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Summary of ATLAS measurements
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Outline

Recent ATLAS results:

W + jets cross section (ATLAS-CONF-2014-035) NEW!

Z + jets cross section (JHEP 07 (2013) 032)

W + jets/Z + jets cross section ratio (ATLAS-CONF-2014-034) NEW!

Z +b-jets cross section (arXiv:1407.3643) NEW!

W +b-jets cross section (JHEP 06 (2013) 084)

W + c-jets cross section (JHEP 05 (2014) 068)

A. Ruiz (CERN) JVMO 2014 17 July 2014 3

https://cds.cern.ch/record/1735193
http://dx.doi.org/10.1007/JHEP07(2013)032
https://cds.cern.ch/record/1735192
http://arxiv.org/abs/1407.3643
http://dx.doi.org/10.1007/JHEP06(2013)084
http://dx.doi.org/10.1007/JHEP05(2014)068


W+jets cross section ATLAS-CONF-2014-035

For the production of a massive gauge boson accompanied by jets, jet transverse

momenta up to 1 TeV are now, for the first time, accessible and allow access to a

kinematic region where higher order EWK effects can become as important as those

from higher-order pQCD corrections

W+jets cross section measurement at 7 TeV (4.6 fb−1)

Cross sections are shown as a function of the jet multiplicity up to 7 jets

Differential cross sections are measured wrt the jet pT and y for events with

multiplicities up to 5 jets

Differential cross sections are measured as a function of:

the scalar pT sum of the jets (ST)

the scalar pT sum of the jets, lepton and neutrino (HT)

the angular separation and invariant mass of the two leading jets in pT

The data are compared to predictions from BLACKHAT+SHERPA, HEJ,

ALPGEN, SHERPA and MEPS@NLO
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W+jets cross section ATLAS-CONF-2014-035

Fiducial phase space at particle level:

Lepton:

Electron channel: pT > 25 GeV,

|η |< 2.47 (excluding 1.37 < |η |< 1.52)

Muon channel: pT > 25 GeV, |η |< 2.4

Combined: pT > 25 GeV, |η |< 2.5

W → `ν criteria:

Exactly one lepton

Emiss
T > 25 GeV

mT > 40 GeV

Jet criteria:

pT > 30 GeV

|y |< 4.4 GeV

Jet overlap removal:

∆R(`, jet) > 0.5
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W+jets cross section ATLAS-CONF-2014-035

Background estimation:

Multijet (data-driven):

Template from data events failing

nominal lepton identification or

isolation

Normalization from fit to Emiss
T

distribution (15 < Emiss
T < 80 GeV)

tt̄ (data-driven):

Template from control region with ≥ 3

jets and ≥ 1 b-jet

Fit to the transposed aplanarity variable

Simulated samples: single top, dibosons

Dominant systematic uncertainties:

Jet energy scale (JES)

At high jet multiplicities, tt̄ background

estimate
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W+jets cross section ATLAS-CONF-2014-035

Inclusive jet multiplicities:

BLACKHAT+SHERPA is in good agreement for all jet multiplicities up to 5 jets

ALPGEN and SHERPA predictions show different trends for jet multiplicities

> 4 jets, however both are in agreement within systematics

MEPS@NLO describes the jet multiplicity with a similar level of agreement
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W+jets cross section ATLAS-CONF-2014-035

BLACKHAT+SHERPA, exclusive sums and LoopSim underestimate the data at

high transverse momenta by ∼2σ

ALPGEN, SHERPA and MEPS@NLO are in fair agreement with the data
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W+jets cross section ATLAS-CONF-2014-035

BLACKHAT+SHERPA is significantly lower than the data

Better agreement by BLACKHAT+SHERPA exclusive sums and LoopSim

MEPS@NLO agrees well with the data above 200 GeV
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Z+jets cross section JHEP 07 (2013) 032

Differential jet cross sections are accessible for large jet multiplicities and for energy

regimes up to 1 TeV, which allows the modelling of the Z+jets process to be probed

for typical phase-space regimes expected from new phenomena and from Higgs boson

production, for example via vector-boson fusion (VBF)

Z+jets cross section measurement at 7 TeV (4.6 fb−1)

Updates from the 2010 publication:

Extension to higher jet multiplicities and pT, forward region

New variables: jet pT ratio, HT, ST, Z pT

Exclusive jet multiplicity ratios

Observables after VBF preselection, veto efficiencies

Background estimation:

Data-driven multijet and semi-data-driven dileptonic tt̄

Simulated samples: single top, dibosons
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Z+jets cross section JHEP 07 (2013) 032

Event selection:

Lepton:

Electron channel:

pT > 20 GeV,

|η |< 2.47 (excluding

1.37 < |η |< 1.52)

Muon channel:

pT > 20 GeV,

|η |< 2.4

Z → `` criteria:

Exactly 2 OS leptons

∆R(`,`) > 0.2

66≤m`` ≤ 116 GeV

Jet criteria:

pT > 30 GeV

|y |< 4.4 GeV

Jet overlap removal:

∆R(`, jet) > 0.5
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Z+jets cross section JHEP 07 (2013) 032

Inclusive jet multiplicities and ratios R≥(n+1)/≥n :

Data are consistent with BLACKHAT+SHERPA, ALPGEN and SHERPA

MC@NLO parton shower underestimates the observed rate for additional jet

emission by a factor of 2, which leads to large offsets for higher jet multiplicities
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Z+jets cross section JHEP 07 (2013) 032

Exclusive jet multiplicities at the LHC are expected to be described by means of two

benchmark patterns (predicted in JHEP 10 (2012) 162 and PLB 224 (1989) 237):

’Staircase scaling’ with R(n+1)/n constant

’Poisson scaling’ with R(n+1)/n inversely proportional to n

(pjet
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W+jets/Z+jets cross section ratio ATLAS-CONF-2014-034

W+jets/Z+jets cross section ratio (Rjets) at 7 TeV (4.6 fb−1)

Directly probes the difference between the kinematic distributions of the jet

system recoiling against the W or Z bosons

Is a more precise test of perturbative QCD (pQCD), since some experimental

uncertainties and effects from non-perturbative processes, such as hadronization

and multi-parton interactions, are greatly reduced in the ratio

In the ratio, the systematic uncertainties that are positively correlated between

the numerator and denominator cancel at the level of their correlations
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W+jets/Z+jets cross section ratio ATLAS-CONF-2014-034

BLACKHAT+SHERPA describes the data within theoretical uncertainties,

although it does not include all contributions for events with at least 4 jets

ALPGEN agrees with data, except in the 0 jet bin, where it deviates from the

data by 2σ of the exp. uncertainties

SHERPA is about 1σ of the exp. uncertainties greater than the measurement at

high multiplicities, where the effects of hard QCD radiation are tested
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W+jets/Z+jets cross section ratio ATLAS-CONF-2014-034

At low jet pT (< 200 GeV), the Rjets distribution falls as the leading jet pT

increases: different shapes in W+jets and Z+jets

At low pT, predictions present different trends from data, ALPGEN shows the

best agreement

Differences between predictions at high leading-jet rapidity due to the effects of

the parton shower and PDF sets
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Z +b-jets cross section arXiv:1407.3643

Z +b-jets cross section at 7 TeV (4.6 fb−1)
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from large theoretical uncertainties →
Z +b-jets provide important experimental

constraints to improve predictions

Important bkg for ZH with H → bb̄

Jet selection:

pT > 20 GeV, |y |< 2.4, b-tagging

with 75% efficiency operating point

Two schemes employed in pQCD:

4-flavour number scheme (4FNS):

light quarks and gluons in initial

state only, b-quark typically massive

5-flavour number scheme (5FNS):

introduces initial state b-PDF,

b-quark typically massless
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Z +b-jets cross section arXiv:1407.3643

Measurement as a function of:

b-jet pT: good shape description by theoretical predictions, aMC@NLO 4FNS

underestimates the data

∆φ(Z ,b): sensitive to additional radiation, bad description by MCFM at π,

much better agreement by ALPGEN, SHERPA and aMC@NLO

∆R(b,b): sensitive to b-production mechanism, all predictions with reasonable

description of the data except at low ∆R(b,b)
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W +b-jets cross section JHEP 06 (2013) 084

W +b-jets cross section at 7 TeV (4.6 fb−1)

LO Feynman diagrams:

W +bb̄+X W +b+X

be combined, as long as sufficient care is taken to subtract logarithmic terms that would
otherwise be double counted.

In this paper we will combine NLO QCD calculations of qq̄′ → Wbb̄ and qb → Wbq′

parton level processes including b-quark mass effects to provide precise predictions for W +1
jet and W +2 jet production with at least one b jet at the 7 TeV LHC. The choice of the ex-
perimental signature, jet algorithm, and kinematic cuts has been made according to ATLAS
specifications [11]. We will closely follow Ref. [8] where a consistent combination of these
two NLO calculations has been performed for the first time to provide predictions for the
production of a W boson and one b-jet. It is interesting to note that the calculation of Ref [8]
has been compared with a measurement of the b-jet cross section of W boson production
in association with one and two b jets by the CDF collaboration at the Tevatron [14]. This
comparison found a discrepancy of about two standard deviations [12, 13].

After a brief presentation of the theoretical framework in Section 2, we will discuss NLO
QCD predictions and their residual uncertainties for the 7 TeV LHC in Section 3 and present
our conclusions in Section 4.
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Figure 1: Leading-order parton-level processes for the production of a W boson and one or
two jets with at least one b jet.

2 Theoretical Framework

The predictions presented in this paper are based on the combination of NLO QCD calcu-
lations of the qq̄′ → Wbb̄ [2, 3, 7] and bq → Wbq [5] parton-level processes, as presented in
Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q ̸= b) are considered in the initial state, i.e. the so-called
four-flavor number scheme (4FNS) is used. In the NLO QCD calculation of the bq → Wbq′

process the b-quark mass is only kept as regulator of the collinear singularity while it is
neglected in the hard process so that the hadronic cross section is obtained as follows,

σNLO
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[∑

q
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in association with one and two b jets by the CDF collaboration at the Tevatron [14]. This
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2 Theoretical Framework

The predictions presented in this paper are based on the combination of NLO QCD calcu-
lations of the qq̄′ → Wbb̄ [2, 3, 7] and bq → Wbq [5] parton-level processes, as presented in
Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q ̸= b) are considered in the initial state, i.e. the so-called
four-flavor number scheme (4FNS) is used. In the NLO QCD calculation of the bq → Wbq′

process the b-quark mass is only kept as regulator of the collinear singularity while it is
neglected in the hard process so that the hadronic cross section is obtained as follows,
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Important bkg for ZH with H → bb̄

W +b-jets cross section as a

function of the jet multiplicity
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W +c-jets cross section JHEP 05 (2014) 068

W + c-jets cross section at 7 TeV (4.6 fb−1)
W boson in association with a single charm

quark is produced at LO by the scattering of a

gluon and a down-type quark (d , s, b)

January 20, 2014 – 18 : 39 DRAFT 3

• Lepton pl
T > 20 GeV and |⌘l| < 2.5,69

• Neutrino p⌫T > 25 GeV and70

• mT(W) > 40 GeV,71

where mT(W) =
q

2pl
T p⌫T(1 � cos��) and �� is the azimuthal separation between the directions of the72

lepton and the neutrino in the transverse plane.73

The kinematic cuts applied on the charm are di↵erent in the two analyses since they are sensitive to74

di↵erent regions in phase space:75

• W + c-jet: c�jet pT > 25 GeV and |⌘| < 2.5 and76

• W + D(⇤)+ : D(⇤)+ pT > 8 GeV and|⌘| < 2.2.77

All cross-section measurements are reported as fiducial cross sections in OS-SS events. In this note,78

the inclusive cross-section measurements as well as the measurement di↵erential in lepton |⌘| are studied.79

The results are compared to the predictions of NLO QCD calculations, together with their sensitivity80

to the choice of PDF.81

The note is organized as follows. Section 3 introduces the methods used to determine the correlations82

among the W + c-jet and W +D(⇤)+ measurements, while Section 4 shows the results together with their83

correlated and uncorrelated uncertainties. The results are compared to theoretical predictions in Section 584

and the compatibility with di↵erent PDF predictions is assessed. Conclusions are drawn in Section 6.85

3 Combination procedure86

The combination of the data sets is based on the method developed in Ref. [3], which takes into account87

statistical uncertainties and accounts for systematic uncertainties (bin-to-bin correlated and uncorrelated)88

proportional to the central values of the respective cross sections.89

The following statistically independent cross-section measurements are used in the averaging proce-90

dure:91

• �fid,OS�SS(W+c) (electron channel)92

• �fid,OS�SS(W+c) (muon channel)93

• �fid,OS�SS(W+D⇤�) (electron-muon combined channel)94

(a) (b)

Figure 1: Lowest order Feynman diagrams for W+single charm production.
Directly sensitive to the s-quark distribution

function in the proton at Q on the order of mW
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Other recent vector-boson production measurements

Hadronic W /Z cross section (arXiv:1407.0800)

Reconstruct hadronic decay product as a single

merged jet in the final state

Boost the jet constituents to the jet CoM frame:

QCD jets: isotropic topology

W /Z jets: back-to-back topology

Build likelihood ratio discriminant with different jet

shape variables: thrust, sphericity and aplanarity

Z → bb̄ cross section (arXiv:1404.7042)

Separate signal and control regions with a Neural

Network single discriminant SNN based on ηdijet and

∆η(dijet, balancing jet)

Z/γ∗ pT distribution (arXiv:1406.3660)

Measurement used to tune the PYTHIA8 and

POWHEG+PYTHIA8 generators
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Data/theory ratio of Vector Boson+X measurements

∫
L dt

[fb−1] Reference

– [njet ≥ 4] Ratio = 8.168 ± 0.193 ± 0.924 (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-034

– [njet ≥ 3] Ratio = 8.493 ± 0.083 ± 0.47 (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-034

– [njet ≥ 2] Ratio = 8.781 ± 0.041 ± 0.261 (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-034

σfid(W)/σfid(Z) [njet ≥ 1] Ratio = 8.587 ± 0.019 ± 0.223 (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-034

– [njet=2, nb−jet=1] σ = 2.2 ± 0.2 ± 0.5 pb (data)
MCFM+D.P.I. (theory) 4.6 JHEP 06, 084 (2013)

– [njet=1, nb−jet=1] σ = 5.0 ± 0.5 ± 1.2 pb (data)
MCFM+D.P.I. (theory) 4.6 JHEP 06, 084 (2013)

– [njet ≥ 5] σ = 0.936 ± 0.032 ± 0.299 pb (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-035

– [njet ≥ 4] σ = 4.486 ± 0.057 ± 0.864 pb (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-035

– [njet ≥ 3] σ = 22.56 ± 0.11 ± 3.08 pb (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-035

– [njet ≥ 2] σ = 113.3 ± 0.2 ± 12.4 pb (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-035

– [njet ≥ 1] σ = 498.6 ± 0.4 ± 42.3 pb (data)
Blackhat (theory) 4.6 ATLAS-CONF-2014-035

σfid(W)
σ = 5.127 ± 0.011 ± 0.187 nb (data)

FEWZ+HERA1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)

– σfid(Zjj EWK)
σ = 54.7 ± 4.6 + 9.9 − 10.5 fb (data)

PowhegBox (theory) 20.3 JHEP 04, 031 (2014)

– σfid(Z → bb)
σ = 2.02 ± 0.2 ± 0.26 pb (data)

Powheg (theory) 19.5 arXiv:1404.7042 [hep-ex]

– [nb−jet≥ 2] σ = 520.0 ± 20.0 + 74.0 − 72.0 fb (data)
MCFM (theory) 4.6 ATLAS-STDM-2012-15

– [nb−jet≥ 1] σ = 4820.0 ± 60.0 + 360.0 − 380.0 fb (data)
MCFM (theory) 4.6 ATLAS-STDM-2012-15

– [njet ≥ 4] σ = 0.65 ± 0.01 ± 0.11 pb (data)
Blackhat (theory) 4.6 JHEP 07, 032 (2013)

– [njet ≥ 3] σ = 3.09 ± 0.03 ± 0.4 pb (data)
Blackhat (theory) 4.6 JHEP 07, 032 (2013)

– [njet ≥ 2] σ = 15.05 ± 0.06 ± 1.51 pb (data)
Blackhat (theory) 4.6 JHEP 07, 032 (2013)

– [njet ≥ 1] σ = 68.84 ± 0.13 ± 5.15 pb (data)
Blackhat (theory) 4.6 JHEP 07, 032 (2013)

σfid(Z)
σ = 479.0 ± 3.0 ± 17.0 pb (data)

FEWZ+HERA1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)

– [1.52< |ηγ|< 2.37] σ = 123.0 ± 1.0 + 9.0 − 7.0 pb (data)
JETPHOX (theory) 4.6 PRD 89, 052004 (2014)

σfid(γ+X) [|ηγ| <1.37] σ = 236.0 ± 2.0 + 13.0 − 9.0 pb (data)
JETPHOX (theory) 4.6 PRD 89, 052004 (2014)
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Conclusions

Vector-boson production in association with light and heavy-flavor jets is

one of the basic measurements of the LHC physics programme:

Essential for the understanding of basic physics

Test of the current theoretical predictions

Input to more refined generators and PDF sets

Background for new physics searches

Extending the measured phase space with new results:

New variables, extending the reach in jet pT, multiplicity

Exploring more complex final states: W /Z + heavy flavor jets

New measurements of cross-section ratios

Theoretical predictions also advancing greatly:

Some “tuning” needed to perfectly match the data

Heavy flavor matching and modeling is a hot topic

Stay tuned for new results at 8 TeV and 13/14 TeV soon!
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Backup: W+jets cross section ATLAS-CONF-2014-035
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Backup: W+jets cross section ATLAS-CONF-2014-035

Breakdown for different jet multiplicities:

At low multiplicities, very high signal purity

At high multiplicities, large contribution from tt̄

Njet 0 1 2 3 4 5 6 7

W ! e⌫

W ! e⌫ 94% 78% 74% 59% 37% 24% 14% 11%
Multijet 4% 11% 12% 11% 7% 6% 5% 4%

tt̄ <1% <1% 3% 18% 46% 63% 77% 81%
Single top <1% <1% 1% 2% 2% 2% 1% 1%

W ! ⌧⌫, diboson 2% 3% 3% 3% 2% 1% 1% 1%
Z ! ee <1% 8% 7% 7% 5% 4% 3% 3%

Total Predicted 11 100 000 1 510 000 352 000 88 300 27 700 8420 2510 567
± 640 000 ± 99 000 ± 23 000 ± 5600 ± 1400 ± 430 ± 200 ± 61

Data Observed 10 878 398 1 548 000 361 957 91 212 28 076 8514 2358 618

W ! µ⌫
W ! µ⌫ 93% 82% 79% 63% 40% 26% 17% 11%
Multijet 2% 11% 10% 10% 7% 5% 4% 3%

tt̄ <1% <1% 3% 20% 47% 65% 76% 84%
Single top <1% <1% 1% 2% 2% 2% 1% 1%

W ! ⌧⌫, diboson 2% 3% 3% 3% 2% 1% 1% <1%
Z ! µµ 3% 4% 3% 3% 2% 1% 1% 1%

Total Predicted 13 300 000 1 700 000 383 000 95 400 29 600 8860 2370 622
± 770 000 ± 100 000 ± 24 000 ± 5700 ± 1300 ± 420 ± 180 ± 66

Data Observed 13 414 400 1 758 239 403 146 99 749 30 400 9325 2637 663

Table 1: The approximate size of the signal and backgrounds, expressed as a fraction of the total number
of predicted events. They are derived from either data-driven estimates or simulations for exclusive jet
multiplicities for the W ! e⌫ selection (upper table) and for the W ! µ⌫ selection (lower table). The
total numbers of predicted and observed events are also shown.

the fiducial phase space, defined in Table 2. In this definition, the lepton kinematics in the simulation
at particle level is based on final-state leptons from the boson decay including the contributions from
the photons radiated by the decay lepton within a cone of �R = 0.1 around its direction (“dressed”
leptons). The Emiss

T is determined from the neutrino from the decay of the W boson. Particle-level jets
are defined using an anti-kt algorithm with a radius parameter of R = 0.4, pT > 30 GeV and |y| < 4.4.
All jets within �R = 0.5 of an electron or muon are removed. Final state particles with a lifetime longer
than 30 ps, either produced directly in the proton–proton collision or from the decay of particles with
shorter lifetimes, are included in the particle-level jet reconstruction. Neutrinos, electrons, and muons
from decays of the W boson as well as any photon included in the dressed lepton are not used for the jet
finding.

The correction procedure is based on samples of simulated events and corrects for jet and W selection
e�ciencies and resolution e↵ects. The correction is implemented using an iterative Bayesian method
of unfolding [46]. Simulated events are used to generate for each distribution a response matrix to
account for bin-to-bin migration e↵ects between the reconstructed and particle-level distributions. The
particle-level prediction from ALPGEN is used as initial prior to determine a first estimation of the
unfolded data distribution. For each further iteration the estimator for the unfolded distribution from the
previous iteration is used as a new input prior. The bin sizes in each distribution are chosen to be a few
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Backup: W+jets cross section ATLAS-CONF-2014-035

Exclusive jet multiplicities:

BLACKHAT+SHERPA is in good agreement for all jet multiplicities up to 5 jets

ALPGEN and SHERPA predictions show different trends for jet multiplicities

> 4 jets, however both are in agreement within systematics

MEPS@NLO describes the jet multiplicity with a similar level of agreement
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Backup: W+jets cross section ATLAS-CONF-2014-035

Summary of theoretical predictions

emitted from hard partons, Monte Carlo samples are generated with the renormalisation and factorisation

scales set to half and twice their nominal value of
q

m2
W + pT

2
W . The overall uncertainty on the unfolding

procedure ranges between 0.2% and 1.7% over all jet multiplicities.
The systematic uncertainties on the cross section measurement after unfolding are summarised in

Table 3 for both the electron and muon channels and all jet multiplicities. The resulting systematic
uncertainties are symmetrised by taking the average value of the up and down variations.

7 Theoretical Predictions

Program Max. number of partons at Parton/Particle Distributions
approx. NNLO NLO LO level shown

(↵Njets+2
s ) (↵Njets+1

s ) (↵Njets
s )

LoopSim 1 2 3 parton level Leading jet pT and HT
with corrections for W + � 1 jet

BlackHat+SHERPA – 5 6 parton level All
with corrections

BlackHat+SHERPA 1 2 3 parton level Leading jet pT and HT
exclusive sums with corrections for W + � 1 jet

HEJ all orders, resummation parton level All
for W + � 2, 3, 4 jets

MEPS@NLO – 2 4 particle level All

ALPGEN – – 5 particle level All

SHERPA – – 4 particle level All

Table 4: Summary of theoretical predictions, including the maximum number of partons at each order in
↵s, whether or not the results are shown at parton or particle level and the distributions for which they
are shown.

The measured cross sections for W + jets production are compared to a number of theoretical predic-
tions at both LO and NLO in perturbative QCD, which are summarized in Table 4. The theory predictions
have been computed in the same phase space in which the measurement has been performed, defined in
Sect. 5.

The leading-order predictions shown here include ALPGEN, which is interfaced to HERWIG for
showering, SHERPA which implements its own parton showering model and HEJ [54], which provides
parton-level predictions for W + � 2 jets. ALPGEN and SHERPA use leading-order matrix element
information for predictions of W + jets production and use the MLM [8] and CKKW [18] matching
schemes, respectively, in order to remove any double counting between the matrix element and parton
shower calculations. ALPGEN provides predictions with up to five additional partons from the matrix
element in the final state while SHERPA includes up to four partons. HEJ is a perturbative calculation
which gives an approximation to the hard-scattering matrix element for jet multiplicities of two or greater
and to all orders in ↵s. The approximation becomes exact in the limit of large rapidity separation between
partons, also known as the high energy limit. The resulting formalism is incorporated in a fully-exclusive

12
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Backup: Z+jets cross section JHEP 07 (2013) 032

Background estimation:

Multijet (data-driven):

Sample dominated by QCD obtained

reverting electron identification, trigger,

and sign requirement (electrons) or

isolation cuts (muons)

Extract normalization by fitting di-lepton

mass distribution using two template

distributions: QCD from data, signal+other

background distributions from MC

Dileptonic tt̄ (semi-data-driven):

Shape from e±µ∓ events in data

Normalization to e±e±/µ±µ± final states

derived from MC

Simulated samples: single top, dibosons

Dominant systematic uncertainties:

Jet energy scale (JES)
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Backup: Z+jets cross section JHEP 07 (2013) 032

Breakdown for different jet multiplicities:

J
H
E
P
0
7
(
2
0
1
3
)
0
3
2

Z (! ee) channel

� 0 jets � 1 jet � 2 jets � 3 jets � 4 jets � 5 jets � 6 jets � 7 jets

Z (! ee) 1229000 188000 42300 8900 1810 339 56 9.2

W ! e⌫ 450 135 36.4 9.5 0.52 < 0.5 < 0.5 < 0.5

Z (! ⌧⌧) 648 106 24.4 5.6 1.41 0.19 < 0.1 < 0.1

diboson 1830 1164 492 109 18.5 3.0 0.27 0.03

tt̄, single top 2120 1670 1187 508 163 48 13.0 4.4

multi-jet 6400 1250 310 71 16.1 3.5 0.81 0.3

total expected 1239000 193000 44300 9600 2010 393 70 13.9

data (4.6 fb�1) 1228767 191566 42358 8941 1941 404 68 17

Z (! µµ) channel

� 0 jets � 1 jet � 2 jets � 3 jets � 4 jets � 5 jets � 6 jets � 7 jets

Z (! µµ) 1710000 260000 56800 11700 2300 430 75 12.1

W ! µ⌫ 123 42.1 12.0 3.2 < 0.5 < 0.5 < 0.5 < 0.5

Z (! ⌧⌧) 1069 152 36.1 7.5 1.56 0.29 0.09 0.09

diboson 2440 1620 682 149 25.8 3.9 0.41 0.10

tt̄, single top 2690 2130 1500 639 194 54 17.2 7.3

multi-jet 3900 650 295 83 23 5.7 2.1 0.18

total expected 1720000 265000 59400 12600 2540 490 95 19.8

data (4.6 fb�1) 1678500 257169 56506 12019 2587 552 122 31

Table 2. Numbers of events expected and observed in data that pass the Z (! ee) + jets and

Z (! µµ) + jets selections as a function of the inclusive jet multiplicity. The expected numbers are

rounded according to the combined statistical and systematic uncertainty. ALPGEN has been used

to simulate the signal events.

which gives confidence that the simulated samples, which are used in the unfolding, provide

a reasonable description of the event kinematics and of the detector response.

7 Correction for detector e↵ects and combination of channels

The cross sections in this article are quoted at the particle level, which corresponds to

‘dressed’ muons and electrons, calculated using final-state leptons from the Z decay for

which collinear radiation in a cone of �R < 0.1 is added to the lepton four-momentum.

Particle jets are clustered from all final-state particles (decay length c⌧ > 10 mm) excluding

the dressed Z decay products. The phase-space requirements are the same as in the

selection at reconstruction level (see table 1).

After subtracting the expected background contributions, the data distributions in

each channel are unfolded to the particle level using an iterative technique [42]. Response

matrices are calculated for each observable, using Z + jets samples generated with ALP-

GEN. Before entering the iterative process, the data are corrected for the fraction of recon-

structed events in the ALPGEN sample which do not match to a particle-level equivalent.

The number of iterations, typically two or three, is optimized for each observable using a

�2 comparison of generated and unfolded reconstructed Z + jets events from the generators

SHERPA and MC@NLO.

– 8 –

jet N≥

 0≥  1≥  2≥  3≥  4≥  5≥  6≥  7≥

E
ve

nt
s 

/ b
in

 

10

210

310

410

510

610

710
ATLAS

-1
 L dt = 4.6 fb∫

) + jets-e+ e→*(γZ/
 jets, R = 0.4,tanti-k

| < 4.4
jet

 > 30 GeV, |yjet

T
p

 = 7 TeV)sData 2011 (
* + jets (ALPGEN)γZ/
* + jets (SHERPA)γZ/

Top
Electroweak
Multi-jets

jetN

 0≥  1≥  2≥  3≥  4≥  5≥  6≥  7≥

M
C

 / 
D

at
a

0.8

1

1.2
ALPGEN SHERPA

jetN

 0≥  1≥  2≥  3≥  4≥  5≥  6≥  7≥

E
ve

nt
s 

/ b
in

 

10

210

310

410

510

610

710 -1
 L dt = 4.6 fb∫

) + jets-µ+µ →*(γZ/
 jets, R = 0.4,tanti-k

| < 4.4
jet

 > 30 GeV, |yjet

T
p

 = 7 TeV)sData 2011 (
* + jets (ALPGEN)γZ/
* + jets (SHERPA)γZ/

Top
Electroweak
Multi-jets

ATLAS

jetN

 0≥  1≥  2≥  3≥  4≥  5≥  6≥  7≥

M
C

 / 
D

at
a

0.8

1

1.2
ALPGEN SHERPA

A. Ruiz (CERN) JVMO 2014 17 July 2014 30

http://dx.doi.org/10.1007/JHEP07(2013)032


Backup: Z+jets cross section JHEP 07 (2013) 032

Scaling pattern also investigated for a VBF preselection (2 jets with mjj > 350 GeV

and |∆yjj|> 3.0) → Exclusive jet multiplicities and ratios R(n+1)/n :

BLACKHAT+SHERPA prediction is consistent with data

ALPGEN overestimates R3/2

SHERPA describes the multiplicity well

) 
[p

b]
je

t
) 

+
 N

- l
+  l

→
*(γ

(Z
/

σ

-310

-210

-110

1

10

210
 = 7 TeV)sData 2011 (

ALPGEN

SHERPA

 + SHERPAATHLACKB| > 3.0
jj

 y∆ > 350 GeV, |jjm

ATLAS )µ 2 jets (l=e,≥)+ -l+ l→*(γZ/
-1

 L dt = 4.6 fb∫
 jets, R = 0.4tanti-k

| < 4.4
jet

 > 30 GeV, |yjet

T
p

0 1 2 3 4 5

N
LO

 / 
D

at
a

0.5

1

1.5  + SHERPAATHLACKB

2 3 4 5 6 7

M
C

 / 
D

at
a

0.5

1

1.5 ALPGEN

jetN

2 3 4 5 6 7

M
C

 / 
D

at
a

0.5

1

1.5 SHERPA

)
je

t
)+

N
- l

+  l
→

*(γ
(Z

/
σ

+
1)

/
je

t
)+

N
- l

+  l
→

*(γ
(Z

/
σ

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9
 = 7 TeV)sData 2011 (

ALPGEN

SHERPA

 + SHERPAATHLACKB| > 3.0
jj

 y∆ > 350 GeV, |jjm

ATLAS )µ 2 jets (l=e,≥)+ -l+ l→*(γZ/
-1

 L dt = 4.6 fb∫
 jets, R = 0.4tanti-k

| < 4.4
jet

 > 30 GeV, |yjet

T
p

0/-1 1/0 2/1 3/2

N
LO

 / 
D

at
a

0.5

1

1.5  + SHERPAATHLACKB

3/2 4/3 5/4 6/5

M
C

 / 
D

at
a

0.5

1

1.5 ALPGEN

jet+1/NjetN
3/2 4/3 5/4 6/5

M
C

 / 
D

at
a

0.5

1

1.5 SHERPA

A. Ruiz (CERN) JVMO 2014 17 July 2014 31

http://dx.doi.org/10.1007/JHEP07(2013)032


Backup: Z+jets cross section JHEP 07 (2013) 032

Fraction of events that pass a veto on a central (|η |< 2.4) third jet after the VBF

preselection:

ALPGEN predicts too small efficiency, the overestimate of R3/2 in ALPGEN

leads to an underestimate of the veto efficiency

SHERPA has a good agreement with data
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Backup: W+jets/Z+jets ratio ATLAS-CONF-2014-034

Particle-level phase space

Lepton pT and pseudorapidity η pT > 25 GeV, |η |< 2.5

W transverse mass and neutrino pT mT > 40 GeV, pT > 25 GeV

Z invariant mass and lepton-lepton angular separation 66 <m`` < 116 GeV, ∆R`` > 0.2

Jet pT, rapidity and jet-lepton angular separation pT > 30 GeV, |y |< 4.4, ∆Rj` > 0.5

In the ratio, the systematic uncertainties that are positively correlated between

the numerator and denominator cancel at the level of their correlations

The impact on the ratio of a given source of uncertainty was estimated by

simultaneously applying the systematic variation due to this source to both

W+jets and Z+jets events and performing the full measurement chain with the

systematic variations applied

The systematic uncertainties on the tt̄ and multijet background estimates were

considered to be uncorrelated

The uncertainty on the integrated luminosity was treated as correlated
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Backup: W +b-jets cross section JHEP 06 (2013) 084

W +b-jets cross section at 7 TeV (4.6 fb−1)

be combined, as long as sufficient care is taken to subtract logarithmic terms that would
otherwise be double counted.

In this paper we will combine NLO QCD calculations of qq̄′ → Wbb̄ and qb → Wbq′

parton level processes including b-quark mass effects to provide precise predictions for W +1
jet and W +2 jet production with at least one b jet at the 7 TeV LHC. The choice of the ex-
perimental signature, jet algorithm, and kinematic cuts has been made according to ATLAS
specifications [11]. We will closely follow Ref. [8] where a consistent combination of these
two NLO calculations has been performed for the first time to provide predictions for the
production of a W boson and one b-jet. It is interesting to note that the calculation of Ref [8]
has been compared with a measurement of the b-jet cross section of W boson production
in association with one and two b jets by the CDF collaboration at the Tevatron [14]. This
comparison found a discrepancy of about two standard deviations [12, 13].

After a brief presentation of the theoretical framework in Section 2, we will discuss NLO
QCD predictions and their residual uncertainties for the 7 TeV LHC in Section 3 and present
our conclusions in Section 4.

q

q̄′

b

W

b̄

b b

q q′

W

(a) (b)

Figure 1: Leading-order parton-level processes for the production of a W boson and one or
two jets with at least one b jet.

2 Theoretical Framework

The predictions presented in this paper are based on the combination of NLO QCD calcu-
lations of the qq̄′ → Wbb̄ [2, 3, 7] and bq → Wbq [5] parton-level processes, as presented in
Ref. [8] and implemented in MCFM [7] (where the leptonic W decay is included), and we
refer to [8] for more details.

In the NLO QCD calculation of the qq̄′ → Wbb̄ process the b quark is considered to be
massive, and only light quarks (q "= b) are considered in the initial state, i.e. the so-called
four-flavor number scheme (4FNS) is used. In the NLO QCD calculation of the bq → Wbq′

process the b-quark mass is only kept as regulator of the collinear singularity while it is
neglected in the hard process so that the hadronic cross section is obtained as follows,

σNLO
bq =

∫
dx1dx2b(x1, µ)

[∑

q

q(x2, µF )σ̂NLO
bq (mb = 0) + g(x2, µF )σ̂LO

bg (mb = 0)

]
. (1)

2

Particle-level phase space:

Lepton transverse momentum p`
T > 25 GeV

Lepton pseudorapidity |η`|< 2.5

Neutrino transverse momentum pν

T > 25 GeV

W transverse mass mT > 60 GeV

Jet transverse momentum pT > 25 GeV

Jet rapidity |y |< 2.1

Jet multiplicity n ≤ 2

b-jet multiplicity nb = 1 or nb = 2

Jet-lepton separation ∆R(`, jet) > 0.5

The results are compared to the NLO predictions of MCFM and POWHEG, and

to ALPGEN scaled by the NNLO normalization factor for the W cross section:

ALPGEN and POWHEG implement a 4-flavour number scheme (4FNS)

MCFM includes a 5-flavour number scheme (5FNS) to account for the

presence of b-quarks in the IS originated from parton distribution functions
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Backup: W + c-jets cross section JHEP 05 (2014) 068

W + c-jets cross section at 7 TeV (4.6 fb−1)

W boson in association with a single charm quark is produced at LO by the

scattering of a gluon and a down-type quark (d , s, b)

January 20, 2014 – 18 : 39 DRAFT 3

• Lepton pl
T > 20 GeV and |⌘l| < 2.5,69

• Neutrino p⌫T > 25 GeV and70

• mT(W) > 40 GeV,71

where mT(W) =
q

2pl
T p⌫T(1 � cos��) and �� is the azimuthal separation between the directions of the72

lepton and the neutrino in the transverse plane.73

The kinematic cuts applied on the charm are di↵erent in the two analyses since they are sensitive to74

di↵erent regions in phase space:75

• W + c-jet: c�jet pT > 25 GeV and |⌘| < 2.5 and76

• W + D(⇤)+ : D(⇤)+ pT > 8 GeV and|⌘| < 2.2.77

All cross-section measurements are reported as fiducial cross sections in OS-SS events. In this note,78

the inclusive cross-section measurements as well as the measurement di↵erential in lepton |⌘| are studied.79

The results are compared to the predictions of NLO QCD calculations, together with their sensitivity80

to the choice of PDF.81

The note is organized as follows. Section 3 introduces the methods used to determine the correlations82

among the W + c-jet and W +D(⇤)+ measurements, while Section 4 shows the results together with their83

correlated and uncorrelated uncertainties. The results are compared to theoretical predictions in Section 584

and the compatibility with di↵erent PDF predictions is assessed. Conclusions are drawn in Section 6.85

3 Combination procedure86

The combination of the data sets is based on the method developed in Ref. [3], which takes into account87

statistical uncertainties and accounts for systematic uncertainties (bin-to-bin correlated and uncorrelated)88

proportional to the central values of the respective cross sections.89

The following statistically independent cross-section measurements are used in the averaging proce-90

dure:91

• �fid,OS�SS(W+c) (electron channel)92

• �fid,OS�SS(W+c) (muon channel)93

• �fid,OS�SS(W+D⇤�) (electron-muon combined channel)94

(a) (b)

Figure 1: Lowest order Feynman diagrams for W+single charm production.gs̄→W+c̄ and gs→W−c initial states dominant, while the reaction initiated

by a d-quark contributes about 10% → Directly sensitive to the s-quark PDF!

Event selection:

W → `ν:

Electron channel: pT > 25 GeV, |η |< 2.47 (excluding 1.37 < |η |< 1.52),

Emiss
T > 25 GeV, mT > 40 GeV

Muon channel: pT > 20 GeV, |η |< 2.4, Emiss
T > 20 GeV, mT > 60 GeV

c-jet:

Jet with pT > 25 GeV, |η |< 2.5

Soft muon with pT > 4 GeV, |η |< 2.5

∆R(`, jet) < 0.5
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Backup: W + c-jets cross section JHEP 05 (2014) 068

Select signal as Opposite Sign − Same Sign (OS−SS) events where pair

produced quarks (Wbb̄, Wcc̄) are subtracted automatically!
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Data and aMC@NLO comparison for different PDF sets:

Best agreement with ATLAS-epWZ12 and NNPDF2.3coll predictions

CT10, HERAPDF1.5 and MSTW2008 also are in agreement

NNPDF2.3 less favoured

Ratio of strange to down sea quarks

compared to HERA-PDF1.5 and

ATLAS-epWZ12 → Data favour PDFs with

symmetric light sea over the whole x range
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