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Motivation

- Single free parameter of QCD in the m, — O limit

* |mpact physics at the Planck scale: EW vacuum stability, GUT
e Q¢ is among the major uncertainties of many precision measurements: Higgs couplings at the LHC
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https://link.springer.com/article/10.1007/JHEP08(2012)098
https://arxiv.org/pdf/hep-ph/0412419

The strong coupling constant a(m,) in the years
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~ Least precisely known of all interaction couplings!
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https://arxiv.org/abs/2203.08271

The state of the art QCD PDG Review 2024

Summary of ag(m,) Running of a¢ with (

BP 2008-16 FO 0.35 -\ '3 -
Boito 2018 FO T decays - W tdecay (N°LO)
Boito 2021 FO Iow&02 [ \! low Q2 cont. (NSLO) ]
iyt 03 7 Heavy Quarkonia (NNLO) ++— -
o |l T : : HERA jets (NNLO) =+ !
Peset 2018 ; o5 0.25 F A\ e*e” jets/shapes (NNLO+NLLA) v
it :- bound Sl \ e*e Z° pole fit (N3LO) +o-
BM19 (cC) i: States ~ ; pp/pp jets (NLO) +&—
o) | e | [Py op top (NNLO) e
;3:1(;06 : -4 . pp TEEC (NNLO) |
ABMP16 S

NNPDF31 PDF fits 0.15 -

CT18 L a "

MSHT20 . ; . Mg, o
HERAPDF20jets — . i 0o CET .
e | R T 011 gy,
IADE (e} | - == o(mz2) = 0.1180 + 0.0009 o 1
Dissertori (3) Jes'is 0.05 N | i Y| N
erbyesiyt (2 i Shapes 1 10 100 1000

Kardos (EEC) I August 2023

Klijnsma (tt)
CMS (tt)

H1 (jets)*
d'Enterria (W/Z)
HERA (jets)

CMS (incl. jets)*
ATLAS ([A]JTEEC)

................................... Q [GeV]

hadron

Gollder < World average (PDG 2024): a¢(m,) = 0.118 = 0.0009

-------------------------------------- ’- PR R S S SRR PURS S S S g p— ——
Gfitter 2018 ; :
HEPfit 2022 : electroweak Y T 2 2
PDG 2022 EW | ————i ~ 1 /L ) 0 L ~ O 2 G V
______________________________________ == | — ag “runs” as ~ In(Q atLO, L ~ 0.2 Ge
FLAG 2021 ‘ lattice
| I R T Y | DR T T ST T S R T R e |
0.110 0.115 0.120 0.125 0.130
as(m3)

D ESY August 2023 4


https://pdg.lbl.gov/2024/reviews/contents_sports.html

The state of the art of a((m,)

Category ag(my) : Rel. Unc.

Tau decays and low Q2 0.1173 1.5%
OO bound states 0.1181 0.0037 3.1%
PDF fits 0.1161 0.0022 1.9%

ete” jets and shapes 0.1189 0.0037 3.1%
Hadron colliders 0.1168 0.0027 2.3%

EW boson decays 0.1203 0.0028 2.3%
Lattice QCD 0.1184 0.0008 0.7%

PDG 24 World Average 0,118 0.0009 0.8%

7 PDG categories
* Currently, most precise determinations from lattice QCD
and tau decays
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Where LHC has made/can make an impact? (o B
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How to extract o at LHC?
2 9) A2

= N G 1) X [ 1) @ 2
. Hr HF Q

Data o(exp) Partonic XS (pQCD)

need to be corrected by non perturbative effects

Two methods to compare s(exp) to o(pQCD):
 Profiling a¢ using varying PDF+a¢ (predefined PDF from global PDF)

« Simultaneous fit of a¢ and PDFs

 Correlation between PDFs and a¢ took into account

e Reduced bias
« BUT time consuming
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Determinations of a(m,) at the LHC

Desirable features:
* Experimental precision
* High accuracy of theory prediction — NNLO, N3LO
 Small non perturbative QCD effects

Canonical observables used for a(71,)@NNLO:
New observable: Z p;
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Outlook

Today | will focus on most recent measurements (not yet in PDGQG), special focus at > NNLO

o ATLAS Z pT @8TeV: arXiv2309.12986, submitted to Nat. Phys.

 ATLAS (A)TEEC @13TeV: JHEP 07 (2023) 085

e ATLAS cross-section ratios @13TeV: arXiv2405.20206, submitted to PRD

» @NLO: CMS azimuthal correlation R, @13TeV: EPJC 84 842 (2024)

« @NNLL : CMS energy correlators @13TeV: PRL 133 071903 (2024)

approx-

« CMS dijets @13TeV: arXiv312.16669, submitted to the EPJC

e CMS Inclusive jets @13 TeV: JHEP 02 (2022) 142 + Addendum (Nov. 2022)

e CMS Inclusive jets @2.76, 7, 8, 13 TeV CMS-PAS-SMP-24-007

DESY. 9


https://arxiv.org/abs/2309.12986
https://link.springer.com/article/10.1007/jhep07(2023)085
https://arxiv.org/abs/2405.20206
https://link.springer.com/article/10.1140/epjc/s10052-024-13116-7
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.071903
https://arxiv.org/abs/2312.16669
http://arxiv.org/abs/2111.10431
https://doi.org/10.1007/JHEP12(2022)035
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-007/
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-24-007/

SenSitiVity Of Z pT to aS(mZ) More details in parallel talk of O. Kuprash, this afternoon

» Z bosons produced boosted at LHC by recoil against QCD ISR

e, 1
Predicted dependence of Z pon a(m,)

pp — Z, \'s=8 TeV

T
(@)
-

do/dp_ [pb/GeV]

N
(@)

 Sudakov factor responsible for the existence of a

peak in the Z p distribution around 4 GeV 20

» Linear sensitivity to a(m,) S 1.2
o

1

 Semi-inclusive (radiation inhibited) observable, 08

requires resummation 0

DESY. 1 O


https://indi.to/W7ttK

ATLAS cross-section measurement at 8 TeV EPJC 84 (2024) 315

Cross-sections in p; — ¥y in full lepton phase space:
* Clean experimental signature
* High experimental sensitivity

. Fast analytic predictions (at N*LLa + N°LO)
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https://link.springer.com/article/10.1140/epjc/s10052-024-12438-w

Extraction of a(11,) from ATLAS Z p, at 8 TeV

MSHT20aN3LO PDF set used to extract ag(m,)

> I
Summary of the uncertainties in units of 10> 3

.:;)

S
ycale variation uncertainties . e
Matching to fixed order 0 —0.08 'c%
Non-perturbative model +0.12 —0.20 T
Flavour model +0.40 —0.29 - ] ——
QED ISR 10.14 1-4:‘ 28<lyl<36
N*LL approximation 10.04 '
Total +0.91 —0.88

Final result: ag(m,) = 0.1183 £ 0.0009

Most precise experimental measurement to date! 10

DESY.
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AT LAS TEEC measu rement at 1 3 Tev More details in parallel talk of A. Ziaka, this afternoon

» Transverse energy-energy correlations (TEEC): tranverse-energy-weigthed distribution of ¢
differences between final-state jet pairs

» Sensitive to gluon radiation and to a(1,)
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https://indi.to/d656k

AT LAS ATEEC measu I’ement at 1 3 Tev More details in parallel talk of A. Ziaka, this afternoon

e Its asymmetry (ATEEC): forward-backward difference of TEEC — uncertainties symmetric in
cos® cancelled out

» Sensitive to gluon radiation and to a(m,) = g T T
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https://indi.to/d656k

Fixed order pQCD for (A)TEEC

» Extraction of ag(m,) at NNLO using prediction of 3-jet production
* |mproved agreement with data and scale uncertainty reduced by factor of 3 w.r.t. NLO

Data / Theory

Data / Theory
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Extraction of a((m,) from (A)TEEC

» Determined value of a¢(m,) in agreement with PDG world average

 Agreement with the RGE predictions up to ~2TeV

NNLO pQCD; MMHT 2014 (NNLO)
ag(m ) =0.1175 _*()Ofg’f: (TEEC Global)
m ) = 0.1179 = 0.0009 (PDG 2022)

CMS it a DY R,q - D@incl. jet
arXiv:1307.1907 arXiv:1207.4957 arXiv:0911.2710
CMS M, v CMS R,, - CMS incl. jet
arXiv:1412.1633 arXiv:1304.7498 arXiv:1609.05331
~ ATLASR,, . TEEC7TeV
arXiv:1805.04691 arXiv:1508.01579
TEEC 8 TeV

arXiv:1707.02562

TEEC 13 TeV

o 0.6 " "'
—i— PDF uncertainty o B ATLAS *
ATLAS —— Total uncertainty ° 0.1 4__ N
TEEC Vs =13 TeV (NNLO) = PDG 2022 L
: 0.2 | ¥
MMHT 2014 . -
' 0.10—
CT14 = i
0.08(—
NNPDF 3.0 o i
M M A R A B T 006__ &\& OLs(
0.105 0.110 0.115 0.120 0.125 —
O(-S(l‘“z) 102
. —_ 0.0034 _ 0.0035
TEEC: ag(my) = 0.1175 £ 0.0006(exp)’ ;7 (theo) = 0.11757 72
. — 0.0025 _ 0.0027
ATEEC: ag(m;) = 0.1185 % 0.0009(exp)*9-9923(theo) = 0.1185+000%

DESY.
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the scale uncertainty
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AT LAS CI’OSS-SeCtiOn ratiOS More details in parallel talk of A. Ziaka, this afternoon

* Measurement: > qoof T T T T T
: : : . @ " ATLAS ® Data B Pythia N
* Differential cross sections of multijet events Q (07 V8= 13 TeV, 140 fo"  PHePythia 9 SherpaLund -
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AT LAS CI’OSS-SeCtiOn ratiOS More details in parallel talk of A. Ziaka, this afternoon

* Jet energy scale calibration dominant uncertainty
— Significantly improved (especially at higher p;)

 Theoretical predictions available at NNLO

— Good agreement data and theory

— All ingredients to extract a¢(m,)
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E ~- - o
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= = ' [ §
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CMS a((m,) at NLO: azimuthal correlations at 13 TeV

More details in parallel talk of A. Ziaka, this afternoon

Topologies with at least 3 jets ( ~ as3) (LO)

» Sensitivity to ag(m,)

* Cancellation of systematic effects, e.g. luminosity

* Reduction of theoretical uncertainties, e.g. NP

134 ib' (13 TeV) CMS

v v 8 -I L L L L ] 1 1 1 1 L L l 1 | 1 L 1 LI I ] L

~ - Theory at NLO a CMS R,, 7 TeV : EPJC 73:2604 (2013) -

= 0251 v CMS 3-Jet mass 7TeV : EPJC 15:186 (2015) =

- + CMS incl. jets 7 TeV : EPJC 15:288 (2015)

- CMS incl. jets 8 TeV : JHEP 03:156 (2017) |

. ATLAS TEEC 8 TeV : EPJC 77:872(2017)  —

0.2 —%;\ ATLAS R,, 8 TeV : PRD 98:092004 (2018) ]

B Q o CMS R,, 13 TeV ]

- ~+ -------- PDG 2023: «g(m,) = 0.1180£0.0009 -

— : N :

o T S T 7 0.15 . é§

| 100117 | °° : Hay :
- Final result: ag(my) = 0.117%5 71 | : o o :
| - Ve I 01— N —
e e e—— — e G 0.05 . PDF uncerta'nt:es : DO : Phys. ReV. D 80:111107 (2009) :
> " = DO : PLB 718:56 (2012) -

S 12 0.05 H1 : EPJC 75:65 (2015) _

r — — . . -

% 11 S - 0 | ZEUS : Nucl. Phys. B 864:1 (2012)l | -

8 1 +-‘ ‘—. B .+ j——‘-:q:_ ’__;__ 1 1 110 1 1 1 Ll 1102 1 1 L ;03 1
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o8 . Running of a up to 2 TeV
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CMS a(m,) at NNLL

approx

Quark/Gluon Confinement Hadron

~ Larger point means
higher energy :

: energy corellators at 13 TeV

More details in parallel talk of O. Kuprash, this afternoon

Energy-weighted distances between two

Probe confinement and asymptotic freedom of o

Fit data to NLO+NNLL

approx

(

l NN

,1 - - - “*‘
ag(my) = 0.1229+00080 (< 4.1 % rel) |

Most precise a(m,) from substructure

DESY.
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CMS Inclusive jet measurement at 13 TeV

Each vertex sensitive to ag(m,)

» Inclusive jets sensitive at PDFs and a(1,) at LO

 Data compared to NNLO QCD corrected by real non- + N
perturbative and virtual electroweak effects

CMS 33.5 b (13 TeV) |
_— il T T T T T T UL 1 T n By
> 0tEe Antik. (R= 0.7 j 7 Nelf Each line sensitive to PDFs
Q b= — CT14NNLO ® NP ® EW o jets
o 0 e Lo . lyl <0.5 (x 10°) 3 — " "
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O 5 e a s 02}
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-3 7 5 -
10 7 g I e e e T
10° * s 8 -
) !
10°5 sﬂl o
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R E— T R Py Y
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C MS d ijet prOd UCtion at 1 3 Tev More details in parallel talk of A. Ziaka, this afternoon

2-D cross sections: vs rapidity of the outermost jet |y, .| and dijet invariant mass m,,

1 1
3-D cross sections: vs m,,/ < pr >, , rapidity separation y* = 5 |y — y,| and boost y, = 5 v + 3|

— |dea: probe x; and x, using different event topologies
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x s ,FCMS — CT18NNLO x NP x EW > O N hd Data
y © 10°F G 402t 0OFeTv —— CT18NNLOx NP x EW |
2.9 [J 3D bins g 10} 2 0.5 ‘g" 2]5‘01;‘3j"°°
3 4 '\1016_1.01} 10°10 10' ]
K 2D bins B > 10 bg‘ 151 10-210¢ 10°
c < | | 6 102 B2 il 20f —\—t_‘_‘—-\__
1.5 » -g 1 . § 1077 - - _'_\_'_\—?—\_4_\_'_\*_\* -
S M S 408 —5 _\_\_\_\_\_ .
1 | 5 10%F—+ Data L o e
! N Y, 00 < 0.5 (x 109 N - <o SO ' e
NGO o s st R A
0.5 O 10k 1 10<|y| _<15(x10) S R tny . o SUNSN
JHROAD, R o .,
vvvvvvvvvvvvvvvvvvvv 5 10 x 2.0< ym <25 (X 104) ant| k (R 08) (] . anti-ky (R:O.B) M & Y
~-10 L a PP S | a - . . . PR | a . . M .
0 05 15 2 25 Yb 107300 1000 2000 10000 N 500 1000 2000 5000
m, , (GeV) m,2 (GeV)

Data compared to NNLO QCD corrected by non-perturbative and electroweak effects
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https://indi.to/d656k

Method: simultaneous fit of a¢(,) and PDFs

Simultaneous fit — Reduced dependence of a¢(/,) from PDFs
PDFs cannot be extracted with only LHC data

— |Inclusive lepton-proton DIS data (HERA, EPJ C75(2015) no. 12, 580)

Small-x limit High-x limit

\B C — X

—_ f f

e Parametrise PDFs at a starting scale —— xf(x) = Apx™ (1 —x) (1 + Dgx + Egx”)
‘\\\\\\\\\ Normalization ‘\\\\\\\\\

Shape

e Evolve PDFs at the scale of the measured N )
data with DGLAP evolution XFItter iramewor

« Compute theory predictions:
* DIS .at NNI._O Wlth dlffer_ent mass schemes
* For jets using interpolation grids
 Compare theory with data using )(2
Same approach as HERAPDF2.0

DESY.

Data and

correlation

files

Reactions
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https://link.springer.com/article/10.1140/epjc/s10052-015-3710-4
https://arxiv.org/abs/2206.12465

CMS a((m,) from jet production at 13 TeV

e Simultaneous fit of PDFs and a, at NNLO
o Hera+jets fits compared to HERA-only fit

Gluon distribution Inclusive jets result:
CMS SM NNLO Hessian uncertainties CM S

5 ) demt | € [ gos ] _
X f X 100+ HERA DIS + CMS 13 TeV dijets (2D) - ! as(mz) O 1166 + O 0017
o go[- |, L CMS13TeV jets + HERA > HERA DIS + CMS 13 TeV dijets (3D) | S —
s f \, [] HERA 75_\ )

60} DljetS 2-D result:

a0 Inclusive Jets 50T T N

25 | aS(mZ) — o 1179 + o 0019
5 o ;l(lllllll:lRA;Cl\IIISl)l/HEE{Al . OF .o
2" g S1.41 DlJetS 3-D result:
s B 10— e
S 09 2 09F - (HERA+3D)/HERA g = s

10 10° 10°2 w0 104 10° 102 {07 aS(mZ) —O 1181 +00022

X e e

Inclusive jets and dijets dominated by fit uncertainty: experimental + PDF
DESY. 2 4
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InCI USive jets at CMS % More details in parallel talk of O. Kuprash, this afternoon

CMS 1 3 TeV 33.5fb" (13 TeV)
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(2 103 — CT14 NNLO ® NP ® EW 1
a9 0 o lyl <0.5 (x 10°) E
= 10 m 0.5<lyl<1.0 (x 107 -
-~ : - s 1.0<lyl<1.5 (x10? ;
'O'_ 10 £ ¢ 1.5<lyl<2.0 (x10? E
g 1if 1
o 1071E :
© :
102 F E
10°F 1
104 F :
105 F |
10°r JHEP 02 (2022) 142 3
107 :
E_ 1 1 1 1 1 1 1 1 I 1 | -3
100 200 300 1000 2000
Jetp_ (GeV)
T
7 TeV
1V B I CNIIS ' | ol IIy|I< 6.5I»(x104) | __
10 O 05<lyl<1.0(x10°) ]
. 10 Vs =7 TeV m 10<lyl<15(x10%) _
S ~ L=5.0fb" O 15<lyl<20(x10') _
(GDJ _ anti-k_ R =0.7 v 20<lyl<25(x10°) —
~ 7" -o- —
8 10'%7T+s_  PRD 87 (2013)112002 -
—  —— 'e'-e- e i
— Yo, ®e =
% = -.-"'-.- eee "’ —
— = - © %o -
o 107 =, Ba_ "a, "0, % i
S - Ty Bg_ Tmg, "Cog "% =
LS, = v, TBg =y “0g  %e, -
| £ 8 - P6g_ o S
© - ¥, oy Tmy oy e, .
107 Tv, Fg Tmg 0 T
__ A EEIE "= oo _
= o e -
— _ _ v __'D ]
10'5 — uR- uF pT —v— —
— NNPDF2.1 ® NP Corr. —
| | | | | | | | | |
200 300 1000 2000

Jet P (GeV)

8 TeV

8 TeV
r—|1017—_ ' L III.1II ' - -
83 .F CMS Open: L, =56 pb, = e Inclusive jets at 2.76, 7, 8, 13 TeV
9 10" ge‘eele‘ae% illed: L, =19.7 fb =
bl oS, 000 e CT10 NLO ® NP ® EWK _J
Bla 10" [ oo —— CT10 NLO ® NP = g :
E S%Iﬁ?‘%m@ 03 (2017) 156 = e Simultaneous fit of PDF and ay(m,)
) T - t NNLO
%%**;:*:v:" ' O — a
10° - ""-l-_._:'-*-. Yy =
10°E o ly| <05 ( x 16°) = e Jet clustered with anti-kT (R=0.7)
- = 05<|y|<1.0(x10%) )N
10" =+ 1.0<]y| <1.5( x10%) —
— % 15<|y|<2.0( x10%) *
1074 +§.g< :y: <§.g§ x:gf)) ' i
— == 2.9 < < J. X +H : :
107 & —e—3.2<|¥|<4.7(I x 10°) l | T |Y| pT Ndata
2130 40 100 200 300 71000 2000
Jetpy [GeV 183TeV  |y|<2.0 97<pT<3103 78
2.76 TeV | E e
0 CMS__ . A LU 8TeV | |y|<8.0 74<pT<1784 168
EPJC (2016) 1 JSEMSIBEIRY e
ke o 255h1<38 0100 7TeV  |ylke5 114<pT<2116 130
> . S —_—— a 25<]y|<3.0(x10%) I R T
o '—'—‘:_‘_1—*—:*—-—_._ a a
e e i 276 TeV  |y|<3.0 @ 74<pT<592 81
“o %*- 103 _P—B—_E_;—em_eﬁ_eﬁ*_,_*:***:z g i i §
10 WW ﬂmﬁr—*m —s—ﬁwm:'g:’:**j; +
-1 m _B_‘“‘P‘“ _?’ﬂi‘ - =
L geronosne il Using aII_ measuremen_ts c?ruc!al to
0 5 uneerany probe different PDF distributions
107 86 9E) 100 20I0 30I0 40I0 50I0
Jetp_ (GeV)

25


https://link.springer.com/article/10.1140/epjc/s10052-016-4083-z
https://arxiv.org/abs/1212.6660
https://arxiv.org/abs/2111.10431
https://link.springer.com/article/10.1007/JHEP03(2017)156
https://indi.to/W7ttK

Correlation of uncertainties in CMS jet data

e Correlation within a dataset investigated during the measurements or individual QCD interpretation

e (Correlation between the individual measurements

. . CMS Preliminary
e (lobal PDF fitters treat the different measurements uncorrelated .
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2.76 TeV

 Here, correlation among CMS inclusive jets is investigated

AbsMPFBias

e JES dominant uncertainty — focus on JES correlations

agm.
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Correlation of uncertainties in CMS jet data

e Correlation within a dataset investigated during the measurements or individual QCD interpretation

e (Correlation between the individual measurements

e (lobal PDF fitters treat the different measurements uncorrelated 13 TeV

8 TeV
7 TeV

e Here, correlation among CMS inclusive jets is investigated 8 TeV o

8 TeV

7 TeV srarey
e JES dominant uncertainty — focus on JES correlations v
2.76 TeV
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Data/Theory agreement for all data sets at one glance

Data/theory comparison after simultaneous fit of PDFs and a¢(m,)

CMS Preliminary
= pTTT M ™™ T BLRARLL B LU IR ] = - P
é’ 1-4: 0<|y|<0.5 ol F O«lyl<0.5 F 0<ly<0.5 0<|y|<0.5 4 2 141 5¢y1<2.0 F 1.5¢|y|<2.0 & 1.5¢Jy|<2.0 F 1.5¢Jy|<2.0 =
5 1.2 . —— H % 1.2 1 —+ —I —1 —
o — i I 1 = — o o o ¢
8 1.0 it S e M S o:—----%z ----- ~+ N - —ﬁ%ﬁﬂﬁk---—
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Good agreement data/theory
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Final result: PDFs and a(m,)

CMS All inclusive jets + HERA DIS data, compared to only-HERA fit

CMS Preliminar

+0.00093 —» Experimental and PDFs

W HERA + CMS jets - :
i o Fit unc: ~0.00094
Missing higher order
Scale unc: 1'888(1)31 contributions ((z, Up)
- Varied fixed parameters
Model unc: +0-00059
—0.00043 e.g. Q2. my, m,...
+0

~—” Parametrisation choice

Param unc: ", 004

*Fit, Model and Missing Higher order added in quadrature,
while PDF parametrisation added linearly

e

"‘ e e S(m) '1 J‘

s e e e =
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Com parison o S(mz) CMS Preliminary

. - ATLAS TEEC 13 TeV —6— ag(my) = 0.11809:017

Improyement of un?ertalnty respect HEP 07 (2023) 085 :
Inclusive jets and dijets at 13 TeV | I
ATLAS Zpt 13 TeV —@— as(mz) =0.1183%5 5009

Submitted to Nat. Phys. :
. Domlna.nt contribution Is the scale CDF Z py 1.96 TeV o s (my) = 0119170018

uncertainty EPJC 84 (2024) no.1,39 i
CMS dijets 13 TeV — as(myz) = 0.1179:39913

Submitted to EPJC i
CMS incl. jets 13 TeV —— as(mz) = 0.116625:501 7

JHEP 12 (2022) 035 |
Global PDF groups|- ——— as(mz) = 0.1161:3.5055

PTEP 2022 (2022) |
FLAG 2021 —0— os(myz) =0.1184:50058

EPJC 82 (2022), no.10,869 :
CMS incl. jets 2.76+7+8+13 TeV e as(mz) = 0.1176:3.91¢

This work '

_ _ 0.115 0.120
Most precise measurement from jets! as(my)
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Extraction of a; running

Divide CMS data into 5 independent p ranges

 In each prrange, fit PDFs and ag(m,) simultaneously
 Define the center of gravity of each prrange < Q >

e Evolve a(m,) to < O > (CRunDec package)

pr (GeV)  (Q)

ag(my) (tot)

as(Q) (tot)

74-220  103.06 0.1182 *0T01
220-395 266.63 0.1184 000
395-638 46431 0.1179 ") 000
638-1410 753.66 0.1184 *)0%
1410-3103  1600.5 0.1170 *5o0re

aq(Q) in the five prranges are compared to the world average and its uncertainty
— Running probed up to 1.6 TeV

0.1160 *9-0012

-0.0011
0.1019 55005

0.0008
0.0947 *+0.0008

0.0898 0007

0.0010
0.0821 +0.0010

— Good agreement in the entire range

DESY.
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% 0.115

O
0.110
0.105
0.100
0.095

0.090

0.085

0.080}

CMS Preliminary
l |

(2.76 + 7 + 8 + 13 TeV)
| | | | | l |

— PDG 2024, ag(mz)=0.118
PDG 2024 Unc: +0.0009

¢ CMSincl. jets2.76 + 7 +8 + 13 TeV _

5-loop, 5-flavour RGE

|
102
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https://www.arxiv.org/abs/1703.03751

Summary and conclusions

* The strong coupling constant is a key parameter of QCD

» Various methods/observables to determine o

e Recent determinations at the LHC achieved %-level
— Impact the PDG world average

« Z pr most precise: experimentally accurate, further
iImprovement in theory

» How to improve further the precision of a(m,)?
* Push theory predictions: NNLO — N3LO

« Observables that can reduce uncertainty: e.g. R A

DESY.

ATLAS TEEC 13 TeV
JHEP 07 (2023) 085

ATLAS Z pr 13 TeV
Submitted to Nat. Phys.

CMS dijets 13 TeV
Submitted to EPJC

CMS incl. jets 13 TeV
JHEP 12 (2022) 035

CMS All incl. jets

Public soon

FLAG 2021
EPJC 82 (2022), no.10,869

PDG —

- _______.____________

2024 -
[ 1 1 |1 | | |

1

Y [ [ S — S —

*

0.1150 0.1175 0.1200
ds(mz)
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ATLAS cross-section measurement at 8 TeV

Breakdown of uncertainty

e Three channels: eeCC, uuCC, eeCF:

> S B AL B ATLAS
. C
e Central ee/uu with p> 25 GeV, Iyl < 2.4, forward T 107 yl<0.4 o s 2
> D
electron with pr>20 GeV, 2.5 <1yl <49 O 12 (S =8TeV. 20.2 fb"
> e
o 30 < ny; < 100 GeV o 10°3 - Uncertainties in % 3?0
- T
e Double differential p, y cross section, lyl < 3.6 - —~ 3 —Total
oC 10 —s— Data stat
MC stat
> 1T 1T 107 —— Central electron
2 = ATLAS Simulation Preliminary — e —— Muon
o 0.9t - cC
S 5 85 8 TeV, 20.2 fb —up 1 —— II;)orvi\(/ard elzctron
® OF _ —— Backgroun
% 0.72_ €0k 2.8 < |y| < 3.6 —+ PDFs
S 06F 107
g 055 102 Statistical
O - -
< OdE uncertainty
UoE 107° dominant
0.2F
0.1F 107*
0t - . N BN BT B
0 05 1 15 2 25 3 35
y 1 10 10° 10°
p_[GeV]
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ATLAS Z p;: nominal results

§ <04 i os<ii<os | ATHAS » Experimental sensitivity evaluated
= z E---- | pp—2 .

% g s -0 TeV. 202" with pseudodata: Aag/a¢ = 0.05%
e o 1 -* Data

2 S 1 ost-fi " 2 _

: g0 | o » Postfit y“/dof = 82/72

T iziwers | Loremenue o Determination performed at lower
orders demonstrating convergence of
the perturbative series

“N I [ | -
£ 0.122f ATLAS PP =2 -
7 - 's=8TeV, 202" -
0.120F -
0.118F l l -
0.1 16;_+_ ¢ -
0.114F -
0.112 . MSHT20 PDF -
0.110} Rl .
- Scale variations i
0.108 1 ' l
| NLL NNLL N°LL N‘LLa

p, [GeV]
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ATLAS Z p;. theory uncertainties

Summary of the uncertainties in units of 10~°

Experimental uncertainty +0.44
PDF uncertainty +0.01
Scale variation uncertainties +0.42
Matching to fixed order 0 —0.08
Non-perturbative model +0.12 —0.20
Flavour model +0.40 —0.29
QED ISR +0.14
N*LL approximation +0.04
Total +0.91 —0.88

» Scale: 14 indipendent variations (i, i, O)

* QED ISR uncertainty from half the LL corrections, validated at NLL
* Matching uncertainty estimated by removing the unitarity constraint (canonical logarithms)

* Uncertainty of the N4LL approximation one order of magnitude smaller than missing higher
order uncertainties from scale variations

* Flavour model: effect of charm- and bottom-quark masses and threshold
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ATLAS Z p,. fit and profiling

At NALL+N3LO only one N3LO PDF set is available: MSHT20an3lo

* Different PDF sets studied at NSLL+N3LO: spread of NNLO PDFs is +0.00102, driven by
NNPDF4.0-CT18A difference (with CT14 the spread would be a factor of 2 smaller)

 Adding HERA data to the fit (counted twice), the spread is reduced to +0.00016, around a
central value of 0.11804

DESY.
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ATLAS Z p,. fit and profiling

ATLAS  -& NNLO PDF profiling Final result compared to:
&-NNLOPDFfit e NNLO PDF profiling
-@- aN'LO PDF profiling
NNLO MSHT20 o
NNLO NNPDF4.0 _o— PDF set ags(my) PDF uncertainty ¢ [GeVz] q [G6V4]
NNLO CT18A o MSHT?20 [37] 0.11839 0.00040 0.44 —0.07
NNPDF4.0 [84] 0.11779 0.00024 0.50 —0.08
NNLO HERAPDF20 | | -—— CTI8A [29] 0.11982 0.00050 0.36 _0.03
HERA+Z p_ PDF fit ° HERAPDF2.0 [65] 0.11890 0.00027 0.40 —0.04
aN’LO MSHT20 o
I * NNLO PDF spread is +0.00102
| | | ~ aym)  Adding HERA data to the fit
(counted twice), the spread is
- 0 B reduced to +0.00016, around a

e — = — —— e —_— —

 Final result: ag(my) = 0.1183 £ 0.0009 |

DESY.

central value of 0.11804
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CMS Inclusive jets: comparison with 13 TeV

13 TeV
ag(my) = 0.1166 + 0.0014, + 0.0004,,,,, + 0.0007,,,,,, = 0.0001

= 0.1166 £ 0.0017

All jets

ag(m,) = 0.1176 +0:0009 (fit) +0.0009 (gcale) +0.0006 (model) J—r8.00004

—0.0009 —0.0010 —0.0004

_ 0.0014
= 0.11767 ;¢

* Fit uncertainty reduced of ~37%
* Model and parametrisation similar order of magnitude
* Scale uncertainty dominant contribution considering all jets

DESY.

param

(param)
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CMS Inclusive jets: comparison with HERA-only fit

I HERA + CMS jets

DESY.
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CMS Inclusive jets: comparison with global PDF fitters

£ HERA + CMS jets Q2 _
~ = HERAPDF20nnlo o
=== CT18nnlo

NNPDF40nnlo
&= MSHT20nnlo

DESY.
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Results: y° per measurement

Dataset Partial x°/Ngp,
HERA I+II neutral current 036/
HERA I+II charged current
CMS jets 2.76 TeV 63/80
CMS jets 7 TeV 81/130
CMS jets 8 TeV 206/165
CMS jets 13 TeV 77/78
Correlated x? 125
Total x*/ Ngof

e Somewhat high )(2 for HERA data known, in agreement with the detailed study in arxiv1506.06042
» CMS jet data consistent with each other: y*/ndp = 427/453

DESY. 4 3


http://www.arxiv.org/abs/1506.06042

PDF parametrisation

Parametrisation from [JHEP 02 (2022) 142] (13 TeV jet analysis) used as a starting parametrisation

o At ,ug = 1.9 GeV?, parameterised PDFs are:

o gluon distribution: xg(x), valence distributions: xu,(x) and xd (x),

e antiquark distributions: xU(x) and xD(x)

rg(z) = Agz®r (1 — 2)% (1 + Dz + Fa?),
Ty (T) = Ay, 7 (1 — CIZ)C“’U (1 + ), e xU(x) = xii(x) and xD(x) = xd(x) + x5(x)
C
rdy(x) = Ag, "t (1 — )", . By =Bpand Ay = Ap(1 — £) with the
2U(z) = AﬁxBﬁ(l — z)cﬁ(l x), strangeness fraction f, = x5/(xd + x5) = 0.4
rD(z) = As5z”p (1 — 2)°D(1 + I 52?)
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https://arxiv.org/abs/2111.10431

Parametrisation uncertainty

BIC = k x log(N) + »?
Parametrisation scan: Add D and E parameters (where missing) one by

one until no further improvement in the bayesian information criterion where N = dof + k
k free parameters in the fit

No improvement in the BIC

Improvement in the BIC

CU(I Dgx EUZEQ)
Cp (1 + Dpx + EDa:Z)

PDF parametrisation uncertainties taken as the envelope between all the other PDF
parametrisations and the nominal one (i.e. between nominal and nominal+Ddv)

DESY.



CMS a(m,) at NNLL : energy corellators at 13 TeV More details parallel talk from O. Kuprash

approx-

E3C/E2C (at LL) & ag(Q) Inx; + O(ag)

:ARl,z,l. E ‘AR R ’..I=
: ‘El 7 : E, '112 :.,' dG n EZE] ]
g - RXC=——= ) doi——i6(y — AR;)
N € : o 1, ] "nnn I
: : : : ‘ : “E3 l EEEEN
Quark/Gluon éConfinementé Hadron n 'E E Ek.
: : Larr?.erhpoint means Hadron E3C — — Z dG :X 5(‘XL — maX(ARl J° ARl,ka AR],]{))
igher energy '
l] k l S

AR: angular distance ) Large weight: energetic

e L=236.3fb""(2016) x; : maximum AR » Low weight: soft
e Leading jets with pHLT > 60 GeV, jets ak4

— “mapping”’ of parton stages in jet formation
Phase space selection:

e Exactly two jets
o In1<2.1,97 < pf‘” 1784 GeV (8 bins)

. piamcle > 1GeV

jet

o D’Agostini unfolding in 3D (x;, p;.~, energy weight)
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CMS a(m,) at NNLL

E2C

0.9

Ratio to PYTHIAS8

FIG. 1.

: energy corellators at 13 TeV

approx-
CMS 36 3 fb'1 (13 TeV)
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Measured (unfolded) and simulated E2C x; distributions, in four p; bins. The lower panels show the ratios to the PYTHIAS

reference. The data statistical (bars) and systematic (boxes) uncertainties are also shown, as 1s the PYTHIA8 uncertainty (blue band).
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CMS a(m,) at NNLL . energy corellators at 13 TeV

approx"

Benefit of ratio:
e Suppressed ambiguity 1n jet quark/gluon composition
e Reduced uncertainty

o EXxp.syst: ~8% — ~3%

e Data/MC ditterence ~10% — ~3%

Largest sources:
e Renormalisation scale
e Energy scales of jet constituents

DESY.
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Chi2 definition

y sensitivity of a measurement |
to a given error source u' measurement

Xexp(m’b)zz A\ 2 +Zb
l (5i,stat lll) + (51 uncor /J
Statistical uncorrelated
parameters uncertainty Error SOUMces correlated error sources

PDFs and ag Systematic uncertainties

e [n the limit where stat and syst uncertainties are gaussian — equivalent to a profile likelihood minimisation

 PDFs and ag¢ minimised with MINUIT, uncertainties computed asymmetrically with Pumplin method (CTEQ)

e Systematic uncertainties minimised analytically with matrix inversion

Correlations of systematic uncertainties within/across data sets is the key aspect
(advantage of a fit within experiment)
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ATLAS (A)TEEC measurement

DESY.
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Full Run 2 dataset: 139 fb-1
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Small size of parton-to-particle corrections,
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ATLAS (A)TEEC measurement

DESY.

LaLln BUELELES BLAL
6— ATLAS
- TEEC Vs=13 TeV
4~ MMHT 2014 (NNLO)

Systematic uncertainty [%]

1 l LI B | ] L |

- ag(m_) var. - - non-pQCD

— Total syst.

IIIIIIIIIIIIIII
Scale Moo o PDF eigen.
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Systematic uncertainty [%]
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Scale: envelope of 6 variations (up, ir), still dominant contribution

 PDF: computed with PDF replicas/eigenvectors
* NP: envelope of different generators and tunes
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CMS a((m,) at NLO: azimuthal correlations at 13 TeV

i
Topologies with at least 3 jets ( ~ ) (LO) (W N_, : # neighbouring jets
4 ’{*%
ZNjet(pT) N(i) (A¢ nbr ) Q 0 @‘ pffbnflm: minimum p that
i=1 nbr > PTimin neighbouring j
_ — ghbouring jets need to exceed
RA¢(pT) — =
N'et(pT)
J A¢: azimuthal angle separation

Inclusive jets ( ~ asz) (LO)

e Datasets and trigger strategy
e L =134fb"1(2016-2018), leading jets with p2/“" > 40 GeV, jets ak7

e Phase space selection:

I

nbr 27T
o Pr . > 100 GeV and ? < AP < ?

DESY. 5 2



Results of azimuthal correlations among jets # SMP-22:005 |

CMS,

A
(O |

e Unfolded results vs QCD predictions (NLOJet++ X

2 Foms s _— fastNLO) using different PDFs
2 0.35( =
v - -
03¢ 3 e Unfolded observable:
| 0
. : . RA¢(pT) B ano nN(pTa n)
r % bLa — 00
R NNPDF3.1( ag(m,)=0.118 ) ® NP & Ew_g Z n=0 N (pT, n)

0.1~ Scale uncertainties r

Scales y, = = ﬁT/Z ;

( H = sum of parton energies)

Data/Theory

200 500 1000 50003000 PDF uncertainty reduced in the ratio
p, (GeV)

DESY.
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CMS a((m,) at NLO: azimuthal correlations at 13 TeV
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DESY.

134 b1 (13 TeV)

| | 1 1 I 1 | | | I 1 1 1 1 I | 1 | 1 I 1 1 1 | I
CMS . ABMP16
- CT18
~ « MSHT20 .
i - NNPDF3.1 -
- // -
/
i \ X7 _
— Fits
| | | | I || ] | | | ] | | ] | | | | | | | 1 ] | I
0.11 0.115 0.12 0.125 0.13
Olg(M.)

NLOPDFset ag(my;) Exp. NP  PDF  EW  Scale x2/ng

ABMP16 0.1197 0.0008 0.0007 0.0007 0.0002 o5 16/16
CT18 0.1159 0.0013 0.0009 0.0014 0.0002 205, 19/16
MSHT20 0.1166 0.0013 0.0008 0.0010 0.0003 1203:5 17/16

NNPDEF3.1 0.1177 0.0013 0.0011 0.0010 0.0003 *go5cs 20/16

e Spread in results due to PDF choice:
+0.0020 (PDF chmce)

e = = — —_

' Final result: 2 aglmy) = 0. 117f8 gg);; {

_— e ——— = —— — - —_—— ===
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CMS o (m,) at NLO: azimuthal correlations at 13 TeV, NP and EW

- CMS Simulation 13 TeV _ CMS Simulation 13 TeV
S 1151 Np) 1 S 1.15 | i
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Fig. 7 Electroweak corrections for the numerator (blue) and denomi-
nator (green) of Eq. (1), and for the R o4 (pr) ratio itself (red). The solid
lines correspond to the additive combination of NLO EW corrections
to the QCD process (NLO QCD + EW), and the markers represent the
multiplicative combination (NLO QCD x EW)
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Multi-differential 2-jet production

oM _ 2517 (13 eV

lyl <05 — Stat. Total

e L ~35fb~1(2016)
o Single-jet (di-jets) HLT selections p;~! > 40 for 2-D (3-D)
e jcts ak4 and ak®8

Relative uncertainty (%)

* Dijet system

Experimental dominant contribution: JES, JER, luminosity

.............
......................

DESY. m, , (GeV)



Dijets

2D ag(my,) = 0.1179 + 0.0015 (fit) & 0.0008 (scale) + 0.0008 (model) + 0.0001 (param.)
= 0.1179 + 0.0019 (total),

3D &g(mz) = 0.1181 £ 0.0013 (fit) £ 0.0009 (scale) 4 0.0006 (model) + 0.0002 (param.)
= (0.1181 £ 0.0022 (total),

DESY.



a¢(m,) from inclusive LHC ¢ x-sections

Compare o(exp, tt) to 6(NNLO, tt) for diff PDFs and o

 Pro: Direct sensitivity to a¢ at LO (via gg — f1)

» Cons: ag, m,,,, g(x) correlated in (1)

— only one parameter can be extracted from inclusive cross sections

DESY.
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Combined extraction from LHC: from Klinjisma et al. epyc 77, 778 (2017)

Procedure extends to 7 LHC data sets and combined a(1,) extracted

CT14nnlo (NNLO) < : :
q(o) = - I I gy
el 0.1184 + 0.0035 (+0.00329/-0.00376) o -— 6 . .
i Tavatron 1.96 TeV b - Entanta (W) : fadron
X < oS (et Jos o
o EG :E_—- = Z st {  AESRRARREEAN
: 25 -
15 0 s [
B < S ; ot} : — +0.0034
101 * I
I < 1 | Largest unc. > missing higher
| b— . —
°F O . > orders and PDFs
- Z
0- ! ! ! ! ! ! ! | l --
0.115 0.12 0.125 o __ E ; O
o 0 - mm B
= T —_—— : —
8o ; JE >
<L . :
zl | | E |
0.110 0.115 0.120 0.125
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https://link.springer.com/article/10.1140/epjc/s10052-017-5340-5

Latest extraction from CMS@13TeV ErJc 79 (2019) 368

35.9 fb™ (13 TeV) CMS 35.9 fb™ (13 TeV)
Nx i v NNPDF3 1 [ | g g "“““““"”““““E“:““““-“““"“““““““““
B . tf A N
u v
.+ CT14 o . MMHT14nnlo , o \\ :::ff{nl ‘)W’Z’ ?3?13%?
| = MMHT14 mt(mt) =163.47 Ge CMS (irjwil. jets)*
: ATLAS ([A]JTEEC)
.+ ABMP16 -
_ . * ﬁT(Li")‘"'?as 30 GeV | *
| | t t - .
: : ag(my) = 0. 114510000
i v °®
: H Y : NNPDF3.1nnlo i ® + CMS 35.9 fb™' (13 TeV)
i X m,(m,) = 162.56 Ge No12s _—
t B ¢ o g CT14 |
- v v 4 012;;; MMHT14
= n o o ABMP16nnlo : PY | I ABMP16
i : s ove m,(m,) = 160.86 Ge
B | v T A | | N 0.115 -
0.105 . 0.1 . 0.125 0.105 0.11 0.115 0.12 . L
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PDF set Kg N T R T TR T T T T
o m,(m,) [GeV]
ABMP16 1139 + 0.0023 (fit + PDF) o097 (scale)
1 : +0.0021 : . . :
NNPDE3.1  0.1140 £ 0.0033 (fit + PDF) Zqp; (scale) ~3% uncertainty dominated by luminosity and
T14 1148 + 0.0032 (fit + PDF) T99918 (gcal :
N 95 AN0E Gt ) - 0.0002 (scale) PDF correlation of ag(m,), g(x) and m,,,
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https://link.springer.com/article/10.1140/epjc/s10052-019-6863-8

aq(m,) from inclusive LHC W, Z x-scetions

Compare o(exp, W, Z) to o(NNLO, W, Z) for different PDFs and o
* Pro: O(1-2%) exp/th uncertainties

» Cons: No LO sensitivity to ag(m.,) (only via kyy; 5~1.3)

q q

DESY.
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First extraction from CMS@7,8 TeV JHEPos (2020) 018
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https://link.springer.com/article/10.1007/JHEP06(2020)018

Combined extraction from LHC JHEP 06 (2020) 016
Extended to 29 LHC data sets by D. D’enterria and A. Poldaru

CMs @7TeV: (W, W, W, , W ,Z,,Z)
CMs @8TeV: (W), W, W;, W ,Z,7)
ATLAS @7TeV: (W*, W, Z)
ATLAS @8TeV: (Z)
ATLAS @13TeV: (W, W, Z)
LHCb @7TeV: (W, W, Z)

(W W W W
LHCb @8TeV: (W, W, W, , W ,Z)
LHCb @13TeV: (2)
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https://link.springer.com/article/10.1007/JHEP06(2020)016

a¢(m,) from inclusive LHC W, Z x-scetions JHEP 06 (2020) 016

» Measurement dominated by PDF and luminosity

N 1OCMS pp — W+X, Z+X (fiducial) 38 pb” (7 TeV) + 18.2 pb™ (8 TeV)
uncertainties FT |
* Advantage wrt to global PDF fits — single out the °C o cria
sensitivity to as(mZ) of inclusive DY cross 6 - HERAPDF2.0

sections, which is an experimentally and F % nnpoRs
theoretically clean signature i

* The analysis could be upgraded to N3LO in the °K
near future T~

O_ u
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https://link.springer.com/article/10.1007/JHEP06(2020)016

Motivation

Single free parameter of QCD in the m, — O limit

* |mpact physics at the Planck scale: EW vacuum stability, GUT
e Q¢ is among the major uncertainties of many precision measurements: Higgs couplings at the LHC
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