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• Yields from variable flavour inclusive Z+jets 
sample also in agreement with data.

• Shapes of pT(b) and (Z, b) in agreement 
with data in both fixed and variable flavour 
MadGraph samples.

• Scheme dependence cannot be resolved 
with current statistics.
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Extraction of  b-jet fraction

14

A maximum likelihood fit to the SV0 mass distribution is used to separate b-jets from c- and 
light-jets, and extract the flavour fraction on a statistical basis. 

• SV0 mass template are modeled with MC 

• template systematics: data vs. MC in multi-jet events enriched in light-, c-, and b-jets. 

Z+bjet

!Fit the combined e and " samples
   and each b-tagged jet in the event

!At least 1 b-tagged jet

W+bjet 

!1 b-tagged jet

!about 10% of
events have 2 b

!1 or 2 jet

!fit each jet bin separately
 for e and "  

Z+jet W+1 jet W+2 jet
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Introduction: Why V+jets

• Test of pQCD predictions.

• W/Z+jets final states are the dominant signatures for the 
identification of a number of heavy particles produced at high 
energy, both in the SM and in theories beyond the SM.

• Tevatron crucial to the study of these processes and the 
development and tuning of MC tools: first extensive 
comparisons between data and MC.

•At the LHC larger available energy than at Tevatron: 
• More jets; larger kinematic reach 
• Cross sections spanning several orders of magnitude
• Higher relevance of processes initiated by qg and gg
•    Different contribution to the cross section compared to Tevatron
•    Processes with heavy flavor in the initial state become important
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The Machines
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ATLAS: experiment apparatus
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2010 DATASET 

pp collisions at !s = 7 TeV      

< interactions/BC > " 2

"35 pb-1 with single #/e trigger

Luminosity uncertainty 3.4%

ATLAS Detector 

$Inner detector:
   Pixel + SCT: |%|<2.5
   TRT: |%|<2   

$ Calorimetry:
   LAr + Tile: |%|<3.2
   FCAL: |%|<4.9

$ Muons:
   RPC + TGC (trig.):  |%|<2.4
   MDT + CSC: |%|<2.7

Main Injector 
 & Recycler 

Tevatron 

!p source 

Booster CDF 
DØ 

Tevatron
√S = 1.96 TeV

3 decades of Physics !

LHC
Currently√S = 7 TeV

The Future !
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A maximum likelihood fit to the SV0 mass distribution is used to separate b-jets from c- and 
light-jets, and extract the flavour fraction on a statistical basis. 

• SV0 mass template are modeled with MC 

• template systematics: data vs. MC in multi-jet events enriched in light-, c-, and b-jets. 
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   and each b-tagged jet in the event

!At least 1 b-tagged jet
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!1 b-tagged jet

!about 10% of
events have 2 b

!1 or 2 jet

!fit each jet bin separately
 for e and "  
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Will discuss results from:
• 2 Colliders
• 4 Experiments 
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V+Jets



W+jet results
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• Inclusive measurement of  W(eν)+ njet (n=1-4) 
as a function of jet transverse momentum
• Jets reconstructed with midpoint algorithm 
with R=0.5,	

 pT > 20 GeV and |y|< 3.2
• Measurements corrected at particle level
• Compared to NLO pQCD for njet up to 3.
• Compared to LO pQCD in the 4 jets bin

• The measured cross 
sections are generally 
found to agree with the 
NLO calculation.

• Some regions of the 
phase space might be 
improved. 

 arXiv:1106.1457

http://arxiv.org/abs/1106.1457
http://arxiv.org/abs/1106.1457
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Similar as in the CDF case, NLO pQCD well described the data
Compared to event generators, ME+PS MC show reasonable 

description of shapes but large scale uncertainties

PLB 678, 45 (2009)

• 65 < Mll <115 GeV 

• pT > 25 GeV and  |y|< 1. 1 
and 1.5<|y|< 2.5

• Jets reconstructed with 
midpoint algorithm with 
R=0.5,   pT > 20 GeV and  
|!|< 2.5

Z/!* (! e+e-) + jets
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Z+jet Results
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Muons and electrons Combined.

•    MidPoint algorithm with R=0.7
• Hadron level jets with pTjet > 30 GeV/c 

and |yjet| < 2.1
• ΔR(l,jet) > 0.7
• Theory prediction corrected for non-

pQCD effects

• Jets reconstructed with midpoint 
algorithm with R=0.5,	

pT > 20 GeV 
and |η|< 2.5
•Measurements normalized to 
inclusive Z XS and MCFM prediction 
corrected for non-pQCD effects

Good agreement with NLO pQCD

NLO pQCD well described the data. 
Compared to event generators, ME+PS 
show reasonable description of shapes 
but large scale uncertainties
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Z+jet Angular Distributions
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 Sensitive to QCD Radiation, excellent for tuning of Monte Carlos
 Measurements are normalized to σz to reduce systematic 
uncertainties
 SHERPA MC well describes shapes but not the normalization

• 65 < Mll <115 GeV
• pT(Z) > 25 GeV and |y|< 1.7
• Jets reconstructed with midpoint 
algorithm with R=0.5,	

pT > 20 GeV 
and |η|< 2.8
•Measurements normalized to 
inclusive Z XS and MCFM prediction 
corrected for non-pQCD effects
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FIG. 1: The measured normalized cross section in bins of ∆φ(Z, jet) for Z/γ∗+jet+X events for pZ
T > 25 GeV. The distribution

is shown in (a) and compared to fixed order calculations in (b), parton shower generators in (c), and the same parton shower
generators matched to alpgen matrix elements in (d). All ratios in (b), (c), and (d) are shown relative to sherpa, which
provides the best description of data overall.

TABLE III: The measured cross section in bins of |∆y(Z, jet)|
for Z/γ∗+jet+X events with pZ

T > 25 GeV, normalized to the
measured Z/γ∗ cross section.

|∆y| 〈|∆y|〉 1/σ × dσ/d|∆y| δσstat. δσtotal

(%) (%)
0.00 – 0.40 0.21 7.91 × 10−2 2.6 +3.9 −3.6
0.40 – 0.80 0.61 6.79 × 10−2 2.8 +3.8 −3.9
0.80 – 1.20 1.02 5.68 × 10−2 3.0 +4.1 −4.0
1.20 – 1.55 1.37 4.52 × 10−2 3.6 +4.3 −4.6
1.55 – 2.05 1.78 2.74 × 10−2 3.8 +5.4 −4.8
2.05 – 4.50 2.89 4.80 × 10−3 4.0 +5.5 −5.8

predictions of the new Perugia* tune of pythia pro-
vide a good description of the data in |∆y(Z, jet)| and
|yboost(Z + jet)|, but not in ∆φ(Z, jet). The modelling
of ∆φ(Z, jet) is improved when pythia is interfaced
to alpgen. In general, the three predictions obtained
from alpgen provide a good description of the shape
of |∆y(Z, jet)| and |yboost(Z + jet)| for pZ

T > 45 GeV,
but perform less well for the other distributions mea-

TABLE IV: The measured cross section in bins of |∆y(Z, jet)|
for Z/γ∗+jet+X events with pZ

T > 45 GeV, normalized to the
measured Z/γ∗ cross section.

|∆y| 〈|∆y|〉 1/σ × dσ/d|∆y| δσstat. δσtotal

(%) (%)
0.00 – 0.40 0.21 3.31 × 10−2 3.9 +4.6 −4.6
0.40 – 0.80 0.61 2.91 × 10−2 4.1 +4.9 −4.9
0.80 – 1.20 1.02 2.14 × 10−2 4.7 +5.3 −5.5
1.20 – 1.55 1.37 1.56 × 10−2 5.9 +6.5 −6.5
1.55 – 2.05 1.78 9.60 × 10−3 6.2 +7.1 −6.8
2.05 – 4.50 2.89 1.27 × 10−3 7.6 +8.3 −8.5

sured. Overall, sherpa provides the best description of
the shape of data, but shows a significant normalization
difference. Further, in the sample with pZ

T > 45 GeV the
sherpa description of |yboost(Z + jet)| shows a slope rela-
tive to the data, which may also be present in |∆y(Z, jet)|
though it is less clear. All event generators suffer from
significant scale uncertainties, of comparable size to the
uncertainty on the LO pQCD prediction. For |∆y(Z, jet)|
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FIG. 3: The measured normalized cross section in bins of |∆y(Z, jet)| for Z/γ∗+jet+X events for pZ
T > 25 GeV. The distribution

is shown in (a) and compared to fixed order calculations in (b), parton shower generators in (c), and the same parton shower
generators matched to alpgen matrix elements in (d). All ratios in (b), (c), and (d) are shown relative to sherpa, which
provides the best description of data overall.

sions at
√

s = 1.96 TeV. These measurement test the
current best predictions for vector boson + jet produc-
tion at hadron colliders, and are essential inputs for the
tuning of event generators. Improving the modeling of
this important signal will lead to increased sensitivity of
searches for rare and new physics.
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Z+jet results
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Measured Z/γ*+≥2 jets production as a function of several kinematic distributions at hadron level.
Muons and electrons decays are combined.
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• Anti-kT algorithm (R=0.4); pT>20 GeV; |y|<2.8; jets are considered if ΔRl-jet>0.5 
•Detector effects corrected for using bin-by-bin unfolding
•Cross section measured as a function of several kinematic variables

W+jet results
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Extraction of  b-jet fraction

14

A maximum likelihood fit to the SV0 mass distribution is used to separate b-jets from c- and 
light-jets, and extract the flavour fraction on a statistical basis. 

• SV0 mass template are modeled with MC 

• template systematics: data vs. MC in multi-jet events enriched in light-, c-, and b-jets. 

Z+bjet

!Fit the combined e and " samples
   and each b-tagged jet in the event

!At least 1 b-tagged jet

W+bjet 

!1 b-tagged jet

!about 10% of
events have 2 b

!1 or 2 jet

!fit each jet bin separately
 for e and "  

Z+jet W+1 jet W+2 jet

9
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Extraction of  b-jet fraction

14

A maximum likelihood fit to the SV0 mass distribution is used to separate b-jets from c- and 
light-jets, and extract the flavour fraction on a statistical basis. 

• SV0 mass template are modeled with MC 

• template systematics: data vs. MC in multi-jet events enriched in light-, c-, and b-jets. 

Z+bjet

!Fit the combined e and " samples
   and each b-tagged jet in the event

!At least 1 b-tagged jet

W+bjet 

!1 b-tagged jet

!about 10% of
events have 2 b

!1 or 2 jet

!fit each jet bin separately
 for e and "  

Z+jet W+1 jet W+2 jet
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 Both for W+jet and Z+jet:
 
•Very good agreement with NLO (renorm. and fact. scales = Ht/2) predictions from MCFM 
and Blackhat-Sherpa in the total and differential cross sections
• Good agreement with matched LO prediction from AlpGen and Sherpa once normalized to 
the NNLO prediction
• Poor agreement with LO PYTHIA in the high jet multiplicity



Very good agreement of NLO prediction from MCFM
Very good agreement with matched LO prediction from AlpGen and PYTHIA (norm. to data)

Muon (Fiducial) Combined (Fiducial) Combined (Full Phase Space)

(Z+1 jet)/(W+1 jet) Rjet ratio
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• Probe QCD dynamics without QCD uncertainties
• Theory uncertainty is reduced in the Rjet ratio(control on systematics at few precent level): in 
particular there is significantly reduced dependence on the PDF
•The Rjet is measured for events with only one jet with pT>30 GeV and |η|<2.8 as a function of the 
minimum jet pT

•Results are given for the electron and muon channel separately and also combined, both in the fiducial 
and total bosons phase space
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• Yields from variable flavour inclusive Z+jets 
sample also in agreement with data.

• Shapes of pT(b) and (Z, b) in agreement 
with data in both fixed and variable flavour 
MadGraph samples.

• Scheme dependence cannot be resolved 
with current statistics.

Z+b: fixed vs. variable flavour

Fixed flavour

Variable flavour

Fixed flavour

Variable flavour
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W + jet results

12

• Jets clustered by the anti-kt algorithm 
(size parameter = 0.5). 

Particle Flow technique used to 
reconstruct the jet constituents.

• Count jets with: 
• pT > 30 GeV/c
• |η|<2.4

•Unfolding procedure applied to correct 
for migration between Njet bins due to 
imperfect jet energy resolution and 
reconstruction efficiency.
• Measurement of:

• Measured ratios (W + n jets) / (W) and (W + n jets) / (W + (n-1) jets) :

• Good agreement with MadGraph, poor agreement with Pythia at high jet multiplicity as expected.

• Dominant systematic uncertainties:
JES
- Difference in flavour content between W+jets and the sample used to extract the JEC is accounted for.
Unfolding
- Studied effect of different simulations (MadGraph and Pythia) and tunes (Z2 and D6T) on the migration matrix.

W+jets results

22/8/11 QCD@LHC 9 / 19Mike Cutajar: W/Z + jet production at CMS

Test of Berends-Giele scaling behaviour 

Cn =σ(V+njets)/σ(V+(n+1)jets)

• Cn = α + βn: allow for deviations from LO.
- Use measurements of cross section ratios to 
fit for α and β.
• 68% CL countours on the plots for statistical 
uncertainty only. Systematic uncertainties 
shown as arrows.
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• Yields from variable flavour inclusive Z+jets 
sample also in agreement with data.

• Shapes of pT(b) and (Z, b) in agreement 
with data in both fixed and variable flavour 
MadGraph samples.

• Scheme dependence cannot be resolved 
with current statistics.

Z+b: fixed vs. variable flavour

Fixed flavour

Variable flavour

Fixed flavour

Variable flavour
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Z+jet results
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Both W+jet and  Z+jet show:

• Good agreement between data and 
MadGraph in control plots.

• Good agreement with MadGraph, 
poor agreement with Pythia at high 
jet multiplicity as expected.

• Berends-Giele scaling behaviour:  
MadGraph shows reasonable 
agreement with data.

• Same technique of W+jet.
• Measurement of:

• Measured ratios (Z + n jets) / (Z) and (Z + n jets) / (Z + (n-1) jets) :

• Good agreement with MadGraph.

• Larger statistical uncertainty at high jet multiplicity than in W+jets.

Z+jets results

22/8/11 QCD@LHC 10 / 19Mike Cutajar: W/Z + jet production at CMS



W+jets/Z+jets ratios

• Reasonable agreement with MadGraph.

22/8/11 QCD@LHC 11 / 19Mike Cutajar: W/Z + jet production at CMS

• Yields from variable flavour inclusive Z+jets 
sample also in agreement with data.

• Shapes of pT(b) and (Z, b) in agreement 
with data in both fixed and variable flavour 
MadGraph samples.

• Scheme dependence cannot be resolved 
with current statistics.

Z+b: fixed vs. variable flavour

Fixed flavour

Variable flavour

Fixed flavour

Variable flavour
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W charge asymmetry

• W charge asymmetry as a function of a jet multiplicity in good agreement with MadGraph.

• Asymmetry is smaller in W+jets events as expected.

• Charge misidentification uncertainity and positive vs. negative lepton efficiency                 
uncertainties are small and accounted for.

22/8/11 QCD@LHC 12 / 19Mike Cutajar: W/Z + jet production at CMS

• W charge asymmetry as a function of jet multiplicity 
in good agreement with MadGraph.
• Asymmetry is smaller in W+jets events as expected.
• Charge misidentification uncertainty and positive vs. 
negative lepton efficiency uncertainties are small and 
accounted for.

14

Charge Asymmetry

W+jets/Z+jets ratios

• As a function of jet multiplicity
• Reasonable agreement with MadGraph

In addition• W + 4 jets and Z + 3 jets calculations performed to NLO 
in QCD.
- !"#$%&'()%&*(++%&!"#$,-./0&12334&251223 (W + 4 jet)
- !"#$%&'()%&6&%&$,78+0&12324&29:221 (Z + 3 jet)
- Precision varies from 10% to 30% due to uncertainties in 

   PDFs and choice of renormalisation and factorisation scales.
- Constrain with measurements.

• Measure the cross section ratios (jet multiplicities n are 
inclusive):

(V + n jets) / (V)
(V + n jets) / (V + (n-1) jets)
(W + jets) / (Z + jets)

• Measure also the W charge asymmetry as a function of jet multiplicity.
AW = [ (W+) - (W-)] / [ (W+) + (W-)]

W/Z+jets production

22/8/11 QCD@LHC 5 / 19Mike Cutajar: W/Z + jet production at CMS
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V+Heavy Flavor
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W+c Tevatron
Rate of W+c production sensitive to s quark content of the proton.
Charm jet identified  by soft lepton tagging (SLT) algorithm (electron or muon).
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• Yields from variable flavour inclusive Z+jets 
sample also in agreement with data.

• Shapes of pT(b) and (Z, b) in agreement 
with data in both fixed and variable flavour 
MadGraph samples.

• Scheme dependence cannot be resolved 
with current statistics.

Z+b: fixed vs. variable flavour

Fixed flavour

Variable flavour

Fixed flavour

Variable flavour
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W+c CMS

• Rate of W+c production sensitive to s quark content 
of the proton.
- Production dominated by sg W+c, sg W-c

• W+b production is highly suppressed: use b-tagging 
techniques to identify the c-jet.

• Measure ratios
Rc

± = (W+c) / (W-c)
Rc = (W + c) / (W + j)

• Dominant backgrounds from top and W+l production.

• Analysis uses POWHEG NLO generator with CT10 PDF set for electroweak processes.
- With cut on hard jet multiplicity.
- Allows detailed comparison with NLO PDFs.
- MadGraph used to cross check.

• Select events with muon pT > 25 GeV/c,  < 2.1 and at least one jet pT > 20 GeV/c,  < 2.1.
- Require at least one jet tagged with SSVHE algorithm.
- Veto events with dimuon or 3 hard jets (pT > 40 GeV/c) to supress Drell-Yan and tt backgrounds.
- Require mT > 50 GeV/c2.

W+c production

22/8/11 QCD@LHC 17 / 19Mike Cutajar: W/Z + jet production at CMS

•  Select events with muon pT >25GeV/c,η<2.1and at least one jet pT >20GeV/c,η<2.1.
• Require at least one jet tagged with SSVHE algorithm.
• Extract W+c yield by fitting to the SSVHE discriminator with MC templates. 

- Fit extends to negative tags (where SV is in “wrong direction”); helps to constrain the W+l 
component. 
- tt component checked in control region in data with inverted jet multiplicity cut.
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found to be minimal. One of the basic criteria to build a secondary vertex is the requirement
of a large decay length significance in the transverse plane (above 3.0). Therefore the distri-
bution of this significance was artificially decreased in MC in order to obtain the best possible
statistical agreement with the shape of the distribution observed in data. The impact on the
vertex efficiency (∼ 10%) is consistent with the assigned systematics. Finally, and in order to
test the effect of potential discrepancies in the number of tracks at the event primary vertex, the
jet charged track multiplicity distribution was studied. Differences between data and MC were
found to be too small to produce a visible systematic effect. The quoted uncertainty (14.1%)
is also consistent with the one found in dedicated b-tagging studies [21]. This uncertainty is
expected to decrease in the future, with the help of larger signal samples and the availability of
independent methods to measure the vertex efficiency.

The analysis was cross-checked using the “track-counting high-efficiency” (TCHE) lifetime tag-
ging discriminator, DTCHE, as main analysis variable, instead of the DSSVHE variable and no
disagreements were found.

Finally, we have repeated the analysis using a (LO) W+jets MADGRAPH Monte Carlo as ref-
erence. Despite the LO approach, also at the level of parton density functions, this sample
reproduces more accurately the jet multiplicity and kinematic properties of W + ≥ 2 jets in
the final state. The obtained ratios: R

±
c (p

jet

T
> 20, |η jet| < 2.1) = 1.01 ± 0.21 and Rc(p

jet

T
>

20, |η jet| < 2.1) = 0.130± 0.014 (stat.) are consistent with those of our reference analysis within
the estimated statistical and systematic uncertainties.

These ratios are to be compared with analytical calculations from the MCFM program. Predic-
tions for different PDF sets in the kinematic region p

jet

T > 20 GeV, |η jet| < 2.1, p
�
T > 25 GeV,

|η�| < 2.1 are shown in Table 5, where � is the lepton from the W decay. Parameters of the cal-
culation have been adjusted to match the experimental measurement and the CMS generator
level conditions. Differences among the predictions obtained with the various PDF sets largely
exceed the expected uncertainties (at 68% CL). It has to be noted as well the very different size
of the associated uncertainties. Both facts are mostly due to the different assumptions of the
several PDF groups about the strange and anti-strange quarks content of the proton and to the
different experimental inputs used.

Ratio MCFM (CT10) MCFM (MSTW08) MCFM (NNPDF21)
R
±
c 0.915+0.006

−0.006 0.881+0.022
−0.032 0.902 ± 0.008

Rc 0.125+0.013
−0.007 0.118+0.002

−0.002 0.103 ± 0.005

Table 5: R
±
c and Rc predictions from MCFM at NLO. Kinematic cuts are: p

jet

T > 20 GeV, |η jet| <
2.1, p

�
T > 25 GeV, |η�| < 2.1, dR(�, jet) > 0.3. Partons are joined using an anti-kT algorithm

with R = 0.5 parameter. The quoted values correspond to different PDF choices and only PDF
variations (at 68% CL) are considered for the total uncertainties.

7 Results
We have measured the ratios R

±
c ≡ σ(W+

c̄)/σ(W−
c) and Rc ≡ σ(W + c)/σ(W + jets) for lead-

ing jets with pT > 20 GeV and |η| < 2.1 using a data sample of 36 pb−1 integrated luminosity,
collected with the CMS detector in 2010. We obtain:

R
±
c = 0.92 ± 0.19 (stat.)± 0.04 (syst.)

Rc = 0.143 ± 0.015 (stat.)± 0.024 (syst.)
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found to be minimal. One of the basic criteria to build a secondary vertex is the requirement
of a large decay length significance in the transverse plane (above 3.0). Therefore the distri-
bution of this significance was artificially decreased in MC in order to obtain the best possible
statistical agreement with the shape of the distribution observed in data. The impact on the
vertex efficiency (∼ 10%) is consistent with the assigned systematics. Finally, and in order to
test the effect of potential discrepancies in the number of tracks at the event primary vertex, the
jet charged track multiplicity distribution was studied. Differences between data and MC were
found to be too small to produce a visible systematic effect. The quoted uncertainty (14.1%)
is also consistent with the one found in dedicated b-tagging studies [21]. This uncertainty is
expected to decrease in the future, with the help of larger signal samples and the availability of
independent methods to measure the vertex efficiency.

The analysis was cross-checked using the “track-counting high-efficiency” (TCHE) lifetime tag-
ging discriminator, DTCHE, as main analysis variable, instead of the DSSVHE variable and no
disagreements were found.

Finally, we have repeated the analysis using a (LO) W+jets MADGRAPH Monte Carlo as ref-
erence. Despite the LO approach, also at the level of parton density functions, this sample
reproduces more accurately the jet multiplicity and kinematic properties of W + ≥ 2 jets in
the final state. The obtained ratios: R

±
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jet

T
> 20, |η jet| < 2.1) = 1.01 ± 0.21 and Rc(p

jet

T
>

20, |η jet| < 2.1) = 0.130± 0.014 (stat.) are consistent with those of our reference analysis within
the estimated statistical and systematic uncertainties.

These ratios are to be compared with analytical calculations from the MCFM program. Predic-
tions for different PDF sets in the kinematic region p

jet

T > 20 GeV, |η jet| < 2.1, p
�
T > 25 GeV,

|η�| < 2.1 are shown in Table 5, where � is the lepton from the W decay. Parameters of the cal-
culation have been adjusted to match the experimental measurement and the CMS generator
level conditions. Differences among the predictions obtained with the various PDF sets largely
exceed the expected uncertainties (at 68% CL). It has to be noted as well the very different size
of the associated uncertainties. Both facts are mostly due to the different assumptions of the
several PDF groups about the strange and anti-strange quarks content of the proton and to the
different experimental inputs used.

Ratio MCFM (CT10) MCFM (MSTW08) MCFM (NNPDF21)
R
±
c 0.915+0.006

−0.006 0.881+0.022
−0.032 0.902 ± 0.008
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−0.007 0.118+0.002
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Table 5: R
±
c and Rc predictions from MCFM at NLO. Kinematic cuts are: p

jet

T > 20 GeV, |η jet| <
2.1, p

�
T > 25 GeV, |η�| < 2.1, dR(�, jet) > 0.3. Partons are joined using an anti-kT algorithm

with R = 0.5 parameter. The quoted values correspond to different PDF choices and only PDF
variations (at 68% CL) are considered for the total uncertainties.

7 Results
We have measured the ratios R

±
c ≡ σ(W+

c̄)/σ(W−
c) and Rc ≡ σ(W + c)/σ(W + jets) for lead-

ing jets with pT > 20 GeV and |η| < 2.1 using a data sample of 36 pb−1 integrated luminosity,
collected with the CMS detector in 2010. We obtain:

R
±
c = 0.92 ± 0.19 (stat.)± 0.04 (syst.)

Rc = 0.143 ± 0.015 (stat.)± 0.024 (syst.)

Results:

In agreement with MCFM predictions at NLO.

Measure the ratios:
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W+b CDF

•One or two jets, reconstructed with a cone algorithm 
with R=0.4
•jet ET > 20 GeV and |η|< 2.0
•Events with at least one b-tagged (ultra- tight 
secondary vertex requirements)
•Use vertex mass to discriminate between b, c and light 
jets.
• Templates obtained from MC (Alpgen+Pythia)
• Backgrounds from data (multijets) and MC

(MCFM)
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Extraction of  b-jet fraction

14

A maximum likelihood fit to the SV0 mass distribution is used to separate b-jets from c- and 
light-jets, and extract the flavour fraction on a statistical basis. 

• SV0 mass template are modeled with MC 

• template systematics: data vs. MC in multi-jet events enriched in light-, c-, and b-jets. 

Z+bjet

!Fit the combined e and " samples
   and each b-tagged jet in the event

!At least 1 b-tagged jet

W+bjet 

!1 b-tagged jet

!about 10% of
events have 2 b

!1 or 2 jet

!fit each jet bin separately
 for e and "  

Z+jet W+1 jet W+2 jet
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W+b ATLAS
A maximum likelihood fit to the SV0 mass distribution is used to 
separate b-jets from c- and light-jets, and extract the flavor 
fraction on a statistical basis.

The SV0 b-tagging algorithm is based on requiring a displaced 
secondary vertex reconstructed within a jet with a decay length 
significance > 5.85

• SV0 mass template are modeled with MC 
• Template systematics: data vs. MC in multi-jet events enriched 
in light-, c-, and b-jets.
• Event fitted yield is corrected for all detector effects with MC 
LO matched prediction for Wjet (including heavy flavour) from 
ALPGEN

NLO prediction obtained in the 5 flavor number scheme [F. 
Caola et al. arXiv:1107.3714]
NLO agrees within 1.5 sigma with the measurements

•1 b-tagged jet	


•1 or 2 jet
• Fit each jet bin separately for e and μ



• 70 < Mll <110 GeV , with l an electron 

or muon

• Jets reconstructed with midpoint 
algorithm with R=0.5, pT > 20 GeV and   
|!|< 2.5 

• At least 1 b-tagged (NN based)

• Build discriminant using vertex mass and 
track probability to originate from 
primary vertex 

• Templates obtained from MC (Alpgen
+Pythia) and negatively tagged data (for 
light jets)

• Backgrounds estimate from data (fakes 
coming from multijets) and MC

4.2 fb-1

MCFM prediction

Q2 = m2
Z   0.0192 ± 0.0022

In agreement with 

Z/!* + b-jets

!(Z + b jet) / !(Z + jet)  = 0.0193  

±  0.0022 (stat) ± 0.0015 (syst)  

PRD 83, 031105(R) (2011)
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Z+b Tevatron

Good agreement 
with NLO 
prediction

D0 fit a discriminant built using vertex 
mass and track probability to originate 
from primary vertex

Jets reconstructed with midpoint algorithm 
with R=0.5, pT > 20 GeV and |η|< 2.5

Jets reconstructed with 
cone algorithm with 
R=0.7, ET > 20 GeV 
and |η|< 1.5

CDF fits vertex mass to extract the flavor content
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Extraction of  b-jet fraction

14

A maximum likelihood fit to the SV0 mass distribution is used to separate b-jets from c- and 
light-jets, and extract the flavour fraction on a statistical basis. 

• SV0 mass template are modeled with MC 

• template systematics: data vs. MC in multi-jet events enriched in light-, c-, and b-jets. 

Z+bjet

!Fit the combined e and " samples
   and each b-tagged jet in the event

!At least 1 b-tagged jet

W+bjet 

!1 b-tagged jet

!about 10% of
events have 2 b

!1 or 2 jet

!fit each jet bin separately
 for e and "  

Z+jet W+1 jet W+2 jet
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Z+b ATLAS

• Inclusive b-jet production cross section in association 
with a Z boson
• Jet fitted yield is corrected for all detector effects with 
MC LO matched prediction for Zjet (including heavy 
flavour) from ALPGEN and SHERPA
• A maximum likelihood fit to the SV0 mass distribution 
is used also for Z+b to separate b-jets from c- and light-
jets.

• Fit the combined e and μ samples and each b-tagged jet 
in the event

• At least 1 b-tagged jet

to the uncertainty on the NNLO tt̄ cross-section. The multi-jet
backgrounds in both the electron and muon channel are var-
ied according to the uncertainties on these estimates described
above.

Other smaller sources of systematic uncertainty considered
include uncertainties on lepton reconstruction: the efficiency
to reconstruct, and the energy/momentum scale and resolution.
The estimation follows closely that of the inclusive Z analysis
[21], with the same methods applied to simulated Z + b event
samples. The uncertainties on the electromagnetic energy scale,
and on the muon momentum scale and resolution, all have a
negligible (< 1%) impact.

Source SV0-mass Fit (%) Acceptance (%)

Both Electron and Muon
b-tagging efficiency 1.7 9.1
SV0-mass templates 3.5 -
Model dependence 2.7 10.0
Jet energy scale 0.7 4.0
tt̄ cross-section 2.0 -
MPI model negl. 1.0

Electron only
MC statistics negl. 1.3
Multi-jet background 1.6 -
Electron efficiency negl. 5.0
Total Electron 5.6 15.0

Muon only
MC statistics negl. 1.3
Multi-jet background 0.7 -
Muon efficiency negl. 2.0
Total Muon 5.4 14.3

Total Systematic +21% -16%
Uncertainty

Table 3: Fractional systematic uncertainties on the SV0-mass fit and acceptance
results from each systematic source considered. Sources for which the shift is
labelled “negl.” produced effects of less than 1% which are negligible when
added in quadrature (and not considered). When relevant, asymmetric errors
are used for the calculation of the total, but only the average error is shown
for better readability. The “Total Systematic Uncertainty” result is the total
percentage error on the combined channel b-jet cross-section, and takes into
account the correlations between SV0-mass fit and acceptance systematics.

6.3. Results and comparison to theory

The measured cross-section for b-jets produced in associa-
tion with a Z boson decaying into one of the lepton channels is
presented in Table 4, alongside values evaluated in the differ-
ent models presented in the introduction. The MCFM NLO
prediction is shown for the CTEQ6.6 PDF, with the renor-

malisation and factorisation scales taken as
√

M2
Z + p2

T,Z . As
mentioned in the introduction, MCFM does not simulate QED
final state radiation (FSR) nor non-perturbative hadronic ef-
fects. Correction factors are computed for lepton FSR, par-

Experiment 3.55+0.82
−0.74(stat)+0.73

−0.55(syst) ± 0.12(lumi) pb

MCFM 3.88 ± 0.58 pb

ALPGEN 2.23 ± 0.01 (stat only) pb
SHERPA 3.29 ± 0.04 (stat only) pb

Table 4: Experimental measurement and predictions of σb, the cross-section
for inclusive b-jet production in association with a Z boson, per lepton channel,
as defined in the text.

ton/jet correspondence, underlying event and MPI contribution,
using events from particle-level LO simulations. The correc-
tion factor for non-perturbative hadronic effects is obtained by
comparing particle-level results to parton-level, where parton-
level jets are matched to b quarks. This is calculated using
SHERPA, PYTHIA and AcerMC [28], with the spread of these
results defining the range of the correction, which is found to
be 0.89 ± 0.07. The correction is dominated by the impact of
b-hadron decay products falling outside the jet at the particle-
level. The correction factor for lepton FSR is similarly found to
be 0.972 ± 0.002 for both lepton types, dominated by dilepton
pairs migrating out of the required mass window.

In order to estimate theoretical uncertainties on the predic-
tion, the renormalisation and factorisation scales are indepen-
dently shifted up, then down, by a factor of 2. The uncertainties
arising from the different PDF error sets is also assessed, as well
as using the CTEQ6.6 PDF with different values of αS . The raw
MCFM prediction for the Z + b cross-section in the fiducial re-
gion is 4.48 +0.55

−0.56 (scale) +0.10
−0.12 (PDF) +0.08

−0.08 (αs) pb. For compar-
ison, the prediction obtained using the MSTW2008 PDF [29]
is 4.80+0.62

−0.61 (scale) +0.09
−0.10 (PDF) +0.09

−0.11(αs) pb. The CTEQ6.6 and
MSTW2008 PDFs use different default values for αs, and, tak-
ing into account their combined PDF and αs uncertainties, there
is a marginal disagreement between the two predictions. How-
ever, given the precision of the experimental measurement, we
cannot conclude that one PDF better reproduces the experimen-
tal result than the other. We quote the prediction using the
CTEQ6.6 PDF by default, and the uncertainty quoted in Table
4 for the corrected result corresponds to the quadratic sum of
the uncertainties on the scale, PDF, αs, and the uncertainty on
the non-perturbative correction. The ALPGEN and SHERPA
predictions are also shown, with errors from the MC statistics
only.

Simulation packages such as ALPGEN and SHERPA are
based on LO calculations and thus are not expected to accu-
rately predict an absolute cross-section for the process studied
here. However, they are often used to generate fully simulated
events for the study of backgrounds to the search of other pro-
cesses, as mentioned in the introduction. A current practice is
then to normalise the cross-section of generated events to that
of a well known, more inclusive process. In this approach, the
analysis presented here is extended to measure the ratio of σb

to that of the cross-section for the inclusive production of the Z

6

MCFM in good agreement with data within uncertainty Z+b uncorrected b-jet spectrum
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• Yields from variable flavour inclusive Z+jets 
sample also in agreement with data.

• Shapes of pT(b) and (Z, b) in agreement 
with data in both fixed and variable flavour 
MadGraph samples.

• Scheme dependence cannot be resolved 
with current statistics.

Z+b: fixed vs. variable flavour

Fixed flavour

Variable flavour

Fixed flavour

Variable flavour

22/8/11 QCD@LHC 16 / 19Mike Cutajar: W/Z + jet production at CMS
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Z+b CMS

B-tagging descriminant variable built from flight distance 
between PV and SV
• SSVHE: high efficiency selection with ≥2 tracks attached to 
SV
• SSVHP: high purity selection with ≥3 tracks attached to SV

H+b NLO prediction has large uncertainties 
• 30% scheme dependence (variable vs fixed flavor schemes) 
• Z+b data should help to clarify

Determine Z+b purity in selected sample from binned ML fit:
• SV mass or B-tag discriminant shape 
• MC templates for b, c, ligh-jet components

Measure:

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

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

Results compatible with MadGraph (scaled to NLO) & MCFM

Limited statistics: 
scheme dependence 
cannot be resolved yet
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Conclusions
• Presented results on V+jet measurements from 4 experiments using 
collisions produced by 2 accelerators with different energies and colliding 
beams.

• NLO predictions in overall good agreement with the measurements.The 
event kinematics is also well modeled by the matched LO event generators.

• These measurements are a crucial input to searches for heavy particles

• Tevatron will end its data-taking this Friday: ~10 fb-1 of data.

• At the LHC, analyses are currently being updated with 2011 data: will allow 
more detailed study of W/Z+jets production with higher statistics and 
improved systematics uncertainties.

For more information:
•CDF :    http://www-cdf.fnal.gov/physics/new/qcd/QCD.html
•D0   :    http://www-d0.fnal.gov/Run2Physics/WWW/results.htm 
•ATLAS:  https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults#W_Z_Physics
•CMS :    https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEWK

http://www-d0.fnal.gov/Run2Physics/WWW/results.htm
http://www-d0.fnal.gov/Run2Physics/WWW/results.htm

