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Introduction!
•  Studies of vector boson production in association with (heavy 

flavor, HF) jets, provide!
- Important tests of pQCD calculations!
- Help to constrain PDFs!

•  As a background, they contribute to many other processes and 
searches, such as Higgs boson production, SUSY signatures!

•  Measurements of events kinematic properties are important to 
improve on simulations/tuning MC event generators applicable 
in various MVA techniques!

•  Discuss most recent results based on 7, 8 and 13 TeV data!
•  Complete set of measurements can be found at:!
    https://twiki.cern.ch/twiki/bin/view/AtlasPublic/StandardModelPublicResults!
    http://cms-results.web.cern.ch/cms-results/public-results/publications/SMP/index.html!
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W/Z events with jets, comparison to theory!

•  Select events with W(àe/µ+ν) or Z(àee/µµ) candidates and jets!

•  Jets identified with anti-kt algorithm, distance parameter of 0.4/0.5!
- Corrected to the particle level using simulations of the detector response!
- Residual energy scale corrections determined in-situ using Z/γ*+jet, di-jet 

and minimum bias collider data!
- Heavy Flavor (HF = b, c) jets identified using MVA techniques or explicitly 

requiring b, c hadrons or soft muons in jets!
- These particle level jets are unfolded for experimental biases!

•  Differential cross sections and kinematic properties of signal events 
are compared to predictions from!
- Alpgen+Herwig/Pythia, BlackHat+Sherpa, HEJ, Madgraph+Pythia, 

MadGraph-aMC@NLO+Pythia, MCFM, Powheg+Pythia, Sherpa!
•  W/Z+X total cross sections normalized to FEWZ at NNLO in pQCD, 

with a few exceptions!



∫
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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A concise summary of the current status!

•  V+X cross section measurements span ~5 orders of magnitude!
•  In general, within uncertainties, predicted rates agree with data!
•  Need for better precisions in both, data and predictions!
•  In the following, mainly discuss most recent results!
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W + jets at 7 TeV (I)!

ATLAS: EPJC (2015) 75:82 

•  Data are consistent with simulations including background processes!
•  Multijet background estimated from data in jet multiplicity bins!
•  Yield of signal events determined after subtracting the background!
•  Data distributions are corrected for detector effects to the fiducial phase 

space, at particle level!
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W + jets at 7 TeV (II)!
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Data compared to various predictions. No issue in describing jet multiplicity!
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W + jets at 7 TeV (III)!
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• Overall, BlackHat+Sherpa describe data best!
• Except for HT in W + ≥ 1 jet events!
• No single model describes all examined 
quantaties/differential cross sections!
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W + jets at 8 TeV (I)!

CMS: PAS SMP-14-023 

• Jet pT described by BlackHat +Sherpa!
• Issues with angular correlations 
between leading or F/B jets!
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W + jets at 8 TeV (II)!

CMS: PAS SMP-14-023 

HT and jet pT compared to NNLO predictions for W+1 jet inclusive production!
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Z + jets at 7 TeV!
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Sherpa predicts softer pT and HT 
spectra, while Powheg shows an 
excess compared to data at high pT 
and HT regions !
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σ(W+jets)/σ(Z+jets) at 7 TeV!

AT
LA

S:
 E

PJ
C

 (2
01

4)
 7

4:
 3

16
8 

• Predictions describe data quite well, Alpgen+Herwig being a “winner”, 
except for angular correlations!

•  Probes difference between kinematic distributions of jets produced with W/Z!
•  In ratios, a number of uncertainties cancel, in data and simulations, allowing for more 

precise comparison with predictions!
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Z + jets at 8 TeV!

Data compared to!
• Tree level ME+PS, MadGraph+Pythia; Nj 
≤ 4 in ME!
- Disagrees with data at pT ~150 – 450 GeV, 

similar to observations at 7 TeV!
• Multileg NLO+PS, Blackhat+Sherpa2; 
NLO accuracy for Nj ≤ 2, LO for Nj = 3, 4!
- Predicts different shapes compared to 

MadGraph; describes ηj distributions better	
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Z + jets at 13 TeV!
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W + c-jets (7 TeV)!
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ATLAS: JHEP 05 (2014) 068 

•  W+c signal observed in final states with c hadrons or a muon from c quarks!
•  σ(W−+ c) > σ(W++   ) as expected: more d than      quarks in the proton!
•  Favor SU(3)-symmetric light-quark sea and PDFs that include low-energy DIS data!
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W + b-jets (7 and 8 TeV)!

CMS PAS SMP-14-020 

•  MCFM predictions lower than measurements, esp. in 1 
b-jet bin, but within uncertainties consistent with data!
- Accounting for hadronization and double parton 

interaction effects!
- Uncertainties due to scale and PDF!

ATLAS: JHEP 06 (2013) 084 
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Z + at least 1 b-jet (7 TeV)!

ATLAS: JHEP 10 (2014) 141 
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• Overall, NLO predictions from MCFM and aMC@NLO describe the data!
• Differential spectra are well modeled by LO multi-legged predictions!
• Predictions underestimate low ΔR(b,b) region!
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Z + at least 1 b-jet (8 TeV)!

CMS PAS SMP-14-010 

Overall, Powheg+Pythia6 predictions agree with data, but issues describing 
differential cross section ratios between inclusive Z+b-jets and Z+jets!
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Measure differential cross sections and σ(Z+b)/σ(Z+j) ratios!
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•  LHC experiments have an active program to measure various 
properties of vector boson production in association with jets, 
including heavy flavored jets!

•  Generally, significant improvement in precision 
measurements and various kinematic properties of events!

•  Different predictions have been scrutinized with data!
•  More accurate measurements and predictions are still needed!

•  More precise measurements are expected soon, including 
those based on 13 TeV data!

Summary!


