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String breaking by dynamical fermions in three-dimensional lattice QCD

Howard D. Trottier
Newman Laboratory of Nuclear Studies, Cornell University, Ithaca, New York 14853-5001
and Physics Department, Simon Fraser University, Burnaby, British Columbia, Canada V3A 1S6
(Received 22 December 1998; published 7 July 2999

The first observation is made of hadronic string breaking due to dynamical fermions in zero temperature
lattice QCD. The simulations are done for @Ycolor in three dimensions, with two flavors of staggered
fermions. The results have clear implications for the large scale simulations that are being done téssearch
far, without succegsfor string breaking in four-dimensional QCD. In particular, string breaking is readily
observed using only Wilson loops to excite a static quark-antiquark pair. Improved actions on coarse lattices
are used, providing an extremely efficient means to access the quark separations and propagation times at
which string breaking occur$S0556-282199)05315-1]

PACS numbd(s): 12.38.Gc

The string picture of quark confinement predates quantuntions R has been explored and, more importantly, the propa-
chromodynamics, and continues to play a central role in thegation of the trial states created by Wilson loops has only
oretical efforts to characterize the physics of QC Simu-  been studied for rather short Euclidean tinies(e.g., T
lations of quenched lattice QCD have in fact demonstrated-=0.4—-0.8 fm in Ref.[3]). The restriction to such short
that color-electric field lines connecting a static quark anobropagation times precludes a definitive assessment of
antiquark are squeezed into a narrow t{k in accordance \hether string breaking occurs in these states. This limitation

with many models of the linearly rising static potential.  may pe substantially alleviated by working on coarser lat-
In QCD with dynamical fermions the flux tube joining ices with improved actions.

static quarks is expected to be unstable against fission at This proposal is assessed here by doing simulations in

large R, where there is enough energy in the fields to matey, oo _jimensional lattice QCD (QGPwith two flavors of
rialize light quarks from the vacuum, which bind to the d . : .
) ynamical staggered fermions. QgProvides an excellent
heavy quarks to form a pair of color-neutral bound statesI boratory for studving the phvsi f listi o
The simplest indicator of string breaking is provided by the aboratory for studying the pnysics of realistic Qafr a
static quark-antiquark potentiaV/(R), which should ap- review see Ref[ll_]). Quenched QCphas b_een shown to
proach a constant at large f—:-xhlb|t linear cqnflnement, f!ux-tube formation, a deconfin-
ing phase transition, and a rich glueball spectrum, and spon-
V(R—%)=2Mgqy, (1) taneous breakdown of a “chiral” symmetry has been ob-
served in both the quenched and unquenched theldrigs
whereM o is the mass of a bound state of a heavy quark and The first observation of string breaking by dynamical fer-
a light antiquark. mions is reported here, using only Wilson loop operators to
There is as yet no convincing evidence of string breakingexcite the static quark-antiquark systéb3]. Although these
in lattice simulations at zero temperature, despite extensiveimulations are done in QGDthe results have clear impli-
simulations by several large scale collaboratiph8—6. A  cations for work on the four-dimensional theory. In particu-
recent conjecturf?,8], which has received widespread atten- lar the simulations are done on coarse lattices, using an im-
tion, holds that the failure to detect the broken string state igproved gluon action that is accurate througifa®) and a
due to a very poor overlap of the Wilson loop operator withstaggered fermion action that is accurate throGgh). This
the true ground state of the system at laRj@Vilson loops  allows the system to be much more efficiently probed at the
have been used almost exclusively to construct trial states iphysical separations and propagation times relevant to string
these simulations The possibility has been raised that the breaking. Moreover, the overlap of an operator with the
broken string state may even be unobservable with Wilsoowest-lying state generally increases with the coarseness of
loops for all practical purposd8]. This picture has recently the lattice, due to the suppression of higher momentum
stimulated interest in simulations using other operators tanodes in the trial state. In contrast, recent studies of QCD
excite the systerf9,10]. with dynamical scalar matter field®] and adjoint matter
Evidence for a somewhat different point of view is pre- fields [14], using unimproved actions on lattices with about
sented in this paper. The task of observing string breaking imalf the spacing considered here, did not resolve string
full QCD is computationally very challenging, given the high breaking in Wilson loops, presumably because insufficient
cost of simulating dynamical fermions. These simulationspropagation times were attained.
have so far been done on lattices with a relatively fine grid. Using the quenched string tension to set the “physical”
Consequently, only a fairly limited range of quark separalength scale for QCR these results suggest that string
breaking occurs in Wilson loops at modest propagation
times, somewhat in excess of 1 ffon modestly coarse lat-
*Permanent address. tices, which is not much beyond what has been reached in
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FIG. 1. Lattice spacing dependence of the quenched string ten- F|G. 2. Static potential from the Wilson gluon action At
sion from the improved gluon actioril); results for the Wilson —» (®) and from the improved gluon action g&=2 (CJ) and
gluon action @) are taken from Ref.11]. B=3 (X).

four dimensions. The physical quark separatibal.5 fmat | ) )
which string breaking is found in QCDis consistent with " [11)- A comparison of the potential computed from the
expectations in four dimensiord5]. Lattice spacings of tvyo actions on lattices of comparable spacing is shown in
about 0.2—0.3 fm are used here; these lattices are about twi¢é9- ,2' . ) .
as coarse as those that have been used in four-dimensional Simulations ofS,,; were done on lattices witg=2, 2.5,
studies of string breaking. Comparable lattice spacings coul@nd 3, all with anisotropy; /a;=1/4. The lattice volumes
be reliably accessed in realistic QCD using improved action§&nge from 18atp=2to 24 atp=3. A hybrid molecular
[16], resulting in an enormous improvement in computa-dynamics was used to generate the configuratithe ®
tional efficiency. algorithm[18] was used to generate the unquenched configu-
To begin with, consider the pure gauge theory in thregd@tions analyzed below50 molecular dynamics steps were
dimensions. To reduce the computational costBdolor is  taken with step sizat=0.02. A standard fuzzing procedure
considered. Simulations were done using a tree-leveivas employed on the link variables used in Wilson loop
O(a?)-accurate gluon action, allowing for different spatial Measurements. Integrated autocorrelation times satisfied

and temporal lattices spacings, anda, respectively{17]; =0.5, with typically 5-10 trajectories skipped between mea-
surements.
. ) A superficially surprising aspect of these results is the
Simp= _ﬂx;ﬂv £ul3Puw— 1 (Ru+R)I (@ O(a) scaling violation evident in the Wilson action data for

Jalgé. In fact this demonstrates the need to renormalize the

P, is one-half the trace of the>1 plaquette an®,,,, is bare coupling_at finite [1_9]. In_four dimension_s it is kn(_)wn
one-half the trace of the21 rectangle in thewX v plane. that. perturbative expansions in the bare Iattlcg couplmg.are
The bare QCD couplingZ (of dimension 1) enters through spoiled by large renormalizations. A renormalized coupling
the dimensionless parame{@r 4/9(2)as, and the bare lattice defined by a physical quantity a}bsorbs these large corrections
anisotropy is input throughéy=£s=as/a, and £, ?;g] greatly improves perturbation theory for many quantities
=a;/ag (i,j=1,2). ) ) i
éCE)g(isla sup)er-renormalizable theory: in fact the bare N lattice QCDy one expects to find a(gga) renormal-
coupling gé and bare quark masses, remain finite as the ization of the bare coupling at one-loop order. This produces

ultraviolet regulator is removed. Sin@é andmg are cutoff t\t/wg/ I|2negr st(r:]almgt;hwolr?tlo; 't?] theﬁuntlmprO\l/)ed resultsdf%r
independent in the continuum limit, one obtains extremely" < Yo. &N he other hand, this elfect can be removed by

simple scaling laws for physical quantities in lattice QCD using a physical quantity to o!efine a renormalized_scale._ For
In particular, masses in lattice uniiscluding the input bare example, Teper has done simulations of threg-dlmensmnal
quark massésshould satisfy glue_bgll mazssemq [11]_ anq showed that the ratiosg /\/o
exhibit O(a“) scaling violations.
Bam= const ©) The distinctive signature of the renormalization of the
bare coupling in QCB exposes an interesting feature of the
in the continuum limit. The improved actio8;,,, differs  action. One might expect to see a reduction in the renormal-
from the continuum theory at the tree level by terms ofization of gS when S;,,, is used, compared to simulations
O(a*); one-loop corrections induce errors @(g§a3). with the Wilson action. Remarkably one finds that the renor-
Resullts for the quenched string tension obtained Bith malization is in fact almost completely eliminated; as seen in
are shown in Fig. 1; for comparison, results obtained byFig. 1 the error inJo/g3 at 8=2 is reduced from about 45%
Teper[11] for the unimproved Wilson gluon action are also with the Wilson action, to less than about 5% W&h,,. This
shown(the dashed lines show the continuum limit estimateds also apparent from the data in Fig. 2, where the pote¥tial
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and separatiofiR from the lattices a3=2 and 3 are com- 10 | | . T T
pared on a common scale, set gg;. This is a genuinely

surprising result, since all of the higher dimension operators 8 - Quenched 5 .
present inSy,, should contribute to a Ieadir@(gga) renor- 5 g9
malization of the bare coupling. Apparently the operator se-
ries in this effective action converges very rapidly, even at
scales near the lattice cutoff.

One can therefore conveniently measure physical quanti- SR . M |
ties directly in terms of the bare coupling when the improved 2 %;,@3 X % J
action Eq.(2) is used. It is important to note however that the é§ x %
use of Sy, would prove advantageous evengi@ required 0 * | | | ‘
renormalization; one would simply use a measured quantity 0 1 2 3 4 5
(such as the quenched string tensida set the scale for R/(Ba.)
other observables, and the leadi®ga?) errors in the Wil- ’
son action would thus be removed. FIG. 3. Static potential from the improved gluon action with

Simulations with dynamical Kogut-Susskind fermions and without dynamical staggered fermions, @2 () and
were done to look for effects of string breaking. The stag-8=3 (X). The unquenched simulations were done on isotropic lat-
gered fermion actioSs in three dimensiong21] is identi-  tices @=as). The dashed lines arevllimits for 23a;Mqq, com-
cal in form to the four-dimensional theory, and describes twdPuted on dynamical configurations At=3.
flavors of four-component spinors:
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value [cf. Eq. (1)]. Excellent scaling behavior is observed;
note that the lattice spacing increases by 50% f@3 to

Sks= D 77M(x);(x)[UM(x)X(er [L)—Uz(x—,&) B=2. A continuum extrapolation of the string breaking dis-
X p tance R, can be estimated from these resul®,/(Ba)
~2.5.

X x(x— ) ]+2amp >, x(X)x(X), (4) The onset of string breaking is made particularly evident
X

by a comparison of the quenched and unquenched potentials

at the same8 (note that no adjustment of the energy zero has
where 7, (x)=(—1)*""""-1 is the usual staggered fer- peen made in any of these respltShe meaningfulness of
mion phase. Unquenched simulations were done with imthis comparison is supported by the fact that the bare cou-
proved glue on isotropic lattices(=as) at =2 and 3, on  pling g2 undergoes little renormalization; moreover quench-
12°x 8 and 16x 10 volumes respectivel22]. Isotropic lat- ing effects at a giverg were found to change the-meson
tices for the unquenched simulations were used in order tga5s by less than 10%.
probe the longest propagation timépossible, for the least  only (fuzzy) Wilson loop operators were used in these
computational cost(although measurements over a finercgjculations. As discussed above, little evidence of string
range ofT on anisotropic lattices would be advatangeous folhreaking in Wilson loops has been found in previous simu-
fitting and possible extraction of excited state enejgi®se  |ations with dynamical fermions. A distinguishing feature of
input bare quark mass in lattice units was scaled according tghe simulations done here, compared with earlier work, is the
Mo /g5=0.075[cf. Eq.(3)], with m_./m, found to be~0.75.  relative coarseness of the lattices that were usédtourse
Approximately 6000 measurements were dongat2 and  the physics of the string breaking process could be substan-
2000 atp=3. tially different in three dimensions; on the other hand, simu-

The leading discretization errors in the action, B, are  |ations of QCL on much finer lattice§9,14] did not resolve
of O(a?) [23]; at finite lattice spacing the bare quark massstring breaking in Wilson loops
must also absorb a©(g3a) renormalization. However, Using coarse lattices made it much easier to measure Wil-
these effects appear to induce little scaling violation in theson loopsW(R,T) at propagation timed large enough to
static potential at the small quark mass used here, perhapgcurately identify the ground state energy at laRyélots
because the energy in the color fields dominates the stringf the time-dependent effective potentiaV/(R,T)=
breaking procesgsignificant scaling violations in the un- —In[W(RT)/W(R,T—1)] are given in Fig. 4 and show that
quenched potential were seen when the Wilson gluon actioone could easily be misled as to the shape of the potential if
was usegl the calculation is not done at large enoughparticularly at
Results for the unquenched potential are shown in Fig. 3largeR.

The onset of string breaking is assessed by comparing the In order to have some intuition for the length scales
potential energy with the mass of the t\@ﬁ bound states probed in these simulations, it is instructive to use the physi-
into which the system should hadronize. The staggeredal value of the string tension in four dimensiongy
heavy-light meson propagatf4] was computed in the un- =0.44 GeV, to in effect set the value of the dimensionful
guenched configurations @t= 3, for equal valence and sea coupling constant in QCP Using the quenched continuum
quark masses; the result is shown as the dashed lines in Figxtrapolation Ba\/o=1.33(1) [11] one identifies, for ex-
3. String breaking is clearly demonstrated, with the un-ample,a(8=3)~0.2 fm. Comparable, if slightly smaller,
quenched potential approaching the expected asymptotiestimates of the lattice spacing are obtained if simulation
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6 I ' ' ' ' ' | Although longer propagation time$ are necessary to
o fully isolate the ground state energy at the largest separations
51 .o ] Rin Fig. 4, these data nevertheless clearly support the onset
. of string breaking. This follows from a comparison of the
2 4r * o oA unquenched and quenched potentials. Of particular impor-
g o' L tance is the fact that any slope that may exist in the un-
s 3 ‘z'g‘f'?g gzzﬂ}::é:—‘ quenched potential data at largeis clearly much smaller
@ s L - q BE 8 e i than the slope in the quenched data. Such a small slope, if
.; =2 truly present, would imply a very large change in other
" '5 = i physical quantities due to unquenching. In faot, was
. found to change by less than 10% with unquenching. Hence
0 ' ' ' ' ' ' the significant flattening of the unquenched potential data in
00 05 10 15 20 25 30 Figs. 3 and 4, compared to the quenched data, is very
R/(Ba) strongly indicative of the onset of string breaking.

] ) ] ) To summarize, string breaking due to dynamical fermions
FIG. 4. Time-dependent effective potentiglR,T) versusR in  \yas observed in three-dimensional lattice QCD. The results
the dynamical configurations #=3, for T/a;=1 (1), 3 (O),  have clear implications for current work on the four-
and 5 (A). Also shown is the quenched potential &3 (®)  dimensional theory. In particular, string breaking was readily
and the broken string energgashed lines observed using only Wilson loop operators. The use of im-
proved actions on coarse lattices provided a crucial advan-
results for the quenched or unguenchedneson mass in tage in accessing the quark separations and propagation
QCD; are identified with the physical mass. times at which string breaking occurs. The use of compara-
This scale setting implies a string breaking distaige bly coarse lattices in four dimensions would result in an
~1.5 fm, which is numerically very similar to estimates of enormous improvement in computational efficiency and
Ry, in four dimensiong$15]. The results of Fig. 4 suggest that could enable string breaking to be demonstrated in realistic
propagation times somewhat in excess of 1 fm are needed {aCD.
adequately resolve string breaking in Wilson loops on mod- | am indebted to Peter Lepage for several insightful dis-
estly coarse lattices; notice than an appreciable rise in theussions. | also thank R. Woloshyn, R. Fiebig, M. Alford,
potential remains even at~0.6 fm, which is comparable to and M. Teper for fruitful conversations. This work was sup-
the longest propagation times resolved in the four-ported in part by the Natural Sciences and Engineering Re-

dimensional simulations of Reff3]. search Council of Canada.
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