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Abstract: A search for associated production of a Z boson with an open charm meson

is presented using a data sample, corresponding to an integrated luminosity of 1.0 fb�1

of proton-proton collisions at a centre-of-mass energy of 7 TeV, collected by the LHCb

experiment. Seven candidate events for associated production of a Z boson with a D0 meson

and four candidate events for a Z boson with a D+ meson are observed with a combined

significance of 5.1 standard deviations. The production cross-sections in the forward region

are measured to be

�Z�µ+µ�, D0 = 2.50 ± 1.12 ± 0.22 pb

�Z�µ+µ�, D+ = 0.44 ± 0.23 ± 0.03 pb,

where the first uncertainty is statistical and the second systematic.
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Study of forward Z + jet production in pp collisions at�
s = 7 TeV
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Abstract: A measurement of the Z(! µ+µ�)+jet production cross-section in pp collisions

at a centre-of-mass energy
p

s = 7 TeV is presented. The analysis is based on an integrated

luminosity of 1.0 fb�1 recorded by the LHCb experiment. Results are shown with two jet

transverse momentum thresholds, 10 and 20 GeV, for both the overall cross-section within

the fiducial volume, and for six di�erential cross-section measurements. The fiducial volume

requires that both the jet and the muons from the Z boson decay are produced in the

forward direction (2.0 < � < 4.5). The results show good agreement with theoretical

predictions at the second-order expansion in the coupling of the strong interaction.
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Observation of associated
production of a Z boson with a D

meson in the forward region

Both measurements were performed at
p
s= 7TeV corresponding to 1 fb�1.
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LHCb Detector

Single arm spectrometer optimised for the study of B and D decays;
Limited to ⇠ 4% of the solid angle;
However, captures 25% of heavy quark pairs produced;
Angular acceptance of 2 < h < 5.

�p
p = 0.4%@5GeV and
0.6%@100GeV;
s(IP) = 20µm;
etrack > 96%;
ePID(µ) ⇠ 97% with
MisID(p ! µ)⇠ 1�3%.
ePID(K) ⇠ 95% with
MisID(p ! K)⇠ 5%.
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Electroweak Measurements at LHCb
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Electroweak measurements in the
forward region

probe pQCD and
electroweak theory in a novel
region of (x,Q2) phase space;
constrain PDFs at low x and
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Z+jets Production

Inclusive Z cross section measure-
ments have been performed;
A measurement of Z+jets in the
forward region

is particularly sensitive to
the gluon PDF;
enables one to test LO and
NLO MC predictions.
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Jet Reconstruction
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Jets are reconstructed using
particle �ow with tracks and
calorimeter deposits as input;
Formed using the
anti-kT algorithm with R= 0.5;
Jets corrected to particle level;
HWHM of precoT /ptrueT is
typically 10�15%.
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Migrations in pjetT are corrected
by unfolding using the
D’Agostini method (Nucl. Instrum.
Meth. A 362 (1995) 487);
Probability that, given a true pjetT ,
the event has reconstructed pjetT .
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Selection and Backgrounds

Events are preselected using a high pT muon trigger;
Fiducial selection:

I pµ
T > 20GeV and 2.0 < hµ,jet < 4.5;

I 60 < Mµµ < 120GeV;
I pjetT > 10(20)GeV;
I �r(jet,µ) > 0.4.

A purity of (99.6±0.1)% is achieved;
eµ is determined from data and e jet is taken from simulation.
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Backgrounds are
Combinatoric from SLHF decay,
W boson, decay in �ight of K/p ;
Punchthrough;

EWK backgrounds
(e.g Z ! tt , tt, diboson).
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Systematic Uncertainties
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Source Relative uncertainty (%)

Unfolding 1.5

Z detection and reconstruction 3.5

Jet-energy scale, resolution and reconstruction 7.8

Final state radiation 0.2

Total excluding luminosity 8.6

Luminosity 3.5

Table 1. The relative uncertainty arising from each source of possible systematic uncertainties
considered for the Z+jet cross-section for pjet

T > 20 GeV. The relative uncertainties are similar for
the 10 GeV threshold. The contributions from the di�erent sources are combined in quadrature.

In order to measure the cross-section, a correction is applied to account for the jet

reconstruction e�ciency, �jet. The correction is performed for each bin in each di�erential

distribution separately. In di�erential measurements an additional factor Amig is applied to

account for migration between di�erent bins (for example, in the jet pseudorapidity distri-

bution). These corrections are typically small (2�3 %) and are taken from simulation. The

cross-section is determined by dividing the resulting event yield, corrected for migrations

and the reconstruction acceptance, by the integrated luminosity,
�

L dt, as follows

� =
��
L dt

�

punf
T >pthr

T

Amig

�jet
N(punf

T ), (5.2)

where pthr
T is the relevant threshold, 20 or 10 GeV, and the sum is over the bins of the

unfolded transverse momentum above this threshold. The purity of the sample, �, accounts

for the presence of background as discussed in section 4.1. The luminosity is determined

as described in ref. [36].

Measurements of the total Z+jet cross-section are quoted at the Born level in QED;

the correction factors for final state radiation (FSR) of the muons are calculated with

Herwig++ [37]. Di�erential distributions are compared to theoretical predictions that

include the e�ects of FSR, so they are not corrected for FSR from the muons. The di�er-

ential distributions are also normalised to the total Z+jet cross-section above the relevant

transverse momentum threshold, without corrections for FSR, so that their integral is unity.

6 Systematic uncertainties

The di�erent contributions to the systematic uncertainty are discussed below and are sum-

marised in table 1.

Two contributions associated with the unfolding are considered. The di�erence in

the unfolded result between the SVD [35] and the D’Agostini [33] methods is assigned

as an uncertainty. In addition, the unfolding process is carried out on the inclusive Z

sample described in section 2 (which is an independent simulation sample to that used to

perform the unfolding), and the di�erence between the unfolded distribution and the true

distribution is assigned as a systematic uncertainty. The number of events considered in
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Results
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sZ!µµ+jet cross section and ratio for the pjetT > 20GeV threshold,
s(Z+ jet) = 6.3±0.1(stat.) ±0.5(syst.)±0.2(lumi.)pb

s(Z+ jet)
s(Z)

= 0.083±0.001(stat.) ±0.007(syst.)

For the pjetT > 10GeV threshold,
s(Z+ jet) = 16.0±0.2(stat.) ±1.2(syst.)±0.6(lumi.)pb

s(Z+ jet)
s(Z)

= 0.209±0.002(stat.) ±0.015(syst.)

s corrected to Born level;
LO and NLO PDF sets are
contrasted;
FEWZ neglects hadronisation
and UE.

pµ
T > 20GeV

2.0 < hµ,jet < 4.5
60 < Mµµ < 120GeV
�r(jet,µ) > 0.4
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Di�erential Cross Sections
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Di�erential Cross Sections (cont.)
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Di�erential Cross Sections (cont.)
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The measured cross sections show reasonable agreement with expectations
from O(a2

s ) calculations for all PDF parameterisations studied.
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Z+D Production

Z+D production1 in the forward region provides information about
I charm PDFs;
I the charm production mechanism;
I contributions from single- (SPS) and double-parton scattering (DPS).

This measurement complements LHCb measurements of double charm
(JHEP06 (2012) 141), inclusiveW/Z (JHEP06 (2012) 058, JHEP02 (2013)
106, JHEP01 (2013) 111) and Z+jets production (JHEP01 (2014) 033).

1Contributions from virtual and charge conjugated
modes are always implied.
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Event Selection

Z ! µµ candidates are chosen as before;
Z and D are selected to originate from the same PV;
A kinematic selection is applied to the D and its daughters.
7 Z+D0(! K�p+) and 4 Z+D+(! K�p+p+) candidates were
observed;
Combined signi�cance of 5.1s ;
No ⇤+

c ! pKp or D+
s ! fp+ were observed.
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Backgrounds

Charmed hadrons from B decay are considered as background;
Feed-down has contributions from both DPS and SPS;
Real Z ! µµ and D ! Kp from di�erent PVs can fake the signal;
Combinatorial background is estimated from a 2D �t to the mass
distributions;
Purity is (95.3±3.8)% for Z+D0 and (95.6±1.2)% for Z+D+.
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Results
The cross sections, sZ!µµ,D , in [pb] are

0D +D s
+D c

+Λ
cr

os
s 

se
ct

io
n 

[fb
]

210
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410

=7 TeVsLHCb data 
SPS massive
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DPS

Theory uncertainty: PDF, scales,
c-quark hadronisation;
s is expected to be the sum of DPS and DPS;
for Z+D0, the sum of DPS and SPS
contributions is consistent with the
measured cross section;
for Z+D+, the measured cross section
lies below the expectation.

pµ
T > 20GeV and 2.0 < hµ < 4.5

60 < Mµµ < 120GeV
2 < yD < 4 and 2 < pDT < 12GeV
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Summary

The Z+jets and Z+D measurements have been presented;
Both made within the unique acceptance of the LHCb detector;
Z+jets is the �rst LHCb paper to measure jets;
With increased statistics, di�erential Z+D measurements
will become possible;
Contributions from SPS and DPS could then be untangled.

To conclude, a successful measurement using jets has been carried out and
the �rst observation of Z+D has been made within the unique acceptance
of LHCb. Many interesting measurements to come!
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Z+jet Selection

µ selection: �p
p < 10% and Ptrackc2 < 0.1%.

Jet selection:
I pjetT > 7.5GeV;
I At least one track within the jet with pT > 1.8GeV;
I No track with 75% of pjetT .
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Di�erential Cross Sections for Z+jet
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Di�erential Cross Sections for Z+jet (cont.)
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Systematics on Z+D

The cross section measurement is dominated by the statistical
uncertainty;
The fractional uncertainties (%) are listed below.

The systematic uncertainty is dominated by
I The statistical uncertainty on the Z e�ciency determination;
I Di�erences in track reconstruction e�ciency between data and MC;
I PID on D reconstruction.
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