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Motivation 

• Single free parameter of QCD in the  limit

• Impact physics at the Planck scale: EW vacuum stability, GUT

•  is among the major uncertainties of many precision measurements: Higgs couplings at the LHC
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The strong coupling constant  in the yearsαS(mZ)

arXiv:2203.08271

δαS( % ) ∼ 100 %

δαS( % ) = 0 . 8 %

Least precisely known of all interaction couplings ! 
 ≪ ≪ ≪ δα ∼ 10−10 δGF ∼ 10−7 δG ∼ 10−5 δαS ∼ 10−2

https://arxiv.org/abs/2203.08271
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The state of the art
Running of  with αS QSummary of αS(mZ)

QCD PDG Review 2024

 World average (PDG 2024):  

  “runs” as  at LO, 

← αS(mZ) = 0.118 ± 0.0009

→ αS ≈ ln(Q2/L2) L ≈ 0.2 GeV

https://pdg.lbl.gov/2024/reviews/contents_sports.html
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The state of the art of αS(mZ)

• 7 PDG categories 
• Currently, most precise determinations from lattice QCD 

and tau decays

Category Unc. Rel. Unc.
Tau decays and low Q2 0.1173 0.0017 1.5%

bound states 0.1181 0.0037 3.1%
PDF fits 0.1161 0.0022 1.9%

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%

QQ̄

e+e−

αS(mZ)
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• 7 PDG categories 
• Currently, most precise determinations from lattice QCD 

and tau decays

Category Unc. Rel. Unc.
Tau decays and low Q2 0.1173 0.0017 1.5%

bound states 0.1181 0.0037 3.1%
PDF fits 0.1161 0.0022 1.9%

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 0,1180 0.0009 0.8%

QQ̄

e+e−

αS(mZ)

Where LHC has made/can make an impact?
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How to extract  at LHC?αS

σpp→X = ∑
ij

fi(x1, μ2
F) × fj(x2, μ2

F) ⊗ ̂σij(x1, x2, αS(μR),
Q2

μR
,

Q2

μF
) + O(

Λ2
QCD

Q2
)

Data σ(exp) Partonic XS (pQCD)

Two methods to compare  to : 

• Profiling  using varying PDF+  (predefined PDF from global PDF)


• Simultaneous fit of  and PDFs  
• Correlation between PDFs and  took into account 

• Reduced bias

• BUT time consuming

σ(exp) σ(pQCD)

αS αS

αS
αS

PDFs fi(μ, x)
Exp. measurementsDGLAP eq. need to be corrected by non perturbative effects
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Determinations of  at the LHCαS(mZ)
Desirable features: 
• Experimental precision

• High accuracy of theory prediction  NNLO, N3LO

• Small non perturbative QCD effects

→

Canonical observables used for @NNLO: αS(mZ)

 Inclusive  cross-sections→ tt̄

 Inclusive W/Z cross-sections→

 Jet cross-sections→

New observable: Z pT
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Outlook

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


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


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


• @NLO: CMS azimuthal correlation  @13TeV: EPJC 84 842 (2024)


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


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

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


• CMS Inclusive jets @2.76, 7, 8, 13 TeV 

RΔϕ

approx

Today I will focus on most recent measurements (not yet in PDG), special focus at  NNLO≥

 
CMS-PAS-SMP-24-007

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/
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Sensitivity of Z  to  pT αS(mZ)
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More details in parallel talk of O. Kuprash, this afternoon

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

• Sudakov factor responsible for the existence of a 
peak in the Z  distribution around 4 GeV


• Linear sensitivity to  

• Semi-inclusive (radiation inhibited) observable, 
requires resummation 

pT

αS(mZ)

https://indi.to/W7ttK
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ATLAS cross-section measurement at 8 TeV

Cross-sections in  in full lepton phase space: 

• Clean experimental signature

• High experimental sensitivity

• Fast analytic predictions (at )


pT − y

N4LLa + N3LO

EPJC 84 (2024) 315
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Extraction of  from ATLAS Z  at 8 TeVαS(mZ) pT

MSHT20aN3LO PDF set used to extract αS(mZ)

Experimental uncertainty ±0.44
PDF uncertainty ±0.51
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
N4LL approximation ±0.04

Total +0.91 �0.88

Final result: αS(mZ) = 0.1183 ± 0.0009
Most precise experimental measurement to date!
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ATLAS TEEC measurement at 13 TeV
• Transverse energy-energy correlations (TEEC): tranverse-energy-weigthed distribution of  

differences between final-state jet pairs

• Sensitive to gluon radiation and to 

ϕ

αS(mZ)

Measured as a function of  in 10 
bins of  ( )

cosϕ
HT2 HT2 = pjet1

T + pjet2
T

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

https://indi.to/d656k
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ATLAS ATEEC measurement at 13 TeV
• Its asymmetry (ATEEC): forward-backward difference of TEEC   uncertainties symmetric in 

cosφ cancelled out

• Sensitive to gluon radiation and to 

→

αS(mZ)
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More details in parallel talk of A. Ziaka, this afternoon

https://indi.to/d656k
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Fixed order pQCD for (A)TEEC
• Extraction of  at NNLO using prediction of 3-jet production

• Improved agreement with data and scale uncertainty reduced by factor of 3 w.r.t. NLO

αS(mZ)
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Extraction of  from (A)TEECαS(mZ)
• Determined value of  in agreement with PDG world average

• Agreement with the RGE predictions up to ~2TeV

αS(mZ)

TEEC:   

ATEEC: 

αS(mZ) = 0.1175 ± 0.0006(exp)+0.0034
−0.0017(theo) = 0.1175+0.0035

−0.0018

αS(mZ) = 0.1185 ± 0.0009(exp)+0.0025
−0.0012(theo) = 0.1185+0.0027

−0.0015

MMHT 2014

CT14

NNPDF 3.0

0.105 0.110 0.115 0.120 0.125
)
Z

(mSα

PDF uncertainty
Total uncertainty
PDG 2022

ATLAS
 = 13 TeV (NNLO)sTEEC 

Dominant contribution is still 
the scale uncertainty
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ATLAS cross-section ratios
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Data Pythia
PH+Pythia Sherpa Lund
Sherpa Herwig7
PH+Herwig7

 2≥ jetsN
)-110× 3 (≥ jetsN
)-210× 4 (≥ jetsN
)-310× 5 (≥ jetsN

• Measurement: 
• Differential cross sections of multijet events

• Ratios of inclusive jet-multiplicity bins ( , , )

• e.g.  = 3−jet/2−jet


• Variable sensitive to  
•  (  sensitive to resummation effects)

•  : inclusive jet  in bins of multiplicity

R32 R42 R43

R32

αS(mZ)
HT2 = pjet1

T + pjet2
T pjet3

T
pNincl

T pT

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

https://indi.to/d656k
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ATLAS cross-section ratios
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ATLAS  
 = 0.4, PFlow+JESR tkanti-

 = 13 TeVsData 2015-2017, 

 = 0.0η
Total uncertainty, di-jets

Total uncertainty, before precision update, di-jets

 calibrationIn situ
Flavour generator/shower

Flavour hadronization

Flavour shower
Pileup components

Single particle deconvolution

• Jet energy scale calibration dominant uncertainty

     Significantly improved (especially at higher ) 

• Theoretical predictions available at NNLO  

   Good agreement data and theory 

 All ingredients to extract 

→ pT

→
→ αS(mZ)

 = 3−jet/2−jetR32

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

https://indi.to/d656k
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CMS  at NLO: azimuthal correlations at 13 TeVαS(mZ)
Topologies with at least 3 jets ( ∼ α3

s ) (LO)

Inclusive jets ( ∼ α2
s ) (LO)

RΔϕ(pT) = ∝
α3

S

α2
S

• Sensitivity to 


• Cancellation of systematic effects, e.g. luminosity


• Reduction of theoretical uncertainties, e.g. NP

αS(mZ)

Scale unc. dominant 
PDF unc. reduced in the ratio  

Final result: αS(mZ) = 0.117+0.0117
−0.0074

Running of  up to 2 TeVαS

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

https://indi.to/d656k
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CMS  at NNLL : energy corellators at 13 TeVαS(mZ) approx

Energy-weighted distances between two 
(E2C) or three particles (E3C)

E3C/E2C (at LL) ∝ αS(Q) ln xL + O(α2
S)

Fit data to NLO+NNLL  with different approx αs(mZ)

Most precise  from substructureαs(mZ)

αS(mZ) = 0.1229+0.0040
−0.0050 ( < 4.1 % rel)

Probe confinement and asymptotic freedom of 
αS

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

https://indi.to/W7ttK
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CMS Inclusive jet measurement at 13 TeV

• Inclusive jets sensitive at PDFs and  at LO 
• Data compared to NNLO QCD corrected by real non-

perturbative and virtual electroweak effects

αS(mZ)

Each line sensitive to PDFs

Each vertex sensitive to αS(mZ)

Experimental uncertainty dominated by JES

d2σ
dpTdy

=
Neff

jets

Leff * ΔpT * Δy
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• 2-D cross sections: vs rapidity of the outermost jet | | and dijet invariant mass  


• 3-D cross sections: vs , rapidity separation  and boost 

 Idea: probe  and  using different event topologies

ymax m12

m12/ < pT >1,2 y* =
1
2

|y1 − y2 | yb =
1
2

|y1 + y2 |

→ x1 x2

CMS dijet production at 13 TeV

Data compared to NNLO QCD corrected by non-perturbative and electroweak effects

2-D cross section 3-D cross section 

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

https://indi.to/d656k
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Method: simultaneous fit of  and PDFsαS(mZ)

• Parametrise PDFs at a starting scale 

• Evolve PDFs at the scale of the measured 
data with DGLAP evolution 

• Compute theory predictions: 
• DIS at NNLO with different mass schemes

• For jets using interpolation grids


• Compare theory with data using  

Same approach as HERAPDF2.0

χ2

Simultaneous fit  Reduced dependence of  from PDFs 
PDFs cannot be extracted with only LHC data


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


→ αS(mZ)

→

xFitter framework

https://link.springer.com/article/10.1140/epjc/s10052-015-3710-4
https://arxiv.org/abs/2206.12465
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CMS  from jet production at 13 TeVαS(mZ)

• Simultaneous fit of PDFs and  at NNLO
• Hera+jets fits compared to HERA-only fit

αs

Dijets
Dijets 2-D result:

αS(mZ) = 0.1179 ± 0.0019

Dijets 3-D result:

αS(mZ) = 0.1181 ± 0.0022

αS(mZ) = 0.1166 ± 0.0017

Inclusive jets result:

Inclusive Jets

Gluon distribution

Inclusive jets and dijets dominated by fit uncertainty: experimental + PDF
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Inclusive jets at CMS

• Inclusive jets at 2.76, 7, 8, 13 TeV 

• Simultaneous fit of PDF and  
at NNLO 

• Jet clustered with anti-kT (R=0.7)

αS(mZ)

|y| pT Ndata

13 TeV |y|<2.0 97 < pT < 3103 78

8 TeV |y|<3.0 74 < pT < 1784 168

7 TeV |y|<2.5 114 < pT < 2116 130

2.76 TeV |y|<3.0 74 < pT < 592 81

8 TeV13 TeV

7 TeV 2.76 TeV

EPJC (2016)

PRD 87 (2013)112002 

 JHEP 02 (2022) 142

JHEP 03 (2017) 156

Using all measurements crucial to 
probe different PDF distributions

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

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
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Correlation of uncertainties in CMS jet data 

Data # unc # JES

13 TeV 30 22/30

8 TeV 28 24/28

7 TeV 25 20/25

2.76 TeV 25 22/25

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

• Correlation between the individual measurements 

• Global PDF fitters treat the different measurements uncorrelated  

• Here, correlation among CMS inclusive jets is investigated  

• JES dominant uncertainty  focus on JES correlations→
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Correlation of uncertainties in CMS jet data 

Data # unc # JES

13 TeV 30 22/30

8 TeV 28 24/28

7 TeV 25 20/25

2.76 TeV 25 22/25

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

• Correlation between the individual measurements 

• Global PDF fitters treat the different measurements uncorrelated  

• Here, correlation among CMS inclusive jets is investigated  

• JES dominant uncertainty  focus on JES correlations→



DESY. 28

Data/Theory agreement for all data sets at one glance

Good agreement data/theory

— Theory uncertainty in red

Data/theory comparison after simultaneous fit of PDFs and αS(mZ)
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Final result: PDFs and αS(mZ)
CMS All inclusive jets + HERA DIS data, compared to only-HERA fit

gluon

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

Final result:    αS(mZ) = 0.1176+0.0014
−0.0016

 

• Fit unc:          

• Scale unc:    

• Model unc:   

• Param unc:   

αS(mZ) = 0.11759
+0.00093
−0.00094

+0.00091
−0.0012

+0.00059
−0.00043
+0
−0.00004

Experimental and PDFs

Missing higher order 
contributions ( , )μF μR

Parametrisation choice

Varied fixed parameters 
e.g. , …Q2

min mb, mc
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Comparison αS(mZ)

Most precise measurement from jets!

• Improvement of uncertainty respect 
Inclusive jets and dijets at 13 TeV


• Dominant contribution is the scale 
uncertainty
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Extraction of  runningαS

Divide CMS data into 5 independent  ranges 
• In each  range, fit PDFs and  simultaneously

• Define the center of gravity of each  range 

• Evolve  to (CRunDec package)

pT
pT αS(mZ)

pT < Q >
αs(mZ) < Q >

  in the five  ranges are compared to the world average and its uncertainty  
 Running probed up to 1.6 TeV 
 Good agreement in the entire range 

 

αS(Q) pT
→
→

https://www.arxiv.org/abs/1703.03751
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Summary and conclusions

• The strong coupling constant is a key parameter of QCD


• Various methods/observables to determine 


• Recent determinations at the LHC achieved %-level 

 Impact the PDG world average


• Z  most precise: experimentally accurate, further 
improvement in theory


• How to improve further the precision of ? 

• Push theory predictions: NNLO  N3LO


• Observables that can reduce uncertainty: e.g. 


αS

→

pT

αS(mZ)

→

RΔϕ



Thank you
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ATLAS cross-section measurement at 8 TeV

1 10 210 310

5−10

4−10

3−10

2−10

1−10

R
el

at
iv

e 
un

ce
rta

in
ty

|y| < 0.4

1 10 210 310

5−10

4−10

3−10

2−10

1−10

R
el

at
iv

e 
un

ce
rta

in
ty

0.4 < |y| < 0.8

1 10 210 310

5−10

4−10

3−10

2−10

1−10 0.8 < |y| < 1.2

1 10 210 310

5−10

4−10

3−10

2−10

1−10 1.2 < |y| < 1.6

1 10 210 310

4−10

3−10

2−10

1−10
1.6 < |y| < 2.0

1 10 210 310

4−10

3−10

2−10

1−10
2.0 < |y| < 2.4

1 10 210 310
 [GeV]

T
p

4−10

3−10

2−10

1−10

1 2.4 < |y| < 2.8

1 10 210 310
 [GeV]

T
p

4−10

3−10

2−10

1−10

1 2.8 < |y| < 3.6

ATLAS

 Z→pp 
-1 = 8 TeV, 20.2 fbs

T
dp
σd σ

1Uncertainties in 

Total
Data stat
MC stat
Central electron
Muon
Forward electron
Background
PDFs

Breakdown of uncertainty

Statistical 
uncertainty 
dominant

1 10 210 310

5−10

4−10

3−10

2−10

1−10

R
el

at
iv

e 
un

ce
rta

in
ty

|y| < 0.4

1 10 210 310

5−10

4−10

3−10

2−10

1−10

R
el

at
iv

e 
un

ce
rta

in
ty

0.4 < |y| < 0.8

1 10 210 310

5−10

4−10

3−10

2−10

1−10 0.8 < |y| < 1.2

1 10 210 310

5−10

4−10

3−10

2−10

1−10 1.2 < |y| < 1.6

1 10 210 310

4−10

3−10

2−10

1−10
1.6 < |y| < 2.0

1 10 210 310

4−10

3−10

2−10

1−10
2.0 < |y| < 2.4

1 10 210 310
 [GeV]

T
p

4−10

3−10

2−10

1−10

1 2.4 < |y| < 2.8

1 10 210 310
 [GeV]

T
p

4−10

3−10

2−10

1−10

1 2.8 < |y| < 3.6

ATLAS

 Z→pp 
-1 = 8 TeV, 20.2 fbs

T
dp
σd σ

1Uncertainties in 

Total
Data stat
MC stat
Central electron
Muon
Forward electron
Background
PDFs

1 10 210 310

5−10

4−10

3−10

2−10

1−10

R
el

at
iv

e 
un

ce
rta

in
ty

|y| < 0.4

1 10 210 310

5−10

4−10

3−10

2−10

1−10

R
el

at
iv

e 
un

ce
rta

in
ty

0.4 < |y| < 0.8

1 10 210 310

5−10

4−10

3−10

2−10

1−10 0.8 < |y| < 1.2

1 10 210 310

5−10

4−10

3−10

2−10

1−10 1.2 < |y| < 1.6

1 10 210 310

4−10

3−10

2−10

1−10
1.6 < |y| < 2.0

1 10 210 310

4−10

3−10

2−10

1−10
2.0 < |y| < 2.4

1 10 210 310
 [GeV]

T
p

4−10

3−10

2−10

1−10

1 2.4 < |y| < 2.8

1 10 210 310
 [GeV]

T
p

4−10

3−10

2−10

1−10

1 2.8 < |y| < 3.6

ATLAS

 Z→pp 
-1 = 8 TeV, 20.2 fbs

T
dp
σd σ

1Uncertainties in 

Total
Data stat
MC stat
Central electron
Muon
Forward electron
Background
PDFs

• Three channels: eeCC, CC, eeCF:
• Central ee/  with  > 25 GeV, | | < 2.4, forward 

electron with  > 20 GeV, 2.5 < | | < 4.9
• 80 <  < 100 GeV
• Double differential , y cross section, |y| < 3.6

μμ
μμ pT η

pT η
mll

pT
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ATLAS Z : nominal resultspT

• Experimental sensitivity evaluated 
with pseudodata: /  = 0.05% 


• Postfit /dof = 82/72 

• Determination performed at lower 

orders demonstrating convergence of 
the perturbative series 


ΔαS αS
χ2
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ATLAS Z : theory uncertaintiespT

•Scale: 14 indipendent variations ( )	

•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 

μR, μF, Q

Experimental uncertainty ±0.44
PDF uncertainty ±0.51
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
N4LL approximation ±0.04

Total +0.91 �0.88

Summary of the uncertainties in units of  10−3
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ATLAS Z : fit and profilingpT

• At N4LL+N3LO only one N3LO PDF set is available: MSHT20an3lo


• Different PDF sets studied at N3LL+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 
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ATLAS Z : fit and profilingpT

Final result: αS(mZ) = 0.1183 ± 0.0009

0.117 0.118 0.119 0.120 0.121
)

Z
(msα

NNLO MSHT20 0.1184 ± 0.0004

NNLO NNPDF4.0 0.1178 ± 0.0002
NNLO CT18A 0.1198 ± 0.0005
NNLO HERAPDF2.0 0.1189 ± 0.0003

 PDF fit
T

HERA+Z p 0.1187 ± 0.0006
LO MSHT20 3aN 0.1183 ± 0.0005

NNLO PDF profiling
NNLO PDF fit

LO PDF profiling3aN

ATLAS Final result compared to:

• NNLO PDF profiling

• NNLO PDF fit

PDF set ↵s(mZ) PDF uncertainty g [GeV 2
] q [GeV 4

]

MSHT20 [37] 0.11839 0.00040 0.44 �0.07
NNPDF4.0 [84] 0.11779 0.00024 0.50 �0.08
CT18A [29] 0.11982 0.00050 0.36 �0.03
HERAPDF2.0 [65] 0.11890 0.00027 0.40 �0.04

• NNLO PDF spread is ±0.00102

• Adding HERA data to the fit 

(counted twice), the spread is 
reduced to ±0.00016, around a 
central value of 0.11804 
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CMS Inclusive jets: comparison with 13 TeV

 

            

αS(mZ) = 0.1166 ± 0.0014fit ± 0.0004scale ± 0.0007model ± 0.0001param

= 0.1166 ± 0.0017

13 TeV

All jets

 

     

αS(mZ) = 0.1176 +0.0009
−0.0009 (fit) +0.0009

−0.0010 (scale) +0.0006
−0.0004 (model) +0

−0.00004 (param)

= 0.1176+0.0014
−0.0016

• Fit uncertainty reduced of ~37% 
• Model and parametrisation similar order of magnitude 
• Scale uncertainty dominant contribution considering all jets
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CMS Inclusive jets: comparison with HERA-only fit
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CMS Inclusive jets: comparison with global PDF fitters
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Results:  per measurementχ2

• Somewhat high  for HERA data known, in agreement with the detailed study in arxiv1506.06042 

• CMS jet data consistent with each other:  

χ2

χ2/ndp = 427/453

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

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

• At , parameterised PDFs are: 

• gluon distribution: , valence distributions:  and ,  

• antiquark distributions:  and  

μ2
0 = 1.9 GeV2

xg(x) xuv(x) xdv(x)

xŪ(x) xD̄(x)

•  and  

•  and  with the 
strangeness fraction 

xŪ(x) = xū(x) xD̄(x) = xd̄(x) + xs̄(x)

BŪ = BD̄ AŪ = AD̄(1 − fs)
fs = xs̄/(xd̄ + xs̄) = 0.4

https://arxiv.org/abs/2111.10431


DESY. 45

Parametrisation uncertainty 

Parametrisation scan: Add D and E parameters (where missing) one by 
one until no further improvement in the bayesian information criterion

 

 
  free parameters in the fit

BIC = k × log(N) + χ2

where N = dof + k
k

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

No improvement in the  

Improvement in the 

BIC

BIC
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CMS  at NNLL : energy corellators at 13 TeVαS(mZ) approx

E3C/E2C (at LL) ∝ αS(Q) ln xL + O(α2
S)

More details parallel talk from O. Kuprash 

E2C =
dσ
dxL

=
n

∑
i,j

dσ
EiEj

E2
δ(xL − ΔRi,j)

E3C =
dσ
dxL

=
n

∑
i,j,k

dσ
EiEjEk

E2
× δ(xL − max(ΔRi,j, ΔRi,k, ΔRj,k))

Datasets and trigger strategy:
•  (2016)
• Leading jets with 60 GeV, jets ak4 

Phase space selection:
• Exactly two jets
• | | < 2.1,  GeV (8 bins)
•  > 1GeV 

• D’Agostini unfolding in 3D ( , energy weight)

L = 36.3 fb−1

pHLT
T >

η 97 < pjet
T < 1784

pparticle
T

xL, pjet
T

: angular distance
: maximum 

ΔR
xL ΔR

‣ Large weight: energetic
‣ Low weight: soft

 “mapping” of parton stages in jet formation→

https://indi.to/W7ttK
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CMS  at NNLL : energy corellators at 13 TeVαS(mZ) approx

Interacting 
partons 

non-integer 
scaling

time
47
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CMS  at NNLL : energy corellators at 13 TeVαS(mZ) approx

Unfolded  vs MC simulations  Slope of  sensitive to 

Benefit of ratio:
• Suppressed ambiguity in jet quark/gluon composition
• Reduced uncertainty

• Exp. syst: ~8%  ~3% 
• Data/MC difference  ~10%  ~3% 

E3C
E2C

→
E3C
E2C

αs

→
→

αS(mz) = 0.1229+0.0014
−0.0012 (stat) +0.0030

−0.0033(theo) +0.0023
−0.0036(exp)

Largest  sources:
• Renormalisation scale
• Energy scales of jet constituents
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Chi2 definition 

• In the limit where stat and syst uncertainties are gaussian  equivalent to a profile likelihood minimisation 

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

• Systematic uncertainties minimised analytically with matrix inversion 

→

αS

PDFs and αS Systematic uncertainties

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

• Full Run 2 dataset: 139 fb-1

• Anti-kT calibrated PF jets with  > 60 GeV 

and  < 2.4

• Experimental uncertainties dominated by jet 

modeling and JES/JER

• Small size of parton-to-particle corrections, 

except in the collinear region

pT
|η |
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ATLAS (A)TEEC measurement

• Scale: envelope of 6 variations ( , ), still dominant contribution

• PDF: computed with PDF replicas/eigenvectors

• NP: envelope of different generators and tunes

μR μF
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CMS  at NLO: azimuthal correlations at 13 TeVαS(mZ)

52

• Datasets and trigger strategy
•  (2016-2018), leading jets with 40 GeV, jets ak7

• Phase space selection:

•  GeV and 

L = 134 fb−1 pHLT
T >

pnbr
T min > 100

2π
3

< Δϕ <
7π
8

RΔϕ(pT) =
∑Njet(pT)

i=1 N(i)
nbr(Δϕ, pnbr

Tmin) =

: # neighbouring jets 

: minimum  that 
neighbouring jets need to exceed


: azimuthal angle separation

Nnbr

pnbr
T min pT

Δϕ

∝
α3

S

α2
S

Topologies with at least 3 jets ( ∼ α3
s ) (LO)

Inclusive jets ( ∼ α2
s ) (LO)

Njet(pT)
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Results of azimuthal correlations among jets

53

Scales   ; 
(  = sum of parton energies)  

μr = μf = ĤT /2
Ĥ

Scale uncertainty dominant

PDF uncertainty reduced in the ratio  

• Unfolded results vs QCD predictions (NLOJet++  
fastNLO) using different PDFs 

• Unfolded observable: 

×

RΔϕ(pT) =
∑∞

n=0 nN(pT, n)

∑∞
n=0 N(pT, n)

SMP-22-005
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CMS  at NLO: azimuthal correlations at 13 TeVαS(mZ)

54

• Using different PDFs: Sensitivity to αS(mZ)

• Spread in results due to PDF choice:
 ±0.0020 (PDF choice)

Final result: αS(mZ) = 0.117+0.0117
−0.0074

+0.0114
−0.0068 (scale) ± 0.0013 (exp) ± 0.0011 (NP) ± 0.0010 (PDF) ± 0.0003 (EW) ± 0.0020 (PDF choice)
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CMS  at NLO: azimuthal correlations at 13 TeV, NP and EWαS(mZ)
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Datasets and trigger strategy
•  (2016)
• Single-jet (di-jets) HLT selections 40 for 2-D (3-D)
• jets ak4 and ak8

Event Selection
• Dijet system

L ∼ 35 fb−1

pHLT
T >

Multi-differential 2-jet production

Experimental dominant contribution: JES, JER, luminosity
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Dijets

2D

3D
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 from inclusive LHC  x-sectionsαS(mZ) tt̄

• Pro: Direct sensitivity to  at LO (via )


• Cons: , ,  correlated in  

 only one parameter can be extracted from inclusive cross sections

αS gg → tt̄

αS mtop g(x) σ(tt̄)
→

Compare  to  for diff PDFs and σ(exp, tt̄) σ(NNLO, tt̄) αS



DESY. 59

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

Procedure extends to 7 LHC data sets and combined  extracted αS(mZ)

αS(mZ) = 0 . 1177+0.0034
−0.0036

Largest unc. > missing higher 
orders and PDFs

https://link.springer.com/article/10.1140/epjc/s10052-017-5340-5
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Latest extraction from CMS@13TeV
CMS 35.9 fb-1 (13 TeV)

σtt
_

ABMP16nnlo
mt(mt) = 160.86 GeV

NNPDF3.1nnlo
mt(mt) = 162.56 GeV

MMHT14nnlo
mt(mt) = 163.47 GeV

CT14nnlo
mt(mt) = 163.30 GeV

PD
G

20
18

αS(mZ)
0.105 0.11 0.115 0.12

ABMP16

MMHT14

CT14

NNPDF3.1

αS(mZ)

χ2

CMS 35.9 fb-1 (13 TeV)

0

2.5

5

7.5

10

0.105 0.11 0.115 0.12 0.125

 αS(mZ) = 0 . 1145+0.0036
−0.0031

~3% uncertainty dominated by luminosity and 
PDF correlation of ,  and αS(mZ) g(x) mtop

ABMP16

MMHT14

CT14

NNPDF3.1

mt(mt) [  GeV ]

α
S(

m
Z)

CMS 35.9 fb-1 (13 TeV)

0.105

0.11

0.115

0.12

0.125

159 160 161 162 163 164 165 166

EPJC 79 (2019) 368

https://link.springer.com/article/10.1140/epjc/s10052-019-6863-8
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 from inclusive LHC W, Z x-scetionsαS(mZ)
Compare  to  for different PDFs and  
• Pro: O(1-2%) exp/th uncertainties

• Cons: No LO sensitivity to  (only via ~1.3)

σ(exp, W, Z) σ(NNLO, W, Z) αS

αS(mZ) kNNLO
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First extraction from CMS@7,8 TeV JHEP06 (2020) 018

CMS @7TeV: ( )

CMS @8TeV: (

W+
e , W+

μ , W−
e , W−

μ , Ze, Zμ
W+

e , W+
μ , W−

e , W−
μ , Ze, Zμ

Four different PDF sets:

• HERAPDF2.0

• CT14

• MMHT14

• NNPDF3.1

https://link.springer.com/article/10.1007/JHEP06(2020)018
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Combined extraction from LHC 
Extended to 29 LHC data sets by D. D’enterria and A. Poldaru

JHEP 06 (2020) 016

CMS @7TeV: ( )

CMS @8TeV: ( )

ATLAS @7TeV: ( )

ATLAS @8TeV: ( )

ATLAS @13TeV: ( )

LHCb @7TeV: ( )

LHCb @8TeV: ( )

LHCb @13TeV: ( )

W+
e , W+

μ , W−
e , W−

μ , Ze, Zμ
W+

e , W+
μ , W−

e , W−
μ , Ze, Zμ

W+, W−, Z
Z
W+, W−, Z

W+, W−, Z
W+

e , W+
μ , W−

e , W−
μ , Zμ

Z

https://link.springer.com/article/10.1007/JHEP06(2020)016
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 from inclusive LHC W, Z x-scetions αS(mZ)

0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12 0.122
)

Z
(mNNLO

sα

0

2

4

6

8

102 χ
∆

 W+X, Z+X (fiducial)→CMS pp  (8 TeV)-1 (7 TeV) + 18.2 pb-138 pb

CT14

HERAPDF2.0

MMHT14

NNPDF3.0

JHEP 06 (2020) 016

 αS(mZ) = 0 . 1180+0.0017
−0.0015

• Measurement dominated by PDF and luminosity 
uncertainties


• Advantage wrt to global PDF fits → single out the 
sensitivity to as(mZ) of inclusive DY cross 
sections, which is an experimentally and 
theoretically clean signature


• The analysis could be upgraded to N3LO in the 
near future

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

• Single free parameter of QCD in the  limit

• Impact physics at the Planck scale: EW vacuum stability, GUT

•  is among the major uncertainties of many precision measurements: Higgs couplings at the LHC
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JHEP 08 (2012) 098

https://link.springer.com/article/10.1007/JHEP08(2012)098

