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IntroductionIntroduction
Vector boson + heavy flavor (HF) 

jets production is important for 
physics  program at Tevatron

For QCD
γ/W/Z provides direct probe of 
hard scattering dynamics
W/Z ensures high Q2 ( ~MW/Z) 
interactions, perturbative theory
Sensitive to HF content of 
proton PDF derived from gluon 
densities

b,c-jet

γ,W,Z,...

b,c

UnderlyingUnderlying
eventevent
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IntroductionIntroduction
Vector boson + heavy flavor (HF) 

jets production is important for 
physics program at Tevatron

Bkgd for many physics analyses
W/Z+HF-jet production is BG 
for studies of ttbar, single top, 
and searches for low mass Higgs, 
SUSY, Technicolor…
Photon+HF is also BG for broad 
range of analyses, e.g. SUSY, 
Technicolor, new generation, 
quark compositeness, …

Good understanding of these
processes will enhance the 
physics potential

WHWH→→llννbb searchbb search

W+bb,cc,cW+bb,cc,c

M(dijetM(dijet) (GeV/c) (GeV/c22))
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OutlineOutline

Experimental techniques
B-jet identification

W+b-jet production
Z+b-jet production
Photon+b/c-jet production
W+single c-jet production
Conclude
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bb--jet identificationjet identification
The most commonly used “tagging”
technique identifies b-jets with a 
displaced secondary vertex (long B 
hadron lifetime, cτ ~ 0.5 mm)

Consider tracks in η-φ cone of 0.4 
around jet axis 
Reconstruct secondary vertex from 
displaced tracks
If the vertex has large transverse

Displaced
tracks

d0

Primary vertex

Prompt
tracks

Secondary 
vertex

Lxy

displacement (Lxy), the jet is “b-
tagged”.

Evaluate b-tagging performance: 
Tag efficiency for b-jets
b-fraction: fraction of b’s in the 
tagged sample
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bb--jet identification jet identification contcont’’dd
Tagging efficiency:

Different requirements on displaced 
tracks & # of tracks in secondary 
vertex define different operating 
points of tagging algorithm:
Loose, Tight, Ultra-tight.
When the tag efficiency for b-jets is 
increased, the mis-tag probability of 
non-b jets also increases.

b-fraction in tagged sample (purity):
Make template fits to the secondary vertex 
mass distributions

gsdu ///=

b-jet has larger
secondary vertex mass
(large B-hadron mass)

Secondary vertex mass
distribution templates

UltraUltra--tight taggertight taggerTight taggerTight tagger

bb--fraction:fraction:
~45%~45%

bb--fraction:fraction:
~70%~70%

LooseLoose

TightTight

UltraUltra--tighttight

Ef
fic

ie
nc

y
Ef

fic
ie

nc
y

Jet EJet ETT ((GeVGeV))

Tag efficiency for real bTag efficiency for real b--jetsjets

M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))

M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))

http://www-cdf.fnal.gov/internal/physics/top/RunIIBtag/1200invpb_results/btag_pr_plots/sebastian/ttbar_eff_et_tlu.eps
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bb--jet identification jet identification contcont’’dd
Tagging efficiency:

Different requirements on displaced 
tracks & # of tracks in secondary 
vertex define different operating 
points of tagging algorithm:
Loose, Tight, Ultra-tight.
When the tag efficiency for b-jets is 
increased, the mis-tag efficiency of 
non-b jets also increases.

b-fraction in tagged sample (purity):
Make template fits to the secondary vertex 
mass distributions

gsdu ///=

b-jet has larger
secondary vertex mass
(large B-hadron mass)

Secondary vertex mass
distribution templates

UltraUltra--tight taggertight taggerTight taggerTight tagger

bb--fraction:fraction:
~45%~45%

bb--fraction:fraction:
~70%~70%

M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))

M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))

Ef
fic

ie
nc

y
Ef

fic
ie

nc
y

Jet EJet ETT ((GeVGeV))

TightTight

UltraUltra--tighttight

LooseLoose

““MisMis--””tag efficiency for light jetstag efficiency for light jets
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bb--jet identification jet identification contcont’’dd
Tagging efficiency:

Different requirements on displaced 
tracks & # of tracks in secondary 
vertex define different operating 
points of tagging algorithm:
Loose, Tight, Ultra-tight.
When the tag efficiency for b-jets is 
increased, the mis-tag efficiency of 
non-b jets also increases.

b-fraction in tagged sample (purity):
Make template fits to the secondary vertex 
mass distributions

gsdu ///=

b-jet has larger
secondary vertex mass
(large B-hadron mass)

Secondary vertex mass
distribution templates

UltraUltra--tight taggertight taggerTight taggerTight tagger

bb--fraction:fraction:
~45%~45%

bb--fraction:fraction:
~70%~70%

LooseLoose

TightTight

UltraUltra--tighttight

Ef
fic

ie
nc

y
Ef

fic
ie

nc
y

Jet EJet ETT ((GeVGeV))

Tag efficiency for real bTag efficiency for real b--jetsjets

M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))

M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))M(SecVtxM(SecVtx) (GeV/c) (GeV/c22))
Choose operating point depending

on the analysis needs!

http://www-cdf.fnal.gov/internal/physics/top/RunIIBtag/1200invpb_results/btag_pr_plots/sebastian/ttbar_eff_et_tlu.eps
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W+W+bb--jetsjets productionproduction

Large background for many analyses
SM Higgs (WH) production
Single top quark production

production

Hope is to use this measurement to
improve background estimate for these
studies.

Analysis
W W →→ ll νν (l=e,(l=e,µµ)) selectionselection::

ee: : EET T > 20 > 20 GeVGeV, |, |ηη| < 1.1| < 1.1
µµ: : ppTT > 20 > 20 GeVGeV/c/c, |, |ηη| < 1.| < 1.00
νν: : MMissing issing EET,T, METMET > > 2525 GeVGeV

bb--JetJet selectionselection::
Cone algorithm, R= 0.4 Cone algorithm, R= 0.4 
EETT > 20 > 20 GeVGeV, |, |ηη| < 2.0| < 2.0
bb--identification: identification: ““ultratightultratight””
secondary vertex taggingsecondary vertex tagging

W+bW+b--jets cross section:jets cross section:tt

ε
σ

××
−⋅

=⋅ −
+ AL

NfN
Br

bjets
bkg

bjets
tagsb

bjetsW

tagsb ofnumber : −− tagsbN

bbWbjets
bkgN +−  fromnot  jetsb  taggedofnumber :

sample tag-b inpurity jet b: −bjetsf

W

b

b

ν

l
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W+W+bb--jetsjets productionproduction

Major b-jets bkgd. (S/B ~ 3/1):
ttbar (40% of total bkgd)
single top (30%)
Fake W (15%)
WZ (5%)

Total contribution: ~180 tagged b jets

Measurement:
σ·BR =2.74 ± 0.27(stat) ± 0.42(syst) pb
(pT

eµ>20 GeV/c, |ηeµ |<1.1, pT
ν>25 GeV,   

(ET 
bjet >20 GeV, |ηbjet|<2.0)

Alpgen (LO) prediction:
σσ··BRBR = = 0.78 pb

~940 b~940 b--tagstags
~670 b~670 b--jetsjets

ε
σ

××
−⋅

=⋅ −
+ AL

NfN
Br

bjets
bkg

bjets
tagsb

bjetsW

The measurement x3.5 larger thanThe measurement x3.5 larger than
the the AlpgenAlpgen prediction. Waiting forprediction. Waiting for
other theoretical predictionsother theoretical predictions
(MCFM NLO etc.)(MCFM NLO etc.)
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Z + Z + bb--jetjetss productionproduction

Zb
g

Zb

g

The knowledge of the b-density in the proton influences:
Single top-quark production
Supersymmetric higgs boson production, 

Probe the less-well-known heavy flavor content of the proton.

Wtgbtqqb →→  and '
hbbhbgb →→  ,

Z

b

g bZ

b

b
)bbH (ZH, searches higgs SM for background Major →
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Z + Z + bb--jetjetss productionproduction

In agreement with the NLO prediction:
1.8 ± 0.4 % based on CTEQ6 PDF.

CDF made similar measurement with 340 pb-1

Measurement:

Phys. Rev. Phys. Rev. LettLett. 94, 161801.. 94, 161801.

 (syst)%0.2
0.3 -0.4(stat)2.1 +±

 )5.2||  and  GeV/c 20( <> jetjet
Tp η

Z events selected with ee/µµ
b-jet identification by secondary vertex
Measured σ(Z+b jets)/σ(Z+jets) allowing the 
cancellation of many systematic uncertainties

Phys. Rev. Phys. Rev. D 74, 032008. D 74, 032008. 

180 pb180 pb--11
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Z+Z+bb jets Productionjets Production

MSecVtx

b, c and light fractions
determined from the template
fit of the secondary vertex
mass distributions

L = 2.0 fb-1

Z events selected with ee/µµ
b-jet identification: Tight 
secondary vertex tagging

ET
jet>20 GeV, |ηjet|<1.5

Rjet=0.7
Measurement PYTHIA Alpgen NLO

0.21%

1.45%

0.35 %

0.51 pb

0.21 %

2.18 % 1.88 %

NLO
+ UE + hadr.

σ(Z+b-jet) 0.86 ± 0.14 ± 0.12 (pb) 0.53(pb)

σ(Z+b-jet)/ σ(Z) 0. 336 ± 0.053 ± 0.041 % 0.23 %

σ(Z+b-jet)/ σ(Z+jet) 2.11 ± 0.33 ± 0.34 % 1.77 %

Data somewhat higher than NLO predictions. NLO vs PYTHIA differences not 
well understood yet. In touch with theorists.
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Z+Z+bb jets Productionjets Production

First measurement of differential 
distributions.
Alpgen (LO) and NLO pQCD
predictions too low at low ET

Interestingly, Pythia (LO) predictions 
reasonable in some kinematic regions.



July 29th - August 5th, 2008 ICHEP08 15

Photon+Photon+bb jets productionjets production
Motivation:

Sensitive to b-content of proton PDF
Many new physics models lead to photon+b
final state: 

Technicolor: 
SUSY:
4th generation, excited b-quark
…

Strategy:
Photon identification

Statistical separation from π0 based on 
measured shower shape
Purity ~ 60% at pT

γ=26 GeV/c (CDF)
b-jet identification

Tight secondary vertex tagging

bbTCTC γγπω →→
0
1

0
2

0
1

0
2

~~,~~~,~~.. χγχχχχχ →→→±+ bcbtge ii

EM calorimeter (CEM)EM calorimeter (CEM)

PreshowerPreshower (CPR)(CPR) ShowermaxShowermax (CES)(CES)

γb
g

γ

b

b
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Photon +Photon + bb Jet Jet PProductionroduction

Inclusive γ dataset SVT(silicon vertex 
trigger)+ γ dataset

ET
γ down to 12 GeV

(trigger on both(trigger on both
photon and photon and bb--jets)jets)

In reasonable agreement with Pythia (LO) predictions.
Waiting for NLO pQCD calculations for this process.
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Photon + HF JetPhoton + HF Jet ProductionProduction

b

pT
γ (GeV/c)

L = 1 fbL = 1 fb--11

γ

cb /

cb /

γcb /
g

Photon pT: 30 – 150 GeV/c

Rapidities: |yγ|<1.0, |yjet|<0.8
yγ·yjet > 0 : 0.01<x1<0.03, 0.03<x2<0.09
yγ·yjet < 0 : 0.02<x1,x2<0.06

Measure triple differential cross sections.
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Photon + HF JetPhoton + HF Jet ProductionProduction

Photon+b:
Agreement over full pT

γ

range: 30 – 150 GeV/c

Photon+c:
Agree only at pT

γ<50 GeV/c.
Disagreement increases 
with photon pT

γ
.

Using PDF including the 
intrinsic charm (IC) 
improves the pT

γ

dependence 

pT
γ (GeV/c)
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WW + Single + Single cc ProductionProduction
Motivation:

Probe s-content of proton at high Q2

g+s ~ 0.9, g+d ~ 0.1.
Important BG for top quark studies, 
searches for Higgs, stop…

Strategy:
W→ l+ν selected by high pT e,µ + 
MET
Charm-jet identified by the soft 
lepton (muon) tagging (SLT) 
algorithm.
Utilize charge correlation between W 
lepton and SLT muon.

In W+c production, 
opposite sign (OS) > same sign (SS).
In W+bb(cc), same sign (SS) ~ OS.

µ

Soft lepton tagging (SLT)

((d,s,bd,s,b))

WW ),( µel

ν

gg

ε
νσ

××
−

=→×
−−

+ AL
NN

lWBr
SSOS

bkg
SSOS

measured
cW )(

Main OS-SS backgrounds
Fake W
W+light jets
Drell-Yan

Charge correlation
cc

cc
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WW + Single + Single cc ProductionProduction

Total: 298 events, Total: 298 events, W+cW+c = 149 = 149 ±± 42 42 ±± 15 events.15 events.

Measurement (pT
c>20 GeV , |ηc|<1.5) :

σW+c · BR(W→lν) = 9.8 ± 2.8 (stat) +1.4
-1.6 (syst) ± 0.6 (lum) pb

NLO pQCD prediction:
11.0 +1.4

-3.0 pb
In good agreementIn good agreement

Phys. Rev. Phys. Rev. LettLett. 100, 091803 (2008).. 100, 091803 (2008).
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WW + Single + Single cc ProductionProduction

Measure the ratio σW+c/σW+jets. 
Many systematic uncertainties 
cancel.
Measurement made as function of 
jet pT.

N
(O

S
) 

N
(O

S
) 

--
ff ··

N
(S

S
N

(S
S
))

Measurement (pT
jet>20 GeV/c, |ηjet|<2.5) : 

Alpgen+Pythia prediction:
0.040 ± 0.003 (PDF)

.)(.)(019.0074.0 012.0
014.0 syststat

jetsW

cW +
−

+

+ ±=
σ
σ

In reasonable agreementIn reasonable agreement

arXiv:0803.2259 [arXiv:0803.2259 [hephep--ex]ex]
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ConclusionsConclusions
Good understanding of vector 
boson + heavy flavor jets 
production is critical for physics 
analyses at the Tevatron and at the 
upcoming LHC 

W+single c and γ+b measurements 
well described by the state-of-the-
art recent theoretical calculations

However, W/Z+b-jets and γ+c-jets 
measurements are not well 
described by current theory 
predictions.
More development in theoretical 
calculations and more accurate 
experimental measurements are 
critical!
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