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Motivation
Large production cross sections for W and Z bosons at the LHC
‣ clean experimental signature 

Precision measurements of the production cross-sections of W/Z (+ jets) 
‣ understanding of perturbative quantum chromodynamics (pQCD) and electroweak (EW) processes  
‣ sensitive to parton distribution functions (PDFs) in proton  
‣ important background for the Standard Model processes and searches for new physics
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Status: February 2022

ATLAS Preliminary
p
s = 5,7,8,13 TeV

Theory

LHC pp
p
s = 13 TeV

Data 3.2 � 139 fb�1

LHC pp
p
s = 8 TeV

Data 20.2 � 20.3 fb�1

LHC pp
p
s = 7 TeV

Data 4.5 � 4.9 fb�1

LHC pp
p
s = 5 TeV

Data 0.03 � 0.3 fb�1

Standard Model Production Cross Section Measurements

➡ Numerous measurements at different energies and 
conditions 
Talk highlights the latest results:  

Z + high-  jets in extreme phase-space 
[arXiv:2205.02597] (sub. to JHEP) 
Z decays to a pair of leptons and photon  

[ATLAS-CONF-2022-058] 
Z + large-radius jet, flavour inclusive and with 2 
b-tags [arXiv:2204.12355] → talk by Benedetto 
Giacobbe

pT

NEW

https://arxiv.org/abs/2205.02597
https://arxiv.org/abs/2204.12355


Z + high-  jets in extreme phase-space pT
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Z + high-  jets: event topologiespT

Full Run-2 dataset at √s = 13 TeV,  = 139 fb-1   
 and  decay channels  

‣ plus jets with  GeV 
Wide range of observables in the different phase-space regions: 
‣ Inclusive  

‣ High- : leading jet with  GeV 

‣ collinear emission:  

‣ back-to-back emission:  

‣ High- : scalar sum  of jets,  GeV

L
Z → e+e− Z → μ+μ−

pT ≥ 100

pT pT ≥ 500
ΔRmin

Z, j ≤ 1.4

ΔRmin
Z, j ≥ 2

ST pT ST ≥ 600

4

➡Probe state-of-the-art MC and pQCD predictions in different event topologies 
➡Sensitive to electroweak and pQCD corrections 

✓ Integrated and 
differential fiducial 
cross sections for 
different observables
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Z + high-  jets: Analysis overviewpT

State-of-the-art Sherpa2.2.11 used for nominal 
signal modelling and unfolding 
The main background contributions:  

‣  (data-driven): 2-5%  
‣ diboson: 2-6% 
‣ EW Zjj: 1-5%

tt̄
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ATLAS
-1 fb = 13 TeV, 139s

 1 jet≥ + Z

Uncertainty source [%] Inclusive High-pT Collinear Back-to-back High-ST

JES/JER 2.6 3.2 2.8 3.6 2.8
Lepton 0.9 1.6 1.4 2.0 1.1
Luminosity 1.7 1.7 1.7 1.7 1.7
Pile-up 0.1 0.4 0.4 0.4 0.4
Unfolding 0.5 1.0 1.1 1.4 0.8
Background modelling 0.5 2.0 2.0 1.9 1.7
Signal modelling 0.5 1.2 1.1 1.1 1.1
Total syst. uncertainty 3.4 4.8 4.4 5.3 4.2
Data stat. uncertainty 0.1 2.1 2.9 2.7 1.2
Total uncertainty 3.4 5.3 5.3 5.9 4.4

➡ Dominant systematics uncertainties in the 
integrated cross sections

Angular distance: key observable to characterize 
event topologies: ΔR = (Δy)2 + (Δϕ)2

collinear back-to-back
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Z + high-  jets: Integrated cross sectionspT
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Theoretical predictions include ME+PS generators and pQCD in NNLO: 
‣ Sherpa 2.2.11: NLO up to 2 jets + LO up to 5 jets 

‣ includes NLO virtual EW corrections 
‣ Sherpa 2.2.1: NLO up to 2 jets + LO up to 4 jets

‣ MG5_aMC+PY8 FxFx: NLO up to 3 jets 
‣ NNLOJET: NNLO&NLO for 1 jet

➡ Data measurements 
are more precise than 
the predictions 

➡ Good agreement 
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Z + high-  jets: Inclusive phase spacepT

Sherpa 2.2.1 & MG5_aMC+Py8 CKKWL overestimate the cross section at high  

Sherpa 2.2.11 & MG5_aMC+Py8 FxFx show significantly improved agreement  
‣ improved matching scheme in Sherpa 2.2.11, MG5_aMC+Py8 FxFx with 3 NLO partons  

NNLOJET@NNLO describes the data with higher precision  
➡uncertainties up to 50% in the predictions

pT, j1
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 Z + high-  jets: High-  regionpT pT
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‣ Collinear region: 
accumulation of low 

 events rZ, j

‣ Back-to-back region: 
accumulation of 
events with rZ, j ∼ 1

Low  region is dominated by collinear 
Z emission 

 ~ π region is dominated by back-to-
back topology 
State-of-the-art MC predictions are in the 
agreement with data within the uncertainties 

ΔRmin
Z, j

ΔRmin
Z, j

c

rZ, j ≡
pT,ll

pT(closest jet)
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Z + high-  jets: high-  jet multiplicitypT pT

‣ dominated by Z + 2 jets events 
‣ MG5_aMC+Py8 FxFx shows good 

agreement with the high precision 
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‣ dominated by Z + 1 jet events 
‣ generally well modelled by MCs

collinear region back-to-back region



Z → llγ decays at √s = 8 TeV  
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 Z→ll𝜸: Analysis overview 

Using 20.2 fb-1 of data at √s = 8 TeV  
 and  decay channels 

‣ plus at least one photon 
Electrons and muons radiate differently at high orders 
‣ results presented separately for “bare” leptons 

Z → e+e− Z → μ+μ−
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➡ Small contributions from initial-state-
radiation (QED ISR) and initial-final-state-
interference (QED IFI) 

2.2 Next-to-leading order corrections 39
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where the vertex part contains also the photonic contributions to the fermionic wave-
function corrections. The vertex correction fvert

qq̄,phot(ŝ) consists of an initial- and a final-
state part and reads

fvert,στ
qq̄,phot (ŝ) = −

e2

ŝ

[
F̂qqV,phot(ŝ) + F̂llV,phot(ŝ)

] [
QqQl + gσqqZ gτllZ χZ(ŝ)

]
, (2.14)

with the renormalized vertex form factor

F̂ffV,phot(ŝ) = −
α(0)Q2
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ŝ

)
−

2π2

3
+ 2

]
,

(2.15)

where irrelevant imaginary parts have been discarded. The interference terms of the
virtual photonic corrections are due to the photonic box diagrams and can be written as

fbox,στ
qq̄,phot(ŝ, t̂) = fγγ,στ

qq̄ (ŝ, t̂) + fZγ,στ
qq̄ (ŝ, t̂) . (2.16)

The correction factors fV V ′,στ
qq̄ are given in App. C.

Real photonic and QCD corrections

The real photonic bremsstrahlung corrections to qq̄ → γ/Z → l−l+, whose diagrams
are shown in Figs. 2.4 and 2.5, are calculated using the Weyl–van-der-Waerden spinor
formalism adopting the conventions of Ref. [147]. A brief overview of the formalism is
given in App. A. This results in very compact expressions for the helicity amplitudes
Mσ1,σ2,τ1,τ2

ab (λ) =
∑

V=γ,ZM
σ1,σ2,τ1,τ2
ab,V (λ), where ab = qq̄, qγ, q̄γ refers to the partonic

➡Sensitive to the kinematics of final-state QED radiation (QED FSR)

✓ Integrated and normalized differential fiducial cross sections 

‣ , ,  

✓The first measurement of Z → ll𝜸𝜸 decays 
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 Z→ll𝜸: Analysis overview 
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 Z→ll𝜸: Normalized differential cross-sections 

State-of-the-art MC predictions are in a reasonable agreement with the data  
‣ Powheg+Pythia8+Photos: NLO QCD, only NNLO QED FSR (using exponentiation), includes 

ME correction for Z
‣ Sherpa 2.2.4 (YFS): NLO up to 2 partons + LO up to 3 partons, includes ISR & FSR (using 

exponentiation)
‣ KKMChh (ISR+IFI+FSR): LO QCD, ISR &IFI& FSR (using exponentiation) and EW corrections 

‣ Similar agreement between predictions 
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 Z→ll𝜸: Normalized differential cross-sections 
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State-of-the-art MC predictions are in a reasonable agreement with the data 



Nataliia Zakharchuk W/Z production at ATLAS ICHEP 2022

 Z→ll𝜸𝜸: Normalized differential cross-sections 
The first measurement of Z→ll𝜸𝜸 process at the LHC 

‣ dominated by the limited statistics of the dataset 

‣ some modifications of selection criteria with the respect to Z→ll𝜸 + specific version of Sherpa 1.4 ME𝜸𝜸
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Conclusions
The most recent W/Z (+ jets) production measurements presented  
✓  provide valuable input for a better understanding of pQCD and SM predictions 

‣ Z + high-  jets in extreme phase-space using full Run-2 dataset 
‣ first measurements in the collinear and back-to-back regions  

‣ Sherpa 2.2.1 and MG5_aMC+Py8 CKKWL show mismodelling in the higher jet  observables  
‣ recent state-of-the-art predictions show much better description of data 

‣ Z decays to a pair of leptons and photon using data at √s = 8 TeV  
‣ measurements are in agreement with MC generators containing state-of-the-art QED FSR 

calculations, and with KKMChh containing QED (ISR & IFI & FSR) and EW corrections 

‣ the first results for the Z→ll𝜸𝜸 process are in agreement with predictions (within large 
uncertainties) 

pT

pT
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➡ More V+jets measurements are available at: 
 https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults 

More new measurements will follow. Stay tuned!

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults


Backup
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Z+high-  jets: MC generators and calculationspT

18

Process Generator Order pQCD References

Signal

Z ! `` (` = e, µ) Sherpa 2.2.11 0–2p NLO, 3–5p LO [19,32,33,34,35,36,37,38,39,40,41,42]

Z ! `` (` = e, µ) MG5 aMC+Py8 FxFx 0–3p NLO [20,21,43,44,45,42,19]

Z ! `` (` = e, µ) Sherpa 2.2.1 0–2p NLO, 3–4p LO [18,32,33,34,35,36,37,38,39,40]

Z ! `` (` = e, µ) MG5 aMC+Py8 CKKWL 0–4p LO [46,47,48,43]

Z ! `` (` = e, µ) NNLOjet@NNLO 1p NNLO [24,25]

Z ! `` (` = e, µ) NNLOjet@NLO 1p NLO [24,25]

Backgrounds

EW Zjj(! `` (` = e, µ)) Herwig 7.1.5, VBFNLO 3.0.0 NLO [49,50,51]

Z ! ⌧⌧ Sherpa 2.2.1 0–2p NLO, 3–4p LO [18,32,33,34,35,36,37,38,39,40]

W+ jets Sherpa 2.2.1 0–2p NLO, 3–4p LO [18,32,33,34,35,36,37,38,39,40]

tt̄ PowhegBox v2 + Pythia 8.230 NLO [52,53,54,55]

Single top (t-, Wt-, s-channel) PowhegBox v2 + Pythia 8.230 NLO [52,53,54,55]

Z/W (! qq)Z(! ``) Sherpa 2.2.1 0–1p NLO, 2–3p LO [18,32,33,34,35,36,37,38,39,40]

W (! `⌫)Z(! qq) Sherpa 2.2.1 0–1p NLO, 2–3p LO [18,32,33,34,35,36,37,38,39,40]

W±
(! qq)W⌥

(! `⌫) Sherpa 2.2.1 0–1p NLO, 2–3p LO [18,32,33,34,35,36,37,38,39,40]

``⌫⌫, ```⌫, ```` Sherpa 2.2.2 0–1p NLO, 2–3p LO [18,32,33,34,35,36,37,38,39,40]

V (! ``)+ � Sherpa 2.2.8 0–1p NLO, 2–3p LO [18,32,33,34,35,36,37,38,39,40]
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Z+high-  jets: Alternative high-energy regionpT
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 Z→ll𝜸: Breakdown of systematic uncertainties 

Breakdown of systematic uncertainties for the normalized differential fiducial cross sections 
‣ values shown are typical over most of the kinematic range of the unfolded observables 

20

Breakdown of systematic uncertainties in the integrated fiducial cross-section measurements  
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 Z→ll𝜸𝜸: Analysis overview

Modified selection with the respect to the Z→ll𝜸 
analysis: 

‣ ,   

‣ ; 
 

‣  for both photons 

‣  for both photons 

pl
T > 25(15) GeV pγ

T > 15(10) GeV

|ημ | < 2.7, |ηe | < 2.47
|ηγ | < 2.37, 1.37 < |ηγ | < 1.52

ΔRlγ > 0.4

mllγ < 80 GeV

21
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 Z→ll𝜸𝜸: Data to MC comparison
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