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Vector Boson Production in association with Jets 
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- precision tests of pQCD with light and heavy flavor quarks

- tests of proton structure: sea quark and gluon PDFs

- irreducible backgrounds for SM and BSM processes

- modeling of observables in extreme regions of phase space 



Overview of ATLAS results at √s = 7 TeV 
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Z+jets: Overview
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Motivations:
- test of pQCD calculations with 
large higher order corrections

- background for SM and BSM 
processes
   modeling of observables in kinematic  
   regions used to select signal in   
   searches:                        
      HT, high Z pT, high leading jet pT, 
      m(jj), Δy(jj)

Observables:
- cross section as a function of inclusive jet 
multiplicity

- ratio of cross sections for successive 
inclusive and exclusive jet multiplicities

- differential cross section as a function of jet 
and Z transverse momentum, jet rapidity, 
scalar pT sum of leptons and jets (HT)



Z+jets Inclusive Cross Section
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Selection: Z boson decaying into electron or muon pairs 
- Leptons: pT > 20 GeV, |η| < 2.5
- Z boson: OS leptons, 66 GeV < mℓℓ < 116 GeV
- Jets: anti-kT R=0.4, pT > 30GeV,  |y| < 4.4,  ΔR(ℓj) > 0.5

Main Backgrounds:
- Z+≥1jet: top, multijets, diboson
- large jet multiplicity: top

Cross Section Extraction:
- event selection at detector level
- background subtraction
- iterative unfolding to particle level 

Largest experimental uncertainty from jet energy 
scale (5-20%)



Z+jets Inclusive Cross Section
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Measured cross section (at particle level) 
compared with:

BlackHat+SHERPA fixed order NLO  
  pQCD up to Z+4jets

MC generators with LO matrix elements up        
to 5 partons w. parton showering for 
additional QCD radiation

- ALPGEN+HERWIG+JIMMY 
- SHERPA 

NLO Drell-Yan w. parton showering
- MC@NLO+ HERWIG

Theory uncertainties:
- renormalization and factorization scales

(central value HT/2)
- PDF uncertainties 
- input αs 

(central value αs(MZ) = 0.118)



Z+jets Inclusive Cross Section
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Ratio of successive 
multiplicities gives a more 
precise result due to 
cancellations in systematic 
uncertainties 

Data consistent with 
BlackHat+SHERPA 
predictions, as well as 
ALPGEN and SHERPA 
generators 



Z,Jet Transverse Momenta (Z+>=1jets, inclusive)
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- consistent with NLO pQCD prediction
- ALPGEN predicts harder pT spectra -- higher order QCD and EW 
corrections?



Z Transverse Momentum (Z+1jet, exclusive)
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Z+1jet exclusive Z pT improves agreement with ALPGEN prediction
 - discrepancy dominated by higher order QCD effects



Angular Distributions
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   Leading Jet Rapidity   (Z+≥1jet)                     Δ|y|(leading,2nd leading jet)   (Z+≥2jet)

- NLO pQCD and SHERPA overestimate cross section in forward region
- Effect reproduced in distribution of leading and second leading jet separation in Z+≥2jets



ϕ* in Z/𝛾*
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- Background ~ 0.6%
- Statistical Uncertainty ~ 0.3%
- Systematic Uncertainty ~ 0.1-0.3%

Selection:
Leptons with pT > 20 GeV, |η| < 2.4
  66 GeV < mℓℓ  < 116 GeV

ϕ* - Z pT correlation Matrix



ϕ* in Z/𝛾*: Comparison to Theory in 3 rapidity bins
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Z/𝛾* Forward-Backward Asymmetry
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- Measurement of forward-backward 
asymmetry in ℓℓ pairs in Z/𝛾* 

- Measure the weak mixing angle 

- Decay angle cosϴ* in the 
  Collins-Soper (CS) frame

Selection:
- Electrons with pT > 25 GeV from central
  (|η|<2.47) and forward (2.5<|η|<4.9)
   regions
- Muons with pT > 20 GeV and |η|<2.4



Z/𝛾* Forward-Backward Asymmetry
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- Measured AFB is unfolded and compared to Pythia prediction including QED FSR, 
NLO QCD, NLO EW corrections

    detector effects, QED FSR, incoming quark ambiguity 
- Sources of experimental uncertainties:

        unfolding, MC model (higher order QCD and EW corrections),   
        backgrounds
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Z/𝛾* Forward-Backward Asymmetry:  Weak Mixing Angle 
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- Measured in the raw yields in a fit to 
templates generated with varying 
input weak mixing angle 
- PDF uncertainties dominate 

Within 1.8σ of PDG global fit 



W+b production
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b

  Motivations:

- pQCD with heavy flavor
   + large NLO correction
   + competing flavor schemes: 4 or 5  
   flavor number scheme (4FNS/5FNS) 

- Background to VH(H→bb), single top,   
  BSM searches
   

  Observables:

- inclusive cross section (1,2 jets)
- differential cross section in b-jet pT



W+b Signal Extraction
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Signal Selection: W boson decaying into eν 
or μν plus one or two jets

Leptons: pT > 25 GeV, |η| < 2.5
W boson: ETmiss > 25 GeV; mT(W)>60GeV
Jets: anti-kT R=0.4, pT > 25GeV, 
       |y |< 2.1, ΔR(ℓj) > 0.5
Exactly one b-tagged jet

Large Backgrounds: ~85% after selection

- single top, tt, multijet production
  reject based on kinematics 

- W+c, W+light jets
  separate from signal based on b-tagging
  response

CombNN b-tagger: neural net using 
decay vertex length and impact 
parameter significance
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W+b fiducial cross section
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ATLAS  = 7 TeVsData 2011, 

-1 L dt = 4.6 fb0

Compare to predictions:

        - 4FNS -
- Alpgen+Herwig:  normalized to 
NNLO with inclusive W k-factor
- Powheg+Pythia corrected for double 
parton interactions (DPI)

     - 4FNS + 5FNS -
 - MCFM
corrected for DPI and underlying 
event, parton showering 

Experimental Uncertainties:
 Statistical: 7-10%
 Systematics: 20-25%
 (jet energy scale and resolution,   
  MC model)

Results consistent within 1.5σ in 
1-jet region and show good 
agreement in 2-jet region

Phase Space for Fiducial Region:
Lepton: pT

 > 25 GeV, |η| < 2.5
Neutrino: pT > 25 GeV
W boson: mT(W) > 60 GeV
Jet: pT > 25 GeV, |η| < 2.1, n ≤ 2
b-jet multiplicity: nb = 1 or 2
Jet-lepton separation: ΔR(ℓj) > 0.5



W+b differential cross section
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- W+b+t differential cross section gives more precise result 
- Theory underestimates data at large b-jet pT

without single top subtraction: W+b+t



W+charm production
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  Motivations:

- sensitive to strange quark PDF at 
Q2=MW2, x~0.1
   + potential s/sbar asymmetry
   + symmetric or strange suppressed
      light quark sea

  Observables:

- cross section ratios σ(WD)/σ(W)  
inclusively and differentially in D pT 
and lepton η 

- σ(WD) cross section 

- W charge ratio



W+D Selection
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Signal Selection :  
- W boson decaying to eν or μν 
- four exclusive D(*)± decay channels 
reconstructed in tracks up to |η|<2.5 
with no jet requirement

Analysis Strategy:
- event selection
- exploit charge correlation between 
   W and charm hadron to extract  
   single charm content
- W± D(*)± yield determined in fit of  
   the mass (D±) or mass difference  
   Δm(D0,D*) (D*±) in OS-SS events 
- correct for detector effects 
- normalize unfolded results to  
   W yield 
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W+D Results
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- Prefers PDF with enhanced strange 
content (epWZ, NNPDF2.3coll, CT10)

- Charge Ratio Rc = W+D(*)-/W-D(*)+

- Data consistent with all PDFs

- Largest experimental uncertainty from tracking efficiency ~7%



W+D Results: Differential Cross Sections
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- Differential cross sections in D pT and lepton η
- Observed shapes in reasonable agreement with PDF predictions
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Summary
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Measurements of the production of vector bosons and vector bosons in association 
with jets at √s = 7 TeV at ATLAS

Background for Higgs and searches for BSM physics 

Test of pQCD predictions and MC generator modeling: important for precision EW 
measurements 

◎ Z + jets

- data generally well described by fixed order pQCD predictions and MC  
  simulation 
- some tension observed in extreme regions of phase space

⊙◉���������	
��
������������������  Forward-Backward Asymmetry and ϕ* in Z/𝛾*
- measurement of the effective weak mixing angle 
- precision test of angular correlations 

◉ W + heavy flavor
- W+b measurement consistent within 1.5σ with NLO pQCD 
 (4FNS+5FNS) predictions 
- W+c measurement supports enhanced s-quark PDF / symmetric light  
  quark sea 
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BackUP



Z+jets Exclusive Jet Multiplicities 
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Ratio of cross sections for successive 
exclusive jet multiplicities 

Theory uncertainties dominated by scale 
uncertainty 

Compare to benchmark scaling scenarios:

QED (Abelian) type splittings: R~1/n

QCD (non-Abelian) splittings: R~const

Observed scaling acceptably 
approximated by flat pattern as expected 
in the standard Z+jets kinematic region 



Z+jets Exclusive Jet Multiplicities 
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Introduce large scale differences between 
leading and subsequent jet pt by requiring 
leading jet pT>150 GeV

Observed scaling described by QED-like 
Poisson scaling 

Good agreement with fixed order pQCD 
and ME+PS



Angular distribution after VBF preselection
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VBF preselection in Z+≥3 jets
m(jj)>350 GeV
Δ|y|(jj)>3.0

Veto central (|η|<2.4) third jet to 
suppress Z+jets background in Higgs 
selection in VBF channel 

Veto jet distribution in agreement with 
NLO pQCD and ALPGEN/SHERPA 
predictions



Inclusive Observables: Scalar sum of pT final state objects (HT) 
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Differential Cross Section
for inclusive Z+jets Average jet multiplicity (HT)

- fixed order NLO pQCD underestimates data
- significant for HT>350 GeV where <Njet> > 2 



Inclusive Observables: HT with exclusive sums

30

- replace fixed order estimate with ‘exclusive 
sum’ of Z+1jet + Z+≥2jets shows improved 
agreement with data 


