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We calculate the bottomonium spectrum in the framework of non-relativistic Lattice QCD
beyond the quenched approximation. The NRQCD Lagrangian includes spin-independent
interactions of order mbv2 and mbv4 as well as spin-dependent terms up to order mbv6,

where mb is the b-quark mass and v its average velocity. Propagators are evaluated on
gauge configurations with two degenerate flavours of dynamical Wilson fermions which
naturally may be identified with the up and down quarks. We use lattices of extent
163 x 32 at {3= 5.6 corresponding to a resolution of somewhat less than 0.1 fm and a
box size of approximately 1.4 fm. The analysis includes samples at three values of the
sea-quark mass ranging from m,/2 to m" m, being the mass of the strange quark.
We extract ground states and radial excitations for S- and P-wave mesons employing po-
tential model wave functions in the smearing procedure. The light-quark mass dependence
of radial and spin splittings is studied and we perform 'chiral' extrapolations to m,/3.
Our strategy in studying sea-quark effects is to compare the extrapolated results with
those obtained from a quenched simulation at equal lattice spacing. Our quenched data
for the gross level structure is in clear disagreement with the experimental spectrum which
confirms previous studies. Switching on dynamical quarks shifts the data points closer to
experiment. The effect is however rather small, so that the accuracy does not suffice to
'measure' the number of active flavours in the sea that enter Y dynamics. Compared to
an earlier NRQCD simulation of bottornonium using staggered dynamical configurations
we have managed to reduce the statistical error on spin splittings substantially which
permits us to detect very small vacuum polarisation effects. We find that spin splittings
remain unaffected by the inclusion of dynamical quarks within errors of a few MeV.
Based on the spectrum results we estimate the strong coupling constant in full QCD from
the pertnrbative expansion of the plaquette in the coupling Up. We obtain disparate
Up values from the IP-lS and 2S-1S splittings_ They approach each other in the nf = 2
theory and fully merge after extrapolation to three flavours. Conversion to the MS-scheme
and subsequent evolution to the Z mass scale yield u~~(mz) = 0.1118(26).
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QCD colour dynamics is very peculiar. The interaction of two colour charges ap-
proaches the Coulomb law at short distances with a weak coupling constant as a

consequence of the one gluon exchange. At larger distances, the gluon starts branching,
which leads to a remarkable and totally counterintuitive phenomenon known as anti-
screening [1, 2, 31. This behaviour carries the seed of another outstanding property of
Quantum Chromodynamics (QCD): when the distance becomes comparable to a certain
scale, the branchings of gluons become so intensive that it makes no sense to speak of
individual gluons. Rather, an adequate terminology is that of chromoelectric and cluo-
momagnetic fields. It is conjectured that a specific organisation of the QCD vacuum
squeezes the chromoelectric field into flux tubes - thus a dual Meissner effect would
ensure colour confinement, which provides a dynamical explanation of the experimentally
well established fact that neither quarks nor gluons are asymptotic states [4, 5].

Because of asymptotic freedom, the quark-gluon interaction is accessible to perturbative
methods in the high energy domain, where one can successfully calculate the cross-sections
of many short distance processes. The original, and perhaps one of the most powerful
tests of QCD is the breakiug of Bjorken scaling in deep inelastic lepton-hadron scattering
[6]. However, perturbation theory does not apply at the confinement scale due to the
increase of the coupling. To some extent this also spoils predictions of hard scattering
processes that have to be connected to initial and final state hadrons. Thus the infra-red
behaviour of QCD prevents UB from testing the theory to a precision that is achieved in
the electroweak sector. Even worse, one may consider it embarrassing that we are still
not able to decide whether the observed spectrum of hadronic bound states can indeed
be deduced from QCD.

As a consequence, much effort has been put into the development of adequate non-
perturbative calculation tools. Quite recently, a breakthrough was achieved in under-
standing the infra-red dynamics in a theory which might be considered a relative of
QCD: in N = 2 supersymmetric Yang-Mills theory it was analytically shown that mag-
netic monopoles do condense iu the strong coupling regime, thus providing the basis for
the dual superconducter scenario [7, 8]. In QCD, the method of sum rules (Shifman-
Vainshtein-Zakharov sum rules) attempts to connect the strongly and weakly interacting
sectors by expansion of correlation functions in the vacuum condensates and subsequent
matching via dispersion relations [9, 10, llJ. Application of sum rules, however, involves
the introduction of various approximations and heuristic procedures that are motivated
by an intuition of the underlying physics and are not always rigorous consequences of
QCD. The implications of symmetry have been successfully formulated in the effective
field theory language both in the limit of small quark masses, where the dynamics of
the Goldstone bosons is solely determined by chiral symmetry, as well as in the heavy
quark regime. But to improve accuracy one has to cope with an increasing number of new



Jln the past few years there has been rising interest. in anisotropic lattices with at « a,. Such an
asymmetric choice becomes particularly important when dealing with improved actions on coarse grids.
The technique was successfully applied to the computation of the glueball spectrum which suffers from
low signal/noise on symmetric lattices, see for example [16, 17].

The discretisation of fermionic degrees of freedom is complicated by the notorious 'doul1-
ling' problem, i.e. the sixteenfold replication of fermion species, coming in pairs of left-
handed and right-handed states, in four dimensions, when using the naive lat tice Dirac
operator. A natural escape, proposed by WILSON [26]' is to add a dimension-five term to
the action which decouples 15 doublers in the continuum limit leaving a single physical
fermion. As a consequence of the Nielsen-Ninomiya no-go theorem [27], the Wilson term
breaks chiral symmetry leading to an additive renormalisation of the quark mass.

A further technical problem which has important implications originates from the Grass-
mann nature of the fennions. Up to now, no direct way exists to handle such. anticom-
muting field variables numerically. Fortunately, there is no need to do so, sillce quark
fields enter the QCD Lagrangian in a quadratic form and hence, can be integrated out
analytically leading to an effective bosonic theory. This bosonic theory is non-local, due
to the fermion determinant multiplying the exponential of the gauge field action, and
therefore its simulation is much more costly. For this reason it has been common to
study a simplified theory in which the fermion determinant is set to a constant. In the
perturbative language this quenched or valence approximation amounts to throwing away
internal quark loops while keeping the valence quarks that propagate in a purely gluonic
background.

Today's lattice calculations are able to give precise results for hadronic bound states
within this approximation. High statistics lattice studies of quenched QCD on large
physical volumes and fine grained-grids predict the spectrum of light hadrons within a
few percent accuracy in the chiral and continuum limits. Whereas the GFll data repro-
duced the physical spectrum within errors [28], recent results by CP-PACS [29, 30J reveal
clear discrepancies between the quenched prediction and experiment. They suggest that
dynamical quark effects on light hadron masscs and matrix elements lie within a 10 to
20% range. The inclusion of quarks into the Lagrangian, however, increases the CPU
requirements by a factor of 102 - 103. Therefore, a comprehensive study of the infinite
volume continuum limit in full lattice QCD remains a task for the upcoming TERAcom-
puters. Nevertheless, vacuum polarisation effects lTIayalready show up in simulations on
intermediate volumes on the edge of the scaling regime. This surely is a reasonable ex-
pectation for quantities with inherent sea-quark dependence such as the 7r N IT-term, the
17'-mass or the spin content of the nucleon. The heavy quark sector, however, lTIay turn
out to become of eqllal importance in this context. One reason is that low-lying qllarko-
nium levels for instance, can be computed with high precision and arc mllch less sensitive
to extrapolations in the dynamical quark mass than quantities entirely built up of light
quarks. A second argument applies to the particular case of treating the heavy quarks in
the framework of an effective non-relativistic formulation of QCD. The effective theory is
valid only in a range of cut-off values. It is tuned so as to reproduce QCD within this
range and does not require (nor allow) an extrapolation to the continuum limit. Present
resolutions of full QCD lattices lie within this scaling window. Hence it is hoped that
vacuum polarisation effects may be isolated more safely in heavy quark systems though
one expects their size to be smaller than in thc quantities mentioned above.

Bound states of heavy quarks have attracted considerable interest in the experimental
and theoretical study of electroweak int.eractions. The investigation of their decays allows

parameters (the low energy constants in Chiral Perturbation Theory [12, 13, 14]) which
limit the predictive power to some extent.

The formulation of QCD on a space-time grid is free of any uncontrolled approximations
and heuristic assumptions. Since Wilson's seminal paper in 1974 [15], Lattice Gauge
Theory (LGT) has grown into a powerful comput.ational tool which promises - with time
- t.o produce the most accurate results for a significant. part of hadronic observables. The'
lat.tice approach is remarkable in that it preserves local gauge invariance but abandons
Poincare invariance, which is only restored in the continuum limit. Asymptotic freedom
provides a candidate ultraviolet fixed point at 9 = 0, 9 being the bare lattice coupling,
and thus yields the possibility of such a limit. Indeed, for SU(2) and SU(3) gauge groups
(with Wilson's action) in four dimensions there is much evidence for the absencc of any
bulk phase transition and it is widely believed that at weak coupling, a continuum limit
wit.h static quark confinement exists as a consequence of the analytic continuation of
confinement at strong couplings.

The standard approach in LGT starts off wit.h the Euclidean path integral and regularises
it 011 (mostly) hypercubic lattices of some extent, L and spacing, a 1 The fUllctional
integrals become finite dimcnsional partition functions of a statistical mechanics system
and may be numerically computed by well established Monte Carlo techniques. This
implies the sampling of field configurations according to the path integral measure and
the subsequent estimation of operat.or expectation values by sample averages. Because
of the procedure's stochastic nature, predictions carry statistical errors and become mOre
precise with increasing sample size. Clearly, in order for a simulation result to be of
relevance for continuum physics, the volume has to be large compared to the typical size
of the system under investigation and the lattice spacing must be small enough to resolve
the important physical length scales.

In recent years, improving the approach to the continuum limit has been at the cen-
ter of theoretical and numerical investigations. New methods have been built around
Symanzik's early idea of including additional operators into the action to systematically
remove remaining cut-off effects lip to a given power of the lattice spacing. Perturbative
improvement, however, is known to be inefficient as long as one sticks to bare lattice
expansions, and practical progress only came from the fruitful phenomenological recipe
of tadpole renormalisation [18]. To overcome the shortcomings of perturbation theory
completely, rather involved techniques have been developed to compute the additional
couplings entering the classically improved action non-perturbatively via numerical simu-
lation [19]. A more ambitious program is to construct an almost perfect action in which all
terms of O(a2n) are absent[20, 21, 22]. Unfortunately, it is still difficult to make decisive
statements about the efficiency of improvement, even in the quenched approximation [23J.
Concerning dynamical fermions, simulations of improved actions have only been started
very recently [24, 25], so it will be a few years before enough data can be generated to
determine the advantages and disadvantages of different approaches.



one to narrow the constraints on the less-known elements of the Cabibbo-Kobayashi-
Maskawa matrix, whose precise knowledge is needed for a stringent test of the Standard
Model of particle physics and the possible detection of 'new physics'. The principal
uncertainty attached to theoretical estimates of form factors or decay constants is due to
the difficulty in quantifying the non-perturbative QCD effects. These may be tackled by
lattice simulations of QCD [31, 32]. Prior to facing the full complexity of weak matrix
elements, of course, the capability of such an approach can be assessed by computing the
mass spectrum. The role of lattice simulations for systems involving heavy quarks, the
b quark to be specific, is thus twofold: first, they predict unmeasured quantities such as
the B meson decay constant, the mixing parameter BB and the masses of baryons aud
mesons containing the b quark; second, they serve to test the validity of other approaches
like Heavy Quark Effective Theory (HQET) [33, 34, 35, 36, 37, 38].

Calculations of the spectrum of the bb system have been performed using the quenched
approximation by [46, 47, 48J. SO far, there has only been one analysis of the Y with
dynamical quarks: DAVIESET.AL. [49, 50J applied an 0(mbv4) correct NRQCD action to
gauge fields incorporating the effects of two dynamical staggered fermions. It was found
that the experimentally known spin-independent spectrum conld not be reproduced using
the quenched approximation, whereas the data with 2 dynamical fermions agrees much
better. These measurements were pushed to high statistics (4% statistical errors) in
[49, 50] and exploited to obtain precision measurements of the strong coupling constant,
as· Quenching was concluded to be the largest source of uncertainty in this calculation.
The dependence of the splittings on the dynamical quark mass was estimated, using just
two mass values, to be of the same order as the statistical error. No simulation applying
NRQCD to dynamical Wilson fermions exists so far
In the spin-dependent sector the emerging picture is much less clear. The P-fine structure
in the unquenched theory, obtained with the 0(mbv4)-correct action, was found to be in
very good agreement with experiment whereas the quenched results, using the same action,
predict much smaller splittings. However, recent results of [48, 51, 44] (all of which use
the quenched approximation) have exposed the sensitivity of the spin-dependent splittings
to the details of the action: several improvements, such as the inclusion of higher order
spin-dependent terms in the NRQCD expansion, the addition of/attice-artefact correcting
terms of 0(a2) [48,44] as well as an improved phenomenological estimate of the coefficients
Ci [44,52] were found to have sizable effects of 0(10-20%) for these splittings. Thus, there
has recently been strong support in favour of using the 0(mbv6)-correct NRQCD action
where, to highest order, all spin-dependent corrections are added, as well as for the use of
the mean-link Landau-gauge tadpole scheme to estimate the perturbative coefficients Ci.

The effects of these improvements for dynamical configurations have not been stndied.

In tlJis thesis we attempt to address many of the open issues pin-pointed above. We
study in detail the bb spectrum on unquenched gauge field configurations, which have
been generated within the SESAM project, and present a new lattice estimate for the
strong coupling constant aMS(mz) based on these spectrum results.

SESAM aims to investigate Sea-Quark Effects on Spectrum And Matrix elements [53, 54,
55]. The project involves a large scale Hybrid Monte Carlo simulation of lattice QCD with
dynamical Wilson fermions. Our computational platform has been the massively parallel
APElOO/QH2 with 256 nodes and an approximate peak performance of 13 Gflops. A
full QCD simulation with Wilson fermions is particularly expensive, since the fermion
propagator carries more degrees of freedom than in the staggered formulation. Hence it
is a difficult task to choose simulation parameters in such a way that possible sea-quark
effects are not masked by large systematic errors. SESAM was guided in this choice by
early exploratory studies by GUPTA ET.AL. [56,57]. Within the limited compute power of
a pre-Tllops machine it is reasonable to accumulate significant statistics at a single value of
the gauge coupling rather than to attempt a scaling analysis. Quenched simulations tell us

Much activity has been in heavy-light systems. Another area of investigation has concen-
trated on heavy-heavy bound states which have been ignored by the lattice community
for a long time. The physics of QQ systems received new interest since it had been refor-
mulated in the modern language of effective field theory. The study of heavy quarkonia
benefits from several advantages [39]: first, we have a far more detailed understanding of
the internal structure of QQ mesons than we do for other hadrons from potential models,
which give us control over systematic errors that arise in simulations. Second, quarkonia
are smaller than hadrolls containing light quarks, making it unlikely that the finite volume
of the lattice has much of an effect upon simulation results. A further advantage comes
from the observation that the lowest radial and orbital angular momentum splittings are
independent of the heavy quark mass to a very good approximation.

There is a drawback, however: the direct simulation of heavy quark dynamics on the
lattice employing the standard Wilson action suffers from serious discretisation errors.
Currently typical values of the inverse lattice spacing are in the range of 2-4 GeV which
is still below the b mass. To circumvent this problem, the non-relativistic effective theory
for QCD (NRQCD) has been successfully applied in the past few years 2. The NRQCD
Lagrangian is written as a series of operators expanded in powers of the mean-squared
heavy-quark velocity v2, LNRQCD = Lin C;(g2)0;( mQv2n), where the coefficients c; are
obtained by perturbative matching with QCD. The lattice version of NRQCD [42, 43]
allows one to simulate heavy quarks with lattice spacing errors of O(pa), where p is a
typical momentum of order AQCD, rather than the usual O(mQa) for Wilson-type heavy
quarks. This makes lattice NRQCD a promising technique to simulate systems containing
a b-quark 3.

2There are several alternative methods (which are mostly applied to heavy-light systems): An obvious
way to avoid large discretisation errors is to perform the simulation around the charm mass, which is
considered to be sufficiently light, and then e:xtrapolate to the bottom scale. Of course, lattice artefacts
are still sizable for charm if the standard Wilson action is employed. They may be further reduced
by using improved actions, most notably tbe Sheikholeslami- WohJert action [40], which remove leading
finite-a errors. A method that can be viewed as an 'interpolation' between the Wilson-type and the
non-relativistic action has been developed by the Fermilab group [41J. None of these methods (including
NRQCD for bottom) is entirely satisfactory, but they provide complementary information about the
heavy-qua.rk system.

3Apply ing NRQCD to charmonium turns out to be difficult. Each order of relativistic corrections is

expected to be only 30% smaller than the previous one. Higher-order terms may contribute as much as
60% to spin splittings as demonstrated by TROTTIER [441. In addition the lower charm mass requires
rather coarse lattices for the effective theory to work, f3 < 5.85 in the quenched approximation [45]. This
limit implies that we cannot treat charmou.ium appropriately on a dynamical Wilson lattice with f3 = 5.6.



Investigation of Systematic Errors

In Chapter 6 we turn to an analysis of systematic errors different to those stemming from
quenching. We quantify the heavy-quark mass dependence of radial level splittings and
spin splittings in heavy quarkonium. Furthermore we study their sensitivity to changes
of the non-relativistic action in two respects: the convergence of the velocity expansion is
examined by comparing leading order and next-to-leading order results and we test the
influence of the tadpole improvement factor by switching from the Landau mean-link to
the plaquette prescription.

that scaling sets in at a lattice spacing of a ~ 0.1 fm. This corresponds to a bare coupling
of /3 = 5.6 in the full theory. The mass parameter is constrained by the requirement that
finite volume effects remain tolerable. The condition m"L ;:::4 limits the smallest m,,/mp

ratio to approximately 0.69. SESAM generated samples with four different quark masses,
each sample containing 5000 trajectories. The overall computational effort has reached
100 TFlops·h.

Hunting for Sea-Quarks

We start with a brief introduction into the subject of lattice regularised Quantum Chromo--
dynamics to provide basic notations. Some aspects of the Hybrid Monte Carlo algorithm
and its QCD implementation are discussed. We quote the relevant simulation parameters
of SESAM's HMC runs, but refer to [58] for a detailed presentation of various algorithmic
improvements and a study of autocorrelation times. Finally we point to some results ob-
tained so far from the study of the static quark-antiquark potential and the light hadron
spectrum.

The Strong Coupling Constant in Unquenched QCD

The accurate determination of the lattice spacing from the bottomonium spectrum can
be used in a simple way to estimate the strong coupling constant. Starting witl] the per-
turbative expansion of the average plaquette, one calculates the plaquette couplillg both
in the quenched approximation and in the nl = 2 theory. This data is then extrapolated
in the number of flavours and converted to the MS scheme of dimensional reguJarisation.
as computed within the framework of Lattice NRQCD belongs to the most accurate de-
terminations of the strong coupling constant. We can improve on existing error estimates
by an explicit study of the sea-quark mass dependence.

Part of the results presented here have been published prior to this thesis in Refs. [59,
55, 60, 61, 62, 63, 3~.

Heavy Quarkonium and NRQCD

Chapter 3 introduces the non-relativistic effective theory for QQ bound states. We de-
scribe those aspects that are relevant to the calculation of the bottomonium spectrum,
but do not touch the NRQCD factorisation approach.

Lattice-Regularised NRQCD

The discretised version of the NRQCD Lagrangian is formulated in Chapter 4. We de-
velop the evolution equation of the heavy quark propagator, construct correlation func-
tions for S- and P-wave mesons and present our choice of smearing functions. NRQCD
and QCD are matched both perturbatively and non-perturbatively. We discuss the sim-
plified matching procedure which is usually applied to get around a laborious one-loop
calculation.

Bottomonium Spectroscopy

Using SESAM's large sample of dynamical Wilson-fermion gauge configurations we study
both the spin-independent as well as the spin-dependent spectrum of the T. Our strategy
in searching for sea-quark effects will be to compare our final dynamical results to that
of a quenched simulation at equivalent lattice spacing. Thus we hope to consolidate that
unquenching brings the spin-independent splittings into good agreement with experiment.
As an important new feature we can also study the dependence of mass-splittings on the
light sea-quark mass. Following the recent suggestions of [48,44] we have implemented the
NRQCD action including spin-dependent corrections of O(mbv6) and we remove tadpoles
using the mean link calculated in Landau gauge. With these ingredients we hope to clarify
the effect of unquenching in the spin-dependent splittiugs.



Chapter 2

Hunting for Sea-Quarks

In this introductory chapter we give a brief outline of SESAM collaboration's lattice
investigation of QCD with dynamical quarks. The project involves a detailed study of

Sea-quark Effects on Spectroscopic quantities And, more general, QCD Matrix elements.
It may be considered a 'second generation' Hybrid Monte Carlo simulation of Wilson
fermions, in the sense that by improvements of algorithms and increased compute power
we have been able to generate a sufficient sample of decorrelated gauge field configurations
on reasonable lattices. Section 2.1 recalls the basic concept of lattice regularised QCD
and supplies notation and formulae as a background for later chapters. Necessarily, the
presentation will be very brief. Detailed introductions into the subject of lattice field
theory may be found in [64, 65, 66, 67, 68]. At their core, lattice calculations involve
numerical simulations, i.e. stochastic sampling procedures to generate background field
configurations. The standard algorithm for simulating QCD is the Hybrid Monte Carlo
algorithm (HMC). We outline SESAM's HMC simulation in Section 2.2 and close the
chapter with some remarks on important results obtained so far.
The technical issues slightly touched on here are discussed in much more detail in Refs.
[69,58].

The formulation of lattice gauge theory (LGT) is generally based on the functional integral
representation of Green's functions in Euclidean space-time 1. The restrict;ion to the
Euclidean metric is an algorithmic issue rather than a fundamental one. The integrand of
the Minkowski path integral is complex and thus causes strong oscillations which cannot
be treated with standard simulation techniqnes. The QCD action in Minkowski space-
time reads

S~2D= I:Jd4X I]tq(x) (ift.nDI' - mq) wq(x) - Jd4x ~Tr [Fl'v(x)FI'V(x)j (2.1)
q

where the sum is over quark flavours and Dirac as well as colour indices have been sup-
pressed. We define the covariant derivative through DI' == 01'+igA,,(x), AI'(x) = A~(x)Ta.
The normalisation of the Lie Algebra basis is chosen to be Tr(T"Tb) = oab /2. The field
strength tensor is

IThere are altempts to tackle the QeD binding problem of the Kogut-Susskind lattice Hamiltonian
applying the coupled cluster expansion. Up to now, these are reslricled to simplified lheorics and even
then the resull is still inconclusive [70, 71, 72, 73J.



After Wick rotating to Euclidean times,

XO -+ -ix4, Do -+ iD4, FOi -+ i.P4i , (2.3)

the path integral weight exp(iS!{2o) becomes a real Boltzmann factor exp( -Sg'6D) and
can be interpreted, if correctly normalised, as a probability density. The Euclidean action
reads

Discretising the gluon field

To maintain local gauge invariance the lattice gauge field is defined as the set of SU(3)
parallel transporters along the links between neighbouring grid points

Sg'6D = L fd4x IjJq(x) (r~8)D/. + 711q) wq(x) + fd4X ~Tr [Fl'v(x)Fl'v(x)]
q

and the hermitian Dirac matrices are defined as

Here (x, /1) denotes the link that connects x with x + ail, jl being the unit vector in
/l-direction. The link variable, UX,I' E SU(3), is given in the fundamental representation
and maps the spinoI' fields at point x + ajl onto parallel fields at point x. Link variables
are related to the continuum vector potential via the path-ordered integral

Because of the Euclidean formalism, processes in real time are not directly accessible,
whereas static quantities like energies of states or particle decay constants can be success-
fully calculated. These are obtained by evaluating the Euclidean two-point function Since the curvature associated with the connection A/. is derived from the parallel trans-

port along an infinitesimal closed path, it is obvious that the lattice analogue will be the
product of link variables around an elementary square or plaquette,

where 0 is a composite field with appropriate transformation properties for the state under
consideration. For an action that is Euclidean invariant and leads to reflection positive
expectation values, the axioms by OSTERWALDERand SCHRADER[74, 75] guarantee the
existence of a Hilbert space H with positive norm and a hermitian bounded Hamiltonian
if defined on H, with the lowest eigenstate having zero energy. Then the correlation
function (2.6) equals the time ordered vacuum expectation value

(OIT [01 (X4)0(0)] 10)

(OleX,H 01e-X4H OlD)
(OIOle-x,Ii OlD) ,

(2.7)

(2.8)

(2.9)

S;VlU] == {3L (1 - ~R TrU~,/w) = fd4
X ~Tr (Fl'vF;w) + O(a2

) ,

X,J.I>V

which may be analytically continued back to Minkowski space. In order to obtain the
spectral decomposition, we insert a complete set of energy eigenstates in C(X4), assuming
a finite volume V,

where (3 = 6/g2 There is nothing special of using the plaquette in the construction of
the action. Any other Wilson loop can be chosen provided it has the correct classical
continuum limit. The advantages of small loops are typically smaller discretisation errors
and higher computational speed.

Discretising the fermion field

The discretisation of the fermionic action 2,

S = fd4x IjJ (",(8) D + 711) iJi
/ 'll ~ J

If the lowest state excited from the vacuum by the operator 0 corresponds to a stable
particle, there is no need to rotate back to Minkowski space-time. The energies or masses,
as well as the creation amplitudes, can be read off directly from the exponential decay of
the Euclidean correlation function Eq.(2.11).
To give the functional integral a mathematical meaning, we discretise QeD on a finite
hypercubic lattice with lattice spacing a, spatial extent Ls = aNs and temporal extent
L1' = aNT' The lattice excludes momenta larger than 21r/a and thus provides a non-
perturbati ve regularisation.

is greatly complicated as a consequence of the Nielsen-Ninomiya theorem [27]. The lattice
theory lacks chiral symmetries: Under a set of rather mild assumptions which are transla-
tion invariance, locality and hermiticity of the underlying Hamiltonian, the theorem tells
us that there are al ways pairs of left-handed and right-handed fields belonging to the same
representation of the gauge group.
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In numerical simulations one almost always sets l' = 1. This is in the range of values
where the lattice theory satisfies reflection positivity. Furthermore there are no doublers
then in the free field limit. Eq.(2.23) defines the bare quark mass as

111
ma = - - 41' == - - - (2.24)

2" 2" 2"e
with ma = 0 at " = "e = 1/81' for the free theory. In the interacting theory one may stick
do this definition with the proviso that the critical hopping parameter, "e, now depends on
the lattice spacing as a consequence of the explicit breaking of chiral symmetry. Another
severe drawback of Wilson fermions are discretisation errors linear in a rather than O(a2)

for the naive action 3.

Replacing the covariant derivative by a symmetric difference is the most local choice which
preserves the anti-hermitian nature of the continuum operator 71E)Dw One obtains the
so-called' naive' fermion action,

which represents 2d degenerate fermions in d dimensions instead of only one. TIllS is
obvious from the free fermion propagator

G(k) has poles near the 16 corners of the Brillouin zone, i.e. if each component of k" is
either 0 or 1r.
A prominent way to escape the consequences of the no-go theorem is to break chiral
symmetry explicitly right from the start, and aim to recover it only in the continuum limit.
Wilson [26] suggested adding a second-order derivative term to the naively discretised
action,

The quenched approximation

To complete the definition of the theory one has to specify an integration measure

where link variables are integrated with the invariant group measure. Then the expecta-
tion value of an arbitrary function of the field variables, O(f, \[f, U) is given by

(O(f \]i U)) = J[dU][dfj[dljile-s~'2DO(f, \]i,U)
, , J[dUj[dfj[d\]i]e-si:'dD

Such a term implies that the doublers pick up an effective mass m + 21' / a-I, so that for
finite Wilson parameter, I' one expects them to decouple from the theory leaving a single
physical fermion. Usually the field normalisations are changed to bring the action into a
particularly simple form:

Since the action is quadratic in the fermion fields the Grassmann variables can be inte-
grated out,

assuming degenerate flavours. If we choose as an example the function O(f, \]i, U) =
\]iYI fx, .. ·\]iYn fxnF[U], we arrive at the following form of the expectation value Eq.(2.26)

(O(f, \]i, U)) =

![dUjdet(M[Uj)"fe-S';' F[U] " EZ'Z' ... ZnM[UJ-1 M[Uj-l M[Uj-l
L.....z1' ... 'zn Yl'//2···Yn ZlXl %2X2 . . . luX" .(2.28)

J[dU]det( M[UJ) " f e-s~v

In the quenched or valence approximation the quark determinant is set to a constant,
detM[U] = const, which amounts to neglecting the effects of vacuum polarisation since in
perturbation theory the expansion of the determinant generates the closed fermion loops.
Quenching reduces the computational costs by several orders of magnitude, because the
gauge field updating can be done with the pure gauge action. However, it induces an
uncontrolled uncertainty on lattice predictions.
In this thesis we go beyond the quenched approximation and deal with gauge field conligu-
rations that include two degenerate flavours of dynamical quarks. The restriction to pairs
of equal-mass fermions is necessary to guarantee the positivity of the quark determinant.

3An alternative method to fix the doubling problem is the Kogut-Susskind staggered formulation
which reduces the 16 fermion species to four by spin-diagonalisation. Staggered rermions have O(a2)

errors and retain a residual axial symmetry.

s~V+ Sriv• + Sf
s-; + L fxMx,y\]iy

4

M.z:,y = Ox,y - " L [(I' - 7;,B))Ux,,,Ox-/-a/i,Y + (I' + 71E))U;_ail",Q.-a/i,y]
,,=1

We have suppressed Dirac and colour indices in Eq.(2.22) and introduced the hopping
parameter



The Hybrid Monte Carlo (HMC) algorithm by DUANE ET.AL. [76] has become the stan-
dard tool for practical simulations of full QCD. Detailed discussions of its implementation
and characteristics are presented in 158, 77]. SESAM has performed a large-scale HMC
simulation of QCD with two degenerate flavours of dynamical Wilson quarks. We have
generated lattices of extent 163 x 32 at four different quark masses corresponding to
hopping parameters, K, = 0.1560,0.1565,0.1570,0.1575. The computational cost of an un-
quenched simulation only allowed us to study a single value of the bare lattice coupling:
{3= 5.6 is appropriate to realise resolutions of a ~ 0.1 fm which is at the onset of the
scaling regime in the quenched approximation. The choice of these parameters was guided
by early exploratory studies of dynamical Wilson fermions by GUPTA ET.AL. [56, 57J.
The time consuming part of the HMC is the repeated inversion of the Wilson fermion
matrix. It has been accelerated using two difl'erent preconditioning techniques: Conven-
tional even-odd decomposition of the fermion matrix [78] was applied in the first stage of
the simulation. Later it was replaced by the locally lexicographic SSOR preconditioner
[79, 80] which has been shown to offer up to a factor of 2 less computational costs. The
use of the chronological start vector guess as proposed in [81J further helps to reduce the
inversion time.
Time step size and number of molecular dynamics steps have been chosen so as to guar-
antee an acceptance rate> 70%. Individual trajectory lengths 11md are varied by numbers
uniformly distributed in the range ±2-vn;;;d around a fixed value nmd as recommended in
Ref. [82J. The relevant parameters of the HMC runs are summarised in Table 2.1.
For each K, value Markov chains with 5000 trajectories have been generated. To control
the statistical quality, SESAM has carefully studied the autocorrelation of the time series.
Table 2.2, taken from [58], contains estimates of the integrated autocorrelation times

(3 = 5.6, 11/ = 2, V x T = 163 x 32
K, 0.1560 0.1565 0.1570 0.1575

Algorithm ole SSOR ole SSOR ole SSOR
Tlmd 100 ± 20 100 ± 20 100 ± 20 100 ± 20 100 ± 20 71 ± 12
ncsg 6 7 8 9 11 3

# of iter. 85(3) 89(6) 168(5) 125(3) 317(12) 150(6)
acc. rate[%] 85 84 80 76 73
# of traj. 5000 5000 1500 3500 3000 2000
# of confs. 200 200 200 200

Table 2.1. Simulation parameters of SESAM's HMC rUllS. Tlrnd is the number of molec-
ular dynamics steps, 11csg denotes the order of tbe polynomial start vector guess. Also
listed are the average number of BiCGStab iterations and tbe average acceptalJCe rate.

K, = 0.156 K, = 0.157 I(, = 0.1575
observable tMC Tint tMC Tint tMc fInt

(kfftTrUX,l'v) 2500 3(1) 3000 4(1) 2500 7(1)
msl 2500 11(1) 2500 13(1) 1700 19(2)

"7n:;' 2500 1.8(0.1) 2500 2.6(02) 1700 36(0.3)
m'l 2500 6(0.5) 2500 8(1) 1700 10(1)p

mss 2500 1.6(0.1) 2500 2.3(0.2) 1700 3.4(0.3)
p

Table 2.2. Integrated HMC autocorrelation times 7\n' for the plaquette, the pseudoscalar
and the vector mass [55, 58}. 11Je superscript sl denotes smeared source and local sink
whereas ss indicates smearing at both source ilnd Sil1k. tMC is the lengtb of tbe underlying
time series. Tbis table has been taken ii'olll [58)'

for the plaquette, the pseudoscalar and the vector mass. For these quantities Tin' is
of 0(10) or less. Since we cannot afford to skip too many trajectories we choose an
average separation of 25 between measurernentsand arrive at a number of 200 decorrelated
configurations.

Metacomputing resources

The computer experiment has been realised on the special purpose machines APE
Quadrics QH2 at IfH/DESY Zeuthen and the Universitiit Bielefeld. It is a single user
SIMD computer with a peak performance of 12.8 GFlops. The HMC implementation
achieves a sustained rate of about 60%. We have stored all generated trajectories on the
data archive at ZAM/FZ Jiilich to enable a detailed post-production analysis. The overall



compute effort has been around 300 days on the QH2 corresponding to 100 TFlops·h. The
computation of the heavy quarkonium spectrum on these configurations have been mostly
carried out on the Connection Machines CM5 at the Bergische Universitiit Wuppertal and
the Universitiit Erlangen.
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It is a plausible expectation that vacuum polarisation effects show up primarily in quan-
tities containing light quarks, in particular if these quantities are inherently sea-quark
dependent. Consequently SESAM has focussed on the lighthadronic sector. This, on the
other hand, makes the study of heavy quarkonium an important complementary investi-
gation. It is remarkable that simulations of bottomoniul11 have been among the first to
present evidence for dynamical quark effects.
Before we enter the details of the heavy quarkoniurn analysis in the following chapters,
we here briefly touch on some of SESAM's results mainly from the light quark sector.
Extended discussions of the project may be found in [62, 551·
The calculation of the static quark-antiquark potential is the 'classic' lattice experiment
and has also been the first one performed on the dynamical configurations [83]. An exciting
property of full QCD, which is not shared by the quenched approximation is the breaking
of the colour string that connects quark and antiquark once the separation becomes large
enough to produce a meson from the vacuum. As a sign of string breaking in the potential
one expects the liuear rising part to flatten out eventually. The SESAM data does not
exhibit such behaviour up to distances of I' ~ 1.4 fm. A likely explanation for this result
has been pointed out by GUSKEN [62J: the Wilson loop operator used to compute the
potential bas insufficient overlap with the state of two static-light mesons which results
from string breaking. Very recent observations of the phenomenon in SU(2) Higgs models
strongly point in this direction [84, 851. Except from string breaking SESAM clearly
observes the effect of dynamical flavours in the Coulomb coefl1cient which is increased by
more than 10%.
The analysis of the light hadron spectrum faces the problem that, due to the restriction
to 2 dynamical flavours, the light and strange quarks cannot be treated on equal foot-
ing. It is natural to identify the sea-quarks with the (degenerate) up and down quarks
whereas the strange sector is to be handled in a semi-quenched way. SESAM has pro-
posed simultaneous fits to a set of hadron masses that allow access to arbitrary points in
the plane spanned by the sea-quark and valence quark mass parameters. Unfortunately,
the analysis does not reveal a significant unquenching effect in the light hadron sector.
Due to the considerable variation of hadron masses under chiral extrapolation, we are
not able to overcome the well-known shortcomings of quenched calculations, namely the
underestimation of the K - K' and N - t:,. spin splittings.

A somewllat puzzling result has been obtained for the quark masses. SESAM's values for
the light and strange quarks are

2.80
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Figure 2.1. Depelldence of tbe lattice scale on tbe quantity used to fix it. The lower
plot includes two values of a-I from mp' The one with the s.rnaller error bars is taken
from a linear cbiral extrapolation whereas the second belongs to a quadratic fit.

1~1(2 GeV)
m~r;oge(2 GeV)

2.7(2)MeV

140(20)MeV .

(2.31)

(2.32)



The light quark mass is much smaller than in the quenched approximation whereas the
strange is compatible within errors. Our dynamical result for the ratio, mstrange /mlight ~

52 differs significantly from chiral perturbation theory estimates [86] and sum rule results
[87].
As a consequence of quenching, lattice spacings determined from different quantities will
differ. It is therefore expected that the dependence of a-Ion the choice of observable will
be smoothed out once dynamical quarks are switched on. In Figure 2.1 we compare lattice
spacings obtained from a series of quantities that probe different momentum scales. We
observe a significant variation in the quenched case. Scales from the nucleon and the P-S
bottomonium splitting differ by 50%. The situation looks much better for the unquenched
data. Within errors no dependence is seen. Unfortunately, however, these errors are quite
large for the nucleon (and the quadratically extrapolated p-meson) due to the chiral
extrapolation.

Chapter 3

Heavy Quarkonium and NRQCD

We provide the background for later investigations with a discussion of theoretical
approaches to the heavy quarkonium bound-state problem. There is a revived

interest in the physics of QQ systems since it has been formulated in the modern language
of effective field theory. In this chapter we will recall the power counting rules for non-
relativistic QCD and describe the next-to-leading order Lagrangian.

To nail down vacuum polarisation effects, very accurate simulations and refined analysis
methods are needed. We have drawn an outline of SESAM's lattice QCD simulation
involving dynamical Wilson quarks. The detailed knowledge of autocorrelation times
is essential to provide reliable estimates of physical quantities. We have discussed an
(incomplete) list of results obtained so far, which mainly concerned the light hadron sector.
In the following we turn to the bound-state problem of heavy quarks and investigate in
detail the effect of vacuum polarisation on energy splittings in this system.

After the discovery of the J/'f! in 1974 had opened the door to heavy flavour physics
[88, 89], followed by the observation of the analogous bound state made up of bottom
quarks three years later [90], considerable effort was invested in studying the 'hydrogen
atoms' of the strong interactions. Very early, ApPELQUIST and POLITZER [91] were led
by the idea of asymptotic freedom to the suggestion that heavy quarks would form non-
relativistic positronium-like bound states. However, neither charm nor bottom quarks are
heavy enough to form a weakly coupled Coulombic system tractable in PT as positronium
is in electrodynamics. The top is special because of its large t --+ b+ W+ decay rate which
is expected to prevent top onium from forming [92]. Quarkonia therefore have to be
described non-perturbatively. Without the simplicity of a Coulombic state, the binding
of two heavy quarks instead of one heavy and one light quark adds complications by
introducing additional energy scales besides the heavy quark mass, mQ and the low-
energy scale, AQCD. These additional scales are the typical heavy-quark momentum in
the rest frame, mQv, which is the scale for the inverse quarkonium size, as well as the
kinetic energy, mQv2 describing the splittings between radial excitations and between
orbital angular momentum excitations in the spectrum. Here, v is the average velocity of
the constituents. To quantify the different scales, we note that

m'!', - mJ/'!' ~ mY' - mT ~ GOO MeV
mx, - mJ/'!' ~ mXb - mT ~ 400 MeV.

The average, 500 MeV provides an estimate of mQv2 The heavy mass, mQ is taken to
be half the mass of the lowest energy level and mQv is obtained as the geometric mean
of mQ and mQv2 (Table 3.1). For toponium - assuming the top quark were stable - it is
reasonable to estimate level splittings from a purely Coulombic potential

1r~--.
mtV

, a~E -E=-mt.
3



to the estimates in Table 3.1, such an expansion seems well justified for bottomoniulU
and may still yield good results for charmonium. It does not invoke the existence of a
potential and can in principle be fully matched to QCD.M 1.5 GeV 4.7 GeV 175 GeV 0.5 MeV

Mv 0.9 GeV 1.5 GeV 16 GeV 3.6 keY
Mv2 0.5 GeV 0.5 GeV 1.5 GeV 25 eV
v2 03 0.1 0.009 5.10 5

o.(mQ)/7r 0.1 0.07 0.04 2.10-3
3.2 Non-Relativistic Effective Theory of Heavy

Quarkonium
Table 3.1. Scales in quarkonium and positroniulll and the expansion parameters of tbe
non-relativistic approximation [93, 94)' Extracting the quarkonium spectrum on the lattice from the QCD Lagrangian itself would

involve the full range of scales in Table 3.1 which are well separated when the velocity is
small. The grid size £ and the lattice resolution a would have to fulfillFor mt = 175 GeV this splitting is approximately 1.5 GeV corresponding to v ~ 0.09. Low

quark velocities have two important implications: first, the bound state will be dominantly
QQ as the radiation of a low-energy gluon from a quark is suppressed 1. Second, the gluon
exchange will appear instantaneous as the gluon kinetic energy is larger by a factor l/v
compared to the quark kinetic energy [42]. Both features taken together suggest a non-
relativistic quark-model picture of heavy-quark bound states. In the infinite-mass limit
the spin interaction vanishes and one is left with a static central potential. A good
description of the observed cc and bb spectra can be obtained using a potential that is
Coulornbic at short distances and confining at large separations, the Cornell potential [95]

4 asV(r) = --- +U7·.3 r

III£»--»--»-»a
mQv2 mQv mQ

which is beyond present computing capabilities. On the other hand, the situation of well
separated scales can be used to get rid of the major obstacle, the heavy-quark mass mQ,
by integrating out all momentum modes larger than a suitable cut-off Ac. Given that the
physics of the meson is dominated by momenta of order 1nQv, a physically sensible choice
is

However, other choices work equally well like the RICHARDSONpotential [96]. the MAR-
TIN potential [97] or the potential of BUCHMULLERand TYE [98] which satisfies the
asymptotic properties of (3.4) but includes the effects of two-loop running at small dis-
tances. Even a logarithmic form manages to work, although it has no motivation from
QCD [99]. The reason is that the 'I and W families of resonances probe a quark-antiquark
distance of 0.1 - 0.8 fm and all the above potentials can be made to agree in this range
by a proper choice of parameters, although they may differ significantly for shorter and
larger separations 2.

Although the usefulness of the potential model picture is undoubted, it misses the link
to QCD. A much more involved and computationally demanding approach is to extract
the instantaneous QQ potential in lattice QCD and subsequently use it in a Schrodinger
equation to compute the spectrum. Precise lattice simulations have been performed by
BALI and SCHILLING[101, 102]. This technique is, of course, not restricted to the central
potential. The complete set of spin-dependent interactions (EICHTEN and FEINBERG
[103]) is accessible to the lattice method by expressing the additional potentials as corre-
lation functions of the chromofields in the presence of Wilson loops [104, 105]. A thorough
investigation is presented in Refs. [106, 107].
In the following we pursue a third approach which, in contrast to the ones mentioned
above, allows for a direct computation of QQ bound states from QCD cast into the form
of an equivalent non-relativistic effective theory. The effective theory is realised as a sys-
tematic expansion in the heavy-quark velocity about the non-relativistic limit. According

The result of such a reuormalisation group transformation is a non-local effective theory.
However, it is crucial that the effects of modes of order 1nQ can be reproduced by local
interactions among the lower-momentum modes realised as an infinite series in the heavy-
quark velocity, v2. Relativistic intermediate states are highly virtual and cannot propagate
large distances. Thus they are point-like on the scale of the quarkonium structure. The
additional interactions come with couplings that depend on the cut-off. These couplings
have to be tuned in order that observables computed in the efTective theory match those
computed in QCD. At tree level, the velocity expansion can be obtained by a Foldy-
Wouthuysen- Tani transformation, generalised to the non-abelian case, that decouples the
quark and antiquark fields in the Lagrangian [108].

'The virial theorem applied to a Coulombic potential implies 11 - as(mQlI).
2For a recent review of the history of the heavy-quark potential see [lOOJ

where D is the spatial covariant derivative. The terms generated this way are bilinear in
the quark fields. In addition, the cut-off theory includes quartic and higher-order terms.
The easiest way to derive the general non-relativistic Lagrangian is to use the efl"ective
field theory strategy [93]:

(a) Identify the low-energy degrees of freedom.
(b) Identify the symmetries of the original Lagrangian that can be maintained in the

cut-off theory.
(c) Write down the most general Lagrangian that is consistent with the symmetries

including all operators required to achieve a specified accuracy.
(d) Calculate the coefficients of these operators by matching low-energy observables in

the effective theory with those in the full theory.



The resulting Lagrangian defines the effective theory of the low-energy sector of systems
containing two heavy quarks and is called Non-Relativistic QCD (NRQCD). The approach
was first introduced by CASWELL and LEPAGE [109] to handle bound states in QED
and has been formulated in QCD by THACKER ET.AL. [42, 39,43]. Combined with the
methods of perturbative factorisation, it provides a tool to calculate inclusive quarkonium
production cross sections as a double expansion in v2 and Qs (BODWIN, BRAATEN and·
LEPAGE [110]). The rest of this section will be devoted to the derivation of the NRQCD-
Lagrangian in the continuum, based on the velocity-scaling rules quoted in [43].

Operator
1/1

X
Dt

D
g¢
gA
gE
gB

Magnitude
(mQv) ,

(lnQv)!

InQv2

mQv

mQv2

mQv3

mbv3
m2 v4

3.2.1 Low-Energy Degrees of Freedom and Symmetries

The degrees of freedom relevant for the low-energy QQ sector are the heavy quark and
antiquark fields, 1/1 and X, which are Pauli-spinors representing the upper and lower com-
ponents of the Dirac-spinor, I]iQ = (1/1, X)· Further, we have the gauge field A,. and the
Dirac fields for the light quarks. The Lagrangian should have the following symmetries

quark annihilation operator
antiquark creation operator
time derivative
spatial derivative
scalar potential
vector potential
chromo electric field
chrolTlomagnetic field

Table 3.2. Estimates of magnitude of the degrees of freedom in NRQCD in terms of
the lleavy-quark mass, mQ and the velocity, v. The important content here is the scaling
with v. Tlle factors of mQ just follow from dimensional analysis.

The kinetic energy operator scales like InQv2. Eq.(3.10) then implies the following estimate
for the spatial covariant derivative

(i) SU(3) gauge symmetry
(ii) rotation symmetry
(iii) charge conjugation

(HI fd3x 1/11 D
2

1/11 H) ~ mQv2

2lnQ

The scaling of the time component of the covariant derivative follows from the last equa-
tion if one invokes the lowest-order field equation,

(iDO + 2~:) 1/1 = 0,
therefore [Do] = [D2/2lnQ] ~ 71tQv2 as one would have expected. Estimates for the gauge
fields can be obtained from the field equations for 1/1 and Ao in the Coulomb gauge,

(wo - gAo + \12) 1/1 ~ 0, (3.14)
2lnQ

\12gAo + 921/111/1 ~ 0, (3.15)

neglecting the vector potential. Eq.(3.14) requires gAo to scale like \12/2lnQ, i.e. [gAol ~

71tQv2. Eq.(3.15) suggests that g2 ~ v. Finally, one considers the equation of motion for
the Coulomb-gauge vector potential

The NRQCD Lagrangian is formulated in the heavy-quark rest frame and therefore ne-
cessarily breaks Lorentz symmetry down to its rotational subgroup. The lattice regulator
introduced in the next chapter reduces this symmetry further to the cubic group.

The rules of power counting in NRQCD, also denoted as velocity-scaling rules, have been
established in [431. We follow the arguments given there.
The magnitude of the quark and antiquark fields is estimated from the expectation value
of the number operator in a quarkonium state which is close to 1,

. 2

(a~- \12) gA ~ 80\1 gAo - '!:!L'lj;1\11/i ,
71tQ

providing the scaling rule [gAl ~ mQv3. The scaling of the chromoelectric and chromo-
magnetic fields then follows from

We assume the quarkonium size to be ~ l/lnQv. The quark has to be localised within
this region

Table 3.2 summarises the velocity scaling properties obtained by the above heuristic con-
siderations. They will be used as a guide in the construction of the effective Lagrangian.
Whether they hold non-perturbatively has to be checked in the simulation.



coupling
tree level

Cl C2 C3

1/8 -1/8 -1/8
!J 12 !J
1/8 -3/64 -1/8

We will build up the effective Lagrangian including spin-independent interactions that
scale like mQv4 and spin-dependent terms of order mQv6, i.e. next-to-leading order in
both cases. The NRQCD Lagrangian takes the form

where Tj is a spin-colour matrix. The couplings dj have imaginary parts that determine
the decay rates. Since for the T the latter are 104 times smaller than the excitation
energies, we may safely neglect all interactions leading to quark-antiquark annihilation in
the study of spectral quantities and work with a Lagrangian that strictly conserves the
numbers of heavy quarks and antiquarks. Among the terms of order mQv6 we take into
account only the spin dependent ones. This way we consider spin splittings at next-to-
leading order corresponding to an accuracy on the few percent level from naive power
counting [43].

where Lq and Lg are the light quark and gluon parts of the QCD Lagrangian that remain
unchanged, and LQ, LQ denote the heavy quark and antiquark parts in the effective
theory3. Interaction terms within £Q are ordered according to the powers of v2 they
carry,

and similar for the antiquark Lagrangian. The leading order contribution is the La-
grangian of a Schriidinger field theory

£g) = 'ljil (iDo + D
2

) 1/1.
2mQ

h~'ljil {D2,a· B} 'lji
mQ

+12 i~1/1I{D2,a'(DxE-EXD)}'lji
mQ
ig2

+!J-3 'ljila·E x E'lji.
mQ

The overall scale in minimal NRQCD is thus m~vs We will, however, divide out a factor
mbvs coming from the spinors and talk about the Lagrangian of order mQv2 The next
order adds 4 bilinear terms

Cl-1-1/1' (D2)2'ljimb
+C2;:2 'lji' (D· E - E· D)'lji

Q

ig t-+C3-2 'lji (J. (D x E - E x D) 'lji
mQ

+c4.-L'lj;fa. B'lji
mQ

The NRQCD Lagrangian coincides with the Lagrangian of the Heavy Quark Efl"ective
Theory (HQET). The difference between both effective theories lies in the power counting
schemes. This is particularly obvious in the lowest-order part £(2). Whereas operators in
HQET may be ordered by dimension and therefore the static case yields a sensible limit,
in NRQCD Do and D2 are of equal order which reflects the balancing of kinetic energy
against potential energy. The static limit is inappropriate for heavy quarkonil1m. This
further implies that NRQCD only shares heavy quark spin symmetry with HQET, but
breaks flavour symmetry already at leading order.
The higher dimension operators in £NRQCD introduce new coupling constants. Item (d)
of the recipe requires that they have to be tuned so that predictions in the efIective
theory match those of the underlying QCD. The tree level values given in Table 3.3 are
provided by the Foldy-Wouthuysen-Tani transformation (see Appendix A). Generally,
these coefficients depend on the cut-off, lie and the coupling, as(rnQ). The estimates of
as in Table 3.1 suggest that bottomonium really is perturbative at the b-quark scale.
Therefore the matching may be done perturbatively by calculating low-energy scattering
processes. The final choice of couplings will be discussed in 4.5, after the lattice cut-on'
will have been introduced.

We have not included a term l/mQ'ljit D~'1jJin L(4), although it contributes to this order
and has the right symmetry properties. Higher powers in the time derivative will spoil
the simple numerical calculation of quark propagators to be discussed below. However,
employing the lowest-order equation of motion one can replace each factor of iDo by
-D2/2mq after a suitable redefinition of the quark field.
The bilinear interactions Eq.(3.21) are not the whole story. There are, of course, quartic
and higher-order terms that account for Green's functions with a larger number of external
legs. The generic form of the four-quark contact interaction is

'We ha'O'enot indicated those higher dimension gluon field operators that result from integrating out
the relativi:stic degrees of freedom analogous to the Euler-Heisenberg effective Lagrangian in QED. They
have no relEvance for the QQ bound state problem.

In view of the lattice formulation to be introduced in the next chapter we Wick-rotate the
coordinates, momenta and fields to obtain the NRQCD Lagrangian in Euclidean space-



_ iX~M)= iX~M)

- XiM) = -xt)
(3.24)

(3.25)

We have introduced the NRQCD Lagrangian at next-to-leading order, i.e. with spin-
independent interactions of order O(mbv2) and O(mbv4) and spin-dependent terms up
to order mbvo We anticipate that the non-relativistic theory is well suited for a non-
perturbative treatment using a lattice regulator, since the heavy quark mass no longer
appears as a dynamical scale. In the next chapter we shall discretise the above Lagrangian
on a hypercubic lattice.

a~E) = a~E)

ofE) = at)
AtE) = A~E)

AiE) = A}")

-iat) = -i8~M)

at) = -ofM)
-iA~M) == -iA~M)

At) = -AiM)

(3.26)

(3.27)

(3.28)

(3.29)

The rotation of the field strength tensor is determined from that of the covariant derivative

igF~iE) = [D~E),DIE)] == -i [D~M),D)"») == -i (igFJ;"») , (3.30)
igP(E) = [D(E) D(E») == [D(M) D(M») = igP(M) (3.31)

~J 1 ) J .' J 1) •

The chromoelectric field therefore transforms like E;E) == Fi~E)== -iFi~M) == _iE;M), and
the chromomagnetic field remains unaltered. The non-relativistic heavy quark Lagrangian
in Euclidean space-time now reads

.c:;)==
1/1' [ - D4 + _1_D2

2mQ

9 - ig ( D) 9 - ( ) 1 (D2)2+--a· B - --2 D· E - E· + --2 a· D x E - E x D + --3
2mQ 8mQ 8mQ 8mQ

+_1_{D2,ga. B} + il a. (E x E) + ~{D2,a. (D x E - Ex D)}
8mb 8mb 64m~

+ higher orders] 1/1 • (3.32)

The antiquark Lagrangian is readily obtained as the charge conjugate of (3.32). With
C1/I == -ia2X' and CKQC-1 == -a2KQa2 we have

.cQ == Xl[((jX == -Xl K6X , (3.33)

hence

.c<¢)==
Xl [ - D4 __ 1_D2

2mQ

9 _ ig ( ) 9 _ ( ) 1 (D2)2---a·B- --2 D·E-E·D + --2 a· D x E-E x D - --3
2mQ 8mQ 8mQ 8mQ

__ 1_{D2,ga. B} - ig
2

a· (E x E) + ~{D2,a. (D x E - Ex D)}
8mb 8mb 64m~

+ higher orders] X . (3.34)



Lattice-Regularised NRQCD

In this chapter we formulate the lattice regularised version of NRQCD. The lattice
spacing provides the cut-off which is required for the deflllition of the effective the-

ory. As discussed in the previous chapter, a consistent choice requires amQ ~ 1 which
limits the resolution of lattices suited for NRQCD spectroscopy. In Section 4.1 we in-
troduce the basic lattice operators that are building blocks of the discretised action. We
subsequently develop the evolution equation of the heavy-quark propagator and discuss
various approximations. Hereafter, meson correlation functions are constructed both for
S- and P-wave states. In Section 4.4 we present our choice of wave function smearing as a
crucial technical ingredient for extraction of excited-state signals. The chapter concludes
with a discussion of the matching procedure to relate the effective theory and QCD. We
shall apply a simple recipe known as tadpole renormalisation to circumvent a compli-
cated perturbative calculation. This leaves us with two parameters, the bare coupling
and heavy-quark mass, which are fixed through experimental input.

The improved version of non-relativistic QCD for use in lattice simulations has been
developed by LEPAGE ET.AL [43]. We repeat the main steps of their construction. To
discretise the non-relativistic Lagrangian we define the following finite-difference operators

a~~+)1Px - Ux,j.l1Px-j-aiJ-1Px , (4.1)

a~l.-)1Px - 1/Jx - U;-arqJ.'VJx-a{t J (42)

~(±) - ~(~H)+~(-)) , (4.3)j.l 2 I' j.l

3 3
~(2) -

L~(-j-)~(-) = L~(-)~(+) (4.4)
1 1 t 1 .

i=l i=l

As before, a denotes the lattice spacing, Ux,/, the link variable at x in f.l-direction and 1P
the fermionic degrees of freedom.
Invoking the connection of the link variable to the gluon field Eq.(2.13), we can relate the
lattice difference operators with the continuum covariant derivatives



1 00 (aD,,)2n+l
;; ~ (217, + I)! '

2- ~ (_I)m-l (aD r+m
a2 L., n!ml "

n,m=l
DO
DOIt can immediately be checked that the symmetric difference and the Laplacian reproduce

their continuum counterparts up to O(a2):

D,,+O(a2) ,

D2 + O(a2) •

Expansions 4.5-4.8 can be used to remove leading cut-off effects on a classical level. We
have, for instance,

M"v,x == L Ua13,x'
(a,I3), ••

The sum covers the four plaquettes in the {lv-plane surrounding the space-time point x as
indicated in Figure 4.1. The field strength tensor defined this way carries discretisation
errors of O(a2). It will prove useful to introduce an improved version of F,\'J which is
correct through order a4:

F(C) = ~F(c) - ~ [U F(c) Ut Ut F(c) U . _ ( )]
IW,X - 3 pv 6 X,IJ JW,x+ajs X,I-' + x-ap,jJ pV,x-ajJ x-a}J,JI I-l +-+ lJ

2- ~ (_I)m-l (aDy+m
a2 L., n!m! •

n,m=l

The Lagrangian Eq.(3.32) yields the following Schriidinger evolution equation of the heavy
quark propagator

84G(x, y) = (-i9A4 + D
2

- u) G(x, y) ,
2mQ

Field strength tensor

A symmetric representation of the field strength tensor on the lattice is the cloverleaf
operator that is defined on the grid points

G(x,y) = Texp [{"' dt (-i9A4 + D
2

- u)] 03(X - y).ly, 2mQ

We will compute G with a simple, fully explicit integration scheme in a single pass through
the lattice. This is a big advantage compared to the iterative solution of the boundary



value problem in the relativistic theory. On a discrete time axis with lattice spacing a,
Eq.(4.20) induces the following recursion formula

the corrected version, including the compensation of the leading temporal discretisation
error, by Ho,

G(x, X4 + a; y) = exp (a [-i9A4 + 2~2Q - OL]) G(x, X4; y) ,

with the lattice gluon field evaluated at mid-link. As an immediate consequence of the
Baker-Campbell-Hausdorff formula, we have for sufficiently small lattice spacing

The continuum operators belonging to the relativistic corrections of order mQv4 are easily
transcribed using the formulae Eqs.(4.1)-(4.4) or their improved versions

exp(aXJl ... exp(aXk) = exp (a tXI + ~a2 L [XI, Xm] + R(a))
1=1 I<m

VI
(~(2))2

(4.29)-CI---8mb
'12 C2~ (~(±). E(e) - E(e). ~(±)) (4.30)5mb
Vi -c3-9-8. (l(±) x jj;(e) - jj;(e) x l(±)) (4.31)8mb
V4 -c4-9-8. :SIc) . (4.32)

2mQ

with the rest vanishing like lima->oa-2 R(a) = O. Using Eq.( 4.22) we obtain a simplified
evolution equation

(aD
2

) (aU) t (au) (aD
2

)G(X,X4+a;y)=exp 4mQ exp --2- Ux,4exP -2 exp 4mQ G(X,X4;Y)'

(4.23) Difference operators act on all fields to their right. Finite-a corrections have been in-
cluded in the spin-dependent terms only, since they can be of the same order as O(mQv6)

relativistic corrections. Note that we have redefined the coefficients Ci, so that they equal
one at tree level. The chromoelectric and chromomagnetic fields are defined in analogy to
their continuum counterparts: Ere) == F1~) and Bre) == -t€kijFi~e). Finally the O(mQv6)

corrections are

Note that by the symmetric choice in Eq.(4.23), the commutators in Eq.(4.22) vanish and
the error introduced in the Lagrangian is due to double commutators that are at least of
order v6 for spin-independent terms and of order v8 for spin-dependent ones. With the
same reasoning one can neglect quadratic terms in OL

-C5-9- {~(2),a. B(e)}8mb
-C66:~~ {~(2),a. (~(±) x E(e) - E(e) x ~(±))}

. 2

-C7s
t93 a. E(e) x E(e) .
mQ(

aD2 ) ( aD2 ) nexp 4-- --t 1 + -- .
mQ 4nmQ

This way we introduce an error that has to be corrected for by adding a term
a(D2)2 !(32nmb), so that

With these transcriptions we arrive at a heavy quark evolution that is consistently discre-
tised: all remaining cut-off effects are moved to higher orders in the effective Lagrangian:

Gx,X4+a;y = (1 - a~o ) n (1 - ~t CkVk) U;,4 (1 - ~t CkVk) (1 - a~o r GX,X4;Y .

(4.36)

The use of Eq.(4.36) as it stands will be rather costly in practice. The complete set of
relativistic correction terms is twice applied which slows down the evolution significantly.
Therefore we have implemented a modified version in the actual simulation:We adopt the notation that is widely used in the Lattice NRQCD literature and denote

the lowest-order discretisation of the kinetic term by Ho,

~(2)
Ho=---

2mQ'

_ ( aHo)n t ( aHo)n ( ~ )
Gx,X4+a;y - 1- 2n Ux,4 1- 2n 1- a ~ Ck Vk GX,X4;Y'



The modifications are: (i) in the first factor Ho is replaced by Ho; (ii) fJ£ is applied only
once and commuted with the last factor; (ii) the finite a corrections are moved from Ho
into fJ£:

Numerical stability

The forward time integration scheme becomes unstable if the temporal lattice spacing is
too large. Consider the lowest-order, free field limit of Eq.( 4.37),

Figure 4.2. Sketcll o[ quark lines [or a general non-local fJavolll' non-singlet meson two-
point [unction.

h is the heavy quark spinal', n a 4-by-4 spin matrix and <T> smears the quark fields over
the lattice to increase the overlap with a certain radial or orbital momentum state. In
the non-relativistic theory, h really is a Pauli spinor hence

H(t) = L (O,X~,t)'4n<T>XJ,X2 (1/1Yrt)
Xl,X2

4 3. 2 (ap,)~=l---LSlll -
2mQa ,=1 2

1

_4_tsin2 (ap,) I ~ ~ < 2.
2mQa ,=l 2 2mQa

This is the well-known result for the diffusion equation with diffusion coefficient D =
a/2mQ and equal temporal and spatial discretisation steps. Eq.(4.42) constrains the mass
to amQ > 3. To study quarks with smaller masses one might either reduce the temporal
lattice spacing or improve the integration scheme. By choosing n > 1 in Eq.(4.40) one
obtains a better approximation of the exponential and the mass constraint is weakened to
amQ > 3/n. This amounts to an efi'ective reduction of the time step which is incomplete,
however, since the gauge fields are not evaluated on the intermediate points.

where r1 == n21 is now a 2-by-2 matrix in spin space. We use the decomposition of
the relativistic spinor as in 3.2.1, i.e. 1/1 annihilates a quark state whereas X creates
an antiquark state. The opposite holds for the hermitian-conjugate fields. An obvious
advantage of heavy quarkonium is that potential models can provide very accurate wave
functions as input for the smearing [unction <T>. With 4.44 we compute the two-point
correlator

The last expression can be simplified using the translational invariance of the quark prop-
agator,

(H(t)Ht(to)) = L TrC@3 [C~ltt,ylto rt <I>~,~LC~,t,Y2to <T>~3It r]We proceed by constructing two-point functions from quark propagators through a generic
time-slice operator 1

L3 ~ Tr [CQt rt <T>(3k) CQ <T>('c)* r]L....J c~, Xlt,Ylto Xl-X2 X2+YI-Y:J:t,YltO Y]-Y2

Xl,X2,Y2

L3 ~ 11 [CQt rt <T>(3k) CQ ]L-J 'cOS!J Xlt,YltO Xl-X:!: X2t,Y1tO.

Xl,X,



non-relativistic lowest continuum lattice operator
notation irrep irrep r

ISO 0-+ A-+ 1I
3S1 1-- TUi)

U;

IPI 1+- T1(i) 6.;
3PO 0++ A++ 2::=I6.jUjI
3P1 1++ T++ 6.;Uj - 6.ju;I.\.~~
3P2 2++ E\!'I 6.ju; - 6.jUj

T2{;j) 6.;Uj -+ 6.ju;

velocity-dependent potentials, VVD, and Va as part of the Darwin term. We have to
refer the reader to Refs. [107, 106, 111] for a detailed description of the form of these
potentials as well as their computation from Wilson loop expectation values with colour
field insertions. Following [111], we numerically integrate the radial Schri:idinger equation2

_ l(l -+ 1) ( 0')F(r,E,I,O',m,u) = -r-2- - m E - ur -+ -;: .

cQ - ""' GQ r <p{sc)X2t,YtlO - L....J X2-zt,YltO z .

•
The term -O'/r contains the Coulomb term of the central potential, the 1/10 contribution
to the Darwin interaction, and the leading l/r contribution from VVD:

12m2e -+ 3h - 4u
0'=

12m2

It is obtained directly from the NRQCD evolution by replacing the delta function source
with the extended source <p~sc).

We leave Tn and U as free parameters which are determined by a fit to the experimental
spectrum. The contributions of the terms not coming from the central potential are
fixed to the lattice values found in [111]. The Coulomb coefficient, e is that of the
quenched simulation in [Ill] augmented by 20% to take into account the different running
at short distances observed in [83]. Figs. (4.3) and (4.4) display the solutions of (4.51)
corresponding to the three smallest eigenvalues with L = 0 and the two lowest L = 1
states, respectively.
The continuum wave functions are converted to the lattice using the scales obtained from
SESAM's p masses for each hopping parameter. We average correlators over different
polarisations corresponding to the cartesian projections of wave functions

Since we are not only interested in ground states but in one or two radially excited levels,
special care has to be taken in choosing the spatial distribution of quark and antiquark
fields in the hadron operator as given by the smearing function, <P.Fortunately, we have
a detailed picture of what the wave function of a heavy-heavy bound state should look
like from the study of non-relativistic quark models, which is a considerable advantage
compared to light hadron calculations. Richardson potential wave functions, for example,
have proven successful in earlier simulations [47]. Even simple hydrogen wave functions
have been applied in charmonium spectroscopy and are the natural choice for heavy-light
systems.
Here, we will pursue a somewhat more refined strategy to obtain adequate smearing
functions: We use Schri:idunger wave functions computed from a radial potential which is
extracted from a lattice simulation. We benefit from a recent lattice determination of the
bb potential including relativistic corrections [107, 106, 111]. The authors start from the
O(v4) effective Breit-Fermi Hamiltonian [112, 113], which in the center-of-mass frame of
the quark and antiquark, has the form

<p] = 9EAr) :: ,
r r

<P2 = 98,,(r)"!!. ,
r r

<P3 = 9E,,(r):. .
r r

H = L [m; -+ L -SP43 -+ ~6. (Vo(r) -+ Va(r))]
;=1,2 2m; Tn; 8m;

-+Vo(r) -+ VsD(r,L,SI,S2) -+ VVD(r,p) .

Note, that the finite-difference operators included in Table 4.1 for the P states are only
applied in the case of a-function smearing.
Contrary to gauge-invariant smearing procedures like iterative WUPPERTAL smearing
[114, 115], the use of wave functions as described above requires a fixed gauge. The
appropriate choice is Coulomb gauge which minimises the spatial gluon field. The config-
urations are numerically fixed to that gauge using the algorithm described in [116]. We
benefit from an efficient parallel implementation on the Connection Machine CM5 which
is discussed in [117, lIS] 3.

e
Vo('r) = V,elf -+ ur - - ,

r

'In Ref. [Ill] the Numerov method is applied to integrate the differential equation. It introduces step
size errors of O((t.r)5). The analytic expression for the regular solution in the limit r -t 0 provides the
starting point for the integration. We thank A. Wachter for the kind donation of these routines.

'We thank H. Suman, who kindly provided the gauge fixing routilles.



For each wave function a separate quark propagator has to be calculated since the fastest
way to implement source smearing is to use 'Ii as the start vector for the evolution of
CT· Sink smearing is realised by convoluting the local antiquark propagator with the
smearing function and combining it with C7, according to the given Dirac structure.
The convolution is efficiently computed via a parallelised version of the FFT algorithrn4.

It is reasonable to use the same smearing function for states that differ only in spin
orientation: spin-interactions are relativistic corrections and will not change the wave
function significantly. Nevertheless, we are left with as many as 13 propagators to evolve:
four different smearings for S states using the ground state, the first and second excited
state wave functions as well as the delta function (local operator); nine smearillgs for P
states including the ground state, the first cxcitation and the local propagator for each
polarisation. All cross correlators are calculated resulting in the following 4-by-4 matrix
of correla.tion functions in the case of S states ( 3-by-3 for P states)

-0.5

-1.0
0.0 0.6 0.8

I' [fm]
[

(III) (Ill) (112) (113)]
_ (III) (Ill) (112) (113)

(Csc,sk) - (211) (211) (212) (213) ,
(311) (311) (312) (313)

where the type of smearing is indicated by indices sc and sk that may have the values I for
'Ii = 6, 1 for the ground state wave function 'Ii = 'Ii(1) ,etc .. Clearly, one is restricted to
a small number of levels compared to the potential model approach. A reliable estimate
of the second radial excitation turns out to be rather hard, for obvious reasons: first, the
correlation function will eventually be dominated by the ground state; second, the signal
to noise exponentially decreases with the energy difference.

0.7
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S2.

~
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The couplings in the NRQCD Lagrangian have to be adjustcd in order that predictions
for low-energy observables in the effective theory match those of QCD. In lowest order
NRQCD there are two parameters: the bare gauge coupling, 9 and the bare heavy quark
mass, mQ' The v2-improved Lagrangian adds the five couplings CI,'" C5' Finally, in the
O(mQvG) accurate form we have to cope with 11 couplings .
An obvious way to fix the unknown parameters is by non-perturbatively matching the
two theories: for a number of bound states require the mass calculated in NRQCD to
equal that predicted by QCD. To make things easier, the lattcr is usually replaced by the
experimental mass. However, as we include more interaction terms to improve accuracy
non-perturbative matching clearly will spoil the predictive power of the method. This is
avoided if the matching is done perturbatively. The use of PT may be justified if the heavy
quark mass which serves as the cut-off is large enough. Perturbative matching proceeds
by computing physical observables, like scattering amplitudes, between asymptotic Q,{j
and gluon states both in QCD and NRQCD. The result is expanded in powers of p/111Q
and the couplings are tuned so that the series coincide to the desired order.

.---.../.~.-~...-..._ ...



In Lattice NRQCD we combine the perturbative and non-perturbative matching tech-
niques: while 9 and MQ = amQ are fixed using level splittings of onium stales and the
kinetic mass of the ground state respectively, the remaining parameters, Ci are determined
perturbatively. However, perturbative series in the bare lattice coupling are known to be
poorly convergent. A large renormalisation is needed to connect 9 to some physical cou-
pling. This is due to tadpole contributions caused by the nonlinear mapping of the lattice
gauge field onto the continuum, as was anticipated by PARISI [119J and worked out in
detail by LEPAGE and MACKENZIE [18, 120].

u~ = • (yrr U/w)

u~ = (iTr UI')LG

0.8688
0.8499

/'i, = 0.157

0.8695
08519

0.8697
0.8529

08778
0.8608

The naive connection between the link variable and the continuum gauge field,

UZ,I' -t 1+ iagAIl (x + ~Jt) ,
suggests that higher order corrections vanish as powers of the lattice spacing which is not
true in the quantum theory. For instance, the tadpole contribution to the link expectation
value, (AJ,AI') is suppressed only by g2 (i.e. (In a)-I and not a) as the quadratic divergence
cancels two powers of the lattice spacing. This correction is large at intermediate a
and leads to a vacuum expectation value of the link variable in Landau gauge which is
considerably smaller than 1. A simple way to account for the bulk of the effect is to divide
every link by a mean-field parameter uo, a nlllnber between 0 and I, that contains the
averaged ultraviolet modes

the spin-independent spectrum to display insignificant scaling violations whereas the hy-
perfine splittings do not scale that well. This is attributed partly to O( a2) errors in the
B field G arising in the term a . B but partly also to the choice of plaquette tadpole
improvement not capturing the tadpole effects sufficiently well. Additionally, two more
arguments in favour of u~ are given in [52J: firstly, the static potential shows less viola-
tion of rotational invariance using a u~-tadpole improved gluonic action and, secondly, the
non-perturbative determination of the clover coefficient csw for Sheikholeslami-Wohlert
quarks [19] is in good agreement with the u~-tadpole improved perturbative result. On a
fine lattice, a::::; O.Hm, u~ and u~ differ by about 2%, Table 4.2. Note, however that Uo
weights the field strength tensor with four powers,

so that, naively, using u~ instead of u~ may change the hyperfine splittings by as much
as 8%.
The tadpole-improved operators may be considered an efficient starting point for a per-
turbative expansion of the couplings Ci,

Practically, Uo is measured in the simulation. Its definition is, of course, not unique. 5

A simple, gauge invariant prescription uses the plaquette value in the sense that radiative corrections are now expected to be small. This has been
demonstrated for those terms in the NRQCD action which contribute to the heavy quark
self-energy by MORNINGSTAR [123]. Therefore we feel justified to neglect the higher order
corrections: all calculations presented in the following have been obtained with tadpole
improvement and tree-level values c; = 1. We are then left with ouly two parameters, 9
and MQ, which are the ones in the QCD Lagrangian.

A better motivated choice is to calculate Uo directly from the single link expectation value
in Landau gauge

Landau gauge maximises (Tr UI')' i.e. pushes it as close to 1 as possible, and thus isolates
the gauge-independent tadpole contribution. A recent NRQCD lattice calculation of the
hyper fine splitting in ce, be and bb bound states over a variety of lattice spacings suggests
that this choice improves the scaling behaviour of spectroscopic quantities [121, 44]. This
view is also endorsed in Refs. [51, 122] where the authors have studied the scaling be-
haviour in the quenched bb spectrum using three values of the coupling ({3= 5.7,6.0,6.2),
an O(mbv4)-correct action and the plaquette tadpole value (defined below). They find

The lattice spacing is fixed using the lowest radial and orbital angular momentum split-
tings in the bottomonium system. Empirically, they are independent of the the heavy
quark mass to a very good approximation which allows for a determination of a-I without
carefully tuning the bare h-quark mass. Invoking a phenomenological assumption [or the
typical momentum transfer within bb bound states, one may conclude that these splittings
are insensitive to vacuum polarisation effects too. These statements will be numerically
validated in later chapters.

SOther choices than those discussed here are based upon extended Wilson loops or the critical hopping
parameter for Wilson quarks [18].



state JPc mass
Y(IS) 1~~ 9460.37 ± 0.21 MeV
Xbo(lP) 0++ 9859.8 ± 1.3 MeV
Xbl(IP) 1++ 9891.9 ± 0.7 MeV
Xb2(lP) 2++ 9913.2 ± 0.6 MeV
Y(2S) 1~~ 10023.30± 0.31 MeV cc •

Practically, we will use the average of two spacings to convert lattice data into physical
units:

m(Y') -m(Y)
am(23Sr)- am(PSl)

m(;\'b) - m(Y)
am(P P) - am(13Sl)

05629 GeV
am(23Sr)- am(PSr) ,

0.4398 GeV
am(PP) - am(PSl) ,

10.0

a~l [GoV]

Figure 4.5. Approximate scaling windows for ciJarmonium, bottomonium and hypothet-
ical toponium. The interval limits come from tlle estimates in Table 3.1 and thus have to
be taken cum grano salis.

aE(p) = aE(O) + (ap)2 _ Cl ((ap)3
2
)2 + ...

2Mkin 8Mkin

Practically, one determines Mkin by fitting Eq. (4.65) to a set of finite momentum corre-
lators. For a relativistic theory Cl = I, but in NRQCD one expects deviations from this
of O(v2). To fix the correct bare b-quark mass one adjusts Mb until mkin(Y) = 9.46 GeV
within statistical errors.

in formulating an effective theory is, that physical results up to a given accuracy can be
obtained at fixed cut-off, provided the Lagrangian is carefully calibrated. The range of
admissible values of the cut-off, i.e. the range of validity of the effective theory, depends
on the specific heavy quark system one is considering. This is indicated in Figure 4.5 for
charmonium, bottomonium and hypothetical toponium. Within these intervals the cou-
plings are expected to change only mildly with the cut-off whereas at the right margins
they start to blow up and more and more terms would be needed to compensate for the
lack of relativistic modes, rendering the theory useless. The left interval limit is set by
increasing discretisation errors. We have argued above that a reasonable and practical
procedure is to stay with tree-level couplings once the tadpole improvement has been
applied. We may argue further that we really measure continuum quantities if this choice
is a good approximation in the whole interval of possible cut-offs. In this case there is no
need to tune the couplings at all and one would observe that .- within reasonable accuracy
- results in physical units are independent of the lattice spacing. For charmonium and
bottomonium, scaling is expected to show up in the following windows

It is not possible to convert simulation energies directly into hadron masses as the heavy
quark mass term has been discarded from the Lagrangian. To quote absolute meson
masses the energy shift needs to be known. It may be computed by tuning the bare quark
mass, MQ until the kinetic energy of a meson equals its experimental value. The kinetic
mass Mkin is defined through the non-relativistic dispersion relation

Since NRQCD is an effective theory, trying to remove the cut-off will cause the couplings
in the Lagrangian to diverge, reflecting the non-renormalisability. Therefore, no contin-
uum extrapolation can be done for Lattice NRQCD. But, of course, the essential idea

cc 5.6:S: /3 :s: 58 ,
bb 5.8:S: /3 :s: 6.5 ,

(4.66)
(4.67)

where we have simply related lattice spacings to quenched ,6-values. These numbers imply
that our ,6 = 5.6 dynamical lattices are well suited for bottomonium spectroscopy but too
fine to treat the charm quark.

7For charmonium one would prefer to use the spin-averaged S state, too. In the case of bb, however,
the singlet state, '1b has not yet been observed experimentally.



In this clIapter we have outlined the formulation of non-relativistic QCD suited for nu-
merical simulations on a lattice. We reviewed the discretisation of the next-ta-leading
order NRQCD Lagrangian which - from naive power counting - is expected to yield both
radial and spin splittings with an accuracy below 10%. An advantage of NRQCD is that
quark propagators can be obtained from a fully explicit integration scheme allowing for a
fast computation. We have discussed in some detail the smearing procedure that involves
potential model wave functions. A proper choice is crucial to achieve clean signals for
excited states. Finally, we have covered the simplified matching procedure between QCD
and NRQCD based on the recipe of tadpole improvement.

Chapter 5

Bottomonium Spectroscopy

Inthis chapter we present the details of our NRQCD simulation of bottoHlonium. The
investigation of dynamical quark effects will be of primary interest. It is accomplished

by a direct comparison of unquenched data with results obtained in the quenched approx-
imation on lattices of similar spacing. From the study of the light hadron spectrum [124]
we anticipate that the effect of vacu urn polarisation is likely to be small within the range
of quark masses considered here, so that high statistical precision seems to be mandatory.
Section 5.1 provides detailed information on parameters IIsed in our NRQCD runs. As
an illustration of the signal quality obtained for non-relativistic propagators, we give
some examples of effective mass plots in Section 5.2. We then turn to a discussion of
error analysis which involves the blocking of measurements in Monte Carlo time and the
binning of propagators computed from different source points, Section 5.3. Hereafter,
results for S- and P-wave mesons are presented including radial excitations as well as
spin splittings. With three dynamical quark masses at our disposal we can reliably study
the dependence of these states on the light quark mass. In Section 5.5 we determine the
lattice scale and give numbers in physical units. Finally, we compute the T and 7Jb kinetic
masses from the non-relativistic dispersion relation.

Our investigation involves several NRQCD runs whose parameters are listed in Table
5.1. The lattice volume is fixed to 163 X 32 in all simulations. With a gauge coupling
of (3 = 5.6 the SESAM lattices realise a physical box of about 1.2-1.4 fm in the spatial
direction (depending on the physical quantity used to set the scale) which guarantees
negligible finite volume effects on the bottomollium ground state and the first radial and
angular momentum excitation. Hence the box size is not a primary issue here and we
do not investigate its effect within this study.! We use SESAM lattices at three different
quark masses corresponding to hopping parameters r;, = 0.1560,0.1570,0.1575 and ratios
m"/m,, = 0.839(4),0.755(7),0.69(1). This enables us to calculate the sea-quark mass
dependence of bottomonium splittings and to perform a 'chiral' extrapolation.
Evidence of an unquenclJing effect can be obtained from a direct comparison of full QCD
and quenched simulations at the same lattice spacing. To this end, quenched configura-
tions with (3 = 6.0 are generated using the hybrid over-relaxation algorithm [126, 127J.
Over-relaxation steps are randomly mixed with Cabibbo-Marinari pseudo-heat bath steps
where the latter have a probability of 1/5 [128, 129J. The lattices are thermalised with
2000 sweeps and we perform measurements on configurations separated by 250 swecps.2
The study of dynamical quark effects in the quarkonium spectrum and the dependence of

1Higher bb excitations have larger extensions and certainly will feel the boundary. An analysis of finite
volume effects therefore will be valuable to judge how the 3S and 2P states are affected by the box size.
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nf 13 r;, Mb TR action n n~onf/n~nf n;p/n:
2 5.6 0.1560 1.7 uL O(mbvG) 2 206/206 4/40
2 5.6 0.1570 1.7 uL O(mbv6) 2 192/192 13/80
2 5.6 0.1575 1.6 uL O(mbv6) 2 203/203 4/00
2 5.6 0.1575 1.7 uL O(mbv6) 2 203/203 12/120
2 5.6 0.1575 1.7 uL O(mbv6) 3 203/0 4/00
2 5.6 0.1575 1.7 uL O(mbv6) 5 203/0 4/00
2 5.6 0.1575 1.8 uL O(mbv6) 2 203/0 4/00
2 5.6 0.1575 1.9 uL O(mbv6) 2 203/0 4/00
2 5.6 0.1575 2.0 uL O(mbv6) 2 203/0 4/00
0 6.0 1.7 uL O(mbv6) 2 811/520 4/40
0 6.0 1.7 uL O(mbv4) 2 150/0 4/00
0 6.0 1.7 uf O(mbv4) 2 350/150 4/4

Table 5.1. NRQCD run parameters. We separately quote sample size and number of
source points for 5- and P-state measurements. TR denotes the tadpole renormalisa-
tion scheme and n is tIle stabjJisation parameter appearing in the propagator evolution
equation. ttlltll"I'I!II"I,l

I

"'" III1II'" II

spectral quantities on the sea-quark mass are the main objectives for the present investi-
gation. Therefore we have accumulated large statistics - several thousand measurements
of L = 0 and L = 1 states for each sample - using the O(mbv6) action in the Landau
mean-link tadpole scheme with a fixed bare heavy quark mass, Mb = 1.7. The latter value
of the b-quark mass was found to yield the correct kinetic Y mass in a quenched calcula-
tion by DAVIES ET.AL.[47]. We will demonstrate in Section 5.6 that it is also adequate
for the unquenched samples, so that a costly tuning is avoided.
The dependcnce on the bare b-quark mass, Mb, is investigated in a series of smaller runs
at fixed r;,= 0.1575 with restriction to S states only. The bare mass parameter is varied in
the range 1.6 ::; Mb ::; 2.0. To estimate the relevance of relativistic corrections, we repeat
the quenched simulation with fewer measurements applying the NRQCD action of order
mbv4. Additional runs are performed with the plaquette tadpole prescription and with
different choices of the stabilisation parameter, n that appears in the evolution equation.
The parameters of these investigations of systematic erro.rsaf~ also included in Table 5.1,
although their discussion is postponed until Chapter 6.
All simulations involve gauge fields that have been fixed to Coulomb gaugc, as mentioned
in the previous chapter.
Due to the fact that low-lying bb bound states have a tiny spatial extent, one may exploit
gauge configurations more than once by starting the quark propagator evolution at differ-
ent source points separated in space and time. Note, that we do not use a multi-source,
but evolve each starting point separately. Simultaneous evolution of different spatial ori-
gins by using Z(2) noise has also proven to work, though with somewhat larger errors
on radially excited levels [51]. In the quenched runs we restrict ourselves to 4 source

Figure 5.1. 351 effective masses from correla/,ors witb smearing combinations BC/Bk =
1,1,2 involving 2496 measurements on the sawple at r;,= 0.1570.

points located at {(I, 1, 1, 1), (1, 1, 1, 17), (9, 9, 9, 1), (9,9,9, 17)} as new configurations can
be generated with comparatively little effort. About three times as many origins are used
for nf = 2 lattices. Below we give evidence that using many sources really does improve
statistics. For the Y and TJb we calculate a 4 x 4 matrix of correlators with four differ-
ent smearings at source and sink, BC/ Bk = 1,1,2,3, corresponding to a point source (I),
the ground state (1), the first (2) and secoud (3) excited states, respectively. For the
L = 1 states we restrict ourselves to the ground state and the first excitation as signals
deteriorate. Correlators with momenta up to Ipl = 2 are also calculated.

The TXL simulation at I< = 0.1575 [125, 55) yields the possibility for such an investigation.
'We thank G. Bali for providing the SU(3) program.

To illustrate the quality of our data we display in Figures 5.1 and 5.2 effective masses,
defined by Meff = In (C(T)/C(T + 1)), for the triplet-S and singlet-P state arranged as
a 3 x 3 matrix according to the nine smearing combinations with sc/sk = 1,1,2. We
always average over all possible polarisations. C(T) denotes the meson correlator at time
T == t/a. Note that smeared-local 331 correlat.ors rise sharply for (Be, Bk) = (2, I), (3, I)
indicating the sudden decay of the dominant excited state to the ground state. The change
in sign is caused by negative values of the correlation function that may occur for hadron
operators with mixed smearing. Although we have not tuned the smearing functions, we
generally find good plateaus for ground and excited states. For L = 0 thc radially excited
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Figure 5.3. Effective masses of 3S1 correIa tors with smeared source and local sink.
Circles, triangles and squares correspond to (1,1), (2,1) and (3,1) respectively.

correlators remain in the first and second excitation for about ten time steps which is
apparent from Figures 5,3 and 5.4. Signal/noise stays constant for 381 and ISo ground
states whereas it decays exponentially in time for excited states with a rate determined
by the excitation cnergy [130J, P-state signals are much noisier and vanish from time slice
15 to 20 onwards.

Indices T[, T2 label time slices, whcreas indices SI, S2 denote different radial channels.
The covariance matrix, J( accounts for correlations between data on different time slices
obtained from the same sample of gauge configurations. The sample itself is llsed to
determine the covariance matrix for quantities that are directly measured on single con-
figurations like hadron correlation functions:

1
!<"T""T, = ( )l1mcas l1meas - ]

nmellS-1

:L (C:IT, - C"TJ (C:,1', - C"T,) ,
k=O

The standard way to obtain masses and amplitudes of a hadron correlation function is to
fit the measured data to a suitable exponential ansatz invoking the spectral representation
Eq.(2.10). We employ two different fitting procedures: The first is a simultaneous fit of
many hadron correlators to a multi-exponential function. The second involves the ratio
of hadron correlators and fits it to a single exponential. These methods will be discussed
in detail below. In either case the maximum likelihood estimate of the model function
cmodel(Ai,E;) which depends on a set of amplitudes, Ai and energies, Ei is obtained by
minimising

1 nmea.-l

- '" kCsT = -- L..J CsT'
nmeas k=O

The inverse in Eq.(5,1) is computed by singular value decomposition and the minimisation
is done using the Levenberg-Marquardt algorithm [131]. In practice, our samples are large
enough to fulfil nmeas » 10 (neorr• nT+l) with nT being the fit range. Therefore the inverse
of the covariance matrix generally will exist and X~ as given in Eq.(5,1) provides a reliable
goodness-of-fit estimator [132, 133].
Statistical errors on fit parameters are computed by the bootstrap method [134] which
may be outlined as follows:
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Consider a quantity 0, e.g. a meson correlation function on a specified time slice,
that has been measured on a number of gauge configurations. From the original sam-
ple S(O) = {Ok[k = 1, ... , nmeas}, the algorithm generates nbOOl bootstrap samples
S(i) - {O(i)lk - 1 } . - 1 b d' I f S(O)· h- k -, ... ,nm•as ,~- , ... , nbool, Y rawmg nm•as e ements rom WIt
uniform probability. Fits are then performed on each bootstrap sample separately and
yield distributions of parameters that will become Gaussian provided nbool is sufficiently
large. The result ofaX2 fit will be quoted as the parameter values obtained on the original
sample supplied with an error that corresponds to the 68% confidence interval around the
average value of the bootstrap distribution. This choice is not necessarily symmetric with
respect to the fit value, though it will nearly be so for the number of bootstraps we use.3
Error estimates on secondary quantities like ratios of correlation functions are more in-
volved since Eq.(5.2) does not apply and a Gaussian error propagation may yield unreli-
ably large error estimates. Instead, the covariance matrix is calculated on each bootstrap
via a subbootstrap (or subjackknife)

Following [47]' we make use of vector fits to extract spectroscopic quantities from meson
correlators. A vector of correlators is simultaneously fitted to a sum of exponentials,

where we choose the subsets {[sc, skllsc = 1,2,3 ,sk = I}, {[sc, skJlsc = 1,2,3 ,sk = I},
{[sc, skJlsc = 1,2 ,sk = I} and {[sc, skllsc = 1,2 ,sk = sc}. The number of exponentials
will be nexl' = 2,3. Alternatively one may fit a matrix of correlators, e.g.

K(i) = 1 n.u~.-I ((R . )(i) _ (R )(iJ) ((R. )(i) _ (R )(i))
T"T, nIL 1, k Tl T, k T,

subboot - k=O

For quarkonium the coefficients can be chosen to be real because of charge conjugation
symmetry. We generally find that matrix fits are rather unstable.

5.3.1 Bootstrap Distribution
Figure 5.6 shows the bootstrap distribution of the 3 SI ground state energy as obtained
from a simultaneous fit of two smeared-local correlators to a sum of two exponentials.
The number of bootstrap samples is increased from 50 to 1000. As is expected from the
central limit theorem, the distribution approaches a Gaussian shape. We observe that

Here, Rr denotes the value of some ratio of correlators, i is the bootstrap index and k
labels the elements in the subbootstrap sample.

3rt may be considered an advantage of the bootstrap compared to the jackknife [135JLhat a confidence
interval is provided which does not rely on the assumption of a normal distribution.
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the error is perfectly stable for nboot > 200. Hence, we find it reasonable to choose a
bootstrap ensemble of 300 samples throughout the analysis.
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The results of the autocorrelation analysis of the HMC time series [58] have been sum-
marised in Chapter 2. We were led to the conclusion that a MC time separation of about
25 trajectories between subsequent measurements would be adequate for hadrouic observ-
abies. A simple way to estimate the correlation within the Markov chain is a standard
blocking procedure. This is less involved than the direct computation of integrated auto-
correlation times and is applicable with smaller statistics. Gauge field configurations are
chronologically ordered and the data is binned into blocks of successive measurements.
Fits are then performed on the blocked data. We restrict ourselves to single exponential
fits, as two-exponential fits become unstable with increasing block size 4. In Figure 5.7
we plot the error of the fit result for the ground state energy as a function of block size
for both the triplet-S and singlet-P states. The data has been taken from the K = 0.1575
sample and the source point for propagator evolution was (1,1,1,1). The error of the
error is estimated from a subbootstrap within each bootstrap. We Hnd no variation in the
fit error although the block size is varied significantly. This confirms the result of a similar
analysis in the light sector which applies the analogue jackknife procedure [124J and indi-
cates that the dynamical configurations are indeed decorrelated with respect to hadronic
observables. The comparison of the bootstrap error with the naive error obtaiued from
a single fit by the criterion 6X2 = 1 reveals that the latter generally underestimates the
true error. However, this difference is not much pronounced for the one-exponential fits
considered here. The limited number of configurations in the unquenched case prevents
going to large block sizes. In particular, the fit to the P state becomes unstable rather

_.1000
•••• _200
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Figure 5.6. Bootstrap distribution of the fit parameter aEI relative to tbe average value.
The data is taken from a 331 two-exponential fit to (1,1) and (2,1) correIa tors using the
configurations witll K = 0.1575. The bootstrap sample size is varied from 50 to 1000. The
lille indicates the fit value Oll tIle original sample.
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(Ii = 0.1575) data comparing single exponential and two-exponential fits. We include
four sources, {(I, 1, 1, 1), (9, 9, 9, 1), (1, 1, 1, 17), (9, 9, 9, 17)} and either average over all of
these (# binncd sources = 4), split them in two sets, or do not average at all. We do not
observe a significant change of the fit error on the number of binned sources, indicating
that measurements are indeed independent. The same conclusion can be drawn in the
case of P waves as shown in Figure 5.10. Practically, our fits turn out to be very sta-
ble even when binning all available sources. This is the case for results presented in the
following.
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We use the multi-exponential fit ansatz to extract the ground state as well as radial
excitations and orbital angular momentum levels. Keeping a fixed upper limit of the fit
interval, T;" ••• the lower limit is varied and the goodncss of fit is monitored by the Q
value, i.e. the probability that fluctuations in adequately modelled data will generate a
X2 greater than that of the fitS Our decision on final resul ts is based on the requirements
of stability and a reasonable value of Q which is as usual desircd to be larger than 0.1.
Notice from Table 5.2, that two-exponential fits to S-state correlators are perfectly stable
for a very large range of Tmin. The Q value increases sharply until it reaches a plateau.
Smaller values of the goodness of fit such as for IP, do not necessarily rule out a fit,
since the X2/dof is still reasonable and here, too, results are fairly stable, Table 5.4. The
amplitudes b:c sk, Eq. (5.5), measure the overlap between the correlators constructed [rom
our wave functions and the energy eigenstates. Table 5.3 quotes negative overlaps of the
(2,1) correlator with the ground state due to the unsymrnetric smearing at SOUl-ceand sink.

Figure 5.9. Change in tlle error of tbe ground state fit result when binning several source
points. llls: single exponential fit to (1,1) corre1ator; rlls: two-exponential fit to (1,1) and
(2,1) corre1ators. The error is computed from a subbootstrap based Oil 200 bootstrap
samples.

early and can not be pushed further than block size three. Higher statistics are available
in the quenched case, so that we reach blocks of size nine. Figure 5.8 shows that for the
quenched data, too, there is no change in error when blocking configurations. Note, that
the naive error is reliable [or the S ground state but not for the P wave.

Taking advantage of the smallness of the bottomonium system, we exploit configurations
more than once by starting the propagator evolution both at different spatial origins
and on different time slices. We apply a similar procedure as in the previous subsec-
tion to investigate whether one really ends up with independent measurements this way:
results on different source points are binned and fits are performed on the averaged
data. In Figure 5.9 we plot the error of the 351 ground state energy for unquenched

2 r( dol x:) 00
Q=Q(dof~)=--L:-L=_l_j e-v dol/2-ld

- 2' 2 - r(d~r) r(d~r) >'12 y y.
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nexp Tmin Tmax aE1 aE2 aE3 X2/dof Q
2 2 30 0.3605~ggg:g 0.6439~ggg:: 450.8/52 0.000
(1,1) ,(2,1) 4 30 0.3585~gggg: 0.6116~ggg:: 74.4/48 0.009

6 30 0.3585:gg:: 0.5986:ggg:~ 42.0/44 0.559
8 30 0.3584:gggg: 0.5965:ggg:~ 36.9/40 0.609
10 30 0.3584~gggg: 0.5944:ggg~: 300/36 0.749 nexp Tmin Tmax k b1,k b2,k

12 30 0.3584:gggg: 0.5930:gg::: 27.6/32 0.687 2 2 30 1 0.5330:ggg:: -0.0042:ggg::
14 30 0.3584::ggg: 0.5969:gg~~~ 27.2/28 0.507 (1,1),(2,1) 2 0.1658~ggg:: 0.6942:ggg:~

3 6 25 0.3587:gggg: 0.5958:ggg~: 1.49:::~ 30.1/31 0.515 4 30 1 0.5249:ggg:~ -0.0189:ggg:~
(1,1),(2,1) 7 25 0.3586:gggg~ 0.5950:ggg:~ 1.42:::: 30.0/29 0.413 2 0.1370~g~:: 0.6463:ggg::

8 25 0.3588:gggg: 0.5869:gg::~ 1.07~g;~ 25.6/27 0.541 6 30 1 0.5243~ggg:: -0.0231~ggg:~
10 25 0.3588~gg:~ 0.5868:gg:~~ 1.00:g:: 23.4/23 0.437 2 0.1257:gg:~: 0.6171:ggg::

3 4 25 0.3617:ggg:~ 0.6059:g:::::: 0.8561:gg::: 308.3/54 0.000 8 30 1 0.5213:ggg:~ -0.0226:ggg::
(1,1),(2,1) 5 25 0.3600:gggg: 0.5958:g:::::: 0.7877+0.0182 118.1/51 0000 2 0.14l2~gg~g: 0.6068:gg:~~. ,-0.0178

(3,1) 6 25 0.3597:gggg: 0.5942:ggg:g O.7597:gg~:: 52.0/48 0.321 10 30 1 0.5223:g:::::~ -0.0235:g:::::~
7 25 0.3594~g::: 0.5930:ggg:: 0.7719:gg::: 48.4/45 0.336 2 0.14l2:gg:~: 0.6029~gg:::
8 25 0.3594:gggg: 0.5953:ggg:~ 0.8276:gg::: 45.9/42 0.315 12 30 1 0.5232:ggg:~ -0.0240:g::::::
9 25 0.3591:gggg: 0.5894:gGG:: 0.7346:gg::: 39.6/39 0.444 2 0.1233:gg::: 0.5993:gg:~:

14 30 1 0.5235:ggg:: -OO239:ggg::
Table 5.2. Examples of simultaneous multi-exponential fits to smeared-local and local- 2 0.1280:gg~~: 0.6296:g:~:
local 3 S1 correIators. The data belongs to K = 0.1575 and is based on a total of 12 x 203
= 2436 measurements. Table 5.3. Amplitudes for 351 two-exponential fits to (1,1) and (2,1) correIa tors.

The relative magnitude of non-diagonal to diagonal amplitudes indicates that smearing
functions are well chosen.
Results for radial and orbital splittings that are used in further analysis are taken from
two-exponential fits to (1,1) and (2,1) correlators. These have the cleanest signals and
exhibit very stable fits. The complete results for each hopping parameter and the quenched
simulation are contained in Table 5.5. In addition, Figures 5.11-5.13 present the fitted
values as a function of TOlin, together with the selected final number. Note that our choice
does not correspond to the smallest Tmin with acceptable X2, but to a value which is well
inside the plateau and thus carries somewhat larger errors. These errors then cover the
systematic uncertainty from varying the fit interval.
A drawback of using smeared-local correlators is the potential danger of overestimating
energy levels, since they usually approximate the asymptotic value from above. It has been
observed that the radial 28-18 splittings are particularly sensitive to such a shift [136]. We
therefore repeat the analysis using two-exponential fits to (1,1) and (2,2) correlators. Sink
smearing produces noisier signals but does not necessarily induce larger errors OIl the fitted
parameters as a consequence of a better decorrelation of the data. This is reflected by
the smeared-smeared results included into Table 5.5: ground state energies carry similar
errors as the corresponding smeared-local numbers. The excited state, however, comes
with significantly larger errors. A careful inspection of these results reveals that the
smeared-smeared and smeared-local data are consistent. The worst case is a shift by one
standard deviation.
We have also applied vector fits involving two cOlTelators but three exponentials. The
third exponential accounts for contamination from higher radial excitations and provides

ncxp ~uin Tmax aEI aE2 aE3 x7/clof Q
4 30 05409:~g~:~ 0.7215:ggg:: 232.0/48 0.000
5 30 0.5304:~gg:~ o 7209+0.0'0' 71.7 /46 0.009. ··0.0103

6 30 0.5299:~gg:~ O.7172~gg::~ 71.2/44 0.006
7 30 0.5273:~gg~: 0.7295~gg::~ 68.3/42 0.006
8 30 0.5244:g~~:; O.7475:gg~:: 64.7/40 0.008

Table 5.4. Simultaneous two-exponential fits to two smeared-locallPl correlators.



a more reliable 28 state. Examples of such fits have been added to Table 5.2. We have
not encountered any discrepancies with the two-exponential results: ground state and first
excited state energies generally agree within errors. These fits also provide an estimate
of the second excited state which, however, is not reliable since no correlator with a good
overlap with 38 has been used. Including the (3,1) turns out to be difficult. We have
not succeeded in obtaining fit results that are stable on more than three subsequent 'l-;"in
values using (1,1),(2,1) and (3,1) correlators at the same time. The situation is significantly
improved if we exchange (1,1) for the local-local correlator. Three-exponential fits to this
set perform much better, see once more Table 5.2. Again we observe complete agreement
of the result for 28 with previous fits, whereas now a more reliable estimate of the second
excitation is achieved. Notice also, that the ground state comes out slightly higher as
a consequence of replacing the (1,1) correIa tor. Results of three-exponential fits for all
I\:-values and the quenched approximation are collected in Table 5.6. Clearly, 38 states
extracted this way have to be treated with care: The fitting uncertainty is more severe
and a fourth exponential is not taken into account. In addition the potential model wave
functions point at sizable finite-volume effects for the second radial excitation on a 1.4 fm
lattice.
We have already mentioned that matrix fits have not been sufficiently stable, so we do
not quote any results here.
For illustration of the quality of the two-exponential fits we plot in Figure 5.14 the effective
amplitude eaE,TCT together with the lowest-order functional form
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with parameters taken from the fit.
We summarise the final results for radial and orbital angular momentum energy levels in
Table 5.7. 1~~~Mttffllt

0~40 1111

5.4.2 Extrapolation in the Sea-Quark Mass

GRINSTEIN and ROTHSTEIN [137J have calculated the pion mass dependence of radial
and orbital splittings in quarkonia up to order m; from a chiral Lagrangian. In lowest
order they find a linear dependence on the quark mass, which may be parametrised as
(see Ref. [138])
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0.3425 quenched ~. 6.0Inside an l' the typical momentum transfer, PT is between 0.5 and 1GeV, i.e. mlo m, «
PT < me' This indicates that the physically relevant number of dynamical quark flavours
is n~hYS = 3. The effect of heavy quark vacuum polarisation is thus likely to be negligible.
Assuming this, we have restricted the flavour sum in (5.9) to the light quarks only. The
second important issue concerns the value of Tnq to which energy splittings are to be
extrapolated. Phenomenologically, one expects little variation as a function of dynamical
quark mass and, since all light quarks are substantially smaller than PT, it has been

Figure 5.11. Fitted 3S1 ground state (left column) and first radial excitation (right
column) as a fWlction of t1lelower limit of the fit range, Tmin. We applied a two-exponential
fit involving correlators (1,1) and (2,1). Tbe upper limit of the fit range is fixed to Tmax = 30
for I\: = 0.1575,0.1570 and Tma• = 31 for I\: = 0.1560 and the quenc1Jed sample. Note
tbat the excited state in the quenched background drops to the ground state very early
restricting the plateau to four or five points and indicating that smearing is less efficient
in this case.
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Figure 5.12. Same as Figure 5.11 for singlet-S correlator. The data looks very similar
to the previous plot as a consequence of the strong correlation between 1So and 3S1'

Figure 5.13. Same as Fig. 5.11 for singlet-P correlator. P state signals rapidly vanish
into noise. Note the change in scale compared to Figures 5.11 and 5.12.
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'so
K.0.1570state range X2 / dof aEI

It = 0.1575
ISo s -I [10,30] 38.1/36 0.3448(6) 0.582(10) 0.564(6) 0.126(28) 0.010(3) 0.591(38)
ISO s - s [9,30] 40.8/38 0.3446(6) 0586(19) 0.750(8) 0.048(41) 0.000(2) 0.586(98)
3S1 s -I [9,30] 31.9/38 0.3584(6) 0.590(8) 0.522(5) 0.127(23) -0.024(4) 0.581(26)
3S1 s - s [9,30] 41.0/38 0.3581(7) 0.597(24) 0.742(9) 0.054(46) 0.001(2) 0.600(123)
IPI s -I [6,30] 71.2/44 0.530(5) 0.717(14) 0.652(39) 0.119(71) 0.107(13) 0.621(29)
J PI S - s [6,30] 56.5/44 0.535(10) 0.687(34) 0.613(112) -0.093(162) 0.017(19) 0.323(38)
K = 0.1570

ISo s -I [10,30] 413/36 0.3464(5) 0.588(11) 0.543(5)
ISO s - s [7,30] 53.8/42 0.3467(6) 0.587(15) 0.747(8)
3S1 s -I [10,30] 48.7/36 0.3606(6) 0.601(10) 0.503(5)
3S1 s - s [8,30] 37.3/40 03606(6) 0.604(20) 0.734(8)
IPI s -I [5,30J 44.8/46 0.536(6) 0.745(13) 0.601(42)
I PI S - s [4,30] 55.6/48 0.532(8) 0.801(37) 0.521(45)
It = 0.1560
ISo s -I [9,31] 66.9/40 0.3492(8) 0.625(19) 0525(10)
ISo s - s [6,31J 76.1/46 0.3483(8) 0.610(23) 0.736(13)
3S1 s -I [9,31J 55.3/40 0.3652(9) 0.631(20) 0.491(10)
3S1 s - s [6,31] 73.8/46 0.3643(9) 0.623(28) 0.731(13)
Ipi s -I [4,31] 57.8/50 0.549(7) 0.792(14) 0.578(40)
1PI s - s [4,31J 74.9/50 0.553(11) 0.786(38) 0.562(70)
quenched (3 = 6.0
ISo s -I [10,31] 43.2/38 0.3309(4) 0.582(12) 0.516(4)
ISO s - s [8,31] 45.4/42 0.3306(3) 0.576(12) 0.758(5)
3S1 s -I [10,31] 44.7/38 0.3438(4) 0.589(12) 0.481(4)
3S1 s - s [8,31J 41.4/42 0.3433(4) 0.585(15) 0.747(5)
1PI s -I [8,31] 33.2/42 0.508(6) 0.720(25) 0.564(51)
Ipi s - s [5,31] 56.9/48 0.509(6) 0.732(27) 0.538(41)
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Figure 5.14. Effective amplitudes, CTeaEIT, from 150 two-exponential fit. The fit range
is [1 O.30}.

state range X2/do! aEI aE2 aE3
It = 0.1575
ISo [6,25] 51.5/48 0.3456(7) 0.581(5) 0.755(25)
3S1 [6,25] 52.0/48 0.3597(8) 0.594(5) 0.760(22)
It = 0.1570
ISO [6,25] 86.9/48 0.3478(6) 0.595(7) 0.770(29)
3S1 18,251 68.1/42 03607(8) 0.602(8) 0.827(53)
It = 0.1560
ISo [5,25] 73.8/51 0.3500(9) 0.624(8) 0.837(31)
3SJ [5,25] 72.5/51 0.3662(11) 0.643(8) 0.873(37)
quenched (3 = 6.0
ISo [7,25J 51.9/45 03304(4) 0.579(5) 0.750(31)
3S1 [7,25] 71.1/45 0.3436(4) 0.593(5) 0.781(33)

Table 5.6. Results from simultaneous tllree-exponential fits to (1,1),(2,1)and (3,1) cone-
lators. The errors have been computed from 300 bootstraps.

-0.006( 4) o 553( 41)
-0.000(1) 0.489(57)
-0.039(4) 0.573(40)
0002(2) 0.540(85)
0.087(11) 0.640(27)
0.032(10) 0.450(49)

-0.017(5) 0.588(68)
-0.000(2) 0.516(75)
-0.052(6) 0.565(66)
0.002(3) 0.523(89)
0.070(11) 0.705(27)
0.006(14) 0.463(52)

. -0.028(3) 0.582(47)
0.002(1) 0.534(55)
-0056(3) 0.566(47)
0.006(1) 0.531(61)
0.077(13) 0.646(81)
0.014(8) 0.473(46)

Level
1150
2150

3150

1351

2351
3351

IIPI

21PI

nf = 2,{3 = 5.6
It = 0.1575 It = 0.1570 It = 0.1560
0.3448(6) 0.3464(5) 0.3492(8)
0.582(10) 0588(11) 0.625(19)
0.755(25) 0.770(29) 0837(31)
0.3584(6) 0.3606(6) 0.3652(9)
0.590(8) 0.601(10) 0.631(20)
0.760(22) 0.827(53) 0.873(37)
0.530(5) 0.536(6) 0.549(7)
0.717(14) 0.745(13) 0.792(14)

Table 5.5. Fit results from two-exponential fits of 150, 351 and IPI conelators. s-I
denotes fits to (1,1) alld (2,1), s - s denotes fits to (1,1) and (2,2). The errors have been
computed from 300 bootstraps. Since the bootstrap distribution turns out to be nearly
symmetric in most cases, we quote just one error.

0.3309(4)
0.582(12)
0.750(31)
0.3438(4)
0.589(12)
0.781(33)
0.508(6)
0.720(25)

Table 5.7. Final results for radial and orbital angular momentum splittings in lattice
units, obtained [rom two-exponential fits to smeared-local cOlTelators. The 35 states have
been takelJ from tilree-exponential fits and include tile local-local correIator.
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0.15563(14)
K,(W)

0.15561(14)
Kl

0.158462( 42)

argued that the effect of three unequal mass quarks may be adequately reproduced by
three degenerate light flavours of average mass [139],
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1 ( ) m,melr = '3 mu + md + m, ~ 3.

A 'chirallimit' at m,/3 and not beyond represents a major advantage of working with the
Y system. Unquenching effects, though probably less important than in light hadrons,
can be nailed down more reliably due to the relative insensitivity to the mt - m, mass
difference.
In this context we point out that there is an uncertainty in the strange quark mass
stemming from the fact that we have generated only two (degenerate) dynamical flavours.
These are identified with the up and down quarks, so that, effectively, m, is defined
in the two-flavour theory in a 'partially quenched' way only. A consistent approach
to analyse this 'partially quenched' data has been presented in Ref.(140, 141], where
hadronic correlators with valence quark content both equal to and different from that of
the underlying sea quark are considered in order to determine the light quark masses.
In Table 5.8 we list the hopping parameter values belonging to the chiral limit, Kc, the
non-strange quark mass, Kl and the strange quark mass, "', obtained from the analysis of
the light hadron spectrum [142J. Note the disagreement of K, determined using the kaon
mass as input with the corresponding value calculated from the J(' or if> mesons. Here,
we choose the average of these, R" corresponding to

1- 1(1 1)Melf = -M, = - -::--- - ~ 0.0159.
3 6 K, Kc

This is somewhat smaller than our lightest sea-quark mass Mq(K = 0.1575) ~ 0.0202.
The results of the uncorrelated linear fits are shown in Figure 5.15. Fit parameters are
listed in Table 5.9 together with the energy splittings at the effective and the light quark
mass. No significant deviation from the linear parameterisation is apparent in the data.
We find the difference between f:,.E(m,/3) and f:,.Eo, which may be taken as an upper
limit of the uncertainty in mef[, to vary from 4 to 14%. In this context it is illustrative
to compare the dependence on the sea-quark mass calculated here with the one found in
the light hadron sector. There it is customary to fix the lattice scale through the p-meson
mass 6. In Figure 5.16 we compare the quark-mass extrapolations of the bottomonium
11PI - 13SI splitting and the p-meson. The slope in the light vector meson lUass turns

Figw'e 5.15. Extrapolation of splittings between gJ'OlIlIdstates and radial as well as
orbital angular momentwn excitations in dynamical quark mass to tbe rclevant effcctive
quark mass m,/3. Filled circles are tbe measured data, open triangles mark the extrapo-
lated values at amelf.

60bvioilsly, in the full tileory the p-ma.'lSis a poor choice. The nucleonmass should be preferred,
lboughit is subjecl to largerstatistical errors.



splitting
2180 - 1180
3180 - 1180

2381 - 1381

3381 -1381

IIPI -1381

21PI _lIPI

t:lEo
0.209(21)
0.354(43)
0.209(18)
0.332(41)
0.163(9)
0.152(24)

c
1.2(7)
2.6(1.5)
1.1(7)
3.5(1.3)
0.4(3)
1.8(7)

t:lE(m,/3)
0.229(10)
0.394(27)
0.226(9)
0.388(27)
0.170(5)
0.181(15)

t:lE(ml)
0.212(19)
0.359( 41)
0.211(17)
0.339(39)
0.164(8)
0.156(23)
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Tmjn Tmax t:lE A X2
/dof Q

10 30 0.0135~gggg: 0.9909~g~:~ 203/19 0.379
12 30 0.0135~g~~: 0.9912~g~:~ 200/17 0.272
14 30 0.0134~g~g: O. 9907~~g~:; 19.6/15 0.186
16 30 0.0134~~~: 0.9905~~~;g 190/13 0.123
18 30 0.0135~g=: 0.9907~g~;~ 14.6/11 0.204
20 30 0.0135~gg~g: 09918~g~~: 14.1/9 0.118
22 30 0.0134~g=: O. 9880~g~~; 8.6/7 0.282
24 30 0.0132~g~~: 0.9848~g~:: 6.0/5 0.305

Table 5.10. Example of a ratio fit of the S hyperfine splitting, t:lE = t:lE(1381 - 1180);

'" = 0.1575, 2436 measurements.
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out to be 10 times larger for the P - 8 splitting. In contrast to the heavy quark data
which are perfectly fitted by a linear ansatz, the linear fit to the p-meson yields a X2/dof
of 1.5/2 which may indicate a contribution of a quadratic term. The 3-parameter fit,
also included in Figure 5.16, reveals the sensitivity to the kind of chiral extrapolation. It
results in large errors on the fit parameters. Other Y splittings have bigger slopes than
P - 8, yet small compared to the corresponding variation of light hadron masses. We
note that the analysis of a 243 x 48 lattice by the T xL Collaboration [143] points at sizable
finite-volume effects at '" = 0.1575. On the larger lattice the p-mass is reduced by 3%
which will further increase the slope in Figure 5.16.
As a consequence we move Oil safe ground by fIXing the lattice spacing through the low-
lying bottomonium splittings. Following Ref. [47]we will use the average spacing obtained
from the 13?_13 81 and 2381-1381 splittings. We can't use the I PI level directly since spin
singlets have not been observed experimentally up to now. Hence, before we determine
the lattice scale we treat the spin splittings in the next section ...~:: .

....

f
···· ..'
......... ..-

0.01 0.02 0.03 0.04 0.05 0.06
Mq

It will be difficult to resolve spin splittings with separate fits applying the multi-
exponential ansatz since this method yields errors on the P ground states of the order of
0.005 in lattice units (Table 5.5) which is the expected magnitude of the spin splittings.
To circumvent this problem we can make use of the strong correlation between meson
operators of equal orbital angular momentum to significantly reduce statistical errors.
This is achieved by a fit to the ratio of two correlators which directly gives the level
splitting. Throughout we will choose a single exponential ansatz. Contamination from
excited states can be estimated by an extended model function.

Figure 5.16. Variation with sea-quark mass: The p-mesoll is compared to the II PI -1381-

splitting. The dotted line corresponds to a quadratic fit, the dastled-dotted line to a linear
fit and open triangles mark the extrapolated values at "'I. Tlle data is taken [Tom [124)'

CIC;, = Aexp(-t:lET),
T
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Tmln lmin

range
[10,30]
[12,30]
[14,30]

6;E12

0.01346(25)
0.01346(55)
0.01344(71 )

6;EI

-0.000(70)
0.001(85)
0.00(47)

6;E2

-0.000(73)
0.001( 41)
O.OO(48)

Table 5.11. Example of extended ratio fits for the S hyperfine splitting based on tlle
same data sample as in Table 5.10.

C} __A (6;E T)1 + A2exp(-6;EIT)
Cf. - I exp - 12 1 + A3exp( -6;E2T)

In Figure 5.17 we plot the T,nin dependence of the fit result for the 13SI -11 So splitting. We
show the result from both the smeared-local and smeared-smeared correlators, although
we shall use only the smeared-smeared data. The fit is absolutely stable for Trnin > 10-12
(see also Table 5.10). Note that the total scale in Figure 5.17 is around 5 MeV! The
corrected ratio fit confirms the single exponential ansatz. As is obvious from Table 5.11
the additional terms are zero within errors and the splitting oE12 is consistent with oE.
For the fine structure in the L = 1 sector we compute the energy difference of each 3PJ

state relative to the singlet P. In Figures 5.18-5.20 we show Trnin plots for 6;Ee PI _3 Po),
6;Ee PI _3 Ptl and 6;E(l P2 _I Pd, respectively. Again, our final choice of fitted values
is such that the statistical error encompasses the systematic uncertainty due to the fit
interval. Here, the discrepancy between fits to (1, I) and (1,1) correlators is much more
pronounced than for the S hyperfine splitting. Deviating from [60]' where we quoted
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Figure 5.18. Trnin dependence of the fit result for 6;E(11 PI _13 Po). Open circles indicate
smeared-local data, filled circles smeared-smeared data.

Figure 5.17. Dependence of the fit result for the energy splitting 6;E(13S1 - IIS0)

on the lower limit of the fit range, Tmin. The upper limit is fixed to Tmax = 30 for
K, = 0.1575,0.1570 and to Tmax = 31 [01' K, = 0.1560 and the quenched case. The splitting
is obtained from a single exponential fit to the ratio of c01'1'elatorsCT(13S1)/CT(1IS0)'
Open circles indicate smeared-local data, filled circles smeared-smeared data. Tlle solid
line represents the selected value, the dashed line its lu-balld.



70 Chapter 5. Bottomonium Spectroscopy

0.0075 0.0075

0.0050 0.0050

Me:: if
§: 0.0025 . • 0:: 0.0025

W I I I w
<I <I

0.0000 0.0000

<=0.1575 <=0.1570

-0.0025 -0.0025
10 10

Tmin Tmin

0.0075 0.0075

0.0050 0.0050

f 11+i- MO::

0:: 0.0025 0:: 0.0025 --1+1.._-.

w W
<I <I

0.0000 0.0000

<=0.1560 quenched P' 6.0

-0.0025 -0.0025
6 10 6 10

Tori" Tori"

Figul'e 5.19. Tmin dependence oEthe fit result EarfJ.E(11 PI _13 Pj). Open circles indicate
smeared-local data, filled circles smeared-smeared data.

the average fit result from the smeared-local and smeared-smeared data we will take into
account only the (1,1) numbers within this analysis. Thus we avoid to run into trouble
with fitted numbers that have not yet reached their plateau value. Splittings relative to
the spin-averaged triplet P are obtained as follows:

t--I-I~·FWJ·-

• • + I I I. I II-1-+---+---b+:- ---

Figure 5.20. Tonin dependence oEtlJe fit result EoI'fJ.E(13 Pz _II Pd. Open circles indicate
smeared-local data, filled circles smeared-smeared data.

Results in lattice units at fixed sea-quark mass and from the quenched approximation are
summarised in Tables 5.12 and 5.13. We proceed as for the radial and orbital splittings
and extrapolate the unquenched data linearly in the light quark mass to Mq = M./3,
Figure 5.21. Considering the error bars it is obvious that the slope is consistent with zero
except for 3S1 _1 So, see Table 5.14.



0.020 0.010

splitting range X2
/dof f:.E A

13S1-11S00.018 0.008 13P2-11Pl

Ii = 0.1575
13S1 -11S0 HI, I)} [10,30] 203/19 0.01346(11) 09909(13) 0.016 O.OOG

13P2 -11P1 HI, In [7,30J 8.0/22 0.0028(5) 1.0035( 43) ~ w
:iI

I1P1 -13P1 HI, In [5,30] 49.5/24 0.0019(4) 0.9970(23)
0.014 0.004 -H--+----+-

I1Pl-13PO {(I, In [7,30] 29.0/22 0.0088(10) 0.9983(80) 0.012 0.002

Ii = 0.1570
13S1 -11So {(1, In [20,30] 3.5/9 0.01416(16) 0.9871(30) 0.010 0.000

0.01 0.02 0.03 0.04 0.05 0.06 0.01 0.02 0.03 0.04 0.05 0.06

13P2 -11P1 {(I, In [7,15] 4.5/7 0.0032(8) 1.0031(65) M. M.

I1P1 - 13P1 HI, In [5,15] 13.5/9 0.0020(5) 1.0002(29) 0.008 0.014

I1P1 -13po {(I, In [7,15] 11.8/7 0.0096(11) 1.0037(91)
Ii = 0.1560 0.006 11p,_13Pl 0.012 11pl·,3PO

13S1 -11S0 HI, In [16,31] 5.6/14 0.01613(24) 0.9931(43) 0.004 0.010 .---+r-·.+----+- ..-13P2 -11P1 {(I, In [4,311 23.4/26 0.0037(5) 1.0029(23) ~ w-+- :iI
IIPl -13P1 {(I, In [6,31] 25.6/24 0.0021(8) 0.9988(60) 0.002 0008

I1Pl -13Po {(I, In [6,31] 14.9/24 0.0096(11) 0.9979(73)
quenched {3 = 6.0

0.000 0.006

13S1 - ]lSO {(I, In [17,31] 9.8/13 0.01266(8) 0.9863(16) -0.002 0.004

13P2 -llPl {(I, In [5,31J 24.2/25 0.0036(3) 1.0038(19)
001 0.02 0.03 0.04 0.05 0.06 0.01 0.02 0.03 0.04 0.05 0.06

11P1 -13P1 HI, In [7,31J 28.6/23 0.0016(6) 0.9975( 45)
M. M.

11P1 -13po {(I, In [5,31] 26.9/25 0.0094(5) 1.0033(31) Figure 5.21. Linear extrapolation of spin splittings in tIle dynamical quark mass to

Table 5.12. Results obtained from fitting a single exponential to the ratio of two corre-
Ins/3.

lators.

splitting
13P - 1351

1351- 11S0

13P2 - 11Pl

llPl -13Pl

I1P1 -13po
13P2 _13p
13P -13P1

13P -13po
13P -11P1

f:.Eo
0.163(9)
0.01168(23)
0.0022(10)
0.0018(9)
0.0085(17)
0.0025(6)
0.0015(7)
0.0082(16)
-0.0003(7)

Splitting
13P2 -lP
1P -13Pl

IP -13po
1P -11P1

nf = 2, (3 = 5.6
Ii = 0.1560 Ii = 0.1570 Ii = 0.1575
00034(4) 00032(4) 00028(4)
0.0024(5) 0.0021(5) 00018(3)
00099(10) 0.0096(11) 00087(10)
0.0003( 4) 0.0000(5) -0.0001(3)

0.0032(3)
0.0020( 4)
0.0098(5)
0.0004(3)

Table 5_13. Spin splittings relative to the spin-averaged 3P level for fixed sea-quark
mass as FoIellas in the quenched approximation.

c
043(27)
0.086(8)
0029(26)
0.007(31)
0.024(51)
0018(19)
0.018(21 )
0.035( 45)
0.012(21)

f:.E(Ms/3)
0170(5)
0.01304(12)
00027(6)
00019( 4)
0.0088(10)
00028(3)
00018( 4)
0.0087(10)
-0.0001(4)

f:.E(Md
0.164(8)
0.01185(22)
00023(10)
0.0018(8)
0.0085(17)
0.0026(5)
0.0015(7)
00082(15)
-0.0003(6)

Table 5.14. Spin splittings extrapolated to the effective quark mass lneff/3 and the light
quark mass.
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Splitting a-I [GeV] Average a-1[GeV] Rsp Rpp

nt = 0, (3 = 6.0 T'-T 2.29(11) 2.49(7) 1.49(10) 0.67(11)
X-T 2.68(9)

K. = 0.1560 T'-T 2.12(16) 2.25(10) 1.44(10) 0.77(18)
X-T 2.38(8)

K. = 0.1570 T'-T 2.34(9) 2.42(6) 1.37(7) 0.70(16)
X-T 2.50(8)

K. = 0.1575 T'-T 2.43(8) 2.50(6) 1.35(6) 0.68(12)
X-T 2.57(7)

m,f3 1'-y 2.49(10) 2.54(6) 1.33(6) 0.66(12)
x-y 2.59(7)

Splitting
21So -11So
3180 -11S0

23S1 - 13S1

33S1 - 13S1

11 PI - 13S1

21PI - 11PI

1P - 13S1

13S1 -11So
13P2 - 11P1

11PI _13PI

11Pl-13PO

13P2-1P
1P _13P1

1P - 13po
1P-lIPI

Table 5.15. Determination of the lattice spacing from the 23S1 - 13S1 and 13P - 13SI
splittings. We use the average value to convert our results to pllysical units. Rsp is to be
compared to the experimental value of 1.28.

Simulation Result [GeV]
nt = 2 , (3= 5.6, m,f3 nt = 0 1(3= 6.0

0.581(21) 0.625(21)
1.00(7) 1.04(8)

0.575(14) 0.610(21)
099(6) 1.09(9)

0.431(10) 0.407(12)
0.459( 40) 0.528(66)
0.431(10) 0.408(12)
0.0331(9) 0.0315(9)
0.0068(16) 0.0089(8)
0.0048(12) 0.0040(15)
0.0225(27) 00234(15)
0.0071(9) 0.0079(7)
0.0045(10) 0.0050(10)
00222(26) 0.0244(13)
-0.0003(10) 0.0010(7)

0.5629
0.895

0.0130
0.0083
0040

Table 5.16. Overview of our results in physical units. Tlle scale is set by the average
P - Sand 2S - IS splitting.

To convert the splittings computed in the previous section into physical units we have to
determine the lattice spacing, a. This presents an easier task in heavy quarkonium than
it does in the light hadron sector. It has already been mentioned that the dependence
on the sea-quark mass is much less severe for the lowest radial and orbital bottomonium
splittings than for the p-meson or the nucleon. In addition, these are insensitive to the
heavy quark mass. In the absence of an experimental number for the singlet states in
bottomonium we shall here use the 2381 - 13SI and 13P - 13SI splittings,

-I 0.5629GeV
a = aE(23Stl - aE(J.3StlIM./3 I

Results for lattice spacings are sumruarised in Table 5.15. Note that the average spacing
for (3 = 5.6, 11t = 2 at Mq = M,f3 agrees well with the quenched one at (3 = 6.0, so that
we can directly compare our results in both theories. In Table 5.16 we list the results in
physical units. We have used the average a-I to obtain these numbers and thus distribute
the mismatch between both determinations on 8 and P states.

Gross level structw'e

Figure 5.22 summarises our results for two and zero flavours from Table 5.16. It is obvious
that the gross level structure, i.e. the radial and orbital angular momentum splittings,
computed on quenched configurations disagrees with experiment. This is as expected
since the coupling constant will run incorrectly between the scales dominating the L = 0
and L = 1 bound states. There is no effective coupling that gives the correct answer for
both the 1P and 28 states within the quenched approximation.
The 11t = 2 lattice results are in much closer agreement with the experimental data. This
is also evident from Table 5.15 which shows that the lattice spacings from the 2S - IS
and the IS - 1P splittings do not agree in the quenched theory whereas they coincide

-----
3S --------

2P

2S -;--- .--
1P

-u·_-.- • dynamical Wilson
o quenchod

1S

'So 3S, 1 P,

Figure 5.22. Bottomonium spectrum - radial and orbital angular momentum split-
tings. Tlle 3 SI ground state is fixed to tlle experimental Y energy. Open symbols denote
quenc11ed results, filled symbols 11t = 2 results at mq = m,f3. Solid lines mark the exper-
imental values, dashed lines tile position of the spin-averaged 3 PJ states, wllidl are nearly
identical with the singlet-P estimates.
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Figure 5.23. The ratio Rsp = 2351 - 1351/13 P - 1351 in bottolllonium as a function of
the numlJer of dynamical flavours.

when tW() dynamical quarks are switched on. The ratio of these splittings is plotted in
Figure 5_23 as a function of the number of dynamical flavours. Whereas the quenched
result is off the experimental number by 1-2 a, we find a ratio for n/ = 2 which is nicely
consistent with it. Note, however, that this value moved up by one standard deviation
compare£! to our previous estimate with smaller statistics [60] which may hint at three
active flavours rather than two. Figure 5.23 includes the ratio Rsp that one obtains by
extrapolation to n/ = 3. Like the two-flavour result it is in agreement with experiment.

To summarise: in the rildial and orbital splittings we observe a clear trend towards ex-
periment, once the vacuum polarisation is partly included. The effect is at the level of
one or two standard deviations.

Figure 5.24. Bottomonium spectrum - P fine structure. Open symbols denote quenched
results, filled symbols 11/ = 2 results at mq = m,j3. Solid lines mark experimental values
for triplet P and the spin average of these since the hb bas not been observed. Note that
the unquenched I PI data point agrees with 3P as predicted by potential models.

Spin Spolittings

We do not observe any significant impact of unquenching on the spin-dependent splittings.
In particular, the P fine structure seems to be largely underestimated for both 11/ = 0 and
11/ = 2 as shown in Figure 5.24. The S hyperfine splitting, too, remains constant within
errors. FIom a perturbative viewpoint this is perhaps not too unexpected if one recognises
that SES AM's investigation of the static quark potential [83] finds unquenching to induce
only a small increase of about 10% in the Coulomb coefficient.

We note that the ratio Rpp = f::..E(13P2 - 13PI)jf::..E(13PI -13po) is in agreement with
the experimental value 0.66, Figure 5.25. A similar result was obtained in [48], where Rpp

has been found to change from 1.11(26) to 0.56(19) when next-to-leading spin-dependent
relativist ic corrections are included. There is another interesting observation: from po-
tential rrLOdelsone expects that spin-orbit and tensor contributions sum up to zero leading
to degeneracy between spin-averaged 3 P and singlet P states

Figure 5.24 reveals that the unquenched I PI result confirms this expectation whereas the
quenched singlet P state is smaller than 3P.
It is reasonable to assume that the spin splittings are much more sensitive to the details
of the quark action than radial and orbital splittings. Therefore, we will attempt to
disentangle the different systematic uncertainties in the next chapter.

We compare our spectrum results with an earlier NRQCD calculation of bottomonium
on unquenched gauge field configurations. DAVIES ET.AL. [50] have been the first to
include the effects of dynamical quarks applying the Kogut-Susskind staggered discreti-
sation. They analysed HEMCGC configurations with am = 0.01,0.025 using an NRQCD
action of O(mbv4) and chose Uo = u:. The bare b-quark mass was Mb = 1.8 which a
posteriori turned out to be slightly too large [138]. Since the statistics for amq = 0.025
was lower than for amq = 0.01, however, there was no lever-arm for an extrapolation in
the dynamical quark mass.
In Figure 5.26 we compare the gross level structure obtained in [50] with our results.
There is excellent agreement for 2S-1S and 1P-1S. Both simulations also give consistent
3S and 2P energies, although within large errors.
The situation is much less clear for the P fine structure as shown in Figure 5.27. Our
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Figure 5.25. TlJe ratio Rpp = b.(13P2 - 13Pd/b.(13P1 - 13po) in bottomOlJium as a
{unction of the number of dynamical flavours. The experimental number 0.66 is indicated
by the dashed line. Figure 5.27. Comparison of the P fine structure from simulations using configurations

with dynamical quarks. Same labelilJg as in Figure 5.26.

-1-_1
38

results have smaller errors than the staggered data. We are thus able to reveal a discrep-
ancy between both simulations: whereas the staggered data reproduce the experimental
spin splittings quite well, the Wilson result underestimates them considerably. However,
no firm conclusion about the fermion formulation can be drawn from Figure 5.27 since
the difference in the NRQCD actions do affect the spin splittings. The investigation of
systematic errors in the next chapter indicates that the larger splittings obtailled with the
staggered configurations are more likely due to the lower-order action than to difrereut
fermionic discretisation schemes.

As discussed in Section 4.5.3 we can study the non-relativistic dispersion ;relation for
mesons at small finite momentum to determine the bare lattice b-quark mass, Mb. At
first sight this seems to be a laborious iterative procedure, especially in the presence of
dynamical flavours: choose a value of Mb, calculate the spectrum on background fields with
different sea-quark content, do the chiral extrapolation, determine the lattice spacing and
the kinetic T mass in physical units and, finally, readjust the bare quark mass. However,
it may be inferred from phenomenology and is demonstrated in the next chapter that such
fine tuning is not needed in practice. Results presented so far have been obtained entirely
with a single value Mb = 1.70. It has to be checked whether this choice is a.ppropriate.
We apply two different parameterisations of the dispersion relation to obtain the kinetic

Figure 5.26. Comparison of radial and orbital splittings from simulations using con-
figurations with dynamical quarks. Filled circles label our results at mq = m./3. Open
triangles denote results by DAVIES ET.AL. [50J obtained on HEMCGC n, = 2 staggered
configuration with amq = 0.01, {3= 5.6.
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Figure 5.28. Effective masses belonging to the ratio of finite-momentum cOITelators to
the zero-momentum correlator. Open circles indicate smeared-local data, filled circles
smeared-smeared data. 1
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In a relativistic theory mkin equals the rest mass and Cl = 1. The non-relativistic ap-
proximation will reproduce this value up to corrections of O(v2). We choose to extract
the splitt.ing between finite-momentum and zero-momentum correlators from single expo-
nential ratio fits

140/10
14.6/10
17.5/10
16.9/10
11.6/13
148/13
20.6/13
18.1/13

13.0/15 0.02026(12)
13.3/15 0.04075(30)
168/15 0.06178(61)
15.5/15 0.07972(67)
15.3/15 0.02007(15)
13.6/15 0.04040(34)
17.5/15 0.06148(75)
16.5/15 0.07897(81)

CP(T)
CPO(T) = -- = Ae-(aE(p)-aE(O))T + corrections

r -~m '
We have computed correlators with momenta Ipl = 1, V2, v'3, 2 in units of 271'/16a and
averaged over all possible polarisatiolls. Figure 5.28 presents effective mass plots for
the ratio in Eq. (5.20). Both (1,l) and (1,1) smearings are shown. The results are
sunuJlarised in Table 5.17. In most cases smeared-smeared correlators give splittings that
are smalJer than smeared-local ones by about one standard deviation. Only the former
are used to determine M~n' We have tried correlated and uncorrelated fits of the kinetic

Table 5.17. Results of ratio fits of finite-lllomentum correlators for singlet-S aud triplet-8
states.
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0.10 0.10
Correlated - 2 parameters Correlated - 2 parameters state Npar X2/dof Atkin CI0.08 X2/dof: 1 12 0.08 l/dof.0.24/2

U C U C U C
clJ 0.06

M~

0.06 K.= 0.1575
~ :i< 351 1 0.82/3 1.6/3 3.83.2(39) 3.821(36)u, 0.04 w 0.04'" ro

3S1 2 0.65/2 1/2 3.813(40) 3.814(39) 0.86(1.2) 0.78(1.1)
0.02 0.02 150 1 0.89/3 1.7/3 3800(33) 3.789(28)

•• 0.1575 K·0.1570 150 2 0.65/2 1.2/2 3.782(30) 3.787(29) 0.84(1.1) 065(1.0)
0.00 0.00

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 K.= 0.1570
lapl2 lapl2 3S[ 1 1.1/3 3.7/3 3.825( 40) 3.804(36)

0.10 0.10 351 2 019/2 0.24/2 3.785(37) 3790(34) 1.87(97) 1.79(97)
Correlated - 2 parameters Correlated - 2 parameters ISO 1 0.7/3 23/3 3.776(27) 3.763(25)

0.08 f l/dol= 1/2 0.08 l/dol = 14/2
ISO 2 0.14/2 0.17/2 3.754(26) 3756(25) 1.05(77) 1.02(~61

clJ 0.06
M~

0.06 K.=01560
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lapl2 lapl2 351 1 63/3 20/3 3.837(32) 3.828(25)
3S1 2 5.7/2 14/2 3812(26) 3.832(25) 1.13(67) 1.57(66)

Figure 5.29. Correlated two-parameter fits of the non-relativistic dispersion relation for 150 1 75/3 26/3 3.804(24) 3.779(20)
351 according to Eq.(5.19). The kinetic energy is plotted versus (27r/16)2InI2 with n = ISO 2 63/2 14/2 3.777(20) 3.790(20) 1.25(54) 1.70(52)
(1,0,0),(0,1,0),(0,0,1),(1,1,0),(1,0,1),(0,1, 1),(1, 1,1),(2,0,0),(0,2,0),(0,0,2). Note

Table 5.18. Linear and quadratic fits of the non-relativistic dispersion relation bascd onthe large X2 for the quenched data.
smeared-smeared finite-momentum data. (C)on-elated and (U)ncon-clated tits work out
equally well.

energy Ekin(p) = E(p) - E(O). The results in Table 5.18 show that the kinetic masses
from different types of fits coincide within errors. The coefficient CI is consistent with
1, though with large uncertainties. The slight discrepancy for K. = 0.1560 surely is due
to the lower statistics of this sample. The X2 valnes do not prefer one of the functional
forms Eq.(5.18) or Eq.(5.19). Within our samples the lowest order dispersion relation
already works perfectly well. Note however, that the X2 values in the quenched case are
very large. This is true both for the one- and the two-parameter fits and it is surprising
that even though the action contains NLO relativistic corrections the quadratic ansatz
seems to be not quite adequate. Finally we give the values of the kinetic T and T/b

masses from the correlated two-parameter fits to smeared-smeared data in Table 5.19. To
convert to physical units we have used the average lattice spacing, a-I = 2.54(6)GeV,
at the effective dynamical quark mass, Table 5.15. As expected, the quenched number
coincides with the experimental mass within errors. Remember that the bare heavy quark
mass parameter was tuned to the T in Ref.[47]. It turns out that Mb = 1.7 remains valid
in the unquenched case. The kinetic masses hit the experimental line in Figure 5.30 for
K. = 0.1575,0.1570. The sample with the heaviest sea-quark gives a meson mass that
is slightly too high, but the important observation is the insensitivity with respect to
changes in mq. We shall investigate in the next chapter the variation of radial and orbital

K. state mkin [GeVJ
01575 351 968(27)

ISO 9.62(26)
0.1570 351 9.63(24)

150 9.54(24)
0.1560 351 9.97(28)

ISO 978(26)
quenched 351 9.52(26)

ISO 9.42(26)

Table 5.19. T and T/b kinetic masses in physical units. Lattice numbers from correlated
two-parameter fits have been converted into physical units using a-I = 2.54(6)GeV for
nf = 2 data and a-I = 2.49(7)GeV in tlle quenched case.



11.0

10.5

>' 10.0

.J. tQ)

..tS1.

M~

9.5

~ 9.0

8.5

8.0
0.01 0.02 0.03 0.04 0.05 0.06

Mq

3S -0------

2P
-".--"-

2S -0---"'--

lP

• dynamical Wilson

lS o laUice potential

'So 3S, 'P,splittings with Mkin. We find no visible dependence within a large range of quark masses
confirming the experimental observation. Therefore the iterative procedure outlined above
is not necessary in practice.

Figure 5.31. Comparison between the NRQCD results for tIle bb spectrum and the
bottomoniu1l1 energies obtained in Ref {107} from the O( v2) corrected lattice heavy
quark potential.

We have presented a detailed study of dynamical quark effects in bb bound states. We
computed radial and orbital angular momentum splittings as well as spin-splittings from
a next-to-leading order lattice NRQCD action. With improved smearing techniques clean
signals for ground and excited states have been obtained.
We have studied the light quark mass and flavour dependence of the bb spectrum. All
quantities were linearly extrapolated to m,j3. We are helped in these extrapolations by
the fact that m,j3 is very close to our lightest sea-quark mass so that the extrapolated
values are easily consistent within errors with the values at Ii = 0.1575. The lattice
spacing has been determined after 'chiral extrapolation' with an error of 2-3%, which
accounts for the statistical and systematic (fitting) uncertainties.
Comparing to the quenched calculation at si.milar lattice spacing we find a small un-
quenchillg effect in the radial and orbital splittings which can be quantified by the ratio
Rsp = 2331 - 138J/13 P - 1381 determined to be 1.33(6) with two dynamical flavours and
1.49(10) for the quenched case, the experimental value being 1.28.
We have succeeded in determining spin splittings with an accuracy of a few MeV. This
allows us to discover even very small vacuum polarisation effects. However, we do not
observe any sign of unquenching here. A reasonable expectation is that these quantities are
very sensitive to the details of the NRQCD action. Large systematic errors possibly hide
unquenching effects. This is clearly indicated by results presented in the next chapter. It
seems likely that the spin-dependent sector will come out correctly only if the coefficients

20.0

10.0

0.0 hb

-10.0
>
Q)::;;

-20.0

-30.0

-40.0

-50.0

Figure 5.32. NRQCD results [or the P fine structure (filled circles) versus ale O(v2)
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in the action, in particular C4, are adjusted more accurately.7

We have chosen smearing functions that are Schriidinger wave functions calculated from
a lattice potential. We conclude this chapter with a comparison of the NRQCD spectrum
to the energy eigenvalues belonging to these wave functions as given in Ref. [107]. The
authors fix the b-quark mass and the value of the string tension by minimising the squared
differences between their potential model predictions and experimental states including
all observed bottomonium resonances below the BE threshold:

Chapter 6

Investigation of Systematic Errors

so far we have been concentrating on the study of vacuum polarisation effects. The
results quoted in Chapter 5 are subject to various systematic uncertainties which will

be explored in this chapter. Most of these are specific to the non-relativistic treatment
of the heavy quarks. We start off with investigating the dependence of quarkonium level
splittings on the heavy quark mass in Section 6.1. Moreover, we study their sensitivity to
changes of the non-relativistic action. Two issues are tackled in this respect: we examine
the convergence of the velocity expansion by comparing leading order and next-to-Ieading
order results in Section 6.2 and test the effect of changing the tadpole factor, Section
6.3. A final topic will be the systematic error in the propagator calculation due to the
temporal discretisation. Unfortunately, our data does not allow for a study of the cut-off
dependence. Hence we may only refer to other groups' results on quenched configurations
to give an idea of the scaling behaviour.

Here, K, denotes the string tension. Note from Figure 5.31 that radial and orbital splittings
from the potential model are somewhat smaller than the NRQCD results, in particular the
2S-1S. If one would freeze the average of the 23S\ - 13S\ and 13P - 13S\ splittings to its
experimental value, as we have done in the NRQCD simulation, the potential model would
predict larger splittings and the 2P mass would come out to be significantly heavier than
experiment, but closer to the NRQCD result [107]. The P fine structure that is obtained
from both approaches is in surprisingly good agreement, Figure 5.32.

It was shown in Section 5.6, that the bare heavy quark mass Mb = 1.7 leads to kinetic Y
masses which are in reasonable agreement with experiment. Remember, we did not tune
this parameter, but simply adopted the value adequate ill the quenched approximation.
In fact, a precise adjustment of Mb is unnecessary because radial and orbital q uarkonium
splittings are largely unaft"ected by changes of the heavy quark mass. Here, we explicitly
calculate the dependence of the 2S-1S radial splittings as well as the S hyperfine splitting
on the bare mass parameter to verify the above statement on unquenched configurations.
We have computed S-state mesons on the gauge field sample containing the lightest sea
quark choosing four additional quark masses: Mb = 1.6,1.8,1.9,2.0. Quark propagators
have been obtained with the NLO NRQCD action and the tadpole factor u~. Each
set contains 800 measurements which is sufficient to allow for stable two-exponential
fits. Following the lines of Section 5.4, we use smeared-local conelators to extract radial
splittings and ratios of smeared-smeared cOlTelators for the hyperfine splittings. The
lower limit of the fit range is varied until masses run into plateaus, the upper limit is
fixed to the lattice time extent. Table 6.1 lists the results in lattice units. A significant
MQ-dependence is observed for the ground states only, especially the pseudoscalar, Figure
6.1. Excited states remain constant within errors and so do the radial splittings. The
hyperfine splitting, on the other hand, exhibits a decrease with I/M~, consistent with the
perturbative formula7Work in this direction has recently been started by TROTTIER and LEPAGE (1451. The authors

have considered the feasibility to compute operator coefficients from numerical simulations deep in the
perturbative region. _ 327Ta(7T!Q) 1.1 (0)12

~Ehfs - 2 </J •
97T!Q

The strong dependence on quark mass shown in Figure 6.2 suggests that it has to be
tuned carefully in order to get the spin splittings right. For each bare quark lUasS we have
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MQ 1.6 1.7 1.8 1.9 2.0
13S1 03577(9) 0.3584(6) 0.3597(8) 0.3600(8) 0.3599(8)
23S1 0602(11) 0.590(8) 0.599(10) 0.597(10) 0.594(9)
23S1-13S1 0.244(11) 0.232(8) 0.239(10) 0.237(10) 0.234(9)
11S0 0.3433(8) 0.3448(6) 0.3461(8) 0.3468(8) 0.3470(8)
21S0 0.598(11) 0.582(10) 0.594(9) 0.592(10) 0.589(9)
21S0 -11S0 0.255(11) 0.237(10) 0.248(9) 0.245(9) 0.242(9)
13S1 -llSo 0.01379(23) 0.01346(11) 0.01304(24) 0.01273(24) 0.01244(23)

0.0150 ,----,-----..,.-----.-------,------,
0.0145
0.0140
0.0135
0.0130
0.0125
0.0120
0.0115
0.0110
0.0105
0.0100

0.20

Table 6.1. Radial and hyperfine splittings for S states as a function of the bare heavy
quark mass. All results are obtained on tile sample with th~ lightest dynamical quark
mass, r; = 0.1575. With exception of column three (MQ = 1.7), fit ranges llave been
uniformly chosen to be [8,31J for ISO, 3SI two-exponential fits and [18,31J for 3SI j! So
ratio fits. 0.30 0.35

11M2
Q
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Figure fl.1. Heavy quark mass dependence of Y and 7Jb levels according to Table 6.1.
One observes a small increase of ground state energies which is drowned, however, by the
error of the excited state when forming mass differences.

MQ 1.6 1.7 1.8 1.9 2.0
Mldn 3.60(9) 3.84(5) 3.99(10) 4.19(10) 4.36(8)

Table 6.2. Results for the Y kinetic energy for various values of the bare heavy quark
mass.

computed the kinetic Y mass which is found to vary by 20% over the range MQ = 1.6-2.0,
Table 6.2 and Figure 6.3. This causes the 2S-1S splitting to change by less than 10% as
can be seen from Figure 6.4 Let us refer back to Figure 5.30 to note that Mkin needs to
be lowered by at most 2-5% to reproduce the experimental Y mass exactly. Such a small
change will increase the S hyperfine splitting by about 5% whereas the radial S splitting
will be affected on the 1-2% level only. For the latter we therefore conclude that the
systematic uncertainty due to a slight offset in the kinetic Y mass is negligible compared
to statistical errors.

A central issue are systematic errors arising from higher order relativistic terms that have
been neglected. The velocity expansion is a useful tool only if it converges sufficiently fast
so that one is not forced to go beyond next-to-Ieading order.
Our Lagrangian includes spin-independent interaction terms of 0(mbv2) and O(mbv4).
The next order will therefore introduce corrections which are v4 x kinetic energy, i.e. '"
0.01 x 500 MeV", 5 MeV. This presents a 1% error for radial and orbital splittings.
Spin splittings would be affected on a 10% level, however. Naively one expects that the
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action
O(mbv4)
O(mbv6)

1150

0.3299(6)
03309(4)

2150

0581(12)
0582(12)

1351

03441(7)
0.3438(4)

2351

0.587(14)
0.589(12)

1351 - 11S0

0.01443(23)
001266(8)

0.290

0.270

0.250 +++++(f)
(")

0.230r-,
(f)

0.210(")

C\I

0.190

0.170
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Table 6.3. Comparison of quenched Y and TJbenergies obtained with the O(mbv4) and
O(mbv6) actions. Lower order results involve 600 measurements and fit rang-es [8,31} for
351/50 two-exponential fits and [18,31} for 35r/150 ratio fits. In both cases simulation
parameters are (3 = 6.0, Mb = 1.7 with tadpole factor ut·

3.4 3.6 3.8 4.0 4.2 4.4 4.6

Mkin

inclusion of spin-dependent O( mbv6) terms reduces the relativistic errors by another factor
of v2 to around 1% for spin splittings also. Table 6.3 compares results for the leading
order and next-to-leading order action. As in the previous sectioll, we restrict ourselves to
the S-wave meSOIlS,but use quenched configurations. The lower order calculation involves
4 x 150 quenched measurements at (3 = 6.0, Mb = 1.7 and ut.
From Table 6.3 and Figure 6.5 we realise that not only the radial splittings, but also the
energy levels themselves remain unaffected by the additional terms. The rati~ fit however
reveals a 15% decrease of the hyperfine splitting when switching on the O(mbv6) inter-
actions, which is even more than expected from simple power counting. This confirms a
similar result reported by MANKE ET.AL. [48, 146], who observed a 10% effect in the
bb hyperfine splitting using the plaquette tadpole prescription. These authors also find
a rather severe shift, due to the O(mbv6) terms, of about 30% in the P fine .structure of
bottomonium. The effect of next-to-leading order spin-dependent interactioJls for char-



level/splitting fit resu.lt [lattice units]
this simulation Ref. [47] Ref. [48]

11So 0.4418(4) 0.4415(3) 0.4416(3)
21S0 0687(13) 0.678(8) 0679(22)
13Sl 0.4544(5) 0.4537(5) 0.4539(3)
23Sl 0.697(17) 0686(8) 0.681(20)
1lPl 0.631(9) 0.627(3) 0.635(7)
2lPI 0.839(26) 0.823(14)
13Sj-llSo 0.01239(14) 0.01237(14) 0.01227(11 )
13 P2 - 13 Po 0.0159(14) 0.0147(17) 00143(34)
13P2-13P1 0.0070(10) 0.0078(15) 0.0078(11)
13 PI - 13 Po 00089(9) 0.0069(12) 0.0070(13)
13P2-1.P 0.0041(5) 0.0042(5) 0.0045(5)
1.P -13P1 0.0029(6) 0.0036(8) 0.0036(6)
1.P - 13Po 0.0118(10) 0.0105(10) 0.0120(17)
1.P -llPI 0.0011(5) 0.0008(8)
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Figure lD.6. Dependence of the S llyperfine splitting on the order of tbe NRQCD ex-
pansion and tlle choice of tadpole factor. Compared to the plaquette prescription the
splitting increases by about 15% if 11~ is used. The effect of including spin-dependent
O(mbv6) terms pushes it down again, surprisingly by the same amount.

Table 6.4. Simulation results computed with t.he O(mbv4) action and the plaquette
tadpole prescription. We compare our resul/;s with those of DAVIES ET.AL. (tllird column)
and MANKE ET.AL. (last column). Each simulation uses quenched configurations at f3 =
6.0 and a heavy quark mass of Mb = 1.7.

from u~ to the Landau mean-link value affects the hyperfine splitting quite strongly. u~
produces an increase of about 15% in the opposite direction as adding the higher order
relativistic corrections. This resnlt is also found by SHAKESPEARE and TROTTJ8R [121]
who systematically study tad pole renormalisation and relativistic corrections in ce, be and
bb.
We would like to point out that Table 6.4 also serves as a check of the implementation of
the NRQCD code since the results listed have all been obtilined on qnenched configurations
at fJ = 6.0 and with the same NRQCD run parameters. We find a remarkable agreement,
in particular for the S hyperfme splitting. As we have seen, this quantity is quite seJ1sitive
to changes of the action, but can be safely extracted through ratio fits. In addition
this comparison explicitly shows that the gauge fixing does not affect the results, since
the authors of Ref. [48] do not fix the gauge and apply a completely different smearing
technique than we do.

monium has been investigated by TROTTIER [441 and is found to be as large as 60%. All
studies therefore come to the conclusion that the first three terms in the velocity expan-
sion for t.he hyperfine splitting are oscillating in sign with a sizable next-to-leading order
contribut ion. Obviously, the nse of an O(mbv6)-correct action is mandatory to arrive at
meaningful results for the spin-splittings in the l' system.

In addition to the order of the NRQCD expansion, the spin'splittings and in particular the
S hyperfiIle splitting will be sensitive to a change of the tadpole renonnalisation scheme.
One expects them to vary as l/u~, since the clover discretisation of the chromomagnetic
field contains four link variables. If tadpole ilnprovement is switched of[ completely (110 =
1), the spin splittings are badly underestimated by a factor of '" 1/2 [47]. Smaller, but
significant changes are expected when different definitions of 110 are used: the ratio of u~
with the plaquette prescription to that computed from the mean-link in Landau gauge is
roughly 10%, see Table 4.2.
To study the influence of Uo in more detail, we repeat the propagator calculation with
the lower-order action (O(mbv4)) in the quenched approximation choosing this time 11~

as the tadpole factor. We perform 1400 measurements on S-wave mesons and 600 on P
states. Table 6.4 lists the fitted numbers together with results of DAVIES ET.AL. [47]
and MANKE ET.AL. [48]. Figure 6.6 confirms the naive expectation that changing 110

The stabilisation parameter in that part of the evolution equation which involves the
lowest-order action

(l_
aHO)n, (6.2)

2n
has been fixed to n = 2 so far. This is the minimal choice when using a bare mass of
Mb = 1.7, Eq. (4.42). Here, we estimate the systematic error due to such a small value
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n 11So 21So 13Sl 23Sl 13Sl - IISo
2 0.3448(6) 0.584(8) 0.3584(6) 0.596(8) 0.01345(15)
3 0.3418(9) 0.593(10) 0.3559(9) 0.597(11) 0.01356(25)
5 0.3396(8) 0.591(10) 0.3539(9) 0.595(10) 0.01368(25)

Table 6.5. Y and TJb levels for different values of tbe parameter n on tIle sample with
K, = 0.1575, 812 measurements. Fit ranges are equally chosen to be [8,31J for 3S1,1 So
two-exponential fits and {.18,31J for 3SdlSo ratio fits. 0.349 0.364
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-0 .sfUl 0.343 0.358
W 0.341 if[ 0.356'"

0.339 0.354

0.337 0.352

0.335 0.350
2

0.650 0.650
0.640 0.640
0.630 0.630
0.620 0.620

-0 0.610 rt 0,610
Ul

-N 0.600 0,600
if[ 0.590 W 0.590'"

0.580 0.580
0.570 0.570
0,560 0,560
0.550 0.550

0.300 0.300
0.290 0.290
0.280 0.280

-0 .sf_Ul 0.270 0.270

W 0.260 W 0.260

'" 0.250 1. 0.250t 0.240 .sf 0.240~if[ 0.230 'M 0,230
0.220 0.220
0,210 0,210

0.200 0.200

Figure 6.7. Dependence of Y and TJb levels on the parameter n.

of n. Table 6.5 lists results for two additional values, n = 3,5. They are graphically
represented in Figures 6.7 and 6.8.
Ground states are measured accurately enough to exhibit a decrease with n. This is
taking place on a scale which is encompassed by the statistical error of the corresponding
radial excitation. We thus arrive at a similar statement as in the previous section: for the
physically relevant quantities, the mass splittings, no change is observed within errors and
the choice of the minimal parameter, n = 2 turns out to be adequate. Further evidence
for this conclusion comes from the hyperfine splitting. It remains constant within errors
of less than 5%.

As discussed in Chapter 4 no continuum extrapolation can be done for Lattice NRQCD.
Physical, i.e. continuum results may be obtained at a frxed cut-off if the appropriate
operators necessary to achieve a desired accuracy are included into the action, One
then has to demonstrate that the spectrum is independent of the lattice spacing within
a certain window to prove that the matching to QCD is properly done. ];or the non-
relativistic b-quarks considered here, discretisation errors are likely to be larger than in
the light hadron spectrum, although these are not determined by the heavy-quark mass,
but by the typical momentum exchanged between the quarks inside the bound state. The
improvement of the NRQCD Lagrangian is thus a central issue and its efficiency has to be
checked explicitly by simulating at different values of {3. Unfortunately we cannot perform
this check for the dynamical Wilson data, since we are restricted to a single value of the
lattice spacing. There exists, however, a scaling analysis in the quenched approximation
which may serve as a rough estimate of tinite-a errors even for the unquenched data.
DAVIES ET.AL. [51] have studied the bottornonium spectrum on three quenched lattices
with spacings in the range 0.05 frn to 0.15 fm. They find good scaling in the ratio of radial
and orbital bb splittings to the p mass if the latter is computed from a tadpole-improved
clover action. Also ratios of splittings within the Y system do not exhibit any dependence
on the lattice spacing. This is difl'erent for spin splittings. The authors of [51] observe a
clear a-dependence in the hyperfine splitting, Y - TJb, which they parametrise as

1
3
Sl -l:So _ (1

3
Sl -l:So) (1- (0.8 GeV)2a2) . (6.3)

23Sl - 1 Sl 23SJ - 1 Sl 0

A similar slope has been obtained for the P fine structure, albeit with large errors. In
agreement with the S hyperfine splitting adding discretisation corrections increases the



results confirm that the next-to-Ieading order terms in the action are indispensable for
calculating the hyperfine splittings, Note, however, that unknown radiative corrections
from lower order terms, e,g, O(o<s) contributions to C4 beyond tadpole improvement can
produce effects of the same size as the additional terms, so we do not really perform a
complete next-order simulation, As expected, the determination of the lattice spacing a-I
(as used, for example, in the analysis of o<s , Chapter 7) remains unaffected by changing
tadpole schemes or including 0(mbv6) terms. Finally, we have studied the accuracy of the
propagator evolution with respect to the iteration parameter, n. Though ground states
reveal a small decrease with increasing n, the splittings, including the hyperfine splitting,
remain unaltered. This justifies the use of n = 2 in the simulation.
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splittings and thus acts in the opposite direction to the relativistic corrections.
These results are quite encouraging with respect to the radial and orbital splittings.
They also confirm the conclusion that the spin-dependent quantities have to be treated
with much greater care. Clearly, dynamical Wilson fermions introduce additional scaling
violations, so that we end up with rcsults that are subject to quite different finite-a errors:

• O(a) from dynamical Wilson fermions,
• 0(a2) from the Wilson gauge action,
• O( a4) from the valence NRQCD quarks.

Evcntually, it will be necessary to perform simulations at different lattice spacings to
reveal the influence of O(a) errors from the quark part of the action.

We have investigated different sources of systematic uncertainties in the calculation of the
bb spectrum. Tuning the quark mass parameter is common to any lattice QCD approach.
In the heavy quark system, however, radial and orbital angular momentum splittings are
insensitive to variations in the constituent's mass. This was explicitly checked on the
un quenched sample with r;, = 0.1575. We concluded that the error induced by a small
offset in the Y mass is negligible compared to the statistical errors. The hyperfine splitting
on the other hand, strongly depends on the b-quark mass, as is anticipated by perturbation
theory, and thus requires a precise determination of the kinetic mass. It is plausible that
an insufficient tuning of Mb in part explains the inconclusive result for quenching effects
in the spin splittings. We have estimated the systematic error arising due to two different
choices of the tadpole improvement factor Uo; whereas spin-independent quantities remain
unaffected by changes in uo, the hyperfine splitting increases when using the Landau
mean-link prescription. Interestingly, we find this effect to be of the same magnitude as,
but of opposite direction to switching on the spin-dependent O( mbv6) corrections. Our



The Strong Coupling Constant
in Unquenched QCD

The determination of Standard Model parameters presents a major task and challenge
for the lattice formulation of QCD. The obvious strategy to compute the strong

coupling constant in particular, is to define Qs within a hadronic scheme and evolve
it non-perturbatively to high energies. Once the perturbative running of the coupling is
identified, one may determine the corresponding A parameter and then switch to any other
perturbative scheme to calculate scattering processes. This provides a connection between
the low-energy regime of hadronic bound states and high-energy jet physics verifying that
one and the same theory describes both phenomena. The tools to realise these steps exist
and have been applied to the pure gauge sector [147]. But dynamical fermions render the
calculations rather expensive so that a treatment of QCD is still lacking.
In this chapter we follow a short-cut to determine the st;rong coupling constant in QCD
based on the spectrum results for bb bound states. The method is similar to those em-
ployed in determinations of Qs from high-energy processes as it relies on the validity of
the perturbative expansion.

The strong need for a precise knowledge of the QCD coupling coustant is motivated by
the following considerations[148):
(1) Compared to the electroweak couplings, Q! and sin28w, which have been determined
experimentally with a precision of about 0.1%, the strong coupling is presently known
only to about 5%. A main limitation on Standard Model tests at LEP for example,
is set by the relative inaccuracy of as. The same holds for attempts to constrain Grand
Unified models from the convergence of the Standard Model couplings at a GUT scale. (2)
The determination of Qs from processes which probe perturbative and non-perturbative
phenomena yields a fundamental test of QCD. Obviously, such a test is only meaningful
if the values of the coupling under consideration are given with similar accuracy. (3) A
precise study of the variation of the coupling with momentum over a wide Q2 range will
provide evidence for the QCD )3-function and constrain models with additional coloured
particles, such as light gluinos.
Most determinations of Qs rely on perturbation theory, where it is common to use the
modified minimal subtraction scheme (MS) of dimensional regularisation. One usually
chooses the mass of the Z boson, mz, as a reference scale because of the large amount of
data that has been taken in e+e- annihilation at the Z resonance. However, it has to be
remembered that aMS is a rather 'unnatural' choice which is only defined operationally
in perturbation theory. In many cases the dominant source of ullcertainty originates
from theoretical systematic errors that are generally difficult to estimate. Extracting a,



from a perturbative expansion necessarily requires the truncation at a rather low order
and thus introduces a significant dependence on the renormalisation scale. It has been
demonstrated that this dependence is weakened by an appropriate resummation of the
leading and next-to-leading logarithms. But still, one should bear in mind that the nature
of the perturbation series is unknown and that the non-perturbative contribution is a priori
unclear.
As the formulation of QCD requires a non-perturbative regularisation, it is desirable to
define the running coupling non-pertnrbatively and calculate it in a numerical simulation
(reviews are given in [149, 150, 151]). The basic ingredients in such a calculation are:

(a) A non-perturbative definition of a renormalised coupling which can be accurately
measured on the lattice and is easily accessible to perturbative calculations.

(b) A precise determination of a reference scale. This is obtained by comparing a
computed hadron mass to its experimental value.

(c) An accurate match to perturbation theory and a proper continuum extrapolation.

A sophisticated approach has been suggested in Refs.[154, 155] where a box-size dependent
renormalised coupling is introduced. It is based on the Schrodinger functional which is
the partition function on a finite volume with periodic boundary conditions in the spatial
directions and Dirichlet boundary conditions in the time direction. The coupling is defined
- in a rather exotic way - as the derivative of the free energy of the gauge field in the
box with respect to a parameter characterising the (abelian) boundary field!. This choice
has various practical advantages like small finite-a errors and quark-mass independence.
A coupling that runs with the volume allows for a scale variat.ion by several orders of
magnit.ude which is impossible for a single-lattice technique. Furthermore, there is a
well-controlled extrapolation t.o t.he continuum limit. Once the coupling has been evolved
non-perturbatively to high energies, one can safely convert. to the MS scheme. This
technique was first applied to the 0(3) a-model [154J and subsequently to SU(2) gauge
theory [158] and SU(3) gauge theory [147]. So far, it has been restricted to the pure gauge
sector. Once such simulations become available with dynamical fermions included, they
should yield the most accurate lattice results on CiS with an uncertainty below 1%.

Two main directions have been followed: the first one actually studies the running of the
coupling with momentum; t.he second estimates CiMS at relatively low energy and assumes
the applicability of perturbative renormalisation group running to evolve the coupling to
mz·

1
Ciqq(q) == -c r2F(r),

F'

1
q =-,

r

Short-cut approach

The above methods have not yet been applied to the unquenched theory. To obtain
estimates of aMS in QCD one may take a short-cut which defines a renormalised coupling
through short distance lattice quantities like small Wilson loops or Creutz ratios [159,
160, 18]. The idea is to measure a physical scale from a quarkonium splitting at a givcn
bare coupling and obtain a value of a suitably defined renormalised coupling at that scale
by comparing the measured value of the plaquette, for instance, with its perturbative
expansion. This procedure will be applied in the following sections to obtain a value of
ah~(mz) from our simulation with dynamical Wilson fermions.

Direct studies of the running coupling

An intuitive definition of a non-perturbative coupling uses the force F(r), felt by a static
quark-al1tiquark pair at separation 1',

The force is obtained as the derivative of the static potential, V(r) which is calculated
from the large-time limit of Wilson loops with spatial extent r. To control perturbative
errors when matching to other schemes it is desirable to reach energy scales of order
10 GeV corresponding to very small quark-antiquark separations. Resolving such small
distances, on the other hand, requires a small lattice spacing. Finally, the box size L
has to be kept big enough to avoid finite volume effects. Therefore one ends up with the
following approximate constraints [151]

We determine the coupling by matching the perturbative expansion of the plaquette to
the numerical Monte Carlo result as proposed by LEPAGE and MACKENZIE [18]. The 1x 1
Wilson loop is the smallest gauge-invariant objcct in pure lattice gauge theory. Therefore,
on the lattice it is expected to be a suitable ultraviolet quantity with negligible non-
perturbative contamination. Assuming that the leading non-perturbative contribution is
due to the gluon condensate [138],

where the string tension is chosen as the confinement scalc. (7.2) implies that the number
of lattice points in each dimension needs to be much larger than about 25 which is not in
reach of present simulations. The interquark force is nevertheless useful to compute the
running of the coupling provided one carefully corrects for lattice artefacts. Practically,
the 1/1' ansatz for the static potential stemming from the continuum one-gluon exchange
is replaced by the Fourier transform of the lattice gluon propagator. Simulations have
been performed in the pure gauge theory. They cover an energy range of a few GeV
[152, 153, 102]. Present unquenched lattices are too coarse for this method, however.

one estimates a 0.02%-correction to -In Wll for (asF2) ::::J 0.042 GeV4 and an inverse
lattice spacing of a-I = 2.5 GeV. The irrelevance of non-perturbative parts is also

1An alternative definition is based on the ratio of correlations of Polyakov loops where the gauge field
obeys twisted boundary conditions [156, 157].
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(3 nl Mq -lnGRTrO) a~")e:1) 3:1 [GeVJ
x-T T'-T

5.6 2 M,/3 0.5570 0.1677 8.84(44) 8.48(46)
2 Ml 0.5546 0.1668 9.16(83) 9.09(101)

60 0 00 0.5214 0.1518 9.13(50) 7.82(54)

supported numerically. The authors of Refs. [50, 49, 138] directly compare the couplings
determined from the four smallest Wilson loops. They find complete consistency once
the values are evolved to a common scale. In [18] the logarithm of the plaquette is used
instead of the plaquette itself, since its expansion is better behaved:

1 47f (3.41)-In(-RTrO) = -av - [1- (1.1870 + 0.0249 nl)av + O(a~)]
3 3 a

Much better suited are the low-lying onium splittings, especially the IP-lS and, less
accurate, the 2S-1S splittings. In the previous chapters we gave numerical evidence for
the phenomenological assumption that they are quite insensitive to the mass of the light
quarks and for the empirical observation that they depend very little on the !:leavy-quark
mass.The coefficient of n I here is specific to Wilson fermions. By a slight modification of

Eq.(7.4) DAVIES ET.AL. [50] introduced a coupling ap, which is directly related to the
plaquette and coincides with av through second order

1 47f (3.41)-In( -RTrO) = -ap - [1 - (1.1870 + 0.0249 nl) ap] ,
3 3 a

ap(q) = av(q) + O(at) .

(7.6)

In Table 7.1 we summarise the couplings, ap obtained from Eq.(7.6) as well a.s the scales
determined from the 1P-1S (X - S) and 2S-1S (T' - T) splittings. In the un quenched
case we quote values both for Mq = M,/3 and Mq = Mj, to expose the systematic effect
connected to the finite and degenerate sea-quark mass. Note that the plaqllette values
have been linearly extrapolated in l\I{q. We do not quote an error on - In(~!RTrO) and
at')(3.41/a) in Table 7.1 since it is negligible compared to the uncertainty in the scale.
Subsequently these couplings are evolved to a common scale using the universal two-loop
(3 function

It just amounts to a shift of truncation errors in av to the conversion into standard
couplings later on. The scale 3.41/a is the average gluon momentum in the first-order
contribution to -In Wll as described in [162, 18]2 .

An accurate way to fix the lattice spacing is through the Sommer scale, TO which is
computed from the static potential at intermediate quark-anti quark separations [164]. It
is the proper choice when comparing different lattice calculations and - unlike the string
tension - also applies to full QCD. However, it is not directly accessible to experiment.
Therefore, in the light hadron sector one generally prefers the scale set by the p-meson
mass, though the p is not stable in the presence of dynamical quarks and, more important,
the extrapolation to the chiral limit introduces large errors as pointed out in Section 5.4.
An alternative choice would be the pion decay constant. Here, an additional systematic
uncertainty arises because of the renormalisation factor ZA.

2q• = 3.41/a corresponds to the momentum scale which is characteristic to the plaquette. It is
proposed in [18, 1631 that for a quantity whose first order contribution has the form

!~/a
av(q') -~/a d"qf(q) ,

• J~~;ad4qf(q) In(q)
In(q ) = --I ----J~.;ad4qf(q)

Choosing J,I, = 9.0 GeV and /10 = 3.41/a we end up with the numbers listed in Table
7.2. The error in the evolution is negligible as the momentum range is very small. For
instance, using just the one-loop evolution results in a deviation much less than 1%.
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l' - T

01524(25)
01457(28)

a~) (9.0GeV)
Mq = Ms/3 Mq = M,
0.1669(24) 0.1676(43)
0.1649(25) 0.1672(53)

a~) (9.0 GeV)
Mq = Ms/3 Mq = M,
0.1752(41) 0.1764(74)
o 1766(47) 0.1805(97)

The plaquette couplings in the quenched and unquenched theory can now be extrapolated
to the active num.!:>erof light quark flavours which is expected to be nf = 3 in the case
of the low-lying bb bound states. Guided by the perturbative evolution, we extrapolate
ap! linearly in nf, rather than ap itself. The dependence on nf is plotted in Figure
7.1. Obviously the mismatch between ap-values obtained from differeut splittings in the
quenched approximation disappears, once the dynamical quarks are switched on. This
is a reformulation of our spectrum results in terms of the coupling constant. Note that
the possibility of extrapolating in the number of dynamical flavours is quite a progress
compared to the earliest lattice determinations of as. These were solely based on quenched
data and thus yielded results which are 20% smaller than obtained for the 'correct' nf.
This deviation was perturbatively compensated by evolving down to qy (compare Chapter
5), switching to nf = 3 and evolving back to the plaquette energy scale a Corrections
obtained this way are as large as 15-20%. Clearly, it would be a further step forward if
one actually had simulation results with nf > 2 so that even the extrapolation could be
avoided.

Table 7.2. Plaquette couplings at the reference scale j1. = 9.0 GeV. The last two columns
are the result of an extrapolation in the flavour number.
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where the scale factor e-5/6 is chosen to eliminate the nf dependence in the second-order
coefficient of the expansion [162J. The two-loop coefficient C2 has been calculated by
LUSCHER and WEISZ in the quenched theory, C2 = 0.96, nf = 0 [166, 167]. Following
Ref. [138], we use this value also in the un quenched calculation and take the whole size
of the quenched two-loop contribution as an error estimate for the ap .- IXMS conversion.
The couplings are evolved to the Z mass applying third-order perturbative evolution, i.e.
the next order is included in Eq.(7.9),

Figure 7.1. Tlle plaquette coupling ap as a function of the number of dynamical flavours.
Filled circles denote values extracted from the X - S splitting, open circles are c1Josenfor
values extracted from tIle l' - T splitting. The triangles result from an extrapolation
in the in verse flavour number. Error bars include statistical errors as well as systematic
errors stemming from O(v4) corrections and the tadpole improvement uncertainty.

1 ( 5033 325 2)
/32 ="2 2857 - -9-nf + 27nf .

'Since we fix the lattice spacing by setting the T splittings, which probe momentum scales qy ~
0.5 - 1 GeV, to their correct physical values, the coupling is given its correct value at qy (see [1381):



x-y
y'-y

OMS (1.3 GeV)
Mq = Ms/3 Mq = M,
0.315(14) 0.319(26)
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Figure 7.2. Dependence o[ o~~(mz) on the choice of the b-threshold [or third-order evo-
lution. Obviously tIle final result is unaffected within comfortllble ranges of tIle matc11ing
point.

We perform the matching at the heavy-quark thresholds mc = 1.3 GeV and mb = 4.1
GeV. According to Ref. [165J the coupling in the theory with nf flavours is related to the
coupling in the nf - 1 theory through

a(1It)(/-lth) =

0(11,-1)(/-1/1.) _ ~ (0(11,-1»)2 In (mq)
311" J1.th

+~ (0(1It-1»)3 (J1.tI,) [(In (mq))2 _ 57 In (mq
) -~] + ... , (7.17)% ~ 4 ~ 8

valence quarks
NRQCD
TI Clover
Wilson
Wilson

scale
Xb-Y
Xb- Y
Xc - J/iJt
Xc - J/iJt

o(S)(m )MS z
0.1174(24)
0.1159(30)
0.111(6)
0.112(5)

reference
DAVIES ET.AL. [138]
FNAL/SCRI [139J
WINGATE ET.AL. [168]
AOKI E'l'.AL. [169]

Table 7.5. Previous lattice estimates of o~~(mz) [rom the short-cut method, an of which
use configurations with nf = 2 staggered fermions.

quark mass. The largest systematic error is introduced by the unknown nf dependcllce of
the two-loop coefficient C2 in the conversion formula (7.14). It produces an uncertainty
of ±0.002 on o~~(mz). We thus arrive at our final rcsults0(1I,-l)(J1.'h) =

0(1It)(J1.lh) + ~ (0(1It)/ In (mq)
311" J1.tI.

+9~2 (0(1It»)3 (J.lth) [ (In (::)) 2+ 5: In (::) + ~] +... (7.18)

Table 7.3 lists the values of OMS (for the data at Mq = M./3) at the individual steps of
the evolution starting at J1. = e-S/6. 9GeV ~ 3.91GeV. First, the coupling is evolved down
to the charm mass, then one switches to nf = 4 and runs upward again. The final value
at the Z scale is quite insensitive to the location of the matching points when third-order
evolution is applied. This becomes apparent from Figure 7.2 where we have varied the
b-threshold from three to five GeV. A similar result emerges if the charm threshold is
changed.
In Table 7.4 we compare the results obtained with Mq = M./3 and Mq = M,. The
difference between central values is taken as an estimate of the error due to the dynamical

(S) _ {0.1118 (16)(5)(20)
OMS (mz) - 0.1124 (18)(15)(20)

X-Y
Y' - Y

The first error includes the statistical uncertainty and the systematic errors due to the
influence of relativistic corrections and changes in Uo on the lattice scale. The second
error quantifies the sea-quark mass dependence and the last onc the truncation error in
the conversion.

How does our result compare to other lattice estimates? In Figure 7.3 we have collected
data from different groups that have applied the same short-cut method to calculate the
strong coupling constant, but have determined the lattice scale in different ways. The



corresponding references are list.ed in Table 7.5. Our analysis closely parallels the calcula-
tion by DAVIESET.AL. [138]. Therefore the first two data points are directly comparable.
Both use the 1P-1S and 2S-1S bottomonium splittings calculated in NRQCD t.o set. the
scale (in Figure 7.3 only results from lP-1S are shown since these are more accurate). The
NRQCD simulat.ions differ slightly in the choice of action. It bas been O(mbv4)-accurate
in Ref. [138J and was tadpole improved with the average plaquette prescription whereas we
have included the O(mbv6) spin-dependent terms and used Uo from the link expectation
value in Landau gauge. Systematic effects due to higher orders in the velocity expansion
and due to Uo are included in the quoted errors. The most important difference between
both simulations is the choice of dynamical fermions. The authors of Ref.[l38] used two
flavours of staggered quarks whereas SESAM includes Wilson quarks. The configurations
with dynamical staggered quarks have been generated by HEMCGC [170]. It is a bit wor-
rying that we cannot confirm the staggered result but obtain a value of Q~~(mz) which is
smaller by two standard deviations. There is some controversy about the correct way to
determine the lattice scale in an unquenched simulation. Whereas SESAM's strategy is
to set a-I in the chirallimit, one may also think of a-I as a function of Mq. A priori it is
conceivable that the value of Ctp would be larger if it were determined on each ensemble
and then extrapolated in mq. However, as we have pointed out several times, we observe
a very mild dependence of the 1P-1S splitting on the quark mass, so that different ex-
trapolation methods do not produce a big effect. Another objection is that it would be
inconsistent to apply the perturbative formula valid in the chirallimit to lattice data at
a finite, rather large quark mass. A closer comparison reveals that we see a smaller Qp

to start with, Figure 7.4. We have evolved our data to j1, = 8.2 GeV which is the scale
used in Ref.[138J. There is a clear discrepancy at nf = 2 (and consequently at nf = 3)
which is somewhat smoothed by the logarithmic evolution to mz, so that we end up with
a mismatch of two a instead of three or four. Obviously, the distinct Qp results originate
from a difference between staggered and Wilson plaquette values which is larger than
expected from perturbation theory, while the scales in both simulations are comparable.
Uufortunately, this issue has not yet been resolved.
Recently there has been some progress concerning the neglected nf dependence in the
conversion formula Eq.(7.14). ALLES ET.AL [171J have calculated the expansion of the
average plaquette in QCD with Wilson fermions up to third order, albeit for finite quark
masses, see Appendix B. A similar result in the chirallimit could be combined with the
known two-loop relation between the lattice coupling and the MS coupling to reduce the
perturbative uncertainty.
The third data point in Figure 7.3 has been taken from Ref.[139J. The author used a
result for a-I from the YIP-IS splitting computed by the SCRI group on the same
nf = 2 staggered dynamical configurations as in Ref.[138], however with a tadpole im-
proved clover action. The corresponding Qp was then combined with a ~uenched clover
result fronl the Fermilab group to perform the flavour extrapolation. Q~s obtained this
way is nicely consistent both with the SESAM point and the result by DAVIES ET.AL..
The remaining two measurements are based on charmonium. WINGATE ET.AL. [168]
calculated heavy Wilson fermions in a quenched and a dynamical gauge field background.
Once more, the staggered configurations of HEMCGC have been used. This result carries
significantly larger errors mainly because of rather noisy P-wave data. A similar analysis
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Figure 7.3. Comparison of results for Ct~~(mz) tbat have been obtained by tlle same
technique, but from different sets of data. Numbers extracted from the bottomonium
spectrum have filled symbols, those from cbarmonium bave open symbols. References are
given in Table 7.5.

involving two flavours of dynamical staggered quarks on a somewhat larger lattice and
smaller lattice spacing has been performed by AOKT ET.AL. [169J. Both charmonium
values are in agreement.

We have estimated the strong coupling constant Q~~(mz) from the average plaquette ex-
panded in powers of Ctp. The only inputs needed are the measured value of the plaquette
and the scale at which Qp is determined. The latter is taken from the bottomolliu111
1P-1S and 2S-1S splittings. Our result turns out to be somewhat smaller than previous
estimates within NRQCD. In particular, Ctp computed with configurations including dy-
namical Wilson quarks differs from the value obtained in the staggered background by
approximately three standard deviations leading to a discrepancy in Q~~(mz) of two a.
The problem can be traced back to a deviation between the staggered and Wilson pla-
quette expectation values which is not balanced by a shift in the lattice scale. Our result
for the MS coupling is
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Chapter 8

Summary

Wilson's original motivation to formulate QCD on a space-time lattice was to study
the confinement phenomenon. Still, the primary goal is to provide a precise test of

QCD in the low-energy regime of the strong interaction, with the calculation of hadronic
spectra in a prominent place. Lattice simulations aim to quantify the non-perturbative
inputs that are necessary for the determination of fundamental Standard Model para-
meters and thus contribute to the eventual verification or falsification of the theory. In
view of the substantial effort which has been invested both in theoretical research and
the development of more and more powerful computing facilities during the last 20 years,
it is important to point out that progress too has been steady and substantial. It is not
too keen to state that the quenched approximation has been solved for those quantities
which are easily accessible by the lattice method and that realistic simulations of the full
theory are well under way.
In this thesis we have studied bb bound states below the B-meson threshold within the
framework of Lattice NRQCD beyond the quenched approximation. We briefly outlined
the generation of gauge field configurations with dynamical quark content as part of
SESAM's program to investigate sea-quark effects in spectral quantities and matrix ele-
ments. The project involves a large-scale lattice simulation of Wilson's QCD action for
both the gauge part and the fermionic interaction. From a physical viewpoint Wilson
fermions represent a more natural discretisation than Kogut-Susskind staggered fermions
since they preserve flavour symmetry. Numerically, they are more expensive, however,
as more degrees of freedom are involved and chiral symmetry is explicitly broken, even
in the absence of a quark mass term. Performing a detailed analysis of autocorrelation
times, SESAM has demonstrated that statistically significant samples of configurations
can be obtained on modest volnmes and intermediate quark masses with a total effort of
0(100) Tflopsh. Our analysis of the Y system involves three different dynamical quark
masses in the range m,j2 to m,.
We have made use of the non-relativistic limit of the QCD Lagrangian to get around
the problem of large discretisation effects present for heavy quarks at today's lattice
resolutions. For small quark velocities, v quark and antiquark fields decouple and the
b-quark mass, mb remains as a constant in the action which can be discarded. Thus one
may simulate 'directly at the b mass' while discretisation errors are O(pa) only. Lattice
NRQCD combines the lattice regulator idea with the successful concept of effective field
theories. Irrelevant operators enter the action which are suppressed by powers of v2

We have employed NRQCD at next-to-leading order, i.e. including spin-independent
operators of 0(mbv2),0(mbv4) and spin-dependent terms of 0(m.v4) and 0(m..v6). From
naive power counting one then expects to keep systematic errors of radial and orbital
angular momentum splittings as well as spin splittings below 10%. However, tile matching
is incomplete. We rely on the recipe of tadpole improvement to account for the bulk of loop
contributions and otherwise stick to tree-level couplings. Whereas in lattice simulations of

Figure 7.4. A comparison between ap extracted from the lP-1S bottomoniulJJ split-
ting in a dynamical staggered (Imed circles) and a dynamical Wilson background (filled
triangles).

where the first error includes the statistical uncertainty and the systematic errors induced
by the NRQCD expansion. The second estimates the uncertainty from the sea-quark
mass dependence and the final error is due to the truncation of the ap - aMS conversion
formula. All lattice calculations prefer values of as that are lower than the world average.
In particular, the precise bb data would clearly exclude a value of 0.122 as obtained from r
decays. We are however not able to make such a statement until the apparent discrepancy
between the NRQCD results has been understood.



light quarks one is almost always restricted to the ground-state energy, heavy quarkonia
offer the possibility to extract radial and orbital excitations, too, since their wave functions
can be estimated quite accurately. We have employed Schrodinger wave functions obtained
from a lattice heavy-quark potential to construct meson operators that project on radial
and orbital states. Without tuning the smearing functions these operators yielded clean
signa.ls.
As an important improvement compared to existing NRQCD simulations we have been
able to study the sea-quark mass dependence of bottomonium level splittings and have
performed a 'chiral extrapolation' to set the lattice scale at the effective mass of m,f3.
We [lave chosen to use an average a-I from the 2351 - 1351 and 13p - 1351 splittings.
These were found to depend very little on the dynamical (light) quark mass. Our strategy
in sea.rching for vacuum polarisation effects then has been to compare the extrapolated
dynamical results with those of a quenched simulation at nearly equal lattice spacing. Our
quenched data for the gross level structure is in clear disagreement with the experimental
spectrum which confirms previous studies. Switching on dynamical quarks shifts the data
points closer to experiment, so that both splittings, 2351 -1351 and 13P -1351 lead to one
and the same lattice spacing. The effect is however rather small, so that the statistical
accuracy does not suffice to 'measure' the number of active flavours in the sea that enter
bottomoniull1 dynamics. On the other hand the 3S and 2P levels hint at three active
flavours but they have sizable errors and may be significantly affected by finite volume
effects.
Results for spin splittings are somewhat puzzling. Compared to an earlier NRQCD simula-
tion (with staggered dynamical configurations) we have managed to reduce the statistical
error on these quantities by more than a factor of two. This permits us to detect very
small vacuum polarisation effects. The spin splittings however remain unaffected by the
inclusion of dynamical quarks within errors of a few MeV. In particular, the experimen-
tally known P fine structure is largely underestimated for both nf = 0 and nf = 2.
A reasonable explanation is that spin splittings are much more sensitive to the details
of the NRQCD action so that vacuum polarisation is likely to be covered under sizable
systematic errors.
The latter have been investigated in a series of lower-statistics runs. We explicitly checked
that radial splittings remain largely untouched by a variation of the bare heavy-quark
mass. The S hyperfine splitting, on the other hand, exhibits a strong MQ dependence.
We have estimated the effect of different choices of the tadpole improvement factor uo.
Again there is no visible change in the radial splittings, but the S hyperfine splitting
is shown to increase using the Landau mean-link prescription. This increase is nearly
compensated by the inclusion of O(mbv6) relativistic corrections which have the same
magnitude but carry opposite sign.
Based on the spectroscopic results we have given a lattice estimate of the strong coupling
constant in full QCD. The determination of as utilises the perturbative expansion of the
plaquette in the coupling ap and thus in many ways parallels the procedure applied in
high-energy physics. The 'measured' plaquette value is the analogue of some jet cross
section OT decay rate. The only input from the bottomonium calculation is the lattice
scale a-I from either the 13P - 1351 or 2351 - 1351 splitting. We find disparate ap values
from these two splittings in the quenched approximation. They approach each other in the

nf = 2 theory and fully merge after extrapolation to three flavours. Yet our statistics is
not high enough to unambiguously determine the number of active flavours that dominate
Y dynamics. The characteristic momentum scale of the plaqllette of approximately 9
GeV is considered large enough for perturbation theory to be reliable. Therefore one may
safely convert to the MS-scheme and evolve to the reference scale mz. Our final result is
a~~(mz) = 0.1118(26).



The Non-Relativistic Lagrangian
at Tree Level

We explicitly perform the Foldy-Wouthuysen transformation to decouple the upper and
lower components of the Dirac spinoI' which is natural in a cut-off theory that excludes
relativistic Q and Q states. The calculation is carried out in Minkowski space but the
index on gamma matrices will be suppressed: "(IJ == "(!~1)' We closely follow the notation
in [172J.
The heavy quark part of the relativistic Lagrangian is

with the covariant derivative defined as D" == 8" + igA" and A" = A~TB Now we
distinguish between even operators that do not mix upper and lower spinoI' components
and odd operators which do:

Now we transform the spinoI' field with a unitary operator

\)iQ = eA \)iQ , (AA)

with A = -"(00/2mQ antihermitian. The Lagrangian becomes

£Q = \)iJ eA J( e-A \)iQ == \)i4 J(' \)iQ . (A.5)

Here we have introduced the abbreviation I< == £ + 0 - ,,(°mQ. IC can be evaluated using
the commutator expansion

A -A ~ 1e I<e = L.J ilA, I<](n) .
n=O Tl.

The commutators have the general form

HI [1 2Hl "(0 2i+2 "(0 ]
[A,I<](2i-l-I) (-1) m~O + m~+IO + (2mQ)2i-l-1[O,£bi+l)

( l)i [ "(0 02i 1 02j+l 1 [0 £] ]
[A,K](2j) - -2"'=1 + -2' + -(--)-2' , (2j)

md md 2mQ J



with i, j = 0,1,2, .... According to the velocity-scaling rules, [A, K](i) contains terms of
order mQvi, mQvi+l and mQv;+2. We restrict ourselves to the non-relativistic Lagrangian
of order 7nQv6 Therefore we have to include [A, K](;) for i = 1, ... ,4, the first two terms
in [A, K] (5) and the first term in [A, KJ(6):

(£i·D)4
ll2®(D2+giJ.B)2

ll2® (D4 + g{iJ· B, D2}+ l (iJ· Bn

[i-y°.,.;D;, [il.,.j Dj, iDoJ]
_g.,.i.,.j Dil'jo + gFjO.,.j.,.iD;

ll2® 9 (D;FiO - FjQD;) + ll2® 9 (iE;jkakD;Fjo - FjoiEj;kakD;)
ll2® 9 (D;E; - E;D;) + Jl2 ® 9 (iE;jkakD;Ej - EjiEj;kakDi)
ll2® 9 (D· E - E· D) + ll2® igiJ (D x E - E x D) (A.18)

l.,.j.,.; FjoFiO
-ll2 ® l (EiE; + iEjikakEjEi)
-ll2 ® g2 (E2 + iiJ· E x E) (A.19)

112® ((D2)3 + {(D2/ ,g(a· Bn + D2g(a· B)D2 + {D2,l(a. B)2}

+g(a· B)D2g(a· B) + l(a· B)3) (A.20)

w'II!K1IIWIll

Q Q

_ w~! [[III + ()'II _.,.°mQ] WQ
w~t W _.,.°mQ + O(mQv7)] wQ

We can now express the operators in [II in terms of the chromoelectric and chromomag-
netic fields. Only those operators are considered that really enter the evolution equation
later on. These are spin-independent interaction terms including O(mQv4) and spin-
dependent interactions including O(mQv6).

02 (i-y0.,.; D;)(il.,.j Dj)

-112 ® (Oij + iE;jkak)DiDj
-Jl2 ® (D2 + iEijki1k(ig8;Aj -l AiAj))
-ll2 ® (D2 + giJ . B)

LQ 'l/Jf [-mQ

1 2+iDo+--D
2mQ

+-g-iJ· B - ~ (D . E - E· D) - ig
2

iJ· (D x E - E x D) + --;-(D2)2
2mQ 8mQ 81nQ 8mQ

1 { 2 ~ } ig
2

~ ( ) 3ig {D2 ~ (D E ED)}+-- D ,ga·B ---a' ExE --- ,a' x _. x
8mb 8mb 64m~

+ higher orders l'l/J , (A.23)

Bk Ekij (-8;Aj - igAiAj)

- ~Ekij [8iAj - 8jAi + igAiAj - igAjA;]

1
-"2EkijFij



LCJ = Xl [mQ

'n 1 D2+t 0 ---
2mQ

--g-5 .B - -g- (D· E - E .D) - ~a . (D x E - E x D) __ 1_(D2)2 .
2mQ 8m~ 8m~ 8mb

1 { 2 ~ } ig
2

_ ( ) 3ig { 2 _ ( )}--- D ga· B + --a' Ex E - -- D a· D x E - Ex D
8mb' 8mb 64m~'

+ higher orders J X . (A.24)

Appendix B

Collection of Perturbative Expansions

The heavy quark mass can now be eliminated from (A.23) and (A.24) by rescaling the
quark and antiquark fields, respectively.

B.1 Expansion of the average plaquette III the bare
lattice coupling

The expansion of the average plaquette up to order l in the bare lattice coupling has
been known for a long time. For the pure gauge theory, SU(N), it was computed by
DIGIACOMO ET.AL. in Refs. [173, 174]. The calculation of the leading-order fermionic
contribution in the chirallimit for Kogut-Susskind and Wilson discretisation were carried
out in [175, 176]. ALLES ET.AL. added the third-order coefficient in pure SU(N) [177, 171J.
We consider the expansion

( 1 2 4 G1 - HReTrD) = Cl 9 + C2 9 + C3 9 +.. (B.1)

and distinguish the pure gauge and fermionic contributions to the coefficients Cj == c; + c{:

N2 -1
8N

(N2 _ 1) (WI __ 1 )
128N2

(N2 -1) (~~- W; +W4N)

00051069297 ,
0.0023152583(50) ,
0.002265487(17) ,
0.000794223(19) .

c[ 0,
f -4 (N2

- 1)
c2,Wilson -6.92920·10 N nf'

(N2 1)
C;"laggered -6.12401.10-4 ; nf· (B.'1)

For massive Wilson fermions the quark contribution has recently been computed up to
third order [l71J:



Ii

h2 X 103

hao X 103

hal X 103

ha2 X lOa

0.1560
-1.957882(14)
-O.256620(43)
0.306132(22)
0.0327854(66)

0.1575
-2.017993(24)
-0.270560( 43)
0.32211l(22)
0.034772(11)

B.3 Relation between aM8 and the bare lattice coup-
ling in QeD with Wilson fermions

The expansion of aMS in the bare lattice coupling ao is known to two loops. It has been
calculated by LUSCHER and WEISZ [167, 166] in pure 8U(3) and extended to QCD with
Wilson fermions by CIIRISTOU ET.AL. [179]:

B.2 Expansion of -In(~ReTrO) III av

(1 (( C~) 2-In iVReTrO) = CI 47fao) + C2 +"2 (47fao) + .... di{aJ.L) - 2L2 [34N2 - nf (N - 3~)) In(aJ.L)

+ 37f
2

_ ka + k4N2 _ nf [k5 - k6N]
8N2 N

92() 17 2 37f2 2dl aJ.L - 127f2N In (aJ.L) + 8N2 - k3 + k4N

+2dfd{ + de + [24
1
7f2(N - 3~) In (aJ.L) - % + k6N] nf

_ d~+d{

To arrive at the equivalent expansion in av we need to know the perturbati ve series of
the static potential in the bare lattice coupling [178] (we now set N = 3).

V(q) ~~ [l+l (2/30 In (:q) +d)] + ...
4g~

- 3Q2'
In (B.12) we have separated gluonic and ferrnionic contributions. The numerical result
for the constants is

d=3(31-66In7f ) _2--n (1O-12In7f )
1447f2 + P 24 f 1447f2 + P4 ,

2.13573007
0.08414443(8)
2.8626216
1.2491158
0.10924(22)
0.11033(26)

p = 0.1699956
p;r'ilson 0.0068870

p~laggered 0.0026248 .

1
-In( - ReTrO)

3
1

- In( - ReTrD)
3

47f 3.41 [ 2 ]-av(-) 1- (1.1870+ 0.0703nf)aV + O(av)
3 a

47f 3.41 [ 2 ]-av(-) 1- (1.1870+ 0.0249nf)aV + O(av)
3 a
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