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CDF Detector

Measurements that will be presented here are using close to 2 fbclose to 2 fbclose to 2 fbclose to 2 fb----1111 of data.

Thanks to the Accelerator Division!
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Introduction
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Introduction

Stringent test of pQCDpQCDpQCDpQCD predictions.

The mass of the boson provides the necessary hard scale 

to perform pQCD calculations.

NLONLONLONLO pQCD predictions available for Boson + up to 2 jets.

Also sensitive to any new physics decays to Boson+jets.

Test Ground for techniques matching Matrix Elements 
and Parton Shower (ME+PSME+PSME+PSME+PS).

Special matching algorithms (MLMMLMMLMMLM, CKKWCKKWCKKWCKKW) are used to 

avoid double counting on ME+PS interface.

Test nonnonnonnon----perturbativeperturbativeperturbativeperturbative QCDQCDQCDQCD modeling.

The comparison of measured cross sections (hadron level) 

with fixed-order pQCD predictions requires a good 

modeling of the Underlying EventUnderlying EventUnderlying EventUnderlying Event (interaction between the 

proton remnants) and the fragmentationfragmentationfragmentationfragmentation of the partons into 

hadrons.
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Introduction

Boson+jets constitute irreducible 
backgrounds for interesting SM 
processes (toptoptoptop production) and 
searches for new physics (SUSYSUSYSUSYSUSY
and HiggsHiggsHiggsHiggs searches)

SUSY MET + 3 jets

HIGGS Lepton + MET + b-jets
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Boson+jets in Hadronic Collisions

parton

Boson

jet

remnants

Underlying Event (UE)

anti-proton proton

Calorimeter 
towers

Particles
(hadrons)

Partons

Detector
(detector simulation)

Non-perturbative contributions:
• Underlying Event (dominant)
• Hadronization of the partons
(MonteCarlo simulation)

ℓ, q, νννν ℓ, q, νννν

Hard Scattering
(pQCD calculation)
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Z/γγγγ→ee+jets Cross Section

Z/Z/Z/Z/γγγγ→eeeeeeee + jets+ jets+ jets+ jets is a very clean signal.

– No missing ET

– Almost background free.

Z/Z/Z/Z/γγγγ→eeeeeeee + jets+ jets+ jets+ jets does not constitute a 
background to MET+jetsMET+jetsMET+jetsMET+jets (SUSY 
searches) but allows validation of MC 
predictions for the rest of Z+jets and 
W+jets final states.

With more than 2 fb-1 of data differential 
jet measurements are possible. Z////γγγγ

e

e

jet

1.7 fb-1
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Z/γγγγ→ee+jets Cross Section

The measurements are performed in a well defined kinematickinematickinematickinematic region.region.region.region.

Z/Z/Z/Z/γγγγ→eeeeeeee branching ratio

– 66 < Mee < 116 GeV/c
2

– ET
e > 25 GeV

– |η1
e| < 1.0    |η2

e| < 1.0  ||  1.2 < |η2
e| < 2.8

MCFMMCFMMCFMMCFM
from J.Campbell and R.K.Ellis: hep-ph/0202176

JetsJetsJetsJets reconstructed with MidPoint Cone algorithm 

(R = 0.7)

–pT
jet > 30 GeV/c |yjet| < 2.1      ∆R(e,jet) > 0.7

NLO NLO NLO NLO pQCDpQCDpQCDpQCD prediction by MCFM.

–PDF set: CTEQ6.1M, Rsep = 1.3

–Dynamic renormalization and factorization scale:

• µ2 = M2(Z) + pT
2(Z)

–Up to 3 jets in the final state (inclusive Z+≥2 jets)

–Corrected for nonnonnonnon----perturbativeperturbativeperturbativeperturbative contributions

(Underlying Event and fragmentation into hadrons)
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Z/γγγγ→ee+jets Backgrounds

The background contributes a small fraction of 

the total number of events in the signal region.

– Z+≥1 jet background contribution : 12%

– Z+≥2 jets background contribution : 16%

Estimated from data and MC simulation.

– From data: 

• FakesFakesFakesFakes. Dominant background

– QCD jets

– W+jets

– From MC simulation

• Dibosons: WW, WZ and ZZ

• Z+γ
• tt production

• Z→ττ+jets

The background estimation is cross-checked in 
the side bands of the Z mass distribution.

Signal
Side Band         Side Band
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Z/γγγγ→ee+jets at Hadron Level

Measurements are unfolded back to the 
hadron level using the detector simulation.

NLONLONLONLO pQCD prediction at parton level are 
corrected for non-perturbative QCD 
contributions.

This requires a good modeling of the 
Underlying Event (dominant contribution) 
and fragmentation into hadrons in the MC.

The cross section is defined at 
the level of stable particles 

(hadronhadronhadronhadron levellevellevellevel).Hadronic showers

EM
showers

Z
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Jet Shapes

The observable is sensitive to the 

Underlying EventUnderlying EventUnderlying EventUnderlying Event and the hadronizationhadronizationhadronizationhadronization....

Jet shapes are very well 
described by the MC simulation.

Tune ATune ATune ATune A and Tune DWTune DWTune DWTune DW are two different 
tunings of the Underlying Event in Pythia.

Both describe accurately the jet shapes.
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Energy Flow

As already seen, the jetsjetsjetsjets are 

described accurately.

Also very good agreementvery good agreementvery good agreementvery good agreement in the 

region away from the jet dominated 
by the Underlying Event.

Both Tune A and Tune DW describe 
the energy flow in the data.

Z0 φ=0

calorimeter
towers

transverse 
plane

Dominated by the Dominated by the Dominated by the Dominated by the 
Underlying EventUnderlying EventUnderlying EventUnderlying Event
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Uncertainties

The total systematic uncertainty is dominated by the uncertainty on the 
absolute jet energy scalejet energy scalejet energy scalejet energy scale (≈3%), followed by a 5%5%5%5% uncertainty on the 
electron IDelectron IDelectron IDelectron ID efficiencyefficiencyefficiencyefficiency.

The total systematic uncertainty is about 10%10%10%10% at low pT
jet, up to 15%15%15%15% at high pT

jet.

Z+≥1 jet Z+≥2 jets
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Inclusive Jet Cross Section

Inclusive jet cross sectionInclusive jet cross sectionInclusive jet cross sectionInclusive jet cross section for Z+≥1 jet 

production compared to NLO pQCD.

PDF uncertainty varies between

3% at low pT
jet and 10% at high pT

jet.

Uncertainty on cross section from the  

renormalization and factorization scale 
variation ranges between 10% and 15%.

Uncertainty estimated from the difference 
between PythiaPythiaPythiaPythia Tune ATune ATune ATune A and Tune DWTune DWTune DWTune DW.
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Inclusive Jet Cross Section

Inclusive jet cross sectionInclusive jet cross sectionInclusive jet cross sectionInclusive jet cross section for 
Z+≥1 jet and Z+≥2 jets production.

Very good agreementVery good agreementVery good agreementVery good agreement between 
Data and NLO pQCD predictions.

Uncertainties in Data and theory 
are comparable at low pT

jet

(≈10%).

Measurement spans 4 orders 
of magnitude in cross section
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Leading Jets Cross Section

Cross section as a function of 
the pT of the N

th leading jetleading jetleading jetleading jet in 
inclusive Z+≥N jets production, 
N≥1, 2 jets.

Z/γγγγ
e

e

jet

jet

Z/γγγγ
e

e

jet
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Inclusive Jet Cross Section

Inclusive jet differential cross 
section as a function of the jet jet jet jet 
rapidityrapidityrapidityrapidity.

Good agreement between Data 
and NLO pQCD in the whole 
rapidity range.

Uncertainties in the theory 
prediction dominated by the 
dependence on the scalescalescalescale (10% in 
Z+≥1 jet and 15% in Z+≥2 jets).

PDFPDFPDFPDF uncertainties are at the level 
of 3%.
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Total Cross Section for Z+≥Njet

LO pQCD underestimates the cross section 

by a factor 1.4

NLO pQCD (when available) in very good very good very good very good 

agreementagreementagreementagreement with the measured cross section.

Data suggest a constant NLO/LONLO/LONLO/LONLO/LO k-factor 

for up to 3 jets in the final state

Very good agreement Data-NLO pQCD Both, LO and NLO, predictions include a 

≈15% contribution from non-pQCD effects.
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Z+4 jets

View of the transverse plane (showing the tracks and the 
calorimeter towers) and a lego plot of the calorimeter towers 
of one of the Z+4 jetsZ+4 jetsZ+4 jetsZ+4 jets event.

Found two events with a Z boson and 4 jets
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W+jets Cross Section

Measurement of the W(W(W(W(→eeeeνννν)+jets)+jets)+jets)+jets cross section at 
hadronhadronhadronhadron levellevellevellevel for jets with ET > 15GeV and |η| < 2; and 
W decay products: ET

e > 20GeV, |ηe| < 1.1,

ET
ν > 30GeV and MT

W > 20 GeV/c2.

The shapes of the cross section are compared to MC 
samples generated with LO Matrix Element matched 
with the parton shower (Alpgen+HerwigAlpgen+HerwigAlpgen+HerwigAlpgen+Herwig and 
Madgraph+PythiaMadgraph+PythiaMadgraph+PythiaMadgraph+Pythia) using the MLMMLMMLMMLM and the CKKW CKKW CKKW CKKW 
matchingmatchingmatchingmatching algorithms to avoid double counting of the 
gluon radiation.

With 10 times more cross section than Z+jets detailed 
studies on W+2 jets topologies are possible.

W
ℓ

νννν

jet

W
ℓ

νννν

jet

jet

+ parton shower

+ parton shower
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W+jets Cross Section

Differential cross section of the nth leading 
jet in W+≥N jets for up to N≥4 jets.

ME+PS give a good description of the 
shapes in the data.

MC samples are normalized to the inclusive 

cross section for each jet multiplicity

∆R in (η,φ) between the two leading 
jets in W+≥2 jets events.

The distribution is sensitive to the 

modeling of the soft gluon radiation in 
the MC.

Looking forward to an updated 

measurement with more statistics.

320 pb-1
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Boson + Heavy Flavor Jets

There is special interest in 
Boson+HFBoson+HFBoson+HFBoson+HF jetsjetsjetsjets processes.

They are background to some of the 
most interesting processes.

Background to top production

Light Higgs prefers to decay in bbbbbbbb

q

q

W
H

W

b

b

νννν

ℓ
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Heavy Flavor Jets (SecVtx)

Primary vertex

Secondary 

vertex

LLLLxyxyxyxy
(decay length)

Mass Sec.Vetx. templates Templates fitted to the data

Secondary Vertex 

algorithm (SecVtxSecVtxSecVtxSecVtx) 

reconstructs secondary 

vertices inside jets. 

Cutting on the distance 

between the primary 

and secondary vertices 

rejects most of light 

flavor jets.

Jet cone
The mass of the secondary vertexmass of the secondary vertexmass of the secondary vertexmass of the secondary vertex is a powerful 

discriminant to extract the b-jet content. Templates from 

MC are fitted to the data.

b-tagging efficiency
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Heavy Flavor Jets (SLT)

Heavy Flavor jets can be identified by the presence of a low 

pT lepton (soft leptonsoft leptonsoft leptonsoft lepton (electron or muon)) inside the jet 
coming from the semi-leptonic decay of a heavy quark. 

In the µ case, a jet is tagged if the µ pT>3GeV/c and it goes 
in the direction of the jet, and passes some track quality 
cuts.

b/cb/cb/cb/c

u/du/du/du/d
WWWW

ℓ

ν

Primary vertex

Jet Cone

Jet Axis

Soft Lepton

Efficiency for |η| < 0.6
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γγγγ+b Cross Section

Measurement of the γγγγ+b+b+b+b cross cross cross cross 
sectionsectionsectionsection for jets with 
ET

jet>20GeV and |ηjet|<1.5 and 
photons with ET

γ>26GeV and 
|ηγ|<1.1

Test of b production b production b production b production 
mechanisms mechanisms mechanisms mechanisms and sensitive to

bbbb----quark PDFquark PDFquark PDFquark PDF in the proton.

Compared to LO Pythia and 
Herwig that describe the data 
reasonably well.

340 pb-1

QQQQ

gggg QQQQ

γγγγ qqqq

qqqq

γγγγ
QQQQ

QQQQ

Comparison with 

NLO predictions 

(JETPHOX) is 
expected soon.
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Z+b Cross Section

Measurement of the Z+bZ+bZ+bZ+b----jetsjetsjetsjets cross 
section at hadron level for jets with 

ET
jet>20 GeV and |η|<1.5

NLONLONLONLO pQCD calculation by MCFM.

– CTEQ6M PDFs

– µR
2 = µF

2 = MZ
2 + pT

2

The measurement is sensitive to the 
production mechanismsproduction mechanismsproduction mechanismsproduction mechanisms and to the 
heavy quarks contentheavy quarks contentheavy quarks contentheavy quarks content in the proton.

1.5 fb-1

Measured using the Z→ee
and Z→µµ channels

QQQQ

gggg QQQQ

Z/Z/Z/Z/γγγγ qqqq

qqqq

QQQQ

QQQQ

Z/Z/Z/Z/γγγγ
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Z+b Cross Section

Fraction of bFraction of bFraction of bFraction of b----jetsjetsjetsjets obtained by 
fitting the invariant mass of the 
tracks of the secondary vertex 
with the templates of the lightlightlightlight, cccc
and b b b b jet contributions.

SecVtx Mass

EEEETTTT
jetjetjetjet

38.076.1

52.097.0

16.006.1

±=
±=
±=

l

c

b

ρ
ρ
ρ

Fraction of jet flavors (Data/MC): 
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Z+b Cross Section

Underlying EventUnderlying EventUnderlying EventUnderlying Event and 
hadronizationhadronizationhadronizationhadronization contributions 
obtained from Pythia
(+10% and -1%)

Data are well described by Pythia but is 

underestimated by the NLO prediction.

Data
jet

MC
jet

MCHad
jet

MCHad
jet

Data
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N

N

Z

bZ
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Z
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N

N

N

N

Z

bZ

Z

bZ
b
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Z

Z

Z

bZ
b

⋅⋅=
+
+

→⋅+=+→

⋅⋅=+

+

+

+

ρ
σ
σ

σ
σ

σσ

ρ
σ

σ

llll

1.88 %

0.51 pb

0.21 %

MCFM 

NLO

2.18 %

n.a.

0.35 %

PYTHIA

0.56 pb0.94 ± 0.15 ± 0.15 pbσ(Z+b-jet)

0.23 %0. 369 ± 0.057 ± 0.055 %σ(Z+b-jet )/σ(Z)

1.77 %2.35 ± 0.36 ± 0.45 %σ(Z+b-jet)/σ(Z+jet)

MCFM NLO

+ UE + hadr.

CDF Run II Preliminary 

measurement

ET
jet>20 GeV, 
|ηjet|<1.5

Rjet=0.7



Wine & Cheese  Aug 24, 2007 Boson+jets at CDF – Oriol Saltó 34

Outline

• Introduction

• Boson+jets
– Z/γ+jets
– W+jets

• Boson+HeavyBoson+HeavyBoson+HeavyBoson+Heavy Flavor JetsFlavor JetsFlavor JetsFlavor Jets
– Z/γ+b
– W+cW+cW+cW+c

– W+b
– Further develpments:

• NN Heavy Flavor Tagger

• Boson+jets with 6 fb-1

• Summary



Wine & Cheese  Aug 24, 2007 Boson+jets at CDF – Oriol Saltó 35

W+c Cross Section

First direct measurement of this 
cross section.

Probes the gluongluongluongluon and ssss----quarkquarkquarkquark PDF 
in the proton.

For W+cW+cW+cW+c, the soft muon in the SLT 
jet and the lepton from the W must 
have opposite signopposite signopposite signopposite sign.

Observable: NNNNOSOSOSOS----NNNNSSSSSSSS

– Used to distinguish the signal from 
W+cc and W+bb, where NOS-NSS ≈ 0

– Definition of AsymmetryAsymmetryAsymmetryAsymmetry:

1.8 fb-1
cccc----jetsjetsjetsjets identified by the presence 
of a soft soft soft soft muonmuonmuonmuon inside the jet 
from the semi-leptonic decay of 
the c quark (SLTSLTSLTSLTµµµµ jetjetjetjet)

Events selected by the presence of 
a SLT jetSLT jetSLT jetSLT jet, in addition to a charged 
leptonleptonleptonlepton and METMETMETMET from the W decay.SSOS

SSOS

NN

NN
A

+
−=
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W+c Cross Section

( ) ( ) ( ) ( )pblumsysstatWBRWc 6.1
4.4

1.4
2.85.28 ±

−
+

±=→× νσ l

( ) )(4.15)(1.420.147 sysstatNN measured
SSOS ±±=− W+c contribution scaled to the 

number of (OS-SS) observed

Cross section for pT(c) > 8 GeV/c and |η(c)| < 3

in agreement with ALPGEN prediction: pbscalePDF )(
0.3

8.3
)(2.12.22
−
+

±

∫⋅⋅
−

=
−−

LAccA

NN SSOS
bkg

SSOS
tot

Wcσ

AsymmetryAsymmetryAsymmetryAsymmetry

W+c W+c
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W+bb Cross Section

Important background to WHWHWHWH, single topsingle topsingle topsingle top.

Look for leptonicleptonicleptonicleptonic W decayW decayW decayW decay and 1 or 2 jets.

bbbb----jet cross sectionjet cross sectionjet cross sectionjet cross section for W+bb with ET
jet>20GeV, 

|ηjet|<2, pT(ℓ
±)>20GeV/c, |η(ℓ±)|<1.1 and 

pT(ν)>25GeV/c.

in agreement with Alpgen prediction: 0.74±0.18pb

Significant effort towards understanding and 

reducing systematic uncertainties.

Expected relative uncertainty on measured 
W+b jet rate: : : : 15%15%15%15%

Result with 2 fbResult with 2 fbResult with 2 fbResult with 2 fb----1111

expected soonexpected soonexpected soonexpected soon

qqqq

qqqq

bbbb

bbbb

WWWW 695 pb-1

pb)(30.0)(20.090.0 sysstatjetb ±±=−σ
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New HF Neural Network Tagger

light

c
b

MCThe underlying idea is to use all the 

information available to improve the 
tagging power

• All the verticesAll the verticesAll the verticesAll the vertices in the jet (primary, 

secondaries…) and their invariant 

masses.

• Tracks that are displaced but are not 

associated to any vertex.

• Information about soft leptonssoft leptonssoft leptonssoft leptons, JetProbJetProbJetProbJetProb, 

global jet variables.

Combine all the information together in a 

single discriminant using a series of 
neural networksneural networksneural networksneural networks.

Neural network training performed in a 

generic sample and then used in the 
analyses.

Output provides a continuous tagging continuous tagging continuous tagging continuous tagging 

variablevariablevariablevariable.

Good b-c-light fraction statistical 
separation.

Work in progress…
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Boson+jets with 6 fb-1

With more integrated luminosity

Increase of the 

available ppppTTTT
jetjetjetjet rangerangerangerange

Access to higher 

jet multiplicitiesjet multiplicitiesjet multiplicitiesjet multiplicities

Improvements 

in the analysis

++++
New 

techniques

++++
More preciseprecisepreciseprecise

measurements

Smaller 

uncertaintiesuncertaintiesuncertaintiesuncertainties
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Summary

• CDF is carrying out a number of measurements to understand in detail Boson+jets

processes with and without heavy flavor jets in the final state.

• New Z+jets measurements already based on 2 fb-1 of data:

– Have shown that the data can be described by a fixed-order (NLO) pQCD prediction 

plus non-perturbative contributions.

– No new physics on Z+jets final states.

• Boson+jets measurements are used to validate ME+PS Monte Carlo models that
are vastly employed in all kinds of measurements and searches for new physics.

• New results on Boson+b/c production and the development of new heavy flavor 

tagging techniques promise to improve the current understanding of SM QCD 
processes.

• With 6 fb-1 of data, we expect new and exiting results to further increase our 

knowledge of Boson+jets data.



Wine & Cheese  Aug 24, 2007 Boson+jets at CDF – Oriol Saltó 44



Wine & Cheese  Aug 24, 2007 Boson+jets at CDF – Oriol Saltó 45



Wine & Cheese  Aug 24, 2007 Boson+jets at CDF – Oriol Saltó 46

Backup slides
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Z+jets Electron Selection

Tight Central ElectronTight Central ElectronTight Central ElectronTight Central Electron

|η| < 1.0
|z0| < 60 cm

pT > 10 GeV/c

ET > 25 GeV

Track quality cuts

> 3 Stereo SL w/ hits ≥ 5

> 2 Axial SL w/ hits ≥ 5

Iso4 – Leak < 0.1�ET

HadEm < 0.055 + 0.00045�ET

E/p < 2.0  OR  pT < 50 GeV/c

Lshr < 0.2

χ2
CES < 10.0

-3.0 cm < Q�∆x < 1.5 cm
|∆z| < 3.0 cm
Fiduciality == 1

Loose Central ElectronLoose Central ElectronLoose Central ElectronLoose Central Electron

|η| < 1.0
|z0| < 60 cm

pT > 10 GeV/c

ET > 25 GeV

Track quality cuts

> 3 Stereo SL w/ hits ≥ 5

> 2 Axial SL w/ hits ≥ 5

Iso4 – Leak < 0.1�ET

HadEm < 0.055 + 0.00045�ET

Fiduciality == 1

Plug ElectronPlug ElectronPlug ElectronPlug Electron

1.2 < |η| < 2.8
ET > 25 GeV

Iso4 < 4

HadEm < 0.05

χ2
PEM <= 10.0
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Pythia Tunes
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MLM Matching
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CKKW Matching Algorithm
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γγγγ+b Cross Section

208 pb-1

Secondary vertex triggered



Wine & Cheese  Aug 24, 2007 Boson+jets at CDF – Oriol Saltó 52

Z+b Cross Section


