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INTRODUCTION STEP SCALING DECOUPLING OF HEAVY QUARKS NEW RESULTS ConcLusions

THE PROBLEM: SUMMARY ON A DIFFICULT MULTI-SCAE PROBLEM

0(Q) “X%as(Q) + ZCna (Q + 0 (Q) +0 (gi)
=2

,{ Difficulties in extracting as “solved” by using large Q } N

» Difficult to compute (NP physics is difficult!)
» Difficult to estimate (i.e. scale variation might fail)

» PT errors decrease very slowly (i.e. (Q) runs logarithmically) = One needs large scales

,{ Problem in using large Q } N

» Experimental sensitivity to as is small at large Q = precision requires a “low energy” scale
» In most lattice simulations 1Q € 1 = Q < 4 GeV

\. J

4 Real challenge: Have determinations with errors dominated by statistics } N

» Clear meaning of error bars!

» Keep high statistical precision... While removing all systematic related with PT at low energies .
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THE STRENGTH OF YM

1 1
r T
4 Non-perturbative couplings } \ Convenient scales }
» This defines the “potential scheme” i.e. the TRENTO scale

372 0roo agq(pTRENTO) = 12.34/(47)
ag(Q) = ——F(r)| ~op(@)
4 =il (NOTE: Many lattice scales are basically this!:

> The window problem: 10, o, Wo, 715 - - )

1)L« Q<K 1/a
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THE soLUTION: FINITE VOLUME RENORMALIZATION SCHEMES [LscuEr, WEisz, WoLFF '91]

Q/_\q _
= O =

N
T —
p— —
L
Fix QL = constant } Step scaling function }
» Coupling a(Q) depends on no other scale but L » How much changes o(Q) if Q — Q/2?
» Small L = small a(L)
» 1Q < leasy: L/a ~ 10 — 40 o) = o(Q/2) a(Q)=u

» 1/Lis aIR cutoff = simulate directly m; = 0 » Simply change L/a — 2L/a!

[ We need dedicated simulations of the femto-universe ]
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ExaMPLE: MASSLESS RUNNING IN Ny = 3 QCD [arrra 7]

» Determine lattice version of SSF

S(u, L/a) = a(Q/2)]

(Q)=u,fixedL/a

Use 8 — 16,12 — 24, 16 — 32 at fixed (go, amyp)

» Continuum limit

= lim X(u,L/a).
o(u) s (u,L/a)

» Use to determine S-function

o(u)
log(2) = /u %

A Gradient flow scheme [P. Fritzsch, AR "13; Phys.Rev.D 95 (2017) }—\

S(u,L/a)/u
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ExaMPLE: MASSLESS RUNNING IN Ny = 3 QCD [arrra 7]

» We can determine ratio of scales

aGF(#had) = 0.9 } Hhad
= 3.988(45)].
QGF (Mdec) =0.314 Hdec ( )

» We can match schemes
asp(po) = 0.16 => agr(u/2) = 0.2127(5)

» Using PT for Q € [100 GeV, oo] we get as

®
e _

Hhad

» Most of the uncertainty:
NP running from po — 100 GeV

~ My ~ M, Jihad & 200MeV (
A A
= T T T =5 0
1-loop —-—-
= 2-loop — — -
S Schrodinger Functional s - —0.5
AN radient Flow
S =4 -1
N
N N
AN N 4 -15
0 N
S
- -2
— _ N
g 0.05 N
-0.1 AN -4 —25
\
—0.15 N 4 3
\
—0.2
AN 4 -35
N -0.25 N
| Cc\‘abcvalmr | | | | -~ _ 74
0.08 0.1 0.120.140.160.18 0.2
1 1 1 1 1 —45 L
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How 10 tMPROVE?

1. Better ways to reduce statistical uncertainties than using more machines?

2. as relying only on one computation/method?
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USING HEAVY QUARKS AND DECOUPLING

~M ~ fldec ad = 200MeV (
A 5 e Hhad X Oe » Match non-perturbatively Ny = 3 QCD with
- ‘ ‘ "oop —-—- | N¢ = 0 using three heavy quarks M > A
21oop — — -
Schrédinger Functit;)x?al.:i o 05
radient Flow QGF (/J'dec) = 0.314
J M— 0
! QGF (,u‘dem M) > aép} (:u'dec)
- —15 )
, > Get Am in units of pigec
< 1 (0)
= 4 —25 Mg
4 -3 Hdec
N\
AN 1 _35 » Using PT to cross the three quark thresholds
LPHA . \
Callaborglion ‘ N | —08 4 4 A@ AQ
02 025 03 035 ’ ‘ ‘ _MS _ jim % .
—4.5 M—oco X
0 0.2 0.4 0.6 05 1 Hdec Hdec
o » Most of the uncertainty:
Pure gauge
\
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3M: A UNIVERSE WITH THREE HEAVY DEGENERATE QUARKS (M > A)

,{ Alice uses fundamental theory } N

- 1 9 -
Stund[Aps> ¥, Y] = /d4x {_ZgﬂTr (FuvFuv) +Z¢1‘('YMDM +M)¢’i}
i=1

\. J

,{ Bob uses effective theory } N\

L 1
Seff[Au] = T2 /d4x {Tr (FuwFpuv)} + V2 Zwk/d‘lxﬁlgs) T oo
eff P
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3M: A UNIVERSE WITH THREE HEAVY DEGENERATE QUARKS (M > A)

\.

,{ Alice uses fundamental theory }

- 1 9 -
Stund[Aps> ¥, Y] = /d4x {—%Tr (FuvFuv) +Z¢1‘('YMDM +M)’¢’i}

=il

\.

,{ Bob uses effective theory ‘

]

1 1
Seff[Au]:—?/d‘lx (T (PP} 1 o bz .
eff

4 Decoupling

» Dimensionless “low energy quantities” v/t /7o, wo/+/8to, ro/Wp, - . . from effective theory

pM) _pst s
fund  eff +0 M2
By (M) pg M
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RENORMALIZATION IN 3M BOB DETERMINES THE STRONG COUPLING

_bh 1 g
As 52 e /g () 1 1 b
— = 1b 0 2bp3= (1) — d i e .
m [ 08 (u)] e exp ; 3 © + b B
» Determine non-perturbatively the 5-function in the effective (Ny = 0) theory.

> Integral up to 3V (s, ) = value gives (exactly known):

(0) 0 (0)
AW As( ) AW

Maee  Maec AL
> Match across quark threshold to convert to AC) (using perturbation theory)

3) (0)
AL Am

MS _ >< 1 )
e  HMgec  P(A/M)
4 But what is 11, .? What about A /M ? } ,
Bob needs input from the “real” world (and help from Alice!)

A
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BoB AND ALICE DETERMINATION OF THE STRONG COUPLING

~

» Alice fixes one scale in a massive scheme:
o(pdec, M) = value.
» Decoupling: since M > A
Upidec: M) = o (hee) + O(1/M?) > pgec = e + O(1/M?)

» Therefore © o
AL AL 2
MS _ }ws « i + O(a*(m*)) + O </"de;c>
Hdec Hdec (A( )/M) M

is an implicit equation for A( / Hdec (note: A(3) /M A / Hdec X tdec/M)

» We need:
» Running in pure gauge: A© / Blec
» A scale in a world with degenerate massive quarks: jtqe. (determined by Alice!)

\.

[ We do not live in 3M, but we can simulate it!
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OUuR seTuP: CHOICES OPTIMIZED TO BE ABLE TO SIMULATE HEAVY QUARKS
A8 AQ 2
D
V= W o 4 Ot m) + 0 (BEe) o S
Hdec Hdec P (ZAM;S/'“‘deC)
p

» Work in finite volume T x L3 with Dirichlet bes. in time (SF). (1 ~ 1/L): “Only” two scales
» Use Gradient Flow couplings

52 —1 2
= L) t*(E(t .
P =N/ AEO) o
> Fix 22(ftdec)| N3 M0 T—L = 3.95. This defines pigec
» Small volume => We can simulate heavy quarks (i.e. 2 ~ 30 — 50 GeV 1)

» Matching condition ({Nf = 3, M} <> {N; = 0}) between massive scheme and effective theory

52 — A
8" (Hdec(M)) Ny=3,M,T=2L = 3°(Kdec) Ne=0,T=2L "
Matching: QCD in a finite volume!

» Convenient variable: z = M/ igec
.
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Our seTtur: CHOICES OPTIMIZED TO BE ABLE TO SIMULATE HEAVY QUARKS

S = WS 4 O(at () + 0 (BE) + 0 <1\22>
Hdec Higee P (ZAI\;TS/'“deC)
,{ We only need to fill in a table! } N
M/:U'dec(M) gg AO® /)U‘ref AS?
1.972 = = =
4 - - -
6 - - -
8 - - -
10 - - -
12 - - -
» Difficult contin trapolations to determine g2 = g2 M
ifficult continuum extrapolations to determine g7 = 3°(igec(M)) N
» Use combined Heavy-Quark / Symanzik effective theories.
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THE CONTINUUM EXTRAPOLATION OF MASSIVE COUPLINGS

,{ Quaderatic dependence on lattice spacing () via apgec. and aM } N

For large enough masses, effective theory applies:
§(z1,0) = Ci +prla@ )] (@pgec)® + pala@ ] (@M.

» Continuum values (our target quantity)

» Mass independent cutoff effects

» Mass dependent cutoff effects

» Loop corrections in effective theory: —1 < I'<1and -1/9<17<1

\. J

4 Additional assumptions about O(aM) effects } N

Partial knowledge based on PT: Propagate difference between last known orders as additional uncertainty

» Schrodinger functional boundaries: Small (negligible to our level of precision). Explicit computation.
» Quark mass improvement: by, ba, bp, . ... Very small effect.

» Improved bare coupling: be. Large effect at large masses (comparable to statistical uncertainties).
Decreases as aM — 0.
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THE CONTINUUM EXTRAPOLATION OF MASSIVE COUPLINGS

°z =1.972 525} o oz =1.972
5.0F 5 o 2 =40 s o z =40
e z=0.0 o 2=6.0 |o
o z =R.0 5.00F 5 o 2 =8.0
4.81 oz =10.0 /;{1 e 0z =10.0
. 02 =120 /{1/‘ 0z =120
S 4.75¢ °
) o - /
450} /
4.4r . [— —
1l . . s S s .
3000 0,001 0.002 0.003 0.004 0.005 0.006 0.000 0.001 0.002 0.003 0.004 0.005 0.006
(a/L)? (a/L)

Previous determination [ALPHA 23] NP determination of by [ALPHA "24]

bélflo"f’ » Precise of continuum values
» Subdominant effect in a5
» But removes largest systematic!

» Most error: estimate of by —
» This is a systematic!
» Still: Error in g?(u, M) subdominant
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TuE M — 00 LIMIT
A® = A® 1 Bl
eff — 72 w3 0525 |-
» Approach M — oo with various I'y,
0.500
» Discard z = 1.972,4 3 {
<
@E 0475 |-
s
-
0.450 [
0.425
D.l‘]ﬂ 0.‘05 0. ‘10 0. ‘15 D,‘?D D.‘25
(Haoc/M)?
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IMPROVED RUNNING AT LOW SCALES

Y(u, L/a)/u

2.00

il
i

@ Old Data

175 |

////
(u, L/a)/

|
|

I I I I I I I
0.000 0.005 0.010 0.015 0.000 0.005 0.010 0.015

@ Old Data
©New Data

(a/L)? (a/L)?
Phad _ 3 988(45) = “had _ 3 998(30) .
Hdec Hdec
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CONVERSION TO PHYSICAL UNITS

A Determination of ppag } \ e
'QCDI3A - f:2+1+1
> Use as intermediate scale et = 1/4/85 in fm et
» Use all scales entering FLAG average :::: ,,,,,,,,,,,,,,,,,,,,,,,,,
» Use conservative average csl }
q e
—— = 486.6(6.1), Mev conl
m RBC/UKQCDI4B |
\/tg X prad = 0.4119(31), e —
Mhad = 200.4(2.9) MeV
~ J

Serious discrepancies between individual computation }

» Subdominant in o5 but crucial for LQCD (i.e. g — 2)
» Needs serious discussion/clarification
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FINAL RESULTS FOR 5

3
A8 = ! x(\/;xud )XAI(\/I%
ec
0 n

Ms \/T: dec

QCD: B x A = 0712(22)
Decoupling: /5 x ASX = 0.703(18)

3
Average:  \/tF x A%: 0.706(15) .

» Result in physical units (PRELIMINARY)
G _
Age = 343.7(83)

» Crossing c, b thresholds
as(mz) = 0.11871(56) , [0.47%] .
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FINAL RESULTS FOR 5

This work
ALPHA 23
ALPHA ’17

FLAG 21

HPQCD 10
HPQCD 14A
Maltman 08

Avyala 20
PAC%—CS 09A

|
0.115

0.119

1
0.12

?
0.121

0.122
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CONCLUSIONS AND DISCUSSION

A Precise and accurate determination of as ‘

\

>
>

Non perturbative running from 200 MeV to m

“High” energy running (2 GeV - mz) done in two independent ways:
> QCD
» Pure gauge

Decoupling used to match theories

Average result conservative and precise
as(mz) = 0.11871(56) , [0.47%)] .

Most error from non-perturbative running 4 GeV - mz

Errors dominated by statistics: meaningful o'
Improvements?

P Better pure gauge running
P Better scale
P Isospin breaking corrections if one wants serious improvement
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CONCLUSIONS AND DISCUSSION

[ MANY THANKS )
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