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Outline
ac |ng the chiral regime - Highlights from Lattice 2007

orkshop:

Twisted mass - G. Herdozia and C.Urbach (ETMC)

Clover improved dynamical fermions: GPDs - G. Schierholz (QCDSF/UKQCD)
Overlap fermions:f_, pion form factor - Sh. Hashimoto (JLQCD)

Hybrid approach: Form factors and GPDs - Th. Korzec, J. Negele (LHPC)
Staggered fermions:Charm Physics - C. Davies (HPQCD)

= Quark masses - R. Sommer

1d NN scattering - A. Walker-Loud (NPLQCD)
states - C. Morningstar

1d magnetic polarizabilities - Detmold

t ic dipole moment - S. Simula

- N. Ishii

' and density - C. Allton

; ’ttice results - G. Colangelo
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e progress in unquenched simulations using various
E L/
liscretization schemes m

REGENSBURG
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Lattice fermions

@
A ---“‘

......... .’
E S=S;+S; rveYy ' \
- REGENSBURG
: Sy = Ew(k)D(k n)y(n) Difficult to simulate -->
LELEE ......... .‘ ......... ‘ 90’S Det[D]=1 - quenched
Integrate out
SR S e - .
i [ T1du,aw,dy,010,7,y1e* | []dU,det[D]O[U,D 'Je
(0= -
Z Z

n that naive discretization of Dirac action

14x “—’(X)[Vuau +m}\|l(x) -y = W(X"'“;""(X'“) leads to 16 species
a

ht discretization schemes have been developed to avoid doubling:
=Wilson : '_‘erivative-type term --> breaks chiral symmetry for finite a
=Staggered: y -component spinor on 4 lattice sites --> still 4 times more species,

1on-locality
iorem: impossible to have doubler-free, chirally
aI invariant fermion lattice action ——» BUT...
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Chiral fermions

d of a D such that {y;, D}=0 of the no-go theorem, find a D such that
{¥s:Di=2aDy;D " . Ginsparg - Wilson relation

“cher 1998: realization of chiral symmetry but NO no-go theorem! . ‘
5

blan: Construction of D in 5-dimensions = Domain Wall fermions

Left-handed fermion
right-handed fermion

er: Construction of D in 4-dimensions but with use of sign function -
* Overlap fermions b0 1+eD.)

DW
2 o,

Equivalent formulations of chiral fermions on the lattice

| € xpensive to simulate despite progress in algorithms

se staggered sea (MILC) and domain wall valence (hybrid) - LHPC
wisted mass Wilson - ETMC
ver improved Wilson - QCDSF, UKQCD, PACS-CS

Rely on new improved algorihms

L. LTRIVAKQITUI UU Ui vel Dll‘y VS \/J l.ll (VI8
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~ Simulation of dynamical fermions
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Results from different discretization schemes must agree in the continuum



in unquenched simulations using various

discretization schemes -

REGENSBURG

angered, Clover improved and Twisted mass dynamical
jons results are reported with pion mass of ~300 MeV

PACS-CS reported simulations with 210 MeV pions!
But no results shown yet

KQCD: Dynamical N.=2+1 domain wall simulations reaching ~300 MeV on ~3 fm
are underway

: Dynamical overlap N;=2 and N;=2+1, m, ~m_/6, small volume (~1.8 fm)

b (e 1:[{-1-1in algorithms for calculating D-'as m_ —physical value

'methods: project out lowest eigenvalues
uischer, Wilcox, Orginos/Stathopoulos

C. Alexandrou University of Cyprus ladron Physics on the Lattice, Milos, Sept. 2007



Deflation methods in fermion inverters -Wilcox
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Lattice 2007: Highlights

in unquenched simulations using various

ARO
FPY | (rr.Y

.0 000

REGENSBURG

discretization schemes

| istaggered, Clover improved and Twisted mass dynamical
lions results are reported with pion mass of ~300 MeV

PACS-CS reported simulations with 210 MeV pions!
But no results shown yet

UKQCD: Dynamical N;.=2+1 domain wall simulations reaching ~300 MeV on ~3 fm
) are underway

Dynamical overlap Nc=2 and Ng=2+1, m, ~m_/6, small volume (~1.8 fm)

> Progress t algorithms for calculating D-'as m

N methods: project out lowest eigenvalues
P Luscher, Wilcox, Orginos/Stathopoulos

> Chiral extrapolations

tice results on f./m_ yield LECs to unprecedented accuracy

> Begin to ; omplex observables e.g. excited states and resonances,
decays, finite density -
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Chiral extrapolations G. Colangelo

VIed extrapolations in volume, lattice spacing and quark masses: still needed
hing the physical world

mass dependence of observables teaches about QCD - can not be obtained
- experiment

_ice systematics are checked using predictions from xPT

perturbation theory in finite volume:

ect for volume effects depending on pion mass and lattice volume

e-regime (pion zero
p-regime modes become non- “Out of luck”-regime

Like in infinite volume perturbative)

C. Alexandrou University of Cyprus Hadron Physics on the Lattice, Milos, Sept. 2007



|n[£0

ot (L) X
f %‘3 A [ i g }

_ Y
@nf’)?’ “ 0.4

] 0.3
to correct lattice data

0l

:_._,'1'
L 0.2

/v -

0.1
0

C. Alexandrou University of Cyprus

and nucleon mass and decay constants

3 I? (A XI(4) K} G. Colangelo, St. Diirr and Haefeli, 2005
2 [ 12 09 +x12 0

FS corrected

5]

Pion decay constant
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B
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C. Urbach

r two degenerate flavors of quarks: Action is

S, =a'» Y(x)(D, [U]+m, +iuy.t, y(x)
X /v +—_  Twisted mass y

T, acts in flavor space

Wilson Dirac operator untwisted mass

antages: - Automatic O(a) improvement (at maximal twist)
- Only one parameter to tune (zero PCAC mass at smallest p)

- No additional operator improvement

IEEL\Z 1 -1:[- - explicit chiral symmetry breaking (like in all Wilson)

in practice only affects «,

~300 MeV pions on spatial size of about 2.7 fm with a < 0.1fm
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G. Herdoiza

ral fits to m,andf. —> Extract low energy constants

i } | I I I I I I I I I I | I i
042 W — A2

| o - T — 3.4

- r,=0.441(14)fm B {  he=log|
0.38 |- = ~ i o

- %/,/E - l,=3.44(28), [, =4.61(9)
031 L finite 52— i

B L =0 HBH -
0.30 |- _

: I:?npts:r'ujl2 :
u-gﬁ [ [ | [ [ I [ [ [ [ I [ [ [ | [

0.0 05 1.0 15
I, JLQCD I, JLQCD
! ' ! S. Necco,
QCDSF+UKQCD N= QCDSF+UKQCD  p——g—i Lat07
—=—t ETM ETM s
Del Debbio et al —e—q
ChPT ChPT
I - . —
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nw s-wave length a, and a,?

—— Lnivarsal band
# troe (1966, one loop (1983), wo loops (1898) -
— Pradiction {yFT + disparsion theary, 2001)
1, from low energy theorem for scalar radivs (2001) ]

— 1, andT, from MILG (2004, 2006) -
NPLOGD (2005, 2007) 1 5
— 1, from Del Dabbio t al.
% from ° 120001 -u.uaﬂﬂ

— 1, and7, from ETM (2007) 7

ag = 0.220+0.005
10-a] = —0.444 +0.01
a)—al = 0.2654+0.004

Leutwyler (hep-ph/0612112)
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ach:

| ';:\Iolume appro
' the energy levels of two particle states in a finite box

1 f(n
=2 /Pi +m?-2m  Wwith p, given by p cotd(p) = - > ol
2

rofis)

i . tand(p)
g use particle definition for the scattering length: 2~ 113(} »

mlL}

2
4ma a a
and AEO about p~0: AEO 3 [1 +c1 f +C2 (E)

two-pion system within the hybrid approach (staggered sea and domain

0 — T T I ! |
i m"ao2 =-0.0426(27)

01 S. Beans et al. PRD73 (2006)

te
= B

[ -4

03

04

05
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- m_a,2 =-0.04330(42)
on XPT formula A. Walker-Loud, arXiv:0706.3026

Universal band
e tres (1966), one loop (1983), two loops (1996)
Frediction (FT + dispersion theory, 2001)
T4 from low energy thecrem for scalar radius (2001)
—_— ?3 and T4 from MILC (2004, 200&)

NPLQCD (2005)
_ T3 from Del Debbio et al. (2008)
—— T, and1, from ETM (2007)

DIRAC (2005)
—— MA48 K3x (2005)
—— EBE5 Ked (2003), isospin breaking accountad for
-—-— MA48 Ked (preliminary) isospin breaking accounted for
—— NPLQCD (2007)

iiral
0.02

-0.03

-0.04 -0.04

-0.05 -0.05
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Sh. Hashimoto

- F (q*)=

+d q° +...
2 2 1
m__=0.015 _ I1-q" /m,
® simulated g°
[ — M, pole + quad
1l — VMDD
F ( 2)—1—1<r2> T+
n q e 6 q ooe
1 m’
<r’>=c - —In i +c,m’
(41cfn) (4nfn)
']5:]_ I T T 1 T I T T T T I T T T T I T T T 1 I T T T 1 I T T T 1 i
i e M, pole + poly
0450 % m Pade = 2 polas
i # experiment
o4aof ]
PR |
E T Th
— 035 k -
l|I'|.l N
W‘_ N
W - R‘\&i
U.Eﬂ_— S i ]
0.25F =
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M 2 [GeV’]

C. Alexandrou University of Cyprus



Unquenched: m, = 690 MeV —=—
i M, =210 MeV |—»—]
Wilson o — 384 MeV 1 |

_ VYMD ——
Hybrid DW/MILG*: m, =318 MeV =

0.8 tmQCD" m, = 470 MeV =—1 1
<= 06F -
1/
04} -
02} -
0.0 05 1.0 15 20 o5 30

Q° (GeVd)

s Tt |2

it 2 pplication of the one-end trick (C. Michael):

FPE+7.t)
Set initial and final pion momentum to zero
(Z,1) 9 (T, 1) --> no disadvantage in applying the one-
S~ g, end trick
______-___ --F-
jg [__f, rl]
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@ 4 <00

Amendolia et al.
Cornell

Bebek et al.

Brown et al.

JLab

ETMC {M-[ ~ 300 MeV)

ETMC (M ~ 380 MeV)
ETMC (M ~ 470 MeV)

%@g

| Comparison with experiment

0.0 0.5 1.0

Q* (GeV?)

1.5
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S. Simula,
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Decreasing quark mass

po meson asymmetry:

C. Alexandrou University of Cyprus

on Physics on the Lattice, Milos, Sept. 2007
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G. Herdoiza

1.6

1.4F

1.2

A ETMC N e =390 L=2.1 fm

1.0 A ETMC N == F=3.90 L=_.7 fm

D.E | ] | | |
.00 .05 .10 .15 20 .25 30
m_? (GeV?)
. m
@ Third order:
B_u:,ri 3

my = my — dcym’ —
N :l -1 m 32?1_% ™

C -__._65(10), c,=-1.224(17) GeV-! to be compared with ~-0.9

g
e
-
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+>d -->A*is degenerate with A- and A* with A

breaking by computing mass splitting between the two degenerate

4 £=3.90 L=2.1 fm
A £=390 L=2.7 fm

& * B=4.05 L=2.1 fm ]

~. agreement with theoretical expectations that
eutral pions (~16% on finest lattice)
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.'nglet pseudoscalar “n” - need disconnected contributions

107711; I | I | | | | | |
3 N
[ { } ] «—— ~constant w.r.t. m,,
2 il — --> m~880 MeV
B =39.L=32 = ]
1 =39, L =24 - N
i ,- = 4.05 o I
[ UKQCD. P ]
| UKQCD. —a—] B
| CP-PACS., | —5— E;romw)
0 | | | | | | | | | |

o
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Hadron structure J. W. Negele - hybrid
G. Schierholz - Wilson clover

Ipling constants: g,, 9rnns Grnas -+
orm factors: F,(Q?), Go(Q?), G,(Q?), F,(Q?),....
Parton distribution functions: q(x), Aq(x),...

ieneralized parton distribution functions: H(x,§,Q?), E(x,§,Q2),...

asses: two-point functions <J(t;,,) J1(0)>

to evaluate three-point functions: <J(p’,t;.«) ©(t,q) J¥(p,0)> f:_ _)

N

O(t,4) = [d'x e ™ q—;(x)(r D" D ...)\|I(x)

oint functions: yield detailed info on quark distribution

r _Ie operators used up tp now - need all-to-all propagators

< nucleon structure
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B | I | T 1T 1 | 1T 11 | T 11 | T 1T 1
- Improved Wilson (QCDSF)
13 —
1k p
122 _
- [ ? _
=L K]
1-1 - %_ﬂ-- -
B HBYPT with A
1 B Hemmert etal., |
n Savage & Beane _
DE} i I | | | | | | 1 1 1 1 | | |
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2
Pleiter, Lat07 mpg [GeV']
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=01

al vector matrix element: <N|uy yu-dy v, d|N>=g V(p)y,7,v(p)

= accurately measured
» no-disconnected diagrams
= chiral PT

Finite volume dependence

m~410 MeV -

L [fm]




_- - _

~ §=7-5

In last couple of years
) ., Disconnected diagram not evaluated P y

better methods have
become available,
| dilution, one-end trick,...

- {fiptij .
oY B — - e (0,0)
N(F) P N (F)
Ty

Isovector form factors ——» Isovector Sachs form factors:

obtained from G,=G} -G}  with Gg and G, given in terms of F, and F,
connected diagram e
G, =G} -G, 2 2 q’ 2
- * (2m )
(¥, ty) Bt 2 2 2
(%.t:) @ - - o (0.0) G,(@q)=F(@q)+FE(@q")
@) — - () Evaluation of 3pt function using the fixed
sink approach --> any current to be inserted
T with no additional computational cost

1/2 i [ 1
)W) (@) e Fal@) | u(p.5)

2

(N@.S) s N(p.) = -

N
(P") En(P)
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tion, c. A,
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Nucleon axial form factors Th. Korzec

the fixed sink method for 3pt function we can evaluate the nucleon matrix
it of any operator with no additional computational cost

a

f' se axial vector current A = vy YS 7 |\ to obtain the axial form factors

' seudoscalar density P° =iy, 12 Y to obtain G_\(9?)

2

4 q vs
E (p)E (p)

(ﬁ’,s’)IAﬁlN(ﬁ,s)>=i[ j ﬁ(p’)|: Qv v+ G,(Q") %u(p)

N

(§5)1 P ING,5) >= | —= lfm“G"NN(Q)—(p)l > u(p)
Y PP R GE®)  mQ U T

3G, and G, to Gy

1 fm)G_ (Q") Generalized Goldberger-

(Q )= n__ nNN i i
Ny 2m, m+Q’ Treiman relation

2(}ﬂ:NN((zz)fn
m’ +Q’
G .. (Q)f =m G, (Q’) Goldberger-Treiman relation

G, Q") ~
m
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0.6

0.4
N,=0 m _=0.56 GeV

0.20 N,=0 m =049 GeV

G, and G,

® Hybrid m =0.36 GeV

* N=0 m =0.Iﬂ GeV

0.0
20}

experimental results
I I

A N,~2 m =0.69 GeV
] Nr=2 m'=0-51 GeV

C. Alexandrou University of Cypruss==

1.0 1.5 2.0

Q? (GeV?)

Results in the hybrid approach
by the LPHC in agreement with
dynamical Wilson results

Unquenching effects large
at small Q2 in line with
theoretical expectations that
pion cloud effects are
dominant at low Q2

Cyprus/MIT collaboration
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o _
.

)

'

Electromagnetic N to A: Write in term of Sachs form
factors:

® 1/2
—~ (%1, 1) DA, i 2 o 2 m,m —GC /=’ 7 =3
ekl g - - (0,0) <A(p,s)|JH|N(p,s)>=1\g( = ] u’(p’,s")0,, u(p,s)

A () N (B) E,(p)E,(p)
=G, (@)K, +G, (@)K +G,(q)K;

—

Magnetic dipole: Electric Coloumb
dominant quadrupole quadrupole

G

N to A: four additional form factors, C,A(Q?), C,A(Q?), C.A(Q?), C,A(Q?)
\

\
k Dominant: C;A +> G,
Aand C,A to G\, : Ce" «» G
B O° R, ! f m’G_,(Q°)  Generalized non-diagonal

Q)= m? +Q? Goldberger-Treiman relation

N N

.A(QZ) 3 l G (Qz)fn

& 2 m:+Q’
) A Non-diagonal Goldberger-Treiman
.................................................................. -~ 2% (@) etation
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Q%=0.127 GeV?

Oy = Quantities measured in the lab frame of
A Deformed the A are the ratios: G, (QZ)
3 / R, (EMR) = ——E-=0
't G, (Q)
I3 4] Go,(Q)

R, (CMR)=—

2mA GMl(Qz)

"Precise experimental data strongly suggest
deformation of Nucleon/A

C. N. Pananicolas, Eur. Phys. J. A18 (2003) = First conformation of non-zero EMR and
o 20 4 0 B0 100 120 140 160 180 Bea CMR in full QCD

I ~, /, Large pion effects
: I I l ! | 2 I | 1 l ! |
m%— - n——%—:— ——— “7§—=—?———' —————————
—2_ I\\ /" X
2 % IEER ﬁf - % %
S SR N P, Tty
~— é A A ™ T
8 —4- » —69 Epg.
% A MAMI Ly i ] .
W Bates AMAMI I % t T %
0 CLAS * N,=0 m =041 GeV —87 mBates I | 1
-6 x|Fcs ® N,=2 m =0.38 GeV OCLAS T 1 L
| m MAMI X Hybrid m =0.36 GeV —10 * MAMI
[ I | | | | | I I [ [ I I [
00 02 04 06 08 10 12 14 00 02 04 06 08 10 12 14

Q? (Gev?) Q2 (GeV?)



S Bending seen in HBXPT SSE to O(&d):
0-8 - " o= _ 'E .
] \%\ - /Wlth explicit A - Procura et 3l CAQ4m.)=a, +a,m_ +2,Q+loop
0.6 % X o E C? 1 a,+a m2 +a Q2
_ —S=a, ——
041 m12\1 k mi +Q2 +100p(m 9CAagAag13f A)

X N=0 m =0.56 GeV
0.2[0 N =0 m =049 GeV
* N~0 m =041 GeV

0.0 | | |
\“% 1
g A N =2 m =0.89 GeV : :
34 r B R Again large unquenching
o \ L ® N2 m =051 GeV effects at small Q2

A Hybrid m_=0.50 GeV
B Hybrid m _=0.36 GeV

2.0
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> Q2-dependence for G_ (G na)
extracted from G, (Cs*) using the
Goldberger-Treiman relation deviates at
low Q2

> Small deviations from linear Q2-
dependence seen at very low Q? in the
case of G \x

> G, ,na/Gyny = 2CA/G, as predicted by
taking ratios of GTRs

> G, \p/Gy=1.60(1)
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X N=0 m _055 GeV
& N-n m —049 GeV

* N.=0 m =041 GeV 1 2G_ (Q*)f,
- — GO
i m_+Q

- G (Q)f =m G, (Q")

~—— -

Deviations from GTR 1

| . 1
A N=2 m_=0.69 GeV
® N=2 m =051 Ge¥ * Hybrid m_=0.50 GeV
1 G (Q )i
g § B = A nNA
Hybrid m =0.36 GeV i _C (Q ) ~

m,, +Q
e - G_,(Q)f =2m CX(Q)
I . -+ 4

Improvement when using
chirlal fern|1ions .

0.2 0.4 0.6 0.8 1.0 1.2 1.4
Q? (GeV?)
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2

Geg, Geo Gur, Gus < AG, ) | AB,9) >= i, |— 2 §_',5)0™u_(p,5)
. E,G)E, ()

cleon f_orm fac_tors O™ =8| a iy" + % (p'u +p*) |- ae q ¢ iy" +c—2(13’*L +p")
inected diagram is 2m; 2m,

-> jsovector part

A

1554

@ xk=0.
I o x=0.1554 a5 B x=10.1558
I P xw=0.1558 o x=0.1562 ]
1k 0 x=0.1562 W physical point
- # physical point 3 1

0.8 m. [MeV] (r?)z [fm] 25

mx [MeV]  pa [pn]

ool 563 0.583(2) | f 563 2 28(5)
l 490 0.599(2) | 490 2.29(7)
oal 411 0.615(2) ") 411 2.27(7)
it
0.2+ — = ] _ - e ]ﬁ
%@gﬁﬁﬁ | o8 kLI
Oy ey s Yo 0s 1 1s 2 s

Q2 (GeV?)

orm factors calculated in the quenched approximation.
SS - Cyprus/MIT Collaboration, C. A., Th. Korzec, Th. Leontiou J. W.
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> __f'?"to deformation of the A: G_,(Q*=0)~m} J d’r \Tf(r)[3zz N I'Z:IW(I‘)

02— L L L R R rrr T rrrr T

4 o m,=0.56 GeV _
01F B m_=0.49 GeV |
ob_o. m=041Gev __________ T a
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itions measured in deep inelastic scattering

Forward matrix elements:

<N(p,$)| O | N(p, ) >~ [ dx x"'q(x)

Moments of parton distributions
s of operators: :
. n i} n n+1 — —
b s miﬁuﬂqunpolarlzed moment <x" > = _J;dX X [Q(X)Jf(-l) Q(X)] q=q,+q,
-, ) polarized moment ; . .
iD"...iD }q = <x">, = J.dx X [Aq(x) +(-1) Aq(X)} Aq=q, -q;,
' B B -1

D*:...iD" o } q4 transversity !
| w0 > = de S [Sq(x) +(-1)™! SQ(X)] 0q=q;*q,
-1

a1, A)

N, A)
+— = —%

e T o

C. Alexandrou University of Cyprus
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n-1

i=0
even

,ﬁred in Deep Virtual Compton Scattering

” DVCS

q=(x+&p, q'=x-8Ep

rix element — > Genelarized parton distributions

0¥t | N, s) >=a@)| D {A" (KA +BLOKE}+8, | CLOKE [u@)

n,even  ni

e

Generalized FF

H" (&9 t) = jdX x"1 H(x, E.n t) 7GPDS

E"(E, 0= [dxx"" Ex,E,0)

H'(0,)=A_ () A (O=F(
E'(0,)=B_(t) B, ®=F

T

t=0 (forward) yield moments of
parton distributions
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08}
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04}
02}

PEERC I AnO (-AJ_ )
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RD62 (2000)
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no decreases

-
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1 1 ~
J = E(< X‘? +BY,(0)) L =J -5AZ, A=A (0)
Az(0)
1 utd 1 u+d g
1e nucleon: — b oV ]
2 2
JUKQCD Dynamical Clover
For m_~340 MeV: J,=0.279(5) J,=-0.006(5)
L,,4=-0.007(13) AZ,,,=0.558(22)
'with LPHC, Ph. Hagler et al., hep-lat/07054295
0.4 r
£ o m c i
g 0alt # ' ﬂL'.‘E - 1 Bosl T b
E I '% oz % ATH2
E o2t M L9 1 B I
= # - ™ 2
g . » I w
= ] § 01
= 1] I LI.I+CI
2 ] [ 3
£ [ PR * I :s 0 T* t | t
8 _ozs t Az L 1 I t § £
| 08 02 0.4 06 08
m,? [Gev?)
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02}

ar
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byl fm|

A1 quark spin
s nucleon spin

(bL)|p+,s1)

q unpolarized N unpolarized

08 P’

o
o

0.4

o
Q
=
S

/N
p 7 ff == \\
0.2 - ! o @ )
~ i . , [ ||
.’__.- s, "\_ / d
02 | h |

.

04| N A d
K""-._H — ____-'"'J __..-""f
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Nucleon and quarks both polarized

06} osfUP @-' 06 .
04} Qe 04
02} 02} ; 02
= E £ E
= D. a— |:i_ = 3 — |:|
z z ) =
—02} —02} N/ _02
04} —4 - . -4
_06 —0.6 _06
up (o) | |
“06-04-02 0 02 04 06 “06-04-0Z 0 02 04 06 060402 0 02 04 06
bfin] byl 1] byim]
06| u&dﬂwn {:>+ 06
04} 04t 0.4}
ozt oz} 0zb
E . E
= = =
02t === —n2} —02}
04 S . D4} —04}
08} <:}+ 06} 06}
down . , | _.
—0604-02 0 02 04 06 _06-04-02 0 02 04 08 _06-04-02 0 02 04 06
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R. Sommer

al parameters of Locp: Use experimental input to fix, then predict other

f AQCD

m_ M=(M, +M,)/2
mK Locp (8yom¢) N 1\/[s

InD Mc

mB Mb

otic theory: know the large energy behaviour

ies>>Aqcp use perturbation theory

i need a scheme to connect
3V scale use lattice QCD
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Quark masses
running mass using PCAC:
d A =(m +m )P

matrix elements: bare
f_H

Z, m_<0[A |n"(0)>
Z,(L) 2<0|P*|®*(0)>

=uanddquarks: m (u)=

Z, m_<0]A" |K(0)>

A

Z,(W) <O0|P"|K(0)>

= For s-quark use K: m_ (u)+m ()=

renormalization constants Z, and Z; are calculable non-
perturbatively, Alpha-Collaboration

and for b-quark additional complication of very different scales
ight and heavy quarks

rm use D: large cut off effects ~(m_ a)?

k need a different method

> S approaches exist e.g. Fermilab approach which
es all mass dependences into the coefficients of the

B | aich to QCD using a “small box” with fine
A lattice spacing

lllllllllllllllllllllllllllllllllllllllllllllllllllllllir L
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L =2, m;(2GeV)=3.82(13)(24) MeV G. Herdoiza, ETMC 2007

N, =0, m"(2GeV)=97(3)MeV R. Sommer, Alpha Collaboration

N=2, Preliminary unquenched results from Alpha, ETM, QCDSF,
CP-PACS - need smaller errors and continuum extrapolation

0, m"(m )=1.301(34)GeV R. Sommer, Alpha Collaboration

M (M, )=4.347(48)GeV  R. Sommer

[ess in unquneched calculations in next ~3 years
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Ml matrix: Test unitary triangle
Weak decays - calc

age: Use unquenched QCD

C. Davies

ulate in lattice QCD

' ' mL j N~=2+1 dynamical
A f;.; staggered fermions
A fK HIH fp-“" =T 1 T 01 Adeage ' 1 !
A 3111; - My —— 1 _tadronic Jets
A a i 1 e'erates
lénnglz ! | Photo-production
D " H 'I Fragmentation
A lp(lp 1S) i i e
ki mB mY b ep event shapeg !
LA Y(3S 1S) L Polarized DIF !
a Y(2P— 1 S) |- Deep Inelastic Scatte: in;;.: [TI::CEW
A Y( 1 P- 1 S) bl Spectroscopy iLEf[oE?]_
Y(1D-18) - ey A
A ] ] | ] ] |: 1 | ] ] | ]
01

0.12 0.14
0.9 1.0 1.1 (M)
Quenched
Lattice QCD
 results show impressive agreement with

C. Alexandrou University of Cyprus
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n)*

HE.&'

Vid Vib
71— Ilv K—Iv B— mlv
K — mlv
Vcd "{Cﬁ. l"{i‘b
D—lv Di— IvB— Dlv
D — wlvD — Klv
Vri V;‘i_ "‘:‘b
\ (B4|By) (BB,
V(_- in progress

J=Vo, Vi, Ao, Aj

/

Leptonic D-meson decays:

ighly improved staggered action remove further cut off effects at

Lattice results versus experiment - CLEO-c

fo

C. Alexandrou University of Cyprus

Lattice inc u.,d,s sea vs expt

S

—il—

o 241(3)MeV

250 300

fo /f,=1.164(11)

Belle
EPS2007

BaBar
hep-ex/0607094

CLEO
0704.0437[hep-ex]

FNALMILC asgtad
LATO7 prelim.

HPQCD HIS(Q
on asqtad sea
0706.1726[hep-la

pn Physics on the Lattice, Milos, Sept. 2007



Bistic QCD for b-quark with m, fixed from m,

| ] | ] | ] | ] | ] | ] | ] f
f =216(22) MeV, — =1.203)
stlqu # Coarse lamtice, Parially Quenched B fB
3 : m&mﬁmﬁn 4 to be compared with experiment
— Full QCD Staggered ChPT | ICHEP 06: f;=229(36)(34)MeV
?5} | Semileptonic B-decays
}i 25| ® N=2+1 (HPQCD) ;
o N=2+1 (FNAL/MILC)
2 B i
> _ _
Previous lattice calc
T T NN R N SN AN TR NN TR NN SO NN SR N S BN

06 0.7 0.8 0.3

| D 5 10, 15 20 25
................................................................... o q [Ge
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CKM 2007 LATTICE QCD

Using lattice input

Bg

fK/fJI ,f+(K — :]'[hf)
F(B— D'Iv)
J+(B— mtlv)

/B:\/ B, ]

/8\/Bg

Expectation: errors on lattice results
should halve in the next two years
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Excited states C. Morningstar

for a given V' x )V correlator matrix C,p(1) =(0/0,(1)05(0)[0) one

defines the N A,(t,t,) as the eigenvalues of
Clte)™C(t) Clte)™

where 7, (the time defining the “metric”) 1s small

can show that  lim A (t.1,) = "% (14 ™) e

N principal effective masses defined by my ()= ]ﬂ[ — ]

A, (t+1,1))
now tend (plateau) to the N lowest-lying stationary-state energies
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Incorporating orbital and radial structure

dislacements of different lengths build up radial structure
displacements in different directions build up orbital structure

mock up quark-
diquark

operator design minimizes number of sources for quark propagators
useful for mesons, tetraquarks, pentaquarks even!

can even incorporate hybrid meson operators

C. Alexandrou University of Cyprus ' Hadron Physics on the Lattice, Milos, Sept. 2007




200 quenched configs, 12°x48 anisotropic Wilson lattice, a~0.1 fm,

-

a/a~3, m,~700 MeV

0.7

0.6

0.5

w 0.4

0.3

0.1

C. Alexandrou University of Cyprus

Nucleon Mass Spectrum (N, = 0)

Nucleon Mass Specirum (Exp)

| 28
K, ol2700] K, Ll2700) K, 7 — — —
[EE (2 (T T I T | I AN T
- .
| a4
| gEme g s Gl e
= e gy rme ool S S0
B ‘ [ | E_F,Umu;. Foie Formn !
N l 5 ! P fTa0g
| E h P70 Dyl 70
— Pml F—L' — B 0600 gy
_h = a 16k LiEED R liesD) e e M AL, |
g — S“I:|!:|5| |:|“|:|:|E|:|J
B i F'Ill.lm;l
2l w—
_ =
L 12l
i —
P33}
— 08
- 04
Demonstration of method
o
G, 0 Hg G?g IG1|_,| HL-! G?u G, i Hg GEQ G1u Hu GEU
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Light quark-hybrids

determinations of exotic 1 hybrid meson from 2003 and earlier
improved staggered fermions (lighter quark masses)
quenched and unquenched, Wilson gluon action
a= 0.09 fin MILC, hep-1at/0301024

lightest mass still L R B N I
. sl |'|,—':]I imp. stag, Symanzik
ﬂbCﬂ"E E}EPEI']JIIE]JI' 1 o :-r : -‘I'-l=|l:| ; :- l I I:If‘:-ll.:ll:l:‘.- LK
5. MILC Conventional Wilsen, Plag
"\,T 2 : MILC Clover Wilzon, plag i
[ e ¥ — FF . — F¥ = WRQUD {Clover Wilson) E
‘__ b= m!r mff mE v Al (Clover Wilzon, aniso.)] 2
(around strange quark mass) = | = SESAM (n,~2 Wilsan} :

$f & ¥F ¥
m =m,=0.4m, - | e

-

quenched continuum limit

0.2 0.4 0.6 (L
(Mg TLy)"

McNeile et al. (UKQCD) Phys.Rev. D73, 074506 (2006)
N2 dynamical clover fermions found hybrid 1-* mass 2.2(2) GeV
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300 ———q————T———— G———0
- 1S0 channel
200 L Short ranae repulsive core (RC)
-~ ] | 9 quark ?
:r'; repulsive | 27 | -
E 100 — Core | o, w, |
O i | |
> | | | Long range
ol | | | | 1 one pion exchange
! | ' potential (OPEP)
] Bonn i
L Reid93 Medium range | o, p, w exchange
-100 - AV18 5
- r[fm] - 21 exchange
N T TN I S SN SO TN AN TN N TN AN SN SN SN MO NN SO Y S B
0 0.5 1 1.5 2 25
T N iiion Physies on the Lattice, Milos, Sept. 2007



; Nucleon-nucleon potential
'broach: potential between static quarks

_'e static quark and two light

.rte energy of Qqq+Qqq minus twice the mass of Qqq as a function of r
en Q-Q

Q

qq
: static quark
q: light quark

r —> ]
| LN, -« finite volume effects???
eI, m_~400 MeV, a~0.1 fm(\l\.~1.6 frr],:’W. Detmold, K. Orginos and M. Savage, hep-

'V, =V,()+0,.0,V (1) +06,.6,7,.T,V, (1) +1,.7,V,(r) O» T: forlight quarks

N

on observed for all V’s

only this involves m,

= Quenched ~3.8 fm, thre light quark masses, Takahashi, Doi, Suganuma, hep-

ndence seen!!

preliminary results, further study required
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on” approach:
potential through the Schrodinger equation
k +V(x)](pE(x)=E(pE(x) ti=-— reduced mass

non-relativistic approximation - valid?

potential as vy = (E -H, ) P (x)
(PE(X)

ion”: @ () =<0|N(,0)N(y,0)|2N;E> F=X-y 4pt correlator

2N state with energy E (use wall source in Coulomb
gauge)

ntral potential only V(r)

| 'aI potential V(r) and tensor V4(r) --> V_¢fi(r)

C. Alexandrou University of Cyprus idron Physics on the Lattice, Milos, Sept. 2007



137 fm, L=4.4 fm, m_=370, 527, 732 MeV

C. Alexandrou University of Cyprus

strong repulsive core ! — — — . .
F 000 pe—r—r——— L
600 M A gS — o
! S, —a— |
500 F . 5 —
_ 1 wf OPEP :
o 400 F ag & ]
= 1. : I f weak attraction .
— - '_ Fi .\ T T T T T T T T T T T T T T T T T
— 30 0 E : @ ; 0 1|5ﬂ T 1T & 1 || 1T T 1 | I I|I I 1T 1T 1 || LI
o 1 1000 f-. 1 G i m,=370MeV —— -
) 13 Y I m =527MeV s ]
O 2005 ' o I TS m =732MeV —e— 1
> | B RY - S :
: | E : T 0 ot 3 E
0 : .-lll-lll-l-l-l-llllllE . :5 .D D — . = i : :-.%-'"" --..._l1 :
4 T I - | . W 4 amamnasnn '
) 0 ...0 - = -~ | o :ﬁ‘F E L A T . e
. . = e - L " x . :
S. Aoki, N. Ishii and S. Hatsud: T R & co Do el T
PRL 90 (2007) 022001 |l F.., 0.0 0.5 1.0 1.5 2.0
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L
B - Lol
2 2

\ magnetic polarizability

electric polarizability

Electric and magnetic polarizability of hadrons

' of hadron to an external EM field

W. Detmold

BB’

,"'alte the quadratic mass shift in the presence of an external uniform electric
ignetic field:

larizability calculated for neutral hadrons in the quenched approximation-value
onsistent with experimental value, J. Christensen et al., PRD72 (2005) 034503

Electric pol.

® & (Wilsn 4= i)

A n(Cwver s -7
# o (PDG 20D4)

L I 1 T
& TRwews-T =

o

[=]

a F_IO"‘ fm?)

- ]

0.4
m ? (GeV?)

0.8 1.0




";l“ S. SimUIa

st moment of neutron charge distribution

d,=[dxx<n|J’x)|n>

N

) electric dipole moment --> time reversal violation --> important check of
| model predictions

Zeroth component of EM current

The asymmetry matter/antimatter observed
in the Universe requires time reversal
baryongenesis:d, <1026 e cm_J violation many order of magnitude larger

d model: d < 103" e cm

d _|< 2.9 x10-26 e cm C. A. Baker et al. PRL 98 (2007)
n

| @ many accurate experiments in progress
: aiming at increasing accuracy by 3 orders
pological charge operator --> Difficult to evaluate

1 wall fermions with a 8-term in the action, d, is found to be,
l'errors, consistent with zero, F. Berruto, et al. PRD 73 (2006)
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C. Allton

QCD phase diagram

early universe

T ~170 MeV
| crossover

X RHIC

<y >0

hadronic fluid

0
_ n >
Np= ] R

Vaclln

nuclear matter

XALICE quark-gluon plasma

<>~ 0

quark matter

Crossover ——

superfluid/superconducting

/ phases ?
{mpqr7 0

28C CFL

neutron star cores

W~ 922 MeV
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gscallng for chiral susceptibility X =

s at zero density finite temperature
'QCD transition depends on masses of quarks --> simulate along line of

sicsim,=135 MeV and m, =500 MeV, V. Aoki et al. Nature 443 (2006)

T 9’logZ

V om’
= first order transition: peak width ~1/V, peak height ~V

= cross-over: peak width~constant, peak height~ constant

lllllllllllllllllll

BRI LN A BN B B N I B LR LR L
100 N A 4x1297] 200 N _ A ﬂxlﬂa_'
:N,=B+1§i 0 4x16° - -N=2+1 8 e

e 0§ . Je7F 4 :
= 60r . . 1 = C I '
B & " lﬂ‘ﬂ . I]I ] =]

L & - B _.

40 -— ..dI .* —- ,IIEI !.I :

:i "': L I'.l -

0 N o P PR P = 50 -_| R I R N A AR A ir"

3.2 3.3 3.4 3.5 3.4 3.5 3.6 3.7

B Z. Fodor, Lat07 B

'volume scaling volume independent --> cross-over

........................... deconfinement and chiral restoration
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Z. Fodor, Lat07

P/Pgs

0.5

| | I LI
(AT LR RN NIRRT RN T IT] I:IIII

E

1 10 100 1000 10* 10® 10° 107
T/T,

awaited link between lattice thermodynamics and perturbation theory
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pens to hadrons in the limit of high temperature and density?

y 0 quarks dress with gluons —* constituent quarks
¥ bare quark mass m,~0 —* constituent quark mass M,~300 MeV

n hot medium dressing melts M, -->0 for m ;=0 — chiral restoration

"iquark matter (Cooper pairs of QCD) —— diquark condensate~ color
perconductor

density: - ideal gas of massless pions, ¢g,~T*
- idela gas of massless quarks (N=2), gqgp~12T*

Sudden increase in energy density - latent heat of deconfinement

> Measure spectral functions (MEM)

G(t,p) = /p{u&ﬁ K(t,w) dw

Céjl' elator known kernel

nd vector states melt between 1.3 T, and 2T,
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Conclusions

Lattice QCD is entering an era where it can make significant contributions in
@ interpretation of current experimental results.

® A valuable method for understanding hadronic phenomena

>Accurate results on coupling constants, Form factors, moments of
generalized parton distributions are becoming available close to the chiral
regime (m_~300 MeV).

More complex observables are evaluated e.g excited states,
olarizabilities, scattering lengths, resonances, finite density

“irst attempts into Nuclear Physics e.g. nuclear force

' technology and new algorithms will deliver 100°s of Teraflop/s in

._dynamical gauge configurations in the chiral regime

1e accurate evaluation of more involved matrix elements

/m/'/ Iafe and 1ate A Dt

= e 05 il WO\
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