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muons electrons 

Excess events 158 +- 46 240 +- 55 

Excess/exp. WW+WZ 42% +- 12% 47% +- 10% 

Gaussian mean 147 +- 5 GeV (stat. only) 
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V+Jets Results

• Test of perturbative QCD calculations:
recent high jet multiplicity calculations available, 
appropriate scale choice not always clear

• Monte Carlo modeling:
Parton Shower (PS) and Matrix Element (ME) 
approaches need tests/tuning

• Experimental measurements:
Bkgd to precision SM measurements and searches 
for NP
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Introduction 

Why study W/Z+jets? 
 
Tests of perturbative QCD calculations: 
Recent NLO predictions of high jet multiplicities available 
Choosing appropriate scale choice not always clear 
Monte Carlo modelling: 
Parton Shower (PS) and PS+Matrix Element approaches 
need testing/tuning 
Experimental measurement: 
V+jets dominates many signals of interest: backgrounds to 
precision measurements of SM processes, and searches for 
BSM physics 
 

This talk: 
!  Z+jet angular correlations 
!  Z+b/Z+jet inclusive cross-section fraction 
!  W+(n)jet inclusive cross-section and  

differential nth jet pT cross-sections 

V+jets 
Higgs signal x200 

H"WW"l!qq 

Diboson production 

New PhenomenaEW/Top
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The Tevatron & DØ
Tevatron

•  

•  

• RunII: 2001-2011: Typical average 
luminosity: 

 >400x1030 cm-2 sec-1

~70pb-1 per week

DØ Detector

• Central Tracking: 
Silicon vertex detector and fibre tracker 
in 2T field tracker and 

• Calorimeter:
Hermetic coverage |η|<3.6, LAr 
calorimeter

• Muon System: 
Excellent purity and coverage: |η|<2

CDF

DØ

11.5fb-1

10.3fb-1
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Z+jets Production 

• Measurement of 1st, 2nd, 3rd jet pT in Z events

• Selection: Z→ee: |y(μ)|<2.4, m(Z)>65-115 GeV, pT(j)>20 GeV, |y(j)|<2.8 

• Normalized to inclusive σ(Z) in data

• Corrected for efficiencies, resolution effects and acceptance
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FIG. 1: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the leading jet in Z/γ∗+jet+X events, compared to the predictions

of mcfm nlo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions corrected to the
particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching matrix-elements
to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization scales by a factor
of two.

TABLE IV: Correction factors for multiple parton interac-
tions (CMPI) and hadronization (CHad) for 1

σZ/γ∗

× dσ
dpT (1st jet) .

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]
20 – 28 1.08 ± 0.00+0.07

−0.04 0.89 ± 0.00+0.04
−0.03

28 – 40 1.04 ± 0.00+0.02
−0.02 0.90 ± 0.00+0.03

−0.01

40 – 54 1.02 ± 0.00+0.01
−0.01 0.90 ± 0.00+0.02

−0.00

54 – 73 1.02 ± 0.01+0.00
−0.02 0.92 ± 0.01+0.01

−0.03

73 – 95 1.01 ± 0.01+0.03
−0.01 0.93 ± 0.01+0.01

−0.02

95 – 120 1.02 ± 0.02+0.00
−0.03 0.91 ± 0.02+0.03

−0.00

120 – 154 1.04 ± 0.03+0.00
−0.07 0.92 ± 0.02+0.05

−0.03

154 – 200 1.03 ± 0.05+0.02
−0.06 0.91 ± 0.04+0.04

−0.06

200 – 300 1.01 ± 0.09+0.04
−0.05 0.92 ± 0.08+0.05

−0.06

trate the improved predictive power of the NLO compu-
tation as compared with the LO one. The uncertainties
of the mcfm predictions due to the PDFs were evaluated
using the Hessian method. For the two leading jets, they
vary from 5% at low pT to 10% at high pT , and for the
third jet they are found to be (5–15)%.

Next, we compare the predictions of pythia v6.416

TABLE V: Correction factors for multiple parton interactions
(CMPI) and hadronization (CHad) for 1

σZ/γ∗

× dσ
dpT (2nd jet)

.

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]

20 – 28 1.15 ± 0.01+0.06
−0.10 0.81 ± 0.01+0.07

−0.00

28 – 40 1.10 ± 0.01+0.00
−0.07 0.83 ± 0.01+0.05

−0.00

40 – 54 1.07 ± 0.02+0.00
−0.06 0.85 ± 0.01+0.06

−0.00

54 – 73 1.04 ± 0.03+0.00
−0.07 0.87 ± 0.03+0.07

−0.01

73 –200 1.05 ± 0.05+0.00
−0.08 0.83 ± 0.04+0.18

−0.00

and herwig v6.510 + jimmy v4.31 with the measure-
ments. These event generators describe jets through a
parton shower using the approximation that parton emis-
sions are soft or collinear. For the hard qq̄ → Z/γ∗

scattering, both generators use µF = MZ . For the
parton shower, theoretical arguments favor the choice
µR = a × prel

T , with prel
T being the relative transverse

momentum between the daughter partons in each 1 → 2
parton splitting [26]. This choice of µR is adopted in both
herwig and pythia, with a = 1.0 being used in herwig
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FIG. 2: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the second jet in Z/γ∗ + 2 jets+X events, compared to the

predictions of mcfm nlo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions
corrected to the particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching
matrix-elements to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization
scales by a factor of two.

TABLE VI: Correction factors for multiple parton interac-
tions (CMPI) and hadronization (CHad) for 1

σZ/γ∗
× dσ

dpT (3rd jet)
.

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]

20 – 28 1.15 ± 0.02+0.00
−0.07 0.76 ± 0.01+0.08

−0.00

28 – 44 1.10 ± 0.03+0.05
−0.04 0.81 ± 0.03+0.05

−0.00

44 – 60 1.11 ± 0.10+0.04
−0.10 0.74 ± 0.07+0.19

−0.00

and in the final-state shower of pythia. For the initial-
state shower, pythia using Tune QW (Tune S0) sets
a =

√
0.2 (1.0). Both herwig and pythia reweight the

leading parton shower emission to reproduce Z/γ∗+jet
LO matrix-element computations [27]. For the leading
jet, pythia using Tune QW shows a more steeply falling
spectrum than observed in data (Fig. 1). The predic-
tion of herwig + jimmy shows good agreement with
data at low pjet

T , but resembles pythia Tune QW at high

pjet
T . The change of slope around pjet

T = 50 GeV can be
traced back to the matrix-element correction algorithm
in herwig [28]. Comparisons to the measurements of the

sub-leading jets (Figs. 2–3) show that pythia using Tune
QW and herwig predict more steeply falling pjet

T spec-
tra than observed in data, in agreement with expecta-
tions based on the limited validity of the soft/collinear
approximation of the parton shower. A newer pythia

model with a pT -ordered parton shower, using Tune S0,
gives a good description of the leading jet, but shows no
improvement for the second or third jet. For the two
pythia models, samples were generated with µF and µR

being varied up and down from the nominal value by a
factor of two. As expected, decreasing µF and µR in-
creases the predicted amount of events with one or more
jets. The slopes of the predicted distributions do not
change significantly as the scales are varied.

Finally, we show comparisons with the alpgen v2.13
+ pythia v6.325 and sherpa v1.1.1 event generators.
Both generators combine tree-level matrix elements with
parton showers [29, 30, 31], thereby utilizing matrix
elements also for sub-leading jets. For the central
alpgen+pythia prediction, the factorization scale is

given by µF =
√

M2
Z + p2

T,Z , whereas the renormaliza-

tion scale is defined individually for each parton splitting
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FIG. 3: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the third jet in Z/γ∗+3 jets+X events, compared to the predictions

of mcfm lo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions corrected to the
particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching matrix-elements
to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization scales by a factor
of two.

using the CKKW prescription [29]. For sherpa, both
the factorization and the renormalization scales are given
by the CKKW prescription. For all three pjet

T spectra,
alpgen+pythia predicts lower production rates than
observed in data, but the shapes of the spectra are well
described. sherpa predicts a less steeply falling lead-
ing pjet

T spectrum than seen in data, leading to disagree-

ments above 40 GeV. For the sub-leading pjet
T spectra,

sherpa predicts higher production rates than observed
in data, but the shapes are well described. In agree-
ment with Ref. [30], both alpgen+pythia and sherpa

are found to show a sensitivity to the choice of scales
which is similar to that of a LO pQCD prediction, re-
flecting a limited predictive power. For the leading jet
at pT = 100 GeV, the prediction of sherpa with both
scales shifted down by a factor of two is about three times
higher than the alpgen+pythia prediction with both
scales shifted up. This reflects both the size of the scale
uncertainties and the difference in the central prediction
between the two event generators. For alpgen+pythia,
good and simultaneous agreement with data for all three
leading jets is achieved through scaling µF and µR down

by a factor of two from the default values. For sherpa,
an improved description of data is achieved by scaling µF

and µR up by factor of two, but remaining disagreements
with the measurements are seen for the leading jet below
∼ 40 GeV.

In summary, we have presented new measurements
of differential cross sections for Z/γ∗(→ e+e−)+jets+X
production in pp̄ collisions at a center-of-mass energy of
1.96 TeV using a data sample recorded by the D0 de-
tector corresponding to 1.04 ± 0.06 fb−1. The measure-
ments are binned in the pT of the N th jet, using events
containing at least N = 1, 2, or 3 jets, and are nor-
malized to the measured inclusive Z/γ∗(→ e+e−) + X
cross section. Predictions of mcfm at NLO, corrected
to the particle level, are found to be in good agree-
ment with data and have a significantly smaller scale
uncertainty than mcfm at LO. The parton-shower based
herwig and pythia Tune QW event generator models
show significant disagreements with data which increase
with pjet

T and the number of jets in events. The newer
pT -ordered shower model in pythia gives a good descrip-
tion of the leading jet, but shows no improvement over

Friday, July 22, 2011
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Z+jets Production 
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FIG. 1: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the leading jet in Z/γ∗+jet+X events, compared to the predictions

of mcfm nlo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions corrected to the
particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching matrix-elements
to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization scales by a factor
of two.

TABLE IV: Correction factors for multiple parton interac-
tions (CMPI) and hadronization (CHad) for 1

σZ/γ∗

× dσ
dpT (1st jet) .

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]
20 – 28 1.08 ± 0.00+0.07

−0.04 0.89 ± 0.00+0.04
−0.03

28 – 40 1.04 ± 0.00+0.02
−0.02 0.90 ± 0.00+0.03

−0.01

40 – 54 1.02 ± 0.00+0.01
−0.01 0.90 ± 0.00+0.02

−0.00

54 – 73 1.02 ± 0.01+0.00
−0.02 0.92 ± 0.01+0.01

−0.03

73 – 95 1.01 ± 0.01+0.03
−0.01 0.93 ± 0.01+0.01

−0.02

95 – 120 1.02 ± 0.02+0.00
−0.03 0.91 ± 0.02+0.03

−0.00

120 – 154 1.04 ± 0.03+0.00
−0.07 0.92 ± 0.02+0.05

−0.03

154 – 200 1.03 ± 0.05+0.02
−0.06 0.91 ± 0.04+0.04

−0.06

200 – 300 1.01 ± 0.09+0.04
−0.05 0.92 ± 0.08+0.05

−0.06

trate the improved predictive power of the NLO compu-
tation as compared with the LO one. The uncertainties
of the mcfm predictions due to the PDFs were evaluated
using the Hessian method. For the two leading jets, they
vary from 5% at low pT to 10% at high pT , and for the
third jet they are found to be (5–15)%.

Next, we compare the predictions of pythia v6.416

TABLE V: Correction factors for multiple parton interactions
(CMPI) and hadronization (CHad) for 1

σZ/γ∗

× dσ
dpT (2nd jet)

.

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]

20 – 28 1.15 ± 0.01+0.06
−0.10 0.81 ± 0.01+0.07

−0.00

28 – 40 1.10 ± 0.01+0.00
−0.07 0.83 ± 0.01+0.05

−0.00

40 – 54 1.07 ± 0.02+0.00
−0.06 0.85 ± 0.01+0.06

−0.00

54 – 73 1.04 ± 0.03+0.00
−0.07 0.87 ± 0.03+0.07

−0.01

73 –200 1.05 ± 0.05+0.00
−0.08 0.83 ± 0.04+0.18

−0.00

and herwig v6.510 + jimmy v4.31 with the measure-
ments. These event generators describe jets through a
parton shower using the approximation that parton emis-
sions are soft or collinear. For the hard qq̄ → Z/γ∗

scattering, both generators use µF = MZ . For the
parton shower, theoretical arguments favor the choice
µR = a × prel

T , with prel
T being the relative transverse

momentum between the daughter partons in each 1 → 2
parton splitting [26]. This choice of µR is adopted in both
herwig and pythia, with a = 1.0 being used in herwig
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FIG. 2: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the second jet in Z/γ∗ + 2 jets+X events, compared to the

predictions of mcfm nlo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions
corrected to the particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching
matrix-elements to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization
scales by a factor of two.

TABLE VI: Correction factors for multiple parton interac-
tions (CMPI) and hadronization (CHad) for 1

σZ/γ∗
× dσ

dpT (3rd jet)
.

pT bin CMPI ± (stat) ± (sys) CHad ± (stat) ± (sys)
[GeV]

20 – 28 1.15 ± 0.02+0.00
−0.07 0.76 ± 0.01+0.08

−0.00

28 – 44 1.10 ± 0.03+0.05
−0.04 0.81 ± 0.03+0.05

−0.00

44 – 60 1.11 ± 0.10+0.04
−0.10 0.74 ± 0.07+0.19

−0.00

and in the final-state shower of pythia. For the initial-
state shower, pythia using Tune QW (Tune S0) sets
a =

√
0.2 (1.0). Both herwig and pythia reweight the

leading parton shower emission to reproduce Z/γ∗+jet
LO matrix-element computations [27]. For the leading
jet, pythia using Tune QW shows a more steeply falling
spectrum than observed in data (Fig. 1). The predic-
tion of herwig + jimmy shows good agreement with
data at low pjet

T , but resembles pythia Tune QW at high

pjet
T . The change of slope around pjet

T = 50 GeV can be
traced back to the matrix-element correction algorithm
in herwig [28]. Comparisons to the measurements of the

sub-leading jets (Figs. 2–3) show that pythia using Tune
QW and herwig predict more steeply falling pjet

T spec-
tra than observed in data, in agreement with expecta-
tions based on the limited validity of the soft/collinear
approximation of the parton shower. A newer pythia

model with a pT -ordered parton shower, using Tune S0,
gives a good description of the leading jet, but shows no
improvement for the second or third jet. For the two
pythia models, samples were generated with µF and µR

being varied up and down from the nominal value by a
factor of two. As expected, decreasing µF and µR in-
creases the predicted amount of events with one or more
jets. The slopes of the predicted distributions do not
change significantly as the scales are varied.

Finally, we show comparisons with the alpgen v2.13
+ pythia v6.325 and sherpa v1.1.1 event generators.
Both generators combine tree-level matrix elements with
parton showers [29, 30, 31], thereby utilizing matrix
elements also for sub-leading jets. For the central
alpgen+pythia prediction, the factorization scale is

given by µF =
√

M2
Z + p2

T,Z , whereas the renormaliza-

tion scale is defined individually for each parton splitting
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FIG. 3: (a) The measured distribution of 1
σZ/γ∗

× dσ
dpT (jet) for the third jet in Z/γ∗+3 jets+X events, compared to the predictions

of mcfm lo. The ratios of data and theory predictions to mcfm nlo are shown (b) for pQCD predictions corrected to the
particle level, (c) for three parton-shower event generator models, and (d) for two event generators matching matrix-elements
to a parton shower. The scale uncertainties were evaluated by varying the factorization and renormalization scales by a factor
of two.

using the CKKW prescription [29]. For sherpa, both
the factorization and the renormalization scales are given
by the CKKW prescription. For all three pjet

T spectra,
alpgen+pythia predicts lower production rates than
observed in data, but the shapes of the spectra are well
described. sherpa predicts a less steeply falling lead-
ing pjet

T spectrum than seen in data, leading to disagree-

ments above 40 GeV. For the sub-leading pjet
T spectra,

sherpa predicts higher production rates than observed
in data, but the shapes are well described. In agree-
ment with Ref. [30], both alpgen+pythia and sherpa

are found to show a sensitivity to the choice of scales
which is similar to that of a LO pQCD prediction, re-
flecting a limited predictive power. For the leading jet
at pT = 100 GeV, the prediction of sherpa with both
scales shifted down by a factor of two is about three times
higher than the alpgen+pythia prediction with both
scales shifted up. This reflects both the size of the scale
uncertainties and the difference in the central prediction
between the two event generators. For alpgen+pythia,
good and simultaneous agreement with data for all three
leading jets is achieved through scaling µF and µR down

by a factor of two from the default values. For sherpa,
an improved description of data is achieved by scaling µF

and µR up by factor of two, but remaining disagreements
with the measurements are seen for the leading jet below
∼ 40 GeV.

In summary, we have presented new measurements
of differential cross sections for Z/γ∗(→ e+e−)+jets+X
production in pp̄ collisions at a center-of-mass energy of
1.96 TeV using a data sample recorded by the D0 de-
tector corresponding to 1.04 ± 0.06 fb−1. The measure-
ments are binned in the pT of the N th jet, using events
containing at least N = 1, 2, or 3 jets, and are nor-
malized to the measured inclusive Z/γ∗(→ e+e−) + X
cross section. Predictions of mcfm at NLO, corrected
to the particle level, are found to be in good agree-
ment with data and have a significantly smaller scale
uncertainty than mcfm at LO. The parton-shower based
herwig and pythia Tune QW event generator models
show significant disagreements with data which increase
with pjet

T and the number of jets in events. The newer
pT -ordered shower model in pythia gives a good descrip-
tion of the leading jet, but shows no improvement over

PS

PS+ME

• Newer Pythia (v6.325) with pT ordered showering (S0) shows improved performance

• Alpgen (v2.13) + Pythia predicts lower rates but shapes described well

• Sherpa (v1.1.1) generally well described, some deviations for pT>40 GeV

• Herwig(v6.510) + Jimmy(v.4.31)
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Z+jets Angular Correlation 

• Z+jets σ measured as function of angular 
correlation between leading jet and Z boson

• Provide test of pQCD sensitive to effects not 
probed e.g. in pT distributions, e.g. additional 
QCD radiation

• Z→μμ, very clean signature:
Physics Bkgds: 0.5-1%
Instrumental:   ~1%

Darren Price – W/Z+jets measurements at DØ         ::         DIS2011 – April 14th 2011 Page 3 

Z+jets angular observables 

Z+jets cross-sections measured as function of 
angular correlations between leading jet and Z 
Provide unique test of pQCD calculations:  
sensitive to effects not probed in e.g. pT distributions 

Z!µµ provides clear, low background signature:  
‘Physics’ backgrounds:  

 Z!!!, WZ, WW, top (0.5–1%) 
‘Instrumental’ backgrounds:  

 High EM-fraction jets (1%: reject with shower shape cuts) 
 Semi-leptonic decays (0.5%: reject with isolation criteria) 

Correct back to particle-level accounting for detector 
resolution and efficiencies 
 
Compare to NLO pQCD with MCFM 
(apply Pythia-derived UE/hadronization corrections) 
Compare to LO ME+PS Alpgen/Sherpa 
Compare to LO PS Pythia/Herwig Darren Price – W/Z+jets measurements at DØ         ::         DIS2011 – April 14th 2011 Page 3 

Z+jets angular observables 

Z+jets cross-sections measured as function of 
angular correlations between leading jet and Z 
Provide unique test of pQCD calculations:  
sensitive to effects not probed in e.g. pT distributions 

Z!µµ provides clear, low background signature:  
‘Physics’ backgrounds:  

 Z!!!, WZ, WW, top (0.5–1%) 
‘Instrumental’ backgrounds:  

 High EM-fraction jets (1%: reject with shower shape cuts) 
 Semi-leptonic decays (0.5%: reject with isolation criteria) 

Correct back to particle-level accounting for detector 
resolution and efficiencies 
 
Compare to NLO pQCD with MCFM 
(apply Pythia-derived UE/hadronization corrections) 
Compare to LO ME+PS Alpgen/Sherpa 
Compare to LO PS Pythia/Herwig 

• Correct to particle level to account for 
detector resolution and efficiencies

• Compare to: 

- NLO pQCD with MCFM

- LO ME+PS (Alpgen/Sherpa)

- LO PS (Pythia/Herwig)
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Z+jets Angular Correlation 

• Selection: Z→μ μ: |y(μ)|<1.7, pT(Z)>25 GeV, pT(j)>20 GeV, |y(j)|<2.8 

Δφ(Z,j)

• Measurement performed 
for Δφ(Z, jet), Δy(Z,j) and 
|Δyboost(Z,j)|

• NLO pQCD calculations 
describe data well

• Sherpa performs best

• Pythia does well in Δy, 
Alpgen+Pythia both

• Herwig performs not as 
well

7

fixed order

PS

PS+ME
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Z+jets Angular Correlation 

• Selection: Z→μ μ: |y(μ)|<1.7, pT(Z)>25 GeV, pT(j)>20 GeV, |y(j)|<2.8 

Δy(Z,j)
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fixed order

PS

PS+ME

• Measurement performed 
for Δφ(Z, jet), Δy(Z,j) and 
|Δyboost(Z,j)|

• NLO pQCD calculations 
describe data well

• Sherpa performs best

• Pythia does well in Δy, 
Alpgen+Pythia both

• Herwig performs not as 
well
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σ(Z+b)/σ(Z+jet incl)

• Selection:

- Z → ll: 70<m(Z)<110 GeV

- pT(l)>15 GeV,

- pT(j)>20 GeV,  |η(j)|<2.5

• Apply tight cut on b-jet algorithm

6

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510 -1D0, 4.2 fb
µµ(a) 

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510 -1D0, 4.2 fb
µµ(a) 

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140
10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p20 40 60 80 100 120 140

Ev
en

ts
 / 

5 
G

eV

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

Data
Z+light

Z + b
Z + c

tt
Diboson
Multijet

-1D0, 4.2 fb
(b) ee

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

 (GeV)
T

Leading Jet p
20 40 60 80 100 120 140

10

210

310

410

510

FIG. 2: (color online) The observed pT distribution of
the leading jet in the (a) µµ and (b) ee channel comp-
ared with the SM prediction. The uncertainties on the
data points are statistical, and the prediction is normal-
ized to the data, as described in the text.

events are reweighted such that the pT distribution of
the Z boson is consistent with the observed distribution.
Figures 2(a,b) show the pT distribution of the leading jet
in data compared with the expectation from simulation
for Z + jets inclusive events and the associated contribu-
tions in each channel. The dominant contribution comes
from Z+light jet production.
In order to measure the fraction of events with differ-

ent jet flavors in the final selected sample, we perform
a binned maximum likelihood fit to the DMSV

JLIP distribu-
tion in data using a combination of the light, c, and b
flavor jet templates. Before the fit, we subtract the non-
(Z + jet) background contributions. A total of 970 (630)
events remains in the ee (µµ) channel passing all selec-
tion requirements and after the background subtraction.
The b and c jet DMSV

JLIP templates are taken from MC sim-
ulations with correction factors applied to account for
the differences in data and MC efficiencies. The light jet
template is obtained from the higher statistics NT data
described earlier. The jet flavor fractions obtained in the
ee and µµ channels are shown in Table I, where the un-
certainties are from the fit due to the data and template
statistics. The relative light and c quark fractions are
not tightly constrained by the data. The b jet fraction is,
however, largely insensitive to variations in the relative
amount of light and c jets. Since the individual samples
yield consistent results, we combine the ee and µµ sam-
ples and remeasure the fractions using an independent fit.
The DMSV

JLIP distributions in the two data samples used for
fitting agree after background subtraction. The last col-
umn of Table I gives the results of the jet flavor fractions
from the combined sample. Figure 3 shows the combined
DMSV

JLIP distribution of b-tagged jets for data along with
the fitted contributions from the light (NT data), c and
b jets.
The extracted jet flavor fractions are used to deter-

mine the ratio σ(Z + b jet)/σ(Z + jet) as follows:

TABLE I: Jet flavor fractions obtained from template
fitting in the dielectron, dimuon and combined
channels, along with statistical uncertainties.

Channel µµ ee Combined
Events 630 970 1600
Z + b 0.248 ± 0.042 0.267 ± 0.036 0.259 ± 0.028
Z + c 0.253 ± 0.073 0.364 ± 0.064 0.359 ± 0.049
Z + light 0.499 ± 0.058 0.369 ± 0.049 0.382 ± 0.038
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FIG. 3: (color online) The DMSV

JLIP discriminant distribut-
ion of events in the combined sample. The distributions
of the b, c, and light jets are weighted by the fractions
found from the fit. Uncertainties are statistical only.

σ(Z + b jet)

σ(Z + jet)
=

Nb

Nincl ε
tag
b εrecob/incl

, (1)

where Nincl is the total number of Z + jet events before
any tagging requirement, Nb is the number of Z + b jet
events obtained from the DMSV

JLIP fit, εtagb is the overall
DMSV

JLIP efficiency for b jets, which combines the efficiencies
for taggability, NN tagger andDMSV

JLIP selection, and εrecob/incl

accounts for the difference between b and inclusive jet
reconstruction efficiencies.
Several experimental uncertainties cancel out in the

measurement of σ(Z + b jet)/σ(Z + jet), including the
uncertainties on the luminosity, and trigger, lepton, and
some jet identification efficiencies. The two largest re-
maining sources of systematic uncertainty are uncertain-
ties in the DMSV

JLIP efficiency and in the shape of the DMSV

JLIP

templates used for the extraction of the b jet fraction.
Variation in DMSV

JLIP efficiency by one standard deviation
results in an uncertainty of 3.7% on the final result. The
uncertainty due to the shape of the templates (4.2%) is
estimated by using an alternate light jet template from

Darren Price – W/Z+jets measurements at DØ         ::         DIS2011 – April 14th 2011 Page 7 

!(Z+b)/!(Z+jets) method 

Measurement uses neural network based  
b-tagging algorithm.  
Inputs include:  B-lifetime, secondary vertices, 
vertex mass, & decay length significance… 
Tag efficiency: 58%, mis-tag rate: 2% 
 
Further distinguish b-jets from charm/light 
flavour combining NN output with 
secondary vertex mass: 
 
!  Beauty and charm templates of this 

discriminant come from Monte Carlo 

!  Light templates from light-jet enriched data 
sample from Negative-Tagged (NT) NN data 
 

 
Unbinned maximum likelihood fit of 
templates to extract data flavour fractions 
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• Probe of pQCD and b-quark 
fragmentation

• Z+b is important background to      
Single-Top, ZH, NP

• Measurement of ratio cancels 
uncertainties
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• Probe of pQCD and b-quark 
fragmentation

• Z+b is important background to      
Single-Top, ZH, NP

• Measurement of ratio cancels 
uncertainties
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• Selection:

- Z → ll: 70<m(Z)<110 GeV

- pT(ll)>15 GeV,

- pT(j)>20 GeV,  |η(j)|<2.5

• Apply tight cut on b-jet NN
→ Eff: ~57%, fakes ~2%
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Zb/Zc ratio

• Most precise measurement of ‘Z+b’ to date

• Consistent with NLO theory:  0.0192 +/- 0.0022

• renormalization and factorization scales: Q2R=Q2F=m2Z

Measurement: 

σ(Z + b jet)

σ(Z + jet)
= 0.0193±0.0022(stat)±0.0015(syst),
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• Fundamental test of pQCD & bkgd 
for many measurements

• Test of W+≤4j production

• Measurement of diff. cross-section  of 
nth pT(j) in inclusive nth jet mult. bin

• Unfolding to particle level using 
GURU matrix rather than traditional 
bin-by-bin method

• Compared to 

- Blackhat+Sherpa 

- Rocket+MCFM

• UE + hadronization particle level 
corrections derived from Sherpa 

W+jets production 
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FIG. 2: Measured W+n jet differential cross section as a func-

tion of jet pT for 1, 2, 3 and 4 jet multiplicities, normalized

to the inclusive W → eν cross section. W+1 jet inclusive

spectra are shown in the top curve, while the W+4 jet inclu-

sive spectra are seen in the bottom curve. The measurements

are compared to the fixed-order NLO predictions for the 1, 2

and 3 jet multiplicities, and to LO predictions for the 4
th

jet

multiplicity.

ability of predictions up to W+3 jet events at NLO.

Although there has also been a recent publication of

W+4 jet predictions at NLO for pp collisions at
√
s=7

(or 14) TeV [18], these predictions are not available for

the Tevatron, and comparisons with theory are therefore5

limited to LO for W+4 jet production. In this anal-

ysis, we use the interfaced blackhat+sherpa [19] and

rocket+mcfm [20, 21] programs as the main sources for

theoretical predictions ofW+jets production. blackhat
and rocket are parton level generators which incorpo-10

rate NLO QCD calculations with up to 3 final state par-

tons by using one-loop amplitudes obtained by on-shell

methods and D-dimensional unitarity. They are inter-

faced to parton shower programs such as sherpa and

mcfm. We compare both theory predictions to our mea-15

sured cross sections, in order to determine the differences
that arise from theoretical choices made in the calcula-

tions, such as the choice of renormalization and factor-

ization scales, and in order to explore the uncertainties

inherent in these predictions.20

The blackhat+sherpa program employs the renor-

malization (µR) and factorization (µF ) scale µ = µF =

µR =
1
2ĤT , where ĤT is the scalar sum of the parton and

lepton transverse energies. blackhat+sherpa does not

provide cross sections using the D0 midpoint jet algo-25

rithm, but instead uses the siscone [22] algorithm with

split-merge parameter f = 0.5 and cone radius R = 0.5.

In order to keep all the theory predictions on the same

footing, we therefore show the blackhat+sherpa and

rocket+mcfm predictions using the siscone jet algo-30

rithm. The choice made by the rocket+mcfm authors

is µ =

�
M

2
W +

1
4 (Σp

jet)2 (in the 2, 3, and 4 jet bins),

summing over the four-momenta of jets in the event. This

scale choice was suggested in Ref. [23] because it sums

large logarithms in the calculation to all orders. In the 135

jet bin, a slightly modified choice of µ =

�
M

2
W + (p

jet
T )2

is used. This is due to the fact that in the one jet bin, the

NLO calculation includes diagrams with an extra hard

(real) emission or virtual loop corrections. For the Born

and virtual loop diagrams, the only hard scale is MW ,40

due to the single massless jet balancing the W boson.

But in the case of diagrams with the extra hard emis-

sion, the two final state partons can combine into one

massive jet by the jet reconstruction algorithm, which

increases the scale of the real contribution (which gener-45

ally contribute positively toward to the cross section). As

a result, the real diagrams are evaluated with a coupling

that is smaller (due to the running of αs) than the vir-

tual diagrams, which leads to an overall artificially low

prediction of the NLO cross section. The Parton Den-50

sity Function (PDF) used in both theory calculations

is MSTW2008 [24], where the appropriate order of the

cross section calculations is matched accordingly. The

uncertainties on the theory predictions are estimated by

varying µ by factors of 2 and 0.5.55

Fixed-order pQCD predictions provide only a parton-

level prediction which is not immediately comparable

to the unfolded data. Additional corrections must be

applied to propagate the fixed order predictions to the

particle level. The two effects which contribute to60

this parton-to-particle correction are hadronization of

the final state partons and the presence of the un-

derlying event. These corrections (referred to collec-

tively as hadronization corrections) are obtained with the

sherpa MC program [4], which employs the CTEQ6.665

PDF set [25]. The corrections are generally around 10%,

but are as large as 25% in the highest p
jet
T bins, due to

the underlying event estimation. The parton level cross

sections are computed with the siscone algorithm, while

the particle level predictions are computed with the D070

midpoint cone algorithm, in order to account for the dif-

ference in jet algorithm between the data and the pQCD

predictions. The impact of folding the correction for the

jet algorithm into the overall hadronization correction

is small, and well within the theoretical scale uncertain-75

ties. All inclusive and differential pQCD predictions have

the hadronization corrections applied to them. We pro-

vide the tables of the hadronization corrections in the

appendix so that future pQCD calculations can be com-

pared to the data on the same terms.80

µ =
1

2
ĤT
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W+jets production 

• Normalized to W+jet σ from 
data

• Largest uncertainties:
JES (4-16)%, JER (2-10)%,  Jet-
Vertex-Conf. (2-8)%

• Data precision greater than 
pQCD predictions in a wide 
range of the phase space

• Let’s have a detailed comparison 
by looking at the ratio

• Many uncertainties cancel in 
ratio
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W+jets production 

• NLO prediction 
performs well

• Caveats at low pT

• Disagreements between 
scale choices appear in 
2nd jet bin 

W+1j

W+2j

14
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W+jets production 

• Deviations in shape 
and rate appear

• Partly due to non-
pertubative corr.

W+3j

W+4j

15

• Only LO available, need 
NLO Tevatron calc.

• Good agreement but 
large uncertainties

• First diff. σ for 4jet
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Summary

• Precise knowledge of DØ object IDs, energy scales and systematics lead 
to experimental uncertainties comparable or lower than theoretical 
uncertainties

• V+jets results: 

- Generally good agreement with data, but some discrepancies 
observed, as well between theoretical approaches

- Results precise enough to provide input in these cases

• More available: http://www-d0.fnal.gov/Run2Physics/qcd/
e.g: extraction of αs, jet algorithm studies, jet substructures, underlying/
double parton events here 

16
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Backup

17
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W+jets production 

18
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SVD unfolding of data with Guru 

Unfolding procedure is performed using the GURU program using a 
Singular Value Decomposition technique (NIM A 372, 469; hep-ph/9509307) 
 
 
Inputs are background-subtracted  
data distributions, Monte Carlo  
reco-level distributions and MC 
derived detector response matrices 
 
Used to produce acceptance corrections  
and unfold detector effects 
 
 
!  SVD unfolding offers better treatment of bin migrations and statistical 

uncertainties where off-diagonal elements of response matrix are large 
!  Significantly reduces dependence on MC description of signal/background 

over bin-by-bin corrections 

Example of detector response  
matrix from Alpgen+Pythia 

Le
ad

in
g 

pa
rti

cl
e 

je
t p

T 
(G

eV
) 

Leading measured jet pT (GeV) 

• Unfolding done using Singular Value 
Decomposition technique 
(NIM A 372, 469; hep-ph/9509307)

• Inputs are:

• Background subtracted data 
distributions

• Monte Carlo Reco Level Distributions

• MC based detector response matrices

• SVD significantly reduces dependence on MC description of 
signal/background over bin-by-bin corrections
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JES Energy Scale Corrections

• What we call ‘GeV’ in the detector are 
actually ADC counts 
→ translate to cell energies

• RunII jet cone algorithm with 
ΔR = √(Δy 2+ΔΦ 2) < Rcone

• Jet Energy Scales (JES) corrected to the 
particle level:

- Calibrated using γ+jets 
(dijets and Z+jets) 

- JES includes: Energy Offset (energy 
not from the main hard scattering 
process); Detector Response, Out-
of-Cone showering; Resolution

- Different response for quark and 
gluon jets

σ~1-2.5%

19
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Particle Level Corrections

• In RunII jet results, in most 
cases:

- Data are corrected to 
particle level

- Particle level measurements 
are compared  to NLO 
theory

- NLO theory is corrected to 
particle level using parton 
shower MC 

• Corrections  for the 
underlying events (UR) and 
hadronization.

20
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Jet Algorithms

21
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Jet Algorithms
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