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LHC a discovery machine at energy frontier 
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LHC was designed as ‘discovery machine’ – explore a new energy regime  

In the absence of direct signals for new physics, precision measurements of fundamental SM 
parameter could be the groundbreaking path for the next discovery.
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Precision physics @ LHC
• The Drell-Yan process is the standard candle for 

precision measurements and theory at the LHC 
• Stringent test of the self consistency of the SM 
• Looking for hints of physics beyond the SM
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Not obvious

4



L. Aperio Bella   

LHC interaction are embedded in QCD
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back in time 1979 
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PETRA – an electron–positron collider with an initial centre-of-mass energy of 30 GeV [ Completed in 1978, far 
ahead of schedule and below budget. ]  

PETRA was later upgraded to 46 GeV and, for the eight years of its lifetime, was the highest-energy electron–
positron collider in the world. 
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The year 1979 TASSO experiment saw the 
first observation of three-jet events at PETRA, 
leading to the discovery of the gluon and a 

measurement of its spin. 

Typical 3 jet event in the TASSO detector: Two quarks 
produced in an e+e- collision emit a gluon; each of the 

particles turn into a jet of particles.
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From 1988 to 2007 PETRA II was used as a pre-
accelerator for the HERA lepton hadron collider ring.

(..) HERA physics exploitation resulting in 
the measurement of the proton´s structure in 
new kinematic regions of vital importance in 
confronting new aspects of quantum 
chromodynamics, and enabling discoveries 
at the Large Hadron Collider.

T. Cridge, L. A. Harland-Lang, R. S. Thorne, arXiv:2312.12505
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How precise we can measure SM at LHC is strongly connected 
with the knowledge of QCD
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Transverse momentum of boson spectra
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very precise pT
V modelling is a challenge for QCD theory ( resummation, heavy flavour, 

multiple scale, no pQCD ) 

correct and precise modelling of the pT
W crucial input for mW precision  

Experimentally very precise pT
Z measurement but pT

W precision limited by experimental 
resolution  

fundamental concept : in pp collision the Z 
boson is boosted in the transverse plane if 

some hard radiation are emitted by the 
incoming quarks. 
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bonus: Transverse momentum of boson spectra
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current days several improvements done on 
analytic resummation programs ( improved 

treatment of HFI production, higher orders etc ) 

Phys.Lett.B 845 (2023) 138125

very precise pT
V modelling is a challenge for QCD theory ( resummation, heavy flavour, 

multiple scale, no pQCD ) 

correct and precise modelling of the pT
W crucial input for mW precision  

Experimentally very precise pT
Z measurement but pT

W precision limited by experimental 
resolution  

In the past general experimental approach: adjust model parameters using Z events 
→ extrapolate to W production 
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bonus: Transverse momentum of boson spectra
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better then 1% precision 

https://arxiv.org/pdf/2404.06204 

Extensive set of W,Z X-section measurements using 
ATLAS low-mu data (5 TeV and 13 TeV)

First measurement of WpT in very fine bins in the soft 
part of the spectra  

Goal measurement of the Z/W pT  ratio to validate the 
pT W modelling uncertainty in future ATLAS mW 

measurement.

very precise pT
V modelling is a challenge for QCD theory ( resummation, heavy flavour, 

multiple scale, no pQCD ) 

correct and precise modelling of the pT
W crucial input for mW precision  

Experimentally very precise pT
Z measurement but pT

W precision limited by experimental 
resolution  

In the past general experimental approach: adjust model parameters using Z events 
→ extrapolate to W production 

https://arxiv.org/pdf/2404.06204
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How precise we can measure SM at LHC ?
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mW 
alphaS 
sin2TW
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MOST PRECISE LESS PRECISE

O(10-2)O(10-10) O(10-7) O(10-5)rel. unc.

why measuring ɑs ? The strong coupling
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… as the LHC experiments’ work evolves towards precision physics, accurate knowledge of the strong coupling is 
becoming increasingly important ( G. Salam )

The strong coupling, αs, is one of the fundamental parameters of the Standard Model… however 
is the least known fundamental force of nature …
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The history of ɑs measurements 

https://arxiv.org/pdf/hep-ex/0606035 
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ɑs is determined at a ref. scale (Q=mZ ), decreases (“runs”) as ɑs≈ln(Q2/Λ2)-1

The effort of measuring the strong coupling constant has a long history of more than 35 years.  
World ɑs(mZ) determination (August 2023) is done by comparing 7 experimental observables to pQCD 

NNLO,N3LO predictions, plus global average at the Z pole scale. 

https://arxiv.org/pdf/hep-ex/0606035 

1989 
10% precision 

2023 
0.8% precision 

https://pdg.lbl.gov/2024/reviews/rpp2024-rev-qcd.pdf 

αs(MZ0 ) = 0.11 ± 0.01.

2005 
2% precision 

https://arxiv.org/pdf/hep-ex/0606035
https://arxiv.org/pdf/hep-ex/0606035
https://pdg.lbl.gov/2024/reviews/rpp2024-rev-qcd.pdf
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NEW 𝛼s measurement 
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The peak region of the transverse 
momenta spectra has linear sensitivity 

to αs  

fundamental 
concept : in pp 
collision the Z 

boson is 
boosted in the 

transverse 
plane if some 
hard radiation 
are emitted by 
the incoming 

quarks. 
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Innovative experimental methods
SMART IDEA: Exploit some powerful properties of the 
SM for DY production 
• provides analytic extrapolation of experimental 

selection to measure the cross-section in the full 
face space  

20
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very new experimental methods
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pT
Z cross section measured in full-

lepton phase space enables usage of 
state of the art predictions and opens 

new avenues for precise 
phenomenological interpretations 

https://arxiv.org/pdf/2309.12986 

https://arxiv.org/pdf/2309.12986
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very new experimental methods

22

pT
Z cross section measured in full-

lepton phase space enables usage of 
state of the art predictions and opens 

new avenues for precise 
phenomenological interpretations 

https://arxiv.org/pdf/2309.12986 

https://arxiv.org/pdf/2309.12986
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the most precise determination of 𝛼s 
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 Most precise 
experimental 

determination of as(mZ), 
as precise as the PDG and 

Lattice world averages

First as(mZ) determination 

at N3LO+N4LLa  

Clean experimental 

signature with highest exp 
sensitivity 

https://arxiv.org/pdf/2309.12986 

https://arxiv.org/pdf/2309.12986


L. Aperio Bella   

THANK YOU
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Example of the pT boson  spectra

25

25 50

Generator Γ2.1GeV pT(W) = 0
pT(W) != 0
Det. Resolution + selection

plT [GeV]

mw /2

SITUATION 12 YEARS AGO Quite challenging 
business … higher order 

correction needed to 
describe the data 
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𝛼S THE STRONG 
COUPLING

MOST PRECISE LESS PRECISE

O(10-2)O(10-10) O(10-7) O(10-5)rel. unc.

… as the LHC experiments’ work evolves towards precision physics, accurate 
knowledge of the strong coupling is becoming increasingly important ( G. Salam )

- The strong coupling, αs, is one 
of the fundamental parameters 
of the Standard Model.  - It enters into all cross 

section calculations for 
processes at the LHC 

… however is the least known 
fundamental force of nature …
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The SM of particle physics @LHC

Some ( not so-obvious ) observations:  
A. Theory agrees with measurements across wide range of processes and cross sections … 
B. Often data precision challenges the theory predictions…

NNLO state-of-the-art, rising to N3LO
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discovery of the gluon
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https://arxiv.org/pdf/hep-ex/0606035 

QCD is a most exceptional theory in 
that it generates an enormous 
complexity out of a very simple 
Lagrangian – describing for instance 
all atomic nuclei out of essentially 
one parameter.

MOST PRECISE LESS PRECISE

O(10-2)O(10-10) O(10-7) O(10-5)rel. unc.

The strong coupling, αs, is one of the fundamental parameters of 
the Standard Model.  

Determines strength of the interaction between q and g. 
• It enters into all cross section calculations for processes at 

the LHC, whether directly at leading order, or through 
higher-order QCD calculations.  

• It also enters indirectly through the evolution of PDFs and 
their correlation with the strong coupling.  

… however is the least known fundamental force of nature …

https://arxiv.org/pdf/hep-ex/0606035
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A convenient decomposition 
A convenient way of expressing the radiation-inclusive DY cross section is through the 

factorisation of the production dynamic and the decay kinematic properties of the dilepton 
system.

Measuring the angular coefficients 
correspond to building a synthetic 
“quantized” representation of the 

(cosθ,φ) kinematic space decompose 
in helicity cross sections

The unpolarised cross sections do not 
depend on lepton variables, they are 

defined in “full-lepton phase space”, only 
by cuts (or bins) in pT,y,m of the boson

Smart idea: Exploit the angular variables decomposition to perform a simultaneous 2D pT-y 
measurement of unpolarised full-lepton phase space cross sections + extraction of angular 
coefficients 

Very powerful: trade systematics for statistics  
Very useful: provides analytic extrapolation of lepton cuts and enables a rich interpretation 
programme 


