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Foreword: Mostly covering a. extractions from the PDG’24 (other more recent

extractions will be shown during this workshop), plus future perspectives from:

The strong coupling constant: State of the art and the decade ahead
arXiv:2203.08271 [hep-ph]


https://arxiv.org/abs/2203.08271

Introduction: QCD coupling o,

m Determines strength of the strong interaction among quarks & gluons.
m Single free parameter of QCD in the m,=0 limit. Running via RGE.

m Determined at a ref. scale (Q=m,), decreases as ocsffwln(QzlAZ)‘,1 A=x0.2 GeV

Oos
O log Q2

m The solution at three-loop precision
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Introduction: QCD coupling o,

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

m Single free parameter of QCD in the m,=0 limit.
m Determined at a ref. scale (Q=m,), decreases as ocszln(QZ/Az)_,l A=x0.2 GeV

PDG world average

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 2024 2026 2028 2030

year
» 1986: First PDG world-average with ~100% uncertainty.
» 2025: Where are we 40 yrs later? How EIC/future-colliders will improve it?

198
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Motivation: QCD coupling a._

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

m Single free parameter of QCD in the m_ = 0O limit.
m Determined at a ref. scale (Q=m,), decreases as o Nln(QZIAZ)‘1 A=x0.2 GeV

— T ' T | 0.5 — 0.35 \
! ' o Tdecay ( N LO)
% L W Uncert.~ 10%: @@ |\ Uncert.~2.5% |o Uncert ~0.8 /Oloszcont (N°LO)
P\ AZ. 200 ey A¥ 9
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: 0.5 [ ete’ |ets/shapes (NNLO+NLLA)
| o3| N T e*e” 20 pole fit (N°LO) +e-
3 RN [ pp/op jets (NLO) e
& 0.2 pp top (NNLO) +e-
1f sl | _ . op TEEC (NNLO)
2 | 03 N
o
r g ] 0.15
[ 01| M 01} iy h
4 o i,
11989 2000 12024 T
e Sy : P BT ] ST O S SR
Q [GeV] 1 10 Q[GeV] 100 1 10 100 1000
August 2023 Q[GeV]
ag(M.) = 0.110*3.9% (NLO) » ot (M. ) = 0.1184+0.0031 (NNLO) » os(mz?) = 0.1180 + 0.0009
G. Altarelli, Ann. Rev. Nucl. Part. Sci. 39, 1989 S.B.,J. Phys. G 26, 2000

» Least precisely known of all interaction couplings !
00~ 10" < 8G 10" < 3G~ 10°<K 60, ~10°
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Motivation: a_impact beyond QCD

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

g -t th -holld-nl'lfsl ' GeV =3
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World a_determination (PDG 2024)

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

[Huston/Rabbertz/Zanderlgh|]

[ \\‘ ) T decay (N3LO)
A\ (1) Tdecays low Q2 cont. (N3LO) ++— |
[ (2) QQ HERA jets (NNLO) +—
o5k \ ... e'ejets/shapes (NNLO+NLLA) —=
O (3) lattice e*e” Z0 pole fit (N3LO) +e—
O pp/pp jets (NLO) & 1
S SR pp TEEC (NNLO)
[ g | e (5) e e jets (shapes rates)
| Mo () PP = Z Wit
0.1 | REE - oo i . _
[ el T e
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World-average a_(PDG 2024)

m X?-based average of (unweighted) pre-averages from 7 categories of observables:

a (M) =0.1180 + 0.0009 (+0.8%) 5P 2008-16 Fb o+
Boito 2018 FO |—o— T de&c(:ays
Hadronic tau decay (5 values): B ADGO :E’; low 02
OLS(MZ) =0.1173 £ 0.0017 (114%) [T i - ‘:E ------------------
Quarkonia properties (6 values): ) vrsonzole(co | o 00
(M) =0.1181 + 0.037 (+3.3%) o1 (ce) M
DIS & PDFs fits (7 values): -

o (M)=0.1161 + 0.0022 (+1.9%) B [moes: e por ris
e*e”— hadrons final states (7 values): peen sy | T ]
(M) =0.1189 + 0.0037 (+3.1%) B e T | Ged

| A B NS o)
Hadron collider measurements (7 ValueS): (PSR B i : S0 T8 N A B
a (M) =0.1168 + 0.0027 (+£2.3%) » H Gerore gum ,,—" o
Electroweak precision fits (3 values): cstneries el |
a. (M) =0.1203 £ 0.0028 (+2.3%) " crmersors | T
Lattice QCD (1 FLAG average value): poszozzew | — — L
o (M)=0.1184 +0.0008 (+0.7%) ¥ O -
as(mz)

August 2023
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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 N=*LO in pQCD to lattice data

with m f fixed to exp. data: [FLAG Collab. http://flag.unibe.ch]
had ’ had —H FLAG estimate
NP _ PT _ ~n . i e o L
K™ =K =) igcias ! e .
- T, Bazavoy 15
m Community-agreed (FLAG) criteria fl—o— |* O ——— | e
o HPQCD 10
based on: large p scale for pQCD : == Haliasn e
part, well-defined continuum limit, —
latt. size/spacing: L/a> u/Aaqco, : s Es%gsags
. " E_arhei{%%ou\os 19
peer-reviewed results. : = B
:_Jn [ | Nakayama-18
m Current uncertainties driven mostly | T | decowing
by pQCD truncation & matching, and = s scaling
continuum limit (lattice spacing I o 1000 o poimte
& computing statistics). 0.110 0.115 0.120 0.125
FIAG2024 s
» Future prospects: o, =0.1184 + 0.0008 (+0.7%)

- 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) . from hadronic t-lepton decays

(T~ — v+ + hadrons)

1
= SpwNc (1 + Z B (?) R - 5.p)

xr—il

m Computed at N°LO: R, = -

(7™ % e i)

m Experimentally: R __ = 3.6355 % 0.0081 (+0.22%)

Xp

m Theoretically:

— “Historical” diffs. in pQCD approaches.
FOPT vs. CIPT OPE truncations fi“"**:;;
(matching to npQCD spectral functions): T i
— Reconciled via IR renormalon-free
gluon condensate?
— (CIPT not in PDG for now)
m Uncertainty driven today by: - S
— non-pQCD corrections (duality S ’ ﬁ
violations): Note: (A/m )* ~ 2% R ; SRR R
» Future prospects: L~ Hadronic T spectral funcltié)n
— N“LO corrections. - .
— Better spectral functions needed: a,=0.1173 £ 0.0017 (£1.4%)

BELLE-IlI, STCF. Longer future: O(10%*?) Z - vt at FCC-ee(90)
— Reconciling FOPT vs. CIPT?
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(3) 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

NVZREL
> Pl
o 3X, |l 7] sin® 6
m Results sensitive to non-pQCD ¢ =5 ST
(hadronization) corrections. "
» Accounted for via MCs or analytlcally

—1—max

AL 3 jet evnt

---------------- I
Full N3LL' results ALEPH {]&5] t 1y
C—parameter_‘_ OPAL (j&s) :
norm > ] JADE (j&s) i
N § Dissertori (3]) _ ; ete
o JADE (3]) - | - i jets
GeV Thrust with (2] Verby'tskyi [2]} s &
2r C—Parameter with Q] 7] Kardos (EEC) H i sha pes
C—Parameter with Qf = 320 - .
Thrust | : ; Abbate (T) g Analytic npQCD
—r . Gehrmann ( E I - -
norm : E modeling not'in
Hoang (C) =
) S i : PDG for now...
0110 0112 0114 0116 0118 012

— Impact of power corrections & NNLL

as(mz)

resummations in the 2-jet limit?

— Uncertainty of mass-scheme to extend

evt. shapes to massive hadrons?
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(3) o, from e‘e: event shapes & jet rates

m Computed at N**LO+N?LL accuracy.
m Experimentally (LEP): 1 . pi-n
. — ma}:
Thrust, C-parameter, jet shapes > |pil
3et x-sectlo'n.s 330, |57 sin® 6
m Results sensitive to non-pQCD ¢ =3 ST
(hadronization) corrections. '
» Improved evt-shape power-corrs:

AL 3 jet evnt

% Modern jet substructure techniques:

0.75 T 1 T T T T
Nason, Zanderighf888 s s “Soft drop” can help reduce non-
S T T PQCD corrections for thrust:
: : : : : CT green . . . . 0.16
. : = 0.150 | 1 ~ Four = 0.2 e 0.14
0.5 b T T cd 0140 b _ SRR
' ' £ 0130 | {H l’l H | 0.13 |
045 1 o120f { 1 “oaz}
[S Ravasm Ferrarlo] H{ h{ {‘ﬁ
0.110 : . . 4
O b T _ B=1 ; , 0.11
NNLO T C, y3 flts in 3-Jet reglon 0100 e l 1
035 0.090 | ; : .' . 1 01 f
o2 o014 0116 0118 012 012 012 0126 0128 > 5 = =
as(Mz) = = = 2 0.09 |
= = 0 0.0L 002 0.03 0.04 0.05 0.06 0.07

Tmin

% Future prospects:
— Better power-corrs for shapes, (N*3LL) resummation for rates. Grooming?
— New e*e data at lower-vs (Belle-Il) & higher-vs (Higgs factories) needed.
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(4) o, from DIS struct. functions

m N%3LO analysis of (non)singlet struct. functions (BBG, JR14)
(and NNLO global PDF AMBP fit) tend to give “lowish” a (M ) ~ 0.1150

— n(#R) dz A
FQ(:C: Z 271')'”‘ Z 21‘,( Q “RJ[J’F)f@/p( 1#’}7‘)—'—0(@2)
1=4,9

0.5

[ T Blimlein, H. Bottcher, and A . Guffanti, —~ 0125

[ Nucl. Phys. B774, 182 (2007). E; - [ poczoie

| C
0.4 El:mzzs - 771 HERA I+11 + fixed-target
xd  (X) = | .
v - FSS HERA I+ fixed-target

0.3 --- N3LO

—— NNLO
———- NLO

.
-
-
-
L ]
g \I\
..... e -
A 0.1125

e ]

L sLAcC | NMC

0.2

0.1

4 HT fitted

2 0.0020
- (].‘S(ﬂfz) — 0.1141i0'0022 . oors |
Lol A oY O i T L1 ’ L BeDMS HERA I+I1
3 2 1 - HERA I

10 10 10 x 0-1051985I — I19I‘)O. — I19I95. — I21]‘1]1]I — IZOIOS‘ — IZOIIOI — IZCIILSI I

year

m Neglect of singlet contribs. for x>0.3 in NS fits? Size of higher-order corrs.?
» Future prospects: New high-precision F (x,Q%) at EIC.
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(4) a_ extraction from global-PDF fits

m NNLO PDF fits extract a_ by leaving it float in the global fit (PDF+ocS fit):

CT18 NNLO

@ (Mz)=0.1164+0.0026 at 68%CL _ MSHT2020 NNLO CJ!.c,(Mz ) x Var'ﬂtlﬂn
100~ ‘ : : : : - ‘
\ 1 ] . /
80} O( ( ) - . — . m
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s+ ————1Total 6500 i -
/1 "BCDMS p - ¥2 = 5119.5 for 4363 points
60t :
~ . —€MS8 jets
EoLl ya X2 6000 - 7]
= s o ]€EMST jets
<~ X 1+—E866pp
20F > . i ]
1 €EDF2 jets 5500 — total x2  + =
~ | EHCb8WZ fit —— )
0 =~ ATLAS7 jets
’j D02 jets
{ ATLBZpT
2ol ) ) ) ) 5000 | | | | |
0.110 0.112 0.114 0.116 0.118 0.120 0.122 0.124 0105 0110 0115 0120 0425 0.130 0135
s (Mz) 0 «(Mz?)
H1 and ZEUS a (M ) 0.1161 * 0.0022 ("'1 7 A))
Nj 14 NNLO, m clusive + jet data
-
= 12 |

_ Total - e ‘ r+ NNLO
. . Q,..,-,. - a8V Top quark pair praduction | N N #DFs' 1 i »_Tv_«
|
10 1156 = 0.031 ze1 ‘ ——f—
..... o -free fit Collider Drell-Yan aS(M z) e O . 1 185 i O . O 12 —_

uncertainties: Fixed Target Drell-Yan{—

Inclusive Jets

[ scale Collider DIS (HERA) L

—_—

Fixed Target neutrino DIS

E] () S a ®
T T T T T

—_—

Fixed Target charged lepton D15

I L I I
0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.124 0.126 | 0,110 0.115 0.120 0.125 0.130

O‘s(M;) as(mgz)

m Diffs. across fits: Tolerance factors, weights on specific data sets, parametriz. biases
m Theory uncertainties (size of missing HO corrections)? Full N°LO upcoming.

» Future prospects: New high-precision (polarized) PDF(x,Q?) at EIC.

Extracting alpha s at EIC/Future, May’25 13/27 David d'Enterria (CERN)



(5) o from hadron colliders: HERA jet x-sections

m DIS HERA jet x-sections employed for o._ extractions via NNLOjet:

"Absolute” jet cross sections
ZEUS 820GeV HERA-I HERA-II
low Q
Inclusive jet
high Q
TV
low Q2
Dijet
high Q2
low Q2
Three-jet

 , from inclusive jet cross sections in NC DIS
« NNLO pQCD w/ non-pert. hadronisation corrections

* H1 and ZEUS consistent

« Sizeable scale uncertainties (MHOU) since data are

at comparably low scales

 Highest precision obtained in fit to data with

u>28 GeV

m Largest uncertainty from missing HO corrs.

o, results from HERA inclusive jet data in NNLO

T T I
APPLfast ana NNLOJET

H1 inclusive jets’

300 GeV high-Q° ———
HERA-I low-Q? ————

HERA-! high-Q° ———t

HERA-II low-Q° R
HERA-II high-Q° ——o—11

ZEUS inclusive jets

300 GeV high-Q +——+
HERA-I high-Q* i
Multiple data sets

H1 inclusive jets ' —r——

ZEUS inclusive jets =i
HERA inclusive jets —+e—  [0.1171
Multiple data sets (i > 28 GeV)

H1 inclusive jelsimszasew ——

ZEUS inclusive jets >28aGev) R

HERA inclusive jets (i>28cev) —H

World average [rocis) i / —o- |
L il L L L L 1 L | L

ol

+ previously fit in Ref. [10] y/ 0.12
as

as(Mz) = 0.1178 (15)exp (21)th;

» Future prospects: NNLO jet x-sections-based extractions at EIC
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(5) a, extraction from LHC pQCD x-sections

m Method: (1) Compare cs(exp) to o(NNLO) for varying PDFs+o.
(2) Extract a_ via y* minimization (extra requiremnt: redo partial PDF fit)

proton
Py

parton a
XIPJ

Note:
Gluon & a_strongly

(anti)correlated at
high (low) x.

parton c
P

parton b

X? P =
proton

P2

oop X = > [ [ dmdr i ratue) i o 610+ )imo + 2w + -
partons pQCD accuracy: O(50%) ((20%) O(2-5%)
m Global requirement:
— X-section NOT incorporated/incorporable in global-PDF fits (avoid “double counting”)

m Theory requirements:
— NNLO prediction: Few % scale uncertainty
— Low non-pQCD & parametric (e.g. mq) uncertainties & controlled EW corrections

m EXp. requirements:
— Few % stat. uncertainty: Process with large cross sections (say 62100 pb).

— Few % syst. uncertainties: Ratios (luminosity & other syst. cancel out) better?
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(5) a, extraction from LHC pQCD x-sections

m Increasing number of NNLO processes, but: not yet in global-PDF-fits, large x-
sections, small EW/non-pQCD corrections, small exp. uncerts,...:

8 aqore ver perd® ol | oamel® g0 1o Groed® 780
aneld YIOY® oV on WP e (KON - W o, FE T pell el = oo,
ree™ aande® o, i vot T pouedh T e o et o T ian F pre amonte™®
. van p, WeO | astes ST, Breit sio | evasiO T gt it WOzt profi® e T i
i) s @as\ pnas W wﬂ_d‘“ Cﬂaﬂ '.\..G-GBF m\%d{e(a’e‘g{:ﬂf‘f .Fe"eﬁ!‘

LC. %@

PO K ath = el L Ao a5
\Nllw" \.\\5\9‘ \'\w\a" F“M A i dit gt wat cate™ B?{glﬂ\
wl?-d‘ﬁ" N i & stah
.G ' goughezdt
¥ ) (paﬂ!ﬂn- .
.tbar total, Czakon, Fiedler, Mito¥
>l L Z-Y, Grazzini, Kallwelt, Rathlev, Torre
=4 S ij (partiall. Gehrmann-De Ridder, &t al.
2004 2006 2z, Cascioli it et al.
p 2002 2008 = -ZH diff., Ferrera, Grazzini, Tramontano

1990 2010

WW , Gehrmann st al.
‘tbar diff., Czakon, Fiedler, Mitov
N Z-y, W-y, Grazzini, Kallweil, Rathlev
A Hj, Boughezal et al.
Wij, Boughezal, et al.
Hj, Boughezal et al.
VBF diff., Cacciari et al.
N N Lo 2014 3 Zj, Gehrmann-De Ridder et al.

ZZ, Grazzini, Kallwell, Rathlev

Hj, Caola, Melnikov, Schulze

"Zj, Boughezal et g,
2016 [’//;H di i
'I iff, ZH diff, Campbell e al.,

A o ¥, Cam,
2018/ e
Grazini o1 5

MCF o N
e NNLo
(L2 Boughe,
M S!ng'le fOp i:"h’mann.ge Rfdde 4l et al,
- de Fiop,, - oT9er, G " 6t 3,
Py cp anerg 00 Coy,

ot G Gotimgpen et 44 Zhy
Slide inspired by G. Salam H""rlfgp_m Mpbey, EM?:T;,%” * Glove, o 10 Riderg,. ota
ota, '

| o
) VBF gjis 2z _ Margyy Ptw. Gehypg, : Els, Wi 2"
4. L Crypp. 5% G . at nn iam, ms
Created by L. Cieri %efe:_ o "z "rfamnez' a::em”c”- etal, Lo, szzhr's!aj )

m First ones tried: ¢ _(ttbar), 6 (W,Z), do/dp (Z, low p,)....

B Not yet tried at NNLO: Ratios R_,(p,) = 6(3))/6(2)), 6(Z+))/c(Z), s(W+))/c(W),...

Note: Different TH prescriptions exist to construct “correct” NNLO R, ratios...
Extracting alpha s at EIC/Future, May’25 16/27 David d'Enterria (CERN)



o, [pb]

——— Measured o, (= 10)

Fit paints
for NNPDF30 (no LHC) (NNLO)

Predicted o (= 10)

oy [Pb]

....... Top++ 2.0, ABM11
i Top++ 2.0, CT10

= Top++ 2.0, NNPDF2.3

k_Tevatron
2012

2.

s
—— CMS,L=231b’

------------ Top++ 2.0, HERAPDF1.5 —
------- Top++ 2.0, MSTW2008

R = S T B . .
170 175 180 185
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(5) a_ from inclusive LHC ttbar x-sections

m Compare o(exp,ttbar) to c(NNLO,ttbar) for diff. PDFs+a.

+ Advantages: Direct LO sensitivity to o_ (via gg - tthar)

— Disadvantages: O(5%) exp/th. uncertainties, dependence on m__
m First tried by CMS (pp @ 7TeV). Extended to 8 LHC data sets by Klijnsma et al.

—— Predicted (II{'“"’

Measured a;®

|:| Multiplication of of* and oj*"”

TS ST R T I
0.1 0.115 0.12

CT14

NNLO

NNPDF3.0
(noLHC)

CT14

17/27

()‘.5
:— Projection on o axis
C 0.11784
~ ® : :
s Marginalize
‘_ Ott
E 0.12264
L 0.11302
[1-0.00482) @ ® (;0.00480)
; | L ' s | | ' ' | ' '
0.11 0.115 0.12 0.125
Ly .

NNLO+NNLL

o I NNPDF3.0
2 (noLHC)
T

o, = 0.1177 + 0.0035 (+3.0%)
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(5) a_ from inclusive LHC W, Z x-sections

+ Advantages: O(1-2%) exp/th. uncertainties
— Disadvantages: No LO sensitivity to o (only via K

m Compare o(exp;W,Z) to s(NNLO;W,Z) for diff. PDFs+a, ‘f} *Eim

~1.3)

NnLO
m First tried by CMS (pp @ 7,8 TeV) Extended to 28 LHC data sets by DdE&Poldaru
g cms 38" (7 Tev) g f:MS 38 b (7 Tev) 3 LHC combined JHEP 06 (2020) 016, 1912.11733 [hep-ph]
é 3500 g 2& C - CT14
§ it ﬁ 8- & HERAPDF2.0
s g arof 5 & MMHT14
pp = W.+X, 1s=7 TeV I HERAPDF2.0 (NNLO) anp pp —>W'+X \s=7 TeV B HERAPDF2.0 (NNLO) 6 =¥~ NNPDF3.0

I CT14 (NNLO) [ CT14 (NNLO)

|
! i
3200, 2650
IR Totol exp. uncertainty | B MMHT14 (NNLO) B ol . urcmtointy | —-MMHT14 (NNLO) r
3150, Luminasity uncertainty J NNPDF3.0 (NNLO) 2600, Luminosity uncertainty : NNPOF3.0 (NNLO) -
01 0105 011 0115 012 0125 013 0135 01 0105 041 0115 012 0125 013 0135 4_

og™O(m,) L
s *Lumiisleading EXP uncert. . F
'8. e l 8 2000;
5 28 : 5 e \-l/ W
s g C
g zauu; ‘g 0 P
@ 22508 2 0102010401060108 0.11 01120‘[1401160118 012 0122
8 ! ]
G 22001 G NLO(m )
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» Future: Add past-2020 data sets + redo (partial) aN3LO PDF fit.
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https://arxiv.org/abs/1912.11733

(5) a_ from inclusive jet x-sections (CMS)

m Combined xFitter NNLO fit of PDF+ao._ of incl. jet d°c/dydp,.+ HERA DIS data
+ Advantages: Correlation of gluon PDF & o, accounted for.

m CMS 13 TeV [arXiv:2111.10431] HERAPDF-like analysis:

CMS 33.5th" (13 TeV) CMS 335" (13 TeV)
— # T T T T T T T T | T T | T T T T
:‘U'..} 104 ;_ Anti-k.. (R =0.7) _; é 14} lyl < 0.5 + 05<|yl<1.0 1.0<|yl<15 1 1.5<|y|<2.0
1ok —CT14NNLO @ NP @ EW ] 2
0 E . Iy] < 0.5 (x10% I
~ 10k m 05<|yl <1.0 (xi0" 4 6
- F a2 1.0<|y] < 1.5 (x10% i 9
°_ 10 = v 1.5<yl <2.0 (x10% E Z os} Anti-k, (R = 0.7) L f 1 +{
o 3 i £ [ Tot. exp. unc. -- NNLO PDF unc.
.__'g_ 1 § F % 06 f + Data (statunc) {+ —NNLOscaleunc. & —H; scale
Nb 107k 4 % 100 200 1000 100 200 1000 100 200 1000 100 200 1000
2 E Jetp. (GeV)
107 : !
10_3 -é ,z;—o‘ glm-ﬂl NN Hessimur:;ﬂ:i:ées
1'0_4 E _é ;’ ?m; ets + HERA
5[ . 3 O o
104; » Leading exp. 1 oL
107 F ] . ok
_E uncert: JES/JER - :
100 200 300 1000 2000 i, fo <7

Jet P, (GeV)

m Extraction with small (mostly fit) uncertainty: o, = 0.1166 * 0.0017 (+1.5%)

% Multiple jet spectra incorporated into upcoming full global-PDF fits.
(overall tolerance will decrease o_sensitivity?)
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(5) a_ from EEC In multijet events (ATLAS)

m Multijet energy-energy correlations available at NNLO
+ Advantages: Small exp. uncertainties (JES/JER). PDF uncertainties subleading.

* Use multi-jets transverse energy—energy correlations (TEEC) and their arxiv:2301.09351]
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 diaarams contributing to aa —s

jet pairs in the final state

G 016 " T D& R i D@inc.jet o

—_— - ¥ g SNGL e 1

| N E.—’l EA é” — ATLAS * EH:?SDT;.'QCT = «_'xh.-:-zé‘.-r.lassr H arxi‘-.r.sﬂ.zslw-: -

| dX Ti™Tj r CMS CMSR,, CMSincl jet |

[_r dcos ¢ = E Z 2 d(cos ¢ — cos ;) 0'14__ ‘ amu;m-h;.l?saa Y oomaeriss ot ]

‘ A=1 A L _ ATLASR,, ]

0.121- TEECBTeV |

. . . L o EE reV |

Also use associated azimuthal asymmetries (ATEEC) to N aeiiriess
cancel uncertainties symmetric in cos(¢) 0.10— * TEEC13TeV ]
| dx 1 dx - -

l dz = — - 0.08— NNLO pQCD; MMHT 2014 (NNLO) 4 —
ocdcos¢ odcosé|, odcosg|, L — aym,) = 0.1175 " (TEEC Global) { i

0.06— | w(m)=0.1179 + 0.0009 (PDG 2022)

10° 10°

— +0.0035 _
o, = 0.1175 *09935 (+1.5-3.0%)

* Large theoretical improvement from NNLO
correction to gg—=> 3-jet production in pp collisions
* reduction of theoretical uncertainty by a factor of 3

(TH scale still leading uncertainty)
m RGE running of QCD coupling tested up to scales QxH_ /2= 2 TeV
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(5) a_ from Z boson dos/dp_ recoil (ATLAS)

(not yet in PDG)

m Differential Z boson x-sections available at N?2LO+N34LL

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
> [
Q? L
.g_ L
= 60—
Q_ —
© L
L L
40—
o e agm)-0108 7=
20— $77
- — (Is(mz} = 0118
H — — oym,) =0.128
L2 1.2
[y L -, —— —— ——
c el —
—_— .
08__.--"” ----------------
0 5 10 15
p_[GeV]

m Extraction with “aggressive”
+0.75% uncertainty:
- Just one approx-N3LO PDF fit used

- Gaussian npQCD model under good control?
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[arXiv:2309.12986]

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

|
ATLAS

- I-:adron Gollider]s
—-@- Category Averages PDG 2022
Preliminary -@- Lattice Average FLAG 2021
-@- World Average PDG 2022
-®- ATLAS Zp_8TeV

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
0.1171 £ 0.0031

0.1208 +0.0028

I0.1183 i0.00PQ

0.125 0.13
as{mz}

o, = 0.11828 + 0.00088 (+0.75%)
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https://inspirehep.net/literature/2702147

(5) a_ from energy correlations inside jets (CMS)

m 3-,2-particle jet substructure energy correlators (NLO, not in PDG)

(E3C and E2C) as a function of ang. separation (x.) known at NLO+NNLL.
Advantages: Insensitive to PDFs. Uncorrelated with other extractions
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i 1 . 1 E! 1 ; g ; 4 ; L . J
: ! L AR, J D ARy, A g ]
: & / : B A Yy Unfolded
: : : ! IE AR, £ i
LG : :E A Eomy ] : E3C/E2C
i E “"\__:\--\V: é ; M!,]I“.‘I‘ :-: f}é‘::: m8c :uuc.-.'-; B o p! 0100 -: 100 < pl < 1410 14l
: A R : o 8 alary e 1
E i . . E3 12 —.—1 i
Quark/Gluon . Confinement | Hadron ] it 3
] i . brogt J
1 Faars Hadron % |
higher energy ] E "—ﬂ.
ED [:8-. o
o
4 Data
CMS 36.3fb7 (13 TeV)
Data —— NNLL+NP E ay(my) 1.02
. [¥]pF": 97-220 Gev Fooot3s 13
» InQFT at LL, EBC/E2C IS ¢ | i sossscer L0 Hoe B

: § _ +0.0040
i Sontey e £ |ay(my) = 0.1229%09040 (< 4.1 % rel)
3

e 1101-1410 GeV

linear function of ax:

s ‘H g 102 2
ﬂ/__ x aglnx; + O(al) : Tetum 1o PRL133 (2024) 071903,

i 1.02 arxXiv:2402.13864

m New & most precise o_ extraction from jét substructure so far.
Does E3C/E2C « o_ hold at N"LL? NNLO theory soon?
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https://arxiv.org/abs/2402.13864

(6) @ from Z boson hadronic decays

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

q

1 T
= R%\.ﬁrﬁ-’c(l + Z Cn (C:) + O(&-g) REIF, g 5111:_) w/z

n=1 3

» Extraction from three Z-peak pseudo-observables (LEP, SLC):
RO — Lhaa o 127 Telhaa Jg L8 BN (|v| ) = 0.1221 + 0.0027 (+2.3%)
A

I'y mz F2

5
M 0.0 o™ L9 -
" = =, =
My, -1.5 < - 3
Tw 0.1 4.5 = 3
w, 0.3 T S A E— “26
Iy -0.2 = =
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R, -1.0 = 2
Az 0.9 3E b=
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sin*eo 7' (Q,_ ) -0.7 2 "
sin@ M (Tevt.) 0.1 = =
A% 08 1.5 Pl
Apy 2.4 = R
A, 0.0 1 T ~ R A _:10
A, 0.6 c R =
R? 0.0 0.5 = N “ . =
Rc -0.7 il 1 | 1 1 ] s J e L --P“' 1 ] 1 L
- m, | 0.5 8.11 0.115 0.12 0.125 0.13
B b og(M?)
gl a, (M) = 0.1203 + 0.0028 (+2.3%)

(Oﬁt — O eae) / Cmeas
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(6) a_ from EW boesons hadronic decays

m Updated Z,W-based o (m ) extractions:

Mo 45

New fit with HO EW corrs. + corrected Z LEP data. New N3LO fit to r,,R,

35— —1rI7

3 T R

E o
255 s re 201
20 ---- R, [2018]
15 ; o= [2018]

F [] World average [PDG 2019]

0.5

RS |
4 — - W= ———
E or " i

a (M) = 0.1203 £ 0.0028 (+2.3%)

T —— At

s 4.5]
3.5-
255
1.5

05—

.

_________ i___-ch
— R, Tl (CKM exp.)

— Ry, Iy (CKM unit.) ]
[ World average [PDG 2019]

7

————— A

67

O.OIS‘ i ‘0‘.0‘8‘ L

. il NI
0.1 0.12
ocs(mz)

[DdE&Jacobsen, 2005.04545 [hep-ph]]

o (m,) = 0.101 £ 0.027 (+27%)

m Future: Permil uncertainty possible only with a machine such as FCC-ee

e 4.5 !
< r :
d0—7— v W T T T T T
: |l || = Z data, FCC-ee (91 GeV)
3.5 [ ] == Z data, LEP (this work)
3 || ] World average [PDG 2019]

25
2
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=y

—_ e, — —

0.5

0%

02

6 0.118

SRR AR

0.122

o, (m,) = 0.12030 + 0.00028 £0.2% (tot), £0.1% (exp)
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https://inspirehep.net/literature/1795063

Summary: Current & future o_precision

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

Method

Relative cs(m32) uncertainty

Current

theory & exp. uncertainties sources

Near (long-term) future

theory & experimental progress

(1) Lattice

0.7%
Finite lattice spacing & stats.
N22LO pQCD truncation

= 0.3% (0.1%)
Reduced latt. spacing. Add more observables
Add N?*“*LO, active charm (QED effects)

Higher renorm. scale via step-scaling to more observ.

(2) T decays

1.6%
NLO CIPT vs. FOPT diffs.

Limited 7 spectral data

< 1.%
Add N*LO terms. Solve CIPT-FOPT diffs.

Improved 7 spectral functions at Belle II

(3) QQ bound states

3.3%
N%3LO pQCD truncation

tMe,s uncertainties

~ 1.5%
Add N*“*LO & more (cé), (bb) bound states

Combined m. s + as fits

(4) DIS & PDF fits

1.7%
NZz()LO PDF (SF) fits
Span of PDF-based results

~ 1% (0.2%)
N3LO fits. Add new SF fits: F'?, g; (EIC)
Better corr. matrices. More PDF data (LHeC/FCC-eh)

(5) eTe™ jets & evt shapes

2.6%
NNLO+N®23LL, truncation
Different NP analytical & PS corrs.
Limited datasets w/ old detectors

~ 1.5% (< 1%)
Add N%22LO+N3LL, power corrections
Improved NP corrs. via: NNLL PS, grooming
New improved data at B factories (FCC-ee)

(6) Electroweak fits

2.3%
N3LO truncation
Small LEP+SLD datasets

(= 0.1%)
N%LO, reduced param. uncerts. (mw,z, o, CKM)
Add W boson. Tera-Z, Oku-W datasets (FCC-ee)

(7) Hadron colliders

2.4%
NNLO(+NNLL) truncation, PDF uncerts.
Limited data sets (tZ, W, Z, e-p jets)

~ 1.5%
N®*LO+NNLL (for color-singlets), improved PDFs
Add more datasets: Z pr, p-p jets, o;/0; ratios,...

World average

0.8%

~ 0.4% (0.1%)
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Summary: o, wish-list for the next ~10 years

m Theoretical needs to approach (0.1%) precision:
(1) Lattice QCD: Sufficient dedicated computing resources & person-power:

- Develop pQCD N*4LO theory for observables in a finite space-time volume
- Extend higher renormalization scales via step-scaling to more observables

(2) Other phenomenology efforts:

- N*LO for tau decays. 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,...
- Z, W hadronic decays at N*LO & mixed QCD+EW needed for longer term.

m Experimental needs to approach (0.1%) precision:
(3) Extension of N22LO hadron-collider- and/or PDF-based extractions via:

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

Improved treatment of exp. correl. matrices uncertainties among measurements
- EIC: New DIS measurements (also LHeC/FCC-eh): F2P4(x,Q?), PDFpa(X,Q3?), Bj.SR
- FCC: Hadronic Z (and W) decays is the only non-lattice method known that
can reach permil precision: Tera-Z machine needed.
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alphas- 2025 Workshop on precision measurements of the QCD coupllng constant

https:/lindico.cern.chl/elalphas2025

St

The "alphas-2025: Workshop on precision measurements of the strong coupling constant” will be held at
Participant List the CNRS Paul Langevin Center in Aussois (Savoie) in the third week of December 2025 (Sun. 14th to
Friday 19th).

Overview

Venue (CNRS Centre Paul

Langevin, Aussois : ! ! :
St ) The workshop aims at exploring in depth the current status and upcoming prospects in the

Accomodation & Costs determination of the QCD coupling constant acg(mz) from the key observables where high-precision
experimental measurements and theoretical calculations are (or will be) available: (i) lattice QCD, (ii)
hadronic decays of tau leptons, (iii) deep-inelastic electron-proton scattering and global parton densities
[ ol cont crmanins analysgs, (.iv‘J QcD r:orret:t.ionz“. to .eileotroweak precision observables, and analysis of (v) hadronic final
states in high energy particle collisions (e e, ep, and pp).
Previous meetings:

Starts 14 Dec 2025, 18:00
L a|[3hd ‘-L2024" ECT* Trento Ends 19 Dec 2025] 14:00
s alpha_s(2022), ECT*, Trento
» alpha_ kLZOW‘; ECT*, Trento
= alpha_s(2015), CERN, Geneva David d'Enterria
alpha_s(2011), MPI, Munich Giulia Zanderighi
Stefan Kluth
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Backup slides
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Where LHC has made/can make an impact?

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

a (M) =0.1179 £ 0.0009 (£0.8%)
Hadronic tau decay (4 values):
a (M) =0.1178 £ 0.0019 (+1.6%)
Quarkonia properties (4 values):
a (M) =0.1181 £ 0.037 (+3.3%)

DIS & PDFs fits (6 values):
a (M) =0.1162 + 0.0020 (+1.7%)

e*e - hadrons final states (10 values):
a (M) =0.1171 £ 0.0031 (+2.6%)

Hadron collider measurements (5 values):

a (M) =0.1165 + 0.0028 (+2.4%)
Electroweak precision fits (2 values):
a (M) =0.1208 + 0.0028 (+2.3%)

Lattice QCD (1 FLAG value):
a (M) =0.1182 +£ 0.0008 (+0.7%)

Extracting alpha s at EIC/Future, May’'25
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(5) a_ from inclusive ttbar x-sections (CMS)

m Compare o(exp,ttbar) to c(NNLO,ttbar) for diff. PDFs+a.
+ Advantages: Direct LO sensitivity to o_ (via gg - ttbar)
— Disadvantages: O(5%) exp/th. uncertainties, dependence on My,

m Latest extraction from CMS: pp @ 13 TeV [1812.10505 [hep-ex]]

10 CMS 35.9 b (13 TeV)
“he I
|+ NNPDF3.1 .
v
|+ cT14 .
[ ]

7S . MMHT14

|« ABMP16 "

- . '
5 " -

[ v . . .

L | [ |
25— A

L n . ]

L v v

n n

: 8.
or | l "'F.- l |

0405 011 0115 012 0125

ag(my)

» Lumi is leading EXP uncert.

CMS 35.9 b (13 TeV) CMS 35.91b™ (13 TeV)
o® =
= 0.125 —
Of &R E 283 NNPDF3.1
. =] =
N S
MMHT14nnlo RN\ Exg CcTe
m(m,) = 163.47 GeV N 0.12| B8 MMHT14
L AEM
CT14nnlo NN\
my(m,) = 163.30 GeV N 0.115 |-
NNPDF3.1nnlo
m(m,) = 162.56 GeV 0.11 -
ABMP16nnlo .
my(m,) = 160.86 GeV 0305
| | | k ‘ _||||||||||||||||||||||||||||||||||
0.105 0.11 0.115 0.12 150 160 161 162 163 164 165 166
og(m,) m(m,) [GeV]

a, = 0.1145 + 0.0033 (+2.9%)

Extraction with ~3% uncert. from o(exp) & PDF. Correlation of o & g(x,Q%) & My,

m Future: 3% compressible? Worth adding all data sets (past 2018) + redo fit?
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(5) a_ from inclusive jet x-sections (LHC)

m Compare dijet do/dp (exp) to do/dp (NNLO) for diff. PDFs+o.

o, from LHC Dijet Cross Slections in NNLO

NNLOJET and APPLfast
preliminary

» a,(m;) from LHC dijet data in NNLO pQCD
(MSbar, n=5, massless, m;=91.1876 GeV)

* Fit to all dijet data x?/ndf = 379.0/(351-1) LHC dijet data (NNLO]

» Reasonable agreement of data sets ATLAS 7 TeV (R=0.6) ———
» Use NNPDF3.1 as central PDF CMS 7 TeV (R-0.7) —
(other PDF result in a bit larger a, value, but smaller x?) CMS 8 TeV (R=07) ———i—

o ATLAS 13 TeV (R=0.4
* Uncertainties include (R=04) —+—e—+

* experimental

All LHC Dijet Data -
= non-perturbative corrections
* PDF (replicas/eigenvectors) World average [rocz1) -
» PDFset, PDFa,, PDFy, —o11 012
« Scale D. Britzger, et al. - EPS-HEP23 s (M)

a, = 0.1145 + 0.0020 (+1.7%)

» Preliminary extraction (NNPDF3.1 based) with small (x1.7%) uncertainty.
Does this uncertainty cover the extractions from other PDF sets?
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(3) a_ extraction from global-PDF fits

m Perform a common global-PDF fit + o_ extraction:
Note: gluon & a_ strongly (anti)correlated at high (low) x.

proton

Py
partonda

X Py

partonc
P

parton b

X P2
proton

P,

o(pp — X) = Z ffdxldxz J1 (e, ag(ur) fo (xo, ag(ur)) [510 + a5 (UR)GNLO + @ (UR)INNLO + - - ]
partons pQCD accuracy: O(50%) O(20%) O(2-5%)

m Theory requirements:
— NNLO prediction: Few % scale uncertainty

— Low non-pQCD & controlled EW (and mixed QCD®EW) corrections

m EXp. requirements:
— Ideally, full correlation matrices across observables needed for proper
uncertainties propagation.
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o, from ¢ correlations in multijet events (CMS)

m Azimuthal-correlation observable (available at NLO so far only)
m Preliminary result from CMS [SMP-22-005]:

A PRELIMINARY
Topologies with at least 3 jets (- as? ) (LO)

(p)

5 1T o (ag. A0 ) 9‘% e

nhr CMS  Froaminary
Rﬁﬁ(ﬁf} - a‘- [ T T T T
NigtlpT) = L Theory at NLO . CMSR,TToV:EPJCTIZOMEMY
]e ﬁ o _— L CME 3-Jal mass 7TaV : EPJC 151BE|".."I]15|—_
e et ﬁgv'"‘ﬁ : e e
= ATLAS TEEC 8 TaV : EPJAC TT-BT2(2017) —
ATLAS HHETQ"J' PRD 98082004 (2018) — |
: l-—._‘+ . CME By, 13 TaV ]
. , , , , I 15'|..m-||:13 TaV] : .‘#- ) s======= PG 2022 m;".lil = 0117900009 :
E_ ) - CMS HIMPDF:nnln 105 ¥ ‘+‘é-§,¢¥_i ]
Measurement o “F Pretminary 1 C g ]
asf- - - - ]
13 TeV, 2016-2018 data, E e | of R L
AK7 (pr>360 GeV;Inl<25) t 7 . = 1 b | .
™ 1005~ o H1:EFICTESS E0S) -
» Sensitive to as { | o e | ]

» Performed in different pr =£/ —°= G

. r — o.M }=0.108 1 Q (GeV)
ranges — running “E I — N[ 00117
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m Not a precise extraction yet, but RGE running tested up to QxH_/2=2 TeV.
Testing a._ running to Q - 10 TeV is key for LHC physics programme.
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Summary: CMS past/future impact on o,

m CMS has dlrectly contrlbuted to 2 NNLO a_ values in PDG:
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Summary: CMS past/future impact on o,

m CMS has directly contributed to 2 NNLO «_ values in PDG:
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m New NNLO observables studied by ATLAS:
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¢, =0.1180 + 0.0016 (+1.3%)

o, = 0.1161 + 0.0022 (+1.6%)

* Lumi is often lead EXP unc.

o, = 0.11828 + 0.00088 (+0.7%!?)
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o, from inclusive o(W,Z) in hadronic collisions

m Method: Calculate inclusive W= and Z production cross sections at
NNLO and compare them to the LHC experimental data.

Opp—W,Z+X =// dzidxs f1 (-’13'1; }iF)fQ(-’L’Q;IiF) [f}m + Gﬂs(lirR)(}NLo + ﬂg (#R)l’}NNLo + -

B The as dependency of the cross section comes from higher order
effects (virtual & real parton emissions).

X _ !
LO diagrams: * " o
P q w™ AN
_é: X 7

NLO diagramS' NNLO diagramS'
Fiducial cross sections: CDF LHCb ATLAS CMS
NNLO/LO ratio 1.35 135 1.29 1.22 1.33
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Experimental data & NNLO computations

A total of 28 different experimental setups considered

\/S (TeV) 7 8 ]. 3 TOta |

ATLAS 3 1 3 I
LHCb 3 5 1 9
CMS 6 6 0 12

m The 28 systems represent a total of ~20000 jobs, taking into account
all PDF eigenvalues (101 NNPDF + (56+7) CT14 + (29+414+7)
HERA + (51+7) MMHT), and 5 or 7 « values (0.115, 0.116, 0.117,
0.118, 0.119, 0.120, and 0.121).

m All these computations are done at the CERN computer cluster with
hundreds of jobs in parallel.

m Running at NNLO is slow. Using the longest 2-week queue we get

0.2-0.6% numerical accuracy, comparable to ~1% diffs. to alternative NNLO
calculators: FEWZ, DYNNLO (impact on final o_result assessed at the end)
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Exp. & theor. uncertainties. y*/ndf data-theory

B Experimental & theoretical uncertainties and their correlations:

c.m. energy

Source Uncertainty Degree of correlation

Experimental:

Luminosity 2-4% (CMS), 2-3% (ATLAS), 1-4% (LHCb), 3-6% (CDF, D0) fully correlated per exp. at each /s
Systematic 1-3% (CMS), 0.3—2% (ATLAS), 0.6-2% (LHCb), 2-3% (CDF, D0) partially correlated within each exp.

0.9-1.3% (LHCh)

fully correlated at each /s

Statistical 0.3-2.5% (CMS), < 0.4% (ATLAS), 0.2-0.5% (LHCD), 0.4-2.6% (CDF, D0) uncorrelated

Theoretical:

PDF 1-4% partially correlated within PDF set
Scales 0.4-1.2% partially correlated among all calculations
Numerical 0.2-0.6% uncorrelated

Table 4. Typical ATLAS, CMS, LHCb and Tevatron experimental and theoretical uncertainties in
the W* and Z boson production cross sections, and their degree of correlation

B NNLO-data for default a,=0.118: Goodness-of-fit ~1 for CT14/MMHT14
~2 for HERAPDF2.0/NNPDF3.0

CT14 HERAPDF2.0 MMHT14 NNPDF3.0
x?%/ndf (symmetrized to the largest PDF uncertainty value) 15.8/27 21.8/27 15.7/27 58.8/27
x2/ndf (symmetrized to the smallest PDF uncertainty value) 26.3/27 60.4/27 22.7/27 58.8/27

Table 11. Overall goodness-of-fit per number of degrees of freedom, x?/ndf, among the 28 LHC
experimental measurements of W+, W, and Z boson cross sections and the corresponding theo-
retical predictions obtained with the four different PDF sets for their default as(myz) = 0.118 value.
The first (second) row lists the results obtained symmetrizing the PDF uncertainties of the cross
sections obtained with the CT14, HERAPDF2.0, and MMHT14 sets to the largest (smallest) of

their respective values.
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NNLO

(W,Z) versus o (m.,) for CMS data
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Exp. uncertainty
(mostly lumi)

Crossing-line point
indicates “perfect
match” of exp-theory
x-sections for the
default o (m,)=0.118

of all PDF sets

1o ellipses are

Joint Probability
Density Functions
(product of data &
theory uncertainties)
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(W,Z) versus o (m.,) for CMS

NNLO
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I\,NLO(W Z) versus o, (m ) for LHC data: Global trends
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W Theory consistent with data within uncertainties but not systematically for the
same o (m,) value (in particular, HERAPDF2.0 results do not always overlap

with any of the others within the 1 std.-dev. region)

m For a fixed a (m,) value, HERAPDF2.0 (NNPDF3.0) predict larger (smaller)
x-sections: HERAPDF2.0 (NNPDF3.0) prefer systematically smaller (larger) o (m.,).
MMHT14 and CT14 predictions are in between (and less scattered).

B HERAPDF2.0 (MMHT14) always has the smallest (largest) slope, i.e.
HERAPDF2.0 (MMHT14) x-sections are the least (most) sensitive to a,_variations.
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Preferred o _(m_) per measurement & propag. uncertainty

3 3700| == w; cms um

m [he ag value for each setup 5 so00 = WicHSrs
Is determined by the inter- 2 ssof
section point of the fitted
theoretical line with the ex- i
perimental value. o100

3000’

Cross se

3400°

3300

oy

m Each o uncertainty §; propagates into as as d;/k:

B To motivate this, one can construct a marginalized posterior by
multiplying the theoretical and experimental probability densities and
Integrating over o:

Plois) = / fexp(0) - frn(o|as)do.

m Using this the variance of a;s from this single system considering all
uncertainty sources ¢; is given by (k is the slope of the fitted line):

var(as) = % Zvar(&-).
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Combination of o extractions per data-set & PDF-set

B Results are combined using Convino! (Neyman y? prescription),
taking into account correlations and asymmetric PDF uncertainties
(method equivalent to BLUE for symmetric uncertainties).

M 6 uncertainty sources for each estimate considered: EXP: statistical,
luminosity, systematic; TH: NNLO scale, PDF, and numerical.

m Uncertainty correlations:

1. Luminosity at the same /s: 1 within one detector, 0. between
detectors. 0 between different /.

Stat. uncert.: fully uncorrelated.

Syst. uncert.: see next slide.

TH scale uncert.: partially correlated.

PDF uncertainty: partially correlated within each PDF set (see slides
later).

6. TH Numerical error: fully uncorrelated.

oR N

'J. Kieseler, Eur. Phys. J. C 77 (2017) 792
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Combined 28 a_ extractions & average o_per PDF
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a (m,) robustness wrt. exp./theor. ingredients

W Stability of extracted o (m,) values per PDF cross-checked by varying key

exp. & theor. ingredients & uncertainties:
(i) Data subsets: ATLAS/CMS/LHCb or 7, 8, 13 TeV
(i) Varying p=0-1 correlation of PDF/scale uncerts.
(i) +10c TH shift of central values prior to combination
(iv) Adding +1% TH uncert. (diffs. among NNLO calc.)

PDF as(mz) as(mz) as(mz)
[7TeV data] [8 TeV data] [13 TeV data]
CT14 0.1188705022 0.1152+5:0024 0.1210%35%31
HERAPDF2.0 0.1105%5:50%2 0.1085500037 0.113475:5002
MMIHT14 0.119750 0% 0.1186 = 0.0017 0.11877000%8
NNPDF3.0 0.1171 + 0.0023 0.1147 + 0.025 0.1207 = 0.0033
[ATLAS data] [LHCD data] [CMS data] [28]
CT14 0.1214 £ 0.0017 0.1131 = 0.0024 0.116370 5521
HERAPDF2.0 0.117075:5538 0.1071 =+ 0.0021 0.107275:5543
MMHT14 0.12085:55%8 0.11665-0023 0.1186 = 0.0025
NNPDF3.0 0.1222 + 0.0026 0.1169 £ 0.0032 0.1147 £ 0.0023
[PDF corr. = 1] [scale corr. = 1] [PDF corr. = scale corr. = 1]
CT14 0.1181 % 0.0010 0.117650 017 0.1186 = 0.0009
HERAPDF2.0 0.1071 + 0.0014 0110075 005 0.1098 = 0.0013
MMHT14 0.1192 = 0.0009 0.11927 )08 0.1191 £ 0.0009
NNPDF3.0 0.1144 £ 0.0017 0.1157 £ 0.0018 0.1148 £0.0016
[~ th. shift, comb. w/o th. une.] [comb. w/o th. unc.] [+ th. shift, comb. w/o th. unc.]
CT14 0.1142 + 0.0009 0.1184 =+ 0.0009 0.1203 = 0.0009
HERAPDF2.0 0.1042 + 0.0012 0.1090 £ 0.0012 0.1123 = 0.00012
MMHT14 0.1163 + 0.0008 0.1188 =+ 0.0008 0.1209 = 0.0008
NNPDF3.0 0.1160 + 0.0009 0.1183 + 0.0009 0.1205 = 0.0009
[symm. PDF uncert.] [+1% uncorr. uncert.] Largest differences
CT14 0.1176 + 0.0023 0.117155 8 (+0.0042, —0.0041)
HERAPDF2.0 0.1121 + 0.0027 0.1101 + 0.0023 (++0.0073, —0.0026)
MMIHT14 0.1200 =+ 0.0016 0.1191 758018 (-+0.0020, —0.0022)
NNPDF3.0 0.1160  0.0018 0.1170 £ 0.0022 (++0.0062, —0.0016)
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Final combined a_ extractions per PDF set

m Final o (m,) values per PDF with break-down of uncertainties & x?/ndf:

PDF as(myz,) S (stat) & (lumi) & (syst) &6(PDF) §(scale) & (num) x2/ndf
0.0015 0.0011

CT14 0.1172F5901%  0.0003  0.0005  0.0006 90015 0.0006  0.0003 23.5/27

HERAPDF2.0 0109715003 0.0004  0.0009  0.0009 %015  0.0007  0.0005 27.0/27
0.0019 0.0015

MMHT14 0.1188T0901%  0.0002  0.0008  0.0003  TH%E  0.0007  0.0002 19.3/27

NNPDF3.0  0.1160+0.0018 0.0006  0.0004 0.0005 0.0013  0.0006  0.0007 56.9/27

W Preferred o (m,)=0.1188+0.0016 extraction from MMHT14:
1) Largest sensitivity (slope) of o(W,Z) to o, 3) Lowest (symm.) propag. uncert.
2) Better x?ndf~1 of combined o,_ values. 4) Most robust wrt. analysis variations

10 LHC combined

LHC combined

N X [ —&— MMHT14
a - -®-CT14 = 6/
N - --- World average:
8— - HERAPDF2.0 B[ 0g= 0.1181 £ 0.0011
r &~ MMHT14 :
6 ¥~ NNPDF3.0 4
4; 35
- 2
o ' / b
a I: \\r/
0 ~—" o
TR N Sl I T "R R | |, TS | E 1. . I
0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122 0.114 0.116 0.118 0.12 0.122
NNLO NNLO
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