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Wilson-fermions and O(a) effects

Symanzik effective theory (Symanzik ‘82; Lischer et al. 96; ...)

3
Siat ~ Sqcp + aSt +a*S2 + ... S1 = Z/d4$wi(g2)oi($)
1=1

(ORr)iat = (Or)qep — a{ORSHEED + a(6O)acp + O(a?)
O((L) action counterterms (Sheikholeslami, Wohlert 85; Liischer et al. '96)
— m a a —
O1 =0, Futp Oy = @FWFW O3 = m* i)

O(a) improvement

Add lattice representatives of O; to Siat in order to cancel Si-contributions

Stat = Stat + a2 cow(99) D ()0 Fit (2)1) ()

gg = 9(2)(1 + bg(gg)amQ) g = mq(1 + bm(gg)amQ) Mq = 1Mo — Mer

» Fixed a requires fixed §g while Mg (1) = Zumn (33, aj)ig (Luscher et al. '96)
> Strategies to compute Csw and by, are KnNown  (Luscher et al. '97: Divitiis. Petronzio ‘98 Bhattacharya et al. ‘OT; ...)

» b, only known at I-loop order in lattice PT (Sint. Sommer '96)
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Heavy-quark decoupling and Al%

Decoupling relation (ALPHA Collab. 20, '23)

(3) (0) 0
Ay <AMS lim (38 (paee, M)
A&O) M/pgec—o0 A%
Pos (AL /)

A-parameter of N¢-flavour QCD in scheme s

> AN,

> ¢§°)( @ )(pdcc)) =AY /tdec: Nt = 0 running factor

> ¢ )(udec, M): Nt = 3 coupling in scheme s at the
scale ftqec and for a quark mass M
> P 3(M/A(3)) A(O> /A(S) at 5-loop order in PT

Challenge

Determine g§3>(udec, M) for prgee = L' < M < a™t

fhdec ~= 800 MeV M ~ 10 GeV L/ia=24—-48 = aM ~0.25-0.5

Remark: Ny = 2 4 1 hadronic simulations (Bruno et al. 'IS: Bali et al. '16)
» Can simulate at tr[M,] = const. = 3 = const. if g3 = const. (Bietenholz et al. 10)

» Moreover, a ~ 0.035 — 0.075fm = ams ~ 0.02 — 0.04
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Heavy-quark decoupling and Al%

Decoupling relation

AB) AO 2
3 / ec
T Poa(M/Ayg) = (A%?) 87 (327 (ace, M)) + O (M) + o( v )

(ALPHA Collab. "20, '23)

> AYD. AL parameter of N¢-flavour QCD in scheme s

> ¢§°)( © )(pdcc)) =AY /tdec: Nt = 0 running factor

> ¢ )(udec, M): Nt = 3 coupling in scheme s at the

scale ft4ec and for a quark mass M
> P 3(M/A(3)) A(O> /A(S) at 5-loop order in PT
Challenge
Determine g§3>(udec, M) for prgec = L'« M<at

fhdec ~= 800 MeV M ~ 10 GeV L/ia=24—-48 = aM ~0.25-0.5

(Bruno et al. '15; Bali et al. '16)

Remark: N; = 2 + 1 hadronic simulations
» Can simulate at tr[M,] = const. = 3 = const. if g3 = const.

» Moreover, a ~ 0.035 — 0.075fm = ams ~ 0.02 — 0.04
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Continuum limit of the massive coupling

o2 =1.972 s 0z =1.972
L [3 o 2 =4.0 L o 2z =40
6.00 b b, e 6.00 3 : ciolo
o » =8.0 o z=8.0
5.75*% [ o 22:10_0 5 5.75¢ [ o ::10_0 a
a o> —12.0 w /#/I/I/z oz =12.0
5.500 s 550 Elguagi s

o5l 25" 8 5.25 Pee § 1
5.00—?I ‘ ‘ ‘ ‘ T | o S ———]
0 0.1 0.2 03 0.4 0.000 0.001 0.002 0.003 0.004 0.005 0.006
(aM)? (a/L)
Fit ansatz
[0 (Haee, M)]* = C(2) +p1[0d2(a™ )]  (aM)* +p2lall(a™)]" (a/L)* + be-error
Line of constant physics (ALPHA Collab. 17, "18)

> (G (Hace)lni=0]® =395 = (G, L/a) = pace = L' =T89(15) MeV

> 2= M/pidec =2,...,12 = amg = M~1.5,...,95GeV
Simulation parameters [mq = mo — me:r(g3)]
2= (Lfa)Z(g3) g 96 = Go/ (1 + bg(35)ama)
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> (G (Hace)lni=0]® =395 = (G, L/a) = pace = L' =T89(15) MeV
> 2= M/pidec =2,...,12 = amg = M~1.5,...,95GeV

Simulation parameters [mq = mo — me:r(g3)]

2= (L/a)Zm(G0)ama (1 + bw(@0)ama) g0 = 6/ (1 + be(35)ama)

3/15



Continuum limit of the massive coupling

I
I
_

oz =1.072 .
8 o 2 =40 I

s o 2 =60 o0 48

o 2 =80 )
5.75*% [ o 2 =10.0 |2 5.75¢ [ 10.0 |®
a o2 =120 w /?H/I/z 12.0
550} s 5.50f
Ei! 5 ] ] ‘ 3] ‘ ]
#°

CRCECECECEC)
RIS

5.25¢ 5.25¢ ! g
5.00} ‘ ‘ ‘ ‘ T | o S ———]
0 0.1 0.2 0.3 0.4 0.000 0.001 0.002 0.003 0.004 0.005 0.006
(aM)’ (a/L)?
Fit ansatz
[0 (Haee, M)]* = C(2) +p1[0d2(a™ )]  (aM)* +p2lall(a™)]" (a/L)* + be-error
Line of constant physics (ALPHA Colab. '7, "8)

> (G (Hace)lni=0]® =395 = (G, L/a) = pace = L' =T89(15) MeV
> 2= M/pidec =2,...,12 = amg = M~1.5,...,95GeV

. . o 2
Simulation parameters [mq = mo — me:r(g3)] pleoe

~2 ~2 2 ~2 1-loop / ~2 g
z = (L/a)Zm(go)ama(1 4 bm(go)ama) g0 =go/(1+ [bg""(90) = 0bg Jamq)

3/15



- (3)
Large-mass extrapolation of A=

Pure-gauge running (os. ramos 19) Master formula
B def. (- 5-I (0
> gé}olz‘T(udec) = gglz‘T(udem M) pPé,fS °op) (Z/p) A ) /:U’dCC
> AN/ Hae = (ATL/AGH) @GR Oc(TGhr (Hace))) p=AGL o/ Hace
Example 2= M/ dec
_ 2
[Gir (faee, 3.2 GeV)]? = 5.316(70)[(62)s,]
= A2/ 1gee = 0.719(16) fec = T89(15) MeV
“l Fit ansatz
3 B T
2 } A en = A+ Zoxs(ms)
§<\§375’ Result[zEG;f‘mZO}
. (3) Y
AL = 336(10)(6)s, (3)p,, MeV
325 [ [ [ [
0.‘09 O.‘Q5 0.10 0.15 0.20 0.25

(ptee/M)? 415



- (3)
Large-mass extrapolation of A=

Pure-gauge running (os. ramos 19) Master formula
B def. - 5-loo| (0)
> Gopr(Hace) = Gopr(Hace, M) PP P)(Z/p) Asis/ paec
> A/ Hace = (AL/AGR) Cp (X (GG (Hace))) p=AGL o/ Hace
Example 2= M/ptaee
[gér (Hdec, 9.5 GeV)]2 = 5.80(10)[(8 b
AL /paee = 0.797(21) fiaee = 789(15) MeV
T Fit ansatz
3 B .
: } i or = A+ gosts(ms)
2@3757 Result[zzfi;f‘m:(ﬂ
AL = 336(10)(6)s, (3)5, MeV

(ptee/M)? 415



The coupling from decoupling

More decoupling

@ PTG PR Gy s
Asts Asis - Ays — agglmz)
inal resu (ALPHA Collab. '22)
Final It

al)(mz) = 0.11823(69)(42)s, (20)., (9)s»5 = 0.1182(8)

FLAG 21: a%(mz) = 0.1184(8) PDG 21: Oz%(mz) =0.1179(9)  FLac2ipoG2)

Contribution to relative error squared of a,

40 1 Jtdec uncertainty?

30 1 » 55% comes from /8t} [MeV]
x (Bruno et al. '17)

2T > Correlated w/ ALPHA 17:

o} ] all(mz) = 0.1185(8)

(ALPHA Collab. "17)

AD Jnaee  Gepr(Hace, M) others
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Non-perturbative improvement condition for b,

Basic idea
Physical small-mass dependence of a gluonic obs. Oy in finite-volume is O(M?)
whereas bg-term o< O(aM)

Mass-dependence
> Ni-even: ¢ — 51 U — —ys
M -M
= <Og>5;gc%3 = <Og>§gCD)
> N¢-odd: P — eiNLfﬂ/5 ’Lﬁ E — @eiNLf% (MDB. Giusti, Pepe "20)
M M—0 0
= (Os)gep = (O8)Gen +O(M?)

Remark: True if NO SSB and bcs. compatible w/ chiral symmetry

Master formula [ z = LM = LZymq ] (Sint "13; ALPHA Collab. in preparation)
9(0F) 1 04 2, 0(0F) 2
= (1 — 2bmamyg) £ — agob, £ + O(a”)
0z |.g20sa LZu YN oma |z T 0g |,

Remark: Different O,’s result in by’s that differ by O(a)-effects
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Non-perturbative improvement condition for b,
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> N¢-odd: P — eiNLfﬂ/5 ’Lﬁ E — @eiNLf% (MDB. Giusti, Pepe "20)
M M—0 0
= (Os)gep = (O8)Gen +O(M?)

Remark: True if NO SSB and bcs. compatible w/ chiral symmetry

Master formula [ z = LM = LZymq ] (Sint "13; ALPHA Collab. in preparation)
-1
o(OF ! o{OF 2{OF
©of) DI G [ z2i0m o
0z 2=0,62,L/a damg 92, mq=0 995 mq=0

Remark: Different O,’s result in bg’s that differ by O(a)-effects
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Lattice set-up and parameters
Action and bcs.
» Ni =3 O(a)-improved Wilson quarks and LW gauge action  (scher weisz ‘84 Bulava, Schaefer 13)

» Periodic for gluons and anti-periodic for quarks in all 4d
= Simulations @ M = 0 feasible!

Observable(s)

(PE(t)3q0)pbe |~V *
(0Q(t),0)pbe  |p—p,

(Luscher "10: Fodor et al. "12; Fritzsch et al. "13)

a(c)

E(t,z) = tr{G v (t,2)Guv(t,z)}

Line of constant physics (LCP)

(ALPHA Collab. 7. 18)
Ger (ftaec) = 3.95 = pB=x43-52 L/a=12-48 M =O0(d®)
Simulation params.
Be43,52 46,816  Lla=12—24 Lja=24 for B>47

Remark: L-dependence of bg is an O(a)-effect!
Numerical derivatives
do(c)
o(c,amgq |9(2) Lo = ch amg)f = /2

damg | »
dlgg,mq=0 75



Lattice set-up and parameters
Action and bcs.
» Ni =3 O(a)-improved Wilson quarks and LW gauge action  (scher weisz ‘84 Bulava, Schaefer 13)

» Periodic for gluons and anti-periodic for quarks in all 4d
= Simulations @ M = 0 feasible!

Observable(s)
(2E(t)3qe).0)pve |~V *
<5Q(t),0>PbC T=L

(Luscher "10: Fodor et al. "12; Fritzsch et al. "13)

a(c)

E(t,z) = tr{G v (t,2)Guv(t,z)}

Line of constant physics (LCP)

(ALPHA Collab. 17, "18)
gér(paec) =395 = [~43-52 L/a=12-48 M =0(da")

Simulation params.
B€[43,52]4+6,8,16 L/a=12—24 Lja=24 for B>47

Remark: L-dependence of bg is an O(a)-effect!
Numerical derivatives

do(c)
993

g
2 : k

0(07 gg)‘quo,L/a - dk?gg = g(ZJ
k=1

2 —
=0
90-"Ma 7/15



amq-derivatives (8 = 4.7, L/a = 24)

0.0614
Tim = 2, amg = 0,£0.015,£0.025 —— P
0.0612 £ nm =1, amq==£0.015 ——— /’/ 1
T =1, amg = £0.025  ———- e
_ 0.061 1
<
s
I
L 00608 1
()
0.0606 1
0.0604 1
-0.03 -0.02 -0.01 0 0.01 0.02 0.03
amg
Remarks
o Fit t 90 (c) /o b
o __/hQ ) 1t type o(c)/0amq 3
Oamq0(c) L dio(c) S0 (L N = 1, amq = £0.025  0.01786(54)  0.1080(33)
Bame (€)™ B.0(c) o i = 1, amq = £0.015  0.01806(55)  0.1092(33)
a Tim = 2, 5 pts. 0.01796(38)  0.1086(23)
O(a/L)
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amq-derivatives (8 = 4.7, L/a = 24)

0.0614
N = 2, amg = 0,+0.015, £0.025 ——— P
0.0612 L nm =1, amq=+0.015  ——— o 1
N =1, amg = £0.025  ———- e
— 0.061 1
tS
=
Il
o 0.0608 1
5
0.0606 1
0.0604 1
-0.03 -0.02 -0.01 0 0.01 0.02 0.03
amyq
Remarks
o(c,amqg) — o(c, —amg) _ Fit type 9o (c)/0amq bg
2(amq) - nm =1, amq = £0.025  0.01786(54)  0.1080(33)
N = 1, amq = +£0.015  0.01806(55)  0.1092(33)
Oamqo(c) + Bgmqa(c)(amq)2 +... Nm = 2.5 pts. 0.01796(38)  0.1086(23)
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gi-derivatives (L/a = 24)

0.065 £ E

0.06 £ ng =5, f=all .
ng =3, 6=484951  —--
0.055 F  n,=38=536066 —-- i

0.05 £ E

0.045 ¢ E|

o(c=0.18)

0.04 £ ]
0.035 £ E|
0.03 £ E|

0.025 s s \ s s s s s s
09 09 1 .05 1.1 115 1.2 125 13

%

L/a  Buce g800(c)/0g8 (ng =5)  gado(c)/dgs (ng =3) by (ng =5) by (ng = 3)

24 A7 0.16474(46) 0.16531(58) 0.1090(23)  0.1086(23)
24 49 0.13907(20) 0.1379(11) 0.0957(40)  0.0965(41)
24 51 0.12132(23) 0.12195(62) 0.0961(40)  0.0956(40)
24 5.2 0.11211(20) 0.11246(54) 0.0831(39)  0.0829(39)
24 6.0 0.06835(16) 0.068681(87) 0.0627(43)  0.0624(43)

9/15



Choosing a flow time

0.18 e ,
| RN
014 - ; ; 1 P } ]

: . A T bt
0.12 - .o : E { } F

) . ° .: ’ o g B % %
0.1; ) E :x s i % } {,
008? .e- ) : L/a:12,,6:4.3>—0—< E

‘ . ; L/a=16,3 =45 —e—
0.06 | ! L/a=20,3=46 = - 1
g ! Lja=24, B =47 —o—
0.04 | ! Lja=24, =49 —e— |
OH ‘1‘ 2 345
V8t/a
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Choosing a flow time
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L-dependence of b, (5 = 4.9)

0.11 - : i
0.1} ) ]

el by

0.09 -
0.08 - : ]
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L-dependence of b, (5 = 4.9)

0.12

0.11 ¢
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0.05

0.25

0.2

0.15

V8t/L
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Results for b, from t*F(t)

0.14 ¢ ]

1-loop PT: bg)gg ,,,,,,,,,,,
0.12 + { ]

0.1 ¢ . ]
0.08 £ I j

be(c =0.18)

0.06 ¢ i ]

by ng—1

e . 1 - )
b () = béwx +x Z cir’ + (e 2o (bow) 263 ) Z aj’

i=1 Jj=0 12/15



Results for b, from t*F(t)

0.14 - E
Ne=2,n, =1 —
0.12 ¢ ne=3,n, =0 — E
Ne=2,n, =0 ——
. 0.1+ 1-loop PT: bg)gg """""" E
0]
—
o 0.08 ¢ E
Il
= 0.06 ]
=
0.04 - E
0.02 - E
0 | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4
2
90

by ng—1

e . 1 -t )
by (z) = bg)x +x Z cix' + (e 2bo@ (box) 263 ) Z aj’

i=1 Jj=0 12/15



Results for b, from HYP-smeared Creutz ratios

0.14 ¢ % E

X(R, R)|r=1/4 —o— !
0.12 + o(c=10.18) —— E

1-loop PT: bg)gg ,,,,,,,,,,,

, M

<

0.06 - E
0.04 - } .
0.02 ¢ 1 ;
0 m'1'}’(“”(“7:\(‘71HHHmHHHH‘mH"HHmHHHH\HHHH‘\HH‘HH\H
0 0.2 0.4 0.6 0.8 1 1.2 14

2

90

(R, T) = —RTOrdr log(W(R,T)) W(R,T)= R x T Wilson loop
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How do we plan to correct for b,?

0.14

IS
I
R
3

—Dooco3

B
0.12 i
belrya1
0.1 I-loop PT: bfo»

= byloor —

0.08

Wy

2
9:
t
ot
(=)
o
Il
i
[N Ren}
oo
be(c = 0.18)
-
=
2

‘Hii ) 0.04
5.25¢ ¢
?i 0.02
500575 0.1 02 03 01 R I I YR T
(GM) 9%
Fit ansatz

— 2 _ T ’
[980r (ttace, M)])* = C(2) + prlodih(a™ )]  (@M)? + palodih(a™ )] (apace)?
Bare coupling
9o,z = 30/ (1+ b5 P (@)ama) = gilyye =30/ (1+by" (50)ama)

Massive coupling

_ _ g
géFT(//’/dem ]Vj) = géFT (,udeca Af)‘ 1 doop 1 902 X (gg ‘bNP go| 1 -loop )
0
O(a)-ambiguous b,
be(98) = b7 (90) — colapace)  b(gd)1702, = f5°"(g8)  f=0(1)
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Conclusions & Outlook

Conclusions

» Devised a viable strategy for a non-perturbative
determination of by (at least for § > 4.3)

> Large deviation from 1-loop PT for 4.3 < 8 < 5.2
(do not extrapolate conclusions to smaller 3’s!)

Outlook
» Reanalysis of A% using the non-perturbative by

» Tackle the remaining sources of uncertainty in o

Contribution to relative error squared of o,

50

Expectation

al(mz) = 0.11823(72)(42)s,

= ol (mz) = 0.11877(72)

A ftaee GBrrliaee M) others

15/15






BACKUP



The Schrédinger functional and gradient flow

Schrédinger functional (SF) bcs.

Gauge fields (uscher cra 92)
Ap(@)|zo=0 = Ct  Ap(@)|ao=1 = Ci
Quark fields [ P+ = 1(14~0) | soos
Pitblag—o = P-tblsger =0
PP |zg=0 = YPi|zg=r =0
Gradient flow (GF)
O Bu(t,x) = DuGupu(t, ) B, (0,z) = A,(x)
Gu =0,B, —0,B, + [B,.,B,] D, =0,+[By,-]
v Composite (gauge-invariant) fields are automatically finite

v" Simple to evaluate in Monte Carlo simulations

X PT is quite involved

ry=T I

xg =10

(Luscher, Weisz "11)



Effective theory of decoupling and PT matching

Fundamental theory

ﬁQCDNf: = +wap¢f+ Z V(P + M)y

f=Ng+1
Effective theory (Weinberg '80: ...)
1
Lo = ‘CQCDNE + Vel E wi®;+... = LO: L= ﬁQCDNé
i
Matching couplings in PT (Bernreuther, Wetzel ‘82; .. Chetyrkin, Kihn, Sturm ‘06: Schréder, Steinhauser ‘06)

EFT is matched at LO once the effective and fundamental couplings are matched
oM (/AN = Fo (a(Nf)(u/A(Nf)), M /) O = matching obs.
Matching A-parameters in PT

(Ng)
. i \ex€(o)
AL (M AND) = Py (M/ASDY ALY = Py e(M/ASY) = s g el (o)

MS MS w%)(a*)
where
Ne) ) (VD) (Ne) () — @ dy
AT =pex Ulax(n)  ex a)=.expq = [ —me—
o Bx “(y)
[e (Nf)
_ . _ FNO(y
M =7x (u) e (ax () e;N“(m:...eXp{‘/ dyTTf)+-~}
0 Bx (v)



Effective theory of decoupling and PT matching

Fundamental theory

ﬁQCDNf: = +wap¢f+ Z V(P + M)y

F=Ng+1
Effective theory (Weinberg '80: ...)
1
Leg = ‘CQCDNE + el E wi®; + ... = LO: L= [’QCDNZ
i
Matching couplings in PT (Bernreuther, Wetzel ‘82; .. Chetyrkin, Kihn, Sturm ‘06: Schréder, Steinhauser ‘06)

EFT is matched at LO once the effective and fundamental couplings are matched
ol (1) = i (1) € (ali (1), (1) + O(co/2°)  2(p) = Tgs(p)/u

Matching A-parameters in PT

‘P;/I—NSZ) (01*5(04*))
N,
Wl(\dfsf)(a*)

N, N¢ N, N, N,
AI(VT;)(M,A%)):Pg,f(M/Af%f))Afw;) = Pe,f(M/A;TSQ):

where

o d
AL = QP ax) A @) = e { - [T

B (y)

@ (N¢)
M =mmx(p) 5§(Nf-)(ax(p)) 5§(Nf-)(a) = .. .exp{ — /(; dy B(Nf)iy; + ... }




Effective theory of decoupling and PT matching

Fundamental theory

ﬁQCDNf: = +wap¢f+ Z V(P + M)y

f=Ng+1
Effective theory (Weinberg '80: ...)
1
Lo = ‘CQCDNE + Vel E wi®;+... = LO: L= ﬁQCDNé
i
Matching couplings in PT (Bernreuther, Wetzel ‘82; .. Chetyrkin, Kihn, Sturm ‘06: Schréder, Steinhauser ‘06)

EFT is matched at LO once the effective and fundamental couplings are matched

N, Ne m
iws”(m*) =a () o= a%)(m*) M = Tiggs ()

Matching A-parameters in PT

(Ng)
. i \ex€(o)
AL (M AND) = Py (M/ASDY ALY = Py (M/ASY) = s g el (o)

MS MS w%)(a*)
where
Ne) ) (VD) (Ne) () — @ dy
AT =pex Ulax(n)  ex a)=.expq = [ —me—
o Bx “(y)
[e (Nf)
_ . _ FNO(y
M =7x (u) e (ax () e;N“(m:...eXp{‘/ dyTTf)+-~}
0 Bx (v)



Non-perturbative renormalization by decoupling
Current situation

> 5AMS ~ 3.5% = room for improvement!

> 5A domlnated by NP running 0.2 — 70 GeV

> Halvmg 5A% by brute force is CPU expensive

Key observations
» P, ¢(M/A) has small PT and NP corrections for M /A 2 5
> A%) is M-independent = same for QCD y, with any M
> LQCD can access QCD y, with any M

Master equation 1.0 (ALPHA Collab. 20, '22)

AN y ) ANe)
<y = PO (/A
Sha(i Sh‘xd (]V[)

» Compute A<0) /5}(1221 in pure Yang-Mills

(m2") and set S (mPh) = 8P [MeV]

u,d,s w,d,s

» Determine Sl(“;)d(M)/S<3)

had

» Extrapolate for M — oo



Non-perturbative renormalization by decoupling
Current situation

> 5AMS ~ 3.5% = room for improvement!

> 5A domlnated by NP running 0.2 — 70 GeV

> Halvmg 5A% by brute force is CPU expensive
Key observations

» P, ¢(M/A) has small PT and NP corrections for M /A 2 5

> A%) is M-independent = same for QCD y, with any M

> LQCD can access QCD y, with any M

Master equation 1.0 (ALPHA Collab. 20, '22)
(0) A(S) 2
MS _ |°°P)( 1/ A (3)) MS +O(a”71)+O(A—)
0 3 * 2
Shan M s (M) M

» Compute A< /5}(]ad in pure Yang-Mills

(mP"= ) and set 82, (mP™%) = S [MeV]

u,d,s w,d,s

» Determine Sl(‘ill( )/S<3)

had

» Extrapolate for M — oo



Non-perturbative renormalization by decoupling

Is this feasible?

L'« Sﬁi)d(mphys,) ~Aqop <K M < a”

w,d,s

Example

L/a=100 m.L~4 = a '~3GeV = M~ O(1)GeV

Decoupling in a finite volume

» Decoupling scale

(3)(;182) =03 = udec =L} ~1GeV

» Massive coupling

def.
o5 (iee) = @0 (tgees M) = i =

Mdec
Master formula 2.0
(0) (3)

(0) MS (3)
Haec dec

» Determine ag)( (5)C M) with L7}

dec

(3)
Haec

=) AL
MS _ Rg;r;-loop) (]W/A(S) ) MS + O( n— 1) + 0 (:u’dcc

+ O(piec/M?)

M?

)

= fdec K M < (1_1

Lgec/a = 50 fdec ~ 1GeV = M ~ O(10) GeV

(0)

> Compute ADL/u() = (AL /A )08 (0

0
)

(ALPHA Collab. 18, '22)



Lattice set-up and parameters

Action

N¢ = 3 O(a)-improved Wilson quarks and LW gauge action
Finite-volume coupling(s)

(Luscher "10; Fodor et al. 12; Fritzsch, Ramos "13; ALPHA Collab. 16, 22)
2
5 (t° Esp(t, )09 ,0)sF
gGr (1) o

(00,0)sF

zo=T/2,c=v8t/L

Eep(t,x) = tr{Gri(t, )Gt )}
pu=L—1,T=L,M=0
RGI quark mass

M
M = Zm(38) g = | = | Z55 (38, aptace) 7 = M/ ec
M (o) Mg (mSF(Hdec)> m (90; Apidec) g 2= M/pa
Line of constant physics (LCP)

(ALPHA Collab. "18)

(ALPHA Collab. 17, 18)
> [gin(paec)]? = 3.95 =  (33,L/a) =  pdec = 789(15) MeV
> 2 =24,...,12 = g = M=~15,...,95GeV
O(a)-improved parameters

(Luscher et al. "96)
~2 2 2 =2
o = 9o (1 + bg(g5)amq) Jo = const. = a = const.

Mg = mq(1+ bm(gg)amQ) Mq = Mo — Mer



Lattice set-up and parameters

Action

N¢ = 3 O(a)-improved Wilson quarks and LW gauge action

Finite-volume coupling(s) (Liischer "10: Fodor et al. "2 Fritzsch, Ramos '13; ALPHA Collab. ‘6, ‘22)

2 mOZT/Q,c:JST/L
géFT(M,M) x (t"Esp(t,7)dq,0)sF

(00,0)sF

Esp (t, a:) = tr{le (t, m)le(t, ]J)}

pu=L~1 T=2L M=zp

RGI quark mass

(ALPHA Collab. "18)

N M - -
M = ZM(gS)mq = (W>Z§F(g?n fldec) Mg z = M/pdec

Line of constant physics (LCP)

(ALPHA Collab. 17, "18)

> [Gen(Haee)]? = 3.95 = (3,L/a) = jdec = 789(15) MeV

> 2=24,...,12 = g = M=~15,...,95GeV

O(a)-improved parameters (Lischer et al. 96)

gg = g(z](l + bg(gg)amq) §(2, =const. = a = const.

Mg = mq(1+ bm(gg)amQ) Mq = Mo — Mer



Results for b, from HYP-smeared Creutz ratios

0.0005 1

0.0000 #eRdof--f-mmmmmmmmmpm oo

— bS]

(o

o0

= —0.0005

a/L[b

—0.00101

0.000  0.002  0.004  0.006
(a/L)?

o= (E(t) X =—R0rrlog(W(R,T))|r=r-r1/4
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