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Lattice calculation of vector meson couplings to the vector and tensor currents
using chirally improved fermions
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We present a quenched lattice calculation off V
'/ f V , the coupling of vector mesons to the tensor current

normalized by the vector meson decay constant. The chirally improved lattice Dirac operator, which allows us
to reach small quark masses, is used. We put emphasis on analyzing the quark mass dependence off V

'/ f V and
find only a rather weak dependence. Our results at ther and f masses agree well with QCD sum rule
calculations and those from previous lattice studies.
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I. INTRODUCTION

It is widely accepted that the rich spin structure of ha
exclusive processes involving light vectorr,K* ,f mesons
provides a number of nontrivial possibilities to study t
underlying short-distance dynamics. One example is gi
by vector meson electroproduction at large virtualities
large momentum transfers at HERA@1–3#, HERMES @4#,
and, in the future, COMPASS. In these cases the theore
predictions for the production of longitudinally and tran
versely polarized mesons are very different@5#. Other ex-
amples are provided by exclusive semileptonicB→r,n, ,
rare radiativeB→rg or nonleptonic,B→pr, etc. decays of
B mesons, which are attracting continuous interest as
prime source of information about the CKM mixing matri
see, e.g., Ref.@6# for an exposition of recent development
In all cases, disentangling the longitudinally and transvers
polarized ~final! vector-meson states proves to be cruc
since these cases often correspond to different underl
weak interaction physics. The theoretical description of s
processes is developing rapidly and thus requires a more
curate and reliable determination of the relevant nonper
bative parameters.

From the vector meson side, the QCD description
volves vector meson distribution amplitudes@7–9# which
correspond to probability amplitudes for finding the qua
and the antiquark in the meson with given momentum fr
tions and a small transverse separation. The distribution
plitudes for longitudinally polarized and transversely pol
ized vector mesons are different and their normalization~i.e.
the integral over the momentum fractions! is given by the
matrix elements of the vector and the tensor current

^0uq̄gmquV~p;l!&5mVf Vel
m , ~1!

^0uq̄sabquV~p;l!&5 i f V
'~m!~el

apb2el
bpa!, ~2!

respectively. HereV(p;l) is a generic light vector meso
with momentum p and polarization vectorel

a such that
el

apa50, p25mV
2 . Also sab5( i /2)@ga,gb# and q is the

light quark field,q50u,d,s . . . . In Eqs.~1!, ~2!, we sup-
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press the isospin structure, for brevity. The vector couplin
f V are known from the experimental measurements in l
tonic decays@10#, while the tensor couplingsf V

' have to be
calculated using some nonperturbative approach. In part
lar, from QCD sum rules@11# one obtains

f r
'5160610 MeV ~3!

(15765 MeV in Ref. @12#! and in the applications usually
very weak dependence on the quark mass of the ratios
assumed@9,13#

f r
'

f r
.

f K*
'

f K*
.

f f
'

f f
. ~4!

~An earlier QCD sum rule determination off r
' in Refs.

@9,14# suffers from a sign error, see Ref.@11#.! At this place
it is necessary to add that the couplingsf V

' , in contrast tof V ,
are scale dependent. The corresponding anomalous dim
sion is equal to@15–17#

gT5
as

2p
CF1S as

2p D 2

CFS 257

36
CA2

19

4
CF2

13

18
Nf D1O~as

3!

1•••. ~5!

~The three-loop terms@18#, left out above simply for brevity,
are included in our analysis.! The number in Eq.~3! is given
for a low normalization point ofm51 GeV.

The error given in Eq.~3! does not include intrinsic un
certainties of the sum rule method itself which are difficult
quantify. Therefore, in view of the importance of this no
perturbative input for phenomenology, an independent c
firmation of these numbers in a lattice calculation with co
trollable errors is extremely welcome. Earlier attempts w
presented in Refs.@19,20# and the results agree well with th
numbers from sum rules~there is also a current effort by th
QCDSF Collaboration to determinef r

' ; the preliminary re-
sult also agrees with the sum rule result@21#!. These calcu-
lations were done withO(a) improved Wilson fermions.
With this choice, however, one is restricted to relative
heavy pseudoscalars and the smallest pseudoscalar-ma
vector-mass ratio reached in@20# is mPS/mV50.56.
©2003 The American Physical Society01-1
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Here we present a new calculation of the matrix eleme
which is complementary to the first lattice results@20#. We
use the recently developed chirally improved~CI! Dirac op-
erator @22,23#. It is based on the Ginsparg-Wilson relatio
@24# and has been shown@25–27# to allow simulations with
pseudoscalar-mass to vector-mass ratios down tomPS/mV
50.28 at relatively small cost.

In the results we present here we include lattice data do
to mPS/mV50.33 and thus push our calculation considera
closer to the chiral limit. Also at the heavy end we ha
additional data points such that our quark masses cov
range ofmPS/mV more than twice as large as the range
@20#. This allows us to check the weak quark-mass dep
dence off V

'/ f V predicted by QCD sum rules. The data a
compatible with a linear behavior in the quark mass, resp
tively, in mPS

2 , and the slope is small. Only for our lighte
quarks we find a deviation, which is, however, a finite s
effect. Our final numbers agree well both with the QCD su
rule results and the lattice calculations in Refs.@19,20#.

II. PARAMETERS OF THE CALCULATION

We perform a quenched calculation with configuratio
from the Lüscher-Weisz gauge action@28,29# and one step of
HYP blocking @30#. The final numbers we quote were com
puted on 163332 lattices at two different values of the gau
coupling, giving rise to lattice spacings ofa50.15 anda
50.10 fm@31#. For these lattices the parameters are listed
Table I. In addition we performed a series of tests on sma
lattices (123324, 83324) and at larger cutoff (a
50.08 fm). This serves to analyze the influence of fin
volume and to study the scaling behavior.

We compute fermion propagators using the CI Dirac o
erator at 11 different bare quark mass values ranging f
am50.01 toam50.20. These quark masses cover a ran
of mPS/mV50.33 to mPS/mV50.92. We do not encounte
exceptional configurations and could work at even sma
quark masses. However, as we will show, decreasing
quark mass further, thus going closer to the chiral limit,
not sensible for a calculation of the matrix elements at
current physical volumes due to finite size effects.

Our quark propagators are computed using Jac
smeared point sources@32#. The parameters of the smearin
are adjusted such that the source has a half-width of a
0.7 fm, which enhances the overlap with the relevant gro
states.

In @25–27# it is demonstrated that the CI operator is e
fectively O(a) improved. Furthermore, the spectroscopy
sults presented there show only a very small variation ina2

and thus are essentially free of scale dependence. How
improved operators are not yet available for the CI opera

TABLE I. Parameters for our large lattices (163332).

b a ~fm! @31# L ~fm!
No. of
configs. amq mPS/mV @26#

7.90 0.15 2.4 100 0.02–0.20 0.38–0.85
8.35 0.10 1.6 100 0.01–0.20 0.33–0.92
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and thus for the matrix elements computed here one
expect only linear scaling ina for our final results.

The renormalization constants necessary for our obs
ables were calculated according to the method presente
@33,34#. The procedure is patterned after the definition us
in the continuum. In a fixed gauge~we use the Landau
gauge! the numerically evaluated amputated Green’s fu
tions are compared to their tree level counterparts and
renormalization constants are read off. The resulting nu
bers are in the so-called RI-MOM scheme and are conve
to MS using the perturbative matching coefficients. For t
vector and tensor renormalization constants, however, th
matching constants are 1 up to NLO in perturbation theory
detailed analysis of renormalization for the CI operator w
be presented in@35# and here we only quote the numbers w
need.

The renormalization constants were evaluated for
same set of quark masses that was also used in the cal
tion of the matrix elements. When plotted as a function of
quark mass, the data are found to follow a straight line v
well and the chiral extrapolation is straightforward. This pr
cedure was repeated for several values of the 4-momentup.
Following @20# we base our calculation on the numbers e
tracted at the cutoff, i.e. atp25a22. To get the numbers a
exactlya22 we linearly interpolated the chirally extrapolate
values of ZV ,ZT between the two momenta withp2 just
above and belowa22. The resulting numbers forZT were
then evolved to our target scale ofm52 GeV using the
renormalization group equation.ZV remains constant as
function of m ~no anomalous dimension! and we used the
value atm25a22. Our numbers forZV andZT are listed in
Table II.

III. EXTRACTION OF THE RAW DATA

If we only consider the vector-meson contribution to t
vector-vector~VV ! and vector-tensor~VT! correlators and
contract two of the Lorentz indices, we arrive at the follow
ing expressions:

gmn^0uq̄gmquV~p;l!&^V~p;l!uq̄gnqu0&

5mV
2 f V

2~el
mel

n* gmn!, ~6!

gmn^0uq̄gmquV~p;l!&^V~p;l!uq̄sanqu0&

5 imVf Vf V
'~m!pa~el

mel
n* gmn!, ~7!

where el
mel

n* gmn523. Taking the ratio of these~vector-
tensor/vector-vector!, we have

TABLE II. Results for the renormalization constants. The nu
bers in parentheses give the scalem. It is either the cutoff (m
5a21) or m52 GeV.

b ZV (a21) ZT (a21) ZT ~2 GeV! ZT /ZV ~2 GeV!

7.90 0.9346~7! 1.0598~10! 1.0247~10! 1.0964~19!

8.35 0.9780~14! 1.0542~19! 1.0532~20! 1.0768~37!
1-2
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LATTICE CALCULATION OF VECTOR MESON . . . PHYSICAL REVIEW D68, 054501 ~2003!
Ra5
ipa f V

'~m!

mVf V
, ~8!

with one remaining Lorentz index from the tensor current
is this ratio we wish to extract in our lattice calculation.

For the non-zero-momentum correlators, however, ther
an additional complication, which arises because the qu
sources are smeared in the spatial directions. Since
smearing is not performed in the time direction as well, L
entz symmetry is lost, affecting theel

npn50 condition
~checking this relation explicitly with the different Lorent
components of thepW 5” 0, VT correlators, we find the discrep
ancy to be small, but significant!. More explicitly, we have
for the VT correlator

^0u~Uq̄!gm~Uq!uV~p;l!&^V~p;l!uq̄sanqu0&

5 imVf Vf V
'~m!ZU~p!el

m~el
n* pa2el

a* pn!, ~9!

whereU represents the smearing operator andZU(p) is the
corresponding factor for the amplitude. For thea5 j case,
we may no longer sum over all of the Lorentz indices,m
5n, and still expect the second term to vanish. We m
however, consider only the contributions wherem5n5k
Þ j and pk50. Then, using only then5k, pk50 contribu-
tions for the VV correlator as well, we have the appropria
cancellations in the ratioRj (pW ). This finite-momentum ratio
yields much larger statistical errors than the zero-momen
ratio, R0(0), and wepursue this approach only as a cons
tency check.

We note here that the smearing has no effect upon
zero-momentum results since these have contributions
from the spatial components of the vector-current source
the smearing amplitude,ZU(p), is the same for all spatia
directions atpW 50.

The Euclidean lattice formulation provides a natural
lection of the desired vector-meson contribution to our co
elators; we simply need to ensure that our two currents
separated by a large enough distance in the imaginary
direction. The vector-vector correlator, which corresponds
Eq. ~6!, thus reads

CVV~pW ;t !5(
xW

eip•W xW^~ c̄gkc!0,0~ c̄gkc!xW ,t&. ~10!

We project to definite momentumpW , using the necessar
phase factor, and sum over the relevant, spatial Lorentz
dices,k(pk50). For the tensor current we have to disti
guish two different cases: When the open tensor index
time (54) we consider the temporal correlatorC4

VT defined
as (k is summed!

C4
VT~pW ;t !5 i(

xW
eipW •xW^~ c̄gkc!0,0~ c̄sk4c!xW ,t&. ~11!

For open spatial tensor indicesj 51,2,3 we study the spatia
correlatorCj

VT defined as
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Cj
VT~pW ;t !5(

xW
eipW •xW^~ c̄gkc!0,0~ c̄sk jc!xW ,t&, ~12!

where pj5” 0 and the sum overk is restricted to the two
values different fromj, such thatpk50. The temporal and

spatial correlatorsC4
VT and Cj

VT differ in two respects:
Firstly, the spatial correlator is non-vanishing only for no
zero momenta, while the temporal correlator gives a con
bution also at zero momentum. Secondly, the spatial
temporal correlators differ by their time reversal symmetri
In particular one finds

CVV~pW ;t !5AVV~pW !~e2EV(pW )t1eEV(pW )(t2T)!1•••,

C4
VT~pW ;t !5A4

VT~pW !~e2EV(pW )t2eEV(pW )(t2T)!1•••,

Cj
VT~pW ;t !5Aj

VT~pW !~e2EV(pW )t1eEV(pW )(t2T)!1•••.
~13!

The dots indicate corrections due to excited states which p
a role only at small time separations but become suppre
exponentially for larger values oft.

Let us have a first look at our data forCVV and CVT

separately. This serves to check how well the expected
havior of Eqs.~13! is seen and how serious the effects
excited states are. For this test and also for the extractio
the data we fold all correlators aboutT/2 according to their
time-reversal symmetries and average them appropriatel
the plots we thus show only the folded and averaged c
relator in the ranget50 . . .T/2.

In Fig. 1 we show effective mass plots, i.e. ln@C(t)/C(t
11)#, for our folded correlators defined in Eqs.~10!–~12!.
The effective massEVV for the vector-vector correlator~top
plot! and the effective massE4

VT for the temporal vector-
tensor correlator~middle plot! are shown for zero momen
tum, while the effective massEj

VT for the spatial vector-

tensor correlator~bottom plot! is shown for momentumpW 2

5(2p)2/L2. The data for the figure are from the 163332
lattices witha50.15 fm and two values of the bare qua
mass,amq50.05,0.10. The spatial correlator has been av
aged over all three componentsj 51,2,3. However, the scat
ter of the results for the individual componentsj is small.

Both vector-tensor correlators show plateaus betw
t/a54 andt/a512 and the vector-vector correlator fort/a
56, . . .,12. For smaller time separations it is obvious th
contributions from excited states are important. Fort/a
larger than 12 we observe two effects: Firstly, an increase
the error bars which is simply an effect of the reduced sig
to noise ratio for longer propagation int and, secondly, a
systematic deviation from the plateau due to the sinh/c
behavior of the correlators. For all quark masses we loo
at we were able to identify stable plateaus. When compa
our different results for the vector meson energyEV(pW )
which determines the time behavior of all three correlat
@see Eq.~13!# we found that the values ofEV(pW ) agreed well
for the different operators. Note that the spatial vector-ten
1-3
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correlator shown in the bottom plot of Fig. 1 is for nonze
momentum and thus its plateau is slightly higher than for
other two correlators.

Once the amplitudes are known we can form the temp
and spatial ratiosR4 andRj defined as

R4~pW !5A4
VT~pW !/AVV~pW !,

Rj~pW !5Aj
VT~pW !/AVV~pW !. ~14!

We have already remarked thatR4 is non-vanishing also a
zero momentum, whileRj gives a contribution only for non
zero momenta. Since the quality of lattice correlators gen
ally is decreasing with increasing momenta we evaluateR4
at zero momentum andRj at the smallest possible mome
tum, i.e.,pW 25(2p)2/L2. The ratiosf V

'/ f V are then obtained
from

R4~0!5
f V
'

f V
, Rj~pW !5

pj f V
'

mVf V
. ~15!

For the vector massmV in the second equation we may u
the value obtained from our fits to the same correlators,
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FIG. 1. Effective masses for the vector-vector~top plot!, tempo-
ral vector-tensor~middle plot! and spatial vector-tensor~bottom
plot! correlators. The effective mass for the spatial vector-ten

correlator is shown for momentumpW 25(2p)2/L2, while the other
two effective masses are for zero momentum. The data shown
are for the 163332 lattices witha50.15 fm and two values of the
bare quark mass,amq50.05,0.10.
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mV5AEV
2(pW )2pW 2. Note that heref V and f V

' are bare lattice
quantities which need to be renormalized.

IV. RESULTS

In order to extract the appropriate values for the amp
tudesAVV and An

VT from the two separate correlators, w
construct ax2 measure of the form

x25(
I ,J

(
t I ,tJ

@CI~pW ;t I !2Cexp
I ~pW ;t I !#SI ,J

21~ t I ,tJ!

3@CJ~pW ;tJ!2Cexp
J ~pW ;tJ!#

5F„AVV~pW !,Aa
VT~pW !,EV~pW !…, ~16!

where the ‘‘expected’’ values,Cexp
I (pW ;t), are given by the

appropriate expressions in Eqs.~13! andS21 is the inverse of
the covariance matrix. We extract the three parameters
minimizing the above function, taking care to use lar
enough minimumt I values, thereby avoiding excited-sta
contributions. See Table III for the results of the zer
momentum fits.

Since we are interested in the ratios of the resulting a
plitudes, we repeat these fits within a single-elimination ja
knife routine, providing the errors forf V

'/ f V ~see the final
column of Table III!.

Figure 2 displays the ratios of the vector meson couplin
as a function of the dimensionless quantity,r 0

2mPS
2 . For a

wide range of quark masses the data display only a sl
curvature and are quite compatible with a linear behav
Only for the smallest quark masses do the data move
wards. Simulations on smaller physical volumes (83324 and
123324) at a fixed lattice spacing (a50.15 fm) suggest tha
the upward trend of the ratio at small quark masses i
finite-size effect. This interpretation is supported by the o
servation that also in spectroscopy calculations of nucle
and their excitations the finite size effects set in at the sa
values of the quark mass@25–27#. In order to avoid includ-

r

re

TABLE III. Selected results~those used for the quark mass e
trapolation! of the three-parameter fits for the zero-momentum c
relators.

a ~fm! amq tVV tVT x2/d.o.f. R4(0)

0.15 0.02 8–12 4–12 10/11 0.678~36!

0.03 8–13 4–13 11/13 0.680~24!

0.04 8–15 4–14 14/16 0.688~18!

0.05 8–16 4–15 18/18 0.696~14!

0.06 8–16 4–15 18/18 0.707~10!

0.08 8–16 4–15 17/18 0.725~7!

0.10 8–16 4–15 16/18 0.740~5!

0.10 0.04 9–16 6–15 21/15 0.716~9!

0.05 9–16 6–15 23/15 0.722~7!

0.06 9–16 6–15 25/15 0.729~6!

0.08 9–16 6–15 29/15 0.744~4!
1-4
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ing such effects, we perform the~fully correlated! extrapola-
tion to light quark mass without some of the lightest ba
quark masses. This is necessary only for our fine latti
(b58.35), where the three smallest quark masses give
to pseudoscalars withmPSL,4. As can be seen in the plot,
is exactly these three data points which show finite-size
fects and we therefore exclude them from the chiral extra
lation. For our larger lattices (b57.90), we always have
mPSL.4; no finite-size effects are visible and all data poin
are included in the fit. On the heavy end, all masses w
r 0

2mPS
2 .5 are also excluded from the extrapolation. To o

tain the data at the strange quark mass we interpolate
neighboring data linearly.

In Table IV we present our final results for the ratios
the couplings, matched to theMS scheme and evolved to th
scale of 2 GeV. These results are obtained from the z
momentum correlator ratios,R4(0)3ZT /ZV(2 GeV).

Since we include no improvement in our current ope
tors, we may expect a lattice spacing dependence ofO(a).
However, since we only have results for two values of

FIG. 2. Ratio of vector meson couplings~at the lattice scale,
m51/a) as a function ofr 0

2mPS
2 for the two lattice spacings. The

dashed vertical lines denote ther 0
2mp

2 and r 0
2mss̄

2 (mss̄
2

52mK
2

2mp
2 ) physical values. The bursts denote the mass interpolation

mss̄
2 and extrapolations tomp

2 .

TABLE IV. f V
'/ f V values in theMS scheme atm52 GeV as

determined from the lattice ratioR4(0).

a50.15 fm a50.10 fm

S ff
'

ff
D
MS

~2 GeV!
0.801~7! 0.780~8!

S f r
'

f r
D

MS

~2 GeV!
0.720~25! 0.742~14!
05450
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lattice spacing, a continuum extrapolation becomes probl
atic. We do note that the two results for ther meson are
consistent with each other and they are also in agreem
with the results of other lattice calculations@19,20#:
0.72(2)( 20

12) in Ref. @20#. The trend of thef results suggests
a continuum value below ourb58.35 result of 0.78, in
rough agreement with the 0.76~1! result of Ref.@20#.

If we normalize using the experimental value off r6
exp.

'208 MeV @10,20#, we find good agreement with the QC
sum rule result@11–13#: f r

'/ f r6
exp.

50.74(3). Such compari-
sons, however, are difficult to assess due to the differ
systematics in the two approaches~e.g., our lattice calcula-
tion is quenched!.

The results for the finite-momentum correlator rat
Rj (pW ), are shown in Fig. 3. The quark-mass interpolatio
and extrapolations are performed just as before for the z
momentum ratios.

Table V displays the renormalized coupling ratios o
tained from the non-zero-momentum correlator ratios. T
errors are significantly larger for these than those for
zero-momentum results. However, the results of this con
tency check are compatible with those from the ze

at

FIG. 3. Similar plot to that of Fig. 2, this time for the finite

momentum ratiomVRj (pW )/pj , whereupuW5pj52p/L. The symbols
have the same meaning as before.

TABLE V. f V
'/ f V values in theMS scheme atm52 GeV as

determined from the lattice ratioRj (2p/L).

a50.15 fm a50.10 fm

S ff
'

ff
D
MS

~2 GeV!
0.805~15! 0.746~24!

S f r
'

f r
D

MS

~2 GeV!
0.740~39! 0.700~38!
1-5
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BRAUN et al. PHYSICAL REVIEW D 68, 054501 ~2003!
momentum ratios (,1.5s even for the jackknifed difference
at and below the strange-quark mass!.

Let us briefly summarize our findings. We calculatef V
'/ f V

going considerably closer to the chiral limit~at least on our
larger lattices where the results do not display signific
finite-volume effects! than previous calculations. This allow
us to monitor the mass dependence of this ratio of coupli
over a much larger mass range. We find the quark mass
pendence to be relatively weak, as in QCD sum rule ca
lations. The values we obtain agree well with the extra
lated values of other lattice calculations at larger qu
masses. We include a consistency check using spatial te
correlators at finite momentum and find compatible resu
.

.

05450
t

s
e-
-
-
k
sor
s.

Our final numbers aref r
'/ f r50.720(25), 0.742(14) and

f f
'/ f f50.801(7), 0.780(8) at a50.15, 0.10 fm, respec

tively.

ACKNOWLEDGMENTS

We would like to thank Damir Becirevic, Peter Hase
fratz, Philipp Huber, Christian Lang, and Ferenc Nied
mayer for helpful discussions. The calculations were p
formed on the Hitachi SR8000 at the Leibniz Rechenzentr
in Munich and we thank the LRZ staff for training and su
port. This work was supported by the DFG-Forschergrup
Gitter-Hadronen-Pha¨nomenologie. C.G. acknowledges su
port by the Austrian Academy of Sciences~APART 654!.
h

.

@1# H1 Collaboration, J.A. Crittenden, J. Phys. G28, 1103~2002!.
@2# H1 and ZEUS Collaboration, J. Ciborowski, Nucl. Phys.A711,

181 ~2002!.
@3# ZEUS Collaborations, S. Chekanovet al., Eur. Phys. J. C26,

389 ~2003!.
@4# HERMES Collaboration, M. Hartig, Nucl. Phys.A680, 264

~2000!.
@5# S.J. Brodsky, L. Frankfurt, J.F. Gunion, A.H. Mueller, and M

Strikman, Phys. Rev. D50, 3134~1994!.
@6# M. Battagliaet al., hep-ph/0304132.
@7# A.V. Efremov and A.V. Radyushkin, Phys. Lett.94B, 245

~1980!.
@8# G.P. Lepage and S.J. Brodsky, Phys. Rev. D22, 2157~1980!.
@9# V.L. Chernyak and A.R. Zhitnitsky, Phys. Rep.112, 173

~1984!.
@10# Particle Data Group, K. Hagiwaraet al., Phys. Rev. D66,

010001~2002!.
@11# P. Ball and V.M. Braun, Phys. Rev. D54, 2182~1996!.
@12# A.P. Bakulev and S.V. Mikhailov, Eur. Phys. J. C17, 129

~2000!.
@13# P. Ball and V.M. Braun, Phys. Rev. D58, 094016~1998!.
@14# V.L. Chernyak, A.R. Zhitnitsky, and I.R. Zhitnitsky, Sov. J

Nucl. Phys.38, 775 ~1983!.
@15# M.A. Shifman and M.I. Vysotsky, Nucl. Phys.B186, 475

~1981!.
@16# S. Kumano and M. Miyama, Phys. Rev. D56, 2504~1997!.
@17# A. Hayashigaki, Y. Kanazawa, and Y. Koike, Phys. Rev. D56,

7350 ~1997!.
@18# J.A. Gracey, Phys. Lett. B488, 175 ~2000!.
@19# S. Capitaniet al., Nucl. Phys. B~Proc. Suppl.! 79, 548~1999!.
@20# D. Becirevic, V. Lubicz, F. Mescia, and C. Tarantino, J. Hig

Energy Phys.05, 007 ~2003!.
@21# QCDSF Collaboration, M. Go¨ckeler et al., Leipzig preprint

LU-ITP 2003/013.
@22# C. Gattringer, Phys. Rev. D63, 114501~2001!.
@23# C. Gattringer, I. Hip, and C.B. Lang, Nucl. Phys.B597, 451

~2001!.
@24# P.H. Ginsparg and K.G. Wilson, Phys. Rev. D25, 2649~1982!.
@25# C. Gattringer, Nucl. Phys. B~Proc. Suppl.! 119, 122 ~2003!.
@26# Bern-Graz-Regensburg Collaboration, C. Gattringeret al.,

Nucl. Phys. B~Proc. Suppl.! 119, 796 ~2003!.
@27# Bern-Graz-Regensburg Collaboration, C. Gattringeret al.,

hep-lat/0307013.
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@34# M. Göckeleret al., Nucl. Phys.B544, 699 ~1999!.
@35# C. Gattringer, M. Go¨ckeler, P. Huber, and C. B. Lang~in

preparation!.
1-6


