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QCD and lattice QCD




@ The Standard Model

[0 Matter particles hadrons (proton, neutron,
pion etc) are bound states or
. u S t resonances of quarks
B Six quarks d b
C

u

proton=uud

e HE

[0 Gauge particles mediating interactions

B Photon /4 EM interactions } Weinberg-
: : Salam theor
B Weak bosons W, Z Weak interactions Y
Quantum
B Gluons g Strong interactions Chromo-

Dynamics (QCD)




@ Quantum Chromodynamics

Gross-Wilczek-Politzer 1973

[0 Quantum field theory of quarks and gluon fields

g, (x) Quark field
defined over 4-dim space time

A, (X) Gluon field

1 _ :
Loco :%Tr(FWFW)"‘qu (Vﬂ '(a,, —lA,,)+ m; )qf QCD lagrangian
— 1 - ] 4" Physical quantities by
<O(A’W’W)> —EIdAdqqu(A,q,q)e Feynman path integral
[0 Knowing
2
. 9,
1 coupling constant a, =
and 4r
6 quark masses m,,mg,,m,m,m,m,

will allow full understanding of hadrons and their strong
interactions




@ QCD on a space-time lattice

Wilson 1974

Space-time continuum Space-time lattice

‘ ; / q n

quark fields on
lattice sites

\U

nu
gluon fields on
lattice links

[0 Feynman path integral

1 _
B Action Sew=—z2trUUUL)+ Y0 (-U+m e vionte carlo
f

gs P
Evaluation of

B Physical quantities as integral -
averages the path integral

(0.q.9))= % [T1av,,.[1da.da, 0U.(U.7,q)e *=




S 7 Impact of lattice QCD Qe

Hadron spectrum and Finite-temperature/
Fundamental constants of QCD density behavior
= Strong coupling constant e order of transition .
= Quark masses - critical temperature/density
Fundamental .
o e equation of state
natural
m,,My, Mg, M., M, M, constants Physics of quark-gluon plasma
Hadron physics Weak interaction matrix elements

e eta’ meson mass and U(1) problem
e exotic states

glueball, hybrids,penta-quark,...
e hadronic matrix elements

proton spin, sigma term, ....
e structure functions/form factors

e K meson amplitudes
BK
K- decays

e B meson amplitudes
fg. Bg form factors

1
Idxx”‘lF(X,q2)=(ln a2)”" (N[O, |N) CKM matrix and CP violation
0

Long-standing issues of hadron physics
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Lattice QCD and computers




@ Lattice QCD as computation

[0 Monte Carlo simulations of lattice QCD

Powerful and only general method to
calculate the QCD Feyman path integral

[0 From computational point of view

Relatively simple calculation
O  Uniform mesh  |attice spacing a

0 Single scale QCD scale parameter A,

Requires much computing power due to
[0 4-dimensional Problem

[0 Fermions (quarks) essential

0 Physics is at lattice spacing a=0
Precision required

(<a few % error in many cases)

AT
N,

ALY

RN

K

A Y

,

AN N WY

W W WY




@ Development of lattice QCD simulations (1)

Creutz-Jacobs-Rebbi

1981 First lattice QCD simulation Creutz
I attl CE wglsr? narten
quenched approx (no sea quarks) Hamger_parisi
lattice size lattice spacing

L= 0.8 fm a=0.1fm

v

A

VAX
- size~2x10"m speed ~1Mflops



@ Development of lattice QCD simulations (11)

1980’s Taking advantage of CRAY-1
vector supercomputers |

L(fm) a(fm)

0.8 0.1
1.2 0.1
1.6 0.1

supercomputers -
. RORLE 9,0

o 104 R—/\—avEa—4%
@] <
™ ea]
O 14
AOFNBE NS
0.1 0 CRAY!SG

1975 1980 1985 1990 1995 2000 2005 C°¢ '°M
E ©  Hitachi, Fujitsu, NEC

1 GFLOPS = one bhillon flop/sec
P 10



@ Development of lattice QCD simulations (111)

1990’s QCD dedicated parallel co

L(fm) a(fm)
2.4 0.07 QCDPAX JPN APE Italy

Columbia USA GF11 USA

i SR A A
100 BE T
- Q crracs
@0 parallel (O acoeax
S 10 supercomputers O Columbia
g 1¢ jﬁ}uﬂi‘! B APE
Z—=i%= A ~4 B GFi(BM
1 4 WV FHAL
E UKQCD
""" > NWT, Earth Simulator
RAE Fr 1'5’ ﬁ*‘
100 _;supercomputers a 1 5Gi
ol a .Lf;‘_."
v 10 F A—/\—aEa— a
] _a. ¥ Fujit
n S o O@v e
(TH A inl el
_(.'J 1 & Hivach
RO LB
u-1 T T T T T T T 2 m‘ﬁ:ﬂ?
1975 1980 1985 1990 1995 2000 2005 :
E ©  Hitachl, Fujisu, NEC
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@ Development of lattice QCD simulations (1V)

2000s further development of
QCD dedicated computers  ; pacspny QCDSP(USA)
L(fm) a(fm)

3.0 0.05

o parallel

g 10 supercomputers

B FE 1 A
Z—Ii—;._‘_.ﬂtf: -?_ b

! — = I
L OBABED00RE

100 4+
ul
o
=]
ot |
e e e e e e e e e 7
G |
~orn-SHES
0.1+ - | . . | X o
1975 1880 1985 1980 1895 2000  zo08% OR M _
ﬂi 0 Hiso MEC
12
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Current focus
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@ Light hadron mass spectrum

[0 Benchmark calculation
to verify QCD

[0 Indispensable for

determination of QCD scale
and quark masses

m, ., [GeV]

[0 Essential to control various
systematic errors down to a
few % level

B Finite lattice size L>3fm
B Finite quark mass mqg -0
B Finite lattice spacing a-0

18
16F
14F
12k
10}
0.8F

06k

pseudo-scalar

mesons baryons —
_ Q
e fc = — g
& 28 i =
A —Z
[ — A
g#= N
octet decuplet
spin 1/2 spin 3/2

= Expariment

Experimental spectrum
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(@}
=2 CP-PACS result for the quenched spectrum’98

[0 Sea quark effects ignored

1.8

— ] ~N = luon (U )_GD(U )q i
Z __“Ji[dundeqndqn e’ | mesons baryons —
nu n 1.5:— & :
] =S uon(U) :E iy -—Q
[T, cape g | I
i [ 8% 25 5 — -
~Br b A o S 3
i S, [ — @ A
[0 adopted for computational |
e L K%y __
ease T
0.8F «::g:ha‘-l'tsz degu%eg
[ spin spin
[0 General pattern reproduced, 0c S — Expariment
. L o CP-PACS K-input
but clear systematic |
deviation beyond 10% 04
precision

Calculated quenched spectrum




@ Sea gquark effects in the spectrum

[0 K*-K and ¢-K mass difference (Meson hyperfine splitting)
B too small in quenched QCD
B Much closer agreement for two-flavor full QCD

105 1 " T 1 T
¢  Kinput e N¢=2 full QCD
- > e O N =0 Improved quenched
experiment g ©Nf=0Standard  QCD
100 + & ¢ experiment
L @ . . o o - T e - _ 1
TWO—ﬂaVOr fu ” QCD /vﬁ SO [g]. o xS __ngj'g' *o bQQ--Q:_ L — - -
©0.95
<
£
quenched
K*
0.90 .
. - —_——
ee R O0FP o ®o-Po00-e - - _
0.85

0.0 0.2 0.4 0.6 08 1.0 1.2
a[Gev ]

16



@ QCD simulation with dynamical quarks

O

Spectrum of quarks

B 3 light quarks (u,d,s) m < 1GeV
[0 Need dynamical simulation
B 3 heavy quarks (c,b,t) m >1GeV

[0 Quenching sufficient
Dynamical quark simulation (full QCD)
B costs 100-1000 times more computing power
B Algorithm for odd number of quarks now available

Two-flavor full QCD (since around 1996) N, =2

[0 uand d quark dynamical simulation
[0 s quark quenched approximation

B Number of studies: SESAM/UKQCD/MILC/CP-PACS/JLQCD

Two+One-flavor full QCD (since around 2000) N, =2+1
[0 s quark also treated dynamically

B Extensive studies have begun : MILC/CP-PACS-JLQCD
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@ Tsukuba/KEK joint effort toward Nf=2+1
A three year project 2003-2005

on-going

Fixed physical volume

3=2.05

a 0.07fm
287”3 x 56
2000 trajectory

1
2

(2.0fm)~3

Earth simulator
@ Jamstec

SR8000/F1

@KEK

3=1.83

a 0.12fm
16"3 x 32
5000 trajectory

B3=1.90

a 0.10fm
20"3 x 40
8000 trajectory

CP-PACS
@Tsukuba

SR8000/G1
@Tsukuba

almost finished

Lattice spacing

"l-_l

VPP5000
@Tsukuba
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@ Hyperfine splitting ata  0.1fm

ym, [%]
o

exp

(m-m

-10

m,. (K-input) M, (K-input)

m,. (¢-input)

M. (¢-input) ressively closer

10

@ Nf=2+1 (RG+clover(NPT))
Nf=2  (RG+clover(PT))
Nf=0 (RG+clover(PT))

m. 3 m,

ement with
riment:
\NF=0

: — m — juenched approx

K* ] \f=2 u&d quarks
lynamical

\f=2+1 u,d,s quarks
lynamical

aining difference due

[a~0.1fm] 1ite lattice spacing?

m==)> examine a dependence
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meson mass [GeV]

1.05

0.95

o
©

0.85

B=1.90
B=2.05

experiment

I / B=2.05

X |

I T B=1.90

B=1.83

02 0.3
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0.4

0.5

meson mass [GeV]

0.9

o
o0

o
\l

o
o)

0.5

0.4

preliminary

| ! ! ! ! !
- %,: o _|
- B=2.05 P=1.90 B=1.83 |
B experiment ]
I *B:ZOS _
T pereo PR183°
- O-input i

T NI T IR B
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a” [GeV'Z]
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@ Light quark mass results ata 0.1fm

m™ (u=2GeV) = S =3.05+0.06MeV
MS '
ms (,U — ZGGV) =85+ 3MeV Sizably small compared to folklore,
e.g. mud 5MeV, ms 150MeV
N=2+1 N=2 N0 N=2+1 N=2 N=0
160
RG + clover(NPT) RG + clover(PT) RG + clover(PT) L RG + clover(NPT) | | RG +clover(PT) | [ RG + clover(PT)
40 4+ 4+ - 140 JL 1L |
3 S
) 120 4+ 4 F -
) ¢-input N
= 5
[%)] =
230 © ® L 1F 1 & 100} ¢-input < ol .
S K-input S
- K-input M
AW 1T Aawt 1 AWl ] so- @ 1r 1r .
I AWI 1L AWI 11l AWI
a~0.1fm a~0.1fm a~0.1fm a~0.1fm a~0.1fm a~0.1fm
2.0 60
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Future perspective




& Next generation of computers

[0 10 TFLOPS class machines for QCD

B USA

O QCDOC (USA) 2004-2005
B Riken-BNL and BNL in 2005

[0 Large clusters (FNAL and JLAB)

B Europe
O QCDOC at Edinburgh
0 ApeNEXT (ltaly) 2005-2006
B Large installation in Italy and possibly Germany
B Japan
[0 CP-PACS successor 2006

B Development to start in fiscal 2005
B 2/3 installation in early 2006, completion in 2007

[0 KEK supercomputer upgrade in 2006
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@25 years of R&D of parallel computers at Tsukuba

CP-PACS

QCDPAX

PACS-9

1989 1996
GFLOPS TFLOPS
10’ pF——r———7————T——1 T3 1000
year name speed ;
el BlueGene/L ; 100
1978 PACS-9 7kf|0ps Earth Simulator—»- Q.! %
10* | = 4 10
1980 PAXS-32 500kflops CP.PACS o ;
1000 | ¢ 11
1983 PAX-128 4Mflops £ ]
100 § °’ 401
1984 PAX-32] 3Mflops QEDPAX s 1
10 | — 4 0.01
ot ]
1989 QCDPAX 14Gflops Ll '.;A e e
CRAY-1 , = E
1996 CP-PACS 614Gflops YT S 1Yo
1975 1980 1985 1990 1995 2000 2005 2010
year
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@ Center for Computational Sciences,
University of Tsukuba

1980 1985 1990 1995 2000 2005
| | | | | | >
I | | | | |

Center for Computational Physics

Center for Computational Sciences

[Center for computational physics] 1992 4 2004 . 3 _ 2004 3
—[ Particle ph ics ]

—[ Astrophysics

—[ Condensed matter physics

—[ Biophysics

—[ Parallel computer engineering

11

W N N N DN

w

]
]
]
]

11 faculty members

6

34 faculty members
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. . Now elsewhere
S Our lattice QCD collaboration Okamoto(FNAL)
Lesk(Imp. Coll.)
Noaki(Southampton)
Ejiri(Bielefeld)
Nagai(Zeuthen) |
Aoki Y.(Wuppertal)
Izubuchi(Kanazawa)
Ali Khan(Berli
Tsukuba KEK Al Khan(@erin
Ishikawa T. Yamada Shanahan(London)
Bee Matsufuru g’\ Burkhalter(Zurich)
Taniguchi Hashimoto ]J -L
Kuramashi Fil
Ishizuka
Aoki — 4 | SuperSINET " KEK
Yoshie KEK_ Gl (5
Kanaya Kanazawa %__ \
Ukawa /)
Iwasaki %) J;L-i
@ :
Hiroshima {’j"i | Tsukuba LLISUkUba
T ! Tsukuba
. . PR i LY
Hiroshima S Beyo
Ishikawa K. ik
Okawa Y
Kyoto
d
Kyoto
Onogi
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@ CP-PACS successor outline

[1 Strategy:MPP In terms of commodity
components

Node
[0 Single CPU (Xeon 3GHz )

0 2GB PC3200 memory with FSB800
i.e., 6.4GB/s peak memory bandwidth to each CPU

[0 200GB disk (RaidO mirror)
Network

[0 3-dimensional hyper-crossbar, i.e., crossbar switch in
each direction

[0 Dual GbEthernet for each direction,
i.e., 025GB/s/link and an agregate 0.75GB/s/node
System size

[0 At least 2048 CPU (16x16x8, 12Tflops/4TB), and
hopefuly up to 3072 CPU (16x16x12, 18Tflops/6TB)
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S 7 Impact of lattice QCD Qe

Hadron spectrum and Finite-temperature/
Fundamental constants of QCD density behavior
= Strong coupling constant e order of transition .
= Quark masses - critical temperature/density
Fundamental .
o e equation of state
natural
m,,My, Mg, M., M, M, constants Physics of quark-gluon plasma
Hadron physics Weak interaction matrix elements

e eta’ meson mass and U(1) problem K tud

glueball, hybrids, penta-quark,... K Hw
e hadronic matrix elements @m decaD
proton spin, sigma term, .... :
e structure functions/form factors = B meson amplitudes
fg. Bg form factors

1
Idxx”‘lF(X,q2)=(ln a2)”" (N[O, |N) CKM matrix and CP violation
0

Long-standing issues of hadron physics
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@ Al=1/2 rule and CP violation in K decays

[ Weak interaction decays of K mesons

B Al=1/2 rule REAK -
(K —>

x10™ KTeV experiment (FNAL)

B CP violation g (20
NA48experiment (CERN)

NN
o
~—
X
[HAEY
o
A

[0 Crucial numbers to verify the Standard Model
understanding of CP violation

[0 Long-standing issue of particle physics since 1960’s

29



@ NAl=1/2 rule

[l Reasonable agreement with experiment for 1=2

[0 About half of experiment for 1=0

25

20

Re A, [108GeV]
T

O 16 %32

,
¢
e
. .
’
s
i T
f chiral log
¥

B 24 x32
i/ experiment —— auadratic

0 0.1 02 03 04 0.5 0.6 0.7 08
[Gev ']

40

a0

20

Re A o[1078GeV]-
experiment
o 16 =32
B M x32
- = ghiral log
: quadratic
:E'\-\-..:‘-H.h::? g +
=~
-'I_“"':-E? [:];_
T
o1 o2 03 0.4 05 08 0.7 (4F:]

CP-PACS Collaboration, Phys.Rev. D68 (2003) 014501
RBC Collaboration, Phys.Rev. D68 (2003) 114506
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@ CP violation parameter €'/

[0 Small and negative in
disagreement with
experiment

[0 Possible reasons

B connected with insufficient
enhancement of Al=1/2
rule

B Method of calculation
(K - Ttreduction) may
have serious problems

A major challenge
awaiting further work

25
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15
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f"S\ International Research Network for Computational Particle Physics
JSPS core-to-core program
NUel;\?vg?k 7 - @ Main supercomputer sites
in United UK core institution:
Kingdom University of Edinburgh
Dept. of Physics Japan core
EPCC : ; .
Uln_stltut_lon. USA core institution:
niversity of - ;
Fermi National Accelerator
Tsukuba
Germany core Center for Laboratory
institution: - (FNAL) Network
Computational R
DESY Sciences in USA
Von Neumann
Inst.
for computing — MIT/B:ston U
Edinbgrgh T, o Utah (] Co
. Glagd i e I BNLZ/Columbia
Liverp . . . ®. <
Y B euthen Future expansion to Asia/Oceania O (]
Swansea Neuman = & @) St Louise JLAB
. LatFor : Arizona
S h . R b
outham egensburg Network -y QCDOC X 2
% in Germany ; r
SuparSINET
APENEXT S LT _ LFT Forum
KE
i Network
- . 7 in Japan
Future expansion to EU Network KyOtO.U._ U. Tsukuba
Italy, France, Spain, Denmark,...
- A [D A - - - -
Hiro 0 International Lattice Data Grid (ILDG)

http://www.lgcd.org/ildg/tiki-index.php

B database of QCD gluon configurations at major

supercomputer facilities
B acceleration of research via mutual

usage of QCD
gluon configurations via fast internet

m future international sharing of supercomputing
and data storage resources



@ Summary

O

Lattice QCD as a physical theory

B One of the fundamental areas of particle physics research
requiring high performance computing

B Welcome prospect toward precision predictions with
realistic quark spectrum in sight

Lattice QCD as computational physics
B One of most compute- and network-intensive applications

B Prototype in which theory and instrument making has
developed hand in hand

Lattice QCD as world discipline

B Rapid move toward international collaboration and
coordination for enhancing development
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