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Abstract

We describe the impact that future lattice QCD calculaticans have on the determination
of the parameters of the standard model (quark masses,jrgupinstant, and particularly the
CKM matrix elements) and the search for new physics beyond. cevisider the impact of
calculations requiring CPU resources ranging from whabissible by the end of 2007%(10
TFlop-yr with USQCD resources), through 50 TF-Yr and up t6 36-Yr.

We begin with a brief description of progress in the last Srgeand an overview of what
should be possible in the next 5 years, focusing on overnainstg the CKM matrix ele-
ments. Subsequent sections detail, respectively, thessgatd future of calculations of the
guark masses, the CPU time required for future ensembledtio gauge configurations, and
the status and future of calculations of electroweak maferments which constrain CKM el-
ements. We end with a summary and outléok.

1 Introduction, history and overview

One of the central aims of calculations using lattice QCId gdtermine the underlying parameters
of the Standard Model (SM) by stripping away the effects efgtrong interactions. Lattice calcu-
lations aim to provide accurate determinations of the nsagkthe up, down, strange, charm and
bottom quark$ the strong coupling constani, and the values of the weak transition couplings
between quarks—i.e. the elements of the Cabibbo-Kobaydakkawa (CKM) matrix. These
guantities, along with the unknown Higgs mass and couplamgl the well known electroweak
coupling and mixing angle, are the parameters of$hg3) x SU(2) x U (1) Lagrangian which
defines the SM. Patrticularly exciting is the possiblity ofetenining different, inconsistent values
of the CKM matrix elements from different decay processdss Would indicate a breakdown in
the Standard Model and thus the need for new physics. Thiaplp is complementary to the
direct discovery searches to be undertaken at the LargeoH#&bllider at CERN (LHC), but to be
successful requires reliable and precise lattice QCD Galons.

LCompanion white papers discudtuclear Physics from Lattice QCD: The Spectrum, Stucture lnteractions of
Hadrons”, "Opportunities for Lattice QCD Thermodynamics with Petadrkesources’and“Challenges for lattice
field theory in the LHC era”

2The top quark decays before it can form hadronic bound staidattice calculations are not needed for the
determination of its mass.



The last five years have seen lattice QCD (LQCD) calculatioature to the point that accurate
determinations of some of the fundamental parameters astge, with all errors controlled (as
will be reviewed in sec. 4). Prior to this the methodology he@&n developed, but calculations
had uncontrolled systematic errors, particularly due todkclusion of the effects of light-quark
loops (the so-called “quenched” approximation). A key aspé the recent progresss has been
the creation of an ensemble of gauge configurations geweratieiding the full guantum measure
(“unquenched” or “dynamical” configurations including th#ects of light quark loops) with a
series of values for the lattice spacira) and the light quark massésThis ensemble uses “im-
proved” lattice fields (so as to reduce the discretizationrej and staggered fermions, and has
been generated by the MILC collaboration under the auspic® USQCD lattice collaboration.

It has been made available to lattice researchers worldwidehave used it to calculate a wide
variety of physical quantities. Errors at the few percemelare possible in the best cases, and
the ensemble is being extended (to smadlesmallerm,, and increased statistics) so as to allow
further improvements in accuracy.

In addition to these extensive lattice configurations gateer using staggered fermions, there
are also an increasing number of lattice configuration ggadrusing domain wall (DW) quarks.
This lattice fermion formulation yields accurate chiraisyetry for the quarks and directly pro-
vides the correct number of quark flavors. Available configjons have two lattice volumes but
a single lattice spacing. This DW fermion approach will bgcdssed further below, both as the
method of choice for computing particular weak matrix elatseas well as an important test of
the results obtained using staggered fermions.

A crucial aspect of LQCD calculations is validation. There enany sources of error in the
calculations and, just as with experimental measuremerass-checks using different methods
and comparison with known results must be used to validaeethor estimates. Estimates of
statistical errors require a correct understanding of tineetations between configurations. Further
errors arise from fitting (e.g. of Euclidean correlationdtions to a sum of exponentials) and from

the need to make extrapolations (in particuar 0, my, — m?hys and box sizel — «). The
methods used to simulate heavy quarks .end, to some extent,quarks) are approximate (e.g
non-relativistic QCD) and require theoretical estimatesroors. The calculation of electroweak
matrix elements require matching of continuum and lattigerators, which introduces a further
error. And, finally, in the case of staggered fermions antamtil assumption is made, namely the
use of a rooted determinant to cancel the effects of the iadditvarieties (“tastes”) of fermion
that are intrinsic to this formulation. There are theomdtiarguments that this approach yields
the correct continuuma(— 0) limit, but the required fitting is to complicated theocati forms
(derived from “staggered” chiral perturbation theory)damumerical validation is essential.

Validation has been carried out to date by comparing priedistfor those quantities which
are calculable with the smallest errors. The number of su@nties increases with time, and
Fig. 1 gives a recent update [1] on the original figure [2]. Tigeire shows that the quantities
used are sufficiently sensitive to quark loops to provideriagent test of the methodology. In
particular, including quark loops one finds agreement wigénrors of size 1-3%, while calculations

3Calculations to date are in the isospin symmetric limjt= my = my, but have the strange quark mass, at (or
close to) its physical value. The simulated valuespére larger than the physical average light quark mass, hgera
down tomy/ms ~ 1/10, which approaches the physical raticcol /27.



using the quenched approximation find deviations-df0% from experiment. The agreement of
unquenched results tests both heavy and light quark melihgide as well as the running of the
coupling constant between the heavy and light quark scales.
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Figure 1: Ratio of lattice results to those from experimdregft panel uses quenched and right
panel unquenched 1 flavor) lattice calculations.

Another crucial validation is provided by the successfunhparison of the strong coupling
constant obtained from lattice calculationg(m;) = 0.117040.0012 [3], with the world average
from other methods (in whickis is determined by matching perturbative QCD predictions to
collider results at high energieal(Mz) = 0.1185+0.0015% This comparison is also shown in
Fig. 1.

Perhaps the most convincing test of methods is to make ssfotg@sedictions in advance of
experimental measurements. Three such predictions haretbsted to date: the mass of e
meson, the decay constant of fB&, and the shape and normalization of the- K semileptonic
form factor. All three were successful [5]. These companrssare not, however, at the level of
precision of those discussed above. Both experimentalattidd errors for thé andDs decay
constants and form factors are presently of order 6 to 10%. ekperimental errors are typically
statistics-limited and may drop by a factor-o2 over the next few years. It it therefore crucial that
the lattice errors also be reduced by a similar factor. Cdatmn of these quantities is discussed
in more detail in sec. 4.

We note also that lattice calculations have led to contigtleedictions of quark masses, with
those of the light quarks being the most precise. This wildlseussed in sec. 2. Although the
connection between quark masses and experimental obkabsubtle, pinning down these
fundamental parameters is a notable success, and feedthéenttetails of unification schemes
involving new physics.

4This number is obtained from Ref. [4] with the lattice resirtpped from average.
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A final success, albeit a more qualitative one, concernsdloaiations of electroweak matrix
elements needed to constrain the CKM matrix. Three comsgrehat rely solely on lattice methods
are (i) the kaon B-paramet8k, which determines the CP violating part of tke- K mixing, &x;

(i) the matrix elementfg, I§Bs, which controls the rate d8s— Bs mixing; and (iii) the ratio

(defined in sec. 4) which determines the relative sizBof B andBy — By mixing. Early lattice
estimates for these quantities (as collected in Ref. [6]d@Rand given in the second column
of Table 1 below) led (along with other theoretical and ekpental input) to predictions for the
CKM anglep (see the Appendix for notation for the CKM matrix) aBg— Bs mixing,

tan(2p) = 0.698+ 0.066, Ams = (16.3+3.4)ps L, [Lattice Pred. (2000)] (1)
that are in agreement with the subsequent experimentalurezasents [7, 8],
sin(2p) = 0.674+0.026, Amg = (17.774+0.12) ps, [Experiment (2006)] (2)

This success has been important in convincing the widerggapghysics community of the utility
of lattice calculations [9].

Hadronic Quenched Lattice UTA Lattice Lattice
Matrix Estimate Result Result Errors Errors
Element in 2000 Current Current 10. TF-Yr | 50. TF-Yr
I§K 0.87+0.15 0.77+0.08 0.75+0.09 +0.05 +0.03
B/ I§E;S 262+ 40 MeV | 282+21 MeV | 261+ 6 MeV | =16 MeV | £9 MeV
& 1.14+£0.07 1.23+£0.06 1.24+0.08 4+0.04 4+0.02

Table 1: History, status and future of lattice QCD calculations afethmatrix elements which play a key role in
the determination of CKM matrix elements. Quenched esgs&iom 2000 taken from Ref. [6], UTA values from
Ref. [9, 10]. Present results are from Refs. [11, BJ)( [13] (fz,1/Bsg,), and [14] €), and will be discussed further
in sec. 4. Note that none of the present lattice results decfully controlled estimates of all errors.

A major focus of the USQCD calculations in the last five yeaas heen the improvement
of electroweak matrix calculations. A more extensive agport is given in sec. 4 below, but
here we describe the progress of calculations of three xnaliements which play a key role in
constraining the SM. Table 1 shows how present lattice tegthird column) compare to the
estimates from 2000. The main progress has been the use ovénelted, 2- 1 flavor gauge
configurations instead of the quenched approximation (@xoe ¢, for which the present result
is based on partially unquenched [2 light flavor] ensembl&ghile this progress shows up as a
reduction in the errors, what cannot be seen from numbeng asothat theeliability of the error
estimates has improved (since, except&oit is now no longer necessary to estimate the impact
of quenching, which can be done, at best, semi-quantitgjivBlevertheless, there are as yet no
unquenched calculations of the matrix elements havingtgare controlled. For example, fully

unquenched results fd@x and fy/ I§BS are available only at one lattice spacing and volume, so

that discretization and finite volume errors are estimatedhfprevious partially unquenched, or
guenched, calculations or using theoretical argumentsaemnot yet directly calculated.



There are three main reasons why calculations of matrix ehsrlike these three lag behind
those of the quantities discussed above that have beenarsedifiation and prediction. First, they
are more complicated to calculate: they involve four-fenmoperators rather than bilinears, and,
in some cases, non-trivial operator mixing. Second, theenon-trivial overhead in CPU (and
human) time required to progress from the generation of gaogfigurations to the calculation of
the valence propagators required to extract the matrix ehsn And, third, there is a theoretical
overhead needed to understand operator mixing and detetiménappropriate functional forms
to use when doing chiral extrapolations. The net resultas imatrix element calculations lag the
generation of configurations by one or two years. In facthendase 0By, a light-quark quantity
for which chiral symmetry plays an important role, calcidas using DW fermions have leap-
frogged those using staggered fermions, although (as siedubelow) the DW ensemble is only
in the early stages of completion.
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Figure 2: Present constraints gnandn from the UTA analysis (left panel) and from matrix
elements involving lattice QCD input (right panel). Con®wf 68% and 95% probability are
shown, together with the 95% probability regions from indixal constraints. Consistency of the
allowed regions in the two panels provides precision cordirom of the SM. From Ref. [9].

In the last 5 years, there has been tremendous progressenireental measurements Bf
meson properties. This has allowed a determination of th&1@ements using methods that
require little or no knowledge of hadronic matrix elemeatsd, in particular, no input from lattice
calculations. Following Ref. [9], we call this the Unitgritriangle-Angles (UTA) approach. Its
status is shown in the left panel of Fig. 2. Combining the ltsswith the measured values feg,
Amy andAmg allows one tgoredictthe values of three matrix elements discussed above (asgumi
that the SM is correct). The results are given in the fourthirom of Table 12 The agreement
between present UTA and lattice results shows that the Sktigéisn of flavor physics, including
CP violation, is consistent with experiment. An alternativay of seeing this consistency is to

%In this article we use the UTfit collaboration analysis oftarity triangle constraints as results are given of direct
relevance to the needed precision of lattice calculati@ee the CKM fitter web site for an alternative approach to
imposing the constraints, which leads to similar conclnsid.5].
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compare the constraints gnandn from the two approaches, as is done in Fig. 2. It should be
stressed that the agreement is a highly non-trivial tedt®f3M, involving both electroweak and
strong-scale physics.

This comparison shows, furthermore, that the next 5 yeasanmts a tremendous opportunity.
If the errors in lattice results can be reduced to a leveM¢hmse of the UTA predictions (which
will themselves be gradually reduced), then there is themi@l for stringent tests of the SM.
The first stage is to obtain lattice results with all errorateolled, and this should occur in the
next year (i.e. by the end of 2007) doing analyses on existimguenched ensembles. Our esti-
mated errors are given in the Table in the “10 TF-Yr” (10 TéoaFYear) column—this is roughly
the accumulated computational resource that will have ldegoted to the calculation (including
configuration generation) by the USQCD collaboration byehd of 2007. The basis for these
estimates is described in sec. 4. The needed calculatidhkkefy use both staggered and DW
fermions. The expected errors Bx and& are smaller than the present UTA errors, while those

in fBS\/EBS are larger (although comparable). All errors can be furtbduced by using a more

extensive ensemble (utilizing both staggered and DW fems)io As an example, we give esti-
mates for an accumulated CPU time of 50 TF-Yr. At this stagetheoretical errors are at the few
percent level, allowing precision tests of the SM.

These estimates show that, for these three key matrix ekspresources at the 50 TF-Yr level
allow one to reach the same level of precision as has alreaely attained for simple quantities.
There are, however, many other matrix elements that cande@onstraints on both the SM and
on theories proposed for physics beyéniflany of these matrix elements are more complicated
than the three discussed in this section, and will requieatgr computational resources to obtain
precision results. We discuss the range of such quantitissd. 4 below. Preceeding that, we first
describe recent progess on the calculation of quark maasdsthen discuss the computational
requirements for possible future ensembles of gauge caafigus.

2 Status and future of lattice results for quark masses

Unquenched calculations of light hadron properties haegnassed to the point that the light
guark masses can be determined with precision. The preakeniation uses light quark masses
down tom,/ms = 0.1 at three lattice spacings & 0.15,0.12 0.09fm) and also includes first
results at ~ 0.06fm (with m;/ms = 0.4). Preliminary results from this ensemble and using two-
loop perturbative matching factors are given in Table 2 uride heading “2006 result”. Also
shown are earlier results using only parts of the preaen0.12fm and 009 fm ensembles (with
my/ms values down to 110 and 15, respectively), and either one-loop (listed as “2004 It§su
or two-loop perturbation theory (listed as “2005 resultBrrors are from statistics, simulation
systematics, the truncation of perturbation theory forahiay factors, and incomplete inclusion
of electromagnetic effects, respectively.

81n this white paper we consider only the QCD calculations e needed to constrain beyond the standard model
(BSM) physics. A separate white papéChallenges for lattice field theory in the LHC erd,is devoted to direct
calculations in possible BSM theories.



Quark masg 2004 result 2005 result 2006 result
my/MeV_ | 2.8(0)(1)(3)(0) | 3:2(0)(2)(2)(0) | 3.3(0)(2)(2)(0)
my/MeV_ | 1.7(0)(1)(2)(2) | 1.9(0)(1)(1)(2) | 2.0(0)(1)(2)(1)
mg/MeV_ | 3.9(0)(1)(4)(2) | 44(0)(2)(2)(2) | 46(0)(2)(2)(1)
ms/MeV | 76(0)(3)(7)(0) | 87(0)(4)(4)(0) | 90(0)(5)(4)(0)

Table 2:History of recent results for light-quark masses using onpd staggered fermions. 2004 results are from
Ref. [16, 17], 2005 results from Ref. [18], and 2006 resultsif Ref. [19]. Herem, = (m, +my)/2, and all masses
are quoted in th&1S scheme at a renormalization scale of 2 GeV. Details amigéed in the text.

The main conclusion is that lattice calculations have mtedli for the first time, accurate results
for quark masses. In particular, the overall scale of thelqoesses has turned out to be smaller
than pre-lattice estimates suggested (erg~ 150MeV). The resultn;/ms = 1/27.14+ 0.4 for
the SU(3)-breaking ratio is in complete accord with estimates usinigat perturbation theory
and other model input. It should be mentioned, however, gadially unquenched calculations
with Wilson-like fermions find somewhat higher quark mag42€$, so it is important to check the
results from staggered fermions with other lattice fermsiomhis will be done over the next few
years, in particular using DW fermions.

Table 2 shows that, after the first unquenched result becaailalale in 2004, subsequent im-
provements have been largely due to the use of more accuedbtdimg factors. In particular, the
increase in central values between 2004 and 2005 is due ligsioo of the two-loop contribu-
tion. The use of a larger ensemble, with smaller valuea afdm,, has provided an important
consistency check, but the statistical power of the aduttidattices is insufficient to reduce the
extrapolation errors.

Future work is planned in three directions. First, the useaf-perturbative renormalization
to calculate the matching factors, thus replacing an esgidhmuncation error with a known, and
smaller, statistical error. Second, the use of smallecatipacings and masses to reduce the sys-
tematic errors. And, finally, the use of DW and possibly ofieemion actions. In this way, results
with few percent accuracy should be possible in the next ssyddnese extended calculations will
also allow a much more significant improvement in the deteatidn of the unknown coefficients
which appear in the QCD effective chiral Lagrangian (e.g. @asser-Leutwyler coefficients).

There has also been considerable progress on calculafionsamdm,.” Unquenched results
using the MILCa = 0.12 and 009fm lattices have been obtained, using both the Fermilabrac
(for c andb quarks) and NRQCD (for thie quark). The former results am, = 1.224+0.09 GeV,
my, = 4.7+ 0.4GeV [21], while the latter aren, = 4.4+ 0.3GeV [22], in both cases using one-
loop matching factors. These are consistent with the PD@ges excluding lattice inpuin; =
1.24+0.09 GeV andn, =4.20+0.07 GeV [4]. This validates the lattice heavy-quark methodwl
at the level of 10% precision.

’In the following these quark masses are quoted irMBescheme at the scale of the corresponding mass.



It is important to improve the accuracy the calculationsed\y quark masses, both to provide
more precise validation and because these masses are femiddparameters in the SM. For the
approaches used to date, the dominant error arises fronnutheation of perturbation theory, so
further progress requires theoretical, rather than nwaknwork. This is, however, unlikely to
lead to precision at the percent level. For this one likelgdseto use non-perturbative matching,
which has been implemented in pilot quenched studies fdr ¢lodrm [23] and bottom quarks. [24]
Another approach is to use highly improved staggered fermjd5].

3 Future ensembles of configurations

Key factors determining the future progress of LQCD calttates are the size and parameters of
the ensembles of gauge configurations that can be geneiatedrticular, what values od, my
andL are attainable? In this section we describe what is likelyggossible in the next 5 years.
We focus on staggered and DW fermions, which are likely tohgeprimary choice for flavor-
related calculations in this period. Staggered fermiordast, but require complicated fitting and
theoretical analysis to deal with the extra tastes. DWF aalat{vely) slow to simulate, but the
analysis required for most quantities is continuume-like atraightforward, and their enhanced
chiral symmetry is important for many quantities relatedlawor physics. It is also possible that
other fermion actions will be used for flavor-physics cadtians, e.g. improved Wilson fermions.
The distribution of resources will be adjusted yearly by tiedaboration, based on the results
and projects proposed to the collaboration, so as to magithiz production of validated, precise
results for important quantities. It should also be kept indrihat the required balancing includes
the division of resources between the flavor physics aimsudied in this white paper, and other
aims of USQCD, in particular hadronic and nuclear physicstefitemperature/density QCD, and
BSM physics.

As noted above, the present staggered fermion ensembielaglattices ah = 0.15, 012,
0.09fm with light masses ranging down ty/ms ~ 0.1, as well as partial sets at= 0.06 with
my/ms = 0.4 and 02. Table 3 shows the cost of extending this ensemble to sneadiadm,/ms.
The labels (borrowed and extended from our 2004 white pa@@)) ndicate how one might
progress stepwise as CPU resources increase. MILC1 lggioeration should be completed be-
fore the end of 2007, to be followed by MILC2 generation, &ach step involves a reduction in
a, or inmy/ms, but not both, and requires an increase in CPU time rangorg 2-9.

An important and very welcome result shown in the table istthea CPU estimates from 2004
have proven to be too high by factors of 3-10. This is due to faabors. First, the use of the
rational hybrid Monte-Carlo (RHMC) algorithm [27] insteadl the R-algorithm, which reduces
the CPU time by factors 2 6 for the quark masses in the table (with the reduction irginga
with smallermy).8 Second, the earlier estimates used asymptotic formulaehwitoved overly
conservative in practice. The combined improvements kthiegoossibility of a direct simulation
of physical quark masses significantly closer.

8In practice for the staggered fermion evolutions the finakat-reject step is dropped from the RHMC algorithm,
leading to what is called the rational hybrid molecular dyies (RHMD) algorithm.



a(fm) | my/mg Size| L (fm) | MCtraj. | TF-Yr TF-Yr Label
R-2004 | RHMD-2007
0.09 0.10 40° x 96 3.6 | 3000 15 0.14 MILC1
0.09 0.05 56° x 96 5.0| 4200 23 1.2 MILC2
0.06 0.20| 48 x144 29| 3750 1.9 0.7 MILC1
0.06 0.10| 64°x144 3.8| 4500 22 2.4 MILC2
0.06 0.05| 84°x144 5.0 6300 280 19 MILC3
0.06 1/27 | 100 x 144 6.0 7454 - 55 MILC4
0.045 0.40| 56°x192 2.5| 4000 - 1.1 MILC2
0.045 0.20| 56°x192 2.5| 5000 10 3.0 MILC2
0.045 0.10| 80°x 192 3.6| 6000 135 14 MILC3
0.045 0.05| 112 x 192 5.0| 8400 2100 130 MILC4
0.045 1/27 | 124 x 192 5.6 | 9940 - 320 MILC5

Table 3: CPU requirements (in TFlop-years) for future generatiommduenched configurations with improved
staggered (“asqtad”) fermions. Lattice sizes are choséhatdinite volume effects are roughly constant (and small).
“MC traj.” gives the lengths of the runs (in number of trai¢s)—these are chosen so that statistical errors should
be sub-dominant for quantities of interest. An asterixdatis that generation is complete, while a dagger that it is
underway. The present estimates (labelled 2007) assunfHRD algorithm. For comparison, we give the estimates
(labeled 2004) from our 2004 white paper [26] (appropnrasekled for changes in lattice size and trajectory lengths)
which assumed the R algorithm and conservative extrapolgaitiAll estimates are for two degenerate light quarks of
massm and a strange quark at its physical mass. The matjons = 1/27 is the physical value. The labels indicate a
progression of increasingly demanding calculations, aadised in the text.

To estimate the resources needed to progress to each stageybgram one must include not
only the configuration generation but the significant tingpieed to calculate valence propagators.
We have previously multiplied by a factor of 2 to account fas but here use the factor of 4. This
increase is appropriate because some of the algorithmanaég do not carry over to propagator
calculations, and because of the increasing number of igsrthat are being be calculated. With
this factor, the costs of the stages are roughly as follows:

MILC1: 4 TF-Yr; MILC2: 30 TF-Yr; MILC3: 100 TF-Yr; and MILC4:750 TF-Yr. (3)

In assessing these numbers, it should be kept in mind the¢ thgtimates apply for calculations
focused on fundamental parameters alone. Such calcusaties 1/3-1/2 of USQCD resources,
with the remainder focused on spectroscopy, finite tempegaialculations, and nucleon structure
and interactions.

An important feature of the RHMC algorithm is that there isesdially no additional cost if
one simulates with non-degeneratandd quarks. Thus the estimates foy/ms ~ 1/27 apply
as well to simulations with all three light quarks at theiypital values. Direct simulations with

9The pion masses are essentially the same for degenerate-alegenerate light quarks, so one does not need to



physical light quarks are thus attainable once resourcashrthe PetaFlop level. These would
represent a major milestone, avoiding the need for chitahprlations, but requiring the inclusion
of electromagnetic effects.

Estimates of required CPU time for configuration generatutth DW fermions are given in
Table 4. In this case we do not have earlier estimates to capabut it should be noted that in
the last two years a speed-up in DWF codes by about a factdna 6een achieved by algorithmic
and coding work [27]. The timing estimates are made by egtedjpns from present simulations,
which are currently being run and analyzed on lattices o€isigea = 0.122 and 0093 fm. The
tables show that the CPU cost is 10-20 times more for DW thastéggered fermions.

a(fm) | my/mg Size| Ls | L (fm) | MC traj. | TF-Yr | Label
0.12 03| 243x64 |16 3.0| 9000 0.7 | DWF1
0.12 0.19| 24x64| 16 3.0| 9000 0.8 | DWF1

0.09 0.20| 32x64| 16 3.0| 4500 1.3 | DWF1
0.09 0.136| 32x64 |16 3.0| 4500 1.4 | DWF2
0.09 0.136| 48x64 |16 4.4 5000 7.0 | DWF2
0.09 0.065| 48 x64 |16 4.4 5000 8.6 | DWF3
0.09 1/27 | 64°x 128 | 24 5.9| 10000 | 230 | DWF5
0.06 0.144| 48x64 |16 3.0| 10000 18 | DWF3
0.06 0.084| 64°x 128 | 16 4.0| 10000 130 | DWF4
0.06 1/27 | 96° x 128 | 16 59| 10000 | 680 | DWF6

Table 4:CPU requirements for future lattice generation of unquedatonfigurations with DWF using the RHMC
algorithm [27]. Notation as in tab. 3, except that earlidineates are not available, and thatis the number of sites
in the fifth dimension.

The labels indicate an analogous progression to that fggstad fermions, with the resources
needed for DWF1 roughly corresponding to those for MILCt, &he present ensemble (DWFO0)
consists of lattices a = 0.122 fm, withm,/ms > 1/7, and spatial sizes &f =2 and 3 fm. The
DWEF2 level is particularly important because there willnhge two lattice spacings and small
guark masses so all extrapolations (and correspondingsg¢isbould be controlled. This is thus
the threshold for precision predictions from DWF. Note tladthough the progression for DWF in
terms ofaandmy, lags that for staggered fermions due to the extra CPU cosistbounterbalanced
by the simplified fitting, improved chiral symmetry, and pbssby smaller discretization errors.
At the DWF2 stage, which is attainable when total resourpgsied to flavor physics are of order
50 TF-Yr, we will have precision results with both staggeeed DW fermions. This is a very
important milestone both because it allows a crucial chétikeomethods and thus the predictions,
and because it will allow a considered decision on which femmethod to pursue for subsequent
calculations.

increase the physical volume or expect longer decorrelitices. Note that although the rooting method breaks down
for a massless quark [28], the physical masses are likelgiy@enough for this not to be a problem [29, 30].
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4 Future calculations of electroweak matrix elements

In this section we list the most important matrix elementeleictroweak operators that can be
calculated using LQCD, describing in some detail the sigmite, status and future prospects for
each. We proceed roughly from the best to the least well known

In describing some of the following results it is useful traduce some notation for different
subsets of the present MILC ensemble. We call dhe 0.12fm anda = 0.09fm lattices the
“coarse” and “fine” MILC lattices, respectively. Some cdétions have been done only on the
coarse lattices, others on the coarse and a subset of thewiihent,/ms down to 0.2). We call
the latter collection the “MILCO” ensemble. The most up-dkte calculations use also the fine
lattices withm, /ms = 0.1, and thea = 0.06 fm, m; /ms lattices—we refer to these together with the
MILCO lattices as the “present MILC ensemble”.

We stress that the best fermion discretization to use depmmthe quantity, and that, as the fol-
lowing descriptions show, a mix of staggered and DW fermialcwations is likely to be optimal
for the next few years.

The notation for CKM matrix elements is summarized in the équglix.

4.1 Bilinear matrix elements

e frandfk. These quantities have been used for validation of lattieghods in the light
meson sector by comparing to the experimental leptonicydetas. They can be calculated
to good accuracy, with errors of size6% using staggered fermions on the present MILC
ensemble [19]. Some errors cancel in the rdig fy, in which the present error is about
1%.

Although these are among the most accurate results from L@G®important to further
reduce the errors. Improving the calculationfgfwill allow more precise validation. (The
CKM element which entery/,q, is known to very high accuracy from nuclear decays.) This
is particularly important for staggered fermions, in ortletest whether the complications
due to taking roots of the determinant are understood. Agrathportant test, which can
be done at unphysical quark masses to avoid chiral extripo$a is to compare precision
results obtained with staggered and DW fermions.

The ratiofk / f; can be used to determiigs, the present value leading to

Vsl = 0.2223( Y ) (Lattice fi /). @)

This has comparable errors to that from the standard metsiod semileptoni& — 1tde-
cays (discussed below):225721) [4]. Thus further improvements in LQCD calculations
of fx/fr will lead to an improvement in the present determinatiok@f This is of consid-
erable interest since it would allow a more stringent teghefunitarity of the first row of

11



the CKM matrix. Present results are
IVud|2+[Vus]2+ | Vub|? = 0.99925)(9) (0) [PDGO6 or 0.99775)(12)(0) [LatticeVys, (5)

with the errors coming, respectively, from thosevir, Vus andVyp. Both results are con-
sistent with unitarity, but the larger deviation of the gahtvalue from unity when using the
latticeVys provides particular motivation to reduce the lattice error

We can roughly estimate how errors will be reduced in cateuta using staggered fermions.
This will serve as the standard for subsequent estimatesesoravide some details. The
dominant errors irf; come from setting the scale and from the combined chirathcoom
extrapolation. In the detailed 2004 MILC study [17] (whicked a somewhat smaller en-
semble than the present best results, and had slightlyrlargas), these errors were8%
and 19% respectively. Both errors are reduced by extending teerahle so as to improve
chiral and continuum extrapolations, though the scaler eviiblikely be reduced less as it
has a weaker dependence on the light quark mass (being hasattolations of thé&” spec-
trum). We estimate a reduction of the scale error by 0.8 a@dicd.the MILC1 and MILC2
stages, respectively, and corresponding reductions bgrftd0.5 in the extrapolation error.
This leads to a combined systematic error of 2.0% and 1.4% (and fx) at the MILC1
and MILC2 stages, respectively. We expect the statisticat €0 remain at about the present
level of 0.3%, and thus to be subdominant.

For the ratiofx / fr;, there are essentially no scale errors, and we expect thapelation
error to reduce as fof. The 1% extrapolation error in Ref. [17] is thus estimatethtbto
0.7% and 0.5% in the MILC1 and MILC2 ensembles, respectivelys will likely remain
dominant over the statistical error (0.2% at present). &meductions would lead to consid-
erably more stringent test of unitarity. For example, if teatral value offk / f remained
unchanged, the unitarity sum would becom89775)(6)(0) = 0.99778) at the MILC2
stage, a 35 effect.

DWEF calculations will also give precision results fof and fx. At this stage, it is diffi-
cult to estimate the likely errors, since first results fronquenched simulations have just
been presented, and are only at a single lattice spacing {3d¢ complication is that the
renormalization constarda, which is unity with staggered fermions, must be determined
non-perturbatively from the simulations. It is therefoerywencouraging that the results for
Za using non-perturbative renormalization have extremelglberrors (0.03% or less).

K — 1¢v form factor. This is needed to convert the experimental nressent of the semi-
leptonic decay rate to a determinationVgf. The PDG uses the Leutwyler-Roos value from
model calculationsf (0) = 0.961(8), but notes that there is a possible 2% theoretical un-
certainty in this number, which is not included in the PDGoeffior Vs [4]. An accurate
lattice result would greatly improve upon this situationattice results with sub-percent
level precision are possible here through the use of aptematios [32]. Indeed, first un-
quenched results using DWFat: 0.125fm, andr,/ms = 0.25— 0.75, have statistical and
estimated chiral extrapolation errors eachr00.001 in f,, with continuum extrapolation
errors estimated to be smaller [33]. It is crucial to cheasthestimates by calculations at
smallerm;/ms anda, and this will be possible using the DWF1-2 ensembles. Ificoed,
the error inVys will become dominated by that from the experimental measerd, which
contributest +0.0009 toVs at present (i.e. somewhat less than half of the preseneotal
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of +£0.0021). This would lead to a unitarity test of comparable {siea to that envisioned
above fromfy / fr.

Calculations with staggered fermions are also possiktleoagh a preliminary unquenched
result has considerably larger errors than obtained wittF)34].

D — (K, m)¢v form factors. These can be used together with the measunedegtonic
decay rates to determings andV,q, respectively. Lattice results allow prediction of the
differential cross-section, thus allowing a detailed cangon with experiment. The success
of this comparison foD — K/v is one of three successful lattice predictions noted in the
introduction.

Further work on these calculations is of considerable @ster Accurate determinations of
Ves andVg would allow a precision unitarity test from the second rowtled CKM matrix
(sinceVg is known to be small). Lattice calculations can contributestrusefully to the
determination oV, which is only known with an error of 30% from neutrino scattering.
An ungquenched calculation using Fermilaguarks and staggered light quarks on the coarse
MILC lattices yieldsVes = 0.957(17)(93), where the first error is from experiment and the
second from the lattice calculation [35, 4]. Discretizaterrors dominate the lattice uncer-
tainty, and should be substantially reduced, as well as @inmpe by extending the calculation
to the full present MILC ensemble.

Veq is known most accurately from neutrino scatterineq| = 0.230(11). The error is
less than half that obtained using the lattice form factomfrcoarse MILC latticegVeq| =
0.213(8)(21), where the first error is from experiment and the second fredttice [35, 4].

If the lattice error could be reduced below that of experitnéren this would become com-
petitive with the neutrino scattering method. This showdddossible using the envisioned
MILC ensembles. Alternatively, one can view this as a mo@epaecision test of lattice
methods for charmed quarks.

Calculations using DWF both for the charm and light quarksadso envisaged in the future.

fp, and fp. These quantities provide important validation of lattroethods for heavy
quarks, by comparing predicted and measured semilepteuiaydrates of th®s andD™
(usingVey from neutrino scattering and.s from unitarity). In the case of thB™", the un-
guenched lattice prediction preceeded the first measurteragperimental results from the
CLEO collaboration are statistics limited and are at pref3#j

for =223(17)(3)MeV,  fp, =28216)(7)MeV,  fo /for = 1.27(12)(3), (6)

with errors being statistical and systematic, respegtivithe unquenched lattice calculations
using Fermilakz quarks and staggered light quarks on the MILC lattices give

for = 201(3)(17)MeV,  fp, = 2493)(16)MeV,  fp./fp- = 1.21(1)(4), (7)

where the first two results use the MILCO ensemble [37] whikeratio is a recent update
using more of the = 0.09fm lattices [38]. The method relies on a partially nontperative
normalization of currents [39].

It is important to improve the lattice calculation, since txperimental errors are likely
to fall with time. The dominant lattice uncertainties comeni charm quark discretization
errors and the chiral extrapolation, both of which can bestartdially reduced by reducirey
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andm,. We expect roughly a 50% reduction in the lattice error byNieC2 stage, giving
a total lattice error otz 5% in the decay constants and2% in their ratio.

fg, and fg. These quantities have long served as benchmarks for tlygggs® of lattice
methods for heavy-light systems. A recent developmentasdifect measurement of the
B — 1v branching ratio, allowing a determination &f given a value fol,,. The errors in
this measurement, presently about 35%, are unlikely torhe@mall enough for a precision
test of methods, although the measurement does providesgstamcy check.

Unquenched results are available using staggered lighksjuiand both NRQCD and the
Fermilab action to simulate thequark [40, 41, 42]. The dominant error is from perturbative
matching—using one-loop results the error is estimatecetsr 9% out of a total error of

~ 10%. The matching error cancels in the rati/ fg, which is known tox~ 3%. These
calculations use the MILCO ensemble. Significant improvetwéll require higher order
matching. A longer-range alternative method offering leigprecision uses HQET and the
1/my, expansion for thd quark [43], an approach in which non-perturbative matchéng
possible. This approach is at an earlier stage of developmewever, with no unquenched
results available. A related approach is presented in Réf. [

B — (D,D*)¢v form factors. Combined with experimental measurementsdlallow a de-
termination ofVp. Using the double-ratio method to cancel matching facts$, and with
confidence in the heavy-light methods provided by validafrom decay constant calcula-
tions, percent-level accuracy is possible. This has bebiewsd for theB — D case [46],
where unquenched results have errors smaller than thogpefiments. The best data, how-
ever, are for th& — D* decays, where no unquenched result is yet available. Thessagy
staggered heavy-light chiral perturbation theory has lmeenpleted [47] and results with
all errors controlled should be available in 2007 [48]. TWiHl provide a very important
check on the result fov., from inclusiveb — ¢ decays analyzed using HQET and short-
distance methods. The latter is projected to ultimatelghel®6 accuracy, and to match this
the MILC2 ensemble will likely be needed.

B — 1v form factors. These can be calculated for lagd€so thatpy is small in theB rest
frame) and used to extrady,. This provides one of the key constraints on then plane.
Results using NRQCI quarks and staggered light quarks with all errors contriofiee
available [49]. The total error is 12%, dominated by matchingz(9%) and statistics/chiral
extrapolation £ 8%). The experimental error (usimg > 16 Ge\?) is smallerx~ 6%. One
can also use data from smaltgreither by using QCD sum-rule results for the corresponding
form factors or including the constraints of unitarity. Tir@sent results for £0< V, from

two independent analyses ar83+ 0.67— 0.49 [4] and 350+ 0.40 [10].

It is particularly interesting to improve this calculatidmecause there is tension with the
result from inclusiveb — u decays (to which lattice calculations do not contributeyo t
independent analyses find 310V, to be 44+ 0.2+ 0.27 [4] or 4494 0.33 [7, 10]. An
important goal is thus to reduce the lattice error in the fdawtor by a factor of 2 (down
to the level of the experimental error). At this stage exgkisnd inclusive methods would
have comparable errors and the significance of the presesibrewould be much clearer.
To achieve this two-loop matching and the use of at least theCl¥l ensemble is needed.
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4.2 Four-fermion matrix elements I: well studied examples

As noted above, these matrix elements involve operatomgiand more complicated contractions,
and tend to lag calculations of bilinear matrix elements {&ykars.

e Bk. This is defined through

ngngBK = (KISVu(1 ~ v5)dSu(1— ys)dIK) ®)

and determines the CP violating part of ¢~ Ko mixing amplitude. The latter is param-
eterized by the measure quantity, which is predicted in the SM to be (see e.g. Ref. [6])

lex| = CeAPA® [N2S(x )AA*(1 — p) + charm-contribg By . (9)
HereB is the renormalization-group invariant B-parameter,

Ce = G fgmky/ (6v/2reamy ), (10)

is a well measured combination of quantities, apds a QCD Wilson coefficient, known
to next-to-leading-order (NLO). Only the dominant top dubyop contribution is shown.
Knowledge ofBk thus constrains the allowed region in the- n plane, or, conversely,
knowledge ofp andn constrainBy.

In particular, using direct measurements of the UT anglesr(fexclusive hadroni& de-
cays), and eq. (9), one finds the constraint given in TabEx1= 0.784+0.09 [10]. A lattice
result with an error at or below this level will serve to caast the SM.

As noted in the introduction, there is as yet no completeutation ofBgk with all errors con-
trolled. The state-of-the-art uses DWFeatz 0.125fm andm,/ms down to 025, and NPR
for matching. This is a precision calculation, with statigk errors and matching uncertain-
ties each~ 2% [11]. What is lacking is a complete estimate of the errars t chiral and
continuum extrapolations. Taking the conservative egenoé these from Ref. [12] gives
Bk = 0.77+0.02+0.08. This second error can be replaced by a controlled (aeylikuch
smaller) error by the use of smalley and a second value far This should be provided by
the DWF1 ensemble, and leads to the estimated err&0dd5 in the “10 TF-Yr” column of
Table 1. Further reduction in systematics will occur upacheng the DWF2-3 stages, and
we estimate an error af0.03 when resources reach 50 TF-Yr.

It is necessary to have cross-checks on calculations ofisyetrtant quantities, and fortu-
nately this will be provided by at least two other methodse@ses valence DWF on MILC
lattices, determining the form of mixed-action errors gsohiral perturbation theory [50].
Results on the MILCO data set should be available in 2007shndld have errors similar to
those with the DWF1 ensemble.

A second approach uses valence staggered fermions on the Bsttices [51, 52]. It suffers
from the extra systematics of taste-breaking, but gaima smaller CPU requirements. The
main drawback is the need, at this stage, to use one-loogrpative matching, which limits
the accuracy tez 10% on the MILCO ensemble. Two-loop, or non-perturbativatahing
will be needed to make this method competitive.
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o fa.4 /BBS.10 Bg, is defined in an analogous way By, eq. (8). The combinatioffie,/Bg,
appears, squared, in tBg — Bs mass difference

G2 Mg Mg,
612

wheren is a perturbative coefficient known at NLO. Sint#ls is now well measured (at the
2% level) this provides an indirect determination\g§|, which is predicted to high accuracy
by the unitarity of the CKM matrix\is = —AA%+. ... That it provides a potentially stringent
test of the SM is shown by the accuracy of the UTA prediciﬁgsr\/BT;s =261+ 6MeV [10].
Thus it is very important to reduce the present errot-8l MeV (7.5%).

As indicated in Table 1, substantial progress is possibile future ensembles. The present
calculation uses only (a subset of) coarse MILC latticed, MRQCD for theb quark [13].
The next step is to use the MILCO ensemble, including the afteces, which we estimate
will reduce the error tex 6%, or £16 MeV!! This should occur during 2007. The most
important subsequent improvement would be the use of twp-lmatching. Combining
this with the reductions in other errors that should be fmsdiy working on the MILC2
ensemble we estimate a total errored MeV.1? This brings the lattice error almost down to
that of the present UTA result.

AMs = NeS(%)[VisVin|% 4. Bss . (11)

To reduce errors below this level would likely require otimeethods, and, in particular,
non-perturbative matching as part of the HQET expansion.

e & = fp,\/Bg./(fvBg). This appears, squared, in the ratio of mixing amplitude8fand
Bs mesons,
AMs _ Mg

1
1-p)2+n? 5. 12

This ratio is now measured accurately. We have written thelren terms of the Wolfenstein
parameters to emphasize that it directly constraredn (unlike AMg; itself). Present

experimental precision is indicated by the UTA predictidig e= 1.244 0.08.

The fact tha€ is a ratio leads to a cancellation of some systematic ereogs §cale errors),
but this is counterbalanced by the need to do a chiral ex@éipo in the light valence quark
mass.

The current lattice result,.23+ 0.06, is in complete accord with the UTA result, but is
based on quenched and partially unquenched results. Rgaemched results, with all errors
controlled, are expected in 2007 by extending the existahgutations offBS\/BT;s described
above. The expectation is for precisionof3% (+0.04). This will be a very important
step forward, allowing another fully controlled, precisist of the SM. The precision will
improve with time on both the experimental and lattice sidése lattice error will perhaps
be reduced by a factor of 2 with the MILC2 ensemble.

1ONote that, compared to older analyses, it is preferable daof;g@/B?s rather thanfg/Bg, since the former has
smaller chiral extrapolation uncertainties.

UThis is obtained as follows. Present errors in the squaradtify 1‘,§SBBS are 9% (matching), 9% (statistics/fitting),
4% (discretization), 3% (relativistic corrections) and §8étting scale). Working at a finer lattice should reducséehe
respectively, to about 8%, 6%, 2%, 3% and 4%, or 11.4% in tbtalded in quadrature. The smallest reduction is in
the matching error which is due to the use of one-loop peatioh theory and isz a(1/a)?.

12The respective errors are estimated to be 3%, 4.5%, 1%, 3%.8f@in the squared quantity, or 6.7% in total.
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e (Al /T)g,. The relative width difference in thBs-Bs system provides an another method
with which to test the SM. Present experimental measuresrgaué a first indication of a
signal,(Ar /T )g, = 0.35+0.12—0.16 [7], and precision is expected to improve.

Using the operator product and heavy quark expansiongsatisscan be written, at leading
order, in terms of the matrix elements of local four-fermii= 2 operators. The operators
needed include that contributing Ba — Bs mixing in the SM, and also others with different
Dirac structure [53]. These can all be calculated using #mesmethods employed in the
calculation of fg,,/Bg,. First unquenched results are now available on the coart€MI

lattices [13]. The precision attained for all matrix elertsas comparable to that ifg, /Bg..
The next step will be to repeat the calculation on the fine Mlatiices so as to control all
errors.

The corresponding ratio fd8y mesons is much smaller in the SM and is thus likely to be
hard to measure. The present limi{id /I")g, = 0.009+ 0.037 [7]. A lattice calculation of
the relevant matrix elements should nevertheless be wkdertand will proceed in parallel
with that for theBs mesons.

4.3 Four-fermion and other operators IlI: future directions.

Lattice calculations of the following quantities are at amlier stage than those discussed above,
although in some cases considerable work in the quenchedxapation has been done. These
guantities can both provide further tests of the SM and aesle@ to study the impact of BSM
physics. For these matrix elements it is difficult to predie resources needed for a given preci-
sion, and we give only general comments on the difficulty ef¢hlculations. We stress that this
list is not complete, but gives an indication of the breadtbusrent and future work.

e BSM B - B mixing. Flavor-changing neutral transitions are suppdsis the standard
model, and thus provide a window into BSM physics. In patéigunew physics could have
a very small effect on th®& decays used to determined the UT angles, while significantly
changing theB mixing amplitudes. In this case the UTA prediction for, séy/Bg would
be in conflict with the SM prediction using lattice matrix lents. In order to constrain
the nature of the new physics in such a scenario, one will treedhatrix elements of four-
fermion operators with all possible Dirac and color stroesu(not just the LL structure of
the SM). Calculations of the full set of matrix elements rieggia straightforward extension
of present work, and indeed three of the matrix elements baea already calculated in
Ref. [13]. Itis likely that the required accuracy can be aied with the MILC1 ensembile.

e D — D mixing matrix elements. NeutrdD-meson mixing is suppressed in the SM, and
experiments have barely reached the sensitivity requiréest the SM prediction. As above,
this makes the mixing a good place to look for BSM physics. éneagal, the prediction of
the mixing rate in BSM models requires the knowledge of a gereet of four-fermion
operators, as in thB system. Such a calculation is a straightfoward extensigoregent
work, and should be able to attain comparable precisionabaivisaged for thB system.
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e BSM K — K mixing matrix elements. Similar comments apply to neukrahixing as forB
mixing: BSM physics, involving the matrix elements of diéat four-fermion operator, may
lead to a discrepancy between the experimental and SM vatugR-violation in mixing.
Thus, as for th& andD systems, a complete set&$= 2 matrix elements should calculated.
This is a straightforward extension of the calculatio®gf in fact, the other matrix elements
are less constrained by chiral symmetry and should be dastatculate precisely. Thus the
DWEF1 level should be sufficient.

CP-conserving part of (K — ). Calculation of theK* andK© decay amplitudes from first
principles has turned out to be very challenging. They renga@antities of central interest
because understanding the= 1/2 rule observed in these decays would be a milestone for
lattice calculations.

The difficulties include power-divergent mixing of the fei@rmion operators with lower-
dimension operators, the fact that there are two particléise final state, and the presence
of quark-disconnected diagrams. In addition, the ampdisuaie constrained by chiral sym-
metry. In the next few years it is likely that a calculationngsK — 0, K — mmandK — K
amplitudes and leading order, or perhaps next-to-leadidgrpchiral perturbation theory
will be possible. This method has been successful in quehstuglies [54], and should ex-
tend straightforwardly to unquenched lattices. DWF appsaential because of their chiral
symmetry. The drawback is that, particularly in the= 1/2 case, the convergence of the
chiral expansion may be poor.

A direct calculation with the two-pion final state using thethod of Lellouh and Liischer [55]
should also be possible for tii¢ = 3/2 channel, based on the success of preliminary cal-
culations [56]. It is not clear, however, whether it will begsible in the next 5 years to
complete a full direct calculation in th&l = 1/2 channel, to which quark-disconnected
diagrams contribute.

CP-violating part ofg (K — 1um). These amplitudes are needed to test whether the SM can
explain the measured value gf/e. While similar to the calculation of the CP-conserving
parts of the amplitudes, these calculations are more citallg because it is not possible

to ameliorate power divergences by keeping a dynamicahtlwprark, and because more
operators contribute, with possible cancellations. Nénedess, we expect the calculations
to progress only slightly behind those of the CP-conserpiad.

T(Ap)/T(Bg) and other lifetime ratios of hadrons containing b-quark$iese differences
are well measured and so can provide an important validaifoour understanding of
heavy-light systems. The difference of the experimenti@bsarom unity can be system-
atically studied using the heavy quark and operator prodxpansions. (A recent review
is Ref. [57].) The matrix elements that are required aredtad€\B = 0 operators between
b-hadrons, and one needs to include both bilinears and &yuaribn operators. The latter are
hard to calculate as they involve mixing with lower-dimemsl operators, similar to that
occuring inK — 1ot amplitudes. Only partial calculations have been done sdbfarwe
expect these calculation to progress at a similar rate teetfarK — rotamplitudes using
chiral perturbation theory (since the problem of quarledisected contractions does not
arise in either case).

B — (K*,p,w)yamplitudes. These decays are induced in the SM by pengugrnedies con-
taining the top quark. They are potentially sensitive to B@hsics, which could contribute
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at a level approaching that of the SM. There are by now acewgberimental results for
B — K*y, and first observations &— (p, w)y. Thus itis important to determine the relevant
hadronic matrix elements so as to test the SM.

The required form factor is of the tensor bilinear, esg,,d for B— K*y. Thus the calcula-
tion is similar to that of thé& — 1v form factor discussed above, but differs in the important
respect that one must extrapolategfo= 0. Because of this, and also from the conclusions
of a recent detailed quenched study [58], we expect thisitatlon to lag behind that of the

B — 1/v form factor by a year or more.

B — K¢™¢~ form factors. The motivation here is similar to that ®r— K*y—this decay
is sensitive to BSM physics, but the SM “background” must bhevin accurately. First
measurements of the branching ratio are available, angPttlependence of the form-factor
should follow. The lattice calculation is easier than tleatB — K*y because all values of
¢? are of interest. On the other hand, both the vector and tesenator contribute. First,
preliminary results have been recently presented [59] veméxpect major progress in the
next few years.

Moving NRQCD. A drawback with present calculationsB#- mtand related semileptonic
form-factors is that the lattice pion cannot have very larggmentum due tap errors and
poor signal/noise. This restricts the rangejfraccessible to lattice calculations. One idea
to ameliorate this problem is to make theuark, and thuB—meson, move. This approach
is in its infancy, but has considerable promise, as indithtethe first results [60].

Neutron electric Dipole Momently). Experiments continue to lower the limit on this quan-
tity, and the limit (or value, if it is subsequently obseryedn be used to constrain the value
of Bgcp in the SM, and also the nature of BSM physics.

Methods to calculate thégcp-induceddy have been developed and tested in the quenched
approximation [61]. Calculations using chirally symmefiermions are preferred, and we
expect that a continued effort using DWF will yeild a sigmathe next few years.

Supersymmetric extensions of the standard model lead tdemfpally larger contribution
to dy resulting from operators of the formo,,F*q and go,wG"q, whereF andG are
respectively the electromagnetic and gluon field stren@®k It would thus be interesting
to calculate the nucleon matrix elements of these operafvgdate, little work has been
done in this direction, but we expect that calculations witbderate precision should be
possible in the next few years.

Proton decay matrix elements. Grand-unified models predicteon decay, with modes
such asp — 1Pe™. Although to date no such decay has been observed, nextagiemede-
tectors are under construction. To convert a measuremeliig in any given mode into
a constraint on the parameters of the underlying model regj\as for the SM) hadronic
matrix elements. The required matrix elements do not, ireggnhave quark-disconnected
contributions, so that, in principle, these are straigiifyd extensions of mature calcu-
lations such as that of nucleon form-factors d&yd The extra challenge compared to a
form-factor calculation is the multi-fermion nature of tbperator, while, compared 8,
the final-state meson has significant momentum, and thd stdge is a nucleon, both of
which increase the noise. On the other hand, less precisineaded to make a significant
impact, since model calculations vary in their predictibgsa factor of~ 10.
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Quenched calculations have demonstrated that the needbddoéogy exists [63], and first
unquenched calculations using DWF are beginning. We expsatts with moderate preci-
sion by the DWF1 stage, and good precision at the DWF2 level.

The nucleon matrix element®N|uu+ dd|N) and (N|s§N). These are important for BSM
physics because they control the sensitivity of detectocsitain types of dark matter. (They
are also of considerable interest to the hadronic physicsraanity, being the simplest indi-
cators of the strange content of the nucleons.)

These matrix elements are difficult to calculate becausg ithelve quark-disconnected
contractions. Several attempts are underway at presemy ugw methods and, in part,
USQCD computational resources. Results with fairly poacmion & 30%) would be
useful, since present phenomenological estimates varyfdstar of 3. We expect that 30%
precision is attainable in the next few years, although nough is known to give a more
detailed prediction of precision.

Hadronic contributions tg— 2. There is a continuing uncertainty in the size of the haidron
“bubble” contribution to the muog—2: data fromete~ production leads to results differing
by about 3e from that usingt decays. It is possible that the lattice can help resolve this
discrepancy, by directly calculating the appropriategrééover the Euclidean vector-vector
correlator [64].

A lattice calculation of the light-by-light contributionals also been considered [65], and
could be developed further with increased resources.

Summary

In the last five years lattice QCD calculations have begunlfilftheir promise, with precision
calculations of the simplest quantities in which all errare controlled. This has been due to
a combination of increased computer resources and sighficgamovements in algorithms and
actions.

The next 5 years will allow precision calculations of manyrenoomplicated quantities, pro-

viding several stringent constraints on the SM, and valiatising at least two types of lattice
fermions. In addition, if the SM fails, lattice calculat®of matrix elements will help map out the
parameters of BSM physics. We stress that the improvedgioecrelies not only on increased
computer resources but also improved theoretical calonigi{matching, chiral perturbation the-
ory) and on the further development of numerical methodgipaarly for precision calculations
of heavy quark matrix elements).

Acknowledgements:we thank Claude Bernard, and especially Stephen Sharpediorcon-
tributions to this paper.
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A CKM matrix and some notation

The elements of the CKM matrix are as follows,
Vud Vus Vub
Vekm = Ved Ves Voo | - (13)
Via Ms Vb

In the SM there are three generations &gy is unitary. A standard way to implement this, and
at the same time to remove unphysical phases, is the Watfenstrameterization in terms of four
real quantitied\, A, p andn [66] (shown here in its higher-order form [67]):

]2.;)\—22—)\—; ) ): A}\S(P—m)
Vekm = | A +AR[1-2(p+in)) 1-2 42 (1+4m7) AN2
— Jp— 4 . 232
AN3(1—p—in) ~AN? AT (1-2p) —inAN* 1 AN
+0O(7\%), (14)
where
P=p(1-A?/2) and n=n(1-A%/2). (15)

CP violation is proportional to the imaginary part\@fku, i.e. ton. The least well known param-
eters arg andn, and it is common to show plots of the constraints inghen plane. The position
of p andn define the apex of a triangle, as shown in Fig. 3. The angldsi®friangle have been
given conventional names, as shown. Note that another mgaooimvention isp; = 3, ¢, = a and

=Y.

A=(p.n)

C=(0,0) B=(1,0)

Figure 3: Unitarity triangle, giving definitions of the aegh, (3 andy.
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