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Lattice QCD with Wilson fermions .
Formulation

Aspects of the simulation

QCD: Formulation (Euclidean)

[Fritzsch, Gell-Mann and Leutwyler (1973)]

Laco(X) = Le(X)+ Le(x); Le(x)= %Fa (X)F? (x)
Le(x) = | D (x) I@+ igo{7TaAa(X)} Dx)+ md D(x) O(x)
i=1

D

i= HZ? (scbt) (increasing mass)

my= My
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Lattice QCD with Wilson fermions .
Formulation

Aspects of the simulation

QCD: Formulation (Euclidean)

[Fritzsch, Gell-Mann and Leutwyler (1973)]

Laco(X) = Le(X)+ Le(x); Le(x)= %Fa (X)F? (x)
Le(x) = | D (x) I@+ igo{7TaAa(X)} Dx)+ md D(x) O(x)
i=1

D

i= HZ? (scbt) (increasing mass)

my= My

Chiral symmetry

Consider degenerate SUy(2) SUa(2) (mq = 0)
(u; d) isodoublet:

o

_ I expfl i g
SU@)v: ] eXFz)f | I% i ig
a
SU(Z)A epr 2 i 5g

Federico Farchioni Lattice QCD with twisted mass fermions



Lattice QCD with Wilson fermions .
Formulation

Aspects of the simulation

Lattice QCD in a nutshell

4d Euclidean continuum replaced by (hyper)cubic lattice:
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Lattice QCD with Wilson fermions .
Formulation

Aspects of the simulation

@ Invent a discretized version of the continuum QCD action:
[K. Wilson (1974)]

= fx =na;n 2Zg;
Gauge eld ! U (x) 2 SU(3) (color); U%(x) = g(x)U (x)g¥(x+")

ERIEN O R LI 2 (U (x) (x+2) ()
N (V) G IS CO B U C D B C D
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Lattice QCD with Wilson fermions .
Formulation

Aspects of the simulation

The Wilson action

Swaep = SelU]+ Swl; U]; Ux U (x); « (x)

P n )
swl; ;Ul= ,a* « ©3r ), la ot ,+me x
= ny xM[Uly y (fermion matrix) %/Vlvnson —
mur= PP

Wilson term:

@ Needed to decouple unphysical modes (“doublers”) fora! O.
@ Breaks explicitly chiral symmetry.
@ Additive renormalization of the quark mass: mq = mgq mcr(go)-mﬁm
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Lattice QCD with Wilson fermions

Formulation
Aspects of the simulation

e Lattice QCD with Wilson fermions

@ Aspects of the simulation
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Lattice QCD with Wilson fermions
Formulation

Aspects of the simulation

Monte Carlo estimate of integrals

On a lattice functional integral ! ordinary integral:
Z
i =z ! DD DA O[U;; ]e Scd |

Zy Y
- S
ot = z, * d yd x dUy OYU;; ]e =wqcp

X
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Lattice QCD with Wilson fermions
Formulation

Aspects of the simulation

Monte Carlo estimate of integrals

On a lattice functional integral ! ordinary integral:
Z
i =z ! DD DA O[U;; ]e Scd |

Zy Y
- S
ot = z, * d yd x dUy OYU;; ]e =wqcp

X

Integrate out fermion elds:
Zvy
o=z * dU; Ogu]e Ser[V]

X

e SeilU] = ¢ SclU] Fe_t(ME?

(@)
e Seti V] T
BT
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Lattice QCD with Wilson fermions
Formulation

Aspects of the simulation

Importance sampling:

1 X . pP—
N OQerlUl (MON 1= N)

hobi = hOe[U] ij ppy;

SetfUj;i = 1;:::;Ng distributed according to P[U] e Sert [U],

Markov chain of link con gurations:

3

s
=
izat

=5

g —

S\

RO\
N

NN
==

W

Monte Carlo update [M. Creutz (1980)]
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Lattice QCD with Wilson fermions
Formulation

Aspects of the simulation

Simulating with the Wilson action

Different discretization of L ocp are possible!

Pros and cons of the Wilson action:

Pros

@ Theoretically sound.

@ Simple, ultra-local ! cheap, ideal for parallelization.
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Lattice QCD with Wilson fermions
Formulation

Aspects of the simulation

Simulating with the Wilson action

Different discretization of L ocp are possible!
Pros and cons of the Wilson action:
Pros

@ Theoretically sound.

@ Simple, ultra-local ! cheap, ideal for parallelization.

Cons (explicit chirality breaking)

@ Unimproved : O(a) discretization effects.

@ Fermion matrix M[U],y, not protected from very small
eigenvalues ! simulation becomes inef cient for light quark
masses.
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Lattice QCD with Wilson fermions
Formulation

Aspects of the simulation

Example: “Hybrid Monte Carlo”:
Pseudofermion representation:
VA
(@) Y X
Seit [U] = d ,d , expf y (D'D),t x9:

z Xy

e

Monte Carlo update of the link-variable U: trajectory in phase-space
of a classical dynamical system.

Canonical variables: (U;P), H = P2=2+ Sg[U]
( = Gaussian noise)

“Fermionic force”:
Fi= & sPu= (ovp) 1P (DvD) *

FET )
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Lattice QCD with Wilson fermions
Formulation

Aspects of the simulation

Exceptional con gurations

DY[U]D[U] becomes almost singular on “exceptional con gurations
I large fermionic force, instability of the system:

10} o8 5 P

10

0 100 200 300 400 500

[Della Morte et Al. (2004)]
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Lattice QCD with Wilson fermions )
Formulation
Aspects of the simulation

Exceptional con gurations

DY[U]D[U] becomes almost singular on “exceptional con gurations
I large fermionic force, instability of the system:

T 5
? 2 R o700 o
10* 00,9%99 O\Q ?900 g 9 98 000 ?Oa Jat°o
4 A |
) \ ]
10° 00000
0 100 200 300 400 500
[Della Morte et Al. (2004)]
Continuum: D! D + mq,
nite volume: D vi=1i nVn, sym@etry n! n!
S

det( D + mg) = (mgq)* zeromode ni2+ m2) > 0 for mq 6 O!
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

9 Twisted Mass Lattice QCD
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

A prolog: Twisted Mass QCD in the continuum

Consider degenerate (u; d) isodoublet: =

1
LQCD = ZFa F2 + D + Mg

Chiral transformations: Soft Breaking
_ I expfs iig mq80 breaks SU(2)a:
SU(2)v: | expf % g mg ! mgcosj j +
imgsinj j —] 5
: I expf3 i i sQ
SU(2)a: I expfliisg “Chirally twisted” mass-term!

rErrm
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Twisted Mass QCD Lagrangian:

1 “untwi;t}elf mass”
(m; ) _ .
tmoCD = ZFa F2 + D +m + TR

“twisted mass”

L

60: B SU(2)v ! Vs expfi ag

But: the twist and the symmetry breaking can be undone!
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Rede nition of elds:

8 .

< T 1x)= expf3! 539 (x)
T1x)= (x) expf3! 539
I = arctg()

Correspondence for the action

Stogel i 1= Seb (11 11
S= de(x); mq = m2+ 2

rErrm
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Twisted Mass Lattice QCD

Rede nition of elds:

8 .

< T 1x)= expf3! 539 (x)
T1x)= (x) expf3! 539
I = arctg()

Correspondence for the action

Stmogel: 1= Sgep 11 11
S= de(x) mq = m2+ 2
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Continuum theory
Lattice theory
O(a) improvement at maximal twist

Correspondence for Green's

functions
BLi gy = 0L
O ;

Ii cmg)
SQ(:D

1=0 91 71

Remark. tmQCD has the full
symmetry of the original theory (but
in different form). E.qg.:

p- )1 o Axe)
B CO N ) N
(x) ! oexpfi! 539 (xp)
(x) ! (xp)expfi! 539 o




Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Irrep of SU(2)y SU(2)a: OA & 0 = RAB(~; 7)OB ; !

Ol 1= R®(0;! e3)08 |
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Irrep of SU(2)y SU(2)a: OA & 0 = RAB(~; 7)OB ; !

OAl ; ]= RAB(D;! e3)08 J
Example: chiral currents
A VA
0= () A (0: e ]
Transformation of chiral currents
0
0 10 1
e cos! 0 0 0 sin 0 vi
2 0 cos! O sin 0 0 V2
3 0 0 1 0 0 0 v3
Al 0 sin 0 cos! 0 0 Al
A2 sin 0 0 0 cos! O A?
A3 0 0 0 0 0 1 A3
| {z }
RAB(0;0;0;! )

m
Federico Farchioni Lattice QCD with twisted mass fermions




Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Maximal twist: | = =2 mq

m = 0, mq

Charged vector currents look like
axial currents (and vice-versa)! J

Ol - A2 Al - V2
02 = Al AZ = Vl
V3= 3 A3= A3

rErrm
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Renormalization

Introduce UV cutoff in a chiral and gauge invariant scheme
@ Theory renormalizable by power counting:
9r = Zg95: Mr = Znm; r=2Z
@ Renormalization of gauge invariant composite operators:
Or=Zo(0+ ; @@ dOJ 0y d(oy < d(O)
Z =2 255 e alis 2l s o= ZEE S 5l )

Power subtractions may appear in some regularization scheme, e.g. in lattice theory
with exact chiral symmetry ( 1=a).

Renormalization Scheme
Ofl; 1=RA(1)OE ;

FET )
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

P2 i - s P2 = z3(!)P?
2 . R P
Example. S0 % P s0= zg(! ) S0
RS ful lled if:
@ | = 0: Choose a scheme which preserves the multiplet structure

I Z3(' =0) =z =0)
@ | 6 0: Choose a ! -independent renormalization prescription:
I Zz(')= 2z =0)

rErrm
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist
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@ Lattice theory
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Twisted Mass Wilson QCD (tmWQCD)

WQCD with chirally twisted mass term: [Frezzotti, Grassi, Sint, Weisz (1999)]

P

tm — 4 1 i
Svr\?— x a x M x sa xI xtT Mg x x + 1 X 3 5 x

FET )
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Twisted Mass Wilson QCD (tmWQCD)

WQCD with chirally twisted mass term: [Frezzotti, Grassi, Sint, Weisz (1999)]
P

tm —
SW - X

1 .
34 x M x iaxr2x+m0xx+| x 35 x
Renormalization:

@ = 0 (WQCD): Determine mg, Zp, ZSO, Zy, Za, etc. by imposing
recovery of chiral symmetry in the renormalized theory
(Zr 6 22,2y 6 Za 6 1!). [Bochicchio et Al. (1985)]
1
mr=22 (Mo Me); r=Zp"

® 6 0 (tmWQCD): use Mg, Zp, Z3, Zy, Za, etc. at = 0.

(e T
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Twisted Mass Wilson QCD (tmWQCD)

WQCD with chirally twisted mass term: [Frezzotti, Grassi, Sint, Weisz (1999)]
P

tm —
SW - X

4 1 2 il
a xr"xiaxr xtT Mo x x +1 x 35 x

Renormalization:

@ = 0 (WQCD): Determine mg, Zp, ZSO, Zy, Za, etc. by imposing
recovery of chiral symmetry in the renormalized theory
(Zr 6 22,2y 6 Za 6 1!). [Bochicchio et Al. (1985)]
— -0 1 . — 1
Mg =23 (My Mg);, rR=Zp

® 6 0 (tmWQCD): use Mg, Zp, Z3, Zy, Za, etc. at = 0.

Renormalization scheme (lattice)

fOQ(x):::iS(qu) = RAP(1ROR(X) il gme: w0 + O(a)
tmQCD

QCcD

Federico Farchioni Lattice QCD with twisted mass fermions



Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

O(a) Isospin and parity breaking

Dene: m=mg Mg

tm —

W 1 2

Xa4 x I xiaxr2 Mer x+tTM x x+ 1 x35
Rewrite in terms of primed elds © ©
8 0 .
< = expfi! 5 39 x

x= xexpfz! 539

I = arctg()

t 0. —
gvl\‘/n[ ’ 0.|_

1 - 2

4 0 0 0Li! 2 0 0 0
Jaft oo g —a e’ °: r —Meg  , +Mg Y X9

X a
[ 2 )
O(a) breaking of isospin and parity
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

P ;
— 1.5 Oni! 2 2 0 —
SBreak - ia X xeI ° 3(r 5mcr) X = |
2 2

1.5 0: 2 2 0 _ s Wl aMer Ux
a i3 s(r Mer) = za
2 X X X 2 2 2

| {z a } dy 5 r M dy

maximal twist! = =2:

ez si=igs

I O(a) masssplit - ©:

M M6 0[= O(a)]
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Eigenvalue spectrum of the Wilson matrix

S\t;\}n: Xa4 x I % %axrzx+m0xx+i x 35 x —
P :
Lpg(mo; ) L
X xMxyD y
(mg; ) '
. 1, 5 . Fermion matrix M (mo: )
ar —a‘r“+amgtia s 3
| 2{7 } SW = La M ax: b Lb
D(mo) color (avor)
Flavor strygture: o q
D 5
z 2H
M(mo; ) = %} D(mo) + ia 5 0 E
(mo) i
° P 22 %
D(mo: )
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Continuum theory

Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Eigenvalue spectrum of D(Mo: )

Eigenvalue spectrum of D(Me: ): D(Mo Jy = (mg; )v 2C

Symmetries:
[Symm.[| (mo; )$ (mo; )| (0; ) 4% [0 ) 4

Iml
Im|

__Rel =4

(e T
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Effect of the twisted mass

03 3
87 x 16 latti
Iml ' ag e
k=0.194
02 =-1.4088
(m=0)
01
[
T : ’
-0.1
(m=0) Rel
02
-0.3
03 02 03
iIm( (mo; )] o
12° x 24 lattice
oas | bed%
ml k=617
m —
orf moor .
m
005
)
E © >
' T 3 —~
' m N
L v o 01 o o
Rel o
-0.15 Ul
,,,,,,,,,,,,,,,,,,,,,,,,,,,, = high plag. phase =
02 ‘\owp\‘aq pha‘

e, I I I L

Rel

ce QC twisted mass fermions



Continuum theory

Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

IR cutoff for fermion matrix

0 D(miji ) 1

z_} —
M(Mo; ) = D™) + ja 5 0 E
0 (Mo) g

P2 s

D(Mo: )
det M(Mo: ) = det MM ) =
det 5D(m°) + ia 0 _
0 5D(m°) ia B
D(Mmo)y
z—}| —{
det(l)[lsD(moist(mO}f +(a)?] >0 for > 0!
D(Mo)yp(mo) -
positive matrix! Wm
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

In numerical simulations:
D(moi )YD(moi ) = pM)’D(M) + (@ )2: 1 +(a )?

istory of smeliest eigenvalue on cferent replca of run () THHDBW2, Run 12624, N_{ =2 (=4:0.) Beta = 067 Kappa = 0168, mu=0.01 (from high)

T T . : as
0.0001f —0.0001
1005 I [
1005 Jiecs
oo

1e-07} . . . . — 1e-07 059 -

S006 " To0o0 T80 20000 28000 30000

. . . .

0.0001}
1e05
1005
1e-07] | | | | 0575 0.0001

T T mw  me mw e mw o

[FF., Gebert, Scorzato, Montvay (2002)] [FF et Al (2004)]
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Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

9 Twisted Mass Lattice QCD

@ O(a) improvement at maximal twist
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Symanzik effective action

R
St lattice discretization of continuum action S = dx L (x)

h i
QCD:L:%FaFa + ( D +mg)

Symanzik effective action Sgy: continuum action describing the
discretization effects of St.

z
Seym = dx L(X)+ aly(x)+ a’La(x)+ :::
[Symanzik (1980)]
@ L,; n=1; 2;:::; higher-dimensional operators:
d(Lp)= n+ 4.

@ S, = dxLy(x) enjoys all the symmetries of S-.

FET )
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

Properties of QCD related to vacuum expectation values of
multi-local, multiplicatively renormalizable, gauge-invariant operators:

FO(X)i = MO(x1)O(x2) :::O(xa)i  O(x) A OL(x)

Discretization effects:

hOL(x)ig. (lattice) = hO(x)+ O(X)isis - (continuum)

O(x) local lattice artifacts:
O(x) = a01(x)+ a2 0y(x) + :::
@ d(Op) =d(0O) + n.

@ Og(x): same transformation properties of O(x) under the
symmetries of S-.

rErrm
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Symanzik expansion (WQCD)

hOL(x)is = hO(Zx)i +F Lla"G(x) =

HO(x)i + af  dy hO(x)La(y)i + hO1(x)ig+ ::: (hi= his)
I {z }

CGi(x)

QCD: L1 ( F ) “Pauliterm”
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Symanzik expansion (WQCD)

hOL(x)is = hO(Zx)i +F Lla"G(x) =

HO(x)i + af  dy hO(x)La(y)i + hO1(x)ig+ ::: (hi= his)
I {z }

CGi(x)

QCD: L1 ( F ) “Pauliterm”

Symanzik improvement program: O(a*)

L latt;imp =
5L suchthat: "

0
Rede ne oL Qlatiimp O,=0

. P
I SWQeDImp = SWQED - c(gf) |, LE(Y) . c(gd) = 1+ O(g§

[Sheikholeslami and Wohlert (1985)]
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Continuum theory

Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

tm WQCD at maximal twist

SIMWOCh = Sg + SIN(! = =2)

é ::)
fgr"010i53r2

Gi(x) = Ofor n=odd: All odd-n O(a") discretization effects vanish!

R
I'h OL(X)iSthg;/:_Dt = hO(x)i + a? dyhO(x)Lo(y)i + :::
+at dyhO(X)La(y)i + ::: + ::: 4

[Frezzotti and Rossi (2003)]
Lattice QCD with twisted mass fermions
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Sketch of the proof

Symmetry of STWOCE:  (mg!  mg) D P

g U (x)! U( x an)
D:iy (! (¥ (xn
0 D¥F ()

(mg ! mg) D counts the parity of the dimension of O, d(O):

o(x) M1 ™ pdoge x)

FET )
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Sketch of the proof

Symmetry of STWOCE:  (mg!  mg) D P

2 8 3
2 U x) ! U( x an)

D:y (! ( D¥2 (x I

= (¥ (%

(mg ! mg) D counts the parity of the dimension of O, d(O):
op) ™1™ pdoo( x)

8
3 ( DISIP(S)= 11 P(S)=( IS =( 1"
5 ( 19OIP(Oy) = ( 1)d<°>rg9;! P(On)=( pdon do = gyn

=1
Parity of the lattice correction = parity of its mass dimension!

FET )
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Continuum theory
Twisted Mass Lattice QCD Lattice theory

O(a) improvement at maximal twist

n = odd, Symanzik expansion:
Gi(x) = hparity-odd operatoris,,, = 0

I odd-n O(a") corrections vanish.

rErrm
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Improved quantities

@ Hadron masses:
M, M, My,:::
@ Decay constants:
F = &+h jAj(0;0)] ;K= D0i

@ Matrix elements: h i

t7iO)ihO- 170; — 1 i) ih0: 170 PHA- Hai A O

hh; KjOjh”; K" sty | 2 hh; KjOjh%; K% +( 1) hh; KjOjh° K
avg

rErrm
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Continuum theory
Twisted Mass Lattice QCD Lattice theory
O(a) improvement at maximal twist

Scaling of F at maximal twist

0.55 —— — T
P 2 I
054 * =
0.45 4
[ ry .
P s . 4
v
S
0.35~ o k™ me297 Mev| |
r m kJe m,=207 MeV|
03 0 Kk, m=507 Mev|
8 ® k[ m,E507 Mev
0.25— A kM m,=880 Mev| —
L A kS =880 MeV)
02l I I | | 1 1
001 0.02 003 004 005 006 007
2
(alry)

[Jansen, Papinutto, Shindler, Wetzorke (2005)]
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Outline

e Numerical simulations of the maximally twisted theory
@ First results
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First results

Perspectives

Numerical simulations of the maximally twisted theory

European Twisted Mass Collaboration

D. Alexandrou, Ph. Boucaud, Th. Chiarappa, P. Dimopoulos, FF,
R. Frezzotti, V. Gimenez Gomez, G. Herdoiza, K. Jansen, G. Koutsou,
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First large scale simulations

@ Simulation of N = 2, maximally twisted mass QCD.
®@a' 0:09fm(L" 2fm).
@ 5 values of the quark mass.

@ Lightest simulated pion mass M ' 300MeV.

Optimized Hybrid Monte Carlo Algorithm. [Urbach, Jansen, Shindler,
Wenger (2005)]
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Precise determination of Gasser-Leutwyler coef cients (a =0.09 fm):
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(a) : (@)
1 1 1 1 0.05 1 1 1 1
0 0.004 0.008 0.012 0.016 0 0.004 0.008 0.012 0.016

[Boucaud, FF. et AL, ETMC (2006)]

Chiral ts ! Low energy constants ls, I4
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scattering lengths

— Universal band
 tree (1966), one loop (1983), two loops (2000)
001 — Prediction (cPT + dispersion theory, 2001) 4
T, from low energy theorem for scalar radius (2001)
—— I, from Del Debbio et al. (2006)

0,021
T, and T, from MILC (2004, 2006)
— T,andT, from ETM (2007)
-0.03— —
2 NPLQCD (2005)
aa
-0.04
-0.05f
-0.06y

[Leutwyler (2006)]
I3 lg Source
2.9 24 4:4 0:2 (Pheno)
3:65 0:12 4:52 0:06 (ETMC)
3:0 0:51 (Del Debbio et Al.)
08 2:3 46 06 (MILC)

derico Farchioni twisted mass fermions



First results

) ; . . ) Perspectives
Numerical simulations of the maximally twisted theory P

Outline
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Perspectives

@ Analysis of the produced N; = 2 con gurations

Baryons
Pion form factors
NP renorm. factors of composite operators
Overlap valence fermions
regime
Topology
Rho decay
Strange, Charm quark mass

© ¢ ¢ ¢ ¢ © ¢ ¢

©

@ Including the strange (and charm) quark: N;=2+1+1.
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Thank you!
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Va = za()va
A2 = Z3(1 ) AR

a

2
Example. A2 K
2

5

@ ! = 0: Chiral Ward Identities ! Z3=Z2=1
@! 60: ZA;V(! ): ZA;V(! = O) =1
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huy 5dxdy 5in +u! d

X B V\y+xmy
. \\u/ (hux suxi h dx sdxi)(huy suyi h dy sdyi)

OO

hux suxuy suyi+u! d Lattice effect!
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Eigenvalue spectrum of D(Mo: )

Eigenvalue spectrum of D(Me: ): D(Mo: )y = (mg; )v 2C

Symmetries:

Op. 5x; y = > Xy X;y = ( dpargreTa Xy

Transf. | 5D(mo: ) 5= p(mo: )Y D&) 4 = DO ) 4

Symm. | (mo; )$  (mo; ) (0, ) 4% [(0; ) 4
Iml

Im|

_Rel =4

(m e <-i--> ®(m)
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Maximal twist

P 1 i 2
Sm=" a2 ar Za%e" SMer + am 9

X X 2
I {z }
Mq!; mgq)
Maximal twist: Iml
M = = 2mg) =
1, 2 2 Continuum-like
ar  zalss I PUL LY spectrum!
I {z }
Anti-Hermitian operator!

W—J Rel
m

q
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Maximal twist (primed elds ¢ Obasis):

M(! = =2;mq) —

. D™ + am
r 152 2 2 = a
a 2a Il 53T a'“cr + amgq D() + a .

): lattice operator for massless u d quarks. Chiral properties:

Lattice maximal-twist tm: Continuum:
5D(+)+D()5:0 sD+ D s5=0
DO dv=i Cly: ) Dv=iv: !
Q .
detM=“N (i & +mg)(i {+mg) [ ,Q1| +mg)( i i+ mg))?

=N (% m) 2( 2+ m))?
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Improved quantities

@ Hadron masses:
. 3P iR x . Y- 7
Gnn(K;t) = a> |, €™ *hOn(x;1)0; (0;0)i =

"Klnmjh jOn(0; 0)jh; n; Kij 2 e Enn(®)t

Gm(R;t)= Gm( K;t) !  improvement for En.n(K)
@ Decay constants:
F = &=h jAj(0;0)] ;K= D0i

@ Matrix elements: h

i

i) ihO- 170 — 1 i) ihO- 70 PHA- i AikO0- O;

hh; KjOjh”; K"l parity. T 2 hh; KjOjh%; K% +( 1) hh; KjOjh° K
avg
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The strange quark

The strange must be included together with the charm in a SU(2)

doublet: [Frezzotti, Rossi (2003)]
c
h= s
n
Squuark = a4 h(x)?(r +r ) h(x) s h(X)r r h(x)+
X
X 4 r U]+ [U]
Sh quark = & h(X)f h(X) 5 h()r r [U] h(x)+
X
+Mon h(X) h(X) + i on n(X) 15 n(X)+ o n(X) 3 n(x)
BV
B
q mass splitting term
Mes = mMi+ § Lo
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Algorithmic development required: optimized algorithm ready.

[Montvay, Scholz (2005)]
Comparison with a second algorithm on the way.

[Chiarappa, Frezzotti, Urbach (in progress)]

First simulations have been performed [Chiarappa, FF. et Al. (2006)]:

@ Practical approach for tuning to maximal twist:

_ light _
Mo = Mon * Mpcpc = 0

@ Tuning on; o such that mg and m, take their physical values is
feasible.

@ Exactly degenerate isospin doublets: (K*;K9), (D% D ) (but
mixing between them).

Next: lightu;d (M ' 300MeV) and s at the physical point.
rErrm
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