by using larger lattices. One can see this by considering the continuum
extrapolations in Fig. 3.9. For 7 to reach 1 in the continuum limit, we would need
Yp to be 3/4 = 0.75 at a/L = 0. However we see that the dependence on a/L
is much too small for this to be possible, and indeed is in the wrong direction.
Only a very unlikely conspiracy of lattice artifacts would make it possible for ¥p
to be as small as 0.75 in the continuum limit. On the other hand the value of g
corresponding to the IRFP is currently not known with sufficient accuracy.

The results presented here are the first computation of the anomalous
dimension at a putative fixed point; the systematic errors need to be reduced
to make our conclusions more robust. In particular, using larger lattices would
give results at smaller a/L and hence make the continuum extrapolations more
accurate. It may also be necessary to use an improved action in the long term to

achieve the precision required to show the existence of an IRFP or of walking
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behaviour. However, as described above, this is very unlikely to affect our
phenomenologically most important result, namely that v is not large, and hence

that the theory is not a viable walking technicolor candidate.
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3.3 Conformal Technicolor Results

We used the same method to investigate the SU(2) gauge theory with six
fundamental Dirac fermions, a candidate Conformal Technicolor theory as
described in Sec. 1.4.2. These results are published in Ref. [105].

3.3.1 Lattice parameters

We used the Wilson plaquette gauge action, this time with six flavours of
fundamental Wilson fermions, and an RHMC algorithm with 4 pseudofermions.
We performed two sets of simulations in order to determine g* and Zp, the
parameters of the runs are summarised in Tab. 3.5. To determine . we measured
am for 5 values of k for each § on L = 6,8,10,12 lattices and interpolated to
find k. for each. We then extrapolated in a/L to determine k.. for the L = 14,16
lattices.

In practice we achieve |am| < 0.005. At some values of § and L we have
additional results at moderately small masses of |am| ~ 0.01, shown in Fig. 3.12.
We observe no mass-dependence within our statistical errors, confirming that any
residual finite-mass errors are extremely small.

We also used more values of L (six instead of four) compared to our previous
simulations to improve the quality of the continuum limit extrapolations, and
increased the step scaling factor from s = 4/3 to s = 3/2 to improve the
measurement of the slow running of the coupling.

To ensure our results are not affected by the presence of a bulk transition,
we measured the average plaquette for a range of values of 3 and x, shown in
Fig. 3.13. There is a clear jump in the plaquette at low 3, implying the presence
of a bulk transition. However, this disappears around § = 1.6. Since the lowest
B3 we use for our measurements of g2 and Zp is 3 = 2.0, our results should not

be affected by this transition.

3.3.2 Results for the coupling

We measured the coupling g?(3, L), for a range of 3, L. Our results are shown
in Table 3.6, and again we see immediately that the coupling is very similar for

different L/a at constant 3, so it runs slowly.
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Figure 3.12: A comparison of measurements of g% and Zp at m ~ 0.00 and
m =~ 0.01 on 14* lattices. There is no mass-dependence within the statistical
errors, confirming that any residual finite-mass errors are extremely small.
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Figure 3.13: The average plaquette for a range of 3 and s on 6* lattices. The
bulk transition occurs around = 1.6, well below our lowest value of g = 2.0.

46



3.3. Conformal Technicolor Results

B 1 L=6

2.0 | 0.151788
2.2 | 0.147447
2.5 | 0.143209
3.0 | 0.138869
3.5 | 0.136130
4.0 | 0.134394
5.0
6.0
8.0

L=8
0.150970
0.146939
0.142825
0.138684
0.136143
0.134350
0.132142
0.130737
0.129145

L=10
0.150576
0.146755
0.142767
0.138651
0.136104
0.134353
0.132142
0.130748
0.129167

L=12
0.150491
0.146782
0.142811
0.138562
0.136103
0.134339
0.132142
0.130740
0.129172

L=14
0.150334
0.146615
0.142730
0.138523
0.136096
0.134332
0.132142
0.130739
0.129177

L=16
0.150252
0.146565
0.142716
0.138493
0.136091
0.134327
0.132142
0.130738
0.129182

0.130753
0.129131

Table 3.5: Values of 3, L, x used for the determination of g2 and Zp. The entries
in the table are the values of k. used for each combination of # and L.

3 L=6 =38 L=10 L=12 L=14 L=16
2.0 | 4.941(61) | 5.521(143) | 6.053(418) | 6.109(289) | 5.913(362) | 5.726(485)
2.2 | 3.755(32) | 4.025(70) | 4.390(158) | 4.506(345) | 4.279(233) | 4.379(252)
2.5 | 2.973(21) | 3.038(37) | 3.103(72) | 3.170(67) | 3.187(174) | 3.316(151)
3.0 | 2.123(10) | 2.173(20) | 2.150(37) | 2.291(90) | 2.336(55) | 2.338(75)
3.5 | 1.660(8) | 1.707(37) | 1.730(20) | 1.751(29) | 1.825(50) | 1.715(46)
4.0 | 1.376(4) | 1.390(8) | 1.425(16) | 1.399(30) | 1.420(19) | 1.445(31)
5.0 - 1.033(3) | 1.054(7) | 1.050(9) | 1.063(15) | 1.041(16)
6.0 | 0.814(1) | 0.822(3) | 0.823(6) | 0.842(6) | 0.829(12) | 0.827(11)
8.0 | 0.576(1) | 0.581(1) | 0.575(3) | 0.586(3) | 0.585(6) | 0.593(6)

Table 3.6: The entries in the table are the measured values of g? for
combination of # and L.

each
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3.3. Conformal Technicolor Results

7° L/a
8 |95 [ 10 [103 ] 12 [ 14 [ 15 | 16
params | 3 4 4 4 3 2 2 2

x%/dof || 1.92 | 0.54 | 1.24 | 0.48 | 1.66 | 1.54 | 1.88 | 1.36

Table 3.7: Interpolation best fit parameters for g°.

We first discard the L = 6 data since we found it had large lattice artifacts.
We then interpolate the remaining data quadratically in a/L at each § to find
7%(B,L) at L = 9%, 10%, 15. Then for each L we interpolate in (§ using the
functional form [80, 43]

1 [ | = 2N\*
P(.Lja) 2N [; «(%7) ] ' (332
We choose the smallest n which results in a y? such that the fit is not ruled out
at a 95% CL, and also use n + 1 as the next best fit; this gives a 2-5 parameter
fit in each case. The number of parameters we use for each L/a and the x?/dof
for each fit are shown in Tables 3.7 and 3.8.

We now calculate X (u, s, a/L) using the fits from Eq. 3.32 for L = 8, 9%, 10, 10%
and s = 3/2. Finally we extrapolate to a/L = 0 to obtain o(u, s).

We carry out a constant continuum extrapolation, using the data at the two
values of a/L closest to the continuum limit. We estimate the errors using the
same multistage bootstrapping procedure as before, described in Appendix B.1.
We have also attempted a linear continuum extrapolation, but the statistical
errors on our results are still too large for reliable fits, as shown in Fig. 3.14.
Thus the choice of continuum extrapolation remains as a systematic error on our
results.

The results for o(u) using the constant continuum extrapolation are plotted in
Fig. 3.15, where the statistical errors only are in black and the error from changing
the number of fitting parameters are in grey. Our results are consistent with a
fixed point in the region g2 > 4.02. They are also compatible with the possibility
that there is no fixed point at all in the range of couplings we have measured.
However, it is clear that o(u) is considerably below the 1-loop prediction at strong
coupling.

In the vicinity of a fixed point at a coupling ¢g*, the beta function is linear in
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Figure 3.14: o(u) using a linear continuum extrapolation of the four points closest
to the continuum. Statistical error using the optimal fit parameters in black,
systematic error from using different numbers of parameters in the fits in grey.
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Figure 3.15: o(u) using a constant continuum extrapolation of the two points
closest to the continuum. Statistical error using the optimal fit parameters in
black, systematic error from using different numbers of parameters in the fits in

grey.
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7° L/a

10 [105 ] 12 | 14 [ 15 | 16
5 5 4 3 3 3
8] 142|054 | 1.19 | 1.61 | 1.06 | 1.05

ol =

params 4

x%/dof || 1.25 | 0.

wor Ot

Table 3.8: Interpolation next-best fit parameters for g2.

the coupling,
Blg)=B"(g—9")+ .. (3.33)

where * is a scheme-independent coefficient, which, as described in Ref. [39],
yields further information on the physics of these theories. In terms of the step-

scaling function o(u, s), this gives:
Vo(u,s) =g + (Vu—g)s. (3.34)

We have estimated 5* by fitting o(u, s) in the vicinity of the fixed point, and find
B* = 0.62(12) "33, where the first error is statistical and the second is systematic,
for those fits where we see a fixed point in the range of couplings covered by our
data. This does not include the systematic error due to the choice of a constant
rather than a linear continuum extrapolation. Better data would be needed to

make the systematic errors on 5* more robust.

3.3.3 Running mass

We measured the pseudoscalar density renormalisation constant Zp for a range
of B,L. Our results are shown in Tab. 3.9 and Fig. 3.16. We see that Zp
decreases with increasing L/a at constant (3, indicating a positive anomalous
mass dimension, but the running appears to be slow.

To extract v we first calculate ¥ p(u, s,a/L), defined in Eq. 3.25, then proceed
similarly as for X(u, s,a/L). We first discard the L = 6 data, and then interpolate
quadratically in a/L to find Zp(3,L) at L = 9%, 10%7 15. Then for each L we
interpolate in [ using the functional form in Eq. 3.27. We choose the smallest n
which results in an acceptable 2, as for the g? fits; this gives a 5-6 parameter
fit in each case. We also use n + 1 as a next-best fit to estimate the systematic
errors from the choice of n. The number of parameters we use for each L/a and
the x?/dof for each fit are shown in Tables 3.10 and 3.11.

We can now calculate ¥p(u, s,a/L) using Eq. 3.25 and the fits from Eq. 3.27,
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3.3. Conformal Technicolor Results

3 L=6 L=38 L=10 L=12 L=14 L=16
2.00 | 0.26636(249) | 0.27219(306) | 0.27117(241) | 0.25956(527) | 0.24564(414) | 0.24130(578)
2.20 | 0.33220(167) | 0.32060(216) | 0.30788(537) | 0.30929(137) | 0.29792(246) | 0.29198(215)
2.50 | 0.37504(32) | 0.36203(49) | 0.35095(87) | 0.34672(73) | 0.34118(88) | 0.33255(162)
3.00 | 0.40488(21) | 0.39186(31) | 0.38451(52) | 0.37955(50) | 0.37453(53) | 0.37170(56)
3.50 | 0.42102(30) | 0.40981(82) | 0.40383(32) | 0.39832(43) | 0.39461(62) | 0.39241(93)
4.00 | 0.43105(14) | 0.42192(21) | 0.41691(31) | 0.41256(34) | 0.40997(29) | 0.40746(36)
6.00 | 0.45368(8) | 0.44908(12) | 0.44597(16) | 0.44417(10) | 0.44232(15) | 0.44045(20)
8.00 | 0.46540(5) | 0.46229(7) | 0.46005(10) | 0.45822(7) | 0.45683(10) | 0.45575(9)

Table 3.9: The entries in the table are the measured values of Zp for each
combination of § and L.
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Figure 3.16: Data for the renormalisation constant Zp as computed from lattice
simulations of the Schrodinger functional. Numerical simulations are performed
at several values of the bare coupling 3, and for several lattice resolutions L/a.
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Figure 3.17: op(u) using both a constant continuum extrapolation of the two
points closest to the continuum, and a linear continuum extrapolation. Statistical
error using the optimal fit parameters with a linear continuum extrapolation in
black, systematic error including the choice of continuum extrapolation in grey.

and finally extrapolate to the continuum limit to obtain op(u, s). The errors are
smaller than for the running coupling, so we are able to use both constant and
linear continuum extrapolations to control the systematic error from the choice of
extrapolation. We estimate the errors using the same multistage bootstrapping
procedure as before, described in Appendix B.2

We plot op in Figure 3.17, where the statistical error is in black, and the
systematic error arising both from the choice of the number of fit parameters
and the continuum extrapolation is in grey. We also plot the 1-loop perturbative
prediction for op. Our results are close to the 1-loop prediction, with the running
becoming a little faster at strong couplings.

In the vicinity of an IRFP, we can define an estimator 4(u), see Eq. 3.31, which

is equal to the anomalous dimension v at the fixed point, and deviates away from
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7 L/a

10 [105 ] 12 | 14 [ 15 | 16
5 5 5 5 5 5
6] 1.09 | 0.62]0.99 | 1.60 | 1.63 | 1.22

ol =

params 6

x2/dof || 1.79 | 0.

oo Ot

Table 3.10: Interpolation best fit parameters for Zp.

7 L/a
8 [ 95 [ 10 J105 [ 12 [ 14 | 15 | 16
params 7 6 6 6 6 6 6 6
x2/dof || 2.09 | 0.46 | 1.03 | 0.43 | 1.18 | 0.93 | 1.32 | 1.47

Table 3.11: Interpolation next-best fit parameters for Zp.

the fixed point as the anomalous dimension begins to run. We plot this estimator
in Figure 3.18. Again the black error bars show the statistical errors, and the grey
the systematic errors. We see that 4(u) is small in most of the range of couplings
that we measure. However, it becomes larger at our strongest couplings. Our
data is consistent with it reaching values v &~ 1 that are interesting for models of
technicolor, although our error bars are large and it is also possible that it is as
small as 0.135, our lower bound at g% = 4.02, the smallest coupling at which a
fixed point is consistent with our results. The highest value compatible with our
data is 4 = 1.03 at g = 5.52, the highest coupling at which we have results for
all L.
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Figure 3.18: 4(u) using both a constant continuum extrapolation of the two points
closest to the continuum, and a linear continuum extrapolation. Statistical error
using the optimal fit parameters with a linear continuum extrapolation in black,
systematic error including the choice of continuum extrapolation in grey.
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3.3.4 Conclusion

Our results for the running of the coupling have relatively large errors. This is
due to the difficulty of measuring the small difference in the coupling between
two nearby scales, a problem that becomes particularly acute as we approach a
possible fixed point where the difference falls. We observe that the running of
the coupling is slower than the (already slow) one-loop perturbative prediction.
Our results are consistent with the presence of a fixed point above g = 4.02, but
the large errors prevent us from distinguishing a fixed point from merely slow
running. We have not been able to perform a linear continuum extrapolation for
the coupling, which introduces an additional uncertainty.

Our results for the running of the mass are clearer. We find the anomalous
dimension is small throughout most of the range of couplings we measure, but it
becomes larger for our strongest couplings, with a possibility that it reaches values
around 1. If true, this would be very interesting for technicolor models. The
accuracy of our results would be improved in particular by using larger lattices,
which would give a larger range of a/L for the continuum extrapolations. This
would help to clarify the existence and location of the fixed point, and to reduce
the errors on the anomalous dimension.

For both Minimal Walking Technicolor and Conformal Technicolor we have
performed Schrodinger Functional simulations to measure the running of the
coupling and the mass. We have found slow running of the coupling in both cases,
and a relatively small anomalous dimension, but we were unable to conclusively
identify a fixed point in the coupling in either case. Simulating on larger lattices,
and possibly with an improved action, should resolve this issue.

In the meantime, if we could somehow measure the anomalous mass dimension
at the fixed point, without having to find the value of the coupling at the fixed
point, we would avoid the main difficulty in the Schrédinger Functional method.
The MCRG method could potentially allow us to do exactly this, and is described

in the following chapter.
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Chapter 4

Monte Carlo Renormalisation
Group Method

4.1 Introduction

In the Schrodinger Functional method we measured a discrete version of the
Callan-Symanzik equations, where a fixed point was indicated by a zero of the 3
function. Another approach to studying Renormalisation Group transformations
is to use the inherently non-perturbative Wilson RG. Here the evolution of
all possible couplings that preserve the internal symmetries of the system are
considered, and cut-off level UV modes are integrated out. Fixed points are
characterised by the number of relevant couplings (ones with positive scaling
dimensions, that flow away from the FP). Irrelevant couplings have negative
scaling dimensions, and flow towards the FP, so that their IR wvalues are
independent of their UV values. This is qualitatively illustrated in Fig 4.1.

The Monte Carlo Renormalisation Group [106] has been used to study
the critical properties of various models on the lattice. In particular the
2-lattice matching technique used in this work was first used to investigate
quenched QCD [107, 108, 109], and more recently QCD with many flavours of
fermions [81, 82].

This method was used to measure the running of the coupling and the mass
in Minimal Walking Technicolor, the SU(2) gauge theory with two adjoint Dirac
fermions described in Sec. 1.4.1. Some of these results are published in Ref. [110].
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IRFP

P

m m’ m

Figure 4.1: An example of RG flow under blocking steps near an IRFP with
one relevant coupling, m, and one irrelevant coupling, g. The irrelevant coupling
flows to it’s FP value, while the relevant coupling flows away from the FP.

4.2 Method

With each RG step, changing the scale by a factor s, irrelevant couplings will flow
towards the fixed point, and relevant couplings will flow away from it. After a few
steps the irrelevant couplings should die out, leaving the flow following the unique
renormalised trajectory (RT). If we can identify two sets of couplings which end
up at the same point along the RT after the same number of steps, then they must
have the same lattice correlation lengths, f = é’ . Since the physical correlation
length & = éa should not be changed by the RG transform, this means that they
both must have the same lattice spacing a, or inverse cutoff A=! ~ a. If they end
up at the same point, but one takes an extra step, then their lattice correlation
lengths must differ by a factor s, and hence so must their UV cutoffs.

To identify such a pair of couplings, we need to show that after n and
(n — 1) RG steps respectively their actions are identical. Explicitly calculating
the flow of the couplings in the action would be complicated, but instead the
gauge configurations themselves can be RG block transformed, and showing that
the expectation values of all observables on these gauge configurations agree is

equivalent to directly comparing the actions that generated them.
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4.2.1 2-Lattice Matching Procedure

Starting with the SU(2) pure gauge theory, where the gauge coupling is the only

revelant parameter, the procedure is as follows.

1. Generate an ensemble of gauge configurations with an action S(3) on a L*

lattice.

2. Block these n times to produce an ensemble of configurations on a (L/s™)*

lattice, and measure the expectation values of various observables on them.

3. Generate a new ensemble of gauge configurations with an action S(3’) on

a (L/s)* lattice, for a range of values of 3.

4. Block each of these n — 1 times to produce an ensemble of configurations

on a (L/s")* lattice, and measure the same observables for each /3.

5. Interpolate in 3’ such that each observable after taking n steps on the larger
lattice agrees with the same observable after taking (n — 1) steps on the

smaller lattice.

6. Repeat for different n, e.g. for s = 2, L = 32, three values can be used:

n=2,3,4.
B S = N
B ) N

Figure 4.2: The 2-lattice matching procedure described in Sec. 4.2.1. Horizontal
arrows represent RG blocking steps, and vertical arrows indicate matched lattices.
In this case the matching is done after 2(1) and 3(2) blocking steps on the 16%(8%)
lattices.
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4.2. Method

We have now identified, for each n, a pair of bare gauge couplings (3, 3'), with
lattice correlation lengths that differ by a factor s, é’ = é /s. In the limit n — oo,

the quantity
AR =0 =s(5;s) (4.1)

is the step scaling function for the bare gauge coupling. This is the analog of
the Schrodinger Functional step scaling function for the renormalised coupling,
o(u,s), and in the UV limit where g> — g2 = 2N/3, there is a simple relation
between the two:
5b<ﬁ; S) _ O'(U,S) 1 (4.2)
o) u
We use the following s = 2 RG blocking transform, labelled ORIG following

the naming convention used in Ref. [81],

. e’
Vn(?EIG = Proj (1 - a)UZn,,uU2n+[L,u + E Z U2n,z/U2n+l9,uU2n+ﬂ+l9,,LLU§n+2ﬂ7y )
vEp
(4.3)

where U is the original gauge field on a L* lattice, V is the blocked gauge field on
a (L/2)* lattice, and « is a free parameter, which can be varied to optimise the
transformation. Changing o changes the location of the FP, and how quickly the
unique RT is approached in a given number of steps. Ideally it should be chosen
such that

e All operators predict the same matching coupling between (n,n — 1) pairs
for a given blocking step n. (Deviations are a measure of the systematic

error from not being at exactly the same point along the RT)

e Consecutive blocking steps predict the same matching coupling, i.e. the
coupling for which (n,n — 1) pairs agree should be the same for all n.
(Deviations show that the RT is still being approached in the irrelevant

directions)

(1_(1) a/6

Figure 4.3: The ORIG blocking transform defined in Eq 4.3.
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We also use two different s = 2 RG blocking transforms constructed using
HYP smeared links, labelled HYP and HYP2 [82]. HYP blocking uses a product

of HYP smeared links with smearing parameters («, 0.6,0.3),
ValX? = WU an WUl 2n 4 (4.4)

where U is the original gauge field and W[U], , is the HYP smeared link at (z, p1).

The HYP smeared link W[U],,, is constructed in three stages [111], each stage
consisting of a modified APE blocking step [112] projected back into the gauge
group. In the first stage a set of decorated links V are constructed from the

original links U,

_ ) o)
Viwwp = Proj | (1 = ag)Unu+ = > UnlUniinUl i (4.5)
En#p,v,p
From these a second set of decorated links V are constructed,
~ ) Q9 _ _ _
Vi = Proj | (1= az)Un,u + = > waNVWW,,VJMWW] . (4.6)
Lp#v,p

and finally the HYP smeared links are constructed from this second set of dressed

links,

(€51

(1= )y + > V,WVWWV,;EW] . (4.7)
tr#p

WU, = Proj

HYP2 blocking is the same except that HYP smearing is applied twice to each

link with smearing parameters («, 0.3,0.3).
VWI?:PQ = WQ[U]QWMWQ[U]QTL—FM,M (48)

Using these HYP and HYP2 blocking transforms in addition to the ORIG
blocking transform is a useful check that the results are independent of the choice

of blocking.
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4.3. Pure Gauge Results

4.3 Pure Gauge Results

As an initial test of the method, matching in § between 32(16) and 16(8) lattices
was performed using ~ 2000 SU(2) pure gauge configurations for each g. We
matched in the plaquette, the three six-link loops, and three 8-link loops, shown
in Fig. 4.4. Explicit expressions for the seven observables used in the matching

are given in Appendix F.1.

v Y

(a) P(u,v) b b
(b) Le(p, v p)

(C) LS(M’ v, p, 0431

Figure 4.4: The plaquette, 6-link and 8-link gauge observables used in the
matching.

An example of the matching of the plaquette is shown in Figure 4.5(a). The
red, green and blue horizontal lines show the average plaquette on the 32% lattice
after 2, 3 and 4 ORIG blocking steps respectively, at = 3.0, = 0.57. The
interpolated red, green and blue points show the average plaquette on the 16*
lattice after 1, 2 and 3 blocking steps respectively, as a function of [, also at
a = 0.57. The value of 3 where the two red lines intersect gives the matching
coupling for n = 2, similarly the green and blue lines give the matching coupling
for n = 3 and 4.

This matching is repeated for each observable, and the spread of predicted
matchings for each n gives a systematic error on the central matching value.
The whole procedure is then repeated for various values of «, as shown in
Figure 4.5(b), to find an optimal value of & where subsequent RG steps predict
the same matching value. The intersection of the last two blocking steps gives a
central value for s,(f = 3.0;s = 2), while the range of couplings for which any
of the blocking steps intersect within errors gives the uncertainty on this central
value. This was repeated for other values of 3, and also with the HYP and HYP2
blocking transforms. Figure 4.6 shows the resulting step scaling of the bare
coupling s, determined using ORIG, HYP and HYP2 blocking on both 32(16)
and 16(8) lattices, along with the 1-loop and 2-loop perturbative predictions.
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4.3. Pure Gauge Results

In the scaling region s;, agrees well with the perturbative prediction, and the

agreement between the different blocking transforms and lattice sizes shows that

finite size errors are small, at least for the pure gauge case.

SU(2) Pure Gauge; beta=3.0; alpha=0.57; 32(16) plaquette matching
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Figure 4.5: An example of the matching of the plaquette in g for the pure gauge
case using ORIG blocking on 32(16) lattices. This is repeated for each observable
to give a systematic error for each matching, then « is varied such that all blocking
steps predict the same matching.

62



4.3. Pure Gauge Results
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Figure 4.6: Bare step scaling s, for the pure gauge theory. Matching is performed
on 32(16) and 16(8) lattices using ORIG, HYP and HYP2 blocking transforms.
All give results consistent with each other and with perturbation theory.
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Figure 4.7: Phase diagram showing RG flows near an IRFP with an irrelevant
coupling ¢ and a relevant coupling m. Also shown is the flow near a UVFP at
infinite mass with a relevant coupling g, which corresponds to the pure SU(2)
gauge theory.
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4.4 MWT Results - Anomalous Dimension

Having confirmed that the 2-lattice MCRG method works for the SU(2) pure
gauge case, we now turn to the full Minimal Walking Technicolor theory of two
Dirac fermions in the adjoint representation of SU(2).

There are two couplings of interest in this theory, the gauge coupling and the
mass. At an IRFP the gauge coupling is expected to be irrelevant, leaving the
mass as the only relevant operator, as shown qualitatively in Fig. 4.7. So we
should in principle be able to match in the mass at arbitrary couplings, as long
as we have sufficient RG steps for the gauge coupling to flow to its FP value.
In practice we only have a small number of RG steps, and the coupling flows
slowly towards its FP value, so we set 3’ =  assuming the flow in the coupling
is negligible. 'We match observables as for the pure gauge case, but instead of
matching in 3, we fix ' = 3, and match pairs of bare masses (m,m’).

We use the Wilson plaquette gauge action with adjoint Wilson fermions and an
RHMC algorithm with two pseudofermions. We generated ~ 3000 configurations
on 16* and 8* lattices, for a range of bare masses at each 3. This allows two
matching steps, after 2(1) and 3(2) steps on the 16%(8%) lattices respectively. See
Fig 4.8 for an example of this matching and subsequent a—optimisation.

Because the bare mass is additively renormalised we convert the bare masses
to PCAC masses. We measure the PCAC mass, m, as a function of bare mass for
each 3, as shown in Figure 4.9. We do this on the largest lattices we have in order
to minimise finite volume effects, and then use this to convert the bare masses
on both 8" and 16 lattices to PCAC masses. Our previous result [110] for the
anomalous mass dimension used PCAC masses measured on the 8 lattices which
suffer from a significant finite volume effect, as described in App F.2, which has

been removed in the present work.

Dg fa(wo)

2 o) (4.9)

m = mpcac (%) , mpcac(zo) =

The anomalous mass dimension appears in the RG equation for the mass

= —ym=—(1+4)m 4.1
T = W= (L (4.10)

At an IRFP the anomalous mass dimension is a constant, so the expression can
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4.4. MW'T Results - Anomalous Dimension

I} y d.o.f.
2.15 | —=0.07(10) | 3
2.25 | —0.02(12) | 6
2.35 | —0.09(17) | 5
2.50 | 0.12(15) | 5
all | —0.03(13)| 22

Table 4.1: Fitted values of v for each set of 3, and a combined fit - all are
consistent with a vanishing anomalous mass dimension.

be integrated to give
=t (4.11)

3|3

for a pair of matching masses (7, ™), from which a value for v can be extracted.
We used four values of 3, § = 2.15,2.25,2.35,2.50, and the matching PCAC
mass pairs using the HYP blocking transform are shown in Fig. 4.10. We also
repeated the matching using ORIG and HYP2 blocking. A comparison of the
three blocking methods is shown for each 3 value in Fig 4.13, and the agreement
between them is very good.

Different (3 values seem to predict consistent values for the anomalous mass
dimension, as shown in Fig. 4.11, which uses all the beta values and masses in the
range 0.02 < m < 0.14. Masses above this range are excluded because the data
are no longer consistent with a linear fit, as can be see in Fig. 4.10, suggesting
that we are beyond the small-mass linear scaling region described by Eq. 4.11.
The masses below m = 0.02 are excluded because they are likely to contain a
significant unwanted contribution from the running of the coupling, as described
in Appendix F.3.

The x?/d.o.f. for a linear fit of the form in Eq. 4.11 is shown in Fig. 4.12, and
the resulting values for v are listed in Tab. 4.1. The fits favour a vanishing
anomalous mass dimension, and a combined fit to all # and m gives v =
—0.03(13), with v > 0.13 ruled out at a 95% confidence level.
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SU(2) Adjoint; beta=2.50; alpha=0.65; m=-1.05; 16(8) plaquette matching m' vs alpha, 16(8) lattice matching, beta=2.50,m=-1.05
0.78 T T T T -0.92 T
2(1) ——
3(2)

T T P

3(2)

/

f

/
/
j
/// 4

NN
oo | 104 \\:i:;; — 1
066 - 1 -1.06 | - \\: —~
064 . . . . 1.08 . . . . . L
-1.15 -11 -1.05 -1 -0.95 -0.9 0.62 0.64 0.66 0.68 0.7 0.72 0.74
m alpha
(a) Plaquette Matching (b) a—Optimisation

Figure 4.8: An example of the matching of the plaquette in the bare mass m.
This is repeated for each observable to give a systematic error for each matching,
then « is varied such that all blocking steps predict the same matching.
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Figure 4.9: PCAC mass as a function of the bare mass on 16* lattices for 3 =
2.15,2.25, 2.50, 3.00
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Figure 4.10: HYP matching in mass for § = 2.15,2.25, 2.35, 2.50.
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Figure 4.11: HYP Matching in mass using all 3 values in the mass range 0.02 <
m < 0.14. Consistent with a vanishing anomalous mass dimension, v = 1 is
strongly disfavoured.
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Chisg/dof for HYP matching in range 0.02<m<0.14
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Figure 4.12: x?/d.o.f of v with HYP Matching in mass using all 8 values in
the mass range 0.02 < m < 0.14. Combined best fit with 18 d.o.f gives v =
—0.01(13).
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Figure 4.13: Comparison of matching mass pairs using different blocking
transforms.
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4.5 MWT Results - Coupling

It would also be interesting to directly measure the step scaling of the bare
coupling s,(f3, s) for the full theory, as was done for the pure gauge case. A
fixed point would be indicated by a change of sign in this quantity as the bare
coupling is varied from weak to strong coupling. The difficulty is that the mass is
a relevant operator, while the coupling is expected to be at best nearly marginal,
so in order for the MCRG to pick out the behaviour of the coupling the mass
would have to be tuned to zero. Furthermore, even if the mass is tuned sufficiently
close to zero that we are initially following the evolution of the gauge coupling
(assuming it is the least irrelevant remaining operator), we can no longer take
n — oo limit, because the coupling will flow to its FP value, and the flow of the
mass will eventually dominate.

So the method is to tune the mass close to zero initially, then take a few RG
steps, where the flow is hopefully following the gauge coupling, and extract the
running of the coupling from this, before the flow in the mass becomes significant.

We measure the PCAC mass on 16* lattices for a range of 3 values at small
masses, and for each ( extract the critical bare mass using a linear interpolation
in the PCAC masses, as shown in Fig. 4.14.

Critical bare mass measurements
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Figure 4.14: Measurement of critical mg values from 16* lattices.
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4.5. MW'T Results - Coupling

We then fit an interpolating function in 3 to these critical masses, as shown
in Fig. 4.15, which gives us the critical bare mass for any (3 in the range 2.15 <
B < 2.75. The systematic error in the PCAC mass due to this interpolation is
small, < 0.002, as described in Appendix F.4.

Critical bare mass interpolation
'13 T T T T T T T T

-1.25 | + i
-1.15 - + i

105 | JF i

-0.95 E
1 1 1 1 1 1 1 1
2 2.1 2.2 2.3 2.4 25 2.6 2.7 2.8

beta

Figure 4.15: Interpolation of critical mg values from 16* lattices, to be used to
determine critical mg values for the massless 8* runs.

The measured PCAC masses for the 16 critical runs are shown in Fig. 4.16,
along with some runs at small masses to allow us to check for any systematic
mass—dependence.

We generated ~ 3000 configurations on 16* and 8 lattices for a range of (3
values, each run at the critical bare mass. The matching procedure in 3 is then
essentially the same as for the pure gauge case. An example of the matching in
the plaquette, and subsequent a—optimisation is shown in Fig. 4.17.

The resulting measurement of s,(/3) is shown in Fig. 4.18. This includes both
the massless and small mass 16* runs - within errors s, shows no mass dependence
for these small masses. The ORIG matching values of s, are clearly positive
throughout, the HYP values are lower, and the HYP2 values are consistent with
zero within error bars. There is no clear cross—over from positive to negative
values of s, for any of the blocking transforms, so while the data are consistent

with a fixed point, they are not sufficiently precise to distinguish slow running
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Critical bare mass measurements
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Figure 4.16: Measured PCAC mass of critical 16* runs used for massless matching.

from a fixed point.

4.6 Systematics

There are a number of systematic errors in this method which are not yet fully
under control, and potentially large. In particular the set of observables used for
the matching does not seem sufficiently broad to uniquely identify the matching
couplings. Finite volume effects are also likely to be present as the mass is

decreased, and it is not clear what effect they will have.

4.6.1 Matching Observables

In principle, for a given (3, m) there should be a unique matching set of couplings
(0',m'), for which all blocked observables agree. In this work we have set 8 = '
and we were able to find m’ such that the blocked observables matched. In
practice, however, all of our observables are small Wilson loops, and as such are
strongly correlated and have a very similar dependence on ' and m’. This means
that we can in fact find a “matching” m’ for a range of values of ', which, given

that we do not know the correct value of 3’ to use, significantly increases the
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SU(2) Adjoint; beta=2.40; alpha=0.65; massless 16(8) plaquette matching (beta-beta’) vs alpha, 16(8) massless lattice matching, beta=2.40
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Figure 4.17: An example of the matching of the plaquette in 5" for the massless
case using ORIG blocking. This is repeated for each observable to give a
systematic error for each matching, then « is varied such that all blocking steps
predict the same matching.

error on our determination of ~.
To resolve this issue, more observables which are “orthogonal” to the Wilson
loops would need to be included in the matching determination to determine

which of these blocked configurations are actually matched.

4.6.2 Finite—Volume

The calculations of v require us to compute the flow in the mass parameter for
a conformal or near—conformal field theory (CFT) in the presence of a small
mass deformation. In principle both the mass parameter and the lattice size then
determine any correlation length. In order to extract the correct physics for the
infinite volume CFT it is important to make sure that the correlation lengths we
are measuring and matching are not being strongly influenced by the finite box
size. So we should make sure that the physical lattice size is much larger than
the correlation length or equivalently m > 1/L where L is the lattice length.

Thus we are forced to consider masses that are sufficiently large to satisfy this
constraint. Unfortunately, if we use too large a mass we will move the system a
long way from any IRFP and the simple MCRG techniques we are using will not
apply. The only obvious way to reconcile these two things is to use large enough
boxes that we can keep L > 1/m while making m small enough to keep us close
enough to the CFT fixed point.
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s_b(beta) using ORIG blocking
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Figure 4.18: Massless matching in 5 on 16(8) lattices.

For our L/a = 16 lattices we would need ma 2 0.1 which may be simply too

big to keep close the system close to the fixed point.

4.7 Conclusion

We measure the anomalous mass dimension for Minimal Walking Technicolor
and find v = —0.03(13). This is smaller than previous lattice results, and much
smaller than would be desired for a phenomenologically viable theory. The error
is however likely to be underestimated due to the systematic errors discussed
above.

We have also directly measured the running of the coupling to look for a fixed
point. Our data show slow running of the coupling and are compatible with a
fixed point, but are not sufficently precise to distinguish these two cases.

The systematics of this method are still not fully under control. Using 32*
lattices would allow a number of improvements. Most importantly they would
allow a further RG blocking step to be taken, as well as to check for finite size and
finite volume effects in our current results. These larger volume simulations are
currently in progress, as are investigations of other possible matching observables
to add to the method.
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Chapter 5

Conclusion

5.1 Summary

In this thesis I presented some non—perturbative lattice investigations of two
candidate walking Technicolor models, Minimal Walking Technicolor - two Dirac
fermions in the adjoint representation of SU(2), and Conformal Technicolor - six
Dirac fermions in the fundamental representation of SU(2). Two complementary
lattice methods were used, the Schrodinger Functional and the 2-lattice matching

MCRG method.

5.1.1 Minimal Walking Technicolor

Turning first to the Schrodinger Functional results for Minimal Walking Techni-
color, our results for the running of the coupling are completely consistent with
those of Ref. [63], and appear to show a slowing in the running of the coupling
above g% = 2 or so. They are consistent with the presence of a fixed point where
the running stops at somewhat higher g2, however once we include the systematic
errors from the continuum extrapolation we find that our results no longer give
any evidence for a fixed point.

The behaviour of the anomalous dimension ~ is much easier to establish.
The systematic errors from the continuum extrapolation are much smaller than
the signal, and we find a moderate anomalous dimension, close to the 1-loop
perturbative prediction, throughout the range of 3 explored. In particular, in

the range > = 2.0 — 3.2, where there may be an infrared fixed point, we find
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0.05 < v < 0.56. The error is mostly due to the uncertainty in the location of
IRFP.

The same theory was also investigated using the 2-lattice matching MCRG
method. We directly measured the running of the coupling to look for a fixed
point. Our data show slow running of the coupling and are compatible with a
fixed point, but are not sufficently precise to distinguish these two cases.

We also measure the anomalous mass dimension, and with the assumption
that the running of the coupling is negligible, our result v = —0.03(13)
is consistent with a vanishing anomalous mass dimension. This assumption
introduces a potentially large systematic error to our results, however. Without
this assumption, the set of matching observables we use are not sufficiently broad
to uniquely identify the correct matching coupling, which means we can get a
large variation in our measurement of the anomalous mass dimension by varying
the matching coupling. So the true error on the quoted value is likely to be larger
once the systematic errors are better understood.

Both the Schrédinger Functional and the MCRG results suggest that Minimal
Walking Technicolor has an IRFP, with a small anomalous dimension at the IRFP.
While neither set of results are conclusive on their own, they are in agreement with
a growing body of non—perturbative studies of this theory, so that it seems likely
that the theory does in fact have an IRFP, but with an anomalous mass dimension
smaller than would be required for the construction of a phenomenologically

viable theory.

5.1.2 Conformal Technicolor

Measuring the running of the coupling for six Dirac fermions in the fundamental
representation of SU(2) using the Schrodinger Functional method suffers from
the same issues as two Dirac fermions in the adjoint representation of SU(2) did.
We observe that the running of the coupling is slower than the (already slow)
one-loop perturbative prediction. Our results are consistent with the presence of
a fixed point above g% = 4.02, but it is also possible that there is no fixed point
in the range of couplings we have measured. We have not been able to perform a
linear continuum extrapolation for the coupling, which introduces an additional
uncertainty.

Once again the results for the running of the mass are clearer. We find
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5.1. Summary

the anomalous dimension is small throughout most of the range of couplings we
measure, but it becomes larger for our strongest couplings, with a possibility that
it reaches values around 1. If true, this would be very interesting for technicolor
models, but the uncertainty in the location or existence of an IRFP remains the
limiting factor in constraining the value of the anomalous mass dimension.

This is the first non—perturbative investigation of this theory, unlike the case
of Minimal Walking Technicolor. Our results are consistent with the existence
of an IRFP, with a potentially large anomalous dimension, so pending further

studies this theory remains a viable Technicolor candidate.

5.1.3 Lattice Methods

The Schrodinger Functional method has the advantage that the systematic errors
are understood and under control, allowing an extrapolation to the continuum
limit of measured quantities. The disadvantage of the method is that measuring
the running of the coupling is a very difficult problem. This is due to the difficulty
of measuring the small difference in the coupling between two nearby scales, a
problem that becomes particularly acute as we approach a possible fixed point
where the difference falls. The observable is also noisy and so requires very high
statistics to determine it sufficiently accurately, increasing the cost of simulations.
The measurement of the anomalous mass dimension on the other hand is much
more tractable, and the final uncertainty on the measured value is largely due to
the difficulty of determining the location of the IRFP in the coupling.

Thus to improve our results using this method, larger lattices than the ones
used in these studies would be required, as well an improved action to remove
the O(a) finite size effects, such as the chirally improved formulation [113, 114],
or the formulation with clover improvement [115, 116, 117]. This would allow us
to take the continuum limit and distinguish a fixed point from merely very slow
running. This would help to clarify the existence and location of the fixed point,
and would significantly reduce the errors on the anomalous dimension.

The MCRG method on the other hand allows a determination of the mass
anomalous dimension with significantly less computational resources, in principle
without having to measure the running of the coupling directly, and the value
found has a small statistical uncertainty. The disadvantage of this method is

that the systematic errors are less well understood. In particular, the current set
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of matching observables are not sufficiently broad to uniquely identify matched
actions, which leads to a systematic uncertainty due to a lack of knowledge of
the running of the coupling. In addition the finite volume effects in this method
are not fully understood.

For both the Technicolor models investigated the running of the coupling was
found to be slow, but it was not possible to distinguish merely slow running
from a fixed point. In the Schrédinger Functional simulations this is largely due
to the difficulty in taking the continuum limit, whilst in the MCRG method
the matching couplings predicted by different operators had a significant spread,
leading to a large error on the final values.

The measurement of the anomalous mass dimension is much more tractable
in both methods. In the Schrodinger Functional the continuum limit can be
taken, and in the MCRG method the matching mass pairs predicted by different
operators are very close, leading to small errors on the measured matching
masses. However in both methods the limiting factor in the determination of
the anomalous dimension remains the determination of the location of the IRFP

in the coupling.

5.2 Outlook

Lattice studies are providing vital information for the building and testing of
walking Technicolor models, which should be experimentally tested over the
next few years at the LHC. Minimal Walking Technicolor has been investigated
in a number of studies, all of which found results compatible with the theory
containing an IRFP, but with an anomalous mass dimension that is too small
for the theory to be phenomenologically viable. The candidate Conformal
Technicolor theory investigated in this thesis on the other hand may yet be
phenomenologically viable, as a large anomalous mass dimension was not excluded
by our results, pending further studies of this theory.

Future Schrédinger Functional studies should be able to unambiguously
determine the running of the coupling and the mass in these theories. To achieve
this, larger lattices with an improved action are required to remove the O(a)
effects and allow the continuum limit to be taken. A recent clover—improved

lattice result [64] for MWT found a small value for the mass anomalous dimension,
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5.2. Outlook

consistent with our value, but taking the continuum limit remains a very difficult
problem.

The MCRG method is a potentially valuable alternative method, and studies
are in progress using larger lattices which will provide a better understanding of
the systematic errors involved. Other MCRG methods, in addition to the 2-lattice
matching method, are also being investigated, as well as potential additional
matching observables to improve the 2-lattice matching method.

Ultimately however, all these techniques were developed for QCD and have
been adapted to investigate these very different theories, and it seems unlikely
that they are the most effective tools for this task. It may be that new techniques

can be developed which are better suited to the task.
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Appendix A

Scheme Dependence

A.1 Conformal Behaviour

A.1.1 Beta Function

The running of the coupling in a massless renormalisation scheme is defined by
the beta function .
g _
—= = . Al
ngl =50 (A1)
A zero of the beta function in our scheme at some g? = u* implies a fixed
point in the theory. If we change to a different scheme, does the zero still exist,

or could it just be a scheme-dependent artefact? For another arbitrary scheme X

there will exist a function f such that
9x = [lg]- (A.2)

Using this we can relate the beta functions in two different schemes

u% — Bx(Fy) (A.3)
= uflg) — w A L (A4)
= Bx(fl7) = j—fg @ (A5)

So assuming f is non-singular, a zero in the beta function of a scheme implies
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the existence of the zero in all schemes.

A.1.2 Coupling Step Scaling

In the SF-scheme we don’t directly measure (3, instead we measure the step scaling

function for the coupling

o5, u) = T (5L 1) (A.6)

Again there will exist some function F[x] = (f[z])? such that

gx = Flg’). (A7)

This can be used to relate the step scaling functions in different schemes

ox(s,u) = ?%((ZL”{@%((L):“’}
= 9x2D) g w)-r1u) (A-8)
- F 52(2L>|{§2(L):F*1[U’}}
= Flo(s, F'[u))]

A zero of the beta function in our scheme means that for some u* we find
o(s,u*) =u* (A.9)

Does this zero exist in other schemes, or is it just a scheme-dependent artefact?

Using the above relation, and choosing v’ = F[u*] gives
ox(s, Flu*]) = Flo(s, F'[F[u*]] = Flo(s,u*)] = F[u*] (A.10)

= ox(s,u') =u (A.11)

So we find the same scale invariant behaviour, regardless of the actual form of F

(assuming F' is not singular), and the zero exists in all renormalisation schemes.
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A.1. Conformal Behaviour

A.1.3 Gamma Function

The running of the mass is given by

dm dIn |m|
— = = = . A.12
'ud,u v(@)m = (9) dln | 1] ( )

A change of scheme will be defined by some function h such that myx = h[g]m,

which we can use to relate v in different schemes:

dln|m dIn |h{gm dh dg
(@) = w(fl) = G = Tt I g 4 R (ay
Substituting u% = ((g) gives
dln|h|g
w(rig) =2 + T () (A11)

So at a fixed point where § = 0, v is the same in all schemes.

A.1.4 Mass Step Scaling

In the SF scheme we measure the mass step scaling function

Zp(sL) m(L)
op(u,s) = = — A.15
P( ) ZP(L) *Q(L)*u m(SL) ?2([/)*7.1‘ ( )
This can be related to the same function in a different scheme:
mx (L) m(L) hlg(L)]
opx(Flul,s) = — = — = A.16
px(Flul, ) mx(sL) 92 (L)=Fu] m(sL) h[g(sL)] g2(L)=u ( )
- hlg(sL) + Ag]
= opx(Flu],s) = op(u,s) hG(sL)] (A.17)
where L
Aﬁz/ —fBdIn|L|. (A.18)
1/sL
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A.2. Near-Conformal Behaviour

So if g = 0, then the step scaling function is that same in all schemes. Since in

this case v is constant, we can integrate the evolution equation

y
/7d1n|u| :/dln |m| = m ~ (%) , (A.19)

and we can relate the anomalous dimension to the step scaling function

/Ly s, (A.20)

P 8) = Ly

A.2 Near-Conformal Behaviour

A.2.1 Beta Function

Technicolour models require a walking coupling, where the coupling is almost
constant over a large range of scales. This translates to a small but non-zero
beta function. Assuming the beta function is small, (g) = A, when we change

scheme
Bx(gx) = Bx(flg]) = Z—J; @) = Z—J;Ag. (A.21)

But % could be anything, so the beta function can be deformed at will by
changing scheme, and the presence of a zero is the only scheme-independent
feature. In particular the smallness of the beta function is not scheme

independent.

A.2.2 Coupling Step Scaling

The step scaling function for a walking coupling will be of the form
o(s,u”) =u"+ A, (A.22)
where A is small. In our X-scheme choosing v’ = F[u*] we find

ox(s, Flu*]) = Flo(s,u")] = Flu* + Al (A.23)
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A.2. Near-Conformal Behaviour

Expanding the RHS in powers of A

F
Flu"+ Al = Flu'| + A ddiu] + O(A?) (A.24)
dF
=ox(s,u)=uv + A dz[LU] + O(A?). (A.25)
Again dl;—?[f] could be anything - so near-conformal behaviour is scheme-dependent,

and with a suitable choice of F', the coupling can be made to have any non-

constant, monotonic scale dependence.

A.2.3 Gamma Function

Assuming the beta function is small, 5(g) = Ag, when we change scheme

_ _. dln|hlg
vx(f[g]) = ~(9) + %AB. (A.26)
But since %Z@” could be anything, then vx could be drastically different from

v even if 3 is very small.

A.2.4 Mass Step Scaling

For small beta, 5(g) = Ag, the mass step scaling function can be related to the

same function in a different scheme,

hlg(sL) + Ag

opx(F[u],s) =op(u,s) [g}(f[g()sz)] J (A.27)

where L
Ag:/ _Bdn|L| ~ Ay s|. (A.28)

1/sL

Expanding h about g(L) gives
_ _ dh )
h[g(sL)] = h[g(L)] + X Agln[s| + O(Ap). (A.29)
9 lg?(L)=u
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A.2. Near-Conformal Behaviour

Inserting this into the expression for the step scaling gives

dln |h
opx(Flul,s) = o,(u, s) [1 - % +0(AY)| - (A.30)
7 =u
But again %g‘h‘ could be anything, so the mass step scaling function could change

drastically between schemes, even if the beta function is very small.
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Appendix B

Error Analysis SF MWT

B.1 Coupling error analysis

We directly measure the Schrodinger Functional coupling g2 and perform multiple
stages of interpolation and extrapolation to extract the continuum step scaling
function o(u) = o(u,4/3).

In order to estimate our errors for each of these stages we perform multiple
bootstraps of the data. The full procedure to get a single estimate of o(u) can

be summarised as follows:

e Generate N, x N, bootstrapped ensembles of the data and extract mean
and error for each. Blocks of N, ensembles are used to give interpolated
data points with error bars, so from N, x N, bootstrapped ensembles N,

interpolated data points are generated, each with an associated error bar.
e For each bootstrap, interpolate in a/L to find values at L =9, 10%.

e From each set of N, of these find the mean and standard deviation, to give

Ny interpolated data points with error bars.

e For each of the N, bootstraps do a non-linear least squares fit for g(3, L)

interpolation functions in 3, an example is shown in Fig. B.1.

e Use these functions to find N, estimates of ¥(a/L, u) for L = 8,9, and from

this extract a mean and error for each a/L.
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B.2. Mass error analysis

e Perform a single weighted continuum extrapolation in a/L using these

points to give o(u).

This process is repeated N,, times, bringing the total number of bootstrap
replicas of the data to N, x N, x N,,. This gives N,, estimates of o(u), from
which a mean and 1-sigma confidence interval is extracted.

However, the systematic errors that result from varying the number of param-
eters in the interpolation functions or the continuum extrapolation functions are
significantly larger than the statistical errors for the optimal set of parameters.

In order to quantify this, we repeated the entire bootstrapped process
of calculating o(u) with a range of different interpolation and extrapolation
functions, each of which gives an estimate for o(u), with an associated statistical
error.

Specifically, we included two different choices for the number of parameters in
the interpolating functions at each L. We kept the best fit, outlined in Tab. B.1
and added the function with the second lowest x? per degree of freedom as shown
in Tab. B.2. The error in the continuum extrapolation was estimated by including
both constant and linear extrapolation functions. All possible combinations of
these functions gave us a set of 2° = 32 values for o(u), each with a statistical
error, which spanned the range of the systematic variation.

For each value of u the resulting extremal values of o(u) were used as upper

and lower bounds on the central value.

B.2 Mass error analysis

The mass error analysis follows the same procedure as outlined in Appendix B.1

with g2 replaced by Zp. The function used to interpolate Zp in 3 is

Zo(6, La) = Z (%) (1)

as given in Eq. 3.27, and an example fit is shown in Fig. B.2. The ¢; giving the
smallest reduced x? are given in Tab. B.3 and those with the second smallest in
Tab. B.4.

In addition, Zp converges faster than g and we have better 16* data so we

can use 3 points in our continuum extrapolations. Again the L = 6 data were
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B.2. Mass error analysis

found to have large O(a) artifacts so are not used in the continuum extrapolation,
and for the constant extrapolation only the two points closest to the continuum
limit are used. The fits for both g% and Zp are required to determine op(u), so
independently varying the choice of the number of parameters for these now gives

210 = 1024 values for op(u), each with a statistical error.
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B.2. Mass error analysis

72 L/a
6 8 9 102 12
e || 1.113£0.057 | 0.967£0.050 | 1.010 £0.001 | 0.987 +0.003 | 0.988 £ 0.024
cr || —0.560 +0.206 | —0.064 +0.215 | —0.259 +0.001 | —0.216 & 0.006 | —0.226 + 0.055
es || 013040216 | —0.307 +0.328 —0.022 + 0.003 | —0.016 + 0.028
cs || 0.366+0.125 | 0.221+0.211
ca || —0.136+0.196 | —0.059 + 0.048
s || —0.364+0.234
s || 0.208+0.127
cr || —0.064 + 0.024
% 2.85 2.42 1.73 3.45 3.37
dof 8 7 4 3 4

—2 - .
measured g /best-fit interpolation

Table B.1: Interpolation

best fit parameters for g2.

1.04

1.02

0.98

0.96 -

Figure B.1: Example of an interpolation function for L = 8, with a ¢ confidence
interval, compared with measured g data points.
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32 L/a
6 8 9 102 12
co || 1.113£0.057 | 0.967 £0.050 | 1.010£0.001 | 0.987 £ 0.003 | 0.988 £ 0.024
c1 || —0.560 +0.206 | —0.064 +0.215 | —0.259 +0.001 | —0.216 + 0.006 | —0.226 + 0.055
co || 0.130+£0.216 | —0.307 +0.328 —0.022 +0.003 | —0.016 + 0.028
c3 || 0.366+0.125 | 0.221+0.211
ca || —0.136+0.196 | —0.059 + 0.048
s || —0.364+0.234
c6 || 0.2908+0.127
cr || —0.064 +0.024
X 2.85 2.42 1.73 3.45 3.37
dof 8 7 4 3 4
Table B.2: Interpolation next-best fit parameters for g2.
ZP L/a
6 8 9 102 12 16
<o 0.58 £ 0.30 0.93 £ 0.09 102001 | 1.00£0.01 | 1.0I£0.01 | 1.0l +0.01
a 7.64+6.85 —043+1.74 | —21740.10 | —1.76 £ 0.01 | —1.98 +0.08 | —1.99 4 0.09
co || —78.87+£6050 | —8.18+12.64 | 4.70+054 | 1.56+£0.05 | 2304031 | 1.93+0.43
c3 || 361.79+272.14 | 36.42+43.33 | —10.734+1.27 | —2.14+0.06 | —3.01 £ 0.34 | —2.23 + 0.64
cs || —898.23 £ 662.83 | —75.69+71.04 | 7.96 % 1.06
s || 1137.79+833.32 | 57.07 +44.83
ce || —579.79 +424.25
= 2.42 1.66 2.24 4.82 6.68 6.67
dof 11 8 5 6 6 3
Table B.3: Interpolation best fit parameters for Zp.
Zp L/a
6 8 9 102 12 16
co 1.00 £0.07 1.14 +0.46 0.89 £ 0.02 T.00£0.01 | 0.97£0.03 | 0.99%0.01
e | -185+1.34 —5.14 4 10.46 0534040 | —1.76+0.14 | —1.334+0.46 | —1.73 +0.03
e 5.09 + 9.46 34.05 + 93.82 ~15.14+2.87 | 1.604+0.84 | —1.40+2.60 | 0.48+0.08
c3 || —14.99+31.38 | —157.82+428.42 | 58.03+9.82 | —222+1.97 | 5.68+6.05
ca || 17144972 | 405.88+1059.89 | —105.52+15.92 | 0.07+1.62 | —7.18 +5.00
cs || —7.82430.32 | —558.73+1353.59 | 71.97 +9.92
c6 318.7 + 700.1
el 2.46 1.75 2.32 5.97 7.47 8.03
dof 12 7 4 5 5 4

Table B.4: Interpolation next-best fit parameters for Zp.
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B.2. Mass error analysis
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Figure B.2: Example of an interpolation function for L = 8, with a ¢ confidence
interval, compared with measured Zp data points.
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Appendix C

SF Implementation

C.1 HiRep Modifications

HiRep [54] is an implementation of the RHMC algorithm [90] for gauge theories

with any number of flavours and colours, and in a variety of representations of

the gauge group, as described in Sec. 2.4.

The key modifications required to implement the Schrodinger Functional in

HiRep are as follows:

The fermionic boundary conditions defined in Eq. 3.6 are enforced both

before and after the Dirac operator is applied.

The gauge fields on the boundary are initially set to the background fields
defined in Eq. 3.5.

When the gauge fields are updated, or randomised, the fields on the
boundary are not updated. (And their momenta remain zero throughout -
or equivalently the boundary fields are missed out in all updates and their

momenta are not included in the p? term in the action).

The trial spinor used in the inversion code must obey the fermionic
boundary conditions in Eq. 3.6 to avoid the zero modes of the Dirac operator

in this formulation.

The gauge observables used to calculate g2 as defined in Eq. 3.11 are added.
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C.2. Avoiding the Zero Modes

e The fermionic correlators fp, fa, fi used to calculate the PCAC mass
described in Sec. 3.1.3 and the pseudoscalar fermion bilinear Zp described
in Sec. 3.1.4 are added.

C.2 Avoiding the Zero Modes

Upon applying the fermion boundary conditions the RHMC code fails when it
tries to invert the H2 operator, which takes an input spinor and gives an output

spinor, such that

<win|¢out> = <¢m|H2|¢m> = <H2>7 (Cl)

where H is the hermitian Dirac operator
H =D (C.2)

and D is the Wilson—Dirac operator defined in Eq. 2.32.

This is because the Dirac operator, and hence H?, has zero modes caused
by the boundary conditions. For example consider an input spinor with non-zero
components only for the left handed components on the 7' = 0 boundary, applying
the boundary conditions gives a null spinor, i.e. a zero mode. The solution is to
work in the subspace orthogonal to these zero modes of the operator.

Define v () = 0z.2/00,a» Where 2, o lie on the boundary such that ¢, (2') =
0 due to the boundary conditions, so that n = 1,2,...,4L3. [(2 time slices)*(2
spinor indices)*(L? spatial values)]. Then all the zero-mode components of a trial

spinor 1 can be subtracted:

Yal(@) = Yal@) = Y (Wa(@) [0l (@) (2) (C.3)

This is easy to implement, as it is equivalent to simply applying the fermionic
boundary conditions of Eq. 3.6 to the trial solution.

Given an initial solution which lies within the orthogonal subspace, further

iterations will remain in the subspace since any components outside it will be

set to zero by the boundary conditions being applied before and after the Dirac

operator.
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C.3. Point Source PCAC Mass

C.3 Point Source PCAC Mass

The Dirac operator is inverted for a given source

Dapas(z, y)wé;())(%) () = 6a,000,0002,0 (C4)

for fixed ag, ag, xg, where the upper indices in brackets are labels. This gives a

(VOL) x 4Dg component complex vector

U () = Shagra (0 0) (C.5)

The full propagator is formed from combining 4Dp of these into a matrix,
one for each possible combination of «ag,ag. We now have the propagator from

all points y to this point xy, which for each y is a 4D X 4Dg complex matrix:

Sbapa(y, To) = Sb()ﬁO(ya 0y Sblﬂ()(y7 o) e SbDRﬁzs(ya )

Due to the fermionic boundary conditions we cannot directly find the
propagator to the boundary from a point in the bulk, but we can get the
propagator to the site adjacent to the boundary. The propagators from the
boundary to bulk can then be written in terms of these propagators from the
point zy = a to the bulk [118]:

@)W, = P-Up_ooS(,9)laoma (C.6)
[C(@)0W)], = PeUloS(@,y)le=ra (C.7)
(0@, = % [C@8@)] .7 (C.8)
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C.3. Point Source PCAC Mass

Substituting these definitions we get
folro) = &S (Te {PLU, 1308z, 2)%5 [Py oS 2025) 35}
Y,z
= %62 <T1" {P*Uz—a6,05(27 x) [Pny—aO,os(ya x)}T}>G (C.9)
Yz
fatea) = ST { PO 580 [P0, apSn)]}) (©10)
Y,z

where z is a fixed point in the centre of the lattice, and y, z are now summed over
the constant time slice yp = a and 2y = a.

Similar expressions are obtained for the correlators from the other boundary:

G

folwo) = %62<Tr{P+U;OS(Z,x> [P+U;05(y,x)r}> (C.11)

G

Filzy) = —%62<Tr{P+U;05(z,m)% [P+UJ7OS(y,$)]T}> (C.12)

where z is a fixed point in the centre of the lattice, but y, z are now summed over
the constant time slice yg = L — a and zp = L — a.

Finally the trace is a sum of these dot products, if we have two propagators
S(z,y),S(z,x) for fixed points z,y,z, which are composed of a set of vectors
(@@ and ¢®O) respectively, then

Tr [S(z,9)S(z,)] = D @@ 05,5, (C.13)
a,B,a,b

Tr [S(z,y)y°S(z )] = D @006, fus (C.14)
a,B,a,b

where
; _{ L for (o) = (2,0),(3.1).(0,2), (1.3)
af —

0 otherwise

This method requires inverting a point source at xo—1, zg, xg+1, so 3 X (4Np)
inversions for both m,s and my,. It only calculates the PCAC mass for a single
point in the bulk, so while it is useful for testing the code, in practice the PCAC

mass for a spatially averaged wall source is used.
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C.4 Wall Source PCAC Mass

The point source implementation of the PCAC mass finds the propagator from
a point in the middle to all points, then applies a projection and multiplies by a
gauge link. The resulting correlators are averaged over all spatial points on the
boundary. This gives both pos and neg PCAC masses with 3 x (4Ng) inversions.

An alternative implementation is to use a wall source (a point source at all
spatial points on a timeslice) at the timeslice adjacent to the boundary, which
already has a projection and gauge link applied. Then the propagator to all
interior points is calculated directly, and correlators are averaged over all spatial
points for each timeslice. The advantages of this method are that it only requires
2 x (4Np) inversions (one for each boundary), and it gives my,s(2o) and myeq(xo)
at all times xg, with the correlators averaged over all spatial points for each
timeslice. So not only does it require less inversions than the point source method,
it measures the spatially averaged mass over all timeslices.

For the point source we inverted a unit source to get S(z,y), which we then

inserted into the expression:

[CW¥()] p = P-U, 505 2)lyo=a (C.15)

However using the relation {[@D(:U)Z(Z)]F}T = 75 [C(z)@(x)}F'yg), we could

equally try to determine the expression:

[w@j)Z(yﬂp = S(CE, y)UJ_670P+|y0:a (016)

Since S(z,y) is defined by DS(z,y) = .y, applying the Dirac operator to this
gives:

D W(@Z(y)}p = (SszJ_@OPHyo:a (C.17)

So by inverting this source we find [w(x)Z(y)} » directly, and similarly for the

other boundary:
!/

D [v(@)C

These propagators can then be directly inserted into the original expressions

(y):| P = 5$yUy,0P—|y0:L—a (018)

for the correlation functions f4, fp, defined in Eqs. 3.14, 3.13. Since our source
is now averaged over the boundary instead of a point in the bulk, we obtain the

correlators spatially averaged over the boundary to all points in the bulk, instead
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of just a single point in the bulk as in the point source method.

C.5 Boundary-to-Boundary Correlator

The boundary to boundary propagators can be written in terms of the unit source

propagators as was done for the PCAC mass in Sec. C.3 [118]:

W] = PUswoS@ U0 lmagmra (C.19)
C@XW], = PULS@ UL o Pelaramea  (C20)

However, actually summing over all these would require 2 x L? x (4Np)
inversions, which is clearly impractical. A small number of them could be
randomly selected for each config and a stochastic estimate of the quantity could
be found in this way, but once again using a wall source offers a better way to
measure this quantity [118]. We can rewrite the boundary to boundary correlators
in terms of the boundary to bulk correlators we already have from our wall source

implementation in Sec. C.4:

@), = Pl P [ ()
C@XW), = Pk [@XW)| (C.22)
where
DW@)Z(Q)]F = 5a:yU;L_670P+|yo=a (C23>
D[0@CW)]| = dalyoP-ly=t-a (C.24)

These propagators can then be directly inserted into the expression for the

boundary-to-boundary correlator f; in Eq. 3.20.
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Appendix D

Tests of the SF Implementation

D.1 Introduction

A range of tests have been performed to ensure that the code is working
correctly, including self-consistency checks, agreement with analytic predictions,
reproduction of published results, and direct comparisons where possible with
Chroma [119], an independent implementation of the Schrodinger Functional for

certain representations and numbers of colours.

D.2 Existing Tests

The following existing tests work in the SF implementation, after modifications

in some cases to ensure SF boundary conditions:

e Check that _group_represent is homomorphic

Check gauge covariance of the Dirac operator

Checks the old and the new implementation of the Dirac op
e Check of hermiticity of the Dirac op

Check of the CG inversion

Check of the MINRES inversion

Check of QMR multishift
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D.3. SF Boundary Conditions

e Check the generators

e Check the eva module using a random field

e Check the consistency of spinor linear algebra

e Check the dirac_eva module using a random field

e Check that the 2AS is equivalent to FUND* for SU(3)
e Check reversibility of the molecular dynamics

e Check staples

e Check geometry

D.3 SF Boundary Conditions

The usual Dirac operator has a plane-wave analytic solution for unit gauge fields:
P = ePXcyg (D.1)

where « is the Dirac index, 3 is the colour index, and c,g is constant in both.
Unfortunately the Schrodinger Functional boundary conditions rule out such a

solution with constant spinor components:

Piblwro=0 = cop=c15=0
HD’ 0=0 €o,3 €18 = Cap = 0 (DQ)
P—¢|z0:T—a =0 = Co3 = C33 = 0

However we can work out analytically what the dirac operator should produce

when acting on a plane wave with the fermionic boundary conditions applied:

1
D,y = 5ry(m +4)— 2 [5ﬂc+u,y(1 + 'YM)UMJ + 5r7u7y(1 - 'YM)UTu,y} (D.3)

2
ep-x for a<2<T—2a
Yy =< (0,0,e®P* eP*)  for 2°=0 (D.4)

(eP> X (0,0) for 2°=T—a
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D.3. SF Boundary Conditions

In the bulk, i.e. 2a < 2° < T — 3a, we can set the gauge fields to the identity,
and calculate the result of D:

ny% = eip.x

(m+4) — Z {cos(p,) — " sin(pu)}] (D.5)

u=0

At 2° = a, we can still set the gauge fields to the identity, but we need to take

into account the boundary conditions in the 2° direction:

Daty = €@ |(m+4) = T, {cos(p,) — i7" sin(p,)}
cos(pg) + i sin(po) o [ cos(po) + isin(po)
[ ( 2 cos(po) ) 7 ( 2i sin(py) )

Similarly for 2° = T — 2a:

(D.6)

N

Doy = @ |(m+4) = Y, {cos(p,) — iv* sin(p,)}|

[( 2 cos(po) ) L ( 2i sin(py) ) ]
cos(po) — isin(po) — cos(po) + isin(po)
(D.7)

At o = 0 we need to take into account the background gauge fields as well as

N |

the boundary conditions, which includes applying the boundary conditions to the
resulting spinor. The only gamma matrix which mixes the top two and bottom
two components of the spinor is 4°. Here the spatial gauge fields at zy = 0 are
all the same, W:

0 ) .
. —1pin + ,YO eP0a oip-X
cos(po) + i sin(po) ) 2 P- ) |

. 0 ‘ 0
(14 y*)Webna ( i ) + (1 =) Wiemipne ( i >]
e e

(D.8)

Doythy = (m—|—4)<

3
_% Eu:l
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Similarly for 2° = T' — a, where the spatial gauge fields are denoted by W':

0 L .
—ipP 1 — ’70 e~ P oip.X
cos(pg) + i sin(pp) ) 2P ) |

(1 _i_fylt)W’eiPua ( eig.x ) + (1 - 7“)(W/>Te_ipﬂa ( ei[r)).x )]
(D.9)

This test is implemented and happily the code agrees with the results above.

Doythy = (m+4)<

3
_% E,u:l

While this is not conclusive evidence that it is the correct physical operator, it is

strong evidence that is has the correct boundary conditions, since it works for any

allowed value of the plane wave momenta p, = 27an & for integer n,, with random

color components.

D.4 Eigenvalues in the Free Case

For the free (unit gauge field) case with zero bare mass, as the continuum limit is
approached the smallest eigenvalue of the Dirac operator should approach (57),

with the full set of eigenvalues in this limit given by [94]

N = pg+p? (D.10)
where
= X(2 1 IS >0
bo §L< notl1) €N > (D.11)
p = “(ni,ng,ng) n €N

The expected values and multiplicities for the first few eigenvalues are listed in
Tab. D.1

Eigenvalue / (7/2L)* | Multiplicity / 4Np
1 1
9 1
17 6
25 7
33 12

Table D.1: Free field eigenvalues of the Dirac operator with their multiplicities.

These eigenvalues have been measured in the code for L = 6,8, ..., 28, shown
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D.5. Pure Gauge Results
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Figure D.1: Measured free field eigenvalues compared with the analytic
predictions.

in Fig. D.1 along with the analytic predictions. They agree quite well with the
expected analytic values: they have the correct approximate degeneracies, and
the agreement improves as L is increased. This can be seen more clearly in
Fig. D.2 where the L-dependence has been removed by dividing each eigenvalue
by (m/2L)>.

The eigenvalue spectrum has also been calculated in the continuum limit
for the Abelian Gauge fields induced by the boundary gauge configs in SU(3)
by Sint and Sommer [97]. They also measured the spectrum for L = 6,12, 24,
with both periodic spatial boundary conditions (6 = 0), and twisted spatial
boundary conditions (8 = 7 /5). All these spectra were reproduced using the
HiRep implementation and all values agreed within machine precision.

So this is very good evidence that the Dirac operator is correctly implemented,

and also that the twisted boundary conditions are working.

D.5 Pure Gauge Results

The first non-trivial test of the code is to try to reproduce some published results
for the pure gauge case. For a given SU(N) all that needs to be done is to insert

the boundary gauge fields and change the A term in the observable. This has
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D.5. Pure Gauge Results
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Figure D.2: Measured free field eigenvalues with L-dependence removed,
compared with analytic predictions.

been done for N = 2, 3, 4 since there are results available for these values.

For N = 2, n is evaluated at n = 7/4, with

1 [ —m O , 1 [ n—m 0
C, = — , O =— D.12

and A = diag (1, —1). The results are shown in Fig D.3, for various values of 3
on various sizes of L* lattices. Each value is normalised by the published value
in Ref. [96], (so that a value of 1 would indicate perfect agreement with the
published value), and the agreement is very good.

For N =4, n is evaluated at n = 0, with

- o : :
. 0 1, (2—V2)m 0 0
Cp =~ A o ., (D.13)
L 0 0 31+ = 0
0 0 0 In+ ¥
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D.5. Pure Gauge Results

SF Coupling for Pure Gauge SU(2) on L* lattices, L=5,6,7,8,10

\
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Figure D.3: SU(2) Pure gauge results compared with results from Ref. [96].

%77 _ (2‘*‘}1/5)” 0
Cl = r 0 %7] - % 0 ’
L 0 0 —1lp 4 G 0
0 0 0 —gn -+ G
(D.14)
and A\ = diag (2, 2,—%, —%) Again the results normalised to the values in

Ref. [120] are shown in Fig. D.4, and agree well.
For N = 3, n is evaluated at n = 0, with

(n—%5 0 0 ) —-n - 0 0
7 1
C, = — 1 = — 1 ™
FE T 57 10 ] ) P 0 5N+ 35 1 O27r
0 —gn+3 0 0 577+(? |
D.15

and \ = diag (1, —%, —%) The values published in Ref. [121] use an improved
action, with different weights for time-like plaquettes on the boundaries. Having
added this improvement to the code, the SU(3) results are also consistent and
are shown in Fig. D.5.

So the code appears to be working well for the pure gauge case, both with

and without boundary improvement terms.
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D.5. Pure Gauge Results

SF Coupling for Pure Gauge SU(4) on a L* lattice, for L=6,8,10
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Figure D.4: SU(4) Pure gauge results compared with results from Ref. [120].
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Figure D.5: SU(3) Improved pure gauge results compared with results from
Ref. [121].
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D.6. RHMC Heavy Mass

Representation 3 Pure Gauge ¢°> | RHMC g*
SU(2) FUNDAMENTAL | 3.5408 | 2.027(16) 1.986(31)
SU(2) FUNDAMENTAL | 4.0000 | 1.623(4) 1.678(63)
SU(3) FUNDAMENTAL | 7.5000 | 1.743(6) 1.683(63)
SU(3) FUNDAMENTAL | 8.8997 | 1.205(4) 1.184(35)

Table D.2: Coupling g? for heavy mass RHMC compared with pure gauge value.

D.6 RHMC Heavy Mass

Running the RHMC with a very large bare mass should decouple the quarks,
reproducing the pure gauge results regardless of the chosen representation. The
measured coupling g2 for heavy masses along with the pure gauge value is shown

in Tab. D.2, and they are consistent within statistical errors.

D.7 RHMC SU(2) Results

RHMC results for two dirac fermions in the fundamental representation of SU(2)
for a range of kK at 0 = 3.0 were calculated using both HiRep and Chroma. The
coupling g is shown in Fig. D.6, and the agreement between these independent
implementations is very good.

The PCAC masses also agree well. The Chroma mass uses a wall source at the
boundary and averages over the middle timeslice. This is compared to the HiRep
implementation of the wall source PCAC mass in Fig. D.7. The point source
PCAC mass in HiRep is also consistent with the Chroma wall source mass, as
shown in Fig. D.8. Finally the two different methods in HiRep are also consistent

with each other, as shown in Fig. D.9

D.8 PCAC Mass Consistency

A simple test of the inversion code is to check that:

S(a, )t =155y, )5 (D.16)

This was done between two points on the same config and the two propagators

obeyed this relation.
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D.8. PCAC Mass Consistency

SF Coupling for SU(2) Fundamental on a 6* lattice with 3 = 3.5408
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Figure D.6: Comparison of coupling between HiRep and Chroma for two dirac
fermions in the fundamental representation of SU(2).
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Figure D.7: RHMC SU(2) Fundamental comparison of wall source PCAC mass
in HiRep with wall source PCAC mass in Chroma.
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D.8. PCAC Mass Consistency

PCAC Mass for SU(2) Fundamental on a 6 lattice with 5 = 3.5408
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Figure D.8: RHMC SU(2) Fundamental comparison of point source PCAC mass
in HiRep with wall source PCAC mass in Chroma.
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Figure D.9: RHMC SU(2) Fundamental comparison of point and wall source
PCAC masses within HiRep.
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D.9. Propagator Comparisons

It is also possible to directly compare the propagators created by the two
different methods if the wall source is replaced by a point source. In the first
case we invert a point source at the centre to get S(y, x), the propagator from all

points y to the central point z:

DS(y,x) = 0yale=(£/2,000) (D.17)

The propagator from a point y on the boundary, to the central point z, is
then given by:
(K)o ()] = P-U(y —0,0)S(y, 2)yo=a (D.18)

In the second case we multiply and project a source at (yo = a,y), before
inverting to get H(z,y), the propagator from all interior points x to the point

(yo = 0,y) on the boundary:
DH(ZL',y) = 5ﬂ?yU<y _67 O)TP+|ZJ():0« (Dlg)
The propagator is then given by:

[W(2)C(W)] , = H(z,y) (D.20)

These two propagators can be related using the relation:

{[e@)E()] .} =7 [¢(2)P(@)] o7 (D.21)

On the same SU2 Fundamental config for two points z and y, the two

propagators obeyed this relation:

This is a strong test of the consistency of the two PCAC mass implementa-

tions.

D.9 Propagator Comparisons

Directly comparing elements of a propagator on the same config between HiRep

and Chroma is a very strong test of both implementations. It is also quite
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D.9. Propagator Comparisons

difficult due to different choices for the dirac matrix representation creating what
is effectively a different dirac operator. Another issue is whether D or v5D is
being inverted.

Checking the latter is simple, since it is the only difference which affects the
trace of the propagator for a unit source. Using this fact it turned out that they

were indeed inverting different operators:
Tr(vs87) = Tr(S¢) (D.23)

Specifically HiRep inverts v5 D, while Chroma inverts D. This is easily dealt
with by multiplying the source in hirep by 75 before inverting.
Any representation of the dirac matrices can be rotated into another one by

a unitary transformation
75 = U’nyT (D.24)

So at this point the trace, and hence any correlators calculated using
these propagators will agree for a unit source, but the matrices themselves
are still different since they are acting on fermions in different dirac matrix
representations.

In order to determine U we need to know how the chosen representations
differ, and also how the dirac operator implementation differs.

The difference in dirac matrices is just an opposite sign for all except &
and 4. There is also a difference in convention for numbering them - the
order is (t,z,y,z) in HiRep, but (z,y,z2,t) in Chroma. The Dirac operator

implementation seems to be the same for both.

% o= =
" o= -
o= (D.25)
o= s
v = A

So the U required should just flip the sign of all the dirac matrices except &
and v i.e. U = yH~H~H. This can be simplified:

U= () =—n1nm)n =11 =77 (D.26)
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D.9. Propagator Comparisons

Since there are no vi’s in the Dirac operator this can be further simplified.

Consider it acting on a Dirac matrix 75 inside the Dirac operator:
() ()T = =3 (s ()T = el (D.27)
So the final transformation required is very simple:
SC = Aty (D.25)

Given a source in Chroma, we need to rotate it to the HiRep basis, multiply by
~5 to account for the different choice of operator to invert, and then the resulting
propagator needs to be rotated back to the Chroma basis to be able to compare

them directly. Explicity the steps are:

1. Invert some source ¢ in chroma: S¢ = (D)~1¢“
2. Rotate the source to the hirep basis: ¢! = ’75’72@250
3. Invert this source in hirep: S¥ = (75DH)*1¢H

4. Rotate back to the chroma basis: S# — 7, S

5. Check that they are the same: S¥ = SC

The above has been done on a shared SU(3) Fundamental gauge configuration
with SF boundary conditions, and agreement was obtained for the following

sources:

e Unit

Unit multiplied by gauge link

Unit projected

Unit multiplied and projected

Wall

Wall multiplied and projected
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D.9. Propagator Comparisons

The correlators fp(z) and fa(x) were compared for both boundaries on the
same config, using the multiplied and projected wall sources, and the agreement

was within machine precision, for the following representations:

e SU3 Fundamental
e SU2 Fundamental
e SU3 Adjoint

e SU2 Adjoint

This is a very strong test of the implementation of the PCAC mass in both
Chroma and HiRep.
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Appendix E

Conventions

E.1 HiRep Conventions

The lattice consists of a L? x T' four-dimensional hypercubic lattice with spacing

a. In Euclidean space the gamma matrices are hermitian,

?

Ok 0
ry'j; = ’)/HJ {f}/;u’yu} = 26#1/, 0-#1/ 2 [’Yﬂ,’yy] 9 O‘O,k — < O o ) . (E-l)

The explicit representation chosen in HiRep is

0 -1 0 —iop I 0
pr— 5 = 5 — 5 E2
Yo (—I 0 ) Yk (z’ak 0 ) V5 (O —I) (E.2)

where the chiral projectors take the simple form

E.2 Group Invariants

Table E.1 lists group invariants for fundamental, adjoint, 2-index symmetric,
and 2-index antisymmetric representations, reproduced here for convenience from
Table 2 in Ref. [40].
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E.2. Group Invariants

R dg Tr Co(R)
fund N 1/2 (N2 =1)/(2N)
Adj=A| N2-1 N N
2S | N(N +1)/2 | (N +2)/2 | Co(F)2(N +2)/(N +1)
2AS | N(N —1)/2 | (N —2)/2 Co(F)2T=2)

Table E.1: Group invariants used in this work
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Appendix F

MCRG

F.1 Observables

Explicit expressions for the seven observables used in the matching are given by

O = ZM1Z P(u,v),
O, = ZMZVO 6(1,v,p = (p+1) mod 4),

O3 = Zu1zuo 6(1, v, p = (p+2) mod 4),

O, = ZM 1 2o Le(ps v, p = (1 + 3) mod 4), (F.1)
O5 = ZM 12 Ls(p,v,p=(n+1) mod 4, = (pu + 1) mod 4),

O = Z# DD 8(,u1/p—(u+2)mod4,a:(u+1)mod4),

Or = Yo 2o Lslpvip = (n+3)

p~+3)mod 4, a = (p+ 1) mod 4),
where

P(M,I/) = Z RTr Uw/,LU£E+HVU.Z’T+VMU;V ’
L6<M,l/,p) = Z RTr Ux,uUﬂH‘HVUI+N+VPU1U+V+PHUI+VPU$V ’

LS (:uv v, p) = Zg; RTr Ux,,uUw-HL,VUI+lt+V,pU$+M+V+p,OéU;+V+p+a ,uU:)J:erqup aU:)J:[JrV pUx 1/} :
(F.2)

F.2 PCAC masses

The PCAC mass measured on the 8* lattices suffers from a finite-volume effect,
the time extent of the lattice is not sufficient for the mass to reach a plateau.
This can be seen in Fig. F.1, where the PCAC mass for the same values of (3, m)
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F.3. Matching mass range

on lattices of size 8* and 16% are compared.

The lattice artefacts however seem to be small - the PCAC mass as a function
of t agrees well between the two lattices. We use the PCAC mass measured at
t = 8 on the 16* lattices throughout this paper to convert bare masses to PCAC
masses. To estimate the systematic error due to this procedure, we can compare
the PCAC mass at the same timeslice ¢ = 4 on the two lattice sizes, as shown in
Fig F.2. The difference is smaller than the statistical error on the PCAC mass
for small masses, and increases approximately linearly with mass to ~ 0.005 at
m = 0.20. To include this source of error, a systematic error of 0.025m was added
linearly to the measured error on each matching mass.

The PCAC mass measured on a 32% lattice is also shown in Fig F.1, which
has a clear plateau, and is consistent withe the value measured on a 16 lattice

at t = 8, indicating that any residual finite size effects are small.

F.3 Matching mass range

We have assumed that the contribution from the irrelevant directions is negligible
by the time we perform the matching. But in reality we match after only one or
two steps, and there may still be a contribution coming from the coupling. We
are forcing the matching coupling to the same value as the initial coupling. This
causes a shift in the measured observable, which is then cancelled by a shift in
the observed matching mass from the true value.

Consider the situation where we measure some observable O™ (3, m) on the
larger lattice after n blocking steps. The correct matching done in both the

coupling and the mass would give m’, ' such that
OU=D(g',m') = 0" (3,m)
Instead we fix 8/ = 3 and find m” such that
OU=D(8,m") = 0"(8,m)

Dropping the 1) superscript on O and taylor expanding around the correct

matching values gives
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F.4. Massless interpolation

OB, m") = OB, m") + ¢s(B = ') + cp(m" —m')

where

B T O g

This gives the relation

m/l :ml_ C_,B(/B_/BI)

Cm,
So the effect of not matching in 4’ will cause the measured m” matched to m =0
to be shifted away from zero.

For this reason we excluded the matchings at m < 0.02 from the anomalous
mass dimension fits, since they are likely to have significant contributions from
the running of the coupling, although including them makes little difference to
the fits.

In fact the size of this shift at m = 0 could give us an indirect way to measure
the running of the coupling. At m = 0, we know that m’ = 0, which gives the

relation

(ﬁ . ﬁ/) _ _C_mm//.

Cs
The difficulty in determining c,, and cg, as well as the relatively large uncertainty
on the measurement of m”, means that although in principle this would be a way

to measure (§ — /'), in practice it is not feasible with our data.

F.4 Massless interpolation

The difference between the measured critical bare masses, and the values
predicted by the interpolation function, are very small as shown in Fig F.3. This
implies a systematic error < 0.001 on the PCAC masses due to the interpolating

function.
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F.4. Massless interpolation

PCAC mass vs t; beta=2.25; m0=-1.10
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Figure F.1: PCAC mass

as a function of time on 8* and 16* lattices.
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F.4. Massless interpolation

Comparison of PCAC mass at t=4 between L=16 and L=8; beta=2.25
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Figure F.2: PCAC mass at t=4 on 8* and 16* lattices.
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Figure F.3: To estimate the systematic error, here is the difference between

measured critical bare masses,

and the values given by a 3-parameter

interpolation function fitted to only three of the measured values. Also shown is
the difference between measured values and a 4-parameter interpolation function
fit to all the data. The difference in PCAC mass is (1.5 — 3.5)x this bare mass
difference, which is still < 0.001, and smaller than the statistical uncertainty on

the measured PCAC mass.
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Beyond Standard Model, (page i)

Extended Technicolor, (page 4)

Electroweak Symmetry Breaking, (page 1)
Flavor Changing Neutral Current, (page 5)
Infrared Fixed Point, (page i)

Large Hadron Collider, (page i)

Monte Carlo Renormalisation Group, (page i)
Minimal Conformal Technicolor, (page 12)
Minimal Walking Technicolor, (page 10)
Partially Conserved Axial Current, (page 25)
Rational Hybrid Monte Carlo, (page 91)
Schrodinger Functional, (page 22)

Technicolor, (page 4)
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