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Parts of talk done in collaboration with MILC and/or 
with HPQCD.

Christine Davies talk, parts of Steve Gottlieb’s, and this 
one parts of one overall program: gold-plated processes 
with unquenched  improved staggered fermions.

“Gold-plated”: stable particle processes with a single 
particle in the final state.
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Why focus on gold-
plated quantities? The 
experiments that most 
need lattice calculations 
are often known to few 
per cent accuracy.

Lattice calculations that 
are done most precisely 
will have the most 
practical impact.

The Unitarity triangle
Important objective of current particle physics: accurate determination

of elements of CKM matrix.
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B factory prog. needs small

2-3% reliable lattice QCD

errors for Bs/d oscillations,

B → D or π decay.

CLEO-c will test lattice pre-

dictions for D physics in next

2 years.

Requires all systematic er-

rors to be small simulta-

neously. Precise quenched

calcs are no good!
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Why staggered fermions?
3

0.0 2.0 4.0 6.0

(r
0
m

PS
)
2

0.4

0.5

0.6

0.7

0.8

0.9

r 0
 f

P
S
 /

 Z
A

unquenched lattice data            

quadratic

0.0 2.0 4.0 6.0

(r
0
m

PS
)
2

0.4

0.5

0.6

0.7

0.8

0.9

r 0
 f

P
S
 /

 Z
A

chiral log + quadratic

chiral log below 300 MeV

chiral log below 500 MeV

Figure 3. Uncertainty in the chiral extrapola-
tion.

two-flavor QCD result is significantly higher than
the quenched result 1.081(5)(17) [7] and closer to
the physical value 1.22, the uncertainty is still
sizable.

For the heavy-light decay constant the predic-
tion of ChPT is available in the heavy quark limit
for quenched, partially quenched and full QCD
[8,9]. The chiral logarithm appears with a def-
inite coefficient but including an additional cou-
pling constant g describing the B∗Bπ interaction.
The chiral extrapolation of fB and fBs

including
the chiral logarithm is shown in Figure 4 with
two representative values of g. As in the pion de-
cay constant, the uncertainty in the chiral limit
is enhanced by the chiral logarithm.

The ratio fBs
/fB is needed in the extraction

of the CKM matrix element |Vtd/Vts|. Since the
bulk of systematic errors cancels in the ratio, one
may expect better accuracy than the determina-
tion of |Vtd| solely from ∆Md. Our preliminary
result varies from 1.24 (quadratic fit) to 1.38 (chi-
ral log, g = 0.59). It suggests that the ratio and
its error can be significanly larger than the pre-
vious world average 1.16(4). Similar discussion,
but using quenched data, has been made in [10].

4. Conclusions

The chiral logarithm expected from ChPT is
not observed in the unquenched lattice data with
mPS greater than about 500 MeV, which suggests
that ChPT may only be applied in smaller mass
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Figure 4. Chiral extrapolation of heavy-light
decay constants.

regions. The estimate using model functions for
the chiral extrapolation leads to the uncertainty
as large as ±10% for the decay constants.
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Wilson fermions have a hard 
time reaching below mu~ms/2.

Hard to reduce chiral 
extrapolation uncertainties 
below 10% from there.

fπ and fK fits extrapolated to larger masses:

msea

u,d
=

{
ms/2.3
ms/4.5

fπ

fK

mval
u,d/ms

10.80.60.40.2

0.13

0.12

0.11

0.1

0.09

Note:

– Masses ≥ ms/2 bad.

– High-mass fπs linear;

extrapolate 10% high.

– Lowest two fπs extrapo-

late linearly to within 2%.

High-Precision Lattice QCDand Experiment – p.10/19

Improved staggered fermions, 
MILC/HPQCD/UKQCD, Fermilab.

Wilson fermions, JLQCD

Overlap/domain wall fermions have good chiral behavior, but are 
slower.   Staggered fermions will get to higher precision faster.
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Lattice QCD/Experiment (no free parameters!):

Before Now
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Tests:

light mesons and

baryons

heavy-light mesons

heavyonium

Find agreement with

expt (at last!) when

correct dyn. quark

content is present.

Quenched approx.

has syst. errors

10% and internal

inconsistency.

Davies et al, hep-lat/0304004 + Toussaint,Davies, LAT04
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Before          After
Quark masses and 
coupling  constant are 
fixed from gold-plated 
quantities.

Other known gold-plated 
quantities should agree.

Calculate needed inputs 
for phenomenology.
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Lattice 
volume

 a-1 
(GeV)

Status TF 
years

“Extra 
Coarse” 163*48 1.1 started

“Coarse” 203*64 1.6 Main 
results 0.1

“Fine” 283*96 2.2 started 2.5

“Super 
Fine” 423*144 3.3

Data sets.

MILC unquenched 2+1 flavor 
“asqtad” improved staggered 
lattices.

Tyically 500 configurations 
generated at each lattice spacing 
and light quark mass.

Most of our work so far done on “coarse” lattice set.

10s of % of time to generate configurations has be spent analyzing them.
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Computers
Valence quark propagators and meson analysis were done on the 
Fermilab clusters: 256 nodes on two 128 port Myrinet switches, 
120+140=360 GF total.
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256 node, P4 singles?
Infiniband switch.

2004:
128 P4 singles, 
reuse Myrinet switch.
Incremental cost: 
$1/MF.

2005:  512 node, 
$1M, 1 TF.

2006: 1024 node,
$1.5 M, 3 TF 
(or double).

See http://lqcd.fnal.gov.
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Vendor Roadmaps:

2004: Q1 P4E, 
           Q4 1 →2 GB/sec, PCI Express.

2005: H1 800→1066 MHz memory bus.

2006: H1 Fully buffered dimm memory bus, dual 
core processors.  Infiniband integrated in 
motherboard?
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Charmonium

Simone, Lattice 2003

This work: unquenched heavy quark phenomenology with 
Fermilab heavy quarks and improved staggered light quarks.
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NRQCD b quarks, 
Fermilab c quarks.

Bc mass

Prediction of Bc mass.

From difference between mass of Bc (NRQCD b, Fermilab c) and

average of Υ and J/ψ, get 6.305(20) GeV.
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Eichten Quigg
Kwong Rosner

Shanahan
Present Work

D0 Preliminary
Abe et.al

New results expected from run II at FNAL.

Allison, Davies, Gray, Kronfeld, Mackenzie, Simone (HPQCD), LAT04

7

2

the following differences,

MBc
−

1

2
[Mψ + MΥ] = EBc

−
1

2
[Eψ + EΥ] , (1)

and

MBc
− [MB + MD] = EBc

− [EB + ED] , (2)

where the MX are experimental masses and the
EX are lattice binding energies. These two meth-
ods for extracting MBc

will be referred to as the
heavy baseline method (1) and the light baseline

method (2) respectively. As will be discussed, our
expectation is that due to a better cancellation of
error sources when all quantities are in the heavy
quark sector, the heavy baseline method yields
the best result. Also, when results are quoted
for the heavy baseline method, the “charmonium
particle” used is the spin average of the ηc and
J/ψ. The absence of an experimental signal for
ηb prevents us from doing this for the b quark as
well.

3. Simulation Details

In our calculation, the configurations included
a single flavour at around the strange quark mass
(ms) and two degenerate light flavours at masses
down to ms/5. The valence c and b quark masses
were set using the kinetic masses of the Ds and Υ
states. One of the most important advantages in
performing this calculation with dynamical con-
figurations is the independence of the lattice spac-
ing from the quantity used to fix it. This allowed
us to set it on each ensemble using the 1S − 2S
radial splitting in the Υ system.

In addition to the majority of our calculations
performed at a ≈ 0.12 fm we ran a single calcu-
lation on a finer ensemble, at a ≈ 0.09 fm.

4. Results

The result of calculating using different masses
for the two (degenerate) lightest sea quarks is
shown in figure 1, this plot also allows a com-
parison of the heavy and light baseline methods
of equations (1) and (2).

We plot a single point where the tadpole im-
provement factor (u0) has been calculated us-
ing the mean link in Landau Gauge as opposed
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Figure 1. Chiral limit of heavy and light baseline
methods. Only statistical errors are shown.

to the fourth root of the plaquette (used for all
other points). Changing only this quantity allows
us to asses the influence of the relativistic cor-
rections in the NRQCD action, comparing this
point with that adjacent to it, we see that the
effect is negligible, as expected. We also show a
result from calculating at the “fine” lattice spac-
ing (a ≈ 0.09fm), we find on these configurations
that MBc

= 6.309(3) GeV, (quoting the statisti-
cal error).

The effect of varying the valence quark masses
on the kinetic masses of the J/ψ and Υ was used
to quantify the error on the Bc due to these input
parameters. We find that this effect leads to a
error of 10 MeV due to the b quark mass and
5 MeV due to the c.

We also estimate a systematic error arising
from higher order terms in the Fermilab quark
action not explicitly corrected for. For the heavy
quarks, the NRQCD action includes the O(v4)
terms at tree level, the Fermilab quark action
also includes them but with some mismatch. Be-
cause of the form of equations (1) and (2) we ex-
pect a more efficient cancellation of these differ-
ences using the heavy baseline method, where all
quantities are in the heavy quark sector. Esti-
mating the corrections, we get a ±10 MeV un-
certainty for both methods, and an additional

get MBc = 6.305 (20) GeV.

Experimental result expected 
this year.

From
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fD and fDs
We’re concentrating on charm before bottom 
because of the pending revolution in charm data 
from CLEO.

CLEO expects:
   Semileptonic decays to 1%.
   Decay constants to 2%.

New tests of lattice methods from CKM 
independent amplitude ratios: 

Paul Mackenzie

Samples of current work in progress.

New high precision experimental data for Vcd and Vcs.

Taking data now, results in about a year.
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Lots of partially quenched 
valence masses from a 
multimass inverter.

Partially quenched, finite a 
staggered chiral 
perturbation theory, 
Bernard and Aubin.

One-loop corrections, 
Nobes and Trottier. Simone, Lattice 2004

Fermilab/MILC

Quark masses used.
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0.030/0.05
8

The SχPT fit
Ensemble 0.030/0.05

The mass plane

Fit including staggered discretization effects.

Fit without discretization effects.

LATTICE 2004 June 2004
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The SχPT fit
Ensemble 0.030/0.05

The mass plane

Fit including staggered discretization effects.

Fit without discretization effects.

LATTICE 2004 June 2004
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The SχPT fit
Ensemble 0.020/0.05

The mass plane

Fit including staggered discretization effects.

Fit without discretization effects.

LATTICE 2004 June 2004
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The SχPT fit
Ensemble 0.010/0.05

The mass plane

Fit including staggered discretization effects.

Fit without discretization effects.

LATTICE 2004 June 2004
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The SχPT fit
Ensemble 0.007/0.05

The mass plane

Fit including staggered discretization effects.

Fit without discretization effects.

LATTICE 2004 June 2004
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The SχPT fit
Ensemble 0.005/0.05

The mass plane

Fit including staggered discretization effects.

Fit without discretization effects.

LATTICE 2004 June 2004
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extrapolate along full QCD

16

Results

PRELIMINARY

Combining systematic errors in quadrature,

fDs

√
mDs

fD
√

mD
= 1.20± .06± .06

fDs = 263+5
−9 ± 24 MeV

fD = 224+10
−14 ± 22 MeV

Future

Matching now the dominant uncertainty. Need matching
beyond tree level for action.

Include results from second lattice spacing.

Higher statistics.

LATTICE 2004 June 2004

Result from fit to all data:



Paul Mackenzie

16

Results

PRELIMINARY

Combining systematic errors in quadrature,

fDs

√
mDs

fD
√

mD
= 1.20± .06± .06

fDs = 263+5
−9 ± 24 MeV

fD = 224+10
−14 ± 22 MeV

Future

Matching now the dominant uncertainty. Need matching
beyond tree level for action.

Include results from second lattice spacing.

Higher statistics.

LATTICE 2004 June 2004



Paul Mackenzie

D and B semileptonic decays.

Unquenched only.
Same ingredients as decay constants: 
  Nobes, one-loop QCD, Aubin, staggered chiral PT.

csV  , Vcd

+

K, !

+
l

l
"

D

W

Okamoto, Lattice 2004
Fermilab/MILC
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B→πlν 

(preliminary!).
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B→Dlν 
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1.05 1.1

F(1)

Clover !=5.7

Clover !=5.9

Asqtad !=5.9

Nf=0

0 0.01 0.02 0.03

ml

1

1.1

Nf=3 (FNAL’04)
Nf=0 (FNAL’99)F(1)
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Future program.

• Full set of CKM related 
amplitudes including B Bbar and 
K→πlν. 

• Now doing MILC fine (a-1~2.2 
GeV) and extra-coarse (a-1~1.1 
GeV) data sets.

• More highly improved charm 
quark actions. 

Gold-plated quantities for the CKM matrix

Gold-plated decays (i.e at

most one hadron in final

state) exist for almost every

element (+ K − K mixing).

Can now calculate these ac-

curately in lattice QCD.

Important for lattice calcs to

have extensive cross-checks

for error calibration: Υ B,

ψ, D, etc.




Vud Vus Vub

π → lν K → lν B → πlν

K → πlν

Vcd Vcs Vcb

D → lν Ds → lν B → Dlν

D → πlν D → Klν

Vtd Vts Vtb

〈Bd|Bd〉 〈Bs|Bs〉
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