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Hadron masses from novel fat-link fermion actions
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The hadron mass spectrum is calculated in lattice QCD using a novel fat-link clover fermion action in which
only the irrelevant operators in the fermion action are constructed using smeared links. The simulations are
performed on a 1¥x 32 lattice with a lattice spacing @=0.125 fm. We compare actions with=4 and 12
smearing sweeps with a smearing fraction of 0.7. Mke4 fat-link irrelevant cloveFLIC) action provides
scaling which is superior to mean-field improvement, and offers advantages over nonpertuflfajvien-
provement, including a reduced exceptional configuration problem.
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[. INTRODUCTION duces an additional irrelevant dimension-five operator to the
standard Wilsori1] quark action,
The origin of the masses of light hadrons represents one ,

of the most fundamental challenges to the theory of strong Sew=Sw— laCsur
interactions, quantum chromodynami@CD). Despite the 4
universal acceptance of QCD as the basis from which to . . .
derive hadronic properties, there has been slow progress H’{hereSN is the standard Wilson action,
understanding the generation of hadron mass from first prin-
ciples. Solving the problem of the hadronic mass spectrum Sw= zp(x) 2
would allow considerable improvement in our understanding
of the nonperturbative nature of QCD. The only availabIeV andA , are the standard covariant first and second order
method at present to derive hadron masses directly frorlhtnoe denvatlves
QCD is a numerical calculation on the lattice. In the past few
years impressive progress has been made both in computer 1
hardware and in developing more efficient algorithms, bring- ~ Vu#/(X) = 5[ U ,() ¢h(x+ ) = Ul (x—=m) (x— )],
ing realistic simulations of hadronic observables with suffi-

P(X) 0, F (%), 1)

1
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ciently large volumes, small quark masses and fine enough 1

lattices within reach. AL p(x)= ;[U,L(X)l//(XJF p)+UL(x=p)
The high computational cost required to perform accurate

lattice calculations at small lattice spacings, however, has led Xp(X—p)—2¢h(X)],

to increased interest in quark action improvement. In order to
avoid the famous doubling problem, Wilsdf] originally ~ and Cgy is the clover coefficient which can be tuned to
introduced an irrelevantenergy dimension-five operator removeQ(a) artifacts,
(the “Wilson term”) to the standard “naive” lattice fermion
action, which explicitly breaks chiral symmetry @(a). To Ceue
extrapolate reliably to the continuum, simulations must be W71 13 mean-field improved,
performed on fine lattices, which are therefore very compu-
tationally expensive. The scaling properties of the Wilsonwith u, the tadpole improvement factor which corrects for
action at finitea can be improved by introducing any number the quantum renormalization of the operators. Nonperturba-
of irrelevant operators of increasing dimension which vanistive (NP) O(a) improvemen{3] tunesCgy to all powers in
in the continuum limit. g2 and displays excellent scaling, as shown by Edwatdsd

The Sheikholeslami-Wohlertcloven action [2] intro-  [4], who studied the scaling properties of the nucleon and

1 at tree level,

()
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vector meson masses for various lattice spacisg® also |attice at 3=6/g°=4.60, providing a lattice spacing

Sec. IV below. In particular, the linear behavior of the NP- =0.125(2) fm determined from the string tension withr
improved clover actions, when plotted agaiagt demon- =440 MeV. The tree levelO(a?)—Symanzik-improved
strates thatO(a) errors are removed. It was also found in gauge actiori14] is defined as

Ref. [4] that a linear extrapolation of the mean-field im-
proved data fails, indicating th&¥(a) errors are still present. 58
A drawback to the clover action, however, is the associ- Se=—= > Re t(1—Ug(X))
ated problem of exceptional configurations, where the quark 3 ‘s
propagator encounters singular behavior as the quark mass p
becomes small. In practice, this prevents the use of coarse
lattices (3=5.7~a<0.18fm [5,6]. Furthermore, the 12 %t Re (1~ Urec( X)), @)
plaquette version2 oF ,,, which is commonly used in Eq. 0
(1), has large®(a“) errors, which can lead to errors of the :
order of 10% in the topological charge even on very smootﬁNhere the operatord s x) andUec(x) are defined as
configurationgd7].
The idea of using fat links in fermion actions was first
explored by the MIT group8] and more recently has been

Us¥)=U,(x)U,(x+p)UL(x+»UT(x), (58

studied by DeGranct al [6,9,10, who showed that the Urecd X)=U 00U ,(X+ m)U ,(X+ v+ )
exceptional configuration problem can be overcome by using R R

a fat-link (FL) clover action. Moreover, the renormalization X UL(X+2v)U,T,(x+ v)UI(x)

of the coefficients of action improvement terms is small. In R R

principle it is acceptable to smear the links of the relevant +U,(X)U ,(X+ p)U (X+2u)
operators. The symmetry of the APE smearing process en- o .

sures that effects a@(a?). The factors multiplying the link XUT(x+ p+ ) U (x+v)Ul(x). (5b)

and staple ensure the leading order termi38”«, an element

of SU(3). Issues of projecting the smeared links to(Stare  The link productU (X) denotes the rectangular<2 and
O(a?) effects and therefore correspond to irrelevant opera2x 1 plaquettes, and for the tadpole improvement factor we
tors[11]. However, the net effect of APE smearing the links employ the plaquette measure

of the relevant operators is to remove gluon interactions at

the scale of the cutoff. While this has some tremendous ben- 1

efits, the short-distance quark interactions are lost. As a result Up= (gRe t(Usg
decay constants, which are sensitive to the wave function at

the origin, are suppressed. _ Gauge configurations are generated using the Cabibbo-
_ A possible solution to this is to work with two sets of \jarinari pseudoheat-bath algorithm with three diagonal
links in the fermion action. In the relevant dlmen5|on-f0ursu(2) subgroups looped over twice. Simulations are per-
operators, one works W|th_the untouched Imks_ generatt_ad Viformed using a parallel algorithm with appropriate link par-
Monte Carlo methods, while the smeared fat links are '”tro’[itioning [15]. A total of 50 configurations are used in this

duced only in the higher dimension irrelevant operators. Thena\ysis, and the error analysis is performed by a third-order,
effect this has on decay constants is under investigation ar‘gngle-elimination jackknife, with the? per degree of free-

will be reported elsewhere. _ ) _ dom (Npp) obtained via covariance matrix fits.
In this paper we present the first results of simulations of

the spectrum of light mesons and baryons using this variation
on the clover action. In particular, we will start with the Ill. FAT-LINK IRRELEVANT FERMION ACTION

standard clover action and replace the links in the irrelevant k4 |inks[6,9] are created by averaging or smearing links
operators with APE smear¢d?2], or fat links. We shall refer o the Jattice with their nearest neighbors in a gauge covari-
to this action as the fat-link irrelevant clovéfLIC) action.  ant mannerAPE smearing The smearing procedufd2]

Although the idea of using fat links only in the irrelevant replaces a linkJ ,(x), with a sum of the link and times its
operators of the fermion action was developed here indepe@mp|es

dently, suggestions have appeared previolig]. To the
best of our knowledge, this is the first report of lattice QCD 4 (X)—U’ (X)=(1—a)U ,(X)
calculations using this novel fermion action. a " K’

1/4

(6)

In Sec. Il we describe the gauge action used in our lattice o 2
simulations, while Sec. Il contains the procedure for creat- 5 21 [U,(x)U,(x+va)
ing the FLIC fermion action. Our results are presented in vt

Sec. IV, and finally in Sec. V we draw some conclusions and

discuss future work. X Uj(x+pa) + Ul (x—va)U (x—va)

Il. THE GAUGE ACTION XU, (x—va+ua)], )

The simulations are performed using a mean-field im-followed by projection back to S@3). We select the unitary
proved, plaquette plus rectangle, gauge action on®x 3@  matrix UZL which maximizes
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TABLE |I. The value of the mean link for different numbers of —il/3 o1 3 -
i =0.7. F,L=— WS — —— W2
APE smearing sweeps, at «=0.7 w=g HZ ZOué
n Uo" (ugH* s
4+ — X
0 0.88894473 0.62445197 90u§§W ) H.c (10
Traceless

4 0.99658530 0.98641100

12 0.99927343 0.99709689

where W"™" is the clover sum of founxn Wilson loops

and F,, is made traceless by subtracting 1/3 of the trace

Ret(UFU’ ) from each diagonal element of thex® color matrix. This
pomR definition reproduces the continuum limit with(a®) errors.

. . . On approximately self-dual configurations, this operator pro-
by iterating over the three_ diagonal &) subgroups_ of guces integer topological charge to better than 4 partsin 10
SU(.3)' We repeat the combined procedL_Jre of smearing and o by DeForcrancet al [18] suggests that 7 cooling
projection n times. We create our fat links by setting g\ eeps are required to approach topological charge within
=0.7 and comparingi=4 and 12 smearing sweeps. The 1 o, of integer value. This is approximately 16 APE smearing
mean-field improved FLIC action now becomes sweeps atv=0.7[19]. However, achieving integer topologi-
cal charge is not necessary for the purposes of studying had-
fL oL 1Cswkl — ron masses, as has been well established. To reach integer
Ssw=Sw 2(uFb) P(X) 0 F (%), (®) topological charge, even with improved definitions of the
0 topological charge operator, requires significant smoothing
and associated loss of short-distance information. Instead, we
an analogous way to E@6), and where the mean-field im- sweeps.
proved fat-link irrelevant Wilson action is Using unimproved gauge fields and an unimproved topo-
logical charge operator, Bonnet al. [7] found that the to-

oL _ _ U ,(x) . pological charge settles down after about 10 sweeps of APE
S=2 0P+ P(X)| v, AL smearing atv=0.7. Consequently, we create fat links with
X Xt 0 APE smearing parameters=12 and a=0.7. This corre-
U (x— ) FL(x spon_ds to~.2.5. times the smea_ring used in Re[f@,_Q]. Fur—'
— e T (x—p) —r(“—dz(er &) ther investigation reveals that improved gauge fields with a
Uo ug- small lattice spacingg=0.125 fm) are smooth after only 4
. sweeps. Hence, we perform calculations with 4 sweeps of
UELT(X—M) smearing ate=0.7 and considen=12 as a second refer-

+ Td/(x—ﬁ)

; ' O ence. Table | lists the values of " for n=0, 4 and 12

smearing sweeps.

We also compare our results with the standard mean-field
improved clover(MFIC) action. We mean-field improve as
defined in Egs(8) and (9) but with thin links throughout.
The standard Wilson-loop definition &, is used.

with k=1/(2m+ 8r). We take the standard value=1. Our
notation uses the Pauli representation of the Diranatrices
defined in Appendix B of Sakurdil6]. In particular, they
matrices are Hermitian anal,,, =[v,.v,/(21). A fixed boundary condition is used for the fermions by
As reported in Table I, the mean-field improvement pa’setting
rameter for the fat links is very close to 1. Hence, the mean-
field improved coefficient forCg, is expected to be
adequaté. In addition, actions with many irrelevant opera- Uyx,nt)=0 and Uf“(x,nt)=0 Vx (11)
tors (e.g. the D3, action can now be handled with confi-
dence as tree-level knowledge of the improvement coeffi- . . ) .
cients should be sufficient. Another advantage is that one cafi the hopping terms of the fermion action. The fermion
now use highly improved definitions &, (involving terms ~ SOUrCe IS centered at the space-time locationy.e,t)

up toul?), which give impressive near-integer results for the = (1,1,1,3), which allows for two steps backward in time
topological chargé17]. without loss of signal. Gauge-invariant Gaussian smearing in

In particular, we employ ad(a%) improved definition of the spatial dimensions is applied at the source to increase the
; ; y . overlap of the interpolating operators with the ground states.
F ., in which the standard clover sum of fou<Il Wilson P P 9 op 9

loops lying in thew,v plane is combined with 2 and
3% 3 Wilson loop clovers. Bilson-Thompsast al. [17] find V. RESULTS
Hadron masses are extracted from the Euclidean time de-

tour experience with topological charge operators suggests that pendence of the calculated two-point correlation functions.
is advantageous to includeg, factors, even as they approach 1.  For baryons, the correlation functions are given by
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20 = | | | | | T | TABLE Ill. Values of k and«, for the four different actions.
18y | Wilson FLIC12 FLIC4 MFIC
16 & 4
- K1 0.1346 0.1286 0.1260 0.1196
L4 i Ky 0.1353 0.1292 0.1266 0.1201
:Ei 12 b K3 0.1360 0.1299 0.1273 0.1206
1oL Ka 0.1367 0.1305 0.1279 0.1211
' Ks 0.1374 0.1312 0.1286 0.1216
08 - Ker 0.1390 0.1328 0.1300 0.1226
0.6 | .
0.4 . ' ' L ' . . ' plots for the other hadrons are similar, and all display accept-
2 4 6 8 10 12 14 16 18 20 able plateau behavior. Good values g Npg are obtained

for many different time-fitting intervals as long as one fits
FIG. 1. Effective mass plot for the nucleon for the FLIC action after time slice 8. All fits for this action are therefore per-
with 4 sweeps of smearing at=0.7 from 200 configurations. The formed on time slices 9 through 14. For the Wilson action
five sets of points correspond to tkevalues listed in Table II, with  and the FLIC action witm=12 (“FLIC12" ) the fitting re-
« increasing from top down. gimes used are 9—13 and 9-14, respectively.

The values ofx used in the simulations for all quark
actions are given in Tables Il and Ill. We have also provided
the values ofx, for these fermion actions when using our

(12 mean-field improved, plaquette plus rectangle, gauge action
at 3=4.60. We have mean-field improved our fermion ac-
where x are standard baryon interpolating field$, repre-  tions so we expect the values fgg, to be close to the tree-
sents the QCD vacuunt] is a 4<4 matrix in Dirac space, |evel value of 0.125. Improved chiral properties are seen for
anda, B are Dirac indices. At large Euclidean times one hasthe FLIC and MFIC actions, with FLIC4 performing better

((tp.0)=3 e P XTA( Q| T *(x)xP(0)]]Q),

72 than FLIC12.
(G(t;p.1))=o—e Bu[[(—iy-p+M)], (13 ~ The behavior of the, nucleon andA masses as a func-
2E, tion of squared pion mass is shown in Fig. 2 for the various

) actions. The first feature to note is the excellent agreement
where Z represents the coupling strength {0) to the  petween the FLIC4 and FLIC12 actions. On the other hand,
baryon, andE,= (p®+M?)2is the energy. Selecting=0  the Wilson action appears to lie somewhat low in compari-
andI'=(1+ y,)/4, the effective baryon mass is then given son. It is also reassuring that all actions give the correct mass
by ordering in the spectrum. The value of the squared pion mass

atm,/m,= 0.7 is plotted on the abscissa for the three actions

M(t+1/2)=log[G(1)]—log[G(t+1)]. (14 as a reference point. This point is chosen in order to allow

é:o_mparison of different results by interpolating them to a
&Bmmon value ofm,/m,=0.7, rather than extrapolating

them to smaller quark masses, which is subject to larger

Meson masses are determined via analogous standard pro
dures. The critical value ok, ., is determined by linearly
extrapolatingm;. as a function ofm, to zero. The quark systematic and statistical uncertainties.

masses are defined byn,=(1/k—1/kc)/(2a), and the The scaling behavior of the different actions is illustrated

strange quark mass was taken to be the second heavigstrig 3 The present results for the Wilson action agree with
guark mass in each case.

Figure 1 shows the nucleon effective mass plot for the 2.0 . T T T
FLIC action when 4 APE smearing sweepsaat0.7 are & @
performed on the fat link§“FLIC4” ). The effective mass = o 5 i .
O H
TABLE Il. Values of k and the corresponding, p, N andA 15 A ¥ p b gz*‘* % g
masses for the FLIC action with 4 sweeps of smearinga0.7. % ¢ w3
The value fork,, is provided in Table Ill. A string tension analysis = N & # @
providesa=0.125(2) fm for\/o=440 MeV. g o L .
50T o T l
K m,a m,a mya m,a = P . * o 2 « FLIC12
= FLIC4
0.1260 0.579®3) 0.727839) 1.099558) 1.1869104 . o Wilson
0.1266  0.533[R4) 0.695145 1.041964) 1.1387121) 0.5 P —— '
0.0 0.2 04 0.6 0.8 1.0
0.1273  0.474®@7) 0.656%54) 0.970972 1.0816152 m? (GeV?)
0.1279 0.41880) 0.622965 0.905382) 1.031@194
0.1286  0.34287) 0.584397) 0.822@102 0.9703286) FIG. 2. Masses of the nucleod, and p meson versusn? for

the FLIC4, FLIC12 and Wilson actions.

074507-4



HADRON MASSES FROM NOVEL FAT-LINK FERMION ACTIONS PHYSICAL REVIEW D65 074507

4 L B B LA B B B B ml LA | 450 T T T
400 a —«-FLICI2 A
N —=- FLIC4
350 - N AN — o - Wilson B
w300 - . AN AN — " MFIC 4
N ~ Y
a SN N AN
© 250 NN N N B
i NQN AN N
] ~3. N
= 200 NN N B
[ NN N
bt NN N
150 - NN . ]
NN N AN
100 \}“\\ N i
SN
50 F N _
Vector Meson T
- N 0 | | 1
I | 05 0.6 0.7 0.8 0.9
o NP Clover m,_ / m
F : gillsc'ig m MF Clover E °
[ ] FLIC4 - . . . .
[ 4 FLIC4 200cont © NP Clover+imp glue - FIG. 4. Average number of stabilized biconjugate gradient itera-
g Lo e fisenl o1 ) tions for the Wilson, FLIC and mean-field improved cloystFIC)
0.00 0.05 \ 0.10 0.15 actions plotted againsh,/m,. The fat links are constructed with
a" g n=4 (solid squaregsandn=12 (star§ smearing sweeps at=0.7.

FIG. 3. Nucleon and vector meson masses for the Wilson, Npaifferent actions by plotting the number of stabilized bicon-
improved, mean-field clover and FLIC actions. Results from the. y P 9

present simulations, indicated by the solid points, are obtained bw]gat.e gradlen[ZQ] iterations required to |nv.ert the fermion
interpolating the results of Fig. 2 to./m,=0.7. The fat links are atrix as a function Qmw/mp' For any particular value Of_
constructed wit=4 (solid squaresand n=12 (star$ smearing m_/m,, the FLIC actions converge faster than both the Wil-

sweeps atx=0.7. The solid triangles are results for the FLIC4 SOn and mean-field improved clover fermion actions. Also,
action when 200 configurations are used in the analysis. The FLI¢he slopes of the FLIC lines are smaller in magnitude than
results are offset from the central value for clarity. Our MF cloverthose for Wilson and mean-field improved clover actions,
result ata?c~0.08 lies systematically low relative to the FLIC Wwhich provides great promise for performing cost effective
actions. simulations at quark masses closer to the physical values.
Problems with exceptional configurations have prevented
those of Ref[4]. The first feature to observe in Fig. 3 is that such simulations in the past.
actions with fat-link irrelevant operators perform extremely
well. For both the vector meson and the nucleon, the FLIC
actions perform significantly better than the mean-field im-
proved clover action. It is also clear that the FLIC4 action We have examined the hadron mass spectrum using a
performs systematically better than the FLIC12. This sugnovel fat-link irrelevant clover(FLIC) fermion action, in
gests that 12 smearing sweeps removes too much showvhich only the irrelevant, higher-dimension operators in-
distance information from the gauge-field configurations. Orvolve smeared links. One of the main conclusions of this
the other hand, 4 sweeps of smearing combined with ouwork is that the use of fat links in the irrelevant operators
O(a* improved F ., provides excellent results, without the provides excellent results. Fat links promise improved scal-
fine tuning ofCgy in the NP improvement program. ing behavior over mean-field improvement. This technique
Notice that for thep meson, a linear extrapolation of pre- also solves a significant problem with(a) nonperturbative
vious mean-field improved clover results in Fig. 3 passesmprovement on mean field-improved gluon configurations.
through our mean-field improved clover result ato Simulations are possible and the results are competitive with
~0.08 which lies systematically low relative to the FLIC nonperturbative-improved clover results on plaquette-action
actions. However, a linear extrapolation does not pasgluon configurations. We have found that minimal smearing
through the continuum limit result, thus confirming the pres-holds the promise of better scaling behavior. Our results sug-
ence of significantO(a) errors in the mean-field improved gest that too much smearing removes relevant information
clover fermion action. While there are no NP-improved clo-from the gauge fields, leading to a poorer performance. Fer-
ver plus improved glue simulation resultsafto~0.08, the ~ mion matrix inversion for FLIC actions is more efficient and
simulation results that are available indicate that the fat-linkesults show no sign of exceptional configuration problems.
results also compete well with those obtained with a NP- This work paves the way for promising future studies. It
improved clover fermion action. will be of great interest to consider different lattice spacings
Having determined FLIC4 is the preferred action, weto further test the scaling of the fat-link actions. Furthermore,
have increased the number of configurations to 200 for thithe exceptional configuration issue can be explored by push-
action. As expected, the error bars are halved and the centrilg the quark mass down to lower values. We are currently
values for the FLIC4 points move to the upper end of theperforming simulations am,/m,=0.36 and these results
error bars on the 50 configuration result, further supportingvill be available soon. A study of the spectrum of excited
the promise of excellent scaling. hadrons using the FLIC actions is also currently in progress
Finally, in Fig. 4 we compare the convergence rates of th¢21].

V. CONCLUSIONS
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