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The latest results from the LHC experiments on the associated production of vector boson and
jets, including heavy flavours, are presented. The topics covered are Z+jets (electroweak and
QCD productions), W+jets, W+charm, Z+charm, Z+bb̄ and W+bb̄. Next-to-leading order
predictions are generally found in good agreement with the data.

1 Introduction

With high production rates, simple signatures and low background levels, vector bosons produced
in association with jets provide ideal samples to study perturbative QCD to a high level of
precision. With the LHC proton-proton collision data taken in 2011 (2012) at a centre-of-
mass energy of 7 (8) TeV, the ATLAS 1, CMS 2 and LHCb 3 collaborations have pushed the
understanding of such processes to much higher energies and jet multiplicities than previously
achieved by other hadronic colliders. The higher energy reach allows to study processes which
were not accessible before, like the electroweak production of a Z boson with two jets, or the
production of W and Z with two b hadrons. Requiring explicitly heavy flavours complicates
the theoretical calculations due to the non-negligible masses of the charm and bottom quarks.
Different bb̄ production mechanisms are tested against the LHC data, which helps in resolving
outstanding tensions. Acquiring a better understanding of these processes is mandatory in our
quest for new physics. W/Z+jets are main irreducible backgrounds to many Higgs and new
physics channels. Last but not least, W+charm production gives access to the strange-quark
content of the proton. Improving on this is essential towards the W mass measurement at the
LHC.

In all measurements presented in the following sections, the leptonic decays of the W and
Z bosons to electrons and muons are considered. Events are selected either by dilepton (Z) or
single lepton (W) triggers. Most measurements are given in the detector fiducial regions, and
unfolded to the particle level. Leptons are ”dressed”, i.e. photons from final-state radiations
are clustered in a cone of size ∆R =

√
∆η2 + ∆φ2 < 0.1 around the lepton direction. With this

definition, results from both lepton flavours are usually combined into single measurements.

2 Z+jets

The ATLAS collaboration has published an extensive review of the Z+jets processes at 7 TeV 4.
A good agreement is observed between the data and MC predictions by Blackhat+Sherpa (NLO),
Alpgen and Sherpa (LO).

The CMS collaboration has complemented this review by studying more specifically rapidity



distributions in exclusive Z+1 jet production 5. It is found that Madgraph (v5)+Pythia fails to
reproduce the rapidity difference between the Z and the jet. Preliminary results have also been
released on differential cross sections as a function of the jets pT , pseudo-rapidity η and inclusive
HT = Σpjets

T , for up to 4-jet events 6. The novelty compared to the ATLAS results resides in the
comparison to the new generation of NLO+PS MC: Powheg-box and Sherpa2, which are found
to describe the data well.

The LHCb collaboration also complemented the picture in the forward region 7. Differential
distributions are studied as a function of the Z boson pT , and the angular differences ∆η and ∆φ
between the Z and the leading-pT jet. A good description is obtained from O(α2

s) predictions
from Powheg+Pythia.

In the two-jet bin, it is also possible to study more specifically the vector-boson-fusion
(VBF) topologies, where the final-state quarks are produced via the exchange of a W or Z boson
(electroweak production), and for which the main background is the QCD Z+2j production in
which the two jets happen to have the kinematics of a VBF production (forward jets with a
large rapidity gap ∆ηjj and a large invariant mass Mjj). The CMS collaboration has released
preliminary results for the measurement of the inclusive cross section at 8 TeV8, which is found in
good agreement with VBFNLO predictions. The analysis is based on two methods to select the
signal: one uses the χ2 fit of a multivariate discriminant (boosted decision tree) taking the shape
of the QCD Z+2j background from Madgraph+Pythia Monte Carlo, reweighted to match NLO
predictions from MCFM. The second uses the profile likelihood fit of a Fisher discriminant, with
the QCD Z+2j background estimated using a photon+jet data sample. The hadronic activity
is then studied at detector level.

The ATLAS collaboration has published a comprehensive study of the total QCD+EWK Z
+ 2 jets production at 8 TeV 9, with differential cross sections as a function of e.g. Mjj (shown
in Figure 1, left), ∆yjj , number of jets in the rapidity gap. Different selections are studied,
enhancing more or less the electroweak contribution. The electroweak-only cross section is
derived from a fit to the Mjj distribution, using MC constrained to data in a QCD-dominated
control region. Efficiencies of EWK-enhancing selections are also studied, particularly relevant
for the measurement of the Higgs production in the VBF channel. Most background estimation
methods are data-driven, in the sense that a background-dominated control region is used from
data, but still rely heavily on the simulation for the extrapolation from control to signal region.
Checking how well the MC reproduces efficiencies of jet veto, or pbalance

T (shown in Figure 1,
right) is mandatory in particular to help reduce the systematic uncertainties associated with
these extrapolations. Figure 1 shows that Powheg+Pythia reproduces well the Mjj spectrum
whilst Sherpa overpredicts the rates at high mass, whereas it fails to reproduce the shape of the
efficiency of the pbalance

T selection where Sherpa does a good job.

3 W+jets

Compared to Z+jets, W+jets production is more challenging. First from a theoretical point-
of-view, production diagrams appear at NLO which implies a larger dependence to QCD-scale
uncertainties. And second from an experimental point-of-view, backgrounds from multijets and
top processes are larger.

CMS has released preliminary results on the 7 TeV 2011 dataset10 which extend considerably
the previous published results from ATLAS11 and CMS12. Differential cross sections are studied
as a function of the jet multiplicity, jets pT (shown for the leading-pT jet in Figure 2), jets η, HT ,
∆φ(W, ji) for up to 4-jet events. The data are compared to predictions from Blackhat+Sherpa
(NLO up to 4 jets), Sherpa and Madgraph (LO). Blackhat+Sherpa is found to describe well
the data, except for inclusive variables like HT where non-perturbative effects are much better
described by the parton-shower approaches and for which Sherpa gives the best description
of the data. Madgraph is found to overestimate significantly the yields at high values of the
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Figure 1 – Differential cross section for the combined QCD+EWK Z+2j
production as a function of the dijet invariant mass Mjj (left) and ef-
ficiency (at particle level) of the pbalance

T < 0.15 selection as a function
of Mjj (right).
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Figure 2 – Differential cross sections
for W+jets production as a function
of the inclusive jet multiplicity (left)
and leading jet pT (right).

leading and next-to-leading jet pT , as well as HT in the 1- and 2-jet bins. Concerning the W-jet
balance, a wider distribution of ∆φ(W, j1) is found in data compared to both Blackhat+Sherpa
and Sherpa, whereas ∆φ(W, j2) is well-described by all. This probably points to an imperfect
modelling of a soft second radiation. The best description is given by Madgraph+Pythia for
these variables.

4 W/Z+c

Both ATLAS 13 and CMS 14 have published extensive reviews of the W+charm production,
including the data impact on PDF fits using the HeraFitter framework 13,15. The analyses rely
on the good measurement of the charm-quark charge to reject background, by requiring opposite
charges for the W lepton and the charm quark, to select production diagrams involving a strange
quark. To measure the charm charge, D± and D∗± resonances are reconstructed, as well as the
semi-leptonic decay to a muon. The main differences between the results obtained from the two
collaborations are the following:

• CMS: selection of an anti-kT 0.5 jet containing a secondary vertex (with different track
multiplicities and constraints to select resonant decays) at detector level, with pT > 25
GeV, and correction back to the parton level to measure inclusive W+c production. Hadro-
nisation effects are of course studied and lead to O(%) systematic uncertainties. Data are
compared with parton-level NLO predictions from MCFM.

• ATLAS: track-based analysis with reconstruction of hadrons independently of jets, phadrons
T >

8 GeV, except for the semi-leptonic decay to muon channel which uses anti-kT 0.4 jets
with pT > 25 GeV containing a soft muon. Results are corrected to the hadron level, and
compared with hadron-level aMC@NLO+Herwig predictions, with also an uncertainty
associated to the hadronisation from Herwig of O(%).

The total cross section is measured and compared with central values from different PDF sets.
Using central values predicted by aMC@NLO, ATLAS data seems to favour PDF sets with
an unsuppressed strange content, like NNPDF2.3coll (collider-only data) and ATLAS-epWZ12.
CMS in comparison with MCFM predictions tends to prefer a slightly suppressed strange content
like in the CT10 PDF set. The ratio W+/W− is expected to be around 95% just from the fact



that d is a valence quark. Any deviation from this value would be an indication of strange-
antistrange asymmetry. The data does not favour such hypothesis although the measurement is
still dominated by experimental uncertainties. The impact on the PDF is derived mainly from
the differential cross sections as a function of the lepton pseudo-rapidity which is shown to be
the most sentitive variable.

The Z+charm cross section has been measured by the LHCb experiment, in the forward
region 16. Using D0 and D+, the statistics is however very small, with the observation of
respectively 7 and 4 events, with an expected purity of about 95%. A large discrepancy is
found between the data and predictions using two different calculation schemes (with massive
or massless charm), with the MC overpredicting the yields by factors of 1.6 (D0) and 3.6 (D+).
One should note the following: (1) the cross section is predicted to be dominated by double-
parton scattering production (about in the ratio 4:1 to single-parton interaction), and hence very
sensitive to non-perturbative effects which are just empirically modelled with no underlying deep
understanding. (2) The LHCb results, valid in the forward region, go in the opposite direction
of the results recently published by the DØ experiment 17, valid in the central region, which
show a net excess of data over the predictions.

5 W/Z+b

Z+b studies have been published by CMS for two independent analyses. The first one 18,19

investigates total cross section as a function of the b-jet multiplicity. Hadron-level data cross
sections are compared with predictions from NLO calculations using different assumptions, with
massive or massless b-quarks (so-called 4- and 5-flavour schemes). A good agreement is found
with all calculations for the 2-b jet bin, whereas for the 1-b jet bin the 4-flavour calculations
from aMC@NLO underestimate significantly the yields. At detector level, a good agreement
in shape is observed between data and predictions from Madgraph+Pythia for the kinematic
variables of the individual objects and of the Zbb system.

The second analysis20 investigates more deeply the BB system, with differential cross sections
at particle level for four angular variables: ∆R(B,B), minimum ∆R(Z,B), ∆φ(Z,B) and the
asymmetry AZBB. Quark-initiated diagrams (qq and qg), where the B hadrons come from
a single gluon splitting, have a tendency to produce colinear B hadrons. The gluon-gluon
contribution, which is largely dominant at the LHC, produces however more often back-to-back
B hadrons. Different selections on the pT of the Z boson are studied in order to probe boosted
regions where the colinear contribution is enhanced. The analysis makes use of a B-hadron
reconstruction algorithm based on tracks called the inclusive vertex finder, which allows to
reconstruct hadrons separated by ∆R as small as 0.05. In the B-B system, a better agreement
is found with predictions from the Alpgen generator in the colinear region, where all the other
predictions underestimate the rate significantly. In the Z-B system, a good agreement is found
for all 4- and 5-flavour predictions tested.

Finally W+b studies have been published by both ATLAS 21 and CMS 22 in complementary
channels. ATLAS has made an extensive study of W produced with one identified b jet, in the
1- or 2-jet bins. Differential cross sections are studied as a function of the b-jet pT , with and
without subtraction of the single-top contribution which is theoretically not so well-known. An
excess of data is found in the 1-jet bin, with a discrepancy with NLO predictions at the level of
1.5σ, with a harder pT spectrum in data than predicted by both MCFM and Alpgen predictions.
The CMS analysis measures the inclusive W+2b cross section at particle level, and finds a good
agreement with theoretical predictions at NLO from MCFM. A good agreement in shape is also
observed for basic kinematic variables at detector level in comparison with Madgraph+Pythia.



6 Conclusion

Generally speaking, NLO predictions give a rather good agreement with the data for most of
the vector-boson + jets processes, both in shapes and normalisation. Matrix-element + parton
shower approaches are also shown to describe reasonably well the data in shapes, although none
describes all processes perfectly, with the studies covering a large range of variables from pT

spectra to angular distributions. Tensions remain in the heavy-flavour side, and in particular
the 1-jet bin (including colinear B-hadron production), for both charm and bottom quarks, and
for both W and Z bosons.
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