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Motivation
Aim: 

• Verify rather sophisticated W+b-jets theoretical predictions.
• Understand W+b-jets with the same precision as V+jets.
• Understand discrepancies previously seen between measurements and theoretical 

predictions.

W+b production is irreducible background 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
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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)



Measurements of W+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)
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Production Mechanism(s)
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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: +39%-28% from ATLAS 

measurement of σeff in W+2-jets events
• In ATLAS W+b-jet analysis, DPI uncertainty is comparable

to scale uncertainty 



A little bit of History



First Measurement from CDF
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•One or two jets, reconstructed with a cone algorithm 
with R=0.4

•jet ET > 20 GeV and |η|< 2.0

•Events with at least one b-tagged (ultra- tight 
secondary vertex requirements)

•Use vertex mass to discriminate between b, c and 
light jets.

(MCFM)

Measurement significantly higher than NLO predition: 2.8σ



Then ATLAS with 35 pb-1
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• p-p collisions sqrt(s) = 7 TeV.

•The SV0 b-tagging algorithm is based on requiring a 
displaced secondary vertex reconstructed within a jet 
with a decay length significance > 5.85.
 
•SV0 mass used to separate b-jets from c- and light-
jets on a statistical basis.

NLO prediction obtained in the 5 flavor number 
scheme [F. Caola et al. arXiv:1107.3714]
NLO agrees within 1.5 sigma with the measurements

•1 b-tagged jet 
•1 or 2 jet
• Fit each jet bin separately for e and µ

Still some tension with predictions.

Phys.Lett. B707 (2012) 418-437



More recently D0
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Central value low, but perfectly 
compatible with prediction within 
uncertainties.

1318 D0 Collaboration / Physics Letters B 718 (2013) 1314–1320

Fig. 1. (Color online.) Transverse mass of the !ν system (a) before and (b) after
b-jet identification. The data are shown by black markers, simulated background
processes are shown by filled histograms. The data uncertainties are statistical only.
An estimate of the systematic uncertainty on the simulated background processes
is shown by the shaded bands.

Table 1
Numbers of events for data and contributing processes before and after applying
b-jet identification. Additional requirements are applied to the b-tagged sample as
described in the text. Uncertainties include statistical and systematic contributions.
The contribution of Z + jets events to the V + jets samples is ≈ 5% for heavy and
light flavor jets before and after b-tagging.

Process No b-tag b-tag

V + heavy flavor 41093 ± 8924 5068 ± 1124
V + light flavor 516661 ± 56734 5718 ± 678
Diboson 4728 ± 519 222± 26
Top 5431 ± 536 1602± 181
Multijet 20527 ± 4458 794 ± 180
Expected events 588440 ± 57610 13405 ± 1338

Data 586289 12793

reconstructed events. The efficiency for signal events to pass this
selection is about 97%.

The numbers of expected and observed events before and after
applying the b-jet identification in data and simulation are listed in
Table 1. The b-tagging column includes the selection requirement
on DMJL.

We measure the fraction of W + b + X events in the final se-
lected sample by performing a binned maximum likelihood fit to
the observed data distribution of the DMJL discriminant in our
sample shown in Fig. 2. The templates for W + light flavor, W + b,
and W + c jets shown in Fig. 2 are taken from the simulation. Ex-

Fig. 2. (Color online.) Contributions of the various jet flavors normalized to the mea-
sured cross section obtained from a fit in the W → µν channel on both (a) linear
and (b) logarithmic scales. The various W + jets processes are shown as filled his-
tograms and data, after the subtraction of contributions from Drell–Yan, diboson,
and top quark production, are represented with black markers. The uncertainties
include both statistical and systematic contributions.

Table 2
Estimated numbers of W + jet events from fitting the flavor-specific processes, along
with the data after subtracting Z + jets, single top quark, tt̄ , and diboson back-
ground processes. l.f. stands for light flavor jets. Uncertainties include statistical and
systematic contributions.

Process W → µν W → eν

Events Fraction Events Fraction

W + b 1306± 166 0.32± 0.04 1676 ± 212 0.27± 0.03
W + c 664 ± 97 0.16± 0.02 1096± 159 0.18± 0.03
W + l.f. 2152 ± 265 0.52± 0.07 3479 ± 425 0.56± 0.07

Data–Bkgd 4127 ± 150 6255 ± 168

pected contributions from Z + jets, single top quark, tt̄ , diboson,
and multijet production are subtracted from the data. After per-
forming the fits, we obtain the number of events with different jet
flavors listed in Table 2.

We quote our result as a cross section in a restricted phase
space: at least one b-jet with pb-jetT > 20 GeV, |ηb-jet| < 1.1 and
a muon with pµ

T > 20 GeV and |ηµ| < 1.7 or an electron with
peT > 20 GeV and |ηe| < 1.1 or 1.5 < |ηe| < 2.5. For the neutrino
momentum we require pν

T > 25 GeV. Corrections for trigger, lep-
ton, jet and b-tagging requirements are applied as function of ab-
solute pseudorapidity and momentum [9]. Acceptance, migration

•p-pbar collisions at sqrt(s)=1.96 TeV

•At least 1 b-jet

•Jet PT > 20 GeV and |η|< 2.0

•Use vertex mass to discriminate between b, c 
and light jets.
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in and out of the restricted phase space, and selection efficien-
cies have been studied using the simulation and corrected. The
measured cross sections are therefore presented at the particle
level.

The effects of systematic uncertainties are determined through
nuisance parameters that are assigned Gaussian probability distri-
butions. Each nuisance parameter can affect rates of the predicted
signal and background in the DMJL distribution. Systematic uncer-
tainties such as predicted SM cross sections, b-tagging efficiencies,
and energy calibration affect the predictions of signal and back-
ground and are treated as fully correlated across channels. Uncer-
tainties for lepton identification and triggering are not correlated.
The systematic uncertainties are dominated by effects related to
the measurement of jets. The contributions from jet energy resolu-
tion, jet modeling, and detector effects are about 2.5%, 3%, and 4%,
respectively. Uncertainties on b-jet identification are determined
in data and simulations by using b-jet-enriched samples and are
about 2%–5% per jet. The uncertainties due to lepton identification
are about 2%. The integrated luminosity is known to a precision
of 6.1% [27]. The uncertainty of the template fit is estimated by
varying the normalization and shape from the data corrections
of the W boson processes and the fit parameters (about 6%). By
summing the uncertainties in quadrature we obtain a final total
systematic uncertainty on the cross section measurements of ap-
proximately 12%.

The cross section times branching fraction is calculated by di-
viding the number of signal events measured by integrated lumi-
nosity (L), acceptance (A), and efficiencies (ε) of the selection
requirements:

σ (W + b) · B(W → #ν) = NW+b

L ·A · ε , (1)

where ε is given by the product of the trigger, object reconstruc-
tion, and selection efficiencies.

We first present results separately for the muon channel and
electron channel because they are performed in slightly different
requirements on the phase space of the lepton and then combine
using a common phase space. We measure from the cross section
in the muon channel where W → µν in a visible phase space de-
fined by pµ

T > 20 GeV, |ηµ| < 1.7 with at least one b-jet limited to

pb-jetT > 20 GeV and |ηb-jet| < 1.1 as,

σ (W + b) · B(W → µν)

= 1.04± 0.05 (stat.)± 0.12 (syst.) pb. (2)

We perform an NLO QCD prediction using mcfm v6.1, based on
CTEQ6M PDF [14] and a central scale of MW + 2mb , where mb =
4.7 GeV is the mass of the b quark. Uncertainties are estimated by
varying renormalization and factorization scales by a factor of two
in each direction, varying mb between 4.2 and 5 GeV, and by using
an alternative PDF set. The mcfm calculation predicts σ (W + b) ·
B(W → µν) = 1.34+0.40

−0.33 (scale)±0.06 (PDF)+0.09
−0.05 (mb) pb. Predic-

tions obtained using sherpa v1.4 and CTEQ6.6 PDFs [14] lead to a
value 1.21 ± 0.03 (stat.) pb. Using madgraph5 [28] with CTEQ6L1
PDFs, we obtain 1.52± 0.02 (stat.) pb. Uncertainties for scale vari-
ations, PDFs, and the b-quark mass are on the order of about 30%.

In the electron channel, we measure the cross section times
branching fraction by selecting peT > 20 GeV, |ηe| < 1.1 or 1.5 <
|ηe| < 2.5, at least one b-jet as above and obtain

σ (W + b) · B(W → eν)

= 1.00± 0.04 (stat.)± 0.12 (syst.) pb. (3)

The mcfm calculated cross section for this channel is σ (W + b) ·
B(W → eν) = 1.28+0.40

−0.33 (scale) ± 0.06 (PDF)+0.09
−0.05 (mb) pb. The

sherpa prediction is 1.08 ± 0.03 (stat.) pb, while the madgraph5
prediction is 1.44±0.02 (stat.) pb. The combined systematic effect
scale, PDF and mb variations is also around 30%.

Using the mcfm prediction we extrapolate the measurement in
the electron final state to the same selection requirements as the
muon final state to allow for a consistent combination. Combining
the results in W → µν and W → eν decays we obtain

σ (W + b) · B(W → #ν)

= 1.05± 0.03 (stat.)± 0.12 (syst.) pb. (4)

The small experimental uncertainty should allow to further
constrain theoretical predictions. In summary, we have performed
a measurement of the inclusive cross section for W boson produc-
tion in association with at least one b-jet at

√
s = 1.96 TeV, con-

sidering final states with W → µν (W → eν) events in a restricted
phase space of p#

T > 20 GeV, |ηµ| < 1.7 (|ηe| < 1.1 or 1.5 < |ηe| <
2.5), with b jets limited to pb-jetT > 20 GeV and |ηb-jet| < 1.1. The
measured cross sections agree within uncertainties with NLO QCD
calculations and predictions obtained using the sherpa and mad-
graph generators.
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in and out of the restricted phase space, and selection efficien-
cies have been studied using the simulation and corrected. The
measured cross sections are therefore presented at the particle
level.

The effects of systematic uncertainties are determined through
nuisance parameters that are assigned Gaussian probability distri-
butions. Each nuisance parameter can affect rates of the predicted
signal and background in the DMJL distribution. Systematic uncer-
tainties such as predicted SM cross sections, b-tagging efficiencies,
and energy calibration affect the predictions of signal and back-
ground and are treated as fully correlated across channels. Uncer-
tainties for lepton identification and triggering are not correlated.
The systematic uncertainties are dominated by effects related to
the measurement of jets. The contributions from jet energy resolu-
tion, jet modeling, and detector effects are about 2.5%, 3%, and 4%,
respectively. Uncertainties on b-jet identification are determined
in data and simulations by using b-jet-enriched samples and are
about 2%–5% per jet. The uncertainties due to lepton identification
are about 2%. The integrated luminosity is known to a precision
of 6.1% [27]. The uncertainty of the template fit is estimated by
varying the normalization and shape from the data corrections
of the W boson processes and the fit parameters (about 6%). By
summing the uncertainties in quadrature we obtain a final total
systematic uncertainty on the cross section measurements of ap-
proximately 12%.

The cross section times branching fraction is calculated by di-
viding the number of signal events measured by integrated lumi-
nosity (L), acceptance (A), and efficiencies (ε) of the selection
requirements:

σ (W + b) · B(W → #ν) = NW+b

L ·A · ε , (1)

where ε is given by the product of the trigger, object reconstruc-
tion, and selection efficiencies.

We first present results separately for the muon channel and
electron channel because they are performed in slightly different
requirements on the phase space of the lepton and then combine
using a common phase space. We measure from the cross section
in the muon channel where W → µν in a visible phase space de-
fined by pµ

T > 20 GeV, |ηµ| < 1.7 with at least one b-jet limited to

pb-jetT > 20 GeV and |ηb-jet| < 1.1 as,

σ (W + b) · B(W → µν)

= 1.04± 0.05 (stat.)± 0.12 (syst.) pb. (2)

We perform an NLO QCD prediction using mcfm v6.1, based on
CTEQ6M PDF [14] and a central scale of MW + 2mb , where mb =
4.7 GeV is the mass of the b quark. Uncertainties are estimated by
varying renormalization and factorization scales by a factor of two
in each direction, varying mb between 4.2 and 5 GeV, and by using
an alternative PDF set. The mcfm calculation predicts σ (W + b) ·
B(W → µν) = 1.34+0.40

−0.33 (scale)±0.06 (PDF)+0.09
−0.05 (mb) pb. Predic-

tions obtained using sherpa v1.4 and CTEQ6.6 PDFs [14] lead to a
value 1.21 ± 0.03 (stat.) pb. Using madgraph5 [28] with CTEQ6L1
PDFs, we obtain 1.52± 0.02 (stat.) pb. Uncertainties for scale vari-
ations, PDFs, and the b-quark mass are on the order of about 30%.

In the electron channel, we measure the cross section times
branching fraction by selecting peT > 20 GeV, |ηe| < 1.1 or 1.5 <
|ηe| < 2.5, at least one b-jet as above and obtain

σ (W + b) · B(W → eν)

= 1.00± 0.04 (stat.)± 0.12 (syst.) pb. (3)

The mcfm calculated cross section for this channel is σ (W + b) ·
B(W → eν) = 1.28+0.40

−0.33 (scale) ± 0.06 (PDF)+0.09
−0.05 (mb) pb. The

sherpa prediction is 1.08 ± 0.03 (stat.) pb, while the madgraph5
prediction is 1.44±0.02 (stat.) pb. The combined systematic effect
scale, PDF and mb variations is also around 30%.

Using the mcfm prediction we extrapolate the measurement in
the electron final state to the same selection requirements as the
muon final state to allow for a consistent combination. Combining
the results in W → µν and W → eν decays we obtain

σ (W + b) · B(W → #ν)

= 1.05± 0.03 (stat.)± 0.12 (syst.) pb. (4)

The small experimental uncertainty should allow to further
constrain theoretical predictions. In summary, we have performed
a measurement of the inclusive cross section for W boson produc-
tion in association with at least one b-jet at

√
s = 1.96 TeV, con-

sidering final states with W → µν (W → eν) events in a restricted
phase space of p#

T > 20 GeV, |ηµ| < 1.7 (|ηe| < 1.1 or 1.5 < |ηe| <
2.5), with b jets limited to pb-jetT > 20 GeV and |ηb-jet| < 1.1. The
measured cross sections agree within uncertainties with NLO QCD
calculations and predictions obtained using the sherpa and mad-
graph generators.
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Out of the press: CMS Wbb
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• Slide “stolen” from Moriond QCD talk by Konstantinos Theofilatos.
• No additional information available for now.
• Double tagged W+bb cross section measurement
                The two b-jets are well separated in DR and both are b-tagged.



Few comments
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• Four results from four experiments and two colliders.

• CDF significantly higher than prediction. Not confirmed by D0 (same 
collider, similar fiducial region).

• Some tension at ATLAS in specific fiducial regions.
• Perfect agreement at CMS.

• Are these results sensitive to the same W+b production processes ? NO

• Tevatron is p-pbar at sqrt(s) = 1.96 TeV
• Quark initiated processes more important than gluon initiate ones.
• DPI contribution negligible

• LHC is p-p at sqrt(s) = 8 TeV
• Gluon initiated processes very important.
• ATLAS measurement quite exclusive and very sensitive to single b 

and collinear final state b-quarks. 
• CMS measurement is only sensitive to well separated b-jets
• Depending on the selection, DPI is very important.



New W+b-jets results 
from ATLAS with 4.6 fb-1

arXiv:1302.2929, Submitted to JHEP



Analysis Strategy
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✦What we measure: 
‣W+b-jets cross section, inclusive and differential

✴Exactly 1 b-tagged jet (unfold to 1 or 2 b-jets)
✴Differential: Number of additional jets (0 or 1)
✴Differential: pT of b-jet
✴DPI contribution is NOT subtracted.

✦How we measure it:
‣1. Select W+jets, require 1 b-tagged jet
‣2. Estimate backgrounds

✴ W+c, W+light : use b-tagging distributions
✴ QCD, top, single top : use kinematic distributions
‣3. Unfold to fiducial region



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

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
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full jet cone within 
tracking region

reduce multijet 
background

ATLAS-CONF-2012-043

reduce pile-up

reduce top background

reduce top background
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CombNN
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4 analysis regions: signal and background after all fits

Signal is ~20% of sample !
Background composition very different in each
analysis region.

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]
tt: Number of Jets 
Single top: Mass of W-b pair [mWb]
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Estimate Multijet
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Multijet template shape obtained from data
Modified leptonic selection, based on studies in heavy-flavor dijet samples

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



Multijet: shape uncertainty
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Multijet template shape obtained from data
Shape uncertainty from control region: low ETmiss, low mT(W)
Correction as a function of the CombNN weight defined by the data/
Multijet model ratio in the control region.
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Number of Jets
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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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CombNN
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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 previous estimates)

• Multijet (50%), tt (10%), single-top (50% for 1-jet, 20% for 2-jet)
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CombNN shapes
•Clean samples of b-jets can be obtained by selecting events with at least 4 jets and 1 b-
tag. We checked data/MC shapes agreement considering different jet -pT bins.
•Almost pure samples of b-jet are selected by requiring at least 4 jets and 2 b-tags. The 
differences in shape between data and MC are used to estimate the b-jets CombNN shape 
systematics.
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•CombNN shape for c-jets: checked using enriched W+c-jet samples (OS soft muon tags). 
Systematics estimated by producing new shapes after varying the number of tracks in 
decay vertices. 
•CombNN shape systematics for light-jets estimated by comparing templates extracted 
from Pythia and Herwig programmes.



Flavor Content Fit Results
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Process µ 1-jet e 1-jet µ 2-jet e 2-jet
W+b-jets 5300 ± 400 4800 ± 400 3000 ± 260 2220 ± 250
W+c-jets 15600 ± 600 13300 ± 500 4600 ± 400 4000 ± 400

W+light-jets 1600 ± 500 500 ± 500 1170 ± 330 490 ± 320
tt̄ 1230 ± 120 1100 ± 110 4300 ± 400 3690 ± 350

Single-top 1700 ± 500 1400 ± 500 2300 ± 400 1810 ± 350
Diboson 181 ± 18 139 ± 14 185 ± 18 155 ± 15
Z+jets 770 ± 70 258 ± 26 397 ± 40 365 ± 37
Multijet 780 ± 330 1000 ± 500 210 ± 150 1220 ± 290

Table 2. Estimated event yields for the eight contributions to the four analysis regions, including

the statistical uncertainty from the binned ML fit.

Process µ 1-jet e 1-jet µ 2-jet e 2-jet
W+b-jets 1.68 ± 0.14 1.98 ± 0.16 1.14 ± 0.10 1.16 ± 0.13
W+c-jets 1.22 ± 0.04 1.30 ± 0.05 1.04 ± 0.09 1.10 ± 0.10

W+light-jets 0.70 ± 0.22 0.28 ± 0.25 1.15 ± 0.33 0.67 ± 0.44
tt̄ 1.00 ± 0.10 1.00 ± 0.10 1.02 ± 0.10 1.01 ± 0.10

Single-top 1.07 ± 0.34 1.02 ± 0.36 1.08 ± 0.19 1.01 ± 0.19
Diboson 1.00 ± 0.10 1.00 ± 0.10 1.00 ± 0.10 1.00 ± 0.10
Z+jets 1.00 ± 0.10 1.00 ± 0.10 1.00 ± 0.10 1.00 ± 0.10
Multijet 1.12 ± 0.47 0.80 ± 0.40 0.67 ± 0.49 1.79 ± 0.42

Table 3. Correction factors estimated by the binned ML fit to the CombNN distribution for each

process in the four analysis regions, including the statistical uncertainty. The multijet, tt̄ and 2-jet

single-top factors are given with respect to their estimate in data. The remaining factors are given

with respect to the Monte Carlo expectations normalized to the NLO (single-top, diboson) and

inclusive NNLO (W/Z+jets) cross-sections.

region introduced in table 1. It accounts for trigger and object reconstruction efficiencies
(including the b-jet identification efficiency) after applying corrections for all known detector
effects. The small contribution (less than 5%) from W → τν, where the τ decays to an
electron or a muon, is not included in the fiducial region.

The Alpgen Monte Carlo simulation is used to produce correction factors to account
for two effects: events passing the fiducial selection which fail the reconstructed-level selec-
tion, and events which pass the reconstructed-level selection but originate from outside the
fiducial region. These factors are applied to the inclusive W+b-jets yield in each analysis
region to obtain a fiducial cross-section.

The differential W+b-jets cross-section is also extracted, in the 1-jet and 2-jet regions,
as a function of the transverse momentum of the leading b-jet, pb-jetT , using the same bins
as the CombNN differential fits. The measured quantity is therefore dσfiducial/dpb-jetT . For
this measurement, the correction factors mentioned above are produced in each pb-jetT bin.
Alpgen Monte Carlo events which pass both reconstruction and fiducial selections are

– 13 –

•Correction factors to be applied to the expectation, estimated by the binned ML fit 
for each process in the four analysis regions. 

•The W+b expectation is Alpgen scaled to the W NNLO inclusive cross-section



Flavor Content Fit Results
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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

Corrections: non-perturbative (parton shower, underlying event) and DPI
•

26

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

Multiplicative

Additive

Comparisons at particle level with 3 sets of predictions

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 (15-20%)
• ATLAS measurement of σeff in W+2-jets used to assign a DPI uncertainty.

Table 7. Multiplicative correction factors for non-perturbative effects and additive corrections

for double-parton interactions, derived from the Alpgen simulation, applied to the MCFM and

Powheg predictions for the comparisons with unfolded results. The non-perturbative uncertainties

include the hadronization and underlying event modelling, while the DPI uncertainties are based

on the ATLAS measurement of σeff [60].

Correction 1 jet 2 jets

Non-perturbative 0.92± 0.02 (had.) ±0.03 (UE) 0.96± 0.05 (had.) ±0.03 (UE)

DPI [pb] 1.02± 0.05 (stat)
+0.40
−0.29 (syst) 0.32± 0.02 (stat)

+0.12
−0.09 (syst)

Table 8. Theoretical NLO predictions for the W+b-jets fiducial cross-section for one lepton flavour

calculated with the MCFM program, corrected for non-perturbative effects and DPI contributions.

MCFM NLO prediction [pb]

1 jet 3.01± 0.07 (stat)
+0.72
−0.54 (scale) ±0.04 (PDF) ±0.08 (non-pert)

+0.40
−0.29 (DPI)

2 jets 1.69± 0.06 (stat)
+0.40
−0.23 (scale) ±0.04 (PDF) ±0.08 (non-pert)

+0.12
−0.09 (DPI)

1+2 jets 4.70± 0.09 (stat)
+0.60
−0.49 (scale) ±0.06 (PDF) ±0.16 (non-pert)

+0.52
−0.38 (DPI)

– 22 –
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Results: W+b-jet

27



Differential Measurement
Differential: pT of b-jet (up to 140 GeV)

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)
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Differential Measurement
Repeat CombNN fit in each bin

Use correction factors and uncertainties from inclusive measurement. 
Background model reproduces b-jet pT distribution fairly well.
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Differential Measurement
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\
Repeat CombNN fit in each bin

Use correction factors and uncertainties from inclusive measurement. 
Background model reproduces b-jet pT distribution fairly well.



W+b-jet + single-top
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The practical implementation:
• Add together single top and W+b template, treated as a single component of 

the fit.

• Fit the data to estimate the Wb+single top number of events.

• Unfold the fit results into a fiducial cross-section, using the same region of 
the W+b.

• The latter step uses a response matrix built by combining Wb and single top, 
assuming the relative normalization (5% additional systematic associated to 
this assumption)

• Systematics computed as for W+b cross-section.

We also quote the Wb cross-section WITHOUT subtracting the single top, 
both inclusive and differential:

•s-top is a delicate background: interesting check
•Significantly reduced total uncertainties.
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W+b-jet + single-top
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9 Results without single-top subtraction

The W+b-jets cross-section is also measured including the contribution of the single-top

process. These measurements provide a complementary perspective on the W+b-tagged-jet

sample, and they have a higher statistical precision than the single-top subtracted ones,

especially at high pb-jetT .

For each analysis region and pb-jetT bin, the same ML fit as for the W+b-jets measure-

ment is used, as well as the same estimates and constraints for the multijet, tt̄, Z+jets and

diboson backgrounds. In the fit to the CombNN distribution, the W+b-jets and single-top

templates are merged accounting for their respective predicted cross-sections, and they form

a single template whose normalization is estimated. As a consequence of the single-top pro-

cess being considered as part of the signal, the number of nuisance parameters in the fit is

reduced, thereby increasing its statistical precision. After the CombNN fit, the number of

estimated W+b-jets and single-top events is unfolded to a common fiducial region, identical

to the W+b-jets fiducial region, using correction factors and a response matrix built from

the sum of the two Monte Carlo samples.

The systematic uncertainties from the fit and unfolding steps are accounted for using the

same methods as for the single-top subtracted measurement. An additional uncertainty is

introduced to account for the relative normalization of W+b-jets and single-top. Alternative

samples, in which the amounts of W+b-jets and single-top are doubled in turn, are used to

perform the unfolding. The largest deviation obtained with respect to the nominal result,

approximately 5%, is then quoted as a separate systematic uncertainty.

The resulting fiducial cross-sections for W+b-jets plus single-top, combining the elec-

tron and muon channels, are:

σfid (1 jet) = 5.9± 0.2 (stat)± 1.3 (syst) pb,

σfid (2 jet) = 3.7± 0.1 (stat)± 0.8 (syst) pb,

σfid (1+2 jet) = 9.6± 0.2 (stat)± 1.7 (syst) pb.

The corresponding expected cross-sections, calculated for the W+b-jets process using

Alpgen interfaced to Herwig and Jimmy and scaled by the NNLO inclusive W normal-

ization factor and for the single-top processes using AcerMC interfaced to Pythia and

scaled to NLO, are 3.6 pb, 3.0 pb and 6.6 pb, respectively. The differential results as a

function of pb-jetT are presented in figure 9 and tables 9 and 10.
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Conclusions
W boson + b-jets measurements have gained momentum

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

Next steps
Differential measurements and ratios of W+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
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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



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

36
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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Some Questions
How do you estimate the experimental MPI uncertainties? 

They affect unfolding (MPI has lower pT --> lower acceptance)
• We use many variations of alpgen (Scale, PDF, MLM matching pT), and ME vs PS, which all 

affect the MC pT spectrum of the whole W+b component by large amounts.

Why not use forward jets for single-top?
Larger experimental uncertainties
Larger theoretical uncertainties on st (FSR/ISR) and on Wb (unknown)

Why is the W+light fit so jumpy?
Consistency is reasonable. 
No QCD shape uncertainties here (which are different for e and mu). 
Irrelevant for W+b-jet result: if we fix W+light, the result is the same. 

Why not differential in DeltaPhi?
Understanding the backgrounds in bins of deltaPhi is more difficult
In current analysis, bkgs are treated independently in each pT bin

• makes sense since composition varies a lot from bin to bin
• very little assumptions made on shapes of backgrounds

In DeltaPhi, composition is more stable, so would need to make strong assumptions 
about shape of backgrounds.
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Some Questions
Why do you allow for multiple b-jets in the fiducial region?

Extrapolation is smaller than if we excluded them. 
In fact most events with two b-jets fall in the 1-b-tag analysis region, so it 
is natural to include them instead of subtracting them.

What is that ΔR(jet, lepton) cut?
Used in all V+jets analysis. Don’t want the lepton from the V to be 
included in the jet energy. 
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