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Motivation
Aim: understand W+b-jets and Z+b-jets with the same precision as V+jets

W+b and Z+b production are irreducible backgrounds in many key analyses
• Higgs associated production (VH) with H-->bb
• Single top
• New heavy particle searches (ex: light stop)

Normalization estimated using ad-hoc methods
Kinematic shapes based on MC simulations, where predictions differ

2
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Comparing LHC data with most recent NLO calculations 
4-flavor scheme (u, d, c, s) calculation paired to parton shower (Powheg, MC@NLO) 
Combined 4- and 5-flavor (u, d, c, s, b) scheme calculation (MCFM)

Two ATLAS measurements discussed
Z+b-jets, 7 TeV, 35 pb-1  STDM-2011-22 [Phys.Lett. B706 (2012) 295-313 ]
W+b-jets, 7 TeV, 4.6 fb-1 ATLAS-CONF-2012-156 [Preliminary]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2011-22/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2011-22/
http://www.sciencedirect.com/science/article/pii/S0370269311014389
http://www.sciencedirect.com/science/article/pii/S0370269311014389
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-156/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-156/


Measurements of V+b-jets include three production categories

1. b in final state: 
matrix element (LO, NLO),
gluon splitting in parton shower.

2. b in initial state: 
5-flavor scheme (LO, NLO),
gluon splitting in initial state (NLO).

Production Mechanism(s)

3



Measurements of V+b-jets include three production categories

1. b in final state: 
matrix element (LO, NLO),
gluon splitting in parton shower.

2. b in initial state: 
5-flavor scheme (LO, NLO),
gluon splitting in initial state (NLO).

Production Mechanism(s)

3

3. Double-parton-interactions (DPI): 
V and b produced by different parton-parton interactions in the same pp collision

• Negligible at the Tevatron
• Very small (3%) in Z+b-jets analysis at LHC
• Large (30%) in W+b-jets analysis (1-jet, low pT) at LHC

Large theoretical uncertainty: 
• Z+b-jets analysis: +/- 100%

• W+b-jets analysis: +27%-21% from ATLAS 
measurement of σeff in W+2-jets events

• In W+b-jet analysis, DPI uncertainty is comparable
to scale uncertainty 



Z+b-jets, 35 pb-1



Z+b-jets analysis
1. Select Z+jets sample, require b-tag

Two oppositely charged leptons (e or µ)
• pT > 20 GeV
• 76 GeV < mll < 106 GeV

Anti-kT (R = 0.4) jets
• pT > 25 GeV, |y| < 2.1

At least 1 b-tagged jet 
• secondary vertex tagger

2. Fit secondary vertex mass
Account for Z+c-jets and Z+light-jets

• Fit the combined e and µ samples
• Include each b-tagged jet (even if > 1 per event)

3. Unfold to particle-level fiducial region
Account for detector effects using MC
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Z+b-jets results

Jet-level measurement
“Inclusive b-jet production cross-section
 in association with Z boson” 

Ratio with inclusive Z cross-section
“Average number of b-jets produced
 in association with a Z boson”

Uncertainties:
Statistical ~ 23%
Systematic ~ 20% 

• b-tagging efficiency (10%), MC modeling  (10%), Jet and b-jet energy scale (4%)

MCFM in good agreement with data within uncertainty
Differences between ALPGEN and SHERPA.
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W+b-jets, 4.6 fb-1



Analysis Strategy
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1. Select W+jets events, require 1 b-tagged jet

2. Estimate backgrounds to obtain W+b-jets yield
• W+c, W+light : use b-tagging distributions
• Multijet, top, single top : use kinematic distributions

3. Unfold W+b-jets yield to obtain particle-level cross-section



W boson
Isolated lepton (e, µ), pT > 25 GeV 
ETmiss > 25 GeV
mT(W) > 60 GeV

Jets (Anti-kT, R = 0.4) 
pT > 25 GeV
|y| < 2.1
NJets < 3  
> 75% of tracks from leading collision

W+b-jet Selection

9

full jet cone within 
tracking region

reduce multijet 
background

reduce pile-up

reduce top background



b-tag
Exactly 1 b-tag 
“CombNN” neural network 
combines two techniques:

1. b- and c-vertex reconstruction along 
common line of flight, 

2. simple likelihood based on impact 
parameter significance of all tracks.

High purity working point:
• 40-60% for b-jets
• ~10% for c-jets, ~0.1% for light-jets
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4 analysis regions: signal and background after all fits

Signal is ~20% of sample
Statistical uncertainties from fit shown. 

Sample Composition
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Striking:
W+c-jet in 1-jet region 
Single-top and tt in 2-jet region 
Multijet in electron channel



Estimate Backgrounds
Completely independent estimates in electron and muon channels

W+c, W+light: use b-tagging distributions
CombNN tagger value is best discriminator btw. b-jets, c-jets and light-jets

Backgrounds with b-jets: use kinematic properties
Multijet: Missing Transverse Energy [ETmiss]  (backup)
tt: Number of Jets 
Single top: Mass of W-b pair [mWb]
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Estimate tt
tt normalization obtained in control region: “At least 4 jets, exactly 1 b-tag”

Fitted correction factors ~ 10% 
Cross-checks: 3-jets control region, number-of-jets distribution 

• Normalization uncertainty: 10%, based on fit results

Apply correction factor to to signal regions (1-jet 1 b-tag, 2-jet 1 b-tag)
Systematic uncertainties evaluated by rerunning fit with modified Monte Carlo samples 
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Estimate single-top 
No control region: use signal region kinematics

Invariant mass of (W, b-tagged jet): mWb

Cross-check: HT = pTlepton + pTjets  + ETmiss

1-jet region: inconsistent picture, no measurement 
HT vs. mWb ,  AcerMC vs MC@NLO
Use MC normalization with 50% uncertainty

2-jet bin: consistent picture
Fitted correction factors ~ 15% 
Normalization uncertainty: 20%, based on fit results
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Separate b from c/light
Use b-tagger distribution (CombNN) to separate b, c, light jets

Maximum likelihood fit
W+b, W+c, W+light: normalization completely free
Other bkgs: Gaussian nuisance parameters (based on fits)

• Multijet (50%), tt (10%), single-top (50% for 1-jet, 20% for 2-jet)
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Estimated 
additional 
correction 
factors



Fit Results
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Fit Results
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Shape uncertainties estimated for all W+jets components:
W+b-jets: use tt control region data
W+c-jets: vary number of tracks in Monte Carlo (consistent with PDG)
W+light-jets: alternative template made using Herwig instead of Pythia

In addition, jet energy and b-tagging systematics affect all CombNN distributions



Unfolding to fiducial region
Measurement presented in fiducial region

Kinematic phase space well covered by detector acceptance 
Defined at particle level

• Hadron-level jets built from particles with τ > 10ps
• “b-jet” = matched (ΔR < 0.3) with weakly decaying B-hadron with pT > 5 GeV

Unfolding performed using Alpgen/Herwig/Jimmy MC 
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Uncertainties
1. Affecting fit statistical uncertainty

Gaussian nuisance parameters for backrounds
Statistical uncertainty on the W+b-jets yield is increased by 
a factor of two with respect to all non-W bkgs fixed

2. Affecting fit results (shapes)
All the “template” systematics (b-, c-, light-jet, multijet)
Other systematics also affect shape: 

• Jet pT influenced by scale, resolution, ISR/FSR, MC modeling
• Jet pT influences b-tagging (CombNN) shapes
• Jet pT influences number-of-jets distribution for tt normalization

3. Affecting unfolding results (acceptance)
Acceptance mostly affected by jet energy and b-tagging 
uncertainties

# 2 and # 3 evaluated by rerunning analysis chain
Latter two are evaluated by rerunning full analysis chain 
using pseudo-experiments with systematically varied MC
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Comparison with Theory

18

Monte Carlo Process Proton 
model Precision Parton shower,

underlying event 
Double parton 

interactions (DPI)

Alpgen/Herwig/Jimmy W+b/c/light-jets 4 flavors LO
with NNLO k-factor = 1.2

Yes Yes

Powheg/Pythia W+bb 4 flavors NLO Yes No

MCFM W+b+X 4 and 5 f. NLO No No

Comparisons at particle level with 3 sets of predictions
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Corrections: non-perturbative (parton shower, underlying event) and DPI
•
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Theoretical uncertainties calculated for MCFM
Scale (15-20%)

• Calculated by varying scale from µ/4 to 4µ as done in [arXiv:1107.3714]
• Stewart/Tackmann procedure used to estimate jet-veto uncertainty [arXiv:1107.2117]

DPI (10-15%)
• ATLAS measurement of σeff in W+2-jets used to assign a DPI uncertainty of +27%-21%
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Results: W+b-jet
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Differential Measurement
Differential: pT of b-jet

Background composition varies greatly as a function of pT (st, tt concentrated at high pT)
Also W+b-jets compositions varies (DPI concentrated at low pT)

Repeat CombNN fit in each bin
Use correction factors and uncertainties from inclusive measurement

20
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W+b-jet + single-top
Combined “W+b-jet + single-top” cross-section

Combine templates in CombNN fit 
• Higher statistical precision in fit (fewer nuisance parameters)

Acceptance is similar but not identical 
• Same fiducial region as W+b-jet 
• Unfold together, but double Wb and st in turn as syst. 
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Conclusions
Vector boson + b-jets measurements have gained momentum

Precision era is starting, differential measurements can lead the way
Techniques used in V+b-jets measurements are feeding into other 
analyses, where V+b-jets are backgrounds

Next steps
Differential measurements and ratios of V+b-jets

• Compare 8 TeV with 7 TeV results
• Understand V+c-jets (largest background)

Understand DPI at both theoretical and experimental level <-- Necessary!
Deep connection to challenging performance issues

• Low momentum jets (in pile-up conditions)
• High purity b-tagging (vs. c-jets)
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Backup



Dataset, Simulation

24

Dataset
4.6 fb-1 of 7 TeV pp collisions collected in 2011
Trigger: Single lepton (electron or muon)

Monte Carlo Simulation
W+jets, Z+jets: ALPGEN + HERWIG parton shower + JIMMY underlying event (including DPI). 
Normalized to NNLO inclusive W

Top pair production (tt): POWHEG + PYTHIA (norm. to NLO)

Single top production (st): ACERMC + PYTHIA (norm. to NLO)

Diboson (WW, WZ): HERWIG (norm. to NLO)

Pile-up (additional pp interactions): PYTHIA

ATLAS detector simulation: GEANT



Estimate Multijet
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Multijet template shape obtained from data
Modified leptonic selection, based on studies in heavy-flavor dijet samples
Shape uncertainty from control region: low ETmiss, low mT(W)

Multijet normalization obtained from fit to ETmiss distribution 
Normalization uncertainty from cross-check fits with mT(W) and pTlepton  distributions

• Good agreement, leading to 50% uncertainty



Single-top production

Single-top production mechanisms:
t-channel

• Measured in very similar analysis regions: 
“2-jet 1 b-tag” and “3-jet 1 b-tag”

Wt
• Measured using 2 leptons

s-channel:
• Limits set using “2-jet 2-b-tag” region
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single top cross section [pb]

0 20 40 60 80 100 120

 -1t-channel 1.04 fb  pb -20
+2083

-1t-channel top 4.7 fb  pb -11
+1153

-1t-channel antitop 4.7 fb  pb -8
+730

-1Wt-channel 2.05 fb  pb -6
+617

-1s-channel 0.70 fb < 26 pb

arXiv:1205.3130

ATLAS-CONF-2012-056

ATLAS-CONF-2012-056

arXiv:1205.5764

ATLAS-CONF-2011-118

 Theory (approx. NNLO)

= 7 TeVsATLAS Preliminary



Non-perturbative corrections
Hadronization and UE correction (MCFM):

Estimated in each jet multiplicity and pT bin using particle jets in Powheg 
with UE switched off. 
Systematics on hadronization evaluated using Powheg interfaced to 
Herwig/Jimmy 
Systematics on UE evaluated changing AUET2B into Perugia2011 tune.
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Previous W+b-jet measurement
Differences

2010 dataset: 35 pb-1

Different fiducial region (WmT > 40 vs 60)
Different treatment of single top background (used MC expectation)
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