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Summary. — The unique forward acceptance of LHCb covers a range of rapidities
not accessible by the other LHC experiments and provides unique and complemen-
tary information to measurements performed in the central region. Recent measure-
ments of electroweak boson production at LHCb using both the Run-I and Run-II
datasets are presented.

1. — Introduction

The LHCD detector [1] is a dedicated forward detector at the LHC, fully instru-
mented in the pseudorapidity region 2.0 < n < 5.0. Studies of the production and decay
of electroweak bosons in the forward region provide both complementary and unique
information to measurements performed in the central region. As forward bosons are
produced through the annihilation of two partons with asymmetric longitudinal proton
momentum fractions, studies of their production simultaneously probe the low- and high-
x regions of the (z, Q?) plane, providing constraints on the parton distribution functions
(PDFs) in a unique region of phase space. In addition, the forward-backward asymmetry
of Z decays is more prominent in the forward region at a proton-proton collider such as
the LHC. As Z bosons produced at forward rapidities are more likely to follow the initial
quark direction, they suffer less from the dilution of the parton level asymmetry observed
in the central region. This makes LHCDb particularly sensitive to a measurement of the
weak mixing angle, sin’ 9%1?.

As the LHCD detector has been optimised to identify and reconstruct b and ¢ hadron
decays through precision tracking, vertexing, and particle identification, it is also ideally
suited to the reconstruction and identification of heavy flavour jets, which can be ex-
ploited in order to make measurements of electroweak boson production in association
with b- and c-jets.
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Fig. 1. — Fit to the pr spectrum of muon candidates in the 7 TeV data sample for W (left)
and W™ (right) candidates for purity extraction.

2. — Inclusive W boson production

The LHCb experiment has measured inclusive W boson production in the forward
region using data collected during Run-I of the LHC at centre-of-mass energies of 7
and 8 TeV [2,3], corresponding to integrated luminosities of 1 and 2fb~!, respectively.
Events are selected which contain muons with a transverse momentum of greater than
20 GeV and a pseudorapidity in the region 2.0 < n < 4.5. The muons are required to
be isolated and to have a small impact parameter with respect to any primary vertex.
The purity of the selected W boson sample is determined by performing a template fit
to the pr of the selected muon candidates using signal and background shapes obtained
from a mixture of data and simulation. The signal shape and the dominant background,
arising from muons produced through the decay-in-flight of pions and kaons, are allowed
to float in the fit, with the other backgrounds normalised using data-driven techniques.
The fit is shown for both positively and negatively charged muons candidates selected in
the 7TeV dataset in fig. 1 with a purity of approximately 77% achieved. The extracted
yields are corrected for detector reconstruction and selection efficiency, as well as final
state radiation in order to facilitate a comparison with Born level QCD predictions.
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Fig. 2. — Measurements of the W boson production cross-section at 7 TeV (left) and the lepton
charge asymmetry at 8 TeV (right) where both are shown as a function of lepton pseudorapidity
and compared to NNLO QCD predictions using a variety of PDF sets [2,3].
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Fig. 3. — Measurements of the Z boson production cross-section measured at LHCb at 8 TeV
for the muon (left) and electron (right) decay mode. Comparisons are made to NNLO QCD
predictions with a range of PDF sets [2,6].

The differential cross-section and lepton charge asymmetry at 7 and 8 TeV, respectively
are shown in fig. 2 as a function of lepton pseudorapidity. The results are compared to
predictions obtained at NNLO in perturbative QCD using the FEWZ generator [4] and a
number of different PDF sets with a good level of agreement observed. The experimental
precision is dominated by the luminosity measurement, as well as the effect of the beam
energy uncertainty, with both sources contributing uncertainties of 1-2%.

3. — Inclusive Z boson production

Measurements have also been performed at LHCD of inclusive Z boson production in
the muon [2, 3] and electron [5,6] decay channels at 7 and 8 TeV. The same kinematic
selection is applied as in the case of W production, where a second, opposite-sign lepton
is also required to be present and the pair are required to form an invariant mass in
the region of the Z peak. In the dimuon channel, this is chosen to be between 60 and
120 GeV, while for the electron channel, incomplete Bremsstrahlung recovery results in
the smearing of the mass spectrum to lower masses, and so the di-electron invariant
mass is required to be larger than 40 GeV, and the measurement is corrected to the same
fiducial as the Z — pp channel using simulation. The purity is determined using data-
driven methods to be over 99% for the dimuon channel, and approximately 95% in the
electron channel. The measurements are corrected for detector and selection efficiency, as
well as final state radiation and presented as a function of boson rapidity in fig. 3, with a
similar level of agreement observed as in the case of W boson production. Uncertainties
on the overall normalisation due to the luminosity and the beam energy are again seen
to dominate, where it should be noted that the beam energy uncertainty is only applied
to the Z — pp measurements.

A preliminary measurement of Z boson production at 13 TeV using the Run-II dataset
has also been performed using a dataset corresponding to approximately 300 pb~! [7].
The same selection is applied as for the Run-I measurements, and the dominant uncer-
tainty of 3.9% arises from the knowledge of the integrated luminosity of the 2015 dataset.
The Z — pp mass spectrum and differential production cross-section as a function of
rapidity are shown in fig. 4.
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Fig. 4. — The Z — pp mass spectrum (left) and differential production cross-section (right) as a
function of rapidity measured at a centre-of-mass energy of 13 TeV. Comparisons are made to
NNLO QCD predictions using three different PDF sets [7].

4. — Forward-backward asymmetry and extraction of sin’ osE

The annihilation process qg — ¢7¢~ exhibits a forward-backward asymmetry, Apg,
due to the presence of both vector and axial-vector amplitudes. The asymmetry is
observed when considering the distribution of the polar angle of the negative lepton,
measured with respect to the quark direction in the ¢ rest frame. It shows a strong
dependence on the dilepton invariant mass near the Z resonance. As the LHC is a
symmetric pp collider, the quark direction is not known and the forward direction is
alternatively defined with respect to the z component of the Z boson momentum. This
results in a dilution of the asymmetry in cases where the Z boson does not follow the
direction of the initial quark. As the valence quarks are more prominent in the forward
region, a consequence of the higher z-region probed, the parton level asymmetry is more
pronounced in this region.

The measurement of Z boson production outlined in sect. 3 is extended to perform
a measurement of App as a function of dilepton invariant mass in the dimuon channel
at LHCD [8]. The measurement has been performed using data collected at both 7 and
8 TeV in Run-I. The distributions obtained from data are corrected for background con-
tributions and unfolded for detector effects to obtain the true asymmetry distributions,
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Fig. 5. — The measured forward backward asymmetries at 7 (left) and 8 TeV (right) compared
to predictions obtained from the POWHEGBOX generator using the NNPDF2.3 PDF set and
interfaced with PYTHIAS. [§]
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Fig. 6. — Comparison of measurements of sin® @y as performed by ATLAS, LHCb and a number
of different experiments. The band shown is the combination of the results from LEP and SLD.

shown in fig. 5. The dominant uncertainty on the measurements arise from the knowledge
of the muon momentum.

As App is sensitive to the effective weak mixing angle, the measurement has been
extended in order to extract the value of sin? 0 using a template fit to the measured
asymmetry. Templates are obtained using theoretical predictions with a range of values
of sin® Hf,[f,f and a y? minimisation is performed in order to determine the best fit value.
The templates are generated using POWHEGBOX [9] interfaced with PYTHIA8 where the
NNPDF2.3 PDF set is used to describe the colliding protons. The extracted value is
shown in fig. 6 and compared to measurements at different experiments. The LHCb
measurement is statistically limited and represents the most precise measurement at the
LHC, with the dominant source of systematic uncertainty due to description of the PDF's.
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Fig. 7. — Shown are the BDT distributions used to separate light jets from heavy flavour jets
(left) and b-jets from c-jets (right) in order to measure W production in association with b- or
c-jets [10].
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Fig. 8. — Comparisons of measurements performed at 7 and 8 TeV for We (green) and Wb (red)
compared to theoretical predictions for the ratio of Wb/We to W j production (left) and Wb/We
charge asymmetries (right) [11].
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5. — W boson production in association with heavy flavour jets

Heavy flavour tagging at LHCb is achieved using a secondary vertex tagging algo-
rithm, which identifies heavy flavour jets by the presence of a secondary vertex with a
radial separation, AR < 0.5 between its direction of flight and that of the jet axis. Two
boosted decision trees (BDTs) are trained using characteristics of both the jet and the
secondary vertex to separate light jets from heavy flavour jets, and b-jets from c-jets.
More details on the secondary vertex tagging algorithm can be found in ref. [10].

These heavy flavour tagging capabilities are exploited to perform measurements of W
boson production in association with b- and c-jets. The W boson is reconstructed using
a similar selection to that described in sect. 2, and additionally a jet is required to be
present with a pr in excess of 20 GeV and a pseudorapidity between 2.2 and 4.2. The
events are also required to satisty pr(j, + j) > 20GeV, where j, is the reconstructed
jet containing the muon candidate. This observable is expected to be large for W+jet
events due to the missing neutrino in the final state and the requirement improves the
signal purity by rejecting backgrounds arising from di-jet production where the jets are
typically balanced in transverse momentum.

The presence of a high-pr jet produced in association with the W boson results in
a dilution of the distinctive Jacobian peak in the muon pr spectrum used for purity
determination in the inclusive W analysis and so the purity is instead extracted using
a fit to an isolation variable. This variable is defined as the ratio of the muon pr to
the pr of the j, object. The background in the sample arising from QCD backgrounds,
such as mis-id, or the semi-leptonic decay of heavy flavour mesons is then determined
using fits to this variable. The b and c-jet yields are extracted by performing a fit to
the two-dimensional BDT distributions in each isolation bin. Additional backgrounds
are considered from other electroweak processes, such as Z — uu, 2 — 77, W — 7u;
and top production, and are subtracted using data-driven techniques. Fits to the BDT
distributions in the pr(x)/pr(j.) > 0.9 bin are shown in fig. 7.

The extracted signal yields are then corrected for detector efficiency and other recon-
struction effects and measurements of production cross-sections and ratios are performed
at both 7 and 8 TeV. The ratios of Wb and We production to inclusive Wj production,
and their charge asymmetries are shown in fig. 8 and compared to the SM predictions
obtained at NLO using MCFM [12] and the CT10 PDF set. A good agreement is in
general observed.
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6. — Conclusions

Measurements performed by the LHCDb experiment of electroweak boson production
during Run-I of the LHC have been presented. These include measurements of the
inclusive production of W and Z bosons, an extraction of sin’ Of,{c,f through a precise
measurement of the forward backward asymmetry in Z — up decays, and measurements
of the production of W bosons in association with heavy flavour jets. In addition, the first
measurement of electroweak boson production in Run-II, a preliminary measurement of Z
boson production at 13 TeV, has been presented. All results are seen to be in agreement
with Standard Model predictions.
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