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• The purpose of this talk is to focus on the very latest Electroweak (EW) 
and QCD precision measurements by ATLAS and CMS Collaborations 
• Mainly showing results from the Spring 2024 conference season 

• Precision EW and QCD measurements: 
• Test the consistency of the SM and probe beyond SM contributions  
• Tests of the state-of-the-art perturbative QCD calculations 
• Constraints on Parton Distribution Functions (PDFs) 
• Probe the mechanism of EW symmetry breaking 

• S

LHC precision results

205/17/24

Higher order corrections 



• W and Z cross sections at 13.6 TeV 
• Arxiv:2403.12902, CMS-PAS-SMP-22-017 

• CMS Effective Leptonic Weak Mixing Angle measurement 
• CMS-PAS-SMP-22-010 

• ATLAS W boson width and mass measurements 
• Arxiv:2403.15085 

• ATLAS lepton universality test in W boson decays 
• Arxiv:2403.02133 

• Precise measurements of Z invisible width 
• Arxiv:2312.02789, Arxiv:2206.07110 

• CMS observation of γγ -> 𝜏𝜏 in pp collisions  

• CMS-PAS-SMP-23-005 
• ATLAS polarization in WZ production  

• Arxiv:2402.16365 
• CMS Run 3 WW production  

• CMS-PAS-SMP-24-001 
• Recent Vector Boson Scattering results  
• ATLAS Lund subjet multiplicities 

• Arxiv:2403.02133

Results highlighted in this talks

305/17/24

https://arxiv.org/pdf/2403.12902
https://cds.cern.ch/record/2868001/files/SMP-22-017-pas.pdf
https://cds.cern.ch/record/2893842/files/SMP-22-010-pas.pdf
https://arxiv.org/pdf/2403.15085
https://arxiv.org/pdf/2403.02133
https://arxiv.org/pdf/2312.02789
https://arxiv.org/pdf/2206.07110.pdf
https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf
https://arxiv.org/pdf/2402.16365
https://cds.cern.ch/record/2892658/files/SMP-24-001-pas.pdf
https://arxiv.org/pdf/2403.02133


Drell-Yan Process 

405/17/24

W, Z, 𝜸*

• The Drell-Yan (DY) process was proposed and measured in 1970 
• DY process is the standard candle for precision measurements and 

theory at the LHC 
•  What can we learn form it after 50 years?

Information on perturbative and non-
perturbative QCD



• Inclusive W and Z boson production and ratios at 5.02, 13, and 13.6 TeV 
by ATLAS and CMS  
• Dedicated special low pileup LHC runs 
• Cornerstone of the experimental program  

• New opportunities at 13.6 TeV 
• Measurements are in agreement with SM calculations at NNLO in QCD 

and NLO in EW 

W and Z cross sections

505/17/24
Arxiv:2403.12902 CMS-PAS-SMP-22-017

W

Z

Z

https://arxiv.org/pdf/2403.12902
https://cds.cern.ch/record/2868001/files/SMP-22-017-pas.pdf


• New ATLAS measurement of W and Z boson production cross section and 
ratios at 13.6 TeV  
• Data collected in 2022 with an integrated luminosity of 29 fb-1 
• Integrated luminosity uncertainty of 2.2% 
• Ratios of tt to W boson cross sections are measured as well 
• Compared to various PDF predictions

ATLAS W and Z cross sections: 13.6 TeV

605/17/24 Arxiv:2403.12902

tt/W

https://arxiv.org/pdf/2403.12902


• New CMS measurement of the leptonic effective weak mixing angle 
• Using full Run 2 data at √s=13 TeV, integrated luminosity of 137fb-1 
• Measurements of the forward-backward asymmetry and unfolded A4 

• The measurement includes central-central µµ and ee channels as 
well as central-forward ee channels (using forward calorimeters) 
• Increase sensitivity to AFB

Effective Weak Mixing Angle

705/17/24

CMS-PAS-SMP-22-010
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At leading order (LO) in QCD, only the annihilation diagram qq̄! Z is present and only A4 is non-zero.
At next-to-leading order (NLO) in QCD (O(↵s)), A0�3 also become non-zero. The Lam–Tung relation [8–
10], which predicts that A0�A2 = 0 due to the spin-1 of the gluon in the qg! Zq and qq̄! Zg diagrams,
is expected to hold up to O(↵s), but can be violated at higher orders. The coe�cients A5,6,7 are expected to
become non-zero, while remaining small, only at next-to-next-to-leading order (NNLO) in QCD (O(↵2

s )),
because they arise from gluon loops that are included in the calculations [11, 12]. The coe�cients A3 and
A4 depend on the product of vector and axial couplings to quarks and leptons, and are sensitive to the
Weinberg angle sin2 ✓W. The explicit formulae for these dependences can be found in Appendix A.

The full set of coe�cients has been calculated for the first time at O(↵2
s) in Refs. [2–5]. More re-

cent discussions of these angular coe�cients may be found in Ref. [13], where the predictions in the
NNLOPS scheme of the Powheg [14–17] event generator are shown for Z-boson production, and in
Ref. [18], where the coe�cients are explored in the context of W-boson production, for which the same
formalism holds.

The CDF Collaboration at the Tevatron published [19] a measurement of some of the angular coe�cients
of lepton pairs produced near the Z-boson mass pole, using 2.1 fb�1 of proton–anti-proton collision data
at a centre-of-mass energy

p
s = 1.96 TeV. Since the measurement was performed only in projections

of cos ✓ and �, the coe�cients A1 and A6 were inaccessible. They further assumed A5 and A7 to be zero
since the sensitivity to these coe�cients was beyond the precision of the measurements; the coe�cients
A0,2,3,4 were measured as a function of pZ

T. These measurements were later used by CDF [20] to infer
an indirect measurement of sin2 ✓W, or equivalently, the W-boson mass in the on-shell scheme, from the
average A4 coe�cient. These first measurements of the angular coe�cients demonstrated the potential of
this not-yet-fully explored experimental avenue for investigating hard QCD and EW physics.

Measurements of the W-boson angular coe�cients at the LHC were published by both ATLAS [21]
and CMS [22]. More recently, a measurement of the Z-boson angular coe�cients with Z ! µµ decays
was published by CMS [23], where the first five coe�cients were measured with 19.7 fb�1of proton–
proton (pp) collision data at

p
s = 8 TeV. The measurement was performed in two yZ bins, 0 < |yZ | < 1

and 1 < |yZ | < 2.1, each with eight bins in pZ
T up to 300 GeV. The violation of the Lam–Tung relation

was observed, as predicted by QCD calculations beyond NLO.

This paper presents an inclusive measurement of the full set of eight Ai coe�cients using charged lepton
pairs (electrons or muons), denoted hereafter by `. The measurement is performed in the Z-boson invari-
ant mass window of 80–100 GeV, as a function of pZ

T, and also in three bins of yZ . These results are based
on 20.3 fb�1 of pp collision data collected at

p
s = 8 TeV by the ATLAS experiment [24] at the LHC.

With the measurement techniques developed for this analysis, the complete set of coe�cients is extracted
with fine granularity over 23 bins of pZ

T up to 600 GeV. The measurements, performed in the CS reference
frame [1], are first presented as a function of pZ

T, integrating over yZ . Further measurements divided into
three bins of yZ are also presented: 0 < |yZ | < 1, 1 < |yZ | < 2, and 2 < |yZ | < 3.5. The Z/�⇤ ! e+e�

and Z/�⇤ ! µ+µ� channels where both leptons fall within the pseudorapidity range |⌘| < 2.4 (hereafter
referred to as the central–central or eeCC and µµCC channels) are used for the yZ-integrated measurement
and the first two yZ bins. The Z/�⇤ ! e+e� channel where one of the electrons instead falls in the region

3

µµ eCeFAFB =
�F � �B

�F + �B

https://cds.cern.ch/record/2893842/files/SMP-22-010-pas.pdf


• The weak mixing angle is extracted by two methods: 
• Fitting the detector level AFB or unfolded A4 measurement 

• PDFs are profiled in the measurement (CT18Z is used as nominal PDF)  
• PDF uncertainties dominate the measurement

Effective Weak Mixing Angle

805/17/24

CMS-PAS-SMP-22-010

No PDF constrain

https://cds.cern.ch/record/2893842/files/SMP-22-010-pas.pdf


• Good agreement with previous measurements and the SM 
• CMS measurement is the most precise hadron collider measurement! 

• Precision comparable to LEP and SLD results 
• PDF uncertainties dominate

Effective Weak Mixing Angle

905/17/24 CMS-PAS-SMP-22-010

https://cds.cern.ch/record/2893842/files/SMP-22-010-pas.pdf


• Measuring the W boson mass is extremely challenging at hadron colliders  
• Prone to biases due to QCD effects 

• Most precise measurement from CDF is in strong tension with the EW fit 
and other experimental results 
• ATLAS updated the previous W mass measurement using the 7 TeV data  

• Use the lepton pT and the transverse mass mT to extract mW  
• First measurement of ΓW at the LHC! 
• Simultaneous determination of mW and ΓW

ATLAS W boson width and mass

1005/17/24

Arxiv:2403.15085
Lepton pT mT

https://arxiv.org/pdf/2403.15085


• The mW is compatible with the previous measurement with the same 7 
TeV data sample 
• Detailed studies of PDF dependence of the result are performed 

• Increased PDF priors lead to less PDF-model dependence 

ATLAS W boson width and mass

1105/17/24

Arxiv:2403.15085

https://arxiv.org/pdf/2403.15085


• First measurement of ΓW at the LHC  
• Most precise measurement from a single experiment  

• Simultaneous measurement of mW and ΓW 
• Central value of mW shifts down by 12 MeV 
• -30% correlation between mW and ΓW

ATLAS W boson width and mass

1205/17/24 Arxiv:2403.15085

https://arxiv.org/pdf/2403.15085


• ATLAS measurement of the W boson decay rates to muons and electrons  
• Using 140 fb-1 at √s=13 TeV 
• Using tt production offers a high purity sample of W boson pairs 

• Fully leptonic final state is used 
• Use the precise value of Z branching ratios to muons and electrons to 

reduce the lepton identification systematic uncertainties 

Lepton Universality in W boson decays

1305/17/24 Arxiv:2403.02133

https://arxiv.org/pdf/2403.02133


• ATLAS measurement of the W boson decay rates to muons and electrons  
• Most precise measurement to date 
• Relative uncertainty of 0.45% 
• Consistent with lepton universality 

Lepton Universality in W boson decays

1405/17/24

Arxiv:2403.02133

https://arxiv.org/pdf/2403.02133


Precise measurement of Z invisible width

15

• Precise measurement of Z invisible width at a hadron collider 
• Constraint on number of light neutrino species coupling to the Z boson 

• New ATLAS result is the most precise measurement 
• Uncertainty dominated by lepton efficiency

CMS: 
Arxiv:2206.07110

05/17/24
ATLAS: 
Arxiv:2312.02789

https://arxiv.org/pdf/2206.07110.pdf
https://arxiv.org/pdf/2312.02789


• CMS observation of photon induced production of pair of 𝜏 leptons in pp 
collisions 
• Previously observed by ATLAS and CMS in PbPb collisions 
• Run 2 data sample at 13 TeV and integrated luminosity of 138 fb-1  
• Events with small number of tracks are close to the di-tau vertex are 

selected to isolate photon induced processes 
• Correct the number of tracks in simulation 

Observation of γγ -> 𝜏𝜏

1605/17/24 CMS-PAS-SMP-23-005

https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf


• CMS observation of photon induced production of pair of 𝜏 leptons in pp 
collisions  
• γγ -> 𝜏𝜏 in pp: 5.3 (6.5) observed (expected) standard deviations  

• Systematic and statistical uncertainties comparable in size 
• Constrain the anomalous electromagnetic moments of 𝜏 lepton using 

the visible mass distribution 

Observation of γγ -> 𝜏𝜏

1705/17/24 CMS-PAS-SMP-23-005 CMS-PAS-SMP-23-005

https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf
https://cds.cern.ch/record/2891376/files/SMP-23-005-pas.pdf


• ATLAS WZ polarization measurement using Run 2 data 
• Fully leptonic final state  
• Explore the energy dependence of the polarization fractions  
• Target events with high pT Z boson and measure the fraction of 

events with two longitudinally polarized bosons 
• WLZL production observed significance: 5.3 standard deviations

Polarization in WZ production 

1805/17/24 Arxiv:2402.16365

https://arxiv.org/pdf/2402.16365


• ATLAS WZ polarization measurement using Run 2 data  
• Also report the first study of Radiation Amplitude Zero effect in WZ 

production (previously observed in Wγ) 
• TT exact zero amplitude at LO in the region where cosθW ~ 0 

• Requirement on pT(WZ)<70 GeV to reduce jet activity and to 
enhance the significance of the dip

Polarization in WZ production 

1905/17/24 Arxiv:2402.16365

• Observed using rapidity differences 
• Dip at zero 

• LT+TL+LL contributions are 
subtracted in the plot

https://arxiv.org/pdf/2402.16365


• CMS first measurement of WW production at 13.6 TeV  
• Using 2022 data with an integrated luminosity of 34.8 fb-1 
• Important tests of perturbative QCD and EW and sensitive to self 

interactions  
• Opposite charge electron and muon final state 

• Dedicated top, Drell-Yan and nonprompt control regions

Run 3 Di-boson measurements

2005/17/24 CMS-PAS-SMP-24-001

https://cds.cern.ch/record/2892658/files/SMP-24-001-pas.pdf


• CMS first measurement of WW production at 13.6 TeV  
• Integrated and differential cross sections are reported 

• Good agreement with the SM predictions

Run 3 Di-boson measurements

2105/17/24 CMS-PAS-SMP-24-001

125.7 ± 5.6 pb at 13.6 TeV 

https://cds.cern.ch/record/2892658/files/SMP-24-001-pas.pdf


• From first observations->precision measurements
• ATLAS and CMS completing Run 2 measurements

• Probe EW symmetry breaking 
• Probe triple and quartic gauge couplings
• Theory predictions: NLO corrections 
• Recent results to highlights:

EW VVjj production

22
Arxiv:2403.02809 Arxiv:2403.15296

Arxiv:2312.00420
05/17/24

EW Wγjj EW WZjj

EW W±W±jj

CMS-PAS-SMP-22-008

https://arxiv.org/pdf/2403.02809
https://arxiv.org/abs/2403.15296
https://arxiv.org/pdf/2312.00420
https://cds.cern.ch/record/2867989/files/SMP-22-008-pas.pdf


• Several selected recent measurements discussed today 
• Many other interesting results not covered today! 
• Can be found in ATLAS and CMS public pages

Many more results…

2305/17/24

CMSATLAS

https://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html
https://twiki.cern.ch/twiki/bin/view/AtlasPublic


• Wealth of EW and QCD precision measurements  
• LHC is a precision tool! 
• Measurements of some precision observables competitive with lepton 

colliders 
• Mostly agreement with the SM predictions  

• Many more results still to come -> Run 3 is here! 
• Run 2 (and Run 1) continue to provide new and creative precision 

measurements    
• Special low pileup LHC runs also provide new avenues of exploration

Summary

2405/17/24



ADDITIONAL MATERIAL

2503/21/21



• Parton shower modeling is crucial at hadron colliders  
• Most precise measurement to date 
• Higher order QCD effects like “double soft” splittings needs to be 

understood and incorporated 
• Measurements of Lund subjet multiplicities is sensitive to higher 

order effects 
• The measurement is performed in dijet events 

• At 13 TeV, 140 fb-1

Lund subjet multiplicities

2605/17/24

Arxiv:2402.13052

• Recluster the jet constituents 
with CA algorithm 

• Count emissions above a 
specified kt requirement

https://arxiv.org/abs/2402.13052


• Unfolded differential cross sections of NLund are measured for different kt 
requirements in jet pT bins and relative rapidity  
• Results are compared to different Parton shower models as well as 

recent resummed calculations 
• Herwig gives overall best description of data 
• Sherpa performs well when non-perturbative emissions are allowed

Lund subjet multiplicities

2705/17/24

Arxiv:2402.13052

https://arxiv.org/abs/2402.13052


• First precise measurement at the LHC in the full phase space of the 
decay leptons (√s = 8 TeV, L=20.2fb-1) 
• Statistically dominated measurement 
• Negligible theoretical uncertainties as there is no direct 

extrapolation to full phase space 
• Cross sections are parameters of the fit. Fit parameters are 8Ai + 

1 cross section in pT-Y 176 bins  

ATLAS full phase space Z measurement

28ATLAS-CONF-2023-013 

bins

Likelihood

05/17/24

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-013/


• d2𝜎/dpTdY measurement 

• Uncertainties dominated by data statistics 
•

ATLAS full phase space Z measurement

29ATLAS-CONF-2023-013 

80 < mZ < 100 GeV, |Y| < 3.6

05/17/24

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-013/


• pT cross section d𝜎/dpT 

• Measurement compared to N3LL/N4LL resummed predictions 
matched to O(ɑs3) from MCFM/NNLOJET 
• Excellent agreement with data. Crucial input for mW measurements

ATLAS full phase space Z measurement

30ATLAS-CONF-2023-013 

80 < mZ < 100 GeV, |Y| < 3.6

Strong effort in LPCC 
with benchmarking 
studies at N3LL/N4LL

See Francesco’s talk 
in QCD section for 
the ɑs extraction 

05/17/24

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-013/


• Rapidity cross section d𝜎/dY 

• Permille level precision in the central region. Dedicated forward 
electron calibration up to |Y| < 3.6 
• Comparison to N3LO QCD predictions (DYTurbo) and to different PDFs 

• NLO EW corrections with ReneSANCe

ATLAS full phase space Z measurement

31

ATLAS-CONF-2023-013 

80 < mZ < 100 GeV, |Y| < 3.6

aN3LO MSHT PDF set 

05/17/24

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-013/


• Precise measurement of the W pT is important in reducing the modeling 
uncertainty in the W mass measurements 
• Hadronic recoil is the main limitation of the pT W measurements 

• Recoil resolution degrades with pileup 
• Dedicated low-pileup runs with <µ> of about 2 taken in 2017 and 2018 

• 255 pb-1 at 5.02 TeV and 338 pb-1 at 13 TeV

•  

ATLAS W and Z pT with low-pileup data

32ATLAS-CONF-2023-02805/17/24

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028/


• Measurements of W+, W-, and Z pT and ratios at 13 and 5.02 TeV 
• Z measurement uncertainties dominated by data statistics 
• W measurement uncertainties dominated by recoil calibration, unfolding, 

and data statistics (strong case for future low pileup runs)

ATLAS W and Z pT with low-pileup data

33ATLAS-CONF-2023-028

W-, 13 TeV

Z, 13 TeV

W-, 5.02 TeV

Z, 5.02 TeV

05/17/24

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028/


• W cross sections compared to various Monte-Carlo predictions 
• Predictions using the ATLAS tune (used for the W mass measurement 

on 7 TeV data) describe data reasonably at low pT especially at 
√s=5.02 TeV 

ATLAS W and Z pT with low-pileup data

34ATLAS-CONF-2023-028

5.02 TeV 13 TeV

05/17/24

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028/


• Z cross sections compared to various Monte-Carlo predictions 
• Predictions using the ATLAS tune (used for the W mass measurement 

on 7 TeV data) describe data reasonably at low pT especially at 
√s=5.02 TeV 

ATLAS W and Z pT with low-pileup data

35ATLAS-CONF-2023-028

5.02 TeV 13 TeV

05/17/24

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-028/


• Differential cross sections in Y, pT, and ɸη* 
• Access to PDFs at large and small x 
• 5.1fb-1 collected in 2016-18 

• Fiducial region: 
• Muon pT > 20 GeV, 2 < η < 4.5 
• 60 < mµµ < 120 GeV 

• Most precise integrated cross sections in 
the forward region 

• New result at √s=5.02 TeV, 99.86 pb-1

LHCb forward Z measurements

3605/17/24



• Z cross sections at 5.02 TeV and 13 TeV 
• The most precise measurements in the forward region 
• The measurement at 5.02 TeV dominated by statistical uncertainty

LHCb forward Z measurements

37

Arxiv:2112.07458

5.02 TeV 13 TeV

LHCb paper in preparation
05/17/24

https://arxiv.org/pdf/2112.07458.pdf


• New differential cross section measurements at 5.02 TeV

LHCb forward Z measurements

3805/17/24



• First measurement of angular coefficients in forward region at 13 TeV

LHCb forward Z measurements

39Phys. Rev. Lett. 129 (2022) 091801

• Measurements performed as 
functions of pT and Y 

• Also measured in the low and 
high mµµ regions 

• Measurements dominated by 
data statistics 

• Results are compared to 
Pythia8, Powheg, DYTurbo, 
and ResBos predictions 

• The measured violation of 
Lam-Tung relations consistent 
with previous ATLAS and CMS 
measurements

Lum-Tung relation

05/17/24

https://arxiv.org/pdf/2203.01602.pdf


CMS τ lepton polarization in Z boson decays

40

• Leptonic and hadronic τ decays used for the measurement 
• Optimal observables exploited at LEP utilized 

• Polarimetric vector, helicity correlations, etc. 
• CMS data at 13 TeV with 36.3 fb-1 

SMP-18-010

05/17/24

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-010/index.html


CMS τ lepton polarization in Z boson decays

41

• Measured polarization is in good agreement with the SLD/LEP

SMP-18-01005/17/24

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-010/index.html


CMS DY measurement

42

• Double differential cross sections in mll, pT, and ɸη* 
• Inclusive and >= 1 jet categories 
• 5 mll bins. Fiducial region: pT > 25 (20) GeV for leading (subleading) 

lepton, |η| < 2.4 
• √s = 13 TeV, L=36.3 fb-1 
• Measurement compared to large variety of theory predictions 

Arxiv:2205.0489

05/17/24

https://arxiv.org/pdf/2205.04897.pdf


CMS DY measurement

43

• Measurement compared with MadGraph5_aMC@NLO + PYTHIA 8 and 

MiNNLOPS : NNLO ME and Pythia8 PS and MPI

Arxiv:2205.0489

05/17/24

https://arxiv.org/pdf/2205.04897.pdf


CMS DY measurement

44

• Measurement compared with TMD based predictions (Parton-Branching 
with CASCADE3, ArTeMiDe) and resummed predictions with Geneva

Arxiv:2205.0489

05/17/24

https://arxiv.org/pdf/2205.04897.pdf

