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Introduction

Vector boson + jet production is an
important benchmark in hadron collider.
The boson decay is a well understood tag
Other event variables can then be used to
test pQCD
Practically this can provide feedback on
various MC generators and tunes to be used
in other analyses
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General Analysis Strategy
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Z (→ ee) Z (→ µµ)

lepton pT pT > 20 GeV pT > 20 GeV

lepton |η| |η| < 1.37 or 1.52 < |η| < 2.47 |η| < 2.4

lepton charges opposite charge
lepton separation ∆R`` ∆R`` > 0.2

lepton invariant mass m`` 66 GeV ≤ m`` ≤ 116 GeV

jet pT pjet
T > 30 GeV

jet rapidity yjet |yjet| < 4.4

lepton-jet separation ∆R`j ∆R`j > 0.5

Table 1. Summary of Z (→ ``) and jet selection criteria.

5 Background estimation

The selected data sample is expected to contain background events with two isolated leptons
(tt̄, diboson and Z (→ ττ) events), with one isolated lepton (W → eν, W → µν and
single-top-quark production) and without isolated leptons (multi-jet events). The total
expected background fraction increases with the jet multiplicity (Njet) from 2% (Njet ≥ 1)
to 20% (Njet ≥ 6). It is dominated by multi-jet processes, tt̄ and diboson events for
Z (+ ≤ 1 jet) and by tt̄ for larger jet multiplicities. The background is estimated using
simulated samples, with the exception of the multi-jet and tt̄ background contributions,
which are derived from data. For these data-driven background estimates, the shape of the
background contribution to each of the measured distributions is derived from a dedicated
background-enriched sample in data. The background-enriched samples have been selected
and normalized as described below.

The multi-jet background contribution in the Z (→ ee) + jets channel is estimated using
a multi-jet enriched data template with two electron candidates which both pass a ‘loose’
selection but fail to pass the medium identification requirements [36]. The dedicated trigger
used for the selection of this sample requires two clusters of energy in the electromagnetic
calorimeter with pT > 20 GeV. This sample is dominated by jets misidentified as electrons
in the final state. The normalization of this sample to the multi-jet background expected
with medium requirements is extracted from a template fit in the invariant mass distribution
for medium electrons (mee) as follows: A single combined fit is performed of the multi-jet
template and the standard simulated signal and non-multi-jet background templates to the
measured spectrum of the invariant mass for medium electrons in the extended mass range
50 GeV < mee < 150 GeV in the inclusive selection. Systematic uncertainties are assessed
by varying the mass range and the binning in the fit, by using a different generator (SHERPA
instead of ALPGEN) for the signal template, by varying the electron energy scale and
resolution in the simulation and by allowing for a modification of the shape of the mass
distribution in the multi-jet enriched sample. The multi-jet background to the measured
inclusive jet multiplicities varies between (0.65 ± 0.23)% for Njet ≥ 1 and (1.20 ± 0.44)%

for Njet ≥ 6.
In the Z (→ µµ) + jets channel, heavy flavour production (with muons originating from

– 6 –

W : Emiss
T > 25GeV , mT > 40GeV

Similar for all analysis (differences noted)
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Particle Level and Monte Carlo

Detector results are unfolded to particle level.
Particle level results can then be compared with several MC generators and
theory predictions.

LO ME < 4 Jets + PS
I ALPGEN v2.13 + HERWIG v6.520
I SHERPA v1.4.1
I Madgraph5 aMC@NLO+Pythia8 CKKW-L A/B†

NLO ME + PS
I MC@NLO v4.01 + HERWIG. (+1 Jet)
I Madgraph5 aMC@NLO with FxFx Merging (+2 Jets)†
I Sherpa 2.X (NLO 0,1,2 Jets + LO 3,4 Jets)†

Fixed order NLO Calculation
I BLACKHAT + SHERPA

Approx. NNLO
I LoopSim (W ≥ 1Jets)

Higher orders
I HEJ (W ≥ 2Jets)

†New in Run 2!
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Z + Jets @ 13 TeV
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Fiducial selection following the Inclusive 13TeV analysis (lepton pT > 25GeV)
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Z + Jets @ 13 TeV
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Z + Jets @ 7TeV
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Results here unfolded to particle
level.
Using 4.6fb−1 of 7 TeV data
Systematic uncertainties 7% − 17%
for ≥ 1 to ≥ 4 Jets
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Z + Jets @ 7TeV
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3rd jet is important for rejecting backgrounds in Vector Boson Fusion (VBF)
Higgs selection.
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Z + Jets @ 7TeV
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SHERPA 1.4.1 starts to show greater deviations here
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W + Jets @ 7TeV
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I Driven by backgrounds
especially at high
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W + Jets @ 7TeV
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W + Jets @ 7TeV
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Again angular distributions show larger differences between predictions.
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Ratio RJets W /Z@ 7TeV
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Systematic uncertainties 1.2% − 18% for ≥ 1 to ≥ 4 Jets
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Data vs MC Comparison for Run 2
Z → e+e− Exclusive Jet Multiplicity
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Figure 2: (a) Exclusive jet multiplicity and (b) HT (the scalar sum of lepton and jet transverse momenta) in the 7 TeV
Z+jets analysis. No k-factor is applied to the MG5_aMC+Py8 FxFx sample.
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Unfolded results can also be used to investigate the performance of future
generator developments.
This information is invaluable for several other analysis for Run 2

ATLAS-PHYS-PUB-2016-003
Rhys Owen (University of Birmingham, RAL) Vector Boson + Jets Production in ATLAS LHCP 2016 13/06/16 15 / 18



Data vs MC Comparison for Run 2
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SHERPA 2.X shows improvement in these plots compared to the 1.X version.
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∫
L dt

[fb−1] Reference

σ(t̄t)/σ(Z) σ = 0.445 ± 0.027 ± 0.028 (data)
top++ NNLO+NLL, FEWZ+HERAPDF1.5 NNLO (theory) 0.085 ATLAS-CONF-2015-049

– [njet ≥ 4] Ratio = 7.62 ± 0.19 ± 0.94 (data)
Blackhat (theory) 4.6 Eur. Phys. J. C 74: 3168 (2014)

– [njet ≥ 3] Ratio = 8.18 ± 0.08 ± 0.51 (data)
Blackhat (theory) 4.6 Eur. Phys. J. C 74: 3168 (2014)

– [njet ≥ 2] Ratio = 8.64 ± 0.04 ± 0.32 (data)
Blackhat (theory) 4.6 Eur. Phys. J. C 74: 3168 (2014)

– [njet ≥ 1] Ratio = 8.54 ± 0.02 ± 0.25 (data)
Blackhat (theory) 4.6 Eur. Phys. J. C 74: 3168 (2014)

σfid(W→eν, µν)/σfid(Z→ee, µµ)
Ratio = 10.7 ± 0.08 ± 0.11 (data)

FEWZ+HERAPDF1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)
Ratio = 10.3 ± 0.04 ± 0.33 (data)

FEWZ + CT10NNLO (theory) 0.085 ATLAS-CONF-2015-039

σfid(W,Z → qq) σ = 8.5 ± 0.8 ± 1.5 pb (data)
MCFM (theory) 4.6 New J. Phys. 16, 113013 (2014)

– [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 = 0.877 ± 0.032 ± 0.301 pb (data)
Blackhat (theory) 4.6 arXiv:1409.8639 [hep-ex]

– [njet ≥ 4] σ = 4.241 ± 0.056 ± 0.885 pb (data)
Blackhat (theory) 4.6 arXiv:1409.8639 [hep-ex]

– [njet ≥ 3] σ = 21.82 ± 0.1 ± 3.23 pb (data)
Blackhat (theory) 4.6 arXiv:1409.8639 [hep-ex]

– [njet ≥ 2] σ = 111.7 ± 0.2 ± 12.2 pb (data)
Blackhat (theory) 4.6 arXiv:1409.8639 [hep-ex]

– [njet ≥ 1] σ = 493.8 ± 0.5 ± 45.1 pb (data)
Blackhat (theory) 4.6 arXiv:1409.8639 [hep-ex]

σfid(W→ eν, µν)
σ = 5.127 ± 0.011 ± 0.187 nb (data)

FEWZ+HERAPDF1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)
σ = 7683.5 ± 9.1 ± 729.4 pb (data)

FEWZ + CT10NNLO (theory) 0.085 ATLAS-CONF-2015-039

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

Powheg (theory) 19.5 PLB 738, 25-43, (2014)

σfid(Z→ ττ) σ = 1690.0 ± 35.0 + 95.0 − 121.0 fb (data)
MC@NLO + HERAPDFNLO (theory) 4.6 arXiv:1407.0573 [hep-ex]

– σfid(Zjj EWK) σ = 54.7 ± 4.6 + 9.9 − 10.5 fb (data)
PowhegBox (theory) 20.3 JHEP 04, 031 (2014)

– [nb−jet≥ 2] σ = 520.0 ± 20.0 + 74.0 − 72.0 fb (data)
MCFM (theory) 4.6 JHEP 10, 141, (2014)

– [nb−jet≥ 1] σ = 4820.0 ± 60.0 + 360.0 − 380.0 fb (data)
MCFM (theory) 4.6 JHEP 10, 141, (2014)

– [njet ≥ 4]
σ = 0.65 ± 0.01 ± 0.11 pb (data)

Blackhat (theory) 4.6 JHEP 07, 032 (2013)
σ = 1.4 ± 0.14 ± 0.17 pb (data)

Sherpa v2, global NNLO k-factor (theory) 0.085 ATLAS-CONF-2015-041

– [njet ≥ 3]
σ = 3.09 ± 0.03 ± 0.4 pb (data)

Blackhat (theory) 4.6 JHEP 07, 032 (2013)
σ = 5.8 ± 0.3 ± 0.6 pb (data)

Sherpa v2, global NNLO k-factor (theory) 0.085 ATLAS-CONF-2015-041

– [njet ≥ 2]
σ = 15.05 ± 0.06 ± 1.51 pb (data)

Blackhat (theory) 4.6 JHEP 07, 032 (2013)
σ = 27.0 ± 0.6 ± 2.8 pb (data)

Sherpa v2, global NNLO k-factor (theory) 0.085 ATLAS-CONF-2015-041

– [njet ≥ 1]
σ = 68.84 ± 0.13 ± 5.15 pb (data)

Blackhat (theory) 4.6 JHEP 07, 032 (2013)
σ = 115.7 ± 1.3 ± 11.5 pb (data)

Sherpa v2, global NNLO k-factor (theory) 0.085 ATLAS-CONF-2015-041

σfid(Z→ ee, µµ)
σ = 479.0 ± 3.0 ± 17.0 pb (data)

FEWZ+HERAPDF1.5 NNLO (theory) 0.035 PRD 85, 072004 (2012)
σ = 745.8 ± 2.7 ± 68.3 pb (data)

FEWZ + CT10NNLO (theory) 0.085 ATLAS-CONF-2015-039

– [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 + Jet production measurements are a powerful tool.
Provide unique tests on QCD
Measurements also test Monte Carlo to be used in other analyses.
Continues to be an important area for study at higher centre of mass energies
in Run 2 building on the work which has already been done.
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