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1. Introduction

The LHCb detector [1] is a single-arm forward spectrometer optimised to study b-physics. It
covers a pseudorapidity, η , range of 2.0 < η < 5.0 making electroweak measurements at LHCb
complementary to those performed by the ATLAS and CMS experiments. Here, we report on
cross-section measurements of Z plus jet [2] and Z plus D [3] which are performed with the LHCb
detector at

√
s =7 TeV using 1.0 fb−1 of integrated luminosity collected in 2011.

Measurements of electroweak bosons in the forward region can be used to constrain parton
distribution functions (PDFs) as they have a unique sensitivity to high and low Bjorken-x. Z+jet1

events are typically produced from a collision of a sea quark, or a gluon, with a valence quark and
are, thus, sensitive to the gluon PDF. The measurement of this process can also be used to tune
event generators. On the other hand, Z+D is sensitive to the charm PDF, the charm production
mechanism, and to double-parton scattering (DPS).

Theoretical predictions for Z+jet are available at next-to-leading-order (NLO) in the strong-
interaction coupling parameter αs and different PDF sets are compared. For Z+D, theory pre-
dictions are computed at LO and NLO for single-parton scattering (SPS), while a factorisation
approximation is used to obtain an estimate for DPS.

2. Event selection

The fiducial volume of the muons originating from the decay of the Z is identical for both
measurements. Both final state muons are required to have a transverse momentum of at least
20 GeV, and lie within a pseudorapidity range of 2.0 < ηµ < 4.5. The dimuon invariant mass is
required to be in the range 60 < Mµµ <120 GeV.

For Z+jet, the jets are similarly required to be within 2.0 < η jet < 4.5 and are reconstructed
with the anti-kT algorithm [4] with a radius parameter of R = 0.5. The inputs to the jet finding
are selected using a particle flow approach. The jets are further required to be well-separated from
the Z such that ∆r(µ, jet) > 0.4.2 Measurements are performed for two jet transverse momentum
thresholds: 10 and 20 GeV. Track quality and jet quality requirements are imposed in the analysis.
The measurements are corrected using efficiencies determined from data in the case of muons and
from simulation for jets.

In the measurement of Z+D, the D candidates are reconstructed through the D0→K− π+ and
D+ →K− π+ π+ final states. The open charm mesons are reconstructed in a kinematic range of
2 < y(D) < 4 and 2 < pT <12 GeV. Further kinematic and identification cuts are applied on the
daughters of the charm mesons. The selection imposed on the final state muons and the D mesons
defines the fiducial volume of the measurement, while the cuts on the kaons and pions are corrected
for.

1The virtual photon (γ∗) contribution is always implied.
2∆r2≡∆φ 2+∆η2, where ∆φ is the difference in azimuthal angle and ∆η is the difference in pseudorapidity between

the jet and the Z.
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3. Cross-section measurement

In the Z+jet measurement, migrations in the jet transverse momentum are corrected for by un-
folding the p jet

T distribution. Reconstruction and selection efficiencies are computed differentially
and the measurement is corrected for these. The dominant systematic uncertainty in the measure-
ment derives from jet reconstruction and the uncertainty on the jet energy scale. The measurement
is quoted at the Born level in QED using correction factors derived from theory for final state
radiation (FSR) of the muons.

In the study of Z+D, the Z boson and the D meson are required to originate from the same pp
interaction and the contribution from multiple pp interactions is quantified. Open charm mesons
that originate from beauty hadrons are considered background. A two-dimensional fit to the mass
distributions of the Z and the D candidates is performed to quantify the contribution of the combi-
natorial background and to assess the significance of the observation. The total purity, defined as
the fraction of signal in the selected sample, is determined to be above 95% for both Z plus D0 and
Z plus D+ with the dominant background contribution coming from b-quark decays.

Pseudo-experiments are carried out whereby the significance can be extracted. In each such
experiment, events are sampled according to a background-only hypothesis. The resultant distribu-
tions are fit using probability distribution functions describing the signal and a uniform distribution
to describe the combinatorial background. The combinatorial background is best described by an
exponential function, while the use of a uniform distribution results in a conservative estimate of
signal significance. A significance of 3.7 and 3.3 standard deviations is obtained for the D0 and
D+ cases, respectively. Finally, the combined significance of Z+D production corresponds to 5.1
standard deviations.

4. Results

For Z+jet, the total cross-section as well as the cross-section ratio to inclusive Z production is
reported. In addition, differential measurements as a function of the Z boson rapidity and transverse
momentum, the pseudorapidity and transverse momentum of the leading jet, and the difference in
azimuthal angle and in rapidity between the Z and this jet are reported. The differential measure-
ments are normalised to the total Z+jet cross-section.

For the 20 GeV jet transverse momentum threshold, the cross-section and cross-section ratio
are measured to be

σ(Z(→ µ
−

µ
+)+ jet) = 6.3±0.1(stat.)±0.5(syst.)±0.2(lumi.)pb,

σ(Z(→ µ−µ+)+ jet)
σ(Z(→ µ−µ+))

= 0.083±0.001(stat.)±0.007(syst.),

while for the 10 GeV threshold one obtains,

σ(Z(→ µ
−

µ
+)+ jet) = 16.0±0.2(stat.)±1.2(syst.)±0.6(lumi.)pb,

σ(Z(→ µ−µ+)+ jet)
σ(Z(→ µ−µ+))

= 0.209±0.002(stat.)±0.015(syst.),

where the first uncertainty is statistical, the second is systematic, and the third is the uncertainty
due to luminosity determination.
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Figure 1: Ratio of the Z+jet cross-section to the inclusive cross-section for two momentum thresh-
olds. The bands give the LHCb measurement corrected for FSR with the statistical uncertainty
(inner band) and the total uncertainty (outer band). The points show the theory predictions with
uncertainties as defined in the main text.

Theoretical predictions are computed at NLO using POWHEG [5–8] with PYTHIA [9] sim-
ulation of parton shower development and hadronisation. An uncertainty on these predictions is
obtained by varying the renormalisation and factorisation scales around the value of the vector
boson transverse momentum. In computing theory predictions, three NLO PDF parameterisations
are compared: MSTW08 [10], CTEQ10 [11] and NNPDF 2.3 [12]. A leading-order MSTW08
PDF parameterisation is also contrasted. For the cross-section ratio measurement, the inclusive
Z cross-section is computed at leading-order for the MSTW08, CTEQ10, and NNPDF 2.3 PDF
parameterisations. Furthermore, a separate theory prediction is computed using FEWZ [13] which
neglects the effects from hadronisation and the underlying event. In this case, the renormalisation
and factorisation scales are set to the nominal value of the vector boson mass.

Cross-section ratios are shown in Fig. 1 while normalised differential cross-sections, uncor-
rected for final state radiation from the muons, are displayed on Figs. 2-4. Reasonable agreement is
observed in all variables for the O(α2

s ) calculations, while differences are observed with the O(αs)

calculation for the measurements in p jet
T , pZ

T, and ∆φ .
The cross-sections for Z(→ µ−µ+)+D are determined to be

σ(Z(→ µ
−

µ
+)+D0) = 2.50±1.12(stat.)±0.22(syst.)pb,

σ(Z(→ µ
−

µ
+)+D+) = 0.44±0.23(stat.)±0.03(syst.)pb,

where the first uncertainty is statistical and the second is systematic.
The SPS prediction for the production of Zcc is computed at leading order and at NLO in the

massless c-quark approximation while contributions from Zc are obtained at NLO. The kinematic
criteria are applied to the c-quark and hadronisation is corrected for in the theory prediction. The
DPS cross-section is obtained using a factorisation ansatz based on the effective DPS cross-section
[14]. The sum of the predictions for SPS and DPS is consistent with the measured cross-section for
Z+D0 production, while clear tension is observed in the prediction for Z+D+ production (Fig. 5).
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Figure 2: The differential Z+jet cross-section as a function of p jet
T (left) and η

jet
T (right). The bands

give the LHCb measurement with the statistical uncertainty (inner band) and the total uncertainty
(outer band). The points show the theory predictions with uncertainties as defined in the main text.
Predictions are displaced horizontally for presentation. These results have not been corrected for
FSR from the final state muons.
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Figure 3: The differential Z+jet cross-section as a function of yZ (left) and pZ
T (right). The bands

give the LHCb measurement with the statistical uncertainty (inner band) and the total uncertainty
(outer band). The points show the theory predictions with uncertainties as defined in the main text.
Predictions are displaced horizontally for presentation. These results have not been corrected for
FSR from the final state muons.
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Figure 4: The differential Z+jet cross-section as a function of ∆φ (left) and ∆y (right). The bands
give the LHCb measurement with the statistical uncertainty (inner band) and the total uncertainty
(outer band). The points show the theory predictions with uncertainties as defined in the main text.
Predictions are displaced horizontally for presentation. These results have not been corrected for
FSR from the final state muons.
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5. Summary

Measurements of inclusive Z+jet and Z+D cross-sections at
√

s =7 TeV are presented. For
Z+jet, normalised differential cross-sections are also measured as a function of variables that de-
scribe Z boson and jet kinematic properties. All NLO PDF parameterisations studied show reason-
able agreement with the measured results.

Associated production of a Z with a D meson has been observed at LHCb for the first time.
With more data a measurement of the differential distributions will be possible, which would enable
the SPS and DPS contributions to be disentangled.
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