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QCD is a key part of the Standard Model but quark 
confinement complicates things.

CDF QCD only tested to 5-10% 
level at high energies from 
comparison of e.g. jet 
phenomena to pert.th. 

But properties of hadrons 
calculable from QCD if fully 
nonperturbative calc. is done - 
can test QCD and determine 
parameters very accurately (1%).
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Rates for simple weak or em quark 
processes inside hadrons also calculable, 
but not multi-hadron final states. 

ALEPH
Bs→ Dse−ν

(DS→ K+K−π+)

Compare to 
exptl rate 
gives 
accurately

Vqq�

q emits W 
and changes 
to 

Vqq�
CKM 
element

q and    
annihilate

q�

q�

Vqq�

CKM 
element
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Solving a path integral: quantum mechanical case
Solve Schrödinger’s eq. for eigenvalues/fns of H or:

discretise time and integrate over 
all paths possible weighted by 

classical path is 
qm path fluctuates about this. 

mẍ = V �

In Euclidean time solve numerically, by making sets of x(ti)

average over ‘ensemble’ of paths - 
paths chosen with prob. e-S

fit as fn of time can extract 
excitation energies

< x(t2)x(t1) >=
�
Dxx(t2)x(t1)e−S

�
Dxe−S

=
�

n

Ane−(En−E0)(t2−t1)

eiS

S =
�

dtL; L =
1
2
mẋ2 − V (x)

further reading: G.P.Lepage, hep-lat/0506036
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Solving a path integral: QCD
Now path integral over gluon and quark fields on a 4-d 
space-time lattice - quarks anticommute so do by hand. 

LQCD =
1
2
TrF 2

µν + ψ(γ · D + m)ψ
= a huge matrix, M

Integral over gluon 
fields only 

�
DUDψDψO(ψ,ψ)e−SQCD →�

DUO(M−1)e−(Sg−ln(det M))

complicated prob, 
distn for gluons - inc. 
effects of sea quarks

valence quarks
inc. in operator

< O >=< H(t)H†(0) >=
�

n

Ane−Ent
Fit as fn of t to 
get hadron massensemble average
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Lattice QCD =  fully nonperturbative 
QCD calculation 
RECIPE
• Generate sets of gluon fields for 
Monte Carlo integrn of Path Integral
(inc effect of u, d and s sea quarks)
• Calculate averaged “hadron 
correlators” from valence q props. 

• Fix       and determine      to get 
results in physical units.

amq

• Fit for masses and simple matrix 
elements

a
• extrapolate to                               
for real world

a = 0, mu,d = phys
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3

FIG. 1: Masses of the D+ and Ds meson as a function of
the u/d quark mass in units of the s quark mass at three
different values of the lattice spacing. The very coarse results
are above the coarse and the fine are the lowest. The lines give
the simultaneous chiral fits and the dashed line the continuum
extrapolation as described in the text. Our final error bars,
including the overall scale uncertainty, are given by the shaded
bands. These are offset from the dashed lines by an estimate
of electromagnetic, mu != md and other systematic corrections
to the masses. The experimental results are marked at the
physical md/ms.

leading order in chiral perturbation theory. The polyno-
mial corrections are required because of the precision of
our data[23]. We use chiral perturbation theory to cor-
rect for the finite volume of our lattice, although only fπ

has corrections larger than 0.5%. We fit the couplings
in the chiral expansions simultaneously to the π and K
masses and decay constants from our simulations. We
do the same for the masses and decay constants of the D
and Ds. Given the couplings, we tune mu/d and ms so
that our formulas give the experimental values for mπ

and mK after correcting for the u/d mass difference and
electromagnetic effects. [8, 14].

Our data are sufficiently accurate that we can mea-
sure systematic errors due to the finite lattice spacing
values a used in our simulations. We find that these
errors are typically 2–3.5 times smaller with the HISQ
quark action than with the earlier asqtad action, but we
must still extrapolate our results to zero lattice spacing
before comparing with experiment. We combine this ex-
trapolation with the quark-mass extrapolation by adding
a2 dependence to our chiral formulas. We expect leading
discretization errors of various types: αsa2 and a4 er-
rors from conventional sources; and α3

sa
2, α3

sa
2 log(xu,d)

and α3
sa

2xu,d from residual taste-changing interactions.
We do not have sufficient data to distinguish between
these different functional forms, but we include all of
them (with appropriate priors for their coefficients) in our

fK/fπ fDs/fD fDs ∆MDs/∆MD

r1 uncertainty 0.3 % 0.3% 1.1 % 0.7%
a2 extrapol’n 0.2 0.3 0.4 0.3
finite volume 0.4 0.4 0.1 0.1
mu/d extrapol’n 0.2 0.1 0.3 0.2
statistical errors 0.2 0.5 0.6 0.5
ms evolution 0.1 0.2 0.2 0.4
md, QED, annhil’n 0.0 0.1 0.0 0.5
Total 0.6 % 0.8% 1.3 % 1.1%

TABLE II: Error budget for our determination of fDs and
various decay constant and mass ratios. ∆M = 2M − mηc .

fits so that uncertainties in the functional dependence on
a2 are correctly reflected in our final error analysis. The
a2 extrapolations are sufficiently small with the HISQ ac-
tion (1% or less for π and K; 2% for D and Ds) that the
associated uncertainties in our final results are typically
less than 0.5%.

Fig. 1 shows the masses of the D and Ds as a function
of u/d quark mass. To reduce uncertainties from the scale
and from c quark mass tuning, the meson masses were
obtained from mDq

−mηc
/2+mηcexpt/2. The lines show

our simultaneous chiral fits at each value of the lattice
spacing and the dashed line the consequent extrapolation
to a = 0. The shaded bands give our final results: mDs

= 1.963(5) GeV, mD = 1.869(6) GeV. We also obtain
(2mDs

− mηc
)/(2mD − mηc

) = 1.249(14), in excellent
agreement with experiment [2]. This last quantity is a
non-trivial test of lattice QCD, since we are accurately
reproducing the difference in binding energies between a
heavy-heavy state (the ηc used to determine the c quark
mass) and a heavy-light state (the D and Ds). Table II
gives our complete error budget for this quantity.

Fig. 2 similarly shows our results for decay constants
on each of the ensembles studied, and the chiral and con-
tinuum fits that are done simultaneously with the corre-
sponding masses. The complete error budgets for the key
decay constant ratios and fDs

are given in Table II. fK

and fπ show very small discretisation effects and good
agreement with experiment when Vud is taken from nu-
clear β decay and Vus from Kl3 decays [2]. Alternatively
our result for fK/fπ can be used, with experimental lep-
tonic branching fractions [8, 15], to give Vus. Using the
recent KLOE result for the K [16, 17] we obtain Vus =
0.2262(13)(4) where the first error is theoretical and the
second experimental. This agrees with, but improves on,
the Kl3 result. Then 1 − V 2

ud − V 2
us − V 2

ub = 0.0006(8), a
precise test of CKM matrix first-row unitarity.

fD and fDs
show larger discretisation effects but a

more benign chiral extrapolation. Our final results are:
fDs

= 241(3) MeV, fD = 208(4) MeV and fDs
/fD =

1.162(9). These results are 4–5 times more accurate
than previous full lattice QCD results [6] and exist-
ing experimental determinations. An interesting quan-

Lattice results need to be extrapolated to the real world
where a=0 and mu/d = small.

To do this 
well needs: 
• statistical 
precision
• small disc. 
errors and 
several 
values of a
• small mu/d

using HISQ 
charm quarks

E. Follana et al, 0706.1726

em effects 
must be 
estimated !
Wednesday, 2 June 2010



 0.9  1  1.1
Quenched

 0.9  1  1.1
with sea quarks

!(3S-1S)

!(1P-1S)
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2mBs,av
-m!

"(1P-1S)
m" - m#c

mD*
s
 - mDs

mD

mDs

m$
mN

fK

f%

mBc

Including u, d and s sea quarks is critical for accurate results, 
but numerically expensive - particularly light mu,d. 

HPQCD/
MILC 
2008 “ratio 
plot”.

Multiple 
values of a, 
and of mu,d. 
Extrapolate 
to physical 
point. 

Latt./exptLatt./expt

Wednesday, 2 June 2010



Example parameters for calculations now being done. 
Lots of different formalisms for handling quarks.

real 
world

min 
mass 
of u,d 
quarks

Volume of 
lattice also an 
issue - need                     
(2.5fm)4 or 
more

mu,d ≈ ms/10

mu,d ≈ ms/5

mu,d ≈ ms/27
 0

 0.05

 0.1

 0.15

 0.2

 0  0.005  0.01  0.015  0.02  0.025  0.03

m
2 m

in
 / 

G
eV

2

a2 / fm2

MILC imp. staggered, 2+1
RBC/UKQCD DW, 2+1

PACS-CS, clover, 2+1
BMW, stout clover, 2+1
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The gold-plated meson spectrum - HPQCD 2009

2008

CDF 
2005

new prediction
HPQCD
0909.4462
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The gold-plated meson spectrum from lattice QCD - HPQCD collaboration 2009
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EMBARGOED UNTIL 2PM U.S. EASTERN TIME ON THE THURSDAY BEFORE THIS DATE:

mud, corresponding toMp ≅ 135MeV, are difficult.
They need computationally intensive calculations,
withMp reaching down to 200 MeVor less.

5) Controlled extrapolations to the contin-
uum limit, requiring that the calculations be
performed at no less than three values of the
lattice spacing, in order to guarantee that the
scaling region is reached.

Our analysis includes all five ingredients
listed above, thus providing a calculation of the
light hadron spectrum with fully controlled sys-
tematics as follows.

1) Owing to the key statement from renor-
malization group theory that higher-dimension,
local operators in the action are irrelevant in the
continuum limit, there is, in principle, an un-
limited freedom in choosing a lattice action.
There is no consensus regarding which action
would offer the most cost-effective approach to
the continuum limit and to physical mud. We use
an action that improves both the gauge and
fermionic sectors and heavily suppresses non-
physical, ultraviolet modes (19). We perform a
series of 2 + 1 flavor calculations; that is, we
include degenerate u and d sea quarks and an
additional s sea quark. We fix ms to its approxi-
mate physical value. To interpolate to the phys-
ical value, four of our simulations were repeated
with a slightly different ms. We vary mud in a
range that extends down to Mp ≈ 190 MeV.

2) QCD does not predict hadron masses in
physical units: Only dimensionless combinations
(such as mass ratios) can be calculated. To set the
overall physical scale, any dimensionful observ-
able can be used. However, practical issues in-
fluence this choice. First of all, it should be a
quantity that can be calculated precisely and
whose experimental value is well known. Sec-
ond, it should have a weak dependence on mud,
so that its chiral behavior does not interfere with
that of other observables. Because we are con-
sidering spectral quantities here, these two con-
ditions should guide our choice of the particle
whose mass will set the scale. Furthermore, the
particle should not decay under the strong in-
teraction. On the one hand, the larger the strange
content of the particle, the more precise the mass
determination and the weaker the dependence on
mud. These facts support the use of theW baryon,
the particle with the highest strange content. On
the other hand, the determination of baryon dec-
uplet masses is usually less precise than those of
the octet. This observation would suggest that
the X baryon is appropriate. Because both the
W and X baryon are reasonable choices, we
carry out two analyses, one withMW (theW set)
and one withMX (the X set). We find that for all
three gauge couplings, 6/g2 = 3.3, 3.57, and 3.7,
both quantities give consistent results, namely
a ≈ 0.125, 0.085, and 0.065 fm, respectively. To
fix the bare quark masses, we use the mass ratio
pairs Mp/MW,MK/MW or Mp/MX,MK/MX. We
determine the masses of the baryon octet (N, S,
L, X) and decuplet (D, S*, X*, W) and those
members of the light pseudoscalar (p, K) and

vector meson (r, K*) octets that do not require
the calculation of disconnected propagators.
Typical effective masses are shown in Fig. 1.

3) Shifts in hadron masses due to the finite
size of the lattice are systematic effects. There
are two different effects, and we took both of
them into account. The first type of volume de-
pendence is related to virtual pion exchange be-
tween the different copies of our periodic system,
and it decreases exponentially with Mp L. Using
MpL >

e
4 results in masses which coincide, for

all practical purposes, with the infinite volume
results [see results, for example, for pions (22)
and for baryons (23, 24)]. Nevertheless, for one
of our simulation points, we used several vol-
umes and determined the volume dependence,
which was included as a (negligible) correction at
all points (19). The second type of volume de-
pendence exists only for resonances. The cou-
pling between the resonance state and its decay
products leads to a nontrivial-level structure in
finite volume. Based on (20, 21), we calculated
the corrections necessary to reconstruct the reso-
nance masses from the finite volume ground-
state energy and included them in the analysis
(19).

4) Though important algorithmic develop-
ments have taken place recently [for example

(25, 26) and for our setup (27)], simulating di-
rectly at physical mud in large enough volumes,
which would be an obvious choice, is still ex-
tremely challenging numerically. Thus, the stan-
dard strategy consists of performing calculations
at a number of larger mud and extrapolating the
results to the physical point. To that end, we use
chiral perturbation theory and/or a Taylor expan-
sion around any of our mass points (19).

5) Our three-flavor scaling study (27) showed
that hadron masses deviate from their continuum
values by less than approximately 1% for lattice
spacings up to a ≈ 0.125 fm. Because the sta-
tistical errors of the hadron masses calculated in
the present paper are similar in size, we do not
expect significant scaling violations here. This is
confirmed by Fig. 2. Nevertheless, we quantified
and removed possible discretization errors by a
combined analysis using results obtained at three
lattice spacings (19).

We performed two separate analyses, setting
the scale with MX and MW. The results of these
two sets are summarized in Table 1. The X set is
shown in Fig. 3. With both scale-setting proce-
dures, we find that the masses agree with the
hadron spectrum observed in nature (28).

Thus, our study strongly suggests that QCD
is the theory of the strong interaction, at low

Fig. 3. The light hadron
spectrum of QCD. Hori-
zontal lines and bands are
the experimental values
with their decay widths.
Our results are shown by
solid circles. Vertical error
bars represent our com-
bined statistical (SEM) and
systematic error estimates.
p, K, and X have no error
bars, because they are
used to set the light quark
mass, the strange quark
mass and the overall
scale, respectively.

Table 1. Spectrum results in giga–electron volts. The statistical (SEM) and systematic uncertainties
on the last digits are given in the first and second set of parentheses, respectively. Experimental
masses are isospin-averaged (19). For each of the isospin multiplets considered, this average is
within at most 3.5 MeV of the masses of all of its members. As expected, the octet masses are more
accurate than the decuplet masses, and the larger the strange content, the more precise is the
result. As a consequence, the D mass determination is the least precise.

X Experimental (28) MX (X set) MX (W set)
r 0.775 0.775 (29) (13) 0.778 (30) (33)
K* 0.894 0.906 (14) (4) 0.907 (15) (8)
N 0.939 0.936 (25) (22) 0.953 (29) (19)
L 1.116 1.114 (15) (5) 1.103 (23) (10)
S 1.191 1.169 (18) (15) 1.157 (25) (15)
X 1.318 1.318 1.317 (16) (13)
D 1.232 1.248 (97) (61) 1.234 (82) (81)
S* 1.385 1.427 (46) (35) 1.404 (38) (27)
X* 1.533 1.565 (26) (15) 1.561 (15) (15)
W 1.672 1.676 (20) (15) 1.672

21 NOVEMBER 2008 VOL 322 SCIENCE www.sciencemag.org1226

REPORTS

BMW collaboration 2008

Trinlat collaboration -
0801.0973

Light hadron 
spectrum 
inc. baryons with 
‘fat clover’ quarks

v. preliminary excited 
charmonium spectrum 
using anisotropic 
lattices.

International Conference on Hadron Physics, TROIA’07 , Canakkale Turkey, 30 August - 3 September 2007 3
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Figure 1: Sliding window plots for the J/ψ obtained
from the variational analysis. The plot shows the ground
state in the lattice T−

1u

irreducible representation which
corresponds to the continuum J = 1 state. The higher
lying states determined in this channel are assumed to be
radial excitations of the J/Ψ. This is under investigation.
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Figure 2: Sliding window plot for the Ds 0− and 1−

states. The corresponding experimental value of the
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− 0− splitting is 143.8MeV.

5. Conclusions and Outlook

We have presented our preliminary results for the
charmonium and Ds systems from Nf = 2 dynamical
anisotropic lattices. All-to-all propagators are essen-
tial in this study and allow us to use a wide range of
operators and the variational analysis. For the char-
monium system we have good signals for the S, P and
D waves and the 1−+ hybrid. We are planning to ex-
pand the simulation to include the 1−− D-waves and
other hybrids. We found the hyperfine splitting in this
system to be small. The effect of the chromomagnetic
term, cBΣ · B, disconnected diagrams and stout link
smearing are being investigated as possible reasons for
this. The Ds system is simulated with a low level of di-
lution. A simulation with a higher level of dilution for
this system, with a wider range of operators, is being
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X(3872)

hc(1P)

Y(4260)

Preliminary

Figure 3: Preliminary charmonium spectrum for the S,
P, D waves and the hybrid 1−+. The results of this study
are the blue and red bands. The highest lying radial
excitations identified in each channel are coloured red to
indicate that these are not free of further excited-state
contamination.

0- 1-
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D0K+
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Dougall et al.
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Expt: DsJ

Ds Spectrum (preliminary)

Figure 4: Preliminary Ds spectrum for the S and P
waves. The results of this study are shown by the blue
and red bands. As in the charmonium case the highest
lying radial excitations identified in each channel are
coloured red to indicate that these are not free of further
excited-state contamination. The blue dots represent the
UKQCD (Nf = 2) results [16].

performed. Both simulations are performed at single
lattice spacing where the sea quark mass is around
the strange quark mass. Simulations with finer lat-
tices spacings are currently under investigation. The
results clearly demonstrate the power of the all-to-all
propagators combined with a variational analysis. We
have extracted a large number of orbital and radial
excitations in the charmonium and Ds systems. Fur-
ther work is also underway to address the continuum
spin-identification of these lattice determinations.

Harder states to do

Even harder ....
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Determine em and weak decay constants from amplitudes 
CKM elements - see other talks

HPQCD 2009
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Determining quark masses 
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Figure 1: Test of the relationships 7, 8, and 9, between masses and CKM matrix elements
predicted by Chkareuli and Froggatt [34]. The circles are the results for the CKM matrix
elements. The squares and diamonds are the predictions for the CKM matrix elements in
terms of quarks masses from the HPQCD/MILC collaborations and the PDG respectively.
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 HPQCD, 1004.4285

C. McNeile, 1004.4985, model from 
Chkareuli+Froggatt, hep-ph/9812499

Lattice QCD has direct access to 
parameters in Lagrangian for 
accurate tuning 
- issue is converting to contnm 
schemes such as  

Can now rule out some quark 
mass matrix models 

ms(2GeV) = 92.2(1.3)MeV

md(2GeV) = 4.77(15)MeV

mu(2GeV) = 2.01(10)MeV

Vcb =
�

md/mb vs PDG

MS
mc(mc) = 1.273(6)GeV

mb(mb) = 4.165(23)GeV
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Determining   αs

Key points:
• high statistical 
precision
• high order pert. th. 
exists and can 
estimate higher orders
• higher twist not a 
significant issue
• approaches very 
different - good test

Lattice QCD now has several determns of       to 1%.αs

 0.11  0.115  0.12  0.125  0.13

s(MZ)

 decays
 decays

DIS [F2]

DIS [e,p -> jets]

e+e-[jets shps]
electroweak

e+e-[jets shps]
HPQCD: wloops
HPQCD: heavy q corrs
JLQCD: light q. vac. poln
World average: 
Bethke 0908.1135

 HPQCD, 1004.4285;
JLQCD,1002.0371. 
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will tell you what is possible in future
e.g. is error from disc. errors, mu,d extrapoln, stats ...

Full error budgets now available for lattice calcs 
A Very Good Error Budget

(one omission)

chiral expansions simultaneously to our ! and K masses
and decay constants. We do the same for the masses and
decay constants of the D and Ds. Given the couplings, we
tune mu=d and ms so that our formulas give the experimen-
tal values for m! and mK after correcting for the u=d mass
difference and electromagnetic effects [8,18].

We find that finite a errors are 2–3.5 times smaller with
the HISQ quark action than with the asqtad action, but still
visible in our results. We combine the extrapolation to a !
0 with the quark-mass extrapolation by adding a2 depen-
dence to our chiral formulas. We expect leading discretiza-
tion errors of various types: "sa2 and a4 errors from
conventional sources; and "3

sa2, "3
sa2 log"xu;d#, and

"3
sa2xu;d from residual taste-changing interactions among

the valence and sea light quarks. We do not have sufficient
data to distinguish between these different functional
forms, but we include all of them (with appropriate priors
for their coefficients) in our fits so that uncertainties in the
functional dependence on a2 are correctly reflected in our
final error analysis. The a2 extrapolations are sufficiently
small with HISQ (1% or less for ! and K from fine results
to the continuum; 2% for D and Ds) that the associated
uncertainties in our final results are typically less than
0.5%. The combined chiral and continuum Bayesian fits
have 45 parameters for D=Ds and 48 for !=K with 28 data
points for each fit [19].

Figure 1 shows the masses of the D and Ds as a function
of u=d quark mass. To reduce uncertainties from the scale
and from c quark-mass tuning, the meson masses were
obtained from mDq

$m#c
=2%m#cexpt=2. The lines show

our simultaneous chiral fits at each value of the lattice
spacing, and the dashed line shows the consequent extrapo-
lation to a ! 0. The shaded bands give our final results:
mDs

! 1:962"6# GeV and mD ! 1:868"7# GeV. Experi-
mental results are 1.968 GeV and 1.869 GeV, respectively.
We also obtain "2mDs

$m#c
#="2mD $m#c

# ! 1:251"15#,
in excellent agreement with experiment, 1.260(2) [2]. This
last quantity is a nontrivial test of lattice QCD, since we are
accurately reproducing the difference in binding energies
between a heavy-heavy state (the #c used to determine mc)
and a heavy-light state (the D and Ds). Table II gives our
complete error budget for this quantity.

Figure 2 similarly shows our results for decay constants
on each ensemble with complete error budgets in Table II.
fK and f! show very small discretization effects and good
agreement with experiment when Vud is taken from nuclear
$ decay and Vus from Kl3 decays [2]. We obtain f! !
132"2# MeV and fK ! 157"2# MeV. Alternatively our re-
sult for fK=f! [1.189(7)] can be used, with experimental
leptonic branching fractions [8,23], to give Vus. Using the
recent KLOE result for K [24,25], we obtain Vus !
0:2262"13#"4# where the first error is theoretical and the
second experimental. This agrees with, but improves on,
the Kl3 result. Then 1$ V2

ud $ V2
us $ V2

ub ! 0:0006"8#, a
precise test of CKM matrix first-row unitarity.
fD and fDs

show larger discretization effects but a more
benign chiral extrapolation. Our final results are fDs

!
241"3# MeV, fD!207"4#MeV, and fDs

=fD!1:164"11#.
These results are 4–5 times more accurate than previous
full lattice QCD results [6] and existing experimental
determinations. An interesting quantity is the double ratio
"fDs

=fD#="fK=f!#. It is estimated to be close to 1 from low
order chiral perturbation theory [26]. We are able to make a

FIG. 1 (color online). Masses of the D% and Ds mesons as a
function of the u=d mass in units of the s mass at three values of
the lattice spacing. The very coarse results are the top ones in
each set, then coarse, then fine. The lines give the simultaneous
chiral fits, and the dashed line gives the continuum extrapolation
as described in the text. Our final error bars, including the overall
scale uncertainty, are given by the shaded bands. These are offset
from the dashed lines by an estimate of electromagnetic, mu !
md, and other systematic corrections to the masses. The experi-
mental results are marked at the physical md=ms.

TABLE II. Error budget (in %) for our decay constants and
mass ratio, where !x ! 2mDx

$m#c
. The errors are defined so

that it is easy to see how improvement will reduce them; e.g., the
statistical uncertainty is the outcome of our fit, so that quadru-
pling statistics will halve it. The a2 and mu=d extrapolation errors
are the pieces of the Bayesian error that depend upon the prior
widths in those extrapolations. ‘‘ms evolution’’ refers to the error
in running the quark masses to the same scale from different a
values for the chiral extrapolation. The r1 uncertainty comes
from the error in the physical value of r1, and the finite volume
uncertainty allows for a 50% error in our finite volume adjust-
ments described in the text.

fK=f! fK f! fDs
=fD fDs

fD !s=!d

r1 uncerty. 0.3 1.1 1.4 0.4 1.0 1.4 0.7
a2 extrap. 0.2 0.2 0.2 0.4 0.5 0.6 0.5
Finite vol. 0.4 0.4 0.8 0.3 0.1 0.3 0.1
mu=d extrap. 0.2 0.3 0.4 0.2 0.3 0.4 0.2
Stat. errors 0.2 0.4 0.5 0.5 0.6 0.7 0.6
ms evoln. 0.1 0.1 0.1 0.3 0.3 0.3 0.5
md, QED, etc. 0.0 0.0 0.0 0.1 0.0 0.1 0.5

Total % 0.6 1.3 1.7 0.9 1.3 1.8 1.2
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Future
• sets of ‘next generation’ gluon configs will have 
            at physical value (so no extrapoln) or 
         down to 0.03fm (so b quarks are ‘light’) or
much higher statistics (for harder hadrons)
also can include charm in the sea now. 

mu,d
a

• Pushing errors down to 1% level will mean em 
corrections and                      must be understood.mu �= md

Conclusion
•  very accurate results are available now from lattice QCD
for QCD parameters and for simple hadron masses and 
decay matrix elements important for flavour physics. 

• some harder calculations (flavor singlet, excited states, 
nuclear physics) will also become possible
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