Research Objectives

The MILC Collaboration is engaged in a broad research pragraQuantum Chromodynamics
(QCD). This research addresses fundamental questiongimedmergy and nuclear physics, and
is directly related to major experimental programs in thigslels. It includes studies of the mass
spectrum of strongly interacting particles, the weak iatéions of these particles, and the behavior
of strongly interacting matter under extreme conditions.

The Standard Model of High Energy Physics encompasses oantiknowledge of the funda-
mental interactions of subatomic physics. It consists af qarantum field theories: the Weinberg-
Salaam theory of electromagnetic and weak interactiors(eD, the theory of the strong interac-
tions. The Standard Model has been enormously successipblaining a wealth of data produced
in accelerator and cosmic ray experiments over the pasy thears; however, our knowledge of
it is incomplete because it has been difficult to extract mainthe most interesting predictions
of QCD, those that depend on the strong coupling regime othbery, and therefore require
non-perturbative calculations. At present the only mednsaaying out non-perturbative QCD
calculations from first principles and with controlled esas through large scale numerical sim-
ulations within the framework of lattice gauge theory. Téiegmulations are needed to obtain a
guantitative understanding of the physical phenomenaaled by the strong interactions, to de-
termine a number of the fundamental parameters of the Stamdi@del, and to make precise tests
of the Standard Model’s range of validity. Despite the mamgcesses of the Standard Model, it
is believed by high energy physicists that to understandigByat the shortest distances a more
general theory, which unifies all four of the fundamentatés of nature, will be required. The
Standard Model is expected to be a limiting case of this memerpl theory, just as classical
mechanics is a limiting case of the more general quantum amec$. A central objective of the
experimental program in high energy physics, and of lafp¢zD simulations, is to determine the
range of validity of the Standard Model, and to search for péwsics beyond it. Thus, QCD
simulations play an important role in efforts to obtain apreunderstanding of the fundamental
laws of physics.

Lattice QCD calculations proceed in two steps. In the firag ases importance sampling tech-
niques to generate gauge configurations, which are repgegsensamples from the Feynman path
integrals that define QCD. These configurations are savetimathe second step they are used
to calculate a wide variety of physical quantities. It is e&gary to generate configurations with a
range of lattice spacings and light quark masses in ordeetifmpn extrapolations to the contin-
uum (zero lattice spacing) and chiral (physical mass of thand down quarks) limits. Over the
past ten years we have generated a large library of confignstsing the improved staggered
(Asgtad) action with lattice spacings as small as 0.045 fid,lht quark masey = (m,+my)/2

as small as 1/20 the strange quark mass. A table describimggacations with lattice spacings
a <0.12 fm is given at the linkasqtad configurationsThe Asqtad configurations are publicly
available, and have been used by other groups to study a wadge rof problems in high energy
and nuclear physics. During the past year we have begun agmnogf generating gauge configura-
tions using the highly improved staggered quark (HISQ)oextieveloped by the HPQCD/UKQCD
Collaboration. The HISQ action has two major advantages Asgtad: 1) the taste symmetry vi-
olations, which are one of, if not the largest impedimenteducing errors in lattice calculations
with staggered quarks, are significantly reduced relat\wbdse of Asgtad; and 2) the HISQ action
can be used to simulate charm sea and valence quarks, prgwadother significant reduction in
errors for calculations involving charmed particles. Wepde a description of our recent progress
in gauge configuration generation with both Asqtad and HI8&rks at the linkecent results

Our research is currently focused on four major areas: 1)ptioperties of light pseudoscalar
mesons, 2) the decays and mixings of heavy-light meson$ie3)ntass spectrum of strongly in-
teracting particles, and 4) the properties of stronglyreténg matter at high temperatures. We
briefly discuss each of these areas below. More detailedigéens of recent progress can be


http://physics.indiana.edu/~sg/milc/lat_table09.pdf
http://physics.indiana.edu/~sg/milc/results.pdf

found at the linkrecent results

Properties of light pseudoscalar mesons: Computation of the properties of light pseudoscalar
mesons, in particular theandK mesons, offers a unique opportunity to calculate phenotogno
ically important physical quantities that are difficult onpossible to obtain with controlled errors
by other methods, and to check our lattice methods to high {o 3%) precision. The advantages
of this system stem firstly from the fact that we are able tojgota quantities such as tmeandK
masses and leptonic decay constants at fixed lattice spantshguark mass with extremely high
statistical accuracy: 0.1% to 0.7%, depending on the quakses. Secondly, the dependence of
these quantities on quark masses is governed by the formafishiral perturbation theory, which
enables us to fit the lattice data accurately, including ffects of O(a?) lattice spacing errors,
and then make a controlled continuum extrapolation folldwg a controlled chiral extrapolation.
Using the above methodology, we have computed the leptataydconstants of the and K
mesons,f; and fx, and the CKM matrix element,s with total errors of under 3%. The results
agree with experiment at this level, providing good evidetitat we understand and can control
our errors.

These calculations, coupled with a perturbative detertiinaof the mass renormalization con-
stant, have allowed us to determine the lightd ands) quark masses, as well as their ratios, and
several of the Gasser-Leutwyler low energy paramdterdhel; in turn enable a determination
of thel = 0 and 2m— 1t scattering lengths. Two of these quantities, in particuegently require
precise lattice QCD evaluations: Uncertaintymgseverely limits the theoretical precision of vari-
ous phenomenological studies, including the determinaifdhe important CP-violating quantity
¢’ /e. Determination oim,/my addresses the long standing proposal that= 0. A massless up
quark could have solved the “Strong CP Puzzle”; howeverresults rule that possibility out at
the 1@ level.

Ourimmediate objective is to improve our determinationalbdf the above quantities by complet-
ing the analysis of the Asqtad configurations, and to impimwecalculation of the quark masses
through a non-perturbative determination of the mass reabtization constant. We expect the new
HISQ configurations to provide further improvements.

The largest error in our current evaluation of the quark mass m, /my comes from uncertainties
in the electromagnetic (EM) contributions to masses ahd especiallK mesons. These effects
also give significant errors to other quark mass ratios anthéoquark masses themselves. At
present, the EM contributions must be taken from continutmanpmenology. A conservative
interpretation of the errors in the continuum calculatioesults in a 20% error omy/my, and
even a rather aggressive interpretation leaves a 10% érlaz.importance of obtaining accurate
determinations of the light quark masses makes it imperativdo better, and to be sure that
the EM effects are under good control. This issue can be adddedirectly on the lattice by
including EM effects in the simulations. As a first step wetagating the EM field in the quenched
approximation. We plan to extend our work to the study of tag/bn spectrum which will allow
us to address the long standing neutron-proton mass differproblem. A further extension to
this project would be a fully dynamical treatment of both thel) andSU (3) gauge fields.

Weak decays of particles containing heavy quarks: At SLAC, KEK and Fermilab, a con-
certed experimental effort is underway to determine eldsefthe Cabibbo-Kobayashi-Maskawa
(CKM) matrix through studies of the mixings and decays of Bsares. Of particular note is the
recent observation ds-Bs mixing by the CDF and DO collaborations at Fermilab. In aidditthe
properties of D mesons have been measured to high accuréloy LEO-c Program at Cornell.
One hopes that by tightly over—constraining the CKM matleogents, the range of validity of the
Standard Model will be determined, and new physics beyondllibe discovered. However, the
experimental results do not, in general, determine the Clakmeters without lattice calculations
of the effects of the strong interactions, and in almost afles for which experiments have been
performed, the current lattice error is significantly largjean the experimental one.


http://physics.indiana.edu/~sg/milc/results.pdf

Our long term objective is to reduce the lattice contribngido errors in CKM matrix elements
so that they are less than or comparable to the experimenés. oTo this end, our group and
the Fermilab Lattice Collaboration are involved in an exsfiea joint study of the decays of pseu-
doscalar mesons with one light and one heavy quark. The nigécts of our work ard3, Bs, D
andDs mesons. We are studying both leptonic and semileptonicydeead the mixing between
the neutraB andBs mesons and their antiparticles. Strong interaction effacleptonic decays are
characterized by the decay constafysfg,, fp and fp,. Semileptonic decays are characterized by

various form factors (%), whereq is the momentum transferred to the leptons, and the mixing of
B andBs mesons with their antiparticles by the bag parameBgrandBg,. CLEO-c is providing
precise measurements of tBeandDs leptonic and semileptonic decays. Comparisons of lattice
and experimental results have provided an opportunity lidate our approach, and insure that we
do, in fact, have full control over systematic errors.

Our objective for the next few years is to calculate the lamtaecay constants, semileptonic form
factors and bag constants 8mesons to an accuracy such that the lattice errors wouldngelde
the limiting factor in the determination of the correspargliCKM matrix elements. In particular,

lattice results forfg and fg, of the precision already achieved ffiy and fp, along with theB? — BO

and B2 — B2 mixing parameter8g and Bg, would have a major impact on the determination of
the poorly known CKM matrix element,y from experimental measurements BB and Bs-Bs
mixing. In fact, after the latest experimental resultsBarBs mixing, an important ratio of CKM
matrix elements$Viq|/|Vis| Nnow has a theoretical error almost ten times the experirhentar, so
improved lattice results are crucial. Our calculationshaf semileptonic form factors f& — 1dv
andB — D*lv during the past year have lead to the most accurate lattieendmations to date of
the CKM matrix element¥, andVe,, respectively.

The mass spectrum of strongly interacting particles: The calculation of the mass spectrum of
strongly interacting particles is one of the major goalsatfite gauge theorists. An accurate de-
termination of the masses of the lightest of these partislas essential test of lattice simulations.
The nucleon an@~ masses are precisely known, and can be computed accuratéhge dattice,
making them trenchant tests of our techniques. Moreoviticéacomputations can shed light on
some of the open questions regarding the nature of the lighngly interacting particles. For
example, the nature of the)(980) is still somewhat controversial—to what extent is gjuark-
antiquark state, and to what exteri{a- K molecule? Also, the quark model assignments of many
of the excited states are not well established, and latbogpeitations should be used to nail them
down. Lattice calculations are also important for underdiag particles that are not explained
by the naive quark model, namely hybrids and glueballs. @tmesticles, especially those with
exotic quantum numbers, are an important part of the expariat program at Jefferson Labora-
tory. Heavy baryons, which contain one or more charm or ottuarks, are much less studied
than heavy mesons, both experimentally and theoreticAdyhave recently begun to study a large
number of such states containing one or two heavy quarks.

Heavy quarks and anti-quarks (charm, bottom, and top) fayomd states analogous to positron-
ium — hence the name “quarkonium”. Since their discovenhm1970’s, many dozens of states
of charmonium and bottomonium have been studied experatigntBelow the so-called open
charm or open bottom threshold energy — the threshold foagl@do pairs of mesons consisting
of a heavy quark and light antiquark, the states have smalkored widths, and provide exacting
tests of our theoretical ability to do high precision preiios of the properties of states involv-
ing heavy quarks. Even above threshold theoretical guelamaeeded for the classification of
observed states. A variety of new charmonium states have foe@d in recent experiments, but
their interpretation in terms of standard potential modates is uncertain. Numerical simulation
should help in classifying these states.

Strongly interacting matter under extreme conditions: At very high temperatures one expects
to observe a phase transition or crossover from ordinaongty interacting matter to a plasma of



qguarks and gluons. A primary motivation for the constructidthe Relativistic Heavy lon Collider
(RHIC) at Brookhaven National Laboratory was to observegigrk—gluon plasma and determine
its properties. The plasma was the state of matter in thg éaxelopment of the Universe, and
may be a central component of neutron stars today. The bah@ivstrongly interacting matter in
the vicinity of the phase transition or crossover is inh#gea strong coupling problem, which can
only be studied from first principles through lattice gaulgedry calculations. Among the issues
that can uniquely be addressed by lattice calculationsher@ature of the transition, the proper-
ties of the plasma, including strange quark content, ancethmtion of state. We are currently
seeking to significantly improve our determinations of ttamsition temperature and the equation
of state, which are critical inputs to hydrodynamic modglof heavy-ion collisions. A project
using the Asqtad action is being carried out as part of thekwbthe recently formed HotQCD
Collaboration, of which we are members, along with collezgyat Brookhaven National Labo-
ratory, Columbia University Los Alamos National Laborataend Lawrence Livermore National
Laboratory.

During the past year we have begun a study of high temper@Gi® using the HISQ action. This
action has several advantages for thermodynamics stueliss. in calculations of the equation of
state it is necessary to subtract the gauge action and the ohiler parametep calculated on

a high temperature ensemble from the same quantities atdcliht zero temperature. Since these
guantities are highly divergent in the ultraviolet, thidgaction becomes extremely difficult as the
lattice spacing is reduced. Since the HISQ action allowstoneork at larger lattice spacing than
Asqgtad for similar sized lattice artifacts, it appears tthegt equation of state could be computed
with far fewer Monte Carlo samples, or shorter runs. Furtiane, the reduction in taste symmetry
violations leads to a more realistic hadron spectrum, wiscparticularly important in the low
temperature regime. Finally, the HISQ action allows us tude charm quarks as dynamical
sea quarks in high temperature simulations for the first tirBénce charm quarks are thought
to have had an important effect on the transition betweemttek-gluon plasma and ordinary
hadronic matter that took place during the early develogrogtie universe, their inclusion opens
an interesting new area of study.



