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Introduction
• Strong coupling constant 𝛼! is the least known coupling constant in nature
• Its value has implications on SM extrapolation at large scales (GUT…)
• Important uncertainty to many precision measurements

How to extract 𝛼! ?
• Approach 1) (Altarelli): extract 𝛼! from few processes with small and well-

controlled theoretical uncertainties (e.g. tau decays, DIS scaling violation, e+e-  
R(hadrons/leptons)) è extract in other processes as a test of the theory (both 
for testing theoretical approaches to more complex observables and for 
looking for deviations from SM)

• Approach 2) (PDG): consider many different process together, make a “robust” 
averages within each category, then average categories to provides a “Word 
average” which should be the most precise available value.

• current Word Average  𝛼! 𝑚" = 0.1179 ± 0.0009
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PDG
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PDG 2023 Aug 2023 (𝛼# from jets)

𝛼! determinations at hadronic colliders

+ CMS dijets at 13 TeV arXiv:2312.16669   

+ CMS energy correlations E2C, E3C at 13 TeV arXiv:2402.13864
 

+ CMS Inclusive jets at 13 TeV JHEP02(2022)142 + JHEP12(2022)035 

+ ATLAS TEEC+ATEEC at 13 TeV JHEP07(2023)085

+ ATLAS Zpt at 8 TeV arXiv:2309.12986

New results in this presentation :
Inclusive jets :

di-jets :

multi-jets :

Drell-Yan

Jet substructure:

+ CMS 𝑅$% at 13 TeV arXiv:2404.16082 

https://arxiv.org/abs/2312.16669
https://arxiv.org/abs/2402.13864
https://link.springer.com/article/10.1007/JHEP02(2022)142
https://link.springer.com/article/10.1007/JHEP12(2022)035
https://link.springer.com/article/10.1007/JHEP07(2023)085
https://arxiv.org/abs/2309.12986
https://arxiv.org/abs/2404.16082


CMS: 𝛼! from inclusive jet cross section
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𝛼! 𝑚" = 0.1166 ± 0.0014 𝑓𝑖𝑡 ± 0.0007 𝑚𝑜𝑑𝑒𝑙 ± 0.0004 𝑠𝑐𝑎𝑙𝑒 ± 0.0001	(𝑃𝐷𝐹	𝑝𝑎𝑟𝑎𝑚. )	

• CMS measurement of inclusive jet cross 
sections at 13 TeV over many orders of 
magnitude

• Anti-kT R=0.4 and 0.7
• Exp. uncertainty dominated by JES 

(order 5%)
• Simultaneous extraction of 𝛼# and PDFs 

from fit of HERA DIS data and CMS jets
• New analysis using full NNLO grids 

(NNLOJETS) rather than k-factors: 
compatible results with smaller scale 
uncertainties

JHEP12(2022)035 (addendum) 

𝜎&' ∝ 𝛼2 

https://link.springer.com/article/10.1007/JHEP12(2022)035


CMS: 𝛼! from di-jet cross section
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• CMS measurement of di-jet cross sections at 13 TeV (33.5 fb-1)
• 2D in dijet mass (m1,2)and maximum rapidity |ymax| rapidity 
• 3D in average pT (<pT>1,2), (half) rapidity difference y* and mean rapidity yb

• Experimental uncertainty dominated by JES 5-30%

2D

arXiv:2312.16669

3D

https://arxiv.org/abs/2312.16669
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• Therory canclulated a NNLO (NNLOJET): scale 
uncertainty reduction wrt NLO enables precise 𝛼# 
measurement

• Non-perturbative corrections calculated as envelope 
of different hadronization models

• Electroweak correction important at high mass

CMS 𝛼! from di-jets : theory
𝜎&' ∝ 𝛼2 
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2𝐷: 	𝛼! 𝑚" = 0.1179 ± 0.0015 𝑓𝑖𝑡 ± 0.0008 𝑚𝑜𝑑𝑒𝑙 ± 0.0008 𝑠𝑐𝑎𝑙𝑒 ± 0.0001 𝑃𝐷𝐹	𝑝𝑎𝑟𝑎𝑚. 	

• Simultaneous fit of 𝛼! and PDFs 
using HERA DIS data and CMS dijets, 
both 2D and 3D

• 𝜒" variation from adding dijets to 
HERA data (2D):
#!
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• Reduction of PDF errors 
• 𝛼!(𝑚-) = 0.1179 ± 0.0019

3𝐷: 	𝛼! 𝑚" = 0.1181 ± 0.0013 𝑓𝑖𝑡 ± 0.0006 𝑚𝑜𝑑𝑒𝑙 ± 0.0009 𝑠𝑐𝑎𝑙𝑒 ± 0.0002 𝑃𝐷𝐹	𝑝𝑎𝑟𝑎𝑚. 	

CMS 𝛼! from di-jets : results



• 𝑅$% is the ratio between the number of  jets in a range Δ𝜙	 from 
another jet and the total number of jets Njet.

• CMS measurement at 13 TeV, for jets with 𝑝()*+ > 100 GeV 
R=0.4 and 𝑦 < 2.5

• The Δ𝜙	range is chosen to avoid back-to-back jet topologies:
,
-
𝜋 < Δ𝜙 < .

/
𝜋:  there is a relation with 3/2 jet ratio.

• 𝑅$% is measured in bins of pT (one entry per jet)

• Compared to different MC, agreement dependent on MC tuning
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CMS: 𝛼! from Jet Azimuthal Correlation 𝑅"#
arXiv:2404.16082

https://arxiv.org/abs/2404.16082


CMS 𝑅"# : results
• NLO theory (NLOJET++)

• Extraction of 𝛼! from fit to data using different 
global PDF sets providing PDFs at different 
values of  of 𝛼!

          Di = measuremet, Ti = prediction, 

          Cij = covariance matrix (including exp. and theor. unc.)

          Scale unc. by repeating  fit with 6 different 𝜇! , 𝜇"

      - Uncertainty dominated by scale variation

      - Second  uncertainty is PDF choice

• 𝛼# 𝑚$ = 0.1177%&.&&()*&.&++(	

𝛼# 𝑚$ = 0.1177%&.&&,-*&.&++) scale. ± 0.0013 𝑒𝑥𝑝. ± 0.0011 𝑁𝑃 ± 0.0010 𝑃𝐷𝐹 ± 0.0003 𝐸𝑊 ± 0.0020	(𝑃𝐷𝐹	𝑐ℎ𝑜𝑖𝑐𝑒)	



ATLAS: 𝛼! from tranverse energy correlations
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• Transverse energy-energy correlations (TEEC): transverse energy-weighted angular distribution of jet pairs
• Azimuthal asymmetry (ATEEC) 
• ATLAS measurement in 13 TeV data, using jet R=0.4, in bins of the scalar sum of the two leading jets HT2

TEEC ATEECevents jets

JHEP07(2023)085

https://link.springer.com/article/10.1007/JHEP07(2023)085
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ATLAS: TEEC and ATEEC
• Experimental uncertainty dominated by JES and by angular 

resolution (TEEC) and energy resolution (ATEEC)

• 𝑐𝑜𝑠𝜙 < 0.92	to avoid 2-jet configurations

• Calculated to NNLO (= O(𝛼#0)	) using OpenLoops2, FivePointAmplitudes and 
PentagonFunctions++

    LO                               NNLO

• 𝜒,  fit to TEEC and ATEEC to extract 𝛼!
     - largest uncertainty from scale variations 
     - Results for different NNLO PDFs compatible within PDF uncertainty
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ATLAS: TEEC and ATEEC Results
TEEC post-fit with MMHT 2014 (NNLO)

TEEC: 𝛼! 𝑚" = 0.1175 ± 0.0006	(exp. )	 12.224.52.22-6 theo. 	

• MMHT 2014 taken as central value :

• Running of 𝛼! checked up to Q= 2 TeV : no hint of new 
colored fermions !

ATEEC: 𝛼! 𝑚" = 0.1185 ± 0.0009	(exp. )	 12.224,52.22,0 theo. 	
Correlation 𝜌 = 0.86	

Q = <HT2>/2



CMS: 𝛼! from Jet substructure: E3C/E2C

• Two- and three-point energy correlations for particles 
inside jets

• Measurement made on dijets at 13 TeV using charged 
and neutral energy flow objects

• Jet selection: Anti-kT 𝑅 = 0.4, 𝜂 < 2.1, 	ΔΦ > 2.1,
97 < 𝑝( < 1784	𝐺𝑒𝑉

• Large-xL : perturbative region (partons), can be 
calculated at NLL or approximated NNLL (aNNLL) 
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arXiv:2402.13864

E2C

https://arxiv.org/abs/2402.13864
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• The ratio E3C/E2C has a reduced sensitivity to PDF and to NP 
effects: NP correction uncertainty reduced to 3% on E3C/E2C 
ratio

• The slope of E3C/E2C is approximately proportional to 𝛼#(𝑄,)
    -> good observable for 𝛼! measurement

• 𝜒,  fit to E3C/E2C using approximated NNLL  gives

    - Theoretical uncertainty mainly from scale uncertainty

CMS E3C/E2C : results

𝛼! 𝑚" = 0.122912.224,52.2246 stat. 12.22--
52.22-2 theo. 12.22-7

52.22,- exp. 	

• 𝛼! 𝑚" = 0.122912.220252.2262	



ATLAS: 𝛼! from Z transverse momentum
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• Z bosons produced in hadron collisions recoil against QCD 
initial-state radiation

• Z boson pT distribution can be measured with small exp. 
uncertainties

• Precise resummed calculation now available up to 
approximated N4LL (N4LLa) matched to N3LO fixed order

Fixed order 

Resummation 
of log(pT/mZ)

“Sudakov peak”
NP intrinsic kT

arXiv:2309.12986

https://arxiv.org/abs/2309.12986


ATLAS Z pT measurement
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• Using 8 TeV data (Eur. Phys. J. C 84 (2024) 315)

• Measurement in 3 channels : central 𝜇𝜇 and ee, central-forward ee

• Decomposition in angular polynomials used to pass from fiducial 
measurement to full lepton phase-space 

• Uncertainties generally below 1%, stat. dominated !

https://doi.org/10.1140/epjc/s10052-024-12438-w


ATLAS: ZpT 𝛼$ extraction
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• N4LLa matched to N3LO fixed order DY calculation (Dyturbo)
• MSTH20 PDF (only set available at N3LO)
• NP “intrinsic parton kT” modeled with gaussian parameters and 

extracted from the fit, impacts very low pT
• 𝛼! extracted from fit to cross section in y,pT bins.

      exp. (𝛽.,012) and PDF (𝛽3,45) uncertainties treated as nuisance parameters:

Post fit   

scale `� , and evolved backward using the N3LO solution of the evolution equation. The number of active
flavours is set to five in all the coefficients entering the calculation, and in the evolution of the PDFs. The
charm and bottom PDFs are asymptotically switched off in the backward evolution when approaching their
corresponding thresholds.

The predicted cross sections depend on three unphysical scales: the renormalization scale `', the
factorization scale `� , and the resummation scale &, which parameterizes the arbitrariness in the
resummation procedure. The central value of the scales is set to the quadratic sum of <✓✓ and ?T.

The effect of initial-state radiation of photons on the transverse-momentum shape is estimated at leading
logarithmic accuracy with P�����8 [57] and the AZ tune of parton shower parameters [22], and applied as a
bin-by-bin multiplicative correction factor. Initial-state radiation of photons at next-to-leading logarithmic
accuracy [58] is used to validate the P�����8 predictions. Higher-order effects to the cross section
normalisation from QED initial-state radiation and from electroweak virtual corrections are considered at
next-to-leading order. These are directly computed using the code from Ref. [59], and are in agreement
with the results from other calculations benchmarked in the LHC EW working group. At the / pole, the
virtual effects decrease the predicted cross-sections by 0.8%, while the QED initial-state effects increase
them by 0.4%. These corrections are found to be independent of rapidity. Higher-order electroweak
corrections are expected to be very small at the /-boson pole, and neglected3.

The statistical analysis for the determination of Us(</ ) is performed with the xFitter framework [60].
The value of Us(</ ) is determined by minimising a j

2 function which includes both the experimental
uncertainties and the theoretical uncertainties arising from PDF variations:

j
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The correlated experimental and theoretical uncertainties are included using the nuisance parameter vectors
Vexp and Vth, respectively. Their influence on the data and theory predictions is described by the �exp

8 9

and �th
8: matrices. The index 8 runs over all #data data points, whereas the indices 9 and : correspond

to the experimental and theoretical uncertainty nuisance parameters respectively. The measurements
and the uncorrelated experimental uncertainties are given by f

exp
8 and �8 , respectively, and the theory

predictions are f
th
8 . The matrices �exp

8 9 encode all the information of the experimental covariance matrix of
the measured double-differential cross sections as functions of transverse momentum and rapidity of the /

boson. The matrices �th
8: cover the nuisance parameters of the PDF Hessian uncertainties, and parameters

of the non-perturbative form factor, which are left free in the fit by adding unconstrained variations. The
dependence of PDFs on the value of Us(</ ) is accounted for by using corresponding Us-series of PDF
sets, which are provided for seven fixed values of Us(</ ) in the range 0.114 < Us(</ ) < 0.120. At each
value of Us(</ ), the PDF uncertainties are Hessian profiled and the j

2 function is minimised by solving a
system of linear equations, according to Eq. (1) [61], whereas the different values of j2 as a function of
Us(</ ) are minimised through a polynomial interpolation to determine Us(</ ).

3 The electroweak parameters are set according to the ⌧` scheme, in which the Fermi coupling constant ⌧F, the ,-boson
mass <, , and the /-boson mass </ are set to the input values ⌧F = 1.1663787 · 10�5 GeV�2, <, = 80.385 GeV,
</ = 91.1876 GeV [16], whereas the weak-mixing angle and the QED coupling are calculated at tree level.
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𝜎"𝑒𝑥𝑝
/𝑡ℎ		=	measured	

/	theoretical	cross	
section
Δ" = uncorrelated 
uncertainty
Γ𝑖𝑗 = effect of1 s.d. 
variation of kth syst. 
on ith cross section
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ATLAS: ZpT results

𝛼! 𝑚" = 0.1183 ± 0.0009

• Most precise collider measurement !

• Nice reduction of scale uncertainties observed by 
performing the fit at different pert. orders 

Uncertainties (x 10-3)

+LO                          +NLO                 +NNLO                    +N3LO



ATLAS: ZpT alternative 𝛼$ extractions
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• Alternative fits using different PDFs available at 
NNLO: some tension between global PDF fits 

• NNLO PDF + 𝛼! simultaneous determination 
from fit of ZpT and HERA data consistent with 
aN3LO extraction

• The PDF + 𝛼! fit  is probably the cleanest way to 
extract 𝛼! : only clean processes, real fit rather 
than nuisance parameter (linearized) approach, 
to be done at N3LO !



Summary and conclusions
New extractions of 𝛼! 𝑚" from ATLAS and CMS :

• From Inclusive and di-jet cross sections with simultanaous extraction 
of PDFs, fitting HERA data:

     𝛼! 𝑚" = 0.1166 ± 0.0016 (CMS incl. jets, NNLO)

     𝛼! 𝑚" = 0.1179 ± 0.0019 (CMS dijets, NNLO)

• From multi-jet correlation observables sensitive to 3rd jet emission 

    𝛼! 𝑚" = 0.117712.22.652.244.	 (CMS	𝑅$%, NLO)

    𝛼! 𝑚" = 0.118512.224,52.22,.	 (ATLAS ATEEC, NNLO)

• From jet substructure

     𝛼! 𝑚" = 0.122912.22.252.2262	 (CMS	E3C/E2C, NNLLa)

• From Z pT :

    𝛼! 𝑚" = 0.1183 ± 0.0009 (ATLAS, N4LLa+N3LO )
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Summary plot with selection of most precise pp 
measurements 
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The next-to-leading order solutions to the renormalization 
group equation including a new fermion
with mass mX = 200 GeV transforming under 
representations of dimension 3, 8, 6 and 10, respectively.

J. Llorente and B. P. Nachman, Nucl. Phys. B 936 (2018) 
106, arXiv:1807.00894 [hep-ph].


