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Symanzik Improvement

Wilson Fermion action

Sp=a*>_ (L% +LY)
A
Ly = UDy U

= with
LY =My

M = diag(mgq u, Mq,d, Mq,s, Mq,c)

_q )
0 F ¥

Add higher dimension terms that respect symmetries of QCD
e.g.
e.g.

Tr[M]U M

— SU(4)y symmetry broken for non-degenerate masses
on-shell improvement:
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use equations of motion to reduce number of terms
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Symanzik Improvement

Improved Wilson Fermion (& Gauge) action

_a4z £F1+

+ LY+ LY))
LY., = UDy T+ a(csw(gg)\lljlowFW\I/>

Ly, =UMY + a( g2 UM+
o2(g2) Te[M]) M+
(95) Te[M* ¥+

(D) (Tr[Mnm)
LY =

[Bhattacharya et al. (2006)]

o o5(s8) M) T, )
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Massless scheme

O = dimensionless observable in light sector (no ¥, V)
Dependence on mass of a light quark (I = u, d, s)

O(mg;) — O(0) ~

Mgl
—L= + O(a®m?))
Mg,

A

v mass effects can be computed and analyzed/extrapolated using ChPT
v small mass-dependent cutoff effects

Dependence on mass of a charm quark
O(mg.c) —

o@0)~ 7 + O(CL2’HL;2]’C)
x mass effects can’t be studied / are not of interest
x large mass-dependent cutoff effects ' Foeem !
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Massless scheme

Example for renormalization

Mg = (111)% Zm(g(QJa (1/1) [mq,i + (7’771 ((][Z)) N 1)

x small error in r,,, = huge error in mg,;

Problem 2

Same problem exists for O(a) improvement:

Mg, = Mg + [05(98) -+ 04(98)] am3 et e

x small error in o; = large error in my,; Problem 2
X non-perturbative determination of
many improvement coefficients necessary | Froblem3

= Massless scheme is impractical & unstable
= Solution: massive (charm) scheme
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Massive scheme

Improved Wilson Fermion (& Gauge) action

L =Le+UDy U+ TMT

+ CL( CSW(.(](Q)

+ a( o1(g2) U M?V +

o2(g3) Te[M]T MY +

)q/iawFW\I/)

O';g(gg) TI'[M2]\I/\I/ aF

04(g3) (Te[M])*TC +

(g95) Tr[M] Tr[FWFW]>
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Massive scheme

Improved Wilson Fermion (& Gauge) action

os-term ~ Sg
Lr=Lc+ YDV + IMT
+CL( CS\N(.(](Q] )\I/:LO.HVFHV\I/)
+a( 0’1(g(2])\i/M2‘I’+

o2(g3) Te[M]T MY +

flg = 98(1 + amg,c by /Ny)

O';g(gg) TI'[M2]\I/\I/ aF

17,4(;](2]) (Tr[M])* 0¥ +

- : F])
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Massive scheme

Improved Wilson Fermion (& Gauge) action

os-term ~ Sa

Lr=Lg+UDywVU + VMU 3
98 = 98(1 + amg,c by /Ny)

+ a( Csw (98 my . )‘II4GWFW‘1/) o1_s-terms
Determine all

a( O GBI+ renormalization and

improvement constants at

o2 TN U+ finite amy .

o=(a2 P+ Z}f’ht(gg,am;,c)
7(d; A ey (@B amye)
os(g5 WFW]>

from light quark chiral
symmetry
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Massive scheme

Improved Wilson Fermion (& Gauge) action

os-term ~ Sa

Li=Le+UDy¥ +TMT )
98 = 98(1 + amg,c by /Ny)

_ 1
+ Cl( Csw(g(Q) ) (1,777/;_’(1)\1/40%1,17””\1’) o1-4-terms
o Determine all
+ Olamg,u, amy,s) renormalization and
+ O(a® (mg,c —m} ) improvement constants at

T *
finite amyg .

235" (G5, amye)

P’A (§(2)7 am;,c)

from light quark chiral
symmetry

Felix Stollenwerk Determination of cgq,py iINn Np = 3 + 1 LQCD =

n
it
-



Massive scheme

Improved Wilson Fermion (& Gauge) action

os-term ~ Sg
Li=Le+UDy¥ +TMT )
i do :98(1+amq,c bg/N¥)
+ a( Csw (9o, amy ,amy . )\I/4UWFW\I'> o1 4-terms

Determine all
O(army,u, amq,s) renormalization and
O(a® (mg,c — my ) improvement constants at
’ finite am
+ (’)((1 (mg,u — m; ;) e
2 * .
O(a” (m,M qu,)) Z‘ljxght (_(}3, am?.,)
Ca (§(2)7 am; c)
— Csw- ’
Determination at finite am; ; and am; .
(Ny=3+1)

from light quark chiral
symmetry
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Line of constant physics

Determine c.,, as function of 3 parameters g7, my My .?
x not feasible

l

Fix light (m} ;) and charm (m; .) mass to their approx. physical values
Determine c.,, as function of 1 parameter g3

1 . b
L = fixed §
| . S
LM, = fixed §
| S
LM, = fixed ~

— fixes g2, k1, k. for given L/a
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Line of constant physics

L = fixed

Oy = Gy = fixed
Oy = LT
LM, = fixed

L fixed

&3 = L(Ty. —T,;/2) = fixed
B Gradient flow coupling risch, ramos (2013)

Gar(L) = N7 22 (E(t, 2o)) [

t—c212 /8 with ¢=0.3
B Effective meson masses

Iij = —dolog (fj;j,f(wo))
w():T/Q time T
with 9 (zg) ~ e ™85 (14 ..)

0
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| . <
LM, = fixed



Line of constant physics
e

L = fixed
LM, = LM,/3
LM, = LM,

!
®) = ggp = &7
Oy = LT < o}

!
®3 = L(Iye —T;/2) = 3

1 Masses unknown in Ny =3+ 1
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Line of constant physics £ )

ST

L = fixed & = gap = 3}
| 1

LM, = LM, /3|n;=2 &y = LT = o
!

LM, = LM|n,=2 &3 = L(Ty. — Tj/2) =

1 Masses unknown in Ny =3+ 1
1 Resortto Ny =2
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Line of constant physics

2,
Cppnt

L = fixed & = gap = 3}
| 1

LM, = LM;/3|n;=2 &y = LT = o
!

LM, = LM|n,=2 &3 = L(Ty. — Tj/2) =

Masses unknown in Ny =3 +1
Resortto Ny =2
Difference is

— O(a) effectin csw

— O(a®) effect in improved action
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Line of constant physics

! |
HBL =~08fm H o =g =07 =720
! —
LM; = LM,/3|n,=> ®, = LT L o3
! |
LM, = LMc|Nf:2 b3 = L(Flc — F”*/Q) = (I)g
Determination of @7
continuum limit
9
Conﬁgurations [Blossier et al. (2012)]
Nf = 2, Ksea = Kerit 85 X ////
. -
~U 8 -7
I /*/
75 **%
*/
7
0 2 4 6
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8 10
(a/L)?
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Line of constant physics

2 +
Cpnst

!
BL ~08fm | o =, = &t =7.20
—
!
LM, = LM,/3|n,=> Oy = LT < 05 =0.59
!
LMc = LMc|Nf:2 (I)3 = L(Flc = F”*/Q) ; (I)g

Determination of @3

continuum limit

Configurations [Blossier et al. (2012)]

0.9
Nf = 2, Ksea = Kerit
LMy trrizse etal. (2012) 1= 08 -
KeritsZybm .. E /////
T (L)) 07 -

p _deT X
0.6fy—
05 0 2 4 6 8 10
(a/L)? X 10
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Line of constant physics

!
BL ~08fm | o =, = &t =7.20
1
!
LM, = LM,/3|n,=> Oy = LT < 05 =0.59
!
LM, = LM_|n;—2 ®3 = L(Ty. — T};/2) = &% = 5.96

Determination of @3

continuum limit

7
Configurations [Blossier et al. (2012)] ////
Nf = 2, Ksea = Kerit ~ ///
\ 7
=65 X
LM tFischetal. 2012)] — k7 %
KerityZ,0m s L | '*//
— K a S X
(Lfa) S0
LMC [Heitger et al. (2013)] ~
KeritsZybm ..
_—
ke(L/a) 55
2 8 10
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Improvement condition

L/a
LCP, @
g(z)aﬂlaﬂc

Impr. cond.

(@)
«— <~ «— 0«
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PCACrelaton
<8uAﬁL(x) o> = 2m (20)(PY (z) O) + O(a™)

Use ¢, -independent combination of m™:

m (o), m" (yo) = M (x0,0)
Improvement condition:
AMT = MU (3T/4,T/4) — M" (3T/4,T/4) =0

Use of light flavors 11
— want to primarily improve light quark physics
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Strategy overview

L/a
L g T ~ 0.8 fm
LCP, @, | L T
T } Bound. field =0
24 %243 20%20° 16 x 16° 12 x 12°
- T ~ 0.8 fm
Impr. cond. 21
|Imp ) L T/2
4 Bound. field. #0

Cs %12 20x100  16x8  12x6  8x 4
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Strategy overview

L/a

1
LCP, @,

1

!

Impr. cond.

1

24 x 243

Cs 24 x 12}

The procedure
may lead to
something like

(NO real data!!)
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20 x 10 16 x

83 12 x 6%

——-1-loop
1.6
51.4
Q
1.2]
A
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9

T ~ 0.8 fm

L T
Bound. field =0

T ~ 0.8 fm

L T/2
Bound. field. #0

LCP determines
maximal g3
(at smallest L/a)



L/a=38

Tune bare parameters to LCP

Csw 9(2] ‘ K] ‘ e q)l ‘ (D2 ‘ @3
; f 1.6 | 1.719 | 0.1403 | 0.1222 || 7.13(3) | 0.56(2) | 5.95(1)
} f 1.9 || 1.785 | 0.1374 | 0.1203 || 7.17(2) | 0.58(1) | 5.95(1)
| i 1.95 || 1.797 | 0.1369 | 0.1199 || 7.17(4) | 0.58(2) | 5.99(1)
{ i ..

LCP ®F 7.20 0.59 5.96

8x 8

Tuning criteria  (6X = | X — X*|)

0L O0M; 6M.
I+ Wv F: <5% keep cutoff effects under control (M.!)
1 estimate

0P,
< 5%
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L/a=38

Tune bare parameters to LCP

Csw 9(2] ‘ K] ‘ e q)l ‘ (D2 ‘ @3
; f 1.6 | 1.719 | 0.1403 | 0.1222 || 7.13(3) | 0.56(2) | 5.95(1)
} f 1.9 || 1.785 | 0.1374 | 0.1203 || 7.17(2) | 0.58(1) | 5.95(1)
| i 1.95 || 1.797 | 0.1369 | 0.1199 || 7.17(4) | 0.58(2) | 5.99(1)
{ i ..

LCP ®F 7.20 0.59 5.96

8x 8

Tuning criteria  (6X = | X — X*|)

0L O0M; 6M.
TR Wv 7M; <5% keep cutoff effects under control (M.!)

1 estimate

0D, oD, : - :
o T A o ) < 5% include statistical errors of ®; conservatively

K2
i=1,2,3
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L/a=38
Tune bare parameters to LCP
Measure AM"

Interpolate in cgy

aAM!

-0.01

X Data
— Linear fit
—e— Impr.cond.

Felix Stollenwerk

2 22

Cow g% aAMY
1.6 1.719 0.0135(10)
1.9 1.785 0.0060(10)
1.95 1.797 0.0037(14)
2.1 1.830 -0.0012(21)
2.2 1.852 - 0.0045(20)
2.08(3) | 1.825(7) 0
Interpolate in g2

X Data
—— Linear fit X
—e— Impr.cond. %Y
1.8 < X
NO
D
X
1.7
16 1.6 1.8 2 22
CSW

Determination of cgqy in N p = 3 + 1 LQCD




Status and Outlook

® Dat

e -
8 v
Eis 12 X
¢ - X
T 20 x
""" 24 X

0 05 1 15 2

Help for tuning from perturbative evolution of lattice spacing a with g2:

a 2 =2 - _
a(((gQIO))Q) = 190" 90) 1/ R0o) g2 /(0)2) =01/ C80) [1 4 O((g9)%)] , 90 < g8
0

Estimated range covered with L/a = 8 — 24:

g8 € [1.472,1.825)
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Summary

Determination of cgy

— 1ststep in Ny = 3 + 1 simulations with massive charm quark

® Mass-dependent renormalization scheme

— avoid large number of improvement coefficients

— avoid large mass-dependent corrections
® Line of constant physics

— numerical values from Ny = 2

— fix all relevant physical scales in finite volume

® Improvement condition in standard way (PCAC)

First results for L/a = 8

Thank you!
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