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infrared cutoff for any gauge background
automatic O(a) improvement

ease the renormalization of phenomenologically relevant operators

O(a?) flavour and parity breaking discretization errors
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@ the Wim operator does not have fermion zero modes for arbitrary

gauge fields (only p1q = 0)
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Method

Definition

Wilson pion
Wilson-clover pion
Wilson-clover PCAC

“rﬂmo_;mC M2

K
i 2
limmg—me Mz

liMmg—me Mpcac

wA (A%(x)P(y)) =0 a=1,2
wp (AL(X)P3(y)) =0
PCAC lim,,,—o0 Me(fiq)
M2, =2BoM' |1+ 2BM log(2B,M’ /A2) | + 2aByM’ cosw’ (26, — &
” 3272 f2
+20°w’ cos? w’
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critical mass

Method Definition
Wilson pion liMmy—me M2
Wilson-clover pion liMmy—me M2
Wilson-clover PCAC liMmg—me Mpcac
wa (AG()PI(y)) =0 a=1,2
wp (A3 ()P3(y)) = 0
PCAC lim,.,—0 Me(kq)

2By M’
M2, =2BM' |1+ 32822"2 log(2ByM' /A2 | + 2aByM’ cosw’ (26 — )

+20%w’ cos? w’

LR > G2AS = A = 300MeV @ = 0.1fm = pr > 7MeV

@ understand which are the symmetries that are recovered in the continuum if mg = 0
and impose suitable identities on the latftice
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0.004
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0.001

(amycyc)

e
o

! !
0.004 0.008 0.012 0.016

@ amicac(Qpumn) = —0.00001(27)
@ forall p values: ampcac < (Apq)(ANgep)

@ The weak 1q-dependence of mpcac is an O(a) effect

~ (9(02) artifacts in physical quantities
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o quark propagator: stochastic sources to include all spatial sources
@ Change the location of the time-slice source: reduce autocorrelations

Cer(x0) = @° S _(PP(0)P°(x, %)) a

ooo

e
“238esegoanacesn

Pion sector: correlators and effective
masses

p=405

O local-local
O local-fuzzed
O fuzzed-fuzzed

Beesconsennnessssenona |

@ small statistical errors

@ stable masses ~ isolate ground state from excited states




o)
¢oroPeq,

Ward identities

e.v eV
b oro™

Quark
masses
twisted mass
fermions

@ the continuum WI are valid at finite lattice spacing up to
discretization errors with renormalized operators

Aachen - a a | . 3a 0

22.02.07 OpA,, = 2mgP™ +ipgs™S$

A. Shindler VI = —2uq PP

Intro
tmQCD

Simulations
Algorithm
Plan
Setup
Full twist
Pion
wi

Renorm.

Quark
masses

Conclusions



o)
¢oroPeq,

Ward identities

q,& eV
Yabore™

Quark
masses
twisted mass
fermions

@ the continuum WI are valid at finite lattice spacing up to

discretization errors with renormalized operators
Aachen - a L 30.0
22.02.07 A, = 2mgP? + i8S

A. Shindler VI = —2uq PP

Intro @ at finite lattice spacing there is a conserved vector current
tmQCD
Simulations 8:<VS(X)O(O)> = *2l~bq€30b<Pb(X)o(0)> =27, = =
Algorithm

Plan

Setup

Full twist

Pion

wi

Renorm.

Quark
masses

Conclusions



o)
¢oroPeq,

@ Ward identities

- Cl
“ayoro™
Quark
masses . f . . .
e @ the continuum Wi are valid at finite lattice spacing up to
fermions . . . . .
discretization errors with renormalized operators
Aachen -
22.02.07 B A% = 2mP? + ipngd*°s°
A. Shindler VI = —2uq PP
Intro @ at finite lattice spacing there is a conserved vector current
tmQCD .
7 3ab ;pb
Simulations 8:<VS(X)O(O)> = —2pq€ P(P°(x)0(0)) = Z, = 7
Algorithm P
Plan
Setup . . X
Full twist @ it is possible to extract the PS decay constant without renormalization
Pion
U factors
Renorm.
Quark
masses

Conclusions



«S¥oPea,
4

[ 3
o, of
Naboro™

Quark
masses
twisted mass
fermions

Aachen -
22.02.07

A. Shindler

Intro
tmQCD

Simulations
Algorithm
Plan
Setup
Full twist
Pion
wi

Renorm.

Quark
masses

Conclusions

Ward identities

the continuum WI are valid at finite lattice spacing up to

discretization errors with renormalized operators
. 3a 0
A, = 2mgP + ipg8™°S

VI = —2uq PP
at finite lattice spacing there is a conserved vector current

AL (V2(00(0) = —2ug@P(PP()O(0)) = Z, = —

it is possible to extract the PS decay constant without renormalization

factors

the resulting decay constant is automatically O(a) improved without

any improvement coefficient

£ = 21al(QIP7IPS)|
PS — — o

PS
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Pion: decay constant and \PT fits

Can chiral perturbation theory (xPT) reproduce the data? B =39

@ we use continuum xPT to describe the dependence on:

« finite spatial size L
* the mass pq

@ Simultaneous fit to Ny = 2 xPT at NLO
(Gasser, Leutwyler, 1987; Colangelo et al., 2005)

2
MEo(1) = 28omq [ 14 360(0)] [1+ €loa(2oma/)] |

fs(L) = F [1 = €81(N)] [1 — 2€ log(2Boa/A;)]

where & = 2By /(47F) A =1/2Byul?, d1(X) is a known function

@ it parameters: By, F, Az and A4

@ extract low-energy constants: Ts 4 = log(A3 ,/m?2)
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Algorithm ® rawdata
Plan +  with FScorrections
Setup 0.0851- —— chiral fit (4 points)
Full twist & physical point from chiral fit
'_" sl 0.060 - = experimental point (using r;=0.45 fm)
Pion = experimental point (using r;=0.5 fm)
L 0,085}
Renorm.
0.050 - au B
Quark L I I I I
masses 0 0.004 0.008 0.012 0.016
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Pion sector: (am3s) vs. apu

0.08

0.07

0.06

(am,g’

® rawdata
* with FSE corrections
—— chiral fit (4 points)

1
0.016

3.9



physical point from chiral fit

(aw)

! !
0.01 0.015 0.02
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Pion: results from PT fits

where

2
Mio(t) = 2800 [1+ 3681(0)] [1 +¢log(280n/m)]
fs(L) = F [1 — €a1(N)] [1 — 2¢log(2Bon/A7)]

£ =2Bou/(47F)?, A =/2Byul?
20By = 4.99(6)
oF = 0.0534(6)

log(a®A2) = —1.93(10)
log(a’A}) = —1.06(4)
x?/dof = 3.5/4 ~ 0.9

The “physical point” au, is determined by requiring

Mps/fos = 139.6/130.7 = 1.068 ~» we get: ap, = 0.00078(2)
Taking fr = 130.7 MeV, we obtain a =0.087(1) fm
Using rp/a = 5.22(2) we get: rp = 0.454(7) fm

We determine : Ve |09(/\§,4/M3r)
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Pion: low-energy constants 5=39

Accurate determinations of 7 4 = log(A3 ,/M?2)

Ty = 3.65+0.12
Ty =452 +£0.06

Other estimates (Leutwyler, hep-ph/0612112)

[ I
* 73 =2.9+2.4 fromthe mass spectrum of the pseudoscalar
octet
x kK =08+23 fromMILC
x 1l =30+0.6 from lattice CERN group

o [;,=43+09 from fy/fy
e I, =44+0.2 from the radius of the scalar pion form factor
e [;,=40+0.6 fromMILC



s-wave 77 scattering

L a

o.',""“\'c
Quark (Leutwyler (priv. com.) :2007)
masses
twisted mass
fermions
Aachen -
22.02.07 o 32‘!?1?2‘5?5555 loop (1983), two loops (2000) -~ ﬁ:‘evrﬁ:sﬂ:e loop (1983). two loops (2000)
001 — Prediction (xPT + dispersion theory, 2001) 4 01— Prediction (ChPT + dispersion thery, 2001)
. T, from low energy theorem for scalar radius (2001) -
A. Shindler oo — I from Del Debbio et al. (2006)
—_ Tz and TA from MILC (2004, 2006)
ogal. — s andT, from ETW (2007) B ;
Intro 32 NPLQCD (2005) azD
a0 :
tmQCD
ooy
Simulations
006
Algorithm L L L L L L it
Plan T E— v om - om C— I o oxm . om
Setup ° o
Full twist
Pion
wi
@ scalar radius of the pion
Renorm.
2 2
Quark (r’) = 0.637(26)fm" [ETMC : 2007]
masses
. 2 2
Conclusions (r') = 0.61(4)fm" [Colangelo, Gasser, Leutwyler : 2001]



(Martinelli, Pittori, Sachrajda, Testa, Viadikas : 1995)

@ does not rely on bare perturbation theory

@ first matching the lattice with an intermediate momentum

subtraction (MOM) scheme - then passing to MS scheme
@ the details of the MOM scheme are only of practical importance

@ Landau gauge - renormalization conditions on propagators and

vertex functions at some momentum p
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MOM scheme

(Martinelli, Pittori, Sachrajda, Testa, Viadikas : 1995)

@ does not rely on bare perturbation theory

@ first matching the lattice with an intermediate momentum

subtraction (MOM) scheme — then passing to MS scheme
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fermions @ does not rely on bare perturbation theory
Aachen - X . ) . . .
99.02.07 @ first matching the lattice with an intermediate momentum
A. Shindler subtraction (MOM) scheme — then passing to MS scheme
Intro @ the details of the MOM scheme are only of practical importance
tmQCD - "
@ Landau gauge - renormalization conditions on propagators and
Simulations
vertex functions at some momentum p
Renorm.
MOM
Quark p p
masses
Conclusions = ZM/ZoM

p p

Zo(go, ap) = 23 (g0, au)X* ™ (grs, P/ 1)



X,y

6 (p,p') = S (U(x)(@ra)(0)a(y))e Y

Su(p) = > (u(x)(0))e P

X

(e, ') = Tr [Su(p) ™' 6% (P, P')Su(P') ~'Pr ]

%75 TP, P) ey =1

i [PuruSe)
ZqETI'[ w Y

e =1
2
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O(a) improvement

@ off-shell quark Green function are not O(a) improved by the standard

on-shell improvement program
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O(a) improvement

@ off-shell quark Green function are not O(a) improved by the standard

on-shell improvement program

@ formulations of QCD with exact chiral symmetry have off-shell

improvement
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O(a) improvement

@ off-shell quark Green function are not O(a) improved by the standard

on-shell improvement program

@ formulations of QCD with exact chiral symmetry have off-shell

improvement
=1 =1l
’75DGW + Dgw’75 = 2075

@ with Witm we retain a subgroup of the axial symmetry
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@ automatic O(a) improvement averaging (u « d)
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@ compute the D meson mass for a set of ¢ bare quark masses, and a
set of u,d quark masses

@ the c quarkis a “quenched quark” while the u,d quarks are fully
dynamical
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@ contact with phenomenology
@ mixed action (sea: tmQCD; valence: overlap or OS) : e.g. By

@ N;=2+1+1 simulations are feasible
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small eigenvalues in the correlators not balanced by the determinant

@ large fluctuations in observables for certain gauge configurations —
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@ Wilson lattice QCD is renormalizable to all orders in perturbation
theory (Reisz:1987-1988)

@ counterterms to the action from the symmetries of the Wim lattice
action

tr{FuwFuw}, XX, MoXX, IHgX1sT X

S = SelAl + | a0 3Dy + M+ ks ()

0% = 98Zs(d8, an)

MR = qum(gg- Gll) mq = Mgy — Me

2
BR = pqZu(9p, am),
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renormalization

@ Wilson lattice QCD is renormalizable to all orders in perturbation
theory (Reisz:1987-1988)
@ counterterms to the action from the symmetries of the Wtm lattice

action

tr{FuFuw}, XX MoXXs IHqXsT X
S = SolA] + / A (X) [ Dy + M + s x(x)
Gk = 95Z(95, an)
MR = MgZm(d8, Au) Mg =My — me

HR = NqZM(987 Ou),
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Oy = iXouvFuvx O2 = mtr{FuFu} O3 = mixx Oa = MquqiXVsT X

—

” = e == .
Os = pgxx  Os = Mg{XVuDpx — XDuvux} O7 = {XDuDyux + XDu.Dux}



@ improvement of the action (ALPHA:1996-)

2

@ reparametrization of the bare parameters

IR = QS@(@S- au)
mgr = thzxu(@é‘ C’/")

@é - QS(W + baamq)
Mg = mq(] - bmamq) S E)maﬂi
HR = ﬂ(‘Z,,(Q!)]. au) /’q“ f b/foml\)

@ improvement of the operators

(AR)S = Za(1 + baamy) [ A5, + aCa8,P° + Gpighac®®V,

b
i
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tmacD @ reparametrization of the bare parameters

Simulations ~ ~ =
Ga= ngg(gg, ap) 8 = oh(1 + byamy)

Renorm. . ~D - & 2
MR = MqZm(8p, ap) Mg = Mq(1 + bmamg) + bmak,
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masses BR = fqZu (85, o) pq(l + buamg)
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Smpe[X, X, U] = SIx, x, U] + 8S[X, x, U] 8S[x, x, Ul = @® > CowX(X) = 0y By (X)X ()

A. Shindler 4

Intro
tmacD @ reparametrization of the bare parameters

Simulations ~ ~ =
Ga= ngg(gg, ap) 8 = oh(1 + byamy)

Renorm. . ~D - & 2
MR = MqZm(8p, ap) Mg = Mq(1 + bmamg) + bmak,

Quark )
masses BR = fqZu (85, o) pq(l + buamg)

Conclusions

@ improvement of the operators

(AR);, = Za(1 + baamq) [A7, + ACaD,,P° + Qpgbac® V]
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Pion sector: afps vs. apq
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Choice of the gauge action

@ Wilson-type fermions (plain and twisted) have a non-trivial phase structure
at finite lattice spacing (Aoki: Sharpe, Singleton)

@ The strength of the phase transition depends on details of the action
* gluonic: by
* fermionic: Cgyw

@ tree-level Symanzik improved (HSym) gauge action

S=5250(0 000 3 (1-Retr (63L)) +or 3 (1-Rere (U2,))]

p<v HFV

with by = —1/12

* weakens the first order phase transitions compared to
Wilson gauge action (by = 0)
* better scaling than DBW2 (b, = —1.4088)
(Farchioni et. al., 2004-2005)

o Consequence of first order phase transitions:

* Foragiven a, simulation is safe if > fiend—point ~ azAagCD
+ For a given value of mps one can find a lattice spacing amax such that
simulations at a < amax can be safely performed



"7 Algorithm: speeding-up the HMC
¥ Wilson fermions
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Aachen - @ Variant of the HMC algorithm
22y (C. Urbach, K. Jansen, A. Shindler, U. Wenger, 2005)
A. Shindler " .
* even/odd preconditioning
[i® + mass preconditioning (Hasenbusch, 2001)
tmQCD . . . .
* multiple time scale integration
Simulations
Pa— @ Other variants: all of them are efficient to reach small quark masses
Quark * domain decomposition (Luscher, 2003-2004)
masses
G : * RHMC (Clark, Kennedy, 2003)
onclusions

* QCDSF collab. (2003)

@ Wilson fermions are back in the game
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>

A. Shindler fermion: Ny = 2 maximally twisted mass QCD

iniro gauge: tlSym

tmQCD
Simulations * three lattice spacings: 0.075 - 0.115 fm

Renorm.

Quark * 270 ,S Mps S 550 MeV

masses

Conclusions *x L>2fm

*



o)
PRTIIIN

;@ Simulations: setup
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Aachen -
Sl B wgmalim 5T Kt A Ney et Mps (MeV)
) 4.05 ~ 0075  32°.64 0.157/01 0.0030 5000 ~ 270
A. Shindl:
shindler 0.0060 5000 ~ 380
0.0080 3000 ~ 430
Intro 0.0120 2000 ~ 530
tmacD 3.9 ~ 0.09 24%.48 0.160856 0.0040 9400 ~ 300
i ; 0.0064 5000 ~ 380
Simulations 0.0085 5000 ~ 440
0.0100 5000 ~ 480
Renorm. 0.0150 5000 ~ 580
Quark 328 . 64 0.0040 5000 ~ 300
masses 3.8 ~0.11 20°.48 0.164099 0.0060 3900 ~ 290
T — 0.0090 3600 ~ 390
0.0120 5000 ~ 450
0.0150 3300 ~ 510
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@ ploquette : 7 (P) € [10 — 5] (in units of 7 = 0.5)
Intro
tmQcD @ fps ! Tint(Ofps) € [4 — 7]
Simulations
Renorm. @ configurations saved every 2 frajectories
Quark
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Conclusions
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Monte Carlo history of mpcac
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AQMpcac VS. Ap 3
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A. Shindler ook ]
Intro 0 ¥ 3 :
tmQCD -0.001 I E 1
Simulations 0002} ]
Renorm. -0.003 - ]
Quark 0,004 |- 1 1 1 fau) ]
masses o o L L o
Conclusions

@ amecac(Qimn) = —0.00001(27)

@ for all p values: ampeac < (ap)(algep)

@ The weak p-dependence of mpcac is an O(a) effect
~  O(a?) artifacts in physical quantities
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Conclusions

@ dependence on 2
@ good accuracy: rp/a = 5.22(2)

@ setting the scale: use several quantities, e.g. My, fr, Mk, Myx, fx, My, ...

J@ Setting the scale: ry vs. 1/ 3

3.9
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fermions @ flavour symmetry breaking generates mass splittings
Aachen - i .
22.02.07 @ moass splitting between charged and neutral pions
A. Shindler expected to be larger than for heavier hadrons
Intro @ the effect should vanish in the continuum limit:
tmaQcCD 0 \2 +\2 2
(Mpg)” — (Mpg)” = O(a%)
Simulations
Renorm. , .
Disconnected correlations needed for 7° meson:
Quark
masses
Conclusions m i’:} {:‘}

@ stochastic volume sources: 24 sources per gauge config

@ measurements separated by 20 trajectories
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Pion mass splitting £ =39 and 4.05
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@ atp=39: 7%is 20% lighter than =+
@ F((mis) — (mi)) = cla/n)’ with c=—4.5(1.8)
2 times smaller than in quenched and opposite sign
@ smaller effect at 3 = 4.05
@ for the vector meson the splitting is compatible with zero
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! !
-0.2 -0.15 -0.1 -0.05 0

@ at3=39 au=0.004 mps ~ 300MeV
@ stochastic propagators with # boundary conditions
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Nucleon : effective mass 6=39
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at 8 =3.9 au =0.0085 mps ~ 400 MeV m, ~ 1.4GeV L~ 2fm
80 confs. separated by 40 trajectories each

point like sources, randomly located

mp = My
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A : effective mass 6=39

PRELIMINARY

o5l My delta B=39 au=0.0085
PRELIMINARY
2k g g
[ (el N 1
15F 8 o a” g
L o )

05— —

@ at3=39 au=00085 mps ~ 400 MeV Mmp+ ~ 1.8GeV L~ 2fm
@ 50 confs. separated by 60 trajectories each
@ splitting between Mma+ and my++ is not observed
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