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QCD coupling o_

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

» Single free parameter in QCD in the m,— O limit.
» Determined at a ref. scale (Q=m,), decreases as o, _~In(Q?/A?), 'A~0.2 GeV
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QCD coupling o_

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

» Single free parameter in QCD in the m,— O limit.
» Determined at a ref. scale (Q=m,), decreases as o _~In(Q?/A?), 'A~0.2 GeV
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a 02| Sed 021 ¢ Uncert.~0.9% |
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Q [GCV]
ag(M.)=0.110*0008 (NLO) » ag(M.)=0.1184=0.0031 (NNLO) » » otg(M,) = 0.1181 £0.0011 (NNLO)
G. Altarelli, Ann. Rew. Nucl. Part. Sci. 39, 1989 S.B..J. Phys. G 26, 2000

» Least precisely known of all interaction couplings !
o0 ~10" <« oG, <« 107 <« 0G~10°« o0, ~10°
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Importance of the QCD coupling o

» Impacts all QCD x-sections & decays (H), precision top & parametric EWPO:

Process O (pb) 0a.%) PDF +a.,%) Scale(%)

Msbar mass error budget (from threshold scan)
(EMPTo )= (SMFPTIO™) (57 (e ))omoron (7 ())
40 MeV 50 MeV 7-23 MeV 70 MeV

da,(M,) = 0.001

= improvement in as crucial

goH 49.87 +3.7 6.2 +7.4 261 +0.32
ttH 0.611 +3.0 + 8.9 9.3 +59
Channel My[Gev] das(%) Amy Am,

+0.1% +23%
+£01% +0%

H-osc 126 +7.1
H-sge 126 +4.1

Quantity FCC-ee future param.unc. Main source

r, [Mev] 0.1 0.1 S
Ry [1079) 6 <1 Sas
Ry [1073] 1 1.3 Saus

Sven Heinemeyer — 1st FCC physics workshop, CERN, 17.01.2017

» Impacts physics approaching Planck scale: EW vacuum stability, GUT
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World o, determination

m Determined today by comparing 6 experimental observables to pQCD
NNLO,N3LO predictions, plus global average at the Z pole scale:

[Bethke/Dissertori/Salam]

. April 2016
as(QZ) (1) lattice v T decays (N3LO)
a DIS jets (NLO)
0 Heavy Quarkonia (NLO)
0.3 L o ¢'e jets & shapes (res. NNLO)
® c.w. precision fits (N3LO)
v pp'—> jets (NLO)
v pp —> tt (NNLO)
0.2 L (3) PDFs
(4) e*e jets (shapes, rates)
(5) Z decays
byl . - (6) pp—ttbar
0.1} i
= QCD a(M,) = 0.1181 £ 0.0011
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World o, determination (FCC-ee impact)

m Determined today by comparing 6 experimental observables to pQCD

NNLO,N®LO predictions, plus global average at the Z pole scale:

[Bethke/Dissertori/Salam]

o (Q%

03+

0.2}

0.1

(1) lattice

April 2016

v T decays (N3LO)

a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

o ¢'e jets & shapes (res. NNLO)

® c.w. precision fits (N3LO)

v pp'—> jets (NLO)

v pp —> tt (NNLO)
(3) PDFs
(4) e*e jets (shapes, rates)
(5) W, Z decays
Fe2a . - (6) pp—ttbar

QCD o, (M,) = 0.1181 +0.0011
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(1) a_ from lattice QCD

» Comparison of short-distance quantities (Wilson loops, g static potential,
vacuum polariz.,...) computed at NNLO in pQCD, to lattice QCD “data’:

T ] [FLAG Collab. http://itpwiki.unibe.ch/flag]
K™ = K0 =y cial

HPQCD (Wilson loops) H.h
* Currently, it's extraction with ~ HPQCD (cccorrelators) | Hpq L

smallest uncertainties: £1% Maltmann (wiison loops) | |48 =
(lattice spacing & statistics). PACS-CS (5F scheme) | — %"

ETM (ghost-gluon vertex) :l-l--.—l (D
Extracted value depends on BBGPSV (satic potent) -oef! |
observables: NS S
Uncertainty increased: 011 0115 0.2 0.125 0.13
2013 (+0.4%) = 2017 (+1.0%) o (M?)

0, = 0.1184 + 0.0012 (+1.0%)

» Future prospects:
— Uncertainty in a_ could be halved with (much) better numerical data.
— Reaching +0.1% requires 4"-loop perturbation theory
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(2) o, from hadronic t-lepton decays

_ 4
» Computed at N°LO: &, = v thadtons) _ g, v $7 (%) 4 0fa) + )
n=1

L(t7 = vre 7e) T

* Experimentally: R__ == 3.4697 £ 0.0080 (+0.23%)

» Various pQCD approaches 4

- ~
(FOPT vs CIPT) & treatment [[-:S)aﬂ(.ov m S
f non-pQCD corrections AN T b g
O | P _ Pich He— e
(note: (A/m ) ~2%), yield Boito —e— %
different results. SMreview | | | | rim— | | | | v
Uncertainty slightly increased: 0.11 0.115 0.12 0.125 0.13
2013 (£1.3%) = 2017 (+1.5%) os(Mz)= 0.1192 + 0.0018 (+1.5%)

» Future prospects:
— Better TH understanding of FOPT vs CIPT differences.
— Better EXP spectral functions needed (high stats & better precision):
B-factories (BELLE-11?)

— FCC-ee: High-stats, O(10), from Z - 17: da lo_ < 1%
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(3) a, from proton structure functions

(0.¢]

9 dz A?
» Computed at N2?LO: B(@,@%) == ) = (Qw)n Z/ O3 @ ki ) B (5 1) + 0 2)
n=>0
» Experimentally: Multiple F,(x,Q?), F°,(x,Q?), F (x,Q%), PDFs(x,Q?)
NNPDF2.1 NNLO DIS-only
. e Parabolic Fit : B8 J. Bliimlein, H. Bottcher, and A. Guffanti
» Different approaches: - Data oy | et P B7r 152 oo, |
. . 3230 ;00
Non-singlet fits, am 03 | --- nato
singlet+non-singlet fits, =~ ** 02 F o
global fits of PDFs, ... e o1f
3170 Dot o - co@p) - onariggs A
o111 0112 01135 szu; 0118 0121 2123 103 i et x
Uncertflnn; ~stable: e ABM o ;: i = o
JR | ] QA
| . —~+
NNPDF o o c
MMHT | 2 o
» Lowest central value among T | | I
all extractions methods. 0.1 0115 0.12 0.125 0.13
o, = 0.1156 + 0.0021 (+1.8%) O (M3)
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(3) a, from proton structure functions (future)

>, a™(u%) Ldz T A?
» Computed at N23LO: P(,@*) =z ) | (gw)ﬁ > / ;Cﬁ)(za Q% 1 ) fé/p(;’“QF) *0(@)
n=0 i=q,9" " '
» Updates by MMHT (R.Thorne, DIS'18) & NNPDF3.1 (N.Hartland, DI1S'18)
o etorat ~ Xiobatminy NNLO | | | aNNLO (1 ) = 0.1185 4 0.0005% & 000012 + 0,0p11th
MMHT + LHC jets
MMHT + LHC, T:;rat.ron j:q : p—.. SR RS O e
“[  MMHT + Tevatron jets + LHC (new) o . ] N +0.0012 01190
‘ a2y N\ increase wrt. 0.1268
ol as(Mz) = 01176 7 <] SN ppG2017 o166 &
Small +0.0004 " oe00 NN N 2 0.1184 ¥
w0 p increase wrt. . ; \ 0.1182‘;:_
\ ‘ PDG2017 ’,’J 9000 0.1180
20 ".\\ ‘u“ . o g 0.1178
RN . 2 s 8500 . . 4 ‘ . Mo1176
. - ‘:-_‘ . __.'_:-:___.—‘_:___ ,: ] . '..‘ . . 0.110 0.115 0.120 0.125 0.130
0114 0115 0110 0117 018 01 012 0.121 _ Gsimz)
oS t 8 ~ 0.3% precision from LHeC
: St i
» Jets at NNLO mcluded_ for the 1* time. ol S0t lor,~ 0.3%
Small central o, value increase o s o

towards world average.

» Futu re: LHeC/FCC-eh StatS- D,q1:74 0.1176 0.1178 0.118 D,1I182 0‘1I184 alpg;l;ﬂﬁ

M Klein, V Radescu — NC,CC

should lead to 0.3% uncertainty. = NCCCr2e

combined fit to PDFs+as using LHeC data
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(4) o, from e*e” event shapes & jet rates

» Computed at N>°*LO+N@LL accuracy.

» Experimentally (LEP):

Thrust, C-parameter, jet shapes

3-jet x-sections

» Results sensitive to non-pQC

7T =1 — max 2 |;I?'1:_" .
LD 21

3", || 73] sin® 0s;

(hadronization) accounted for
via MCs or analytically:

C-parameter
norm

Thrust |
norm

Ok,

—_—

Full N?LL' results

Thrust with Q]
C—Parameter with Q]
C—Parameter with O = 32071

)

(' =-

D 2 (ZmD
ALEPH (jets&shapes) I I & i $
OPAL 29 AR : o
JADE(j&s) | |O { '

i . . 1 oY)
Dissertori (3j) I ® { -

] JADE j) : | ® | 3,

i DWm —e | =3
Abbate (1) o— | Qo

E Gehrm. F—=e 4 myd

] Hoang —e—i | O

] “3’!=---!-'l=-!--"!'-:---

; 0.11 0.115 0.12 0.125 0.13

0.110

0.112 0114 O0.1le6
as(mz)

FCC-ee Phys. Workshop, CERN, Jan. 2019
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012

o(M2)= 0.1169 = 0.0034 (+2.9%)
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(4) o, from e*e event shapes & jet rates (future)

» Computed at N22*LO+N®@LL accuracy. a—
» Experimentally (LEP): S|P - 7

7 =1 — max

Thrust, C-parameter, jet shapes ) |
3ot x sectons SEDILLE
» Results sensitive to non-pQCD 2 o 17:) AL3jet ent
. . 1
(hadronization) accounted for
via MCs or analytically: » Modern jet substructure techniques:
"""" Full NLL resutis || ] “Soft drop” can help reduce non-
C-parameter :
norm —T— ° ] PQCD corrections for thrust:
Baron, Marzani, VT; '18
3l i 050 i%(“e_—“ﬁ‘*xl; 050 J%%(e’fe‘—)’qq+X)
gg\cf Thrust with Q] -—-—-: ]1:2 1:]?" \ \\ L(i:):; :---:
2r C—Parameter with Q7 n 040 frome NLL:UOP];‘“ 1 040F \\ LCL)‘;NIJ;I:;]:; ; 4
C—Parameter with N5 = 5%'11[ ] Tiit’:iz szLi2 -
Thrust | - ] 030 0.30
norm ~ [ & % e
o 020 020
00_.1'16 51T 01T 0116 0118 o1
ag(mz) 0.10 | 0.10
Q=mz =mz
» Future: Saslas <1% 0'%0.00;?_%.1‘;[)?_0 b 0T p 00 3czc[v:].,0—10-1:,5—0 01

— New data: Lower-\'s (Belle-II) for evt shapes, higher-\'s (FCC-ee) for rates
— TH: Improved hadronization for shapes, (N2°LL) resummation for rates.
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(5) a, from hadronic Z decays

T'(Z—h)

4 Py )
* Computed a.t N3LO R? = m — RE"“;P‘"TC(]- Gz Z Cn (C::) - O(ﬂf;]l + 5111 + 6111::)

RO — Fhad, O’E 4= 127 Telhaa _ 127 P?

After Higgs discovery, o, can be also directly determined from full fit of SM:
e ~, 5 .

M I H ?{ .L T T T I -
H 0.0 ) -
M,, 1.5 < 45F I sM fit E
Tw 0.1 - Sooo [‘z 3

M, 0.3 Ll SRR AR S A A 420
) -0.2 3 5 E 0 =
Ohaa -1.5 e SR T Ohad B
R, -1.0 3 “._-.-World average [RDG 2017] =
AL - |-0.9 c -
A(LEP) | 0.1 25— —
A(SLD) 2.1 = N =
sinrol@_ ) 0.7 2 o 7
sin?@y (Tevt.) 0.1 15 =
AL 0.8 ~E g

Acg 2.4 1 RO =i
A, 0.0 = ’ . -
A, 0.6 0.5 o —
o = - . . . - -
:: :: et L 1 | L I I L TR YT M ! | i

. ! 8.11 0.115 0.12 0.125 0.13
m, 0.5 2
Ao (2) 0.2 o (M)
us(Mf) 1.3 s\VZ
e b b b b b b —
S o, (M) = 0.1196 + 0.0030 (+2.5%)

(Oﬁt — Omeas) / Cmeas
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(5) a, from hadronic Z decays (future)

» Computed at N3LO: R§ = %

» FCC-ee: Extraction from fits to 3 Z-peak pseudo-observables.

Fits including I, and RID, theory uncertainties for FCC-ee scaled by 1/4.
T T r

4 = Gwe 5
— RE"“;P‘-'TC(]- + Z Cn (?) - O(ﬂi) + 5111 + é-npj

o 5 = T T T T T | : T T T 1 T e
%i 4.5 E- | FCC-ee prospect ] fitter |sul: 1
E ---- No theo. unc. : ' = 9
- — 1/4today'stheo.unc. | : i | E
3.5 =[] Present precision =
—_ -®- World average [PDG 2017] =
25 E
1.5 =
1N R o 1o
0.5F '
0 - 1 1 1 I 1 % J
0.116 0.118 0.12 0.122
2
o (M2)

— Huge Z stats (X10° LEP) will lead to: da_lor_ < 0.2%

— Full SM-fit extraction: Parallel reduction of parametric (sin®8_,,m,,,m, )
TH uncertainties.
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(5b) a_ from hadronic W decays

[D.d'E, M.Srebre, arXiv:1603.06501]
» Width (BR) known at N°LO (NNLO). Small sensitivity to o_ (beyond Born)

V2 4 Vaine
F‘W',had — EGFmif Z H/ri,le 17 Z (?S) + éelectroweak(ai) -1 6mixed(aas)
k=1 [EWK: -0.35%]

quarks 1,j

Ivijlz q q as(1_4) q q aas q
MG.GO% W@ +W€ 3.78% %ﬁ +M§ -0.05%

» TH improvements: finite quark-mass effects included (LO), updated PDG
parameters, careful evaluation of parametric (Vi’j, m, ) & theoretical uncert.

* Calculation dominated by +1.5% parametric (mostly V_) uncertainty:

I,(MeV)  =142867 +22.40  +0.04,  (exp. CKM)
1411.40 + 0.96, +0.04,  (CKM=1)
BR,,= I, /T, = 0.6820 + 0.0110,_ + 0.0002, (exp. CKM)

0.6742 +0.0001,_ +0.0002,,, (CKM=1)

*» TH uncertainty (missing a.° terms, non-pQCD (A,,/m,,)* power corrs.,
finite quark masses beyond LO, CKM matrix renorm. scheme): +0.03%
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(5b) a_ from hadronic W decays (future)

4
V2 s k =
» Computed at NZ’BLO: FW,had — %GF?H?V E |'V1’J|2 14 E (%) I 6electroweak(a) -+ amixed(aas)]
quarks i.j k=1

#» LEP: I, = 1405+29 MeV (#2%), BR,, = 0.6741+0.0027 (+0.4%)
Extraction with large exp. & parametric

T . = + (+ 0 )
(CKM V_) uncertainties today: o, (M,)=0.117+0.040 (+35%
—— CKM unitarity
Ry, o =2:069 £ 0.013 - - - -Experimental CKM Rl on =2.089 (1£1x107)  =——CKM unitarity
0,16 1 1 1 1 1 1 \I\ 1 Eu 1 1 1 1 1 1 1 o 0’121' N 1 N \ : N 1 M
| i S i
0,14 - i ' (( FCC )) i
1 T Ll ’ ] hheshe i
- i ________ ‘L .
0.12 a,(m )} =0.120 £0.021, + 0.003, +0.001 ' e=n" "" vl i
IS ’
] it S 0,120 - vl
—~ 0,10+ : ~’~~ i P B —~
o~ = ] i \\ ',' | ~ =2 -
ém 0,05 : ~:"\ i éﬁ | o () = 0.1197 £ 0.0003,,|
a i - : - " ~~~~~ 6 i
006 s : s
| S RS 0,119 i L
0,04 - : L i
] S S |
0,02 - i - T o0
i [ I Se i
is 2)=0.0+0.16_ +0.02 Soy !
000 +——~H—— as(fnw), i = ST 0,118 : . - i - . .
198 2,00 202 204 206 208 210 212 214 216 2,0680 2,0685 2,0690 2,0695 2,0700
R
' W
R"" [D.d E, M.Srebre, PLB763(2016)465]

» FCC-ee: — Huge W stats (X10* LEP) will lead to: éa_lor_ < 0.3%
— TH (param.) uncertainty: [6V_| to be significantly improved (10+)
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(6) o, from top-pair p-p cross sections

m Total top-antitop cross section (known at NNLO+NNLL) is the
1% p-p collider observable to constrain o, at NNLO accuracy:
_ [G.Salam et al. arXiv:170:8.07495 |

Data-theory x-section comparison for 5 g
. . <t
varying PDF+a as a function of M, i :
° . —H—7 O
\s = 7 TeV; ag(my) = 0.1184 : : ]
) WENTE: CEERRRRRREE R o - =
[ . | —— CMS,L=231b" ] B0 : =
= 20PN  E— Top++ 2.0, ABMI1 o5 :
o R, : AREE q 8o : e ————
. 9 === Top++ 2.0, CT10 i =C
2000 O, | 1 | e Top++ 2.0, HERAPDF1.5 |
[ | Top++ 2.0, MSTW2008 < T »
180 v W Ntlam . E== Tops++20,NNPDF23 = : . —
= \,f K3 ’ o — T =
160_— ‘\ \ = o__ - . o
- o : oy I
E ' ] [ H =
140_ (=2, | oo : | | :
i J 5 = E i o T =
B °2 . == : 5
K lgi” 7 L A IR P B
120, el & 0.110 0.115 0.120 0.125
165 170 175 180 185 190 _ +0.0034
mpole (GeV) ag(mz) = 0.1177 P S
t .
[CMS, PLB 728 (2014) 496] Inclusion of full set of t-tbar data

yields o (m,) with £2.9% uncertainty
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Current PDG a_world average (NNLO)

class averages:

Baik |--T—0—| e

D?vizr |-r.—| C'l- 0
Boito —e— I \D<J

SM review |-——,—-| A

HPQCD (wilson | ) -

HPQCD (e coremors  [BERE

Maltmann (Wilson loops) || |—@—i Y}

JLOQCD (adier functions) }-—-?l—] g aS(MZ )= 0.1 1 84 i 0.001 2 (il.o%)
PACS-CS (vac. pol. fctns) : m o

ETM (ghost-gluon vertex) I D

BBG PSV (static energy) |—Q—-| I

= = 2
I 2§  os(M;)=0.1156 = 0.0021 (+1.8%)
NNPDF r!—o—a == SV ) - +4.070
MMHT —e—i— 2 ™
ALEPH Gersnatiod ||| e @ ||
OPALU&{s: T8 ] : o y -3
JADE(jgs) | - :'::J
el 2 :
Apeer | S 3 (M, )= 0.1169 + 0.0034 (+2.9%)
DW m) —e 3 =
Abbate (1) —e— {1 o
Gehrm. £ L 3 —t
Hoang —e—i Sk o
) . i : . . > :

. p., I k
SRl e ntte  O(M;)=0.1196 = 0.0030 (+2.5%)
e —_ - | e s(M;)=0.1151 = 0.0028 (+2.5%)

0.11 0.115 0.12 0.125 0.13

0.0011 (+0.9%)

|+

unweighted Xx? average: o.(M.)=0.1181
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“Updated” o, world average (NNLO)

class averages:

gaik.ov |--|'-—o—| g"

avier P—TQ—I

Boito —e— I \0‘:}

SM review 1 v

HPQCD (wilson loo s') . :

HPQCD (c-c correlatlinrs} I-fq*

Maltmann (wilson loops) e YN

JLQCD (Adier functions) }——.l—l g aS(MZ )= 0.1 1 84 i 0.001 2 (il.o%)
PACS-CS (vac. pol. fctns) i m o

ETM (ghost-gluon vertex) : 4]

BBGPSV (statcenergy) |—.——-| I

ABM |—.—|-| o A
wo | . 2 5 os(M,)= 0.1156 = 0.0021 8%
NNPDF P[—O—rl == svtiz i e - (il' 0)
MMHT H—ei—y o ™

----------- o, (M) =0.1157 £ 0.0020 (+1.8%)

ALEPH Getsashapes) L © d
OPAL (jas) : — D
JADE(jgs) | - :'::J
Di tori (3 ————
ADEGy || [ S xs(M,)= 0.1169 = 0.0034 (+2.9%)
DW m) —e 3 =T
Abbate (1) —e— { | Y
Gehrm. i—eo——1 : —t
Hoang —e—i 1 g
© 4 4 i 4 s 4
. e A electroweak
GFltte,r ! FI—F ? : precision fits (XS(MZ)= 0.1 196 o 0.0030 (i25%)
: had
C{m?os.ssectio%}_?_f—li | ! cg“:;joer:- | as(MZ )= 0.1 1 51 i 0.0028 (i2-5%)

911 s B2 oaes 848 o (Mz) =0.1177 £ 0.0035 (+2.9%)
unweighted Xx? average: xs(M;)= 0.1182 = 0.0011 (+0.9%)
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Other a_ extractions (not yet in world average)

m There exist at least 8 other classes of observables, computed today
at lower accuracy (NLO, NNLO¥), that could be used to extract o._.

Three of them to be exploited at FCC-ee:

/4 decay factor April 2016

o 2 v T decays (N3LO)
S(Q ) (NNLO) a DIS jets (NLO)

0 Heavy Quarkonia (NLO)

03} soft parton FFs o o+ jets & shapes (res. NNLO)
(NNLO%) ® ¢.w. precision fits (N3LO)
\\ " v pp—> jets (NLO)
F (x,Q%) Y decays v pp —> tt (NNLO)
NL
0.2} (NLO)
hard
parton )
FFs (NLO)
0.1+
= QCD as(M;)=0.1181 +0.,0011
1 10 100 “r 1000
Q [GeV]
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o from y QCD structure function

1 2
*» Computed at NNLO: / daFy (@, Q% P = 1o { - gg)qo +enio+ 288 o0 1+ 0(2)

The Pointlike Photon Structure Function at Large o

*» Poor 2 (x,Q?) experimental measurements:  §°[==gme [arpge [omewss

PL

T

osk

» Extraction (NLO) with large exp.
uncertainties today:

o, (M) = 0.1198 + 0.0054
(+4.5%)

[M.Klasen et al. PRL89 (2002)122004]

S

| ¢ OoPAL(1<x<0.6) ASSO 02 <x <0.8) |
» Future prospects 225 - 4 ALEPH (0.1 <x < 0.5/6/7) + AMY (0.3 < x < 0.8) s
¥ L3 (0.1 <x <0.5/6) ¥ TOPAZ (0.3 <x < 0.8) 1

2 4+ PLUTO (0.3 < x < 0.8)

— Fit with NNLO F2 evolution (ongoing) .- # JADE 0.1 <x < 1.0

| -- GRV LO (0.2 < x < 0.9) ¢ LC1 (0.1 < x < 0.6) |
— Better e’e’ data badly needed: Belle-II? " [ CU0ii=isid oo™
— Dedicated studies at ILC exist: '

|-+ SaS1D (0.1 <x < 0.6)
| =+ HO (0.1 < x < 0.6)
- ASYM (0.1 < x <0.6)

— Huge vy (EPA) stats at s |

0s —

FCC-ee will lead to: da_lo.. < 1% vas [ogamet g LE Loz
s S [R Nisius, arxiv:0907.2782] tuw.=20m" .
121!1!9;1!4!28 0 * w0 Q IE]GeV ]
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o_ from parton-to-hadron FFs

» Soft Fragmentation Functions (NNLO*+NNLL): % Hard Frag. Functions (NLO):

r {Nh)g, {Nh)q

» Combined fit of energy evolution of HBP moments:

€ =In(1/x) € =In(1/x)

10 S I
%‘ 0: DG fits to e+e- jet hadron data e ot -§§§¥tggg ’-g' 7: DG fit to DIS (Breit frame) jet hadron data 4 =38 GeV USR]
"6 Q- (Limiting spectrum Q =Aqcq; m, =130 MeV) —+ =12 Gav ey '"6 [ (Limiting spectrum Q =Agl; m =110 MeV) el e T o . N ————— =
ho] = ;gg%g{a%i.é,n ho] 6 —§— V5= 73 GeV [ZELISBE] ; e S e S D
o8& HEES | o B S e !
-~ 7 4ol :E%J“ — 5* —§— 5= 145 GeV [ZEUS 5] e e £ ._____-;'_‘.'—"’
6 i 4 P\ ? - 2 ovizE S 8 | .
5F viaEAL £ [ AN &\ — 1 = 153 GaV [ZEUS10] 12 +H - L
E X OPAL s .t \ \ * > e o
E L) 3 [ p K v\ & \ —!— V=215 GeV [ZEUS10] A rd
4: oy W \ %\— — ! =305 GeV[ZELS'10] ,'J,"r, s
E o Y i e s
3k o 1, AEARY A \ —— = 432 GaV [ZEUS10] i 8 & * 7
= —~ - e : i
E 1 A\ By R AT —4— =611 GeV[ZEUS10] b ,-"’ S
= VRS w7
2 E % Mo k —4— = 864 GaV[ZELS10] an A !
E ) - ™ -_\- G w0
E ! = 1222 GeV[ZEUS'10]
1 = —
E { 1 . —4— = 1727 GeV[ZEUS1Q) ¢
3 e - —
123 45 6 7 8 9 10 o o, (NNLO)=0.1199£0.0044 (+3.6%)

10'
* — +0.0022 o . ]
(xs (N N LO +N N LL)_OI 120510-0010 12% 100 ¢ *‘:-3_,_?_ » ALEPH 3
>4 c 6 10" § ) e ks T iy .
%’ g Multiplicity DG limiting-spectrum (m'"=130 MeV) Q E Max. peak DG limiting-spectrum (mm=130 MeV) 10° L "-\\ TI"I-;.__}. P —1 ; ggtﬁ:: EE‘,’S} _;
= 35—+ Worde's and DIS jetdata ) ’§' sf 4 Worde's and DIs et data I ] i} ]
= wb NNLO'_+NNLL / Q@ [ NNOWNNL 5 . '-\\ 1 .
3 a,(mf)=0.117 £0.008 x [ 14(M?)=0.124 £ 0.001 - e 10 . | 7 — E
E | K= 0.121+0.003 S 4 o M ~ 5 \ e [ i ™~ 3
5050 = 0.121£0. g ¥%indf = 81.7/84 ¥ & 10 F T T 1
=T x2indf = 129.6/141 =t % - et H . T T ]
B 20 e M ] . Y
— U E Lo .. 107 L ~ — N
15} 3 @ﬁ or | o
10F . 10° [ Y
5 Uy 10" ! : : ! . I . B
= : Lo o 01 02 03 04 05 06 07 08 09 1
E AT R R i L Ll ‘ ! *
8.1 0.2 1 234 10 20 100200 8.81 2 3456 10 2030 100 200
28 Gev) B [AKK, B.Kniehl et al., NPB 803(2008)42]

[D.d'E., R.Perez-Ramos, arXiv:1505.02624] o, (NLO)=0.1176%0.0055+0.0008 (+4.7%)

» Future prospects: — Full-NNLO fit for FF (& moments) evolution. Sou loa < 1%
— FCC-ee: Huge hadron stats. up to x2 LEP E, s 8
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Summary: a_at FCC-ee

0 Worlc!-average QCD m ~0.1% uncertainty, combining Z,W,t
coupling at N*°LO: hadronic decays (plus F2 (x,Q?) & FFs fits)
— Determined today from ONLY possible with machine like FCC-ee:

6 observables with

Fits including I, and R:), theory uncertainties for FCC-ee scaled by 1/4.
T T T T T T P T T

~1% uncertainty 5 agE OO0 procpes B
(least well-known coupling). G oNe S G Fo
— Impacts all LHC (& FCC-hh) o el |
QCD x-sections & decays. 25 E
— Role beyond SM: GUT, oE 4 E
EWK vacuum stability 1S ity v
New colored sectors? TR et
0.116 0.118 0.12 0.122
m New extractions/updates: s ) (M)
PDF fits, e-p jets, full pp—~tthar o —— e~
( FCC ) i
m Reduction of hadronization & %%
resummation uncertainties: o201 '
— New TH developments needed gf . R ) -0+ oo
— New precise e*e data needed |
m Other extraction methods _ ;
proposed: TH work towards 1}
NNLO accuracy " 2,0680 20685 2,}0{5:0 20695  2,0700
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o_ coupling from e-p — jets (NNLO)

m DIS H1 jet x-sections and jets+PDF-fit compared for the 1° time

to NNLOjet calculations: [Radek Zleb&ik, H1, arxiv:1709.07251]
— T T T T T 1 T T T ' | ' ' ' ! | ! !
0.13 — PDF selection o -fit NNLO - - Carrelation of o ,(m.) and gluon density
% - ¢ o. NNLO total unc. e I H1PDF2017 -- Fit without jet data
— . ___ NNPDF3.1 1% + NNPDF3.1
T - ---.ABMP 18 8F PDF+a, fit
= e CT14 19 - -
E 012} --- HERAPDF2.0 -3~ . 1
= I MMHT |ls .
o I 19 I l
: ] B farder o | 'L?I) i * ‘\\ i
e | 5 -0 o h -
S - _ E’ ? ~. ‘
& 0.11L H1lets (> 28Gev) i _ . f+
" H1ans NNLOJET | | H1.na NNLOJET Hessian orrars _
! | I I ! L ! ! I | | ! ! ! | ! !
0.11 0.12 0.13 0.11 0.12
afPF (m ) of PDF og(m.)

algljets’ﬁ>28(}ev(mz) = 0.1157(20)exp(28)the0r. (13-0%)
QHIPDF2017 (1 ) — 0.1142(11)exep (26 theor. (£2.4%)
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(6) o, from top-pair p-p cross sections

m Total top-antitop cross section (known at NNLO+NNLL) is the
1% p-p collider observable to constrain o,_at NNLO accuracy:

Data_theory X_sectlon Comparlson for CMS,\s=7TeV,L=23 fb1; NNLO+NNLL fOI’Gﬂ; mf("e =173.2+1.4 GeV
T T T | T T T | T T T I T T T | T T T ] :I T T I T T T
: : : @
varying PDF+O(’S as a function of mtop' . Default og(m,) of respective PDF set = é
15 =7 TeV;agmy) = 0.1184 §
_6‘ _' e R 'i RS YR S T e A E
2 . | BE==cMs,L=231b" - ABM11 H = H
& 220N 1= [ Top++2.0,ABMI1 =
. 3 || e Tops+ 20, CTH0 i CT10 H ¥ H |
2001, O, | 1| e Top++ 2.0, HERAPDF1.5 | B | '
T, O, || e Top++ 2.0, MSTW2008 - prbaieli TS e an i
180_— ~~\f.ﬂ_ ~—— Top++ 2.0, NNPDF2.3 5 MSTW2008 i v I I
160}\:f‘§ B . NNPDF2.3 H ¥ |
: ‘QL-‘I : | | | | 1 | 1 | ! 1 | | | | I | 1 | 1 I EI 1 | I | | |
1401~ 5 = 8 (2 T I U 1 7 I T R S o 1 B G
£ gig S 0Ls(mz)
- Sio 7 ) .
120 R Ry i Precise measurement dominated by
165 170 175 180 185 A 190 associated PDF uncertainty (+2.5%)
m*" (GeV)
t

[CMS, PLB 728 (2014) 496] 9 40.0028
as(Mz) = 0.1151 55957
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o_ coupling from other LHC jet results (NLO)

m Ratio of 3-jets to 2-jets, 3-jet mass x-sections & energy-energy correl.
test running o, (NLO only) up to so-far unprobed scales Q ~ 1.5 TeV:

[CMS, EPJC 75 (2015) 288, and Ibid. 186] c s ¢ or ——
=

ag(mz) = 0.1162 + 0.0011 (exp.) 0907 (scale) + 0.0018 (PDF) + 0.0003 (Np) ~ 0-11
ay(mz) = 0.1196 + 0.0013 (exp.) 1% (scale) + 0.0017 (PDF) + 0.0004 (NP) ¢ 4

=== D0 inclusive jeis =

» 1* time asymptotic freedom .

IS probed at the TeV scale!
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0.08

6 0.25 ~ - 0.14 ATLAS = TEEC2012Gicbalft [ Word Average 2016 —]
3 E =sfe= TEEC 2012 =dr— TEEC 2011 n
< | + CM'ES F|'32 ratio + HEF{A 0.13f —e- CMS R, =% CMS 31t mass -
& —ii— CMS ti prod. —{— LEP 5 ~B— CMS inclusivejets 7 TeV =7— CMS inclusive jets 8TeV -]
[ Y . : —'— PETRA | B =&= CMS f cross section == DO angular correlaions -
0.20 - X —4— CMS |m.:l. jet : i 0.12F o e 3
! —§— CMS 3-jetmass —¥V— SPS 1 & 3
i —— Tevatron | 0.1 —
0.15 | 0.1 £
[ 0.09 ]
0.10 - —
| - 8 : T T L l L) T T T T T T T [
—_— as(Mz) = 0.1171 L5505, (3-jet mass) ‘;; 0.14 ATLAS —— ATEEC2012Gobal it [[Y]]) World Average 2016
] B == ATEEC 2012 == ATEEC 2011
005 - Qg Mz) 0.1185 + 0.0006 (World average) ] 0.13ER —e—cMsR, —¥— CMS3jet mass
ek — y SE— B =i~ CMS inclusive jets 7 TeV —v— CMS inclusive jets 8 TeV
1 0 1 GO &(E%O V] 0 12:_ == CMS f cross section =+ D0 angular correlaions
e i -




o_ from pion and'Y decays

»TT decay factor (N3LO, RGOPT): ssues: [Kneur&Neveu,PRD81(2010)125012]

Fi(pertlgs = Neggr [=L + 35(8L + 3L + ¢) * Too low scale for pQCD?
H &P fs0(ng)L? + far(ng)L + faa(ng)L+ fz3(ng)] + O(a)]  Optimization approach,...
» Intriguing agreement with world
L=1n %‘, ny=2(3) average.

@s(myz) = 0.11747 908 (rgopt th) £ .0010| (g, /g + 0005.,,; O = 0.117420.0017 (£1.5%)

I(T(1S) »vX) 36efaN [Mambrilla et al. PRD75(07)074014]
T(Y(1S) — X) 5 as D’

N,D = 140+ 00 +0() 0 (NLO)=0.1190£0.007 (£6%)

*Y decay (NLO): p -

: _U—l 1)6
+0(as?) + O(agw?) + o(a,,.l_) + 0w + O(a—)
(g s

o A NNLO extraction of a5 appears feasible in the
coming years, the key ingredients being:

a More precise data for the T(15) photon spectrum
(and total hadronic width)

o Non-trivial higher order perturbative calculations
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