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• Hasn’t been measured in the boosted phase space 
• Important background for VH(bb), ttH(bb), exotics/resonances searches 

and measurements 
• Sensitive to the b-flavour component of PDFs 
‣ Two different schemes can be used for heavy-flavour calculations: 

‣ 4 Flavour (4F) scheme: no b-quark in PDF, b-quark in shower 

‣ 5 Flavour (5F) scheme: b-quark in PDF and shower 
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Motivations 
W/Z+b-jets measurements are: 

- important test of  QCD (prediction available at NLO up to 2-b jets) 
- sensitive to b- flavor content in PDFs 
- important background to Higgs (H→bb) and BSM physics 

W/Z+b-jets affected by larger theoretical uncertainties than W/Z+light-jets:
- difference between the fixed flavor number schemes: 

4FNS: b-quarks in the initial state from gluon splitting
5FNS: b-quarks from PDF 

- treatment of  the mass of  the b-quark
- the difficulties on the modeling of  close b-quark pair production
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W/Z + jets theory - John Campbell -

W+b jet production

At first sight, heavy flavor jets should be well described ( large single top, H bkgds).
Dominant contribution is a subset of diagrams for light jet production.
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CKM suppressed, 
irrelevant

CDF 2.74 ±0.27 (stat) ±0.42 (syst) pb
ALPGEN 0.78 pb
PYTHIA 1.10 pb

NLO 1.22 ±0.14(scale) pb

CDF, arXiv: 0909.1505

Overall: comparison of  pQCD predictions for W/Z+heavy 
flavour with Tevatron data not as satisfactory as for light jets
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Other diagrams
are CKM suppressed3

considers parton densities of gluons and of the first two quark generations in the proton.

The other is the five-flavour number scheme (5FNS), which allows a b-quark density in the

initial state and raises the prospect that measurements of heavy flavour production could

constrain the b-quark parton density function (PDF) of the proton. In a calculation to all

orders, the 4FNS and 5FNS methods must give identical results; however, at a given order

differences can occur between the two. A recent discussion on the status of theoretical

calculations and the advantages and disadvantages of the different flavour number schemes

can be found in Ref. [1].

Next-to-leading-order (NLO) matrix element calculations have been available for as-

sociated Z+b and Z+bb̄ production at parton-level for a number of years [2–4]. The

leading order (LO) Feynman diagrams shown in Figure 1 illustrate some of the contribut-

ing processes. Full particle-level predictions have existed at LO for some time, obtained

by matching parton shower generators to LO multi-leg matrix elements in the 4FNS [5,6],

5FNS [7], or both [8]. More recently, a full particle-level prediction for Z+ ≥ 2 b-jets at

NLO in the 4FNS with matched parton shower has become available [9, 10]. The same

framework can also be used to provide a full particle-level prediction for Z+ ≥ 1 b-jet at

NLO in the 5FNS. In this article data are compared with several theoretical predictions

following different approaches.

Differential measurements of Z+b-jets production have been made in proton-antiproton

collisions at
√
s=1.96 TeV by the CDF and D0 experiments [11, 12] as well as inclusively

in
√
s=7 TeV proton-proton collisions at the LHC by the ATLAS and CMS experiments

[13, 14]. The results presented in this paper significantly extend the scope of the previous

ATLAS measurement, which used around 36 pb−1of data recorded in 2010. The current

analysis takes advantage of the full sample of
√
s=7 TeV proton-proton collisions recorded

in 2011, corresponding to an integrated luminosity of 4.6 fb−1, and uses improved methods

for b-jet identification to cover a wider kinematic region. The larger data sample allows

differential production cross-section measurements of a Z boson with b-jets at the LHC.

These complement the recently reported results of associated production of a Z boson with

two b-hadrons at
√
s=7 TeV by CMS [15].

A total of 12 differential cross-sections are presented here, covering a variety of Z boson

and b-jet kinematics and angular variables sensitive to different aspects of the theoretical

b

b

Z

g

(a)

q

q

b

b

Z

(b)

q Z

b

bq

(c)

Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
only present in a 5FNS calculation, while 1(b) and 1(c) are present in both the 4FNS and 5FNS
calculations.
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Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
only present in a 5FNS calculation, while 1(b) and 1(c) are present in both the 4FNS and 5FNS
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• The opportunity to study g->bb splitting 
helps with parton-shower modelling:
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• The low ΔR region corresponds to 
correlated b’s which is typical of gluon 
splitting 

• Found to be badly modelled in the 
ATLAS Run-1 Z+bb measurement 

• We will be more sensitive to this 
region and we will be able to access 
smaller ΔR

considers parton densities of gluons and of the first two quark generations in the proton.
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• Measure differential fiducial cross sections of large-R jets and 
tagged sub-jet variables in boosted Z+bb events

In boosted events, the b’s become collimated making it difficult to resolve them, so we 
use large-R jets 

b-tagged track jets are associated to the large-R jet 

• Unfold the data and compare differential cross sections to 
different MC predictions 

• Primary observables:

‣ ΔR(b,b) 

‣  Large-R jet mass and pT in the inclusive (no tagging 
requirements) and 2 b-tag regions

Goals



• To select the Z+bb signal events, we require:
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Event selection

considers parton densities of gluons and of the first two quark generations in the proton.

The other is the five-flavour number scheme (5FNS), which allows a b-quark density in the

initial state and raises the prospect that measurements of heavy flavour production could

constrain the b-quark parton density function (PDF) of the proton. In a calculation to all

orders, the 4FNS and 5FNS methods must give identical results; however, at a given order

differences can occur between the two. A recent discussion on the status of theoretical

calculations and the advantages and disadvantages of the different flavour number schemes

can be found in Ref. [1].

Next-to-leading-order (NLO) matrix element calculations have been available for as-

sociated Z+b and Z+bb̄ production at parton-level for a number of years [2–4]. The

leading order (LO) Feynman diagrams shown in Figure 1 illustrate some of the contribut-

ing processes. Full particle-level predictions have existed at LO for some time, obtained

by matching parton shower generators to LO multi-leg matrix elements in the 4FNS [5,6],

5FNS [7], or both [8]. More recently, a full particle-level prediction for Z+ ≥ 2 b-jets at

NLO in the 4FNS with matched parton shower has become available [9, 10]. The same

framework can also be used to provide a full particle-level prediction for Z+ ≥ 1 b-jet at

NLO in the 5FNS. In this article data are compared with several theoretical predictions

following different approaches.

Differential measurements of Z+b-jets production have been made in proton-antiproton

collisions at
√
s=1.96 TeV by the CDF and D0 experiments [11, 12] as well as inclusively

in
√
s=7 TeV proton-proton collisions at the LHC by the ATLAS and CMS experiments

[13, 14]. The results presented in this paper significantly extend the scope of the previous

ATLAS measurement, which used around 36 pb−1of data recorded in 2010. The current

analysis takes advantage of the full sample of
√
s=7 TeV proton-proton collisions recorded

in 2011, corresponding to an integrated luminosity of 4.6 fb−1, and uses improved methods

for b-jet identification to cover a wider kinematic region. The larger data sample allows

differential production cross-section measurements of a Z boson with b-jets at the LHC.

These complement the recently reported results of associated production of a Z boson with

two b-hadrons at
√
s=7 TeV by CMS [15].

A total of 12 differential cross-sections are presented here, covering a variety of Z boson

and b-jet kinematics and angular variables sensitive to different aspects of the theoretical
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Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
only present in a 5FNS calculation, while 1(b) and 1(c) are present in both the 4FNS and 5FNS
calculations.
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‣ 2 leptons: electrons or muons 
‣ 71 < mℓℓ <111 GeV



• To select the Z+bb signal events, we require:
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Event selection

considers parton densities of gluons and of the first two quark generations in the proton.

The other is the five-flavour number scheme (5FNS), which allows a b-quark density in the

initial state and raises the prospect that measurements of heavy flavour production could

constrain the b-quark parton density function (PDF) of the proton. In a calculation to all

orders, the 4FNS and 5FNS methods must give identical results; however, at a given order

differences can occur between the two. A recent discussion on the status of theoretical

calculations and the advantages and disadvantages of the different flavour number schemes

can be found in Ref. [1].

Next-to-leading-order (NLO) matrix element calculations have been available for as-

sociated Z+b and Z+bb̄ production at parton-level for a number of years [2–4]. The

leading order (LO) Feynman diagrams shown in Figure 1 illustrate some of the contribut-

ing processes. Full particle-level predictions have existed at LO for some time, obtained

by matching parton shower generators to LO multi-leg matrix elements in the 4FNS [5,6],

5FNS [7], or both [8]. More recently, a full particle-level prediction for Z+ ≥ 2 b-jets at

NLO in the 4FNS with matched parton shower has become available [9, 10]. The same

framework can also be used to provide a full particle-level prediction for Z+ ≥ 1 b-jet at

NLO in the 5FNS. In this article data are compared with several theoretical predictions

following different approaches.

Differential measurements of Z+b-jets production have been made in proton-antiproton

collisions at
√
s=1.96 TeV by the CDF and D0 experiments [11, 12] as well as inclusively

in
√
s=7 TeV proton-proton collisions at the LHC by the ATLAS and CMS experiments

[13, 14]. The results presented in this paper significantly extend the scope of the previous

ATLAS measurement, which used around 36 pb−1of data recorded in 2010. The current

analysis takes advantage of the full sample of
√
s=7 TeV proton-proton collisions recorded

in 2011, corresponding to an integrated luminosity of 4.6 fb−1, and uses improved methods

for b-jet identification to cover a wider kinematic region. The larger data sample allows

differential production cross-section measurements of a Z boson with b-jets at the LHC.

These complement the recently reported results of associated production of a Z boson with

two b-hadrons at
√
s=7 TeV by CMS [15].

A total of 12 differential cross-sections are presented here, covering a variety of Z boson

and b-jet kinematics and angular variables sensitive to different aspects of the theoretical
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Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
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‣ 2 leptons: electrons or muons 
‣ 71 < mℓℓ <111 GeV
‣ 1 large-radius (R = 1.0) jet 

with pT > 200 GeV
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‣ 2 leptons: electrons or muons 
‣ 71 < mℓℓ <111 GeV

‣ Look at jets inclusively (no tag 
requirement) and with 2 b-tags

‣ 1 large-radius (R = 1.0) jet 
with pT > 200 GeV
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Event selection

considers parton densities of gluons and of the first two quark generations in the proton.

The other is the five-flavour number scheme (5FNS), which allows a b-quark density in the
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constrain the b-quark parton density function (PDF) of the proton. In a calculation to all

orders, the 4FNS and 5FNS methods must give identical results; however, at a given order

differences can occur between the two. A recent discussion on the status of theoretical

calculations and the advantages and disadvantages of the different flavour number schemes

can be found in Ref. [1].
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following different approaches.
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in
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[13, 14]. The results presented in this paper significantly extend the scope of the previous

ATLAS measurement, which used around 36 pb−1of data recorded in 2010. The current

analysis takes advantage of the full sample of
√
s=7 TeV proton-proton collisions recorded

in 2011, corresponding to an integrated luminosity of 4.6 fb−1, and uses improved methods

for b-jet identification to cover a wider kinematic region. The larger data sample allows

differential production cross-section measurements of a Z boson with b-jets at the LHC.

These complement the recently reported results of associated production of a Z boson with

two b-hadrons at
√
s=7 TeV by CMS [15].

A total of 12 differential cross-sections are presented here, covering a variety of Z boson

and b-jet kinematics and angular variables sensitive to different aspects of the theoretical
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‣ 2 leptons: electrons or muons 
‣ 71 < mℓℓ <111 GeV

• What about backgrounds?
‣ Main background is tt ̄

‣ Apply MET < 100 GeV to reduce this 
‣ Z-mass window cut also helps

‣ 1 large-radius (R = 1.0) jet 
with pT > 200 GeV

‣ Look at jets inclusively (no tag 
requirement) and with 2 b-tags

Work in 
progress
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Data/MC comparisons

• Generally good modelling of 
inclusive variables, with the data 
undershooting the MC for pT 

• ~20% difference in the 2-tag 
variables 

• Systematic band contains 
detector systematics, signal-
modelling and top-modelling 
uncertainties 

• Dominant uncertainties come 
from large-R jet energy scale 
and b-tagging

inclusive inclusive
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Unfolding overview
• We unfold the data to particle level to compare to predictions 
• We are using the Fully Bayesian Unfolding (FBU) method (arXiv:1201.4612 ) 

Basic principle: 
‣ Compute the likelihood of the data,d, given the signal cross sections, σ, 

and nuisance parameters, Λ:

‣ Posterior probabilities are then extracted by sampling the full (σ,Λ) space

luminosity migration matrixbackground
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Response matrices

• Examples of nominal response matrices 
• Events must fulfil particle and reco-level event definitions 
• Both fairly diagonal
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Backgrounds + uncertainties
• Systematics and backgrounds handled using nuisance parameters 
• Each systematic has a corresponding response matrix and background prediction 
• Response matrices and backgrounds can be smoothly varied between the 

nominal and systematic 
• Allows the unfolding to ‘wander around’ in the space of predictions

ATLAS
Work in progress
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Posteriors

ATLAS
Work in progress

• Error band is defined by central region containing 
68% of the probability

• The result is a set of posterior probability distributions

Red line 
= most 
likely
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Results

• Error band includes systematic uncertainties 
• No strong disagreement with respect to sherpa 2.2.1 for large-R jet mass 
• Some disagreement in 0.6-0.7 ΔR region
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Summary + outlook

• Analysis methodology of the measurement of differential fiducial 
cross sections in Z+bb events has been presented 

• The use of the Fully-bayesian unfolding method is discussed 

• Some unfolded results using the method are shown 

• No strong disagreement between the data and Sherpa 2.2.1 is 
observed so far 

• We would like to compare to other predictions and consider 
systematic uncertainties on the truth prediction 
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Backup



Object definitions
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Electron
• ID: MediumLH 
• Isolation: Gradient 
• pT > 28 GeV

Muon
• ID: Medium 
• Isolation: Gradient
• pT > 28 GeV

Large-R Jet
• AntiKt10LCTopoTrimmedPtFrac5SmallR20Jets: 

➡ Anti Kt 
➡ Radius = 1 
➡ Trimming 

• pT >= 200 GeV 
• |eta| < 2

MET
• TST MET

Track Jets 
• AntiKt2PV0TrackJets 

➡ Anti Kt 
➡ Radius = 0.2 

• pT > 10 GeV 
• |eta| < 2.5 
• Ntracks >= 2

B-tagging
• Track jets are ghost-associated to Large-R jet and b-tagging is applied to the track-jets 
• mv2c10 > 0.6455  (70% working point)

Lepton - large-R jet OR 
• if ΔR(ljet,lepton) < 1.2 , 

throw jet away

If more than 1 large-R jet survives OR, throw event away

*

*



• Track-jets are considered b-tagged if they pass the 70% 
efficiency working point of the MV2c10 algorithm 

• Properties of the b-hadron decay are used in the MV2c10 
algorithm: 
‣ Secondary vertex displaced from primary vertex 

‣ Impact parameter (d0) 
‣ Decay length 

• MV2c10 is an MVA (BDT specifically) which combines these 
properties

19

How is the b-tagging performed?

considers parton densities of gluons and of the first two quark generations in the proton.

The other is the five-flavour number scheme (5FNS), which allows a b-quark density in the

initial state and raises the prospect that measurements of heavy flavour production could

constrain the b-quark parton density function (PDF) of the proton. In a calculation to all

orders, the 4FNS and 5FNS methods must give identical results; however, at a given order

differences can occur between the two. A recent discussion on the status of theoretical

calculations and the advantages and disadvantages of the different flavour number schemes

can be found in Ref. [1].

Next-to-leading-order (NLO) matrix element calculations have been available for as-

sociated Z+b and Z+bb̄ production at parton-level for a number of years [2–4]. The

leading order (LO) Feynman diagrams shown in Figure 1 illustrate some of the contribut-

ing processes. Full particle-level predictions have existed at LO for some time, obtained

by matching parton shower generators to LO multi-leg matrix elements in the 4FNS [5,6],

5FNS [7], or both [8]. More recently, a full particle-level prediction for Z+ ≥ 2 b-jets at

NLO in the 4FNS with matched parton shower has become available [9, 10]. The same

framework can also be used to provide a full particle-level prediction for Z+ ≥ 1 b-jet at

NLO in the 5FNS. In this article data are compared with several theoretical predictions

following different approaches.

Differential measurements of Z+b-jets production have been made in proton-antiproton

collisions at
√
s=1.96 TeV by the CDF and D0 experiments [11, 12] as well as inclusively

in
√
s=7 TeV proton-proton collisions at the LHC by the ATLAS and CMS experiments

[13, 14]. The results presented in this paper significantly extend the scope of the previous

ATLAS measurement, which used around 36 pb−1of data recorded in 2010. The current

analysis takes advantage of the full sample of
√
s=7 TeV proton-proton collisions recorded

in 2011, corresponding to an integrated luminosity of 4.6 fb−1, and uses improved methods

for b-jet identification to cover a wider kinematic region. The larger data sample allows

differential production cross-section measurements of a Z boson with b-jets at the LHC.

These complement the recently reported results of associated production of a Z boson with

two b-hadrons at
√
s=7 TeV by CMS [15].

A total of 12 differential cross-sections are presented here, covering a variety of Z boson

and b-jet kinematics and angular variables sensitive to different aspects of the theoretical

b

b

Z

g

(a)

q

q

b

b

Z

(b)

q Z

b

bq

(c)

Figure 1. Leading order Feynman diagrams contributing to Z+b-jets production. Process 1(a) is
only present in a 5FNS calculation, while 1(b) and 1(c) are present in both the 4FNS and 5FNS
calculations.

– 2 –

b

b̄

• In this analysis, we tag small-radius (R = 0.2) 
track jets 

• These are ghost-associated to the large-radius 
jet in the event 

• This allows us to classify the large-R jet into tag 
regions
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Why <100 GeV met cut?

•The significance plateaus at around 100 GeV  
•Left plot shows signal and background yields as a function of the met cut, 
and different Z-mass window cuts 

•If we apply a cut of 100 GeV, we can cut the background by a factor of two, 
whilst losing almost no signal
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• Detector-modelling systematics:

‣ B-tagging efficiency 

‣ Large-R jet energy/mass scale and resolution 

‣ Lepton-related (ID, reconstruction ….) 

‣ Met-related 

• Signal-modelling systematics considered:
- Scale variations (factorisation and renormalisation) 
- PDF uncertainty 
‣ CKKW matching scale 
‣ Only truth-level samples exist for this variation so we will compute this 

using Rivet 

• Top-modelling systematics considered:

21

Systematics

• Using the usual samples and prescription from TopWG:  
‣ Rad Hi/Lo 
‣ Hard scatter generation (aMC@NLO vs Powheg) 
‣ Parton shower (Pythia 8 vs Herwig++)
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Other variables/channel

inclusive inclusive

2-tag 2-tag
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Fully-bayesian unfolding


