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Abstract

The LHCb forward acceptance covers a range of rapidities not accessible by the other LHC experiments, allowing
for complementary measurements. We report recent measurements of electroweak boson production, either inclusive,

or in association with a jet or a D meson.
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1. Introduction

The LHCb detector [1] is a single-arm forward spec-
trometer instrumented in the pseudorapidity region 2 <
n < 5 and optimised for the study of B and D mesons.
While it shares some of its coverage with the ATLAS
and CMS detectors at the LHC, the unique forward cov-
erage of the detector means that it can perform precision
tests of the Standard Model (SM) in a region inaccessi-
ble to the other experiments.

Measurements of W and Z production cross-sections
at the LHC constitute an important test of the SM.
While the partonic cross-sections are well understood
and known to the percent level, additional theoretical
uncertainties arise due to the knowledge of the Parton
Density Functions (PDFs) which parameterise the be-
haviour of the partons within the colliding protons. The
pseudorapidity coverage of LHCb allows it to probe
these PDFs in a distinct region of (x,Q”) space, where
x is the fraction of the proton momentum carried by the
parton, and Q is the energy transfer of the interaction.
Consequently, precision measurements of electroweak
boson production at LHCb can provide important con-
straints to the PDFs in a unique kinematic region. The
(x, 0% coverage of the LHCb detector at v/s = 7 TeV,
as well as other experiments is shown in Fig. 1.
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Figure 1: The (x, Q%) plane and where it is covered by experiment.
The LHCb detector covers two distinct regions at low- and high-x
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2. Inclusive W boson production

A measurement of inclusive W boson production at
/s = 7 TeV is performed at LHCb using the muonic de-
cay mode of the W boson and the full dataset collected
by the LHCb detector in 2011 corresponding to an inte-
grated luminosity of approximately 1.0 fb=! [2]. Events
are selected which contain a triggered, reconstructed
and identified muon with a transverse momentum ex-
ceeding 20 GeV/c lying in the pseudorapidity region be-
tween 2 and 4.5. In addition, the muon is required to be
consistent with production at the primary vertex, and to
be isolated from other event activity. The event is also
required not to contain any additional muons with a pr
greater than 2 GeV/c.

The signal purity is obtained by fitting the pr spec-
trum of the selected data sample in eight bins of muon
pseudorapidity to the expected background and signal
shapes, which are obtained from a combination of data
and simulation.

The expected background contributions are: the
decay-in-flight of pions and kaons, the semi-leptonic
decay of heavy-flavour mesons, Z — uu events where
one of the muons is not reconstructed in the LHCb ac-
ceptance and Z — 77 events containing a single muon
in the final state. A total of 806094 W candidates are
selected, with signal purities of 77.13% and 77.39% for
the positively and negatively charged candidates respec-
tively. The result of the template fit for the full pseudo-
rapidity range is shown in Fig. 2. The fit residuals show
an imperfect description of the data by the adopted tem-
plates, particularly at high transverse momentum, how-
ever the effect on the signal yield is small.

The W — uv production cross-section is measured
by correcting the signal yield for losses due to re-
construction and selection efficiency, acceptance and
final-state radiation (FSR). The reconstruction and
selection efficiencies are primarily measured using
data-driven techniques while the acceptance and FSR
corrections are determined from simulation. The
cross-sections are calculated in the fiducial region
defined by the kinematic selection, where the muons
have a transverse momentum exceeding 20 GeV/c
and a pseudorapidity between 2 and 4.5. The total
cross-sections for W* and W~ production in the fiducial
range are measured to be

Owropty = 846.9 £ 2.0 £ 10.9 £ 29.9pb,
Ow-—uy = 664.6 £ 1.8 £ 8.7 +23.5pb

where the first uncertainty is statistical, the second is
systematic and the third is due to the luminosity. The
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Figure 2: Tranverse momentum distribution of positively (left) and
negatively (right) charged W — uv,, candidates in the total pseudora-
pidity range, and the corresponding signal and background contribu-
tions determined from the template fit.

W* and W~ cross-sections as a function of muon pseu-
dorapidity are presented in Fig. 3 with their asymmetry
shown in Fig. 4. Many experimental and theoretical un-
certainties cancel in the measurement of the asymmetry
which provides a precision test of the SM. The measure-
ments are compared to theoretical predictions calculated
at next-to-next-to-leading order (NNLO) in QCD using
different parameterisations of the PDFs. The results are
in general good agreement with the predictions, with the
rate of W~ production is seen to overtake that of W*
production at large lepton pseudorapidity. This result
supersedes the measurement performed with 37 pb™! of
data collected in 2010 [3] with an improvement in sys-
tematic uncertainties of almost a factor of three. The
measurement presented here has also subsequently be-
ing updated with a reduced luminosity uncertainty of
1.71% in Ref. [4].

3. Forward Z+jet production

The production of a Z boson in association with a
hadronic jet is studied at LHCb using the di-muon de-
cay channel of the Z with 1.0 fb~! of data collected at
v/s =7 TeV in 2011 [5]. Events are selected containing
a pair of oppositely charged muons fulfilling the same
kinematic requirements as those in the inclusive W anal-
ysis but with the added requirement that the di-muon
invariant mass, M,,, should satisfy 60 < M,, < 20
GeV/c?. In addition the event is required to contain a
high-pr jet with a pseudorapidity of between 2 and 4.5.
Two different pr thresholds are considered for the jet,
where it is required to have a transverse momentum in
excess of 10 or 20 GeV/c. The jets are reconstructed
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Figure 3: Differential W* and W~ cross-sections as a function of
muon pseudorapidity.
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Figure 4: Lepton charge asymmetry presented as a function of muon
pseudorapidity.

using an anti-ky algorithm [6] with distance parameter
R = 0.5. Reconstructed tracks and deposits in the elec-
tromagnetic and hadronic calorimeters serve as charged
and neutral inputs to the jet reconstruction algorithm
and are selected using a particle flow algorithm. Qual-
ity requirements are also placed on the jet to reduce
the number of fake jets; the jet should contain at least
two particles matched to the same interaction point as
the Z boson, at least one track in the jet should satisfy
pr > 1.8 GeV/c and no single track should carry more
than 75% of the jet energy. The jet energy scale is deter-
mined using simulation and cross-checked in data, with
the jet energy resolution varying between 10-15% for
the pr range between 10 and 100 GeV/c. The purity of
the samples selected with both jet pr thresholds is ap-
proximately 99.7%, consistent with that reported in the
inclusive Z — pu analysis [3]. The fraction of Z — pu
events containing a jet are determined to be

o(Z + jet)
ao(2)
for jet pr > 10 GeV/c and

=0.209 £ 0.002 + 0.015

o(Z + jet)
ao(2)

for the jet pr > 20 GeV/c threshold. The first uncer-
tainty is statistical and the second is systematic. Differ-
ential cross-sections normalised to the inclusive Z cross-
section for the 20 GeV/c pr threshold are presented as a
function of the Z boson p in Fig. 5 and as a function of
the azimuthal separation of the Z boson and the jet, A¢,
in Fig. 6. The measured cross-sections are compared to
theoretical predictions at up to O(a2) with parton show-
ering and hadronisation effects included and show gen-
eral good agreement. As expected, the calculations per-
formed at O(a;) fail to describe the |A¢| distribution to
high accuracy.

=0.083 + 0.001 + 0.007

4. Z boson production in association with a D-
meson

The Z — pu selection is also applied to search
for the production of Z bosons in association with D
mesons in the full 2011 dataset [7]. Charged and neu-
tral D mesons are reconstructed using the channels
D’ — K*n* and D* — K*n"n* where the final
states are required to be in the invariant mass ranges
1.82 < Mgspre <1.92 GeV/c? and 1.82 < Myigipe <
1.91 GeV/c?. The D meson candidates are further re-
quired to be consistent with the same primary vertex as
the Z candidate, to have a pr between 2 and 12 GeV/c,
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Figure 7: The reconstructed Z boson mass for events selected in the
Z + D" final state.

Figure 5: The normalised differential cross-section for Z+jet produc-
tion as a function of the transverse momentum of the Z boson
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Figure 8: The reconstructed mass of the D meson for events selected
in the Z + D° final state.

Figure 6: The normalised differential cross-section for Z+jet produc-
tion as a function of the azimuthal separation of the jet and the Z

boson.



/ Nuclear Physics B Proceedings Supplement 00 (2014) 1-6 5

and a rapidity between 2 and 4. Backgrounds are con-
sidered from the feed-down from beauty meson decays,
combinatorics, and pile-up where the Z boson and the
D meson are produced in different proton-proton inter-
actions. The signal purity is determined to be approxi-
mately 95% for both decay modes of the D. A total of
7 candidates are selected in the Z + D° decay channel
and 4 in the Z + D* decay mode, corresponding to a
combined significance of 5.1 standard deviations. The
reconstructed masses of the Z boson and the D° meson
for events selected in the neutral channel are shown in
Figs. 7 and 8. The cross-section for Z boson production
in association with neutral and open charm mesons is
measured to be

T 7iyp0 = 2.50 £ 1.12 + 0.22pb,
T pe = 0.44 £ 0.23 + 0.03pb

where the first uncertainty is statistical and the second
is systematic. The cross-sections receive contributions
from processes where the Z and D meson are produc-
tion in the same partonic interaction, and where they are
produced in separate interactions, known as single- and
double-parton scattering respectively. The latter pro-
duction mechanism dominates and the combined results
are seen to be in agreement with theoretical predictions
for the Z + D° channel but lower than predictions for the
Z+ D* channel. However, due to the large statistical un-
certainties in the measurement, no definitive conclusion
can be drawn.

5. Z boson production in proton-lead collisions

A search for Z boson production is performed us-
ing a dataset corresponding to 1.6 nb~' collected by
the LHCb collaboration in proton-lead collisions at a
centre-of-mass energy per nucleon pair of /syy =
5 TeV at the start of 2013 [8]. The measurement is per-
formed using both forward (proton-lead) and backward
(lead-proton) collisions. The standard Z — uu selec-
tion is applied to the dataset with the background con-
tributions from muon mis-identification and the decay
of heavy flavour mesons determined using data-driven
methods. A total of 15 candidates are selected with
a purity of 99.74+0.06%. This gives a significance of
10.40 for the Z signal in the forward direction and 6.80
for the backward direction. The di-muon invariant mass
of the candidates in the forward direction is shown in
Fig. 9. The measurements are compared to theoretical
predictions calculated at NNLO using the FEWZ genera-
tor [9] and computed with and without considering nu-
clear effects based on the EPS09 nuclear PDF set [10].
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Figure 9: The di-muon invariant mass of the Z — uu candidates in
proton-lead collisions in the forward direction. The simulated shape,
normalised to the number of selected events, is indicated by the red
line.

The resultant comparison is shown in Fig. 10. In addi-
tion, the ratio of Z boson production in the forward and
backward direction, Rpp, is measured in the common
rapidity region between 2.5 and 4.0 and determined to
be

Rep(2.5 < [yl < 4.0) = 0.094*00% (stat.)* Y00 (syst.)

where the first uncertainty is statistical and the second
is systematic. The 99.7% (i.e. 30) confidence interval
with symmetric coverage is [0.002, 1.626] where the
asymmetry of the interval around the central value is
due to non-Gaussian statistical uncertainties. The prob-
ability to observe a value of Rpg no larger than that
measured in the absence of nuclear modification effects,
where Rpg = 1, is 1.2%, corresponding to a deviation
with a significance of 2.20~. This measurement con-
stitutes the first observation of Z boson production in
proton-lead collisions.

6. Summary

Studies are performed of electroweak boson produc-
tion at LHCb using data collected in 2011 at a centre-
of-mass energy of 7 TeV. Measurements are presented
of inclusive W boson production, as well as Z boson
production in association with jets and D mesons. Ad-
ditionally, the first measurement of Z boson production
in proton-lead collisions is performed using a dataset
collected in 2013 at +/syy = 5 TeV. Measurements are
compared to theoretical calculations computed at up to
NNLO in perturbative QCD and found to be in good
agreement.
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Figure 10: Experimental results compared to theoretical predictions
for Z — pu production in proton-lead collisions for forward and
backward events. The data is represented by the bands while the the
theoretical predictions at NNLO with and without nuclear effects are
indicated by the open and closed points respectively.
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