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http://pdg.lbl.gov/2015/reviews/rpp2015-rev-qcd.pdf
https://arxiv.org/abs/1607.00299
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strong coupling constant

as(p) = gs(u)?/(4n) is scale (1) and scheme (S) dependent

Qu) = cras(p) + c2as(p)® + ... 4+ O(&™) + O (exp (—7/axs))

lattice approach:

v design short-distance Euclidean observables Q, UV/IR safe
v/ compute them by Monte Carlo simulations

X truncation of perturbative expansion
X systematic errors in the lattice computations
X number of quarks
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a problem of scales

e Q(u) = limg—0 Q(p, a), deal with lattice artefacts

match perturbative expansion: large 1 or small e = Q/cy

hadron mass/intermediate scales (\/tg, wo, 7o, 71)

e au, ro/a (amp) need to be measured on the same lattices

ro<L, p<Lal = u<<(L/a)><r0_1:5—20GeV
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lattice path integrals

7 = / DUDYD) ¢ SW-9U]

() la S = Z Y(z) D(z,y; U)¥(y) + S4[U]

x,yeN

only inputs: amy, g

Uz, p)

ro < L, ;L<<CL_1
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three examples

o Wilson lines nracoio
e current correlators Hpacpi4a)

e step scaling & gradient flow (aLrrate)

L Del Debbio Precision lattice QCD Quy-Nhon, September 2016 7126


http://arxiv.org/abs/1004.4285
http://arxiv.org/abs/1408.4169
https://arxiv.org/abs/1607.06423

wilson lines

meacoto)  Simulations with ny =2 + 1 BR — Q oC = O

Y; = log(Re Tr P exp —i?{ dzt'A,) =Y (ai, (amg)s, ao, y,%), Cns d)
C

10
(1 + yfn)(Zaml + ams)z) Z cnay(d/a;)"
n=1,23,...
1
a; = (ri/a); (1 + Tla (a/rl) + 7"( )(2T1ml)i)

ag = ayg(e =5 GeV,ny = 3)
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http://arxiv.org/abs/1004.4285

bayesian fitting

=3 [YZ -Y (ai’ (amizi’ 04073/’(7}0,%65)}2 + zf:%cg

7 i

prior for the fit parameters

A2
=y =9
¢

2
T¢

conservative choices, but difficult to judge the impact of the priors
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error budget and results
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Collaboration Ref. Ny R & I ¥ scale Ass[MeV]  roAgs
HPQCD 10°¢ 0] 241 A r1=0.3133(23) fm  340(9) 0.812(22)
HPQCD 08A® [613] 2+1 A 321(5) fm'T  338(12)* 0.809(29)
Maltman 08 [63] 2+1 A r1 = 0.318 fm 352(17)" 0.841(40)
HPQCD 05A° [612] 2+1 A rtt 319(17)** 0.763(42)
logWii  logWia  logWaz  logWuWa /Wi logWiz/ul  log Waa/u§  onat/Wni
C1..C3 0.1% 0.1% 0.1% 3% 0.1% 0.1% 0.1%
en forn>4 0.2 0.3 0.: 0.3 0.4 0.3
arng, rymy, extrapolation 0.1 0.1 0.0 0.1 0.1 0.1 0.0
(a/r1)? extrapolation 0.2 0.3 0.4 0.3 02 0.2 0.0
(r1/a)i errors 0.4 0.4 0.4 0.3 0.3 0.3 0.3
T1 errors 0.3 0.3 0.3 0.3 0.3 0.3 03
gluon condensate 0.1 0.1 0.1 0.2 0.1 0.1 0.1
statistical errors 0.0 0.0 0.0 0.1 0.0 0.0 0.0
V — MS — Mz 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Total 0.6% 0.6% 0.7% 0.7% 0.6% 0.6% 0.5%

lattice artefacts / poor convergence of pert th

o) (Mz) = 0.1184(6)
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moments of correlators

[HPQCD14A] simulations withny =2 +1+1

o =3 @fa ()
= a3 Z amOh (J5(x,t)45(0)) , 35 = Yrystn

reduced moments

GG, n=4

e (0ua?) s

forn > 4, R, are UV finite — lim,_,o R,
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http://arxiv.org/abs/1408.4169

perturbative expression

ry (o, 1) X [1 + dy (o, 1) <‘z‘§gi§f> +.. } , n=4

R, —

% x [1+dn(am,u) ot +} , n>6

rn, dn known in pert th to NNLO, LO respectively

(aMS’ =1+ Z rnj (1) oyrs (K
= 3mp ()
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fitting form

o= 1 n=14
" 1/ &mme(€ap) n>6

<045G2/7T> h mgh - m%
1+d,———— 14 dhe—20 ¢
( + (2mh)4 X + a, 5 +

} x 1 (ogs(8ai), 1) X

amn>2 ' (amn>2i
(2.26 Z ci(mn: 1) \ 556

(2

me (), oagzg(1) obtained using RG evolution as functions of

ays(5 GeV,ny = 4) = ag

me(5 GeV,ny =4) = mg
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error budget and results

s &
F & F F
F§&Fs
§ § 8§ 8
Collaboration Ref. Ny I ¢ ] S scale Ays[MeV]  roAyg
HPQCD 14A  [5] 2+1+41 A wo = 0.1715(9) fm®  204(11)*  0.703(26)
HPQCD 10 [0]  2+1 A r1=0.3133(23) fim'  338(10)* 0.800(25)
HPQCD 0SB [152]  2+1 A = m m o —0321(5) fm' 395(18)F  0.777(42)

me(3) ogs(Mz) me/ms my/me
0

20)

Perturbation theory 0.3 05 0 00
Statistical errors 0.2 02 03 03
2
a*—0 03 03 00 10 . )
Smi 0 02 01 00 00 Bayesian fit up to O (a
SmSt 50 03 0.1 00 00 Ao = Jeqfer ot
mn #me (Eq. (03) 0.1 0.1 00 00 @ = lca/CL]etf
Uncertainty in wo, wo/a 0.2 0.0 0.1 04
ap prior 0.0 0.1 00 00 ( )
Uncertainty in m,, 0.0 00 04 00 5 _
mp/me — mp/me 0.0 00 00 04 as (MZ) - 0‘ 1 1822(74)
dmy,: electromag., annih. 0.1 00 0.1 0.1

Oy, electromag., annih. 0.0 0.0 0.0 0.1
Total: 0.64%  0.63% 055% 1.20%
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schrddinger functional

1. Finite volume scheme =1/L, pa < 1= L/a>1

o(u) = 9L 1o,

step scaling: g(Lyaq)? — g(1)?, 1 =2F/Lyaa

2. compute in a large volume:

L
Lhad/a, To/a = < had)

To

Ly -1
()]
To

ro is the physical input that determines o

so that
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lattice step scaling

Y(u,a/L) = gGF(2L)2‘

m=0,u=gGF (L)2

T T T T T T . T
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beta function

Blg) = —%, P(g) = po +p1g° +p2g* + ...

o(u) dr
log2 = — / —
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po | 1 1l p (u Pnt1
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error budget and results

[1604.06193]

AP Ly = 0.0791(21) (2.7%)
[1607.06423]

Liaa/Lo = 21.86(42) (1.9%)
[next step]

computation of Ly,q in physical units (e.g. Lnaq/70)

— approx. 4% accuracy on A —— aim for percent accuracy

three independent methods all with percent accuracy
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http://arxiv.org/abs/1604.06193
http://arxiv.org/abs/1607.06423

light quark masses

o ETM14,n; =2+ 1+1

N N OM?
M?{O_M?{+:(md_mu) < K)’
om =g

e QCDSF/UKQCD15: ny = 3 + QED
M?(ab) = MG +...+Bolel+e5+e2)+Bi(e2+ep)+Baea—ep)* +. ..

e RM123 11, MILC09: ny = 2,2 + 1

(A = Afo) = (A% =A%) = e (M7 — M)
e PACS-CS12: ny = 2 + 1 reweighting
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light quark masses

e BMW16: ny = 2 + 1 full QCD + quenched QED computation
e =0.73(2)(5)(17)

[1604.07112]
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http://arxiv.org/abs/1604.07112

light quark summary

Collaboration M ma M /ma

MILC 14 [113]C —— 0.4482(48)(*+,2)(1)(165)
ETM 14 [4] A b 2.36(24) 5.03(26) 0.470(56)
QCDSF/UKQCD 15°  [165] P - 0.52(5)

PACS-CS 12* [143] A% ® ® 3% 4 257(26)(7) 3.68(29)(10) 0.698(51)

Laiho 11 [44] C —1.90(8)(21)(10) ~ 4.73(9)(27)(24)  0.401(13)(45)
HPQCD 10* o] A —2.01(14) 4.77(15)

BMW 104, 10B+ [7.8] A b 2.15(03)(10) 4.79(07)(12) 0.448(06)(29)
Blum 10t [103JAC = —2.24(10)(34) 4.65(15)(32) 0.4818(96) (860)
MILC 09A (6] C — 1.96(0)(6)(10)(12) 4.53(1)(8)(23)(12) 0.432(1)(9)(0)(39)
MILC 09 89] A —LOO)(L)(1)()  46(0)(2)(2)(1)  0.42(0)(1)(0)(4)
kﬁi‘(ﬁ/‘?l’(&%{ﬁ/ Hm A LT 390D 0430)(1)(0)(8)
RM123 13 [16] A ¢ 2.40(15)(17) 1.80 (15)(17) 0.50(2)(3)

RM123 119 [166] A ¢ 2.43(11)(23) 4.78(11)(23) 0.51(2)(4)

Diirr 117 [132] A — —2.18(6)(11) 4.87(14)(16)

RBC 07" [105]Am = —3.02(27)(19) 5.49(20)(34) 0.550(31)

BMW :

L Del Debbio

My = 2.27(6)(5)(4) MeV |

ma = 4.67(6)(5)(4) MeV
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charm quark

Two complementary methods:

e mass of hadrons vs quark mass

Mpaa(ame) = M2 = amP™ = m.(m,)

¢ moments method described above

e choice of the heavy quark action
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charm summary

Collaboration Ref. Ny e (Me) (3 GeV)
HPQCD 14A  [5] 2+1+1 A —  1.2715(95) 0.9851(63)
ETM 4A  [175] 2+1+1 A 1.3478(27)(195) 1.0557(22)(153)
ETM 14 4 24141 A 1.348(46) 1.058(35)
JLQCD 15B [173]  2+1 c — 1.2769(21)(89) 0.9948(16)(69)
YQCD 14 [17]  2+1 A 1.304(5)(20) 1.006(5)(22)
HPQCD 10 [9]  2+1 A — 1.273(6) 0.986(6)
HPQCD 08B [152]  2+1 A — 1.268(9) 0.986(10)
ALPHA 13B [176] 2 c 1.274(36) 0.976(28)
ETM 1IF  [174] c — 1.279(12)/1.206(18)"  0.979(09)/0.998(14)*
ETM 10B  [11] 2 A 1.28(4) 1.03(4)

PDG (151] 1.275(25)
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b quark

problem fitting the different scales on current lattices, am; ~ 1

static action

HISC relativistic action

NRQCD effective description

relativistic heavy quark action

lattice HQET
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b quark summary

FIAG2016 M (M )
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outlook

FIAG2016 Xs
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PDG nonlattice average
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subpercent accuracy on «ay - ILC EW fit

impact on N3LO calculations

taming of lattice systematic errors

me, my at the percent level

more results will become available: better understanding of syst err
aggressive/conservative analyses
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