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Adjoint “quarks” on coarse anisotropic lattices: Implications for string breaking in full QCD
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A detailed study is made of four-dimensional @Vlattice gauge theory with static adjoint “quarks” in the
context of string breaking. A tadpole-improved action is used to do simulations on lattices with coarse spatial
spacingsag, allowing the static potential to be probed at large separations at a dramatically reduced compu-
tational cost. Highly anisotropic lattices are used, with fine temporal spaeingé order to assess the
behavior of the time-dependent effective potentials. The lattice spaaingsd renormalized anisotropies are
determined from the static potential for quarks in the fundamental representation. Simulations of the Wilson
loop in the adjoint representation are done, and the energies of magnetic and electric “glue{adjpsit-
quark—gluon bound statgesvhich set the energy scale for string breaking, are calculated. In addition, correla-
tors of gauge-fixed static quark propagators, without a connecting string of spatial links, are analyzed. We also
consider a matrix of correlation functions in a basis that includes a state with valence gluons; analogous
correlators have recently been proposed for observing string breaking in full QCD and in other models. A
thorough discussion of the relevance of Wilson loops over other operators for studies of string breaking is
presented, using the simulation results presented here to support a number of new arguments.
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I. INTRODUCTION AND MOTIVATION Another point of view was raised by one of us in Ref.
[13], where it was suggested that string breaking can indeed
Simulations of lattice QCD are increasingly dedicated tobe seen using Wilson loops, but that it is essential to propa-
the goal of including the effects of sea quarks on many obgate the trial states over Euclidean timiesf about 1 fm, the
servables. One of the most distinctive signatures of seaharacteristic scale associated with hadronic binding. In con-
quarks should be the elimination of the confining potentialtrast, typical studies of the static potential in unquenched
between widely separated valence quarks. Quenched simul@CD have been done on lattices with relatively “fine” spac-
tions have demonstrated that color-electric field lines conings, limiting the propagation times at which good quality
necting a static quark and antiquark are squeezed into a naiata can be generated to well under 1 fm, due to the high
row tube or “string.” In full QCD, however, the flux-tube Ccomputational overhead required to generate configurations
should be unstable against fission at large separafiyns ©On lattices with a sufficiently large physical volume. The use
where sea quarks should materialize from the vacuum an@f coarse lattices enables much more efficient simulations of

bind to the heavy quarks to form a pair of color-neutral the static potential at the large scales relevant to string break-
bound states. ing. On a coarse lattice the computational effort can go into

It is perhaps surprising that some controversy persists jgenerating much higher statistics, rather than generating
short distance degrees of freedom that are not relevant to the

the literature as to whether “string breaking” has actuallyI ng distance brocess of strina breaking. This advantade was
been observed in lattice simulations, and what techniques ar 9 P 9 9. g

required in order to convincingly demonstrate this phenom- emonstrated in Re{13], where an improved action was
q gy ph . used to observe string breaking on coarse lattices in un-

) : nquenched QCD in three dimensions. This was followed by a
unquenched QCD by several collaboratiof-6]. This 4556 attice study in unquenched four-dimensional QCD

pr.oblem has come .under.renewed gttack in the last few yga[§6], where good evidence of string breaking was also ob-
with several new viewpoints emerging as to the underlyingsined using only Wilson loops to generate the trial states.
cause of the difficulty of observing string breaking, and sug- | this paper we consider a number of the issues that have
gestions as to the optimal approach for resolving this probpeen raised in the recent literature on string breaking. We
lem[7-14]. These ideas have stimulated new work on stringalso present new results from simulations of quenched lattice
breaking in simulations of full QCI)13,15-19, and on a QCD with static valence “quarks” in the adjoint representa-
number of models that may shed light on string breakingion of the color group, and we use these results to shed light
[11,12,20-2%k on the problem of string breaking. There is a long history of
One suggestion to arise in the literature is that the Wilsorattice simulations of QCD with adjoint matter fields, which
loop operator, which has typically been used to study thexhibits much of the physics of confinement of real QCD,
static potential between heavy quarks, has a very small oveend which also has a connection to supersymmetric physics
lap with the true ground state of the system at laRye@nd [26—33. In particular an analogue of string breaking should
hence is not suited to studies of string breaki®g,1d. This  occur in this model. The confining flux-tube between a pair
has led to the consideration of other operators to study stringf heavy adjoint quark§31] should be unstable against fis-
breaking, especially operators that explicitly generate lighsion at largeR, where gluons can materialize from the sea to
valence particles in the trial staf#1,12. bind to the heavy quarks, forming a pair of color-neutral
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bound states dubbed “gluelump$28]. Hence the potential much smaller propagation times are necessary when such
Vag(R) between a pair of static adjoint quarks in quenchedcorrelation functions are used. A similar result was recently

QCD should approach a constant at laRje obtained in simulations done on “fine” lattic®1—-23, and
this was interpreted as providing support for the picture that
Vad R—%)=2Mqyq, (1) Wilson loops are not suitable for studies of string breaking.

However, we suggest instead that one must be more care-
where M, is the energy of the lightest gluelump. In this ful in defining the goal of “observing string breaking” in
model as well, despite much effort, string breaking usinglattice QCD simulations. In particular we note that operators
Wilson loops has not been seen. However, it has been sugrhich explicitly generate light valence quarks will automati-
gested very recently that string breaking for adjoint quarksally exhibit static potentials that saturate at laRjeeven in
can be readily observed using correlators that explicitly genguenched QCDhere considering the theory with fundamen-
erate valence gluons in the trial st41—23 (earlier work  ta| representation quarksThe primary goal of string break-
using such operators was done by Michggs]). _ing studies is to observe distinctive features of the effects of

Here we undertake a detailed study of four-dimensionakes quarks, hence one is most interested in observables that
SU(2) gauge theory with static adjoint quarkis work was )¢ clearly distinguish between the quenched and un-
reported in unpublished form in R¢B4]). We use a tadpole- ¢ anched theories. Studies using trial states with light va-

improved gl_uon act!on to do simula}tions on Iatticgs with lence particles must abandon conditions similar to @gin
coarse spatial spacings. We use highly anisotropic lat- defining string breaking, and must look instead for more

tices, with fine “temporal” spacings, in o_rder to mgke 8 subtle effects of sea quarks. For example, string breaking
careful study of the time-dependent effective potentials. On(f‘hay be defined10] as a mixing between a heavy quark-

lattice used here has,=0.36 fm anda;=0.10 fm, which ; K OO) pai d ith liaht val icl
provides an increase in computational efficiency of some wéntiquar QQ) pair, and a state with light valence particles

orders of magnitude compared to simulations of adjoint(Such as @Qqq state in QCD with fundamental represen-
quarks that were done in Refl23] using an unimproved tation sources, whergis a light valence quapk
action on lattices with spacings of about 0.1 fm. We believe, however, that one should not abandon the
The lattice Spacingas and renormalized anisotropies are VieWpOint, Wh|Ch haS prevailed in the ”terature Unt” recently,
first determined from the static potential for quarks in thethat the properties of trial states containing only heavy
fundamental representation. We then study the Wilson loogluarks are of prime interest in the study of string breaking.
in the adjoint representation, and the masses of magnetic arithis is because the static potential for tQ& trial state
electric gluelumps, which set the energy scale for stringallows one to make contact with the process of hadroniza-
breaking according to Ed1). In addition we consider corr- tion, which is of very basic interest in QCD. In hadroniza-
elators of gauge-fixed static quark propagators, without théion, an initial state is created consisting of just two valence
string of spatial links that is found in the Wilson loop; this is quarks at small separations, which then separate in real time,
similar to correlators proposed in Ref8,9] as alternatives leading to the creation of additional valence quarks at sepa-
to the Wilson loop for observing string breaking. We alsorations around 1-2 fm, with the final state consisting, for
consider a matrix of correlation functions in a basis that in-example, of two widely separated mesons. A string breaking
cludes a state with valence gluons. condition analogous to Eq1) can be thought of as an adia-
We find that adjoint quark string breaking is extremely batic approximation to the dynamics of hadronization. Hence
difficult to observe using Wilson loops, because of a verya clear demonstration of this definition of string breaking
strong suppression of the signal, due to approximate Casimiemains an important challenge for lattice QCD.
scaling of the static potential. Despite the considerable com- The question then is whether this problem is accessible in
putational advantage provided by coarse lattices, we are linrealistic simulations. The small overlap of the Wilson loop
ited to propagation times well below 1 f(although we do with the broken string state at large separations may be an
reach much larger propagation times than have been attain@deducible problem: a nonlocal state of two widely separated
in previous studigs Nonetheless it is clearer than a progres-heavy quarks connected by a string is bound to have a small
sive “flattening” of the adjoint potential occurs as the propa- overlap with the state consisting of two widely separated
gation time is increased. These results also strongly supporeavy-light mesons. On the other hand, we find that the over-
the conclusion that string breaking would be observed iflap of the Wilson loop with the broken string state is appre-
propagation times of about 1 fm could be attained. In thisciable in a range of separations around the point at which
connection, we will later demonstrate the somewhat surprisstring breaking actually occurs. Simulations of Wilson loops
ing fact that observing string breaking in quenched QCDat much larger separations, where the overlap becomes van-
with adjoint quarks actually representsraichhigher com-  ishingly small, are not relevant to hadronization, since in this
putational burden than the same problem in unquenchephysical process the original quarks never get to such points
QCD with real quarks. Propagation times of about 1 fmwith the string intact.
should indeed be accessible in unquenched QCD simula- If one considers the static potential for quark separations
tions, especially if coarse lattices are used with improvedaround 1-2 fm, which are physically motivated by the anal-
actions[16]. ogy with hadronization, then “string breaking” defined
By contrast, we readily observe saturation of the stati@analogously to Eq.1) does indeed appear to be accessible in
potential obtained from states that contain valence gluondull QCD using Wilson loops. The important observation
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here is that propagation times of about 1 fm appear to be 1
sufficient in order to resolve the broken string s{dt&]. This W= mTr
can be achieved by using improved actions to do simulations

on coarse lattices; we estimate that an increase in Comp“tgvhereD[U,] is the jrepresentation of the linkJ,, andL
tional efficiency of some two orders of magnitude over mos"denotesjthe path of links in the Wilson loop. In the case of

recent studies in full QCD can reasonably be expected. Ip, adjoint Wilson loop of interest here, we have
our estimation all of the available evidence, including the '

lelL

I1 D,—[UJ], (5)

new results presented in this paper, support the view that W, (T,R)=1[4|W, % T,R)|?—1], (6)
string breaking is accessible in large scale simulations of the
Wilson loop in full QCD. as can also be seen by using an explicit form for the adjoint

The rest of this paper is organized as follows. In Sec. llrepresentation matricé28]
we present the details of the improved gluon action, and the
construction of the various correlation functions to be stud- DI[U=3Tr(a*Ua"UT), (7)
ied. The results of the simulations are presented in Sec. I, i ) A a L
where each correlator is considered in turn. Finally, wednd making use of the identity;; oy =2(6; Sk — 7 6ij b))

present some further discussion and conclusions in Sec. Iv. To enhance the signal-to-noise we make an analytical in-
tegration on timelike link$38]

e l2j+1(BK) f _
. ps— AT LPR o BS
The tadpole-improved S@) action on anisotropic lattices j dluiDiluJe 11(Bk) Ditvil | d[Uy]e
used here was previously studied in R&5], following ear- 8
lier work in SU(3) color [36,37)

II. ACTION AND OBSERVABLES

wherek,V, denotes the sum of thexl1 staples and 1
5P, 1R. 1R. rectangles connected to the time-like likk [det(V,)=1].
SS SS s S] This variance reduction was applied to time-like links for the
Wilson loops and gluelump correlators. Equati(®) as-
sumes that a given link appears linearly in the observable,

- 114 Py 1 Ry @ hence we can only apply it to Wilson loops wiRr>2, be-
s &0 3 uu2 12 u‘s‘uf ' cause of the rectanglds; that appear in the improved ac-
tion.
whereP,, is one-half the trace of the>d1 Wilson loop in An iterative fuzzing procedurf39] was used to increase

the uX v plane,R,,, is one-half the trace of the>21 rect- the overlap qf the Wilson loop gnd glu_elump operators with

angle in thepX v plane, and wherg, is the bare lattice the lowest-lying states. Fuzzy link variable§™(x) at the

anisotropy, nth step of the iteration were obtained from a linear combi-
nation of the link and surrounding staples from the previous

a, step

éo= 3

S/ bare

UMeo=U"Y00+e X UM Heout
This action has rectangld®,y andRg; that extend at most 7=
one lattice spacing in the time direction. This has the advan- TR GEE T
LI : . : . X (X+J)U; +
tage of eliminating a negative residue high energy pole in the (x+))U; (x+1), ©)
gluon propagator that would be presenRif rectangles were  \yherej andj are purely spatial indices, and where the links
included. “Diagonal” correlation functions computed from \yere normalized tdJTU=1 after each iteration. Operators
this action thus decrease monotonically with time, which isyere constructed by using the fuzzy spatial link variables in
very important for our purposes. The leading discretizationyace of the original links. Typically the number of iterations

errors in this action are thus @(af) andO(asa3). n and the parametere were chosen around n(e)
On an anisotropic lattice one has two mean fieldand  =(10,0.04) for Wilson loops andn(e)=(4,0.1) for glue-
Us. Here we define the mean fields using the measured valymps.
ues of the average plaquettes. Since the lattice spaajrngs The gauge-invariant propagat&(T) of a gluelump can
our simulations are small, we adopt the following prescrip-pe constructed by coupling a static quark propaga&er
tion [35-37 for the mean fields: (product of temporal links of time extentT to spatial
plaquetted), andU+ located at the temporal ends of the line
U=1, us:<Pss’>l/4- (4) [28]
Observables in various representations of the gauge group G(T) :Tr(anb)Dﬁb[QT]Tr(U%b). (10

can be easily computed from the measured values of the

fundamental representation link variables using relation8oth magnetic and electric gluelump propagators were ana-
amongst the group characters. The Wilson I#pin thejth  lyzed, by choosing appropriate linear combinations of spatial
representation is defined by plaquettes at the ends of the static propagp28t. For the
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TABLE I. Simulation parameters for the four lattices, and measured values of some lattice quantities. The bare ani§paoditise
mean fieldag for tadpole improvement are showswhereu,=1), along with the lattice volume in each case. Measured values of the lattice
anisotropiest,., are compared to the input anisotropies, as discussed in the text. Simulation results for the spatial and temporahspacings
anda, are given, as well as the relative err@¥ in the off-axis potentials aR= \/§as. Most of the results in this paper are drawn from
the two lattices with the smallest spatial spacings.

B & Us Volume Erenl &0 ag(fm) a, (fm) AV(y/3ay)
0.848 0.276 0.7933 fx 20 1.021) 0.3618) 0.1022) 0.0782)
0.848 0.125 0.8432 %30 1.171) 0.49420) 0.0723) 0.1542)
0.600 0.125 0.7947 %30 1.142) 0.60640) 0.08606) 0.2202)
0.500 0.125 0.7648 %30 1.121) 0.68930) 0.0964) 0.2312)

mag_netic que]ump a sum of four plaquettgs in a partiCU[aK/vhereEle[ui(x)—Ui(x—?)]zo, which we implemented
spatial plane is used, the sum being invariant under lattic@sing an iterative steepest ascent algorithm with fast Fourier
rotations about an axis perpendicular to the plane. For thgcceleratior]40].

electric gluelump a sum of eight plaquettes lying in two

planes is used, the sum being invariant under rotations about . RESULTS

an axis that is common to both plangs(T) can be ex-
pressed in terms of fundamental representation link variables
using Eq.(7):

A. Lattice parameters and fundamental
representation potentials

Four lattices were studied in order to check the physical

G(T)=2Tr(UoQrUIQN ~Tr(Ug)Tr(Us). (11 results for dependence on lattice spacing and input anisot-

_ ropy. The four sets of simulation parameters are listed in

We also study the correlator for @Qgg trial state by  Table I. Roughly 40000 measurements were made for the

measuring the expectation value of the operator observables on each lattice, skipping 10 configurations be-
tween measurementa/hich results in very small autocorre-
Goo(T.RI=G'(T;R)G(T:0), (12 ation times, Y

We note that lattices with very coarse spatial spacmgs
were deliberately chosen in an effort to probe the potentials
jat the longest physical quark separations possible, for the
least computational cost. Two of our lattices have spatial
spacings of about 0.36 fm and 0.49 fm, which are compa-
rable to lattice spacings that have been used by a number of
GGW(TaR)ETr(UO;OUa)Dib[QT;OFT;RQ‘T’-R]Tr(UO;RUb)a authors(see, e.g. Ref441,37,39). We also considered two

' lattices with much coarser spacings, of about 0.60 fm and

(13 0.69 fm: although one would not necessarily advocate the

use of such coarse lattices in general, we felt that it is worth-

while to employ them here, in order to gain as much com-
GWG(T,R)ETr(UT;R(Tb)D?b[Q:lr'-RFg'RQT'O]Tr(UT,Oo-b)_ putational advantage as possible, especially considering that

o ' a good test of Eq(1) is at this time perhaps more important

14 the study of string breaking than obtaining high precision

results for any particular observable. We will see that dis-

cretization errors for this purpose are relatively small even
tively. The plaquettet)o.o andU .5 in the case 0By, for on the coarsest lattices used here, and we note that our con-

example, are connected to the ends of the static propagatoﬁ:g”s'onS can be drawn from the results on the two lattices
ot time zero. with the smallest spacings.

Finally, as an alternative to the Wilson loop, we compute We first present results for the fundamental representation

correlators of gauge-fixed static quark propagators separat tential, which are used to measure the renormalized lattice

by a distanceRr, given by expectation values of the operatoranis‘)tmpygren and to set the lattice spacireg . .
The renormalized anisotropy is determined by comparing

Gpoy(T,R) =Tr(Dy[Qr o)) THD,[Qrrl). (15  the static potentiadVy,, computed in units oé, from Wil-

son loopsW,; where the time axis is taken in the direction of
This operator is similar to the Wilson loop in that it has only small lattice spacings, with the potentialV,, computed
heavy quark propagators. It has been suggd&@iithat this  from Wilson loopswi,, with both axes taken in the direction
type of operator may have a larger overlap with the brokerof large lattice spacings85-37,42. The anisotropy is deter-
string state, since it does not have an explicit string of spatiamined after an unphysical constant is removed from the
links connecting the heavy quarks, in contrast with the Wil-potentials, by subtraction of the simulation results at two
son loop. We measurep,, in lattice Coulomb gauge, different radii

where static quark propagata@., andQ+.g of time extent
T, and separated by a spatial distaf;ere used irG(T;0)
andG(T;R), respectively. We also compute the off-diagonal
entries in the gluelump pair-Wilson loop mixing matrix,
given by the expectation value of the operators

and

I'g.r andI'1.g are products offuzzy) links connecting the
spatial sites of the heavy quarks at times zero Bnespec-
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FIG. 1. Fundamental representation potential for the action with FIG. 2. Time-dependent effective mass plot for the fundamental
a;,=0.49 fm: on-axis points+{), off-axis points (). The dotted potential from the lattice withag=0.49 fm anda;=0.072 fm.
line shows the results of a fit of the on-axis points to Ed). Each roughly horizontal line of points shows the effective mass at

one separatioR: on-axis points ), off-axis points (<).

o= aVs(Ra) ~aVua(Ry) _ (16)  are shown in Fig. 2. A reliable determination of the ground
asVyy(Ra) —asVyy(Ry) state potential in the fundamental representation can be
made, with excellent plateaus in the effective mass plots,

The anisotropies determined witR, = \/Eas_ and R;=2as  going out to propagation times near 1 fm, even at separations
are shown in Table I; results obtained wity=as are in a5 |arge as 2.5 fm.

excellent agreement with these estimates. The renormaliza- The potentials from all four lattices are plotted together in
tion of the anisotropy is small in all cases, especially aghysical units in Fig. 3. A Coulomb term is visible in this
compared to the very large renormalizations for unimproveQyata, with fits to the on-axis data yielding coefficierits

actions on lattices with comparable spacifgs. ~around 0.1[35]. Although the fundamental potentials on
The spatial lattice spacing is then determined by fittingihese coarse lattices are dominated by the confinement term,
the fundamental representation potential to the form the results give evidence of good scaling behavior even in
b this range of large lattice spacings.
Vi(R)=ocR— =+c, 1 ) .
n(R)=c R (17) B. Magnetic and electric gluelumps

The effective mass plots for single electric and magnetic

taking the physical value of the string tension to be g_luelumps exhibit good plateaus, as shown in Fig. 4. The

=0.44 GeV. The potentials were measured at on-axis sep

rations, as well as at off-axis separatidia= 2, /3, 5, 4

J8, 13, /18, and20. Symmetric combinations of the I )

shortest spatial paths connecting two lattice points were user Ee/,/’m

in the off-axis Wilson loop calculations. Results for the lat- 3 x* .~ .

tice withag=0.49 fm are given in Fig. 1, which shows good a«"”/é

rotational symmetry restoration, thanks to tadpole improve-3' 281 N 1

ment. A quantitative measure of the symmetry breaking isg 2| 9’%"%' _

obtained by comparing the simulation results for the poten-ﬂ>£ »ep«E’/

tial with the interpolation to the on-axis data 151 >§‘<§‘(ﬁ 1
1} x5 ]

Vsim( R) - Vfit( R) -
AV(R)=—— ———. (18) 05 *f‘ﬁ ]

0 . . . . s s

Results forAV at R= \/3a, for the four lattices are shown in 0 0.5 1 1.5 2 25 3 35

Table I. Unimproved actions exhibit much larger rotational R [fm]

symmetry breaking effec{t1,35.

. . . FIG. 3. Fundamental representation potentials in physical units
Representative plots of the time-dependent effective PO om all four IatticeS'as=0p36 fm (+) 252049 fmp(xy) a,
tential ) ' ' ' '

=0.61 fm (*), andag=0.69 fm (). An additive renormalization
in the energies has been adjusted so that the potentials agree at
(19 ~0.5 fm. The dotted line is the best fit to E@.7) for the lattice

W(T,R) )
with a;=0.36 fm.

V(T,R)=— |I’l( m
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FIG. 4. Effective mass plots for single electric)(and magnetic FIG. 6. Adjoint Wilson loop effective mass plots for the lattice

(O) gluelumps. There are four pairs of plots corresponding to thewith a;=0.36 fm anda;=0.10 fm. Plots are shown for several

four lattices, with the spatial spacirag increasing from the bottom values of the on-axis quark separatid®®=1-3 (+), R=4 (O)

of the figure to the top. andR=5 (*), as well as at some off-axis pointx{. The dashed
lines show the & limits for twice the mass of the magnetic glue-

electric gluelump is known to have the larger mg2g8). The lump 2M qq on this lattice.

gluelump energ o is not physical as it must be additively ang are plotted versus lattice spacing in Fig. 5. We expect the
renormalized due to the self-energy of the heavy quarkieading scaling violations to be o®(a?) and O(asa?l).
However, this renormalization should cancel in the differ-owever, the data are not of sufficient quality to verify that
ence between the electric and magnetic gluelump energies. fe scaling violations have the expected form. For the sake of
direct comparison of Bl o4 with the static potential for a pair jjjystration, a fit assumin@(a?) scaling violations is illus-

of adjoint quarks is also meaningful since the two quantitiesrated in Fig. 5, which yields a continuum estimate for the

have equal self-energies. splitting of
Our results for the gluelump splittings on the four lattices
are Metec— M mag= (204+16) MeV, x?/DOF=0.29.

(21
166+11 MeV,  a;=0.36 fm, The data are also consistent with a fit assuni@s) scal-
139+15 MeV, a;=0.49 fm, ing violations, yielding a continuum estimate for the splitting

M glec M mac= f
eec” Vimag—| 9316 MeV, a,=0.61 fm, ©
72+18 MeV,  a.=0.69 fm, Mejec™ Mmag= (273+29) MeV, x?/DOF=0.50,
(20) (22

where DOF stands for degrees of freedom. These results are
consistent with an estimate of the gluelump splitting in
e SU(2) color by Jorysz and MichadR8], who foundM ge¢

J[ —Mmag=203+76 MeV, using a single lattice with a spac-
150 | J[ ing of about 0.16 fm.

200 o mmm . '

5
é C. Adjoint representation Wilson loops
.:5” 100 | )% The determination of the ground state potential in the ad-
& joint representation is much more difficult than in the funda-
T mental case, due to the much larger energy scale in the ad-
50 1 joint channel. Effective mass plots for the adjoint potential

on two lattices are shown in Figs. 6 and 7. Notice that the
temporal spacing is smaller in Fig. 7, allowing one to more
clearly see that plateaus in the effective masses at large sepa-
rations have not been reached.
A typical procedure followed in the literature on string
FIG. 5. Gluelump physical mass splitting versus lattice spacingoreaking is to approximate the ground state potertigR)
a,. The dashed curve shows a fit assumi¢p?) scaling viola- by the effective potentiaV/(T,R) at a small value off, es-
tions. pecially at largeR, given the poor signal-to-noise in this

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
a_s [fm]
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FIG. 7. Adjoint Wilson loop effective mass plots for the lattice ~ F!G- 9. Comparison of the adjoint] and fundamental 4)
with a;=0.49 fm and a,=0.072 fm. Plots are shown foR potentials in physical units from all four lattices. The adjoint poten-
=1-3 (+), R=4 (X), R=5 (*). tial has been multiplied by a factor of 3/8 and shifted vertically to

agree with the fundamental potential Rt=0.5 fm. The longest

. . . ) propagation time at which a decent signal was available was gen-
region. The effect of choosing different fixed valuesTdior erally used. The dashed lines show limits for 2M o, (magnetie,

the determination of the potenfual can be seen by plOtt'ngafter being rescaled and shifted vertically by the same amount as

V(T,R) versusR, for several choices of. We show our data ¢ adjoint potentiaihere using the results only at=0.36 fm).

in this way for one lattice in Fig. 8. There is a clear trend for

the “potential” to flatten asT is increased, and this trend times of about 1 fm. This is particularly clear from the ef-

continues until the signal at largeis lost in the noise. The fective mass plots in Fig. 7, where one can estimate the

limitation to such small propagation time=0.5 fm at propagation time required to resolve string breaking by ex-

large separations introduces a significant systematic error itiapolating the effective potential measured at sméllérhe

assessing whether the potential saturates. potentials at the two largest separations show a clear trend to
Itis also useful to compare the fundamental potential withdecrease towards the broken string energyMfyZ, and the

the adjoint one. In Fig. 9 we plot the two potentials in physi-results suggest that saturation of the potential at these large

cal units from all four lattices, where we rescale the adjointseparations would indeed be reached at propagation times of

potential by 3/8, the ratio of S@) Casimirs for the two about 1 fm.

representations. There is good evidence for screening of the

adjoint potential, compared to simple models of Casimir D. Gauge-fixed quark-antiquark correlator

scaling[28]. . . . . .
Theg overall picture from these results is consistent with The correlation function between a pair of static adjoint

, : : . _quark propagatorkcf. Eq. (15)] was calculated in Coulomb
the suggestiof3] that string breaking occurs at propagation gauge in order to study a state without an explicit string of

links connecting the heavy quarks. Similar correlators were
suggested for observing string breaking in R¢&9]. Re-
sults for the effective potential defined froB,(T,R) are
shown for one lattice in Fig. 10. The results obtained from
15 ¢ 1 this correlator agree well with the Wilson loop estimate of
% the potential, obtained at similar propagation times, giving
neither a better nor a worse indication of string breaking.

(T.R)

atv

E. Gluelump-gluelump correlators

Representative effective mass plots for the magnetic
gluelump-gluelump correlatdrcf. Eq. (12)] for one lattice
@ are shown in Fig. 11. At smaller separations the signal is
clear but contains large excited state contributions; at larger
0 ' ' : ) : separations the signal degrades, but the data at Insalbw

0 1 2 3 4 5 6 . ; :
Ria s more of a pIatgau. Thg resul_tlng pof[enuals from two lattices
- are compared in physical units in Fig. 12.

FIG. 8. Adjoint Wilson loop static potential \R at various fixed We also used a standard variational meth28] to esti-
propagation times for the lattice wittag=0.49 fm and a, mate the state of lowest energy in th& 2 basis of states
=0.07 fm:T/a,=2 (¢), 3(+),4(),5(X),6(A). Thedotted composed of a pair of heavy adjoint quarks connected to
lines show Ir limits for 2M g4 (magneti. each other by a string of link&adjoint Wilson loopW,q),

05
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FIG. 10. Adjoint potential computed from gauge-fixed static

quark propagators on the lattice withg=0.36 fm and a;
=0.10 fm. The dotted line showsMq, (magnetig, and the
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FIG. 12. Static potential estimates from the magnetic gluelump-
pair correlator in physical unitéwith additive energy shifjs a
=0.36 fm (+) andag=0.49 fm (X).

dashed curve shows the result of a fit to the potential computed

from the adjoint Wilson loop on the same lattice and at comparable

propagation times.

and aQagg state. Consider the corresponding 2 corre-
lation matrixC;; [cf. Egs.(12)—(14)]:

(Wag(T,R))  (Gew(T,R))
(Gwe(T,R)) (Geo(T,R))/

With the two basis states represented| #y(R)), the corre-
lation matrixC;;(T,R) is written as a transfer matrix

Cii(T,R)=(¢i(R)|e "T|¢;(R)).

One finds a linear combinatidd (R)) of basis states

Cij(T,R)= (23)

(29)

[ @(R)=2 ai(R)|¢i(R) (25
which maximizes
25 — : : : . . . .
2 L
+ + +
£ 15T ]f
s +
< 1}
+
05 * + + + +
0 1 1 1 1 1 1 1 1
| 2 3 4 5 6 7 8
T/a t

FIG. 11. Magnetic gluelump-gluelump effective masses for th

lattice withag=0.36 fm anda,=0.10 fm, for two separation®
=1 (lower point3 andR=4 (upper points

(@(R)|e M [®(R))
(P(R)|P(R))

NT*R)= (26)

This requires the solution of the eigenvalue problem

C;;(T*,R)a;(R)—\(T*,R)C;;(0,R)a;(R)=0. (27)

We choose to optimize the variational state by solving Eq.
(27) at a small timeT*, otherwise numerical instabilities
may arise due to large statistical errorsGy(T*,R), espe-
cially at largeR [28].

With this choice of optimized variational state, the corre-
lation function Eq.(26) is then evolved to a larger timg,
in order to filter out our final estimate of the ground
state energy A\(T,R)=e 5T The overlaps c*(R)
=(i(R)|O(R))%($i(R)| 4(R)) of the basis statds);(R))

on the ground statB)(R)) can be estimated according to

Ci(T,R)

2 —
SR TRG0R)

(28

at sufficiently largeT [note that Eq(28) at finite T provides
an upper bound on the true overlaps

The results of this diagonalization procedure are as ex-
pected. Figure 13 shows the estimate of the ground state
potential in physical units from two lattices. The estimated

overlaps of theQQ and QQgg states with the variational
estimate of the ground state are shown in Fig. 14. There is a
rapid crossover in the ground state as determined in this ba-
sis, from the Wilson loop at smalld® to the gluelump-pair
state at largelR. One also sees from Fig. 14 that mixing
between the two states is clearly resolved, since the ground
state is shown to have appreciable overlap with both of the

QQ and Qagg trial states, over a significant region R
centered aroun&/ag~2.5-3.
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4 - - - y < v = erated gauge fixing. Most important was the use of coarse,
a5 | 5 T | highly anisotropic lattices from tadpole-improved actions.
| X The lattice withag=0.36 fm anda;=0.10 fm, for example,
3 . gives an improvement in computational efficiency of some
+% two orders of magnitude compared to simulations of adjoint
= 25¢1 X X i guarks done in Ref.23] on lattices with spacings of about
g ol 2 _ 0.1 fm. Large lattice anisotropies provided more data points
ﬂ;: + for analysis of the Euclidean time evolution of correlation
15 ¥ ] functions. This proved to be especially important in analyz-
1L+ il ing adjoint Wilson loops for even moderate physical values
of R, due to the rapid decay of the signal.
05 1 The transfer matrix in the basis @fQ andQQgg states
0 . . . . reveals a static potential which saturates M, near 1.5
05 1 1.5 2 25 fm. Similar string breaking distances have been suggested
R [fm] for full QCD [43], and have been observed in other theories,

including three-dimensional QCD with dynamical fermions
[13]. At small quark separations the potential rises linearly,
with a slope of abou§ of the fundamental potential, consis-

FIG. 13. Variational estimate of the ground state energy in
physical units for two latticegafter additive shifts in the energies
a;,=0.36 fm (+) anda,=0.49 fm (X). The trial state was typi- : . - .
cally determined af* =a,, which was then propagated to a time te_nt_ with Casimir scaﬂng. Satgratlon of the pptentﬁahd
T~4a, to obtain the results shown in the figure. Also shown are theéMixing between theQQ and QQgg state$ obtained from

1o lines for 2M o4 (Mmagnetic. this transfer matrix occurs over a very small range of sepa-
rations R. These results are in qualitative agreement with
IV. SUMMARY AND FURTHER DISCUSSION recent calculations done on fine lattices using unimproved

. i o actions[21-23. In addition, results obtained here using cor-
|n_th|s_ paper we made a through an_aly5|s of adqunt quarke|ations between gauge-fixed static quark propagators, with-
physics in the context of string breaking. Three trial states,t a4 connecting string of spatial links, agree well with the
were investigated as candidates for observing string breakpjison loop estimate of the potential, giving neither a better
ing: the adjoint Wilson loop, ®Qgg state, and a pair of nor a worse indication of string breaking.
gauge-fixed static quark propagators. The fundamental rep- As discussed in Sec. | these results, taken at face value,
resentation potentials were used to measure the lattice spagight be interpreted as evidence that Wilson loops are not
ings and renormalized anisotropies, and electric and magsuitable for studies of string breaking, but that string break-
netic gluelump masses were calculated in order to set thiag can be readily observed using trial states with light va-
energy scale for string breaking. A number of techniquedence particles. However, we raised several cautionary obser-
were used to maximize the efficiency of the calculationsyations about this viewpoint. In particular, we pointed out in
including fuzzing, variance reduction, and fast Fourier accelSec. | that operators which explicitly generate light valence
particles automatically exhibit potentials that saturate at large
1.4 : . . - - T T T [ R In the case of QCD with fundamental representation

quarks, this means that operators of this type would satisfy
the analogue of Eq1) even in the quenched theory. This is
particularly clear when the correlation function receives dis-

11 j e
* % connected contributions. In the case of @&gg correlator

12 -

+
= 08r s + § [cf. Eq.(12)], we have
3 o6l % - (0]GY(T;R)G(T;0)[0)=(0|G(T;0)[0)*+ ..., (29)
04 f t § where|0) is the vacuum state, and where the ellipsis denotes
the contributions of non-vacuum insertions between the two
02 r % S . operators in the correlator. Hence one is guaranteed to find
% 5 % * Tz an effective mass off o, at modesR using this correlation
o 1 1 1 1 1 1 1 1 . . . _
o5 1 15 2 25 3 35 4 45 5 function. This may also explain why one observes an ex

tremely rapid crossover in the mixing between the Wilson
loop and trial states containing light valence particles
FIG. 14. Diagonalization results for the lattice wita;  [11,12,21-28 Exactly the same behavior must occur if op-
=0.49 fm, showing the estimated overlaps of the two basis stategrators that generate light valence quarks are used in simu-
with the ground state as functions & according to Eq(28): lations of full QCD.
Wilson loop (+) and QQgg state ). Note that the estimated This raises the important question of exactly how one
overlap can be somewhat larger thaiias in the gluelump pair at  defines the goal of “observing string breaking.” Perhaps one
largeR), since Eq(28) actually provides an upper bound to the true can advocate two points of view. From one viewpoint, one
overlap at finiteT. would say that correlation functions give spectral informa-

R/a_s
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tion only: the ground state energy versus quark separation, an unquenched QCD. This approach has recently been used
matrix elements for mixing between different sectors of thein unquenched QCD in four dimensions in REE6].
Hilbert space, for example. One then looks for a set of op- Unfortunately definitive calculations of the adjoint Wilson
erators that provides the best estimate of these quantitiekop in this string breaking regime did not prove to be fea-
even if such operators generate light valence particles in theible in this paper, with propagation times limited to well
trial state. In that case, however, one must sacrificd Bas  below 1 fm, even with coarse latticéslthough we did reach
a criterion for string breaking, and look instead for somemuch longer propagation times than have been attained in
more subtle effects of sea quarks, such as mixing matriyprevious studies of this systen©n the other hand, it is clear
elements. One might also say that the difficulty in observinghat adjoint Wilson loops exhibit a potential that progres-
string breaking with the Wilson loop indicates nothing moresively “flattens” at longer propagation times. Moreover, the
than that this operator has a poor overlap with the groundrend in the effective mass plots from the adjoint Wilson loop
state in the regime of large separations. at largeR strongly supports the conclusion that string break-

A second point of view, which has prevailed in the litera- ing should occur at propagation times of about 1 fm.
ture until recently, and which we advocated in Sec. |, is that In this context it is interesting to estimate the size of the
one can use certain correlation functions to make an analoggdjoint Wilson loop signal relative to the fundamental one,
with hadronization, which is a phenomenon of basic interesand to compare the computational cost of these simulations
in QCD. From this viewpoint, Eq.1) provides an important to those of unquenched QCD. If we assume roughly Casimir
definition of string breaking, as it can be interpreted as arscaling of the potential just below the string breaking dis-
adiabatic approximation to the process of hadronization. Inance, then the ratioV,q/Wj,.q of the adjoint to the funda-
this view, it is essential to consider trial states that do nomental Wilson loops in S{B) color goes like
contain light valence particles in the trial state. In particular,
the trial state should satisfy E€L) only in unquenched QCD W/ Wiyng~exf — (3 —1)oRT]~10"4, (30)
(here considering the theory with fundamental representation
quarks. The Wilson loop satisfies this requirement, while using Jo=0.44 GeV for the fundamental representation
operators which generate light valence particles do not.  string tension, andR~1.5 fm andT~1 fm for the scales

In making contact with hadronization one is interested inrelevant to string breakinfthe ratio is yet smaller, by an
using the Wilson loop to measure the potential only out toorder of magnitude, in S@) color]. This is to be compared
separationfR~1.5-2 fm, since in the actual physical pro- with the roughly two orders of magnitude increase in the cost
cess the original quarks never get to much larger separatiorts simulating dynamical quarks compared to quenched simu-

with the String intact. In this region the 0ver|ap of the Wilson |ations_[The Qagg correlator does not show a Comparab|e
loop with the ground state appears to be appreciable, judginguppression of the signal, which is due entirely to the pres-
from Fig. 14, and from results for unquenched QCD pre-ence of disconnected contributions, cf. H9).] Hence,
sented in Refs[13,16. However, one must still push the while the adjoint representation is interesting as a probe of
calculation to propagation times of about 1 fm, characteristiGonfinement and supersymmetric physics, it is not a cost ef-
of hadronic binding, in order to properly resolve the brokenfective means of mimicking hadronization in full QCD.
string state. This is the relevant challenge in observing string Nonetheless the results presented here do lend support to
breaking using Wilson loops. the general picture that Wilson loops should in fact exhibit
To date most simulations of full QCD have been done On‘string breaking” as an ana|ogy to hadronization. This phe-
lattices with relatively fine spacings, making it computation-nomenon should be accessible in unquenched QCD with the
ally very challenging to reach the length scaRs 1.5 fm  computational power currently available in large scale simu-

and propagation times~1 fm relevant to string breaking. |ation environments, if coarse lattices with improved actions
The use of coarse lattices with improved actions allows &re used.

much more efficient probe of this regime, as was recently
demonstrated by one of us in RgL3], where this approach
was used to resolve string breaking with Wilson loops in
unquenched QCD in three dimensions. An increase in com- We thank E. Eichten, B. Jennings, J. Juge, G. Moore, and
putational efficiency of some two orders of magnitude isespecially R. Woloshyn for fruitful conversations. This work
possible using lattices with spacings between 0.3 fm and 0.4vas supported in part by the Natural Sciences and Engineer-
fm, compared to most simulations that have been done so fang Research Council of Canada.
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