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Introduction: QCD coupling a._

m Determines strength of the strong interaction between quarks & gluons.

m Single free parameter of QCD in the m,=0 limit.
m Runs as inverse logarithm of energy scale Q2 according to the RGE:
aa
Q2
m The solution at three-loop precision r
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Introduction: QCD coupling a._

m Determines strength of the strong interaction between quarks & gluons.
m Single free parameter of QCD in the m,=0 limit.
m Determined at a ref. scale (Q=m), decreases as o Nln(QZ/AZ)‘1 A=x0.2 GeV
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» 1986: First PDG world-average with ~100% uncertainty.
» 2023: Where are we today, 37 yrs later? Where will we be in 10 years?
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Motivation: QCD coupling a._

m Determines strength of the strong interaction between quarks & gluons.
m Single free parameter of QCD in the m,=0 limit.
m Determined at a ref. scale (Q=m), decreases as o Nln(QZIAZ)‘1 ~0.2 GeV

— T — | 05— ~ 0.35 " ————————
; ! ' ‘> F T decay (N3LO) = ]
A\ Uncert.~10% ; ««@ [\ Uncert.~2.5% |z low Q cont. (NLO) = ]
P\ Agge 100y AV os b N DIS jets (NLO) =
] 04 ..\, 1 T F \ Heavy Quarkonia (NLO)
[ \ ete” jets/shapes (NNLO+res) —*— ]
. pp/pp (jets NLO) —= 4
Y 0.25 - EW precision fit (N3LO)!—9—| ]
| o2t A\ N PP Gop. NNLO) ]
02| l ._'“:5\;.\:\\ '.::::::.-Z:__ : ]
T=ud ] 0.15 |- :
01l 5L | f
aaaul N PPN ol QO__Q_-_‘-_-.; L . 0.05 [ 0 . 3 PP P
° QIGev] 1 10 Q[GeV] 100 1 10 100 1000
Q [GeV]
ag(M.)=0.110")008 (NLO) » ag(M.)=0.1184=0.0031 (NNLO) » = o (Mz2) = 0.1179 + 0.0010
G. Altarelli, Ann. Rev. Nucl. Part. Sci. 39, 1989 S.B. 1. Phys. G 26, 2000

» Least precisely known of all interaction couplings !
oa ~10* <« 606G, <« 107 <« 6G~10°< 60 ~10°
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Motivation: a_impact beyond QCD

m Precision calculations of Higgs hadronic x-sections/decays, top mass, EWPO..

g F tEth 'holld-rll'lfs 715 GeV sziz
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m Impacts physics approaching Planck scale: EW vacuum stability, GUT
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World a_determination (PDG 2023)

m Determined today by comparing 7 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:

[Huston/Rabbertz/Zanderlgh|]

0.35 e
- T decay (N3LO) |—-—| 1
' (1) T decays low Q? cont. (N°LO) e
0.3 [ HERA jets (NNLO) —— ]
B S Heavy Quarkonia (NNLQO) :
(2) QQ e'e” jets/shapes (NNLO-+res) F» ]
- 1 pp/pPp (jets NLO) e
025 - EW precision fit (N°LO) +e— 7]
PP (top, NNLO) 1 1
‘S o2 b ) DIS, PDFs R ]
ﬁ‘ﬂ N : -
[ : W,tt,j,...
= a (M) = 0.1179 + 0.0009 :
0.05 L e e e
1 10 100 1000
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30" Rencontres de Vietnam, Aug'23 6/21 David d'Enterria (CERN)



World-average a_(PDG 2023)

m Average of pre-averages from 7 categories of observables:

a (M) =0.1179 £ 0.0009 (+0.8%) — o
_ Boito 2015 |—-¢|—-| T de‘sizays
Hadronic tau decay (4 values): Boito 2012 I low @7
a (M) =0.1178 £ 0.0019 (+1.6%) PR 1_ : 1
Peset 2018 I KE—o | QQ
Quarkonia properties (4 values): B [personzoisica : States
a (M) =0.1181 £ 0.037 (*+3.3%) S—— —+
R14 |_.._{
DIS & PDFs fits (6 values): » Jgi’;;;;gl sy ¥ PDF fits
a (M) =0.1162 £ 0.0020 (+1.7%) e T
e*e - hadrons final states (10 values): aoE o : F_* -
a (M) =0.1171 £ 0.0031 (+2.6%) B [roro ——re Sett |
E::Sisgéc(:? } [} ;I‘_H: S|1i5l8;3 es
Hadron collider measurements (5 values): Genrmann (™ —e—§
a (M) =0.1165 + 0.0028 (+2.4%) P -
o B ==E” |
Electroweak precision fits (2 values): denterria (W/2) Ep colliders
a (M) = 0.1208 + 0.0028 (+2.3%) B o o
fitter 2018 ' ;_g_.:_'electroweak
Lattice QCD (1 FLAG value): » | d; -
a(M,) =0.1182 + 0.0008 (£0.7%) AT

as(M2)
August 2021 z
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(1) o, from lattice QCD

m Comparison of short-distance quantities (QCD static energy/force, light-q &
heavy-Q currents, quarkonium,..) computed at N23LO in pQCD to lattice data

withm ., f _ fixed to exp. data: [FLAG Collab. http://flag.unibe.ch]
) FIAG2021 O
KNP — KPT — Z?‘I_U Ciﬂii FLAG estimate
b= o g —— ALPHA 17
] b ! 4 PACS-CS 09A
m Community-agreed (FLAG) criteria :* Eﬁﬁqégﬁg
based on: renorm. scale, pQCD X O Bazavov 12
3 ; I—:.—| - Cali 20

Hudsgfth 18
JLQCD 10

lightC

behaviour, continuum limit, peer-
reviewed results.

HPQCD 10
= Haltman 0o
— HPQCD 05A

Wloop

Petreczky 20

Petreczky 19
aezawa 16

m Current uncertainties driven mostly . —
by pQCD truncation & matching, and g !
continuum limit (lattice spacing

Zafeiropoulos 19
ETM 13D

—
o
— HPQCD 08B

& computing stats). $ o 1S
ﬁ" | —MNakayama-18
0.110 0.115 0.120 0.125

- Uncertainty in a_ halved with reduced latt. spacing, N*“LO pQCD, active
charm quark, extension of step-scaling method to more observables.
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(2) a_ from hadronic t-lepton decays

) I'(t™ — vy + hadrons) . 4 g\ .
Computed at N3LO: R, = — SewNc(1 = O(a®) + 6n
x Comp e = D) < st + e (%) 00+

m Experimentally: R__ = 3.6355 + 0.0081 (+0.22%)

Xp

m Uncertainty driven today by:

)

0)(50

— Differences in pQCD approaches.
FOPT vs. CIPT OPE expansions:

— Treatment of non-pQCD o LR dek
corrections (duality violations): Fowl <L 1]
Note: (A/m )* ~ 2% i T

» .=~ Hadronic T spectral function

*» Future prospects: ' et R
_NLO cglculgtions a,=0.1178 £ 0.0019 (+1.6%)
— Reconciling FOPT vs CIPT results (IR renormalon-free gluon condensate)
— Better spectral functions needed:
BELLE-II, STCF. Longer future: O(10*) Z -t at FCC-ee(90) !
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(3) a_from DIS struct. functions & PDF fits

m N3LO/NNLO analysis of (non)singlet struct. functions (BBG, JR14)
(and NNLO global PDF AMBP fit) tend to give “lowish” a (M) ~ 0.1150

e e

2 — Q’?(,LL?%) Ldz (n) 2 9 9 T 9 A2
P, @) =2 )] o 3 [ SO @) fi(Sk) +0(2)
n=0 i=q,9" " '
0.5 (==X
[ J. Blimlein, H. Bottcher, and A. Guffanti, —~ 125
| Nucl. Phys. B774, 182 (2007). E? B | PDG2016
| I i
0.4 B xd (x) 5‘:“'1225 :_ """ HERA I+l + fixed-target
B v 2 s o1z 2 S5 HERA I + fixed-target
03 | --- N3LO
— NNLO 0.1175 :—
- L sLAC c
02 - .. NLO 2 s [ =
I A o 01125 [ Vt\\
0.1 | 5
B 011 }
B 2 0.0020 - m HT fixed
0 _— - - GS(ﬂIZ) = 0.1141i00022 — o107 ; + A HT fitted
; Ll > Ll - L d E BODMS eRAL HERA I+11
10 10 10 x 0-]-‘]519;5I — I19‘91]I — ‘19‘95' — I20:]1]I — I20:]5I — Izﬂllﬂl — IZOIISI I
year

m Neglect of singlet contribs. for x>0.3 in NS fits? Size of higher-order corrs.?
» Future: New high-precision F (x,Q%) & polarized g (x,Q?) at EIC.
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(3) a_from DIS struct. functions & PDF fits

m NNLO global PDF+a_fits: CT18, HERAPDF2.0+], MSTH2020, NNPDF3.1

CT18 NNLO

@, (MZ) 0.11642+0.0026 at 68%CL 7000 MSHT2020 NNLO ﬂs(Mz )X Vﬂf'atlon
100~
J ' -/
80 ~HERAI+IT
best fit ag (mz?) = 0.1174,
/ | Total 6500 -
/1 "BCDMS p 3 ¥2 = 5119.5 for 4363 points
. . ]—€MSS8 jets
i ] ¥2 6000 -
%j - —€EMS7 jets
1+—E866pp
] CDF2 jets 5500 - total x2  + m
~ | EHCb8WZ fit ——— )
——ATLAS7 jets
D02 jets
ol ‘ ‘ . ‘ . ‘ _ ] ATL8ZpT 5000 P T (R R R R
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124 0.105 0.110 0.115 0.120 0.125 0.130 0.135
as(Mz) as(MZZ)
H1 and ZEUS
Nj 14 F NNLO, inclusive + jet data
2 2
' ® Q.= 35GeV Total+ i o ~ NNLO
or : oo NNWDF3.1
Top quark pair praduction - T
1156 + 0.024 i
o onefree fit —_— +
s Collider Drell-Yan as(Mz) O' 1185 - 0'012 1
uncertainties:
6 i -Yan o
B cxp/hadr. Fixed Target Drell-Yan
4 [ model/param. Inclusive Jets |
2 L scale Collider DIS (HERA) | R
0 Fixed Target neutrino DIS- | —— ——
L L L I Fixed Target charged lepton D15 =
0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126
2 : 0.110 0.115 0.120 0.125 0130
o5(M,) as(my)

m DIS/FT (LHC) data tend to prefer lower (higher) values of o (M.).

m Size of missing HO corrections? Global fits at N*LO needed.
» Future: EIC, LHeC/FCC-eh (+0.2%7)
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(4) o_ from e*e: event shapes & jet rates

m Computed at N**LO+N?LL accuracy.
m Experimentally (LEP): Y |pi-n
. 7 =1 — max —
Thrust, C-parameter, jet shapes Y7
3-jet x-sections e
J N . 3X,; |l 5] sin® 6
m Results sensitive to non-pQCD €' =3 Sk
(hadronization) corrections. o
» Accounted for via MCs or analytically:

ll:'uil ll\IE’LLI’ rlcs1.:lltls ALEPH {]&5] 5 I r
C—parameter_‘_ ] OPAL (j&s) -
norm > - JADE (j&s) :
i § Dissertori (3]) ot ete”
e : JADE (3]) ; - =— i jets
Gev Thrust with O ] Verbytskyi (2]) s—e— &
2r C—Parameter with QF 7] Kardos (EEC) } H | sha pes
C—Parameter with Qf = fll[ ] Abbate (T [— —] -
Thrust ] Geh T T -
norm > e ] ehrmann } & g :
S ] Hoang (C) ——i I
0_ | I T T T | L L 1 PR | TR T 1 '
0110 0112 0114 0116 0.118 01X
ay(mz) — + + 0
0, =0.1171 % 0.0031 (+2.6%)
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(4) a_from e’e event

shapes & jet rates

m Computed at N**LO+N?LL accuracy.

m Experimentally (LEP):
Thrust, C-parameter, jet shapes
3-jet x-sections

m Results sensitive to non-pQCD
(hadronization) corrections.
» Improved evt-shape power-corrs:

C=:

S|P n
> |pil
3", || 73] sin® 0s;

(Ei |§z|)2

—1—max

2 OPAL 3 jet event

» Modern jet substructure techniques:

°™[Nason, Zanderighi e “Soft drop” can help reduce non-
07 Laryiv-9201 ARAOT - . mn Bt contours- -
Mkl I pQCD corrections for thrust:
N R P_T_s__'??v; ______________________________ o O P T
TN Gy o B et B )
é—" 055 - P ] : zcu7:0_2 ——t 0.14 |
0as | . “‘MH IH ..... H{ {hl {‘]{[ ..... : < 01z}
; - ﬂ_, 1 é l | 0.11
1 NNLO TC Y flts |n 3- Jet reglon B A AN N P L
033 12 0114 0116 0118 012 0.122 0124 0126 0.128 - i % § 009 T i i i i i H
as(M3) & - 0 0.01 0.02 U.Ofmii,(léL 0.05 0.06 0.07
% Future:

— Power-corrections for shapes, (N23LL) resummation for rates. Grooming.
— New e*e data at lower-vs (Belle-11) & higher-vs (Higgs factories) needed.

David d'Enterria (CERN)
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(5) a. from hadron colliders: ttbar x-sections

m Top-pair inclusive x-sections available at NNLO
m Method: Compare cs(exp) to c(NNLO) for diff. PDFs/a._: Extract a_ via y* minim.
- Advantages: Direct LO sensitivity to a._ (via gg — ttbar) " g <

. L QYo
- Disadvantages: O(5%) exp/th. uncertainties, dependence on m_ &

top

— 220 — 220 i
g F . ruoms T et ™ e Analysis of 8 data sets
= 210E for NNPDF30 (no LHC) (NNLO) =, 210E
o] F —— Measuredo,(=10) = = Measured a;® 0.0014 (<2018) -
2005_ Predicted o (= 10) 2005_ [ ] Mutiplication of o§*® and oy " o002
190;_ 190;_ —lo.001 s :
180F 1801 5 :
= = —lo.0008 N T e
170 ' 170 - : 3
- Multiply| - 1 . Z
160— p y 160~ —0.0004 o-""' N ' Z
: #1 : #2||1" | 22 =
E = T8 :
150— 150 — —0.0002 QE :
e H S R B t40f- . oy g % g ] -
0.1 0.115 0.12 0.125 0.11 0115 0.12 0.125 S i
a :
\s =7 TeV;agmy) = 0.1184 — _ °
5 i R e = S 00 Projection on a, axis —
! —— CMS,L=231b ] < F ;
- 220N | .- Top++2.0,ABMIT ] e ook 011784 T — -
e N ] g% ¢ Marginalize | | & ——
ooh- ~eoer Tops+ 2.0, CT10 ] @ c g 1T) : i =
> N [ Top+ 20, HERAPDF1S | o & | .r Ot et =
- | Ej— Top++ 2.0, MSTW2008 > i : T
E L] = r 0.12264 ; :
1801 . Top++ 2.0, NNPDF2.3  — 5 0_015__?_-{;})%0;2) . @ (40.00480) 36 —t o
B q o = H * :
A ] S Ly “—-|- i 4
160F ' . T oo [« A E <
- ] o - o Q — —_— z
: § C Z - I :
1401— o = 0.0055" # =z~ ] :
L g5 3 u N IR S BTN PR - S
B oI il P Y Y N U R
200, R L e T RCRT 0.115 0.12 0.125 0.110 0.115 0.120 4 0125
165 170 175 180 185 190 - s (mz) = 0.1177 +0.0034 ot
M (GeV) —0.0036
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(5) a_ from hadron colliders: W, Z x-sections

m Inclusive W,Z boson x-sections available at N**LO
m Method: Compare cs(exp) to c(NNLO) for diff. PDFs/a._: Extract a_ via y* minim.

- Advantages: O(1-2%) exp/th. uncertainties h Ny
- Disadvantages: No LO sensitivity to «._ (only via K ~1.3) * o ‘

cMS . B/pb'(7TeV)  _ CMS : 38pb™ (7 TeV) H H
. g m Combined fit of 28 LHC data sets
'5 E ‘5 E NX 10
g g g - - CT14
é a 8 -8 HERAPDF2.0
G 1 o E |
pp — Wi+X, ¥s =7 TeV } I HERAPDF2.0 (NNLO) ) pp — W:.q.x‘ \s=7 TeV : W HERAPDF2 0 (NNLO) - & MMHT14
200 B CT14 (NNLO) N CT14 (NNLO)
32001 B ol exp. uncerany | MMHTEM [NN’LOI B Total exp. uncertainty | MMHT(m(NN}Lol 6; -4~ NNPDF3.0
3 50: Luminosity uncertainty J‘ NNPDF3.0 (NNLO) 2600 Luminosi ity uncertainty I NNPDF3.0 {NNLO) L
“01770105 041 0415 012 0125 013 0135 “0470105 011 0415 012 0125 013 0135 -
ag‘"‘"—“(mz] aQ‘NLD(mZ) 4—
.. _CMS . B/pp'(7TeV) _ CMS . 38 b (7 TeV) r
g 2400— \ g o
g 2350 g \ A/
E a L H
32250? @ R R R T I A e e .
g 22008 2 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122
- = NNLO
pp — WX, (s=7 TeV | [ HERAPDFZO(NNLO) pp — W #X, (s =7 TeV | - HERAPDF2 0 (NNLO) (04 m
2150 B Total exp. uncenainty } = ﬁ:n'»:rtr:'llw(ﬁl_og 1800 B Total exp. uncertainty I = am::?ﬁﬂw] s ( Z)
2100 Luminosity uncenainty J NNPDF3.0 (NNLO) Luminasity uncertainty : NNPDF2.0 (NNLO) PDF Ie8" (m )
010105 041 0415 042 0425 013 0135 01 0105 041 0115 012 0125 013 0136 s\!'"Z
NNLO, NNLO),
i . CT14 0.11725900:3
_ cms ‘ Bw'(TeV)  _ CMS 38 pb (7 TeV) : —0.0017
) )
o a 0.0019
S ol S ol MMHT 14 0.1188% 5013
S sl S :
g B «0f 0.0022
& 450( & E HERAPDF2-0 0 . 1097_l—0 0023
4 E B 390¢ "
o 440- ] -
8k B g NNPDF3.0 0.1160 + 0.0018

430

N HERAFDF2.0 (NNLO)

M HERAPDF2.0 (NNLO) pp— Z+X Vs =7 TeV

pp — Z+X, \s=7 TeV i : : e x

H BN CT14 (NNLO) B CT14 (NNLO)
420, I Total exp. uncentainty B MMHT14 (NNLO) 370 B Total exp. uncenainty I B MMHT14 (NNLO)
1

I
I
I
|- ‘Lummosdyuncerlamm‘ ) l NNPDF:VAO(NVNLOI) ’ Ianinosityunueﬂainlyr ) ) : N?PDF?,U(‘N!VLOI] ‘ — + + O
01 0105 011 0115 012 01256 013 0135 01 0105 011 0115 012 0125 013 0135 a - . I . — " 0
S

a™O(m,) ofNO(m, )

% Future: Incorporate o(tt), o(W,Z), o(j), X-section ratios into global PDF+ao._ fits.
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(5) a_ from hadron colliders: Z boson de/dp.

m Differential Z boson x-sections available at N23LO+N34LL

NEW (not in PDG)

m Method: Compare do/dp_ (exp) to do/dp (N"LO+N"LL) for diff. PDFs/a_: Extract o,

- Advantages: O(<1%) exp. uncertainties, direct sensitity to a_ (ISR gluon)
- Disadvantages: Sensitivity to npQCD effects, resummation, HF PDFs

80

eop

60

d0/de [pb/GeV]

209

40—

-
-~ -
-
-
- -

-

R us(mz] =0.108
— a,m) =0.118
— — aym,) =0.128

—— — — —
o —
—

m Extraction with “aggressive”
~0.8% uncertainty:

- Just one N3LO PDF fit so far with limited data
- Gaussian npQCD model under good control?

30" Rencontres de Vietnam, Aug'23

[S. Camarda et al.
2203.05394 [hep-ph]
[ATLAS-CONF-2023-015]

ATLAS ATEEC

CMS jets

W, Z inclusive

ftinclusive ____________
T decays

QQ bound states

PDF fits

e'e jets and shapes

Electroweak fit

ATLASZp_8 TeV

T
ATLAS

Preliminary -@- Lattice Average FLAG 2021

| I |
-@- Hadron Colliders

-@- Category Averages PDG 2022

-@- World Average PDG 2022
-@- ATLAS Z P, 8 TeV

B 0.1185 + 0.0021

0.1170 £ 0.0019
0.1188 £ 0.0016

0.1177 £ 0.0034

0.1178 £ 0.0019

0.1181 £ 0.0037

0.1162 + 0.0020

4 0.1171 £ 0.0031

& 0.1208 + 0.0028

0.1179 + 0.0009
- 01183 +0.00p9

0.125 0.13

og(m.)

as= 0.11828 +0.00084 -0.00088
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(5) a_ from hadron colliders: EEC in multijets

. _ NEW (not in PDG)
m Multijet transv. energy-energy corrs. available at NNLO

m Precise LHC measurements of dijet topologies up to H =4 TeV

* Use multi-jets transverse energy—energy correlations (TEEC) and their

associated azimuthal asymmetries (ATEEC) to perform the measurement
* The TEEC function is defined as the transverse-energy-

weighted distribution of the azimuthal differences between

NNLO diagrams cor o gg—|
jet pairs in the final state @ 0165 _ — - — —
A S [ ATLAS *98f. + 0. o2mE ]
| dX | Er; Tj N CMS CMSR,, incl. ]
_)- d 2 (It' - E Z Z 1 6(605 ¢ — €08 ‘FU) 014_— . arKr-':H'h;:'{i‘aGS ' aiv n"4?495 v S::?El;gg.lx&!?t __
o dcos A=l ij (ER E?& L o ATLASR, . TEEC7TeV
0 12— a'}ii'.r:'-EGS.cdﬁm arihe 160801474 -
el TEEC8TevV |
Also use associated azimuthal asymmetries (ATEEC) to N ? w7
cancel uncertainties symmetric in cos(¢) 0.10— * TEEC13TeV 7
1_dz = l dx - l dz O.DB_— NNLO pQCD; MMHT 2014 (NNLO) : -
odcos¢ odcos¢|, odcose|, © — ofm,) = 0.1175 % (TEEG Global) { ]
0.06— %\\Z\Xa m ) = 0.1179 + 0.0009 (PDG 2022) ’ =
* Large theoretical improvement from NNLO 1(')2 — '1['}3 |
correction to gg=> 3-jet production in pp collisions O~H./2 ArXiv:2301.0935 1 Q[GeV]
* reduction of theoretical uncertainty by a factor of 3 ~iy

m RGE running of the strong coupling tested up to scales Q=4 TeV

30" Rencontres de Vietnam, Aug'23 17/21 David d'Enterria (CERN)



(6) a. from Z boson hadronic decays

» Z-boson decays known at N°LO, no NP uncerts. (but only ~4% sensitivity to o ):

q

4
I i &'S ) 5 ;
R? =T - R%“ Ne(1+ E Cn (?) + O(a?) + dm 1 Onp ) Wiz

n=1 3

» Extraction from three Z-peak pseudo-observables (LEP, SLC):
I, = 2.4952+0.0023 GeV (0.1%) ® o, (M,)=0.1221 +0.0027 (+2.3%)

"y e R SE | E I
Tw 0.1 4.5 Y _E

M, 0.3 4 ERSREEEERER. SRR ; Qes=e==s=s=s [ e _j--": ““““““““““ —2G
Iy 0.2 . EEEEEE 3
o 1.5 3.5 ' [Gfitter'18]5
i‘z-i ::I:g 3 ‘\“-.-World average. {e.t')E. 2017 é
A(LEP) 0.1 ; R
A(SLD) o1 2.5 Bl
sin? ezlpl (@ FB) 0.7 2 . ".' _‘;_
sin@ M (Tevt.) 0.1 kY T
A% 0.8 1.5 A

Atk 24 1 YR A
A, 0.6 .~ =
RO 0.0 0.5 . ‘ ) ]
R? 0.7 S AL RN P S

m, | 0.5 8 0.12 0.125 0.13
Aaﬁd(ﬁ) ; -0.2 o (MZ)
a (M) : 1.3 s\Vz

g a, (M) =0.1194 + 0.0029 (+2.4%)

(oﬁt - orneas) / O meas
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(6) a_ from EW bosons hadronic decays

m Updated Z,W-based o (m ) extractions:
New fit with HO EW corrs. + corrected Z LEP data. New N2LO fit to r,R,

e 4.5 ‘-‘ '-|
) E \4 | { Ra:
4= ——— — = H—=——— 20 E i
as; —r¢ S ) N Caewes 7
E — 5k wr Lw .
= & o/(m)=0.1203+0.0028 (+2.3%) ; —peose
E o A : 3; 7] World average [PDG 2019] |
255 e ¥ ra01g) A 25— i
) i3 o (m) = 0.101 * 0.027 (£27%)
" = o574 [2018] E ;
53 [ World average [PDG 2019] % . 1'55 :
= N N o —— A
0.53— 0_5;
By Loy Loy T Pl A PR _ . orar S I \ el NI
807 0.08 0.09 01 ) ) ) 67 0.06 0.08 01 0.12

aS(mZ)

m Future: Permille uncertainty possible only with a machine like FCC-e*e

~ — e 4.5
= 5 102 Z bosons SV £ 10° W bosons |,
; | — zdeta, Focee @1Gev) |1 (07 syst. uncerts. a5 10~ syst. uncerts.
3.5 | === 7 data, LEP (this work) -
3 l:l World average [PDG 2019] 3 — R, T, FCC-ee (160 GeV)

P s

Strong SM °
“stress test”

—— —-.- _____ B A —— 1o = i ——————— o

25
2
1.5

I:l World average [PDG 2019]

1: C
0.5 0.5
E : - T :\I ) ‘I 111111 |J [ I‘ N T e ‘ N T O I I ‘ I T |
09186 0.118 0.12 0.122 0.124 0476 0117 0.118 0.118 012 0121 0122
og(m.) og(m)

o (m) = 0.12030 * 0.00028 +0.2% (tot), £0.1% (exp) o (m) =0.11790 * 0.00023 +0.2% (tot), £0.1% (exp)
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Summary: Current & future a_precision

Relative cvs(m32) uncertainty

Method Current Near (long-term) future
theory & exp. uncertainties sources theory & experimental progress
(1) Latti 0.7% ~= 0.3% (0.1%)
attice
Finite lattice spacing & stats. Reduced latt. spacing. Add more observables
N22LO pQCD truncation Add N3*4LO, active charm (QED effects)
Higher renorm. scale via step-scaling to more observ.
1.6% < 1.%
(2) T decays ? :
N3LO CIPT vs. FOPT diffs. Add N*LO terms. Solve CIPT-FOPT diffs.
Limited 7 spectral data Improved 7 spectral functions at Belle 11
— 3.3% = 1.5%
(3) @ bound states ° S
N%3LO pQCD truncation Add N*“LO & more (c¢), (bb) bound states
Mc,p Uncertainties Combined m. s + a5 fits
(4) DIS & PDF fits lfi 1o (270,
NzG)ILO PDF (SF) fits N3LO fits. Add new SF fits: F'?, g; (EIC)
Span of PDF-based results Better corr. matrices. More PDF data (LHeC/FCC-eh)
2.6% = 1.5% (< 1%
(5) eTe™ jets & evt shapes ° o ( 2
NNLO+N®23LL truncation Add N%23LO-+N3LL, power corrections
Different NP analytical & PS corrs. Improved NP corrs. via: NNLL PS, grooming
Limited datasets w/ old detectors New improved data at B factories (FCC-ee)
2.3% ~ 0.1%
(6) Electroweak fits ? ( )
N3LO truncation N*LO, reduced param. uncerts. (mw z, o, CKM)
Small LEP+SLD datasets Add W boson. Tera-Z, Oku-W datasets (FCC-ee)
2.4% = 1.5%
(7) Hadron colliders ? ’
NNLO(+NNLL) truncation, PDF uncerts. N?*LO+NNLL (for color-singlets), improved PDFs
Limited data sets (tZ, W, Z, e-p jets) Add more datasets: Z pr, p-p jets, o;/0; ratios,...
World average 0.8% 7z 0.4% (0.1%)

m Well-defined exp./th. path towards a_(m ) permil precision in coming years

30" Rencontres de Vietnam, Aug'23 20/21 David d'Enterria (CERN)



Summary: Present & future of the strong coupling

m Remarkable theoretical (N"LO+N"LL, lattQCD, non-pQCD) developments:

FIAG2021
l:' FLAG estimate 0.06 : . 0.75 T T
g .—ht"—' BREt 00 x R : i :
- NABE 10 VA —— o7r e B Bt 'Em}n‘*“';mm‘llﬂs'
3 ISR Takaura 18 0.055 TREE ———— - 085 - T. blue il
— . Bazavov 12 By FOPT i :
é »—D—o—l- RSt 18 CIET, L C,Tglesn R—
& | —— JLGEB'T | 0.6 o .
= = TYap: 1
g oo 98 & 5 i ° Yan :
- D RPGCB 83A 3 § o055t S S
Petreczky 20 = L =
= STy 0.045 05 Lo J
Q Maezawa 16
5 = = [ oD Tan 0.45 N s
HPQCD 088 0.04 L d ’ : - :
- Zafeirgpoulos 19 S SN S SRS SO RS oo
g = HE o : -
o> 8 0.035 L L 1 1 035 i i i | i i |
0.110 0.115 0.120 0.125 1 15 2 25 3 3.5 012 0114 0116 0118 042 0422 0124 0426  0.128
so (GeV?) as{Mz)
H L H \s = 7 TeV; ag(m;) = 0.1184
m Multiple new precision experimental measurements: 2 kO I mmowsioesn ]
. @ ! —— CMS,L=231b" ]
H1 and ZEUS LHC combined b': - i - - Top++ 2.0, ABM11 :
£ T 10 - Top++ 2.0, CT10
~E ol NNLO, inclusive + jet data - ot g b
e . Q% = 35Gev? I - & CT14 200~ s Top++ 2.0, HERAPDF1.5 —|
=12l o 8 & HERAPDF2.0 g - Top++ 2.0, MSTW2008 |
i |e F & MMHT14 180 = Y Top++ 2.0, NNPDF2.3 il
+f N - o free fit 6 ¥ NNPDF3.0 1 60\ L
uncertainties: C B RS i
6 L ] :
Bl exp./hadr. 4 140 in Ei N‘\M\ ]
4 0 model/param. C E %;g b 3
3 seal = B 5% ik 5
21 s 2 / 1205t g = .'9.: EL L am
- 165 170 175 190
0 0— \../ wg/ pole GeV
_ EL e Y ‘ ‘ ‘ m™ (GeV)
T - T R Al - " T T Al
e e 0.102 0.104 0.106 0.108 0.1 0.112 0.114 0.116 0.118 0.12 0.122 4.5
0g(M) oNNLO(m e
B - S ( z) 2J-— S % 2c
” —_ — r T — r . = m— 7 data, FCC-ee (91 GeV)
= T T =] F
s 80p 7 7 c L + OMS . DORy 5 D@incl. jet e 3.5 == Z data, LEP (this work)
8 | pp—2Z,8TeV ot F A TLAS arXiv:1307.1907 arkiv:1207.4957 arXiv.0911.2710 - F [ World average [PDG 2019]
g 0.4 L OMSM, , CMSR, ., CMSicljet _] SE
= 60— i arXiv:1412.1633 arXiv:1304.7498 arXiv:1609.05331 ] > 5:
o =
o L F o ATLASR,, . ATEEC7TeV o F
S L - arXiv:1805.04691 arXiv:1508.01579 - o
40— 0-12__ o ATEEC8TeV | E
- N L arXiv:17.07.02562 i 1 5}
20'_ cee-omgm)=008 o 0_10__ ATEEC13TeV 7 13_ ————————————— 1o
F — a(m,)=0118 L i F
L —— oym,) =0.128 C ] 0.5
P~ . : : : - : 0.08— NNLO pQCD; MMHT 2014 (NNLO) — 013 ,,,,,, HllE e oS PR SR I
© .. e ——— r T ) & 3 : ;
z el - C —u(m)=0.1185‘0'0027(ATEECGlobaI) 7 0116 0.118 0.12 0.122 0.124
1 e C etz -0.0015 ] O‘-S(mz)
I 0.06— | a(m,)=0.1179 +0.0009 (PDG 2022) - 0
0 5 10 15 Lo 6qa ; i i b o ; ] »F t O(O 1/)
s - uture: 1%
T Q[GeV]
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Summary: a_wish-list for the next ~10 years

m Theoretical needs to approach ©(0.1%) precision:

(1) Lattice QCD: Sufficient dedicated computing resources & person-power to
- Develop pQCD N*“LO theory for observables in a finite space-time volume
- Extend higher renormalization scales via step-scaling to more observables

(2) Other phenomenology efforts:

- Completion of hadronic T decay renormalon analysis

- Advanced power corrections for e*e” event shapes & resummation for jet rates
- NNLL accuracy parton showers matched to NNLO

- NNLO(+NNLL) MCs for complex final states in e*e™, e-p, p-p

- Differential NNLO predictions for LHC & HERA multi-jet observables,...

m Experimental needs to approach ©(0.1%) precision:

(3) Extension of N23LO hadron-collider- and/or PDF-based extractions via:

- LHC: Adding new precision observables & datasets (TEECC, Z pT, Gi/Gj ratios,...)

- LHC: Improved treatment of exp. correl. matrices uncertainties among measurements
- EIC: New DIS measurements (also LHeC/FCC-eh after it).
- FCC: Hadronic Z (and W) decays is the only non-lattice method known that

can reach permille precision: Tera-Z machine needed.
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