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Mo0va0on 

•  Test of perturba0ve QCD 
  ‐ comparison with Parton Shower (PS)  
      Monte Carlo (Pythia)  

   ‐  comparison with matrix element + PS  
       MC (Alpgen, Sherpa, MadGraph) 

  ‐  Comparison with NLO 
       predic0ons (MCFM, Blackhat‐Sherpa)  

•  W/Z + jet is an important background 
   ‐  for top 

   ‐  for Higgs searches 

   ‐  for beyond Standard Model (SUSY) signals 
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2010 dataset  

•  LHC proton‐proton collider:  

 ‐  Ecm = 7 TeV  

 ‐  Peak luminosity: 2.1 x 1032 cm‐2s‐1 

  ‐  LHC delivered data in 2010:  48 pb‐1  

  ‐  Data used for the analysis: 

       ATLAS:  33 pb‐1    CMS:  36 pb‐1 
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•  Measurement: (V=W,Z) 

  ‐ Cross sec0on ra0os:                σ(V+ ≥ (N+1) jets)/σ(V+ ≥ N jets)    N = 0,…,4 

  ‐ Differen0al cross sec0on:       dσ(V+ ≥ (N+1) jets)/dpT(Nth jet)   



ATLAS and CMS detector 

•  Inner detector: 
   ‐ Pixel and SCT  |η| < 2.4    
   ‐ TRT |η| < 2.0 

•  Calorimeter: 
   ‐ Lar + Tile |η| < 3.2, FCAL |η| < 4.9     

•  Muon spectrometer: 
   ‐ MDT + CSC |η| < 2.7    
   ‐ RPC+TGC |η| < 2.4 (trigger chambers) 
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•  Inner tracker:  
   ‐ Si Pixel, Si strip  |η| < 2.5    

•  Calorimeter:  
   ‐ Tg crystals|η| < 3.0    
   ‐ brass/scin0llator |η| < 3.0 

•  Muon system:  
   ‐ DT+CSC + RPC |η| < 2.4    



ATLAS and CMS detector 

•  Inner detector: 
   ‐ Pixel and SCT  |η| < 2.4    
   ‐ TRT |η| < 2.0 

•  Calorimeter: 
   ‐ Lar + Tile |η| < 3.2, FCAL |η| < 4.9     

•  Muon spectrometer: 
   ‐ MDT + CSC |η| < 2.7    
   ‐ RPC+TGC |η| < 2.4 (trigger chambers) 
N. Venturi, University of Bern  5 W/Z+jet  ATLAS+CMS 

•  Inner tracker:  
   ‐ Si Pixel, Si strip  |η| < 2.5    

•  Calorimeter:  
   ‐ Tg crystals|η| < 3.0    
   ‐ brass/scin0llator |η| < 3.0 

•  Muon system:  
   ‐ DT+CSC + RPC |η| < 2.4    

W+jets analysis for ATLAS 
 Z + jets results in back‐up slides 

ATLAS‐CONF‐2011‐042 

ATLAS‐CONF‐2011‐060 

ATLAS public results: 

hnps://twiki.cern.ch/twiki/bin/
view/AtlasPublic 

Z+jets analysis for CMS 
 W + jets results in back‐up slides 

CMS PAS‐EWK 10‐012  

CMS PAS‐EWK 10‐015 

CMS public results: 

hnps://twiki.cern.ch/twiki/bin/
view/CMSPublic/PhysicsResults 
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Z + jets event selec0on  
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 First electron: 
‐   pT > 20 GeV                              
‐   |η| < 2.5  (No: 1.44<|η|<1.57) 
‐ Matches lepton in the trigger 

‐ Isola0on  

First muon: 
‐  pT > 20 GeV                              
‐   |η| < 2.1 
‐  Matches lepton  

   in the trigger 

‐ Isola0on  
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Figure 1: Distributions of the uncorrected pT for the leading jet in the W + 1 jet sample for the
electron channel (left) and for the muon channel (right). The ratio between the data and the
simulation is also shown. The line at pT = 30 GeV corresponds to the threshold imposed for
counting jets.
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Figure 2: Distributions of the uncorrected pT for the leading jet in the Z + 1 jet samples, similar
to Fig. 1.

•  Jet selec0on: 
‐  An0‐kt jet algorithm with R = 0.5 

      (using ‘’Par0cle Flow’’ objects, no muons) 
‐  ET > 30 GeV  , |η| < 2.4 (tracker acceptance) 

•  Pile‐up jets and overlap removal: 
‐  remove off‐set energy from underlying event 
‐  ΔR(ele,jet) > 0.3  

 Z event 
 ‐> search second lepton with: 

‐  pT > 10 GeV                                  
‐ |ηe| as 1.st e  , μ: |ημ|<2.4 

‐ 60 GeV < Ml+l‐ < 120 GeV  



Z + jets analysis  

•  Signal extrac0on: 
   ‐ unbinned maximum likelihood fit in Mll   

•  Efficiency correc0ons: 
   ‐ tag and probe from Z/γ* + jets data sample 

   ‐  factorized as:  
          ‐  Reconstruc0on  
          ‐  Iden0fica0on (Njet dependence due to isolat. cut) 
          ‐  Trigger 

•  Migra0on among jet bin:  
   ‐ Migra0on matrix R(nReco,ntruth) from MC simula0on 

   ‐ Single Value Decomposi0on (SVD) for  
      ‘’unsmearing’’ Njet distribu0on 
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6 Signal Extraction 7
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Figure 3: Exclusive number of reconstructed jets in events with W → eν (left) and W → µν
(right). The histograms represent the expectations based on simulated events. These distribu-
tions have not been corrected for detector effects or selection efficiency.
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Figure 4: Exclusive number of reconstructed jets in events with Z → e+e− (left) and Z →
µ+µ− (right). The histograms represent the expectations based on simulated events. These
distributions have not been corrected for detector effects or selection efficiency.



Z + jets cross sec0on ra0o  

Excellent agreement for matrix element plus parton shower MC  
(MadGraph) and compa0ble with parton shower alone (Pythia)  
N. Venturi, University of Bern  9 W/Z+jet  ATLAS+CMS 

Results: Rates Z

!

Excellent agreement with ME+PS, but PS alone also 

compatible
05 Apr. 2011 Matthias Mozer 13



Berends‐Giele scaling  

Berends‐Giele scaling:                              ≈ constant for n ≥ 1  

€ 

Cn =
σ n

σ n+1
•  Test scaling by fi{ng:  Cn  = α + βn 

•  Taking into account correla0on between σn and migra0ons between jet bins  
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Figure 12: Fit results on the Berends-Giele scaling parameters α and β after pile up subtraction,
efficiency corrections, and unfolding for detector resolution effects. The data are compared to
MADGRAPH with the Z2 tune. a) shows Z/γ∗ + jets, b) shows W + jets.



Z + b jets  
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•  Event selec0on:  
  ‐  at least one Z  (pTe> 25 GeV , pTμ >20 GeV)  
  ‐  at least one jet with ET > 25 GeV,  |η|< 2.1,  ΔR(l,jet) > 0.5 
  ‐  ETmiss < 40 GeV   (n‐bar rejec0on) 
  ‐  b‐jet tagging algorithm (secondary vertex) 

•  Z + b purity: 88% ± 11% (data), 82% ± 4% (MC) 
  ‐ extracted from binned likelihood fit to secondary  
     vertex mass in data events  

σ(Z + b )/σ( Z + j)    Z ‐> ee (±stat±syst) [%]   Z ‐> μμ (±stat±syst) [%] 

data  5.4 ±1.0 ±1.2  4.6 ±0.8 ±1.1  

MadGraph  5.1 ±0.2 ±0.2 ±0.6 (theory)  5.3 ±0.1 ±0.2 ±0.6 (theory) 

MCFM   4.3 ±0.5 (theory)  4.7 ±0.5 (theory) 

9

from the MC samples, and shown in Fig. 9. Alternatively, the discriminant variable itself can
also be fitted. The final purity in b-jets is obtained by combining the results of the fits on the
mass of the secondary vertex and on the b-tag discriminant. The purity in b-jets is found to
be 55 ± 9 % (88 ± 11 %) for the HE (HP) selection, in good agreement with the MC estimate of
57 ± 3 % (82 ± 4 %). With the limited statistics available, adding the light contribution to the fit
procedure for the HP selection leads to a contribution from the light jets consistent with 0. For
the tt̄ contribution, which represents about 4 % of the total number of events selected in MC,
the estimate from MC from Table 1 is subtracted.
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Figure 9: Binned likelihood fit of the mass of the secondary vertex in data events, for the high-
efficiency (left) and high-purity (right) selections.

The leptons are found to be significantly more central in Z+b events compared to Z+j events.
The lepton kinematic selection is hence expected to have an impact on the ratio R, which is
therefore calculated separately for the ee and µµ channels. Results are summarised in Table 2
for the high-efficiency and high-purity selections, and the two final states ee and µµ; values
expected from theory are also given. The first uncertainty is statistical, the second uncertainty
is systematics and contains the contributions detailed in Section 4. The theoretical estimates
are from NLO MCFM calculations with the same leptons and jet selection cuts, or from MAD-
GRAPH samples. Uncertainty from MCFM is given by the CTEQ6m PDF set at 90% CL (7%)
in quadrature with the uncertainty on the ratio obtained by varying the renormalisation (1.5%)
and factorisation (7.8%) scales by factors 0.5 and 2 around the nominal value mZ. The MAD-
GRAPH results are obtained simply taking the ratio of events selected in the Z+b over the total
number of events selected in the Z+b, Z+c and Z+l samples, and correcting for the b-tagging
efficiency (hence both discriminant selections give the same results). The theory uncertainty
contains the 11% uncertainty on the Z+b cross-section detailed in Section 2.

Table 2: Ratio R = σ(pp→Z+b+X)
σ(pp→Z+j+X) extracted from data, and expected from NLO theory (MCFM)

and MADGRAPH +PYTHIA samples.
Sample R(Z → ee) (%), pe

T > 25 GeV, |ηe| < 2.5 R(Z → µµ) (%), pµ
T > 20 GeV, |ηµ| < 2.1

Data HE 4.3 ± 0.6(stat)± 1.1(syst) 5.1 ± 0.6(stat)± 1.3(syst)
Data HP 5.4 ± 1.0(stat)± 1.2(syst) 4.6 ± 0.8(stat)± 1.1(syst)
MADGRAPH 5.1 ± 0.2(stat)± 0.2(syst)± 0.6(theory) 5.3 ± 0.1(stat)± 0.2(syst)± 0.6(theory)
MCFM 4.3 ± 0.5(theory) 4.7 ± 0.5(theory)

The MCFM results show the impact of the lepton kinematic selection on the ratio, coming
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W + jets event selec0on  
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Electron: 
‐  ET > 20 GeV                              
‐  |η| < 2.47  (No: 1.37<|η|<1.52) 
‐ Isola0on  

Muon: 
‐  pT > 20 GeV                              
‐   |η| < 2.4 
‐ Isola0on  

•  Jet selec0on: 
‐  An0‐kt jet algorithm with R = 0.4 

  (all par0cles with τ>10 ps, no W/Z leptons) 

‐  pT > 20 GeV , |y| < 2.8  

•  Pile‐up jets and overlap removal: 

‐   use percent of tracks belonging  
     to primary vertex 
‐   ΔR(l,jet) > 0.5  (l=e, μ) 

 W event: 

‐ exactly one lepton 
‐  ETmiss

 > 25 GeV                                  

‐  mT > 40 GeV 
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W + jets Results at Detector Level

Distributions at Detector Level

(no corrections for detector effects)

• Overall a good agreement with 

  expectation from MC, in both e 

  and µ channel.

• Background O(10%) in electron 

  and muon channel.

• QCD mainly affect electron channel 

  and dominates at low pT.

• ttbar generally becomes more 

  relevant with increasing pT. 

• Cross section measurement based 

  on events with 1 up to 5 (inclusive) jets.



 W + jets analysis  
•  Signal extrac0on: 
 ‐ mul0‐jet (QCD) with data‐driven method  
      (template fit in control region) 
‐   electroweak and n‐bar background from MC 

•  Background: 
‐  low Njet: mul0‐jet (e),  Z‐>μμ, W‐>τν (μ) 
‐  high Njet : n‐bar (e and μ) 

•  Correc0on for detector effect: 
‐  Bin‐by‐bin correc0on method 

•  Systema0c uncertainty: 
‐  jet energy scale (≈10%) 
‐  luminosity (≈4 %) 
‐ Pile‐up removal (≈5%)    

N. Venturi, University of Bern  14 W/Z+jet  ATLAS+CMS 
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Figure 1: The uncorrected inclusive jet multiplicity distribution. Left: electron channel. Right: muon

channel. The signal and leptonic backgrounds are shown using simulations, whereas the QCD back-

ground uses the method described in the text. The signal and leptonic backgrounds are normalised to the

predicted cross sections.

second template were obtained from simulation. In the muon channel, the QCD template was obtained

from simulation. In the electron channel, the template for the QCD background was obtained from

the data because the mechanisms by which a jet fakes an electron are difficult to simulate. This template

was derived from a data sample where the “loose” electron identification criteria [29] were applied on the

shower shapes. The track-cluster matching requirements applied in the standard “tight” electron selection

were still applied but the remaining “tight” requirements with respect to the “medium” requirements were

required to fail. This ensures that the template for the QCD background is independent from the signal

sample. The fit to the Emiss
T
distribution was used only to determine the QCD background normalisation,

taking into account contributions from leptonic background and signal in the low Emiss
T
region. The

uncorrected inclusive jet multiplicities for data including the signal and background estimates are shown

in Figure 1 for both the electron and muon channels. The W+jets signal yield for the cross section

calculation was derived as the difference between the observed number of events after the selection and

the sum of background components.

6 Signal Yield

The yield of signal events was corrected back to the particle level, taking into account detector acceptance

and reconstruction efficiency. The dominant correction of about 20% in the electron channel comes from

electron reconstruction efficiency. In the muon channel, the dominant corrections come from trigger

and reconstruction efficiency (corrections of about 10 − 20% and 10%, respectively). The corrections
were computed using the ALPGEN W+jets event generator plus full detector simulation, restricting the

events to the same phase space as the data analysis. The phase space requirements were applied to

generated quantities. In this analysis, particle level jets were constructed in simulated events by applying

the jet finder to all final state particles (excluding muons and neutrinos) with a lifetime longer than

10 ps, whether produced directly in the pp collision or from the decay of particles with shorter lifetimes.

Correction factors were computed as one-dimensional functions of jet multiplicity, HT and pT of the jets,

and were treated as independent. Migration of events across bins of jet pT was made small compared

5
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Backgrounds and Uncertainties

QCD background from Template Fit in

Control Region.

Cross check reconstructed MET in W

events using (fake) MET in Z events.

Background Estimation

• QCD background from data.

• Electroweak background from MC.

• top background from MC.

Main Experimental Uncertainties 

• Jet energy scale (~10%)

• Pile-up removal (~5%)

• Luminosity (~4%)

Estimated from Data

• Lepton reconstruction and efficiencies.

• Missing ET (cross checks from data).



W + jets cross sec0on ra0o  

Inclusive Jet Multiplicity Ratio

0!1/! 1!2/! 2!3/! 3!4/! 4!5/!
-1

 j
e
ts

)
je

t
 N
!

(W
 +

 
"

 j
e
ts

) 
/ 

je
t

 N
!

(W
 +

 
"

0.1

0.2

0.3

0.4

0.5
 + jets#!$W

=7 TeVsData 2010, 
ALPGEN
SHERPA
PYTHIA
BLACKHAT-SHERPA
MCFM

-1
Ldt=33 pb%

ATLAS Preliminary

N. Venturi, University of Bern  15 W/Z+jet  ATLAS+CMS 

•  Ra0o more robust against  
 systema0c uncertain0es (lumi, JES) 

•  Good agreement with predic0ons 
 at NLO from MCFM (up to W+ 2 jet) 

•  Good agreement with predic0ons at 
 NLO (up to W+ 3 jet) from Blackhat‐Sherpa 

(NLO predic0ons corrected to par0cle level) 

‐> first 0me W + 3 jets NLO vs LHC data  

•  Good agreement with predic0ons 
 from mul0‐parton ME +PS (Alpgen, Sherpa) 

•  Poor agreement with Pythia (LO + PS) for events with more than 1 jet 
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•  Differen0al cross sec0on measured for each jet mul0plicity separately wrt to jet 
pT and HT = Σi pTjet,i + pTl + pTν   (characteris0c scale of ME+PS MCs) 

•  Good agreement with NLO MC (MCFM and Blackhat‐Sherpa) predic0ons and ME
+PS MC predici0ons (Alpgen, Sherpa) 
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Figure 4: W+jets cross section as a function of the pT of the first jet in the event. The pT of the first

jet is shown separately for events with ≥ 1 jet to ≥ 4 jet. The ≥ 2 jet, ≥ 3 jet and ≥ 4 jet distributions
have been scaled down by factors of 10 and 100, 1000 respectively. Left: electron channel. Right: muon

channel. The cross sections are quoted in a limited and well-defined kinematic region, described in the

text. For the data, the statistical uncertainties are shown by the vertical bars, and the combined statistical

and systematic uncertainties are shown by the black-hashed regions. Also shown are predictions from

ALPGEN, SHERPA, MCFM and BLACKHAT-SHERPA, and the ratio of theoretical predictions to data

for ≥ 1 jet to ≥ 2 jet events. The theoretical uncertainties are shown only for MCFM (NLO prediction
for Njet ≤ 2 and a LO prediction for Njet = 3) and BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3
and a LO prediction for Njet = 4).
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Figure 8: W+jets cross section as a function of HT, shown separately for ≥ 1 jets to ≥ 4 jets. The ≥ 2 jet,
≥ 3 jet and ≥ 4 jet distributions have been scaled down by factors of 10 and 100, 1000 respectively.
Left: electron channel. Right: muon channel. The cross sections are quoted in a limited and well-

defined kinematic region, described in the text. For the data, the statistical uncertainties are shown by the

vertical bars, and the combined statistical and systematic uncertainties are shown by the black-hashed

regions. Also shown are predictions from ALPGEN, SHERPA, and BLACKHAT-SHERPA, and the ratio

of theoretical predictions to data for ≥ 1 jet to ≥ 2 jet events. The theoretical uncertainties are shown
only for BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3 and a LO prediction for Njet = 4).
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 Good agreement with MC ME+PS predic0ons  
 and with NLO (Blackhat‐Sherpa) 
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Figure 5: W+jets cross section as a function of the pT of the second jet in the event. The pT of the

second jet is shown separately for events with ≥ 2 jet to ≥ 4 jet. The ≥ 3 jet and ≥ 4 jet distributions
have been scaled down by factors of 10 and 100 respectively. Left: electron channel. Right: muon

channel. The cross sections are quoted in a limited and well-defined kinematic region, described in the

text. For the data, the statistical uncertainties are shown by the vertical bars, and the combined statistical

and systematic uncertainties are shown by the black-hashed regions. Also shown are predictions from

ALPGEN, SHERPA, MCFM and BLACKHAT-SHERPA, and the ratio of theoretical predictions to data

for ≥ 2 jet events. The theoretical uncertainties are shown only for MCFM (NLO prediction for Njet ≤ 2
and a LO prediction for Njet = 3) and BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3 and a LO
prediction for Njet = 4).
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Figure 6: W+jets cross section as a function of the pT of the third jet in the event. The pT of the third jet is

shown separately for events with ≥ 3 jet to ≥ 4 jet. The ≥ 4 jet distributions have been scaled down by a
factor of 10. Left: electron channel. Right: muon channel. The cross sections are quoted in a limited and

well-defined kinematic region, described in the text. For the data, the statistical uncertainties are shown

by the vertical bars, and the combined statistical and systematic uncertainties are shown by the black-

hashed regions. Also shown are predictions from ALPGEN, SHERPA and BLACKHAT-SHERPA. The

theoretical uncertainties are shown only for BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3 and a
LO prediction for Njet = 4).
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Figure 7: W+jets cross section as a function of the pT of the fourth jet in the event. The pT of the fourth

jet is shown for events with ≥ 4 jet. Left: electron channel. Right: muon channel. The cross sections are
quoted in a limited and well-defined kinematic region, described in the text. For the data, the statistical

uncertainties are shown by the vertical bars, and the combined statistical and systematic uncertainties are

shown by the black-hashed regions. Also shown are predictions from ALPGEN, and SHERPA.

15

 [GeV]
T

Third Jet p

20 40 60 80 100 120

 [
p

b
/G

e
V

]
T

/d
p

σ
d

-310

-210

-110

1

10

210
 + jetsνe→W

=7 TeVsData 2010, 

ALPGEN

SHERPA

BLACKHAT-SHERPA

-1
Ldt=33 pb∫

ATLAS Preliminary

3 jets
≥

W + 

-1

4 jets, x10

≥
W + 

 [GeV]
T

Third Jet p

20 40 60 80 100 120

 [
p
b
/G

e
V

]
T

/d
p

σ
d

-310

-210

-110

1

10

210
 + jetsνµ→W

=7 TeVsData 2010, 
ALPGEN
SHERPA
BLACKHAT-SHERPA

-1
Ldt=33 pb∫

ATLAS Preliminary

3 jets
≥

W + 

-1

4 jets, x10

≥
W + 

Figure 6: W+jets cross section as a function of the pT of the third jet in the event. The pT of the third jet is

shown separately for events with ≥ 3 jet to ≥ 4 jet. The ≥ 4 jet distributions have been scaled down by a
factor of 10. Left: electron channel. Right: muon channel. The cross sections are quoted in a limited and

well-defined kinematic region, described in the text. For the data, the statistical uncertainties are shown

by the vertical bars, and the combined statistical and systematic uncertainties are shown by the black-

hashed regions. Also shown are predictions from ALPGEN, SHERPA and BLACKHAT-SHERPA. The

theoretical uncertainties are shown only for BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3 and a
LO prediction for Njet = 4).
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Figure 7: W+jets cross section as a function of the pT of the fourth jet in the event. The pT of the fourth

jet is shown for events with ≥ 4 jet. Left: electron channel. Right: muon channel. The cross sections are
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shown by the black-hashed regions. Also shown are predictions from ALPGEN, and SHERPA.
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•  W/Z + jet cross sec0on ra0os and differen0al cross sec0ons measured with    
the full 2010 data set with the ATLAS and CMS detector 

•  Cross sec0ons given in restricted kinema0cal region covered by  
the detector acceptance and corrected for all detector effects 

•  Direct measurement of the Berends‐Giele scaling, observa0on of Z+b jet                                
and calcula0on of the ra0o σ(Z+ b jet)/σ(Z + jet) 

•  Good agreement with NLO predic0ons and with matrix element plus parton     
shower, poor agreement with parton shower alone for more than 1 jet 

ATLAS public results: hnps://twiki.cern.ch/twiki/bin/view/AtlasPublic 
CMS public results: hnps://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResults 

ATLAS:  W + jets: ATLAS‐CONF‐2011‐060             Z + jets : ATLAS‐CONF‐2011‐042 

CMS:  W/Z + jets: CMS PAS‐EWK‐10‐012             Z + b jets : CMS PAS EWK‐10‐015 
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6 Signal Extraction 9
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Figure 6: Fit results for the W(eν) + n jet sample with n = 1 (upper row) and n = 3 (lower
row). On the left we show the MT projection, and on the right nb−jet.
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Figure 7: Same as Fig. 6, for the muon channel.

Electron and muon 
selec0on like for the 
Z+ jets analysis 

Jet selec0on: 
  same as for the Z + jets analysis 

W selec0on: 
‐  No second lepton  
‐  MT > 20 GeV 

Signal extrac0on: 

‐ Unbinned maximum likelihood fit 
   in MT and n‐b tag (to control top) 
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Figure 8: The ratio σ(W + n jets)/σ(W) in the electron channel compared to expectations from
MADGRAPH and PYTHIA.
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Figure 9: The ratio σ(W + n jets)/σ(W) in the muon channel compared to expectations from
MADGRAPH and PYTHIA.
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Figure 8: The ratio σ(W + n jets)/σ(W) in the electron channel compared to expectations from
MADGRAPH and PYTHIA.
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Figure 9: The ratio σ(W + n jets)/σ(W) in the muon channel compared to expectations from
MADGRAPH and PYTHIA.
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9 Results 17
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Figure 12: Fit results on the Berends-Giele scaling parameters α and β after pile up subtraction,
efficiency corrections, and unfolding for detector resolution effects. The data are compared to
MADGRAPH with the Z2 tune. a) shows Z/γ∗ + jets, b) shows W + jets.
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Figure 1: Measured dilepton invariant mass in Z/#∗ (→ e+ e−) (left) and Z/#∗ (→ µ+ µ−) (right) events with

at least one jet with p
jet
T > 30 GeV and |' jet|< 2.8 in the final state. The data are shown in a wider dilepton mass

region than the one selected, and compared to MC predictions for signal (ALPGEN) and background processes.

In the Z/#∗ (→ e+ e−) case, the dijet background contribution is determined from data.

factors. For each observable, the bin-by-bin unfolding factors are defined as the ratio between the simu-

lated distribution, after all selection criteria are applied, and the corresponding distribution at the particle

level defined in a limited fiducial kinematic region for the generated leptons and jets, where the detector

has a good acceptance (see Sections 4 and 5). The measured uncorrected distributions are multiplied by

the unfolding factors to obtain the final result. In the case of the inclusive jet multiplicity, the unfolding

factors are about 1.5 for the electron channel and 1.2 for the muon channel, and show a slight dependence

on Njet. Similarly, the unfolding factors applied to the measured p
jet
T distributions increase from 1.47 to

1.55 as p
jet
T increases in the electron channel, and from 1.17 to 1.22 in the muon channel.

A study of systematic uncertainties on the measured cross sections is carried out (see Table 2). Fig-

ures 4 and 5 show, separately for electron and muon channels, the contribution of the different sources of

systematic uncertainty to two of the measurements: the inclusive cross section as a function of Njet and

the inclusive jet cross section as a function of p
jet
T , in events with at least one jet in the final state.

• The measured jet energies are varied between 4% and 8%, depending on p
jet
T and ' jet, to account

for the absolute jet energy scale (JES) uncertainty, as determined in inclusive jet studies [21].

No correction is applied to account for the average increase of the jet energy due to pile-up. An

uncertainty is assigned instead that depends on the jet p
jet
T and '

jet, and the number of reconstructed

primary vertices. In the case of two primary vertices per event, this translates into an additional

JES uncertainty that varies between 0.8% and 4% at low p
jet
T for jets in the region 0.3< |' jet|< 0.8

and 2.1 < |' jet| < 2.8, respectively. An additional 5% uncertainty on the measured jet energies,

independent of p
jet
T , is conservatively considered to account for the different quark- and gluon-jet

relative population in dijet and Z/#∗+jets final states, leading to a different average calorimeter
response. This results in an uncertainty on the measured cross sections that increases from 10% to

20% as Njet and p
jet
T increase, and constitutes the dominant source of systematic uncertainty. The

10% uncertainty on the jet energy resolution (JER) [21] translates into a less than 1% uncertainty

7
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Figure 6: Measured cross section $Njet (black dots) in (left) Z/#∗ (→ e+ e−)+jets and (right)

Z/#∗ (→ µ+ µ−)+jets production as a function of the inclusive jet multiplicity, for events with at least one

jet with p
jet
T > 30 GeV and |& jet| < 2.8 in the final state. The error bars indicate the statistical uncertainty and

the dashed areas the statistical and systematic uncertainties added in quadrature. The measurements are compared

to NLO pQCD predictions from MCFM (only available in the first two bins and including uncertainties), as well

as the predictions from ALPGEN, SHERPA, and PYTHIA (×1.17). The shadowed areas around ALPGEN and
SHERPA predictions denote a 5% uncertainty on the absolute normalization.
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Figure 7: Measured ratio of cross sections ($Njet/$Njet−1) (black dots) in (left) Z/#
∗ (→ e+ e−)+jets and (right)

Z/#∗ (→ µ+ µ−)+jets production as a function of the inclusive jet multiplicity, for events with at least one jet

with p
jet
T > 30 GeV and |& jet| < 2.8 in the final state. The error bars indicate the statistical uncertainty and the

dashed areas the statistical and systematic uncertainties added in quadrature. The measurements are compared to

NLO pQCD predictions from MCFM (only available in the first two bins and including uncertainties), as well as

the predictions from ALPGEN, SHERPA, and PYTHIA.
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Figure 9: Measured jet cross section d$/dpjetT (black dots) in (left) Z/#∗ (→ e+ e−)+jets and (right)

Z/#∗ (→ µ+ µ−)+jets production as a function of the pjetT of the leading jet, in events with at least one jet with

p
jet
T > 30 GeV and |& jet|< 2.8 in the final state, and divided by Z/#∗ (→ e+ e−) and Z/#∗ (→ µ+ µ−) Drell-Yan
cross sections, respectively. The error bars indicate the statistical uncertainty and the dashed areas the statistical

and systematic uncertainties added in quadrature. The measurements are compared to NLO pQCD predictions

from MCFM, as well as the predictions from ALPGEN and SHERPA.
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Figure 10: Measured jet cross section d$/dpjetT (black dots) in (left) Z/#∗ (→ e+ e−)+jets and (right)

Z/#∗ (→ µ+ µ−)+jets production as a function of the pjetT of the second leading jet, in events with at least two

jets with p
jet
T > 30 GeV and |& jet|< 2.8 in the final state, and divided by Z/#∗ (→ e+ e−) and Z/#∗ (→ µ+ µ−)

Drell-Yan cross sections, respectively. The error bars indicate the statistical uncertainty and the dashed areas

the statistical and systematic uncertainties added in quadrature. The measurements are compared to NLO pQCD

predictions from MCFM, as well as the predictions from ALPGEN and SHERPA.
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Figure 2: W+jets cross section results as a function of corrected jet multiplicity. Left: electron channel.

Right: muon channel. The cross sections are quoted in a limited and well-defined kinematic region,

described in the text. For the data, the statistical uncertainties are shown by the vertical bars, and the

combined statistical and systematic uncertainties are shown by the black-hashed regions. Also shown

are predictions from ALPGEN, SHERPA, PYTHIA, MCFM and BLACKHAT-SHERPA, and the ratio

of theoretical predictions to data (PYTHIA is not shown in the ratio). The theoretical uncertainties are

shown only for MCFM (NLO prediction for Njet ≤ 2 and a LO prediction for Njet = 3) and BLACKHAT-
SHERPA (NLO prediction for Njet ≤ 3 and a LO prediction for Njet = 4).
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Stefan Ask (ATLAS W/Z + jets) DIS2011, 14 April 2011 12/14

W + jets Cross Section wrt First Jet pT

Corrected Results in Kinematic Region

• Measured separately for events with 

  1 up to 4 jets.

• Good agreement with expectation from 

  NLO MC (MCFM and Blackhat-Sherpa).

• Good agreement with cross section 

  predicted by multi-parton ME MC 

  programs (Alpgen and Sherpa).
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Figure 8: W+jets cross section as a function of HT, shown separately for ≥ 1 jets to ≥ 4 jets. The ≥ 2 jet,
≥ 3 jet and ≥ 4 jet distributions have been scaled down by factors of 10 and 100, 1000 respectively.
Left: electron channel. Right: muon channel. The cross sections are quoted in a limited and well-

defined kinematic region, described in the text. For the data, the statistical uncertainties are shown by the

vertical bars, and the combined statistical and systematic uncertainties are shown by the black-hashed

regions. Also shown are predictions from ALPGEN, SHERPA, and BLACKHAT-SHERPA, and the ratio

of theoretical predictions to data for ≥ 1 jet to ≥ 2 jet events. The theoretical uncertainties are shown
only for BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3 and a LO prediction for Njet = 4).
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Figure 5: W+jets cross section as a function of the pT of the second jet in the event. The pT of the

second jet is shown separately for events with ≥ 2 jet to ≥ 4 jet. The ≥ 3 jet and ≥ 4 jet distributions
have been scaled down by factors of 10 and 100 respectively. Left: electron channel. Right: muon

channel. The cross sections are quoted in a limited and well-defined kinematic region, described in the

text. For the data, the statistical uncertainties are shown by the vertical bars, and the combined statistical

and systematic uncertainties are shown by the black-hashed regions. Also shown are predictions from

ALPGEN, SHERPA, MCFM and BLACKHAT-SHERPA, and the ratio of theoretical predictions to data

for ≥ 2 jet events. The theoretical uncertainties are shown only for MCFM (NLO prediction for Njet ≤ 2
and a LO prediction for Njet = 3) and BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3 and a LO
prediction for Njet = 4).
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Figure 6: W+jets cross section as a function of the pT of the third jet in the event. The pT of the third jet is

shown separately for events with ≥ 3 jet to ≥ 4 jet. The ≥ 4 jet distributions have been scaled down by a
factor of 10. Left: electron channel. Right: muon channel. The cross sections are quoted in a limited and

well-defined kinematic region, described in the text. For the data, the statistical uncertainties are shown

by the vertical bars, and the combined statistical and systematic uncertainties are shown by the black-

hashed regions. Also shown are predictions from ALPGEN, SHERPA and BLACKHAT-SHERPA. The

theoretical uncertainties are shown only for BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3 and a
LO prediction for Njet = 4).
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Figure 7: W+jets cross section as a function of the pT of the fourth jet in the event. The pT of the fourth

jet is shown for events with ≥ 4 jet. Left: electron channel. Right: muon channel. The cross sections are
quoted in a limited and well-defined kinematic region, described in the text. For the data, the statistical

uncertainties are shown by the vertical bars, and the combined statistical and systematic uncertainties are

shown by the black-hashed regions. Also shown are predictions from ALPGEN, and SHERPA.
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Figure 6: W+jets cross section as a function of the pT of the third jet in the event. The pT of the third jet is

shown separately for events with ≥ 3 jet to ≥ 4 jet. The ≥ 4 jet distributions have been scaled down by a
factor of 10. Left: electron channel. Right: muon channel. The cross sections are quoted in a limited and

well-defined kinematic region, described in the text. For the data, the statistical uncertainties are shown

by the vertical bars, and the combined statistical and systematic uncertainties are shown by the black-

hashed regions. Also shown are predictions from ALPGEN, SHERPA and BLACKHAT-SHERPA. The

theoretical uncertainties are shown only for BLACKHAT-SHERPA (NLO prediction for Njet ≤ 3 and a
LO prediction for Njet = 4).
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Figure 7: W+jets cross section as a function of the pT of the fourth jet in the event. The pT of the fourth

jet is shown for events with ≥ 4 jet. Left: electron channel. Right: muon channel. The cross sections are
quoted in a limited and well-defined kinematic region, described in the text. For the data, the statistical

uncertainties are shown by the vertical bars, and the combined statistical and systematic uncertainties are

shown by the black-hashed regions. Also shown are predictions from ALPGEN, and SHERPA.
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