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Motivation 1

B-physics still is a possible window for new physics
* much non-perturbative theory (= lattice QCD) is needed
e is it always understood to the level that is claimed?

e reason to doubt

1
m, > AL =— when AX=— < m,
5GeV ) ~ ’
1.5GeV...4GeV 4
L o
— | = # points limited
a
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Motivation 2

EFT can provide unexpected help to “solve” fundamental
theory

 a, from decoupling
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Lattice for EFTs, EFTs for the lattice, and EFT on the lattice

_(NiE)

Table 1.2 Examples for the interplay of EFT and lattice QCD. Special considerations RS: Les Houches

beyond E < a~ ' are marked in the last double-column.

Lect.Notes 108 (2020)

applicability range

role EFT of EFT of lattice QCD
1. Lattice for EF'T
determine LEC’s Chiral PT low energy QCD

2. EFT for Lattice

discretisation effects

finite volume effects

quark mass effects

Symanzik EFT

(Dot KON

\}J‘\J\Jo. _:._.,u,.s./

Chiral PT [3,4]
Chiral PT [5]

Heavy Meson
Chiral PT [6-8]

E < al

L_l < My, AQCD

My, Mg <K AQCD

my > AQCD mp < a1

My, Mg <K AQCD

combined effects HMrsChPT [9]  my,mq < Aqep

myp > AQCD, mp < a !
3. EFT on the Lattice
NP EFT QCD®) E < me, my, my + Mmore e.g.
N boundary

P EFT HQET E, AQCD < My effects

NP EFT NRQCD F, Agep < a™t < me, my
NP EFT Nuclear EFT

see the literature
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EFTs beyond perturbation theory

a bit of formalism

Z1.0

(I)LO _ <O>LO _ _1 / e_SLOO7 SLO — /d4£1?o§fLo(96),
fields

1 —_—

Lo(r) =Y w09 ), [0/°1<4 W] >0,

O = p()e(y) as in any fundamental QFT

h

gNLO:ijﬁJW wj:de)j7 Ol =5, |w;]=0,
J

Oer = Oro +Onro + ... .
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EFTs beyond perturbation theory

At NLO in 1/m
Ao =) w0, wi= o=@y, [0j]=5, [0]=0,
Oer = OLo + Onro + - - - -

part of the definition of the EFT is

e__SSO e — _SLO{l — SNLO L

d = <O> _ fﬁelds
fﬁelds €
which yields

OO = (010
dT© = (ONO) o — (<OLOSNLO>LO —{0")10 <SNLO>LO)

higher order corrections as insertions into correlators
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EFTs beyond perturbation theory

(I)eNﬂPO _ <ONLO>LO o (<OLOSNLO>LQ o <OLO>LO <SNLO>LO)

higher order corrections as insertions into correlators

=> renormalizable
also non-perturbatively (in coupling expansion)

why?

OPE + renormalization of local fields + renormalizability of LO theory
(different when the LO theory is not renormalizable, e.g. NRQCD)

note that for the lattice theory:

renormalizability <—> existence of continuum limit
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Renormalization and matching at LO in 1/m

Example: HQET: b-valence quark —> h(eavy)

Q?LO — gStat — l/_fh(DO + m)l//h static
h-light axial current

ASB = yorsy A= (0]Ay0) | B)
no chiral symmetry for h —> renormalization, AD for Agtat

renormalize + match to QCD
ﬂQCD(mb) — Cmatch(mba lu) X % Stat(lu)

renormalization group improvement, pass to renormalization group invariant

%RGI . .
% = , 5) = [2b _2 1~ %o/2by X . x[yx _ 70 ]
e M P{ L[ e
1+0(2%)
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Renormalization and matching at LO in 1/m

renormalize + match to QCD
M QCD(mb) = Cracn(my, 1) X M M)

renormalization group improvement, pass to renormalization group invariant

RGI 2 0
) 7) = [26,32] 7 exp d — x[yx _ N ]
P(§(w) v = L] e p{ L po)  box

1+0(8%)

M (1) =

In perturbation theory

ML (my) = [§2m)V {1+ O (my)) | X MR
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Beyond LO in 1/m

renormalize + match to QCD in perturbation theory at LO in EFT
M (my) = (g (my) {1+ O@(my)) } x MR

perturbative uncertainty
O([&%(1my,)]*1°°P)

This is not good enough if NLO accuracy is desired :

AQCD

ny,

pert. errors = [gz(mb)]#loopS >

for my;, > Agcp

iInstead need to perform renormalization and matching non-perturbatively
(on the lattice)

in fact: even more severe reasons:

2

power-law divergences ~ g_k . for N\LO EFT
a
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Beyond LO in 1/m

more precisely the requirement is:

D = (I)LO + (I)NLO

NP perturbative renormalization
+ matching

perturbative renormalization+matching is okay (with perturbative errors)
for the highest EFT-order correction

everything else needs to be done non-perturbatively (NP)

PT is useful for the highest EFT-order, in particular, to estimate the size of a
small higher order EFT term

JWMNI& Rainer Sommer | IFT Madrid | Xmas22




Non-perturbative HQET

Beautiful strategy

[Heitger, S., Heitger:2003nj] QCD HQET
Ly L1 Lo Lo Loo
Unfortunately very few § 5 w
phenomenological X | 4
applications |
ALPHA
Collaboration
ma:tch SSF
S S Sy S S

But there is a twist to it:

combine HQET step scaling functions with relativistic ones
to obtain a stabilized mass-dependence in the full range
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Non-perturbative HQET + QCD

Combine HQET S o - T
step scaling functions P S
with relativistic ones * i
to obtain a stabilized mass-dependence

[Guazzini, S., Tantalo; Guazzini:2007ja] s 5 s

| I: | | ! | | | I: | | | | | —l | I:I | | | | I: | | | | =

1.1 [ I § 014 Oy ' g
i 112 — ~
1.05 [ 1 4 F .
- 108 [ ~
1 — ] X, X, X il

i 10.6 [ : 7

i ; ; ; ] B l Gf(x’Ll) ]

= X5 X X . - — —— o o e 7]

I I2I: | | :I Il | | I:| (: | | | I 0'4 _I | | | | l| | | | | I | | | | I_

0 0.05 0.1 0.15 0 0.05 0.1 0.15

X = 1/(Lmpg(L)) = 1/(Lmy) X
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Non-perturbative HQET + QCD

5 = Mpg(2L) 112 F

mPS(L) | I : : i
| ] _‘N § "
/: : 0.8 F I(xL) -
static Tos L % % X, -

approx L é 1 F olxLy)
L X, L X, L X, _ [ o e o i
I | I: | | :I | | | I:I | | | | I 0'4 _I | | | | EI | | | | I | | | | I—
0 0.05 0.1 0.15 0 0.05 0.1 0.15

Presently revival with
- three dynamical quarks
- a twist in the quark-mass term
- a generalization to allow for form-factors such as B — #£v

stay tuned
[A. Conigli, J. Frison, P. Fritsch, J. Heitger, G. Herdoiza, S. Kuberski, C. Pena, H. Simma, R.S.]
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A radical switch ...

to a project with a phenomenologically relevant result

Ol (mz) — 0.1 1823(69) (42)bg (QO)Fm (6)3—>5,PT (7)3—>5,NP
— -

[M.DallaBrida,R.Hoellwieser,F.~Knechtli, T.Korzec,A.Ramos,S.Sint,R.S., 2022]

- try to explain some of the EFT (fun) aspects
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Decoupling of heavy quarks

cD ‘with N¢ quarks (6 in Nature)
N, light (neglect mass (uninteresting)),
Nf — Nf heavy, RGI| mass M

For energy scales far below M: EFT {1

NLO

renormalization + matching at LO: g% < g%, or A & A,

reminder:
Ag=po&w),  dlduA;=0

8
_ N 2 )
o8, = (bog?) bi/(2by) @=1/(20983) + exp | — [d
0

1 1 b
X + - -
px)  byx>  bix
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How large are 1/M? corrections?

Avoid A; <> A relation for this question

Any physical (1 -independent) mass-scale &', in particular a particle mass
satisfies
Spi =k, mass-less EFT, LO ([k] = 0)

and

For ratios the /\ - dependence drops out

Sei h(MIA) k&
i SMIAY =21+ O(A2/M?)

Si; BMIA)  k

we tested this for N; =2 — N, = 0 (QCD-like toy model)
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Decoupling: How large are 1/M? corrections?

CS)f,i
St

for N; =

0.99 [

0.98

0.04 |

0.93

h(M) k
=—=—+40

(M) K
2—>Nf=0

continuum limits

(A%/Mz) , use &; = gradient flow scales because of

excellent precision

mass behavior

o0 M, M,)2 M, /4
0.99 |
[ '
0.8 F =X
[ 'l
g
é 0.97 : .
g : \ > \\\
£ 0.96 . R
E 1 N \\\\\ /.
< 1 ~o N \/'\
%0.95 : ‘é\ S
\
1 \\ ]
i 1 N
0.94 i .
Tiny effects af
1 __the charm mass
0 0.2 0.4 0.6 08
AJM

[Bruno, Finkenrath, Knechtli,
Leder, S., Bruno:2014ufa]

[Knechtli, Korzec, Leder, Moir,
Knechtli:2017xgy]
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Decoupling: relation of A parameters

Decoupling relation

more precisely need to first specify the units (scale)

Af . Pog Af
L = PS(MIA;) X
Sy ’ S'¢(M)

scales & can be dropped because —— = = — 4+ O(A“/M?)

Sp; hMIN) Tk

SO
P;f (MINy) = sz,f: (MIAg) X (1 +O(AF/M?))

observations

» (x) is valid at LO in the EFT

» /A, inherits a mass-dependence from (x)
L large (external) mass beyond the reach of QCD,



Decoupling: relation of A parameters

AN,=P f,f(M IND N, A= polg(p))

8
_ s N 2 _ =2
2.2.) = (b)) e V2hE) ¢ exp d — Jd
0

1 1 b
X + — a
[ Px)  byx3 ng]
yields ) J
P8/(1))

P, (M/A\;) =
s M) 0(& (1))

insert perturbative relation of couplings
g(w) = C(gemy)) gi(m,), My = fygs(m,)
in MS scheme:  C(x) = 1 + c,x* 4+ c3x® + ¢ x+ ...,

[Bernreuther:1981sg,Grozin:2011nk,Chetyrkin:2005ia,Schroder:2005hy,Kniehl:2006bg,Gerlach:2018hen]
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Decoupling: relation of A parameters

P C(g 1))
p(&e(1))

fantastic asymptotic convergence in MS scheme: use C from
[Bernreuther:1981sg,Grozin:2011nk,Chetyrkin:2005ia,Schroder:2005hy,Kniehl:2006bg,Gerlach:2018hen]

and 5-loop beta-function

1.4 ‘ |
example: Me/A ) | Me/A
1.3 ] 1 0040 | |
decoupling s
L e
of charm 1.2} 18 || e
= 002 --- 2 loop
1.1 — "Lloop" || £ S N PN 3 loop
| ---4 loop 3 v -----4 loop
—— 5 loop & —— 5 loop
]. ‘ ‘ ‘ | \ T
10 20 30 40 OO 10 20 30 40
M/A M/A

» NP “corrections” have been studied and are small as well
[A.Athenodorou,J.Finkenrath,F.~Knechtli, T.Korzec,B.Leder,M.Marinkovic,R.S., 2018]

» charm-mass dependence of proton mass Myroton = P(M/Ag) X const
can be computed in PT. It is very weak.



Decoupling as a tool: determination of QCD /A parameter(s)

» pure gauge theory A, = A known in terms of GF scale
[M. Dalla Brida & A. Ramos: DallaBrida:2019wur]

» decoupling relation relates it to Ay = A®) with 3 quarks in

terms
of the same GF scale in theory with
3 artificially heavy quarks

JW‘NI& Rainer Sommer | IFT Madrid | Xmas22




Decoupling as a tool

decoupling relation )
f
Mis  Mus

SSIM) | §7 2

P, (M/A )

it is practical to define the scale through a specific value of a non-
perturbatively defined running coupling N
M ]

S = Hdec > with [ngF(iudec’ M)]2 = Uy

rewrite

Mis M MsAe Ms
- = — C” (\ .
S Hdec AGF Hdec AéF o

introduce the function which relates the coupling in the full
theory with the massive quarks and the one with all massless ones:

Ung = ‘PM(MO’ Z) . with MO — [gGF(,Mdecao)]z » L= M//’tdec




Decoupling as a tool

decoupling relation now is

£
AM_S / Ai/I_S
p X Prylalp) = == 0[P ). o=
. g ) AGF T Hdec
High order PT YM -
° 1-Ip exact fult 2= M/ugy..



Decoupling as a tool

decoupling relation

AL AL
MS £ MS
p X Pyylzlp) = ~7. Yo Yy(ug,2) ), p=
. g ) GF “ Hdec
High order PT YM full M/
1-Ip exact T = M/l Ugec
Electric — SF  wwm 2-loop oo Electric — SF o Magnetic — SF  mm=m
Magnetic — SF 3-loop ----- 0.094 : : , : :
_0068 | | | | | |
0.092 | i
—0.07 F . 0.08 L ]
—0.072 . « 0.088 | -
> <
S —0.074 BT il
R < 0.084 -
—0.076
0.082
—0.078 . 0.08
_008 | | | | | | 0078 | | | | |
0.07 008 009 01 011 012 0.13 0.14 0 0.005  0.01  0.015 0.02 0025 0.03
a = g?/(4r) by

finite volume step scaling + ... [M. Dalla Brida & A. Ramos, DallaBrida:2019wur]



Decoupling as a tool

decoupling relation

£ i
M, - My
p X Ppyzlp) = —=  @gp \/ Yug,2) |, p=
X g ) AGF e Hdec
High order PT YM - -
° 1-Ip exact ful 2= M/ugy..

choice of GF-scheme + scale, géF(,udeC =2/L,M =0) = u, = 3.949,

as in HQET project (uy.. = 789(15)MeV  ZALPHA)

QcD i Collaboration HQET

L | L Lo Lo Lo

L/a | B K 9(2}1? BLcp

12 | 43030 0.1359947(18) 3.9461(41) | 4.3019(16) s
16 | 44662 0.1355985(9)  3.9475(61) | 4.4656(23)
20 | 4.6017 0.1352848(2)  3.9493(63) | 4.6018(24)
24 | 47165 0.1350181(20) 3.9492(64) | 4.7166(25)
32 1 49000 0.1345991(8)  3.949(11) | 4.9000(42)

40 | — - — 5.0497(41)
48 | — — - 5.1741(54)

»
»
.

ALrPHA

match SSF Collaboration

S1 ' So Ss Sy Ss



Decoupling as a tool

decoupling relation now is

p X Py(zlp) =
High order PT

1-lp exact z2 = M/ pye.

oz =1.972 oz =1.972
© o z =40 z =4.0
o 2z =0(.0 z =06.0
5 o 2z =8.0 2z =80 |=
o z =10.0 z =10.0
o o z =12.0 z =120 |s
D
5
4.2L » » » » 491 » » » » » »
0.0 0.1 0.2 0.3 0.4 .000, 0.001 0.002 0.003 0.004 0.005 0.006
(aM)? ! (/L)

L/a =48 L/ia=12



Determination of &,

decoupling relation

AN, Avrs
p X Ppzlp) = —= gk \/ Yulug,2) ),  p=
- g . AGF o Hdec
High order PT YM - i
J 1-Ip exact ful
solve for p at each 7
extrapolate to z = M/py.. — o +
% 400 |-
z }
<

350 |-

AL = 336(10)(6)s, (3)r,, MeV  +—

325 | | | | | |
0.00 0.05 0.10 0.15 0.20 0.25

— o




Sources of errors

o) il 9oy Ol (6) o

> uncertainty is very small

> many small uncertainties play a role and need to be
understood

~ EFTs help
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Discretization errors / the continuum limit

I
I

—_

DO

97
5.0f z =40 5.0t
z =6.0
4.8 2550 4.8
N 4 :120 NS
1> 1>
4.6 4.6
4.4+¢ 4.4 L
& ——
4.2k ‘ ‘ ‘ ‘ 4.?Of ‘ ‘ ‘ ‘ ‘ ‘
0.0 0.1 0.2 0.3 0.4 .000 0.001 0.002 0.003 0.004 0.005 0.006
(aM)? (a/L)?

SymEFT: expansionina ~ 1/my
symmetries: lattice symmetries

LO:CZO: 30=3YM

NNLO: a* %=, ) ttD,F, D,F,, + ...+, m> Y trF,F, +..

Uv Uv

0(4) violating
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Discretization errors / the continuum limit

a~1 lattice QCD

— M SymEFT L =Locp+a* L+ ..

LI =w, Y trD,F,D,F,, + ...+ oy M> Y rF,F, + ...

113% 173%
+com,2M2 yMy + ...

expand SymEFT (continuum EFT) in 1/M
1
— d decSym
— HMdec deCSym EFT =- 3QCD+W3260+612M290+G25£2 ma.
ggec = 0'1@1 + 0-2@2 ) g(zlecSym = 0)1@1 + 0)2@2 + 0)393

=) «D,F,DJF,,. P,= ) «DF,DF, . Dy= ) tDF,DF,
2%

pup pvp

GF modifies e.o.m. O(4) violating

=> [a(l/a)]fi [(I(M)]i] %(ﬂdec)

partial knowledge on I';, 2.,



Discretization errors / the continuum limit

crucial conclusion:
global continuum limit for several, large M

é’z(z}a a) = C;+ 1??1[OtM—s(a_1)]F(a,udec)zﬂ?z[OtM—s(a_1)]F'(61Mi)/2

4
P> P, common for all z,

2 =1.972 oz —1.972
2 =4.0 5.0t ° 2z =40
e 2 =6.0 e 2 =6.0
e z =8.0 e z =8.0
oz =10.0 4.8 oz =100 |®
2 =120 | an Eﬂ-
I
4.6
4.4}
4.2L ‘ ‘ ‘ ‘ 491 —— ‘ ‘ ‘ ‘
0.0 0.1 0.2 0.3 0.4 %.000 0.001 0.002 0.003 0.004 0.005 0.006

(aM)? (a/L)?



Boundary effects

For various reasons we use the Coupling definition

smoothed »
action density E(t) | 9cr(p =1/L) = # x (E(1))

V8t =0.3L

V 8t
smoothing by GF

\ / heat equation

for gauge fields

homogeneous Dirichlet
boundary conditions

Boundaries:

effects kept small by keeping £(7) away from the boundary

but they introduce 1/M effects in the decoupling
a single term ffcllec = Wy, {tr Fo Py [6(x) + 0(xg — T)]}



Boundary effects

Boundary 1/M effects due to
dec A 1

evaluated @ in leading order (1-loop) PT

and °r { ““““““““““““““““““““““““““““““ ;
20— S S
M = {tr Fy Fy, [6(xy) + 6(xg — T)] E(f)),. o5 o
non-perturbatively by simulation in YM N |

—15L0 |

=> the total effect is negligible compared %)‘}

—2F e
to our statistical errors o %
T 002 001 006 008 01




EFTs are important for lattice QCD

 SYmEFT crucial for understanding the continuum limit
log-corrections recently [N. Husung et al]

 HQET solves heavy-quark-on-the-lattice problem (valence quark)
but has not reached its potential

e decoupling of heavy sea quarks:

— already charm can usually be neglected
— can be turned into a tool:
world-highest precision already for a (M)
higher when a technical problem will be solved (bg uncertainty)
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Thanks for your patience

have a nice holiday season
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