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The electroweak boson production cross-sections have been measured in the forward region using
\/s = 7 TeV proton-proton collision data recorded at the LHCb experiment. The inclusive W
measurement is performed in the W — pv channel while the inclusive Z measurement has been
made using di-muon, di-electron, and di-tau final states. The associated production of Z bosons
and jets has been measured for final states where the Z decays to a dimuon pair. The Drell-
Yan production cross-section below the Z peak has been measured using di-muons with invariant
masses down to 5 GeV. All of these measurements are found to be in agreement with NLO or
NNLO QCD predictions.
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1. Introduction

The LHCb [1] detector, one of the four large experiments at the Large Hadron Collider (LHC),
is a forward single-arm spectrometer that is fully instrumented with calorimeter, tracking, and par-
ticle identification detectors in the pseudorapidity range 2 < 1 < 5. Although primarily designed
to study heavy flavour physics, LHCb is capable of making precision electroweak boson measure-
ments in the forward region. Since the pseudorapidity range 2.5 < 11 < 5 is unique to LHCb, these
measurements are complementary to the electroweak boson measurements from ATLAS and CMS,
which have full coverage for || < 2.5. This contribution describes the following measurements
that have been made using proton-proton collision data at /s = 7 TeV recorded by the LHCb de-
tector: W — uv and Z — pu production and their ratios and asymmetries [2], Z — ee production
[3], Z — 77 production [4], the associated production of jets and Z bosons [5], and the production
of Drell-Yan dimuon pairs down to invariant masses of 5 GeV [6]. In all cases the cross-sections
are measured in a fiducial region where the final state leptons and jets are required to have pseudo-
rapidities in the range 2 < 11 < 4.5.

These measurements constitute an important test of Quantum Chromodynamics (QCD) and
provide useful information on the parton distribution functions (PDFs) describing the internal struc-
ture of the proton. For electroweak boson production at LHCb, the momenta of the two interacting
partons are highly asymmetric, meaning that events at LHCb simultaneously probe a region at
high-x and a region at low-Xx, where the uncertainties on the proton PDFs are relatively large. The-
oretical predictions of the electroweak boson production cross-sections at the LHC are made by
convoluting the partonic level cross-section and the proton PDFs. While electroweak theory can
currently describe the fundamental partonic processes for W and Z production at next-to-next-to-
leading order (NNLO) with an accuracy at the percent level, an uncertainty of 3-10% arises from
the present knowledge of the proton PDFs. The uncertainty on both the partonic cross-section and
the PDFs increase substantially for Drell-Yan production below the Z mass. For Drell-Yan events
at LHCb with dimuon invariant masses of 5 GeV, bjorken-x values down to 8 x 10~ are probed
and the uncertainties on theoretical predictions are of the order of 50%.

2. Inclusive W and Z production

The inclusive W production cross-section has been measured using the channel W — uv [2]
while the inclusive Z measurement was made using the decay modes Z — uu [2], Z — ee [3], and
Z — 77 [4]. In all cases the candidate events were triggered by either a single muon line with a
transverse momentum, pr, threshold of 10 GeV or a single electron line with a pr threshold of 15
GeV.

Using a dataset with an integrated luminosity of 37.1 pb~!, W candidates are selected by
requiring an isolated muon with a pr > 20 GeV lying within 2 < 1 < 4.5. In order to reduce
background contamination, additional criteria are imposed on: the muon impact parameter with
respect to the primary vertex, IP < 40 um; the muon isolation within the event; and the requirement
that there are no other muons in the event with pr > 2 GeV. The following specific backgrounds
are considered: Z — uu events where one of the muons goes outside of the LHCb acceptance;
W — tv and Z — 77 where one tau decays to a muon inside the detector; semi-leptonic decays of
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heavy flavour hadrons; and generic hadronic (QCD) events where kaons or pions are mis-identified
as muons due to decay in flight or punch-through. The signal purity is estimated by fitting the muon
pr spectrum to the shapes expected for signal and each background category in 5 bins of the muon
pseudorapidity. The background shapes used in the fits are taken either from data or simulation
while the shapes of the W+ and W™ signal distributions are taken from the POWHEG [7] next-to-
leading order (NLO) calculation. The fit is performed for both charges and over all pseudorapidity
bins simultaneously. The dominant background is due to pion and kaon decays in flight. 15608
W™ and 12301 W~ candidates are selected with sample purities determined to be 80% and 78%,
respectively. The efficiency of the offline W — uv selection is determined from data using offline
selected Z — uu events where one of the muons is ignored. Depending on the pseudorapidity bin
in question, an efficiency of between 45% and 80% is measured.

Z — upu candidates are identified offline by requiring a pair of oppositely charged muons
which combine to a dimuon invariant mass in the range 60 < M, < 120 GeV. Both muons are
required to have pr larger than 20 GeV and pseudorapidities between 2 and 4.5. Using a dataset
corresponding to an integrated luminosity of 37.1 pb~!, 1966 Z candidates are identified. The
backgrounds considered are from Z — 77 events where both tau leptons decay to muons, heavy
flavor decays with two semi-leptonic muonic decays, and generic QCD events where pions or
kaons either decay in flight to muons, or punch through the detector and are falsely identified. The
selected sample is estimated to have a purity of 99.7%.

The Z — ee analysis was performed using a dataset with an integrated luminosity of 945 pb~—!.
Candidate events are selected offline if they contain two identified electrons with py greater than
20 GeV and pseudorapidities in the range 2 < 11 < 4.5. Due to saturation of the electromagnetic
calorimeter and incomplete Bremsstrahlung recovery, the Z — ee mass peak is spread to lower
values, and so the mass window is chosen to be M,, > 40 GeV. The backgrounds considered are
Z — t7 where both tau leptons decay to electrons, and generic QCD events. In total, 21535 events
are selected with an estimated purity of 97.8%.

Z — 77 events are identified by requiring two oppositely-charged tracks originating from sepa-
rate tau decays that are consistent with an electron, muon, or hadron hypothesis, and that have large
impact parameters with respect to the primary vertex of the event. Using a dataset corresponding to
an integrated luminosity of 1 fb~!, Z — 77 events are identified using five different final state com-
binations, UU, e, ell, [Lth, and eh. These candidates are required to contain either a muon or an
electron that has passed the appropriate single lepton trigger line and is reconstructed offline with
a pr greater than 20 GeV and pseudorapidity between 2 and 4.5. The final state is also required
to contain a second track that: has a pr greater than 5 GeV; a pseudrapidity in the range 2 < n <
4.5; is identified as either a muon, electron or hadron; and combines with the triggered lepton to
give a di-track invariant mass above 20 GeV. A variety of different QCD and electroweak back-
grounds have been evaluated. In total, for the five modes combined, 990 candidates are selected
with a purity between 60 and 75%, depending on the mode. In order to compare directly to the
Z — uu and Z — ee measurements, the results are quoted in the same kinematic region, requiring
both taus to be within pseudorapidities of 2 and 4.5, to have transverse momenta above 20 GeV,
and an invariant mass between 60 and 120 GeV. Since we actually measure the decay products of
the taus and do not detect them directly, an acceptance factor, A, is required. This number has been
evaluated using PYTHIA [8] and HERWIG [9], with the difference being taken as a systematic
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uncertainty.

The experimental efficiencies for triggering, reconstructing and identifying high p7 muons and
electrons have been determined using a "tag and probe" approach and offline selected data samples
of Z — uu and Z — ee events. Two methods are used to determine the integrated luminosity, a
Van der Meer scan [10] and a beam gas method [11]. Both methods give similar results and have
a precision of 3.5%. The cross-section results are presented in Figure 1. No corrections are yet
applied for final state radiation. All results are consistent with the theoretical predictions calculated
using DYNNLO [12] at NNLO and a number of different PDF sets. The Z — uu measurement
is limited by the statistical determination of the efficiencies using the 2010 data, with Z — 77T
limited by statistics, and the W — uv and Z — ee measurements are limited by the precision of the
luminosity determination.
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Figure 1: Summary of the W and Z cross-section and ratio measurements. The orange bands correspond to
the statistical uncertainties, the yellow band to the statistical and systematic uncertainties added in quadra-
ture. Superimposed are NNLO predictions from DYNNLO with the MSTWO08, NNPDF, CTEQ, ABKM, JR
and HERA PDF sets.

3. Associated production of Z bosons and jets

The associated production of QCD jets and Z — p i events has been measured using a dataset
corresponding to an integrated luminosity of 1 fb~! [5]. The Z bosons are selected using the same
criteria as for the inclusive measurement while the jets are reconstructed using the particle flow
method and the anti-kt algorithm [13] with the size R = 0.5. The jets are required to have pr
greater than 10 GeV and pseudorapidities in the range 2 < 11 < 4.5. The sample purity is above
99% and is consistent with the purity of the inclusive sample. The jet energy correction has been
determined from simulation. The validity of the Z+jet simulation has been investigated using events
containing a Z boson and a single jet. The simulation was found to be in good agreement with the
data. In order to minimize systematic uncertainties, the measured cross-sections are normalized to
the measured inclusive Z — Ul cross-section.

The measured cross-section is in good agreement with the NNLO predictions from FEWZ
[14]. Figure 2(a) shows the measured cross-section as a function of the Z boson rapidity.
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4. Low mass Drell-Yan production

Using a dataset with an integrated luminosity of 37.1 pb~!, the Drell-Yan production cross-
section has been measured using dimuons with invariant masses between 5 GeV and 120 GeV
[6]. Candidate events are selected via a dimuon trigger and an offline selection that requires that
each muon has momenta p > 10 GeV/c, transverse momenta pr > 3 GeV/c, and pseudorapidity 2
<n <4.5. The mass range 9 < My, < 10.5 GeV/c?, where the Y — pu contribution dominates,
is excluded. While the high mass region at the Z peak is very pure, the background increases
significantly towards low masses. Four sources of background have been evaluated: semileptonic
heavy flavor decays; pions and kaons that have been mis-identified as muons; y*/Z — T events
where both taus decay to muons; and, for the mass bins below 10 GeV/c?, the contribution due to
the radiative tail of Y — up events.

The signal yield is extracted by a template fit to the minimum muon isolation distribution of
the two muons. Here the muon isolation is defined as the fraction of the transverse momenta of
the muon-jet carried by the muon, z = p# /P3¢, The muon-jet is defined as the jet which contains
the muon, and is reconstructed with the anti-kt algorithm [13] with the size R = 0.5. Signal events
are expected to have an isolation distribution close to unity while the background events tend to
have lower values since they are usually produced in the same direction as the other fragmentation
products. Fits are performed in nine different mass and rapidity bins. The signal template used in
the fits is obtained from simulation. This is validated by comparing the isolation distribution for
Y — pp and Z — pu events in data and simulation where good agreement is seen. The background
templates, describing hadron mis-identification and semi-leptonic heavy flavor decays, are taken
from data. The extracted sample purity varies between 7% and 100% depending on the mass and
rapidity bin. The uncertainty due to the template shapes is estimated by using templates from
independent sources. Here the largest uncertainty is due to the shape of the heavy quark template
and varies depending on the mass bin, being 24% in the lowest mass bin and less than 1% for
masses above 20 GeV/c?.

The experimental efficiencies are determined from data. Aside from the uncertainty on the
template shapes, the systematic uncertainty is dominated by the uncertainty on the tracking effi-
ciencies which is limited by the available statistics and varies between 4% and 10% depending
on the mass and rapidity bin. No corrections are yet applied for final state radiation. Figure 2(b)
shows the differential cross-section as a function of the invariant mass of the dimuons together with
predictions from PYTHIA [8] (normalised to the cross-section measured in the highest mass bin)
and NLO calculations. NLO predictions are only available for FEWZ [14] for masses larger than
7 GeV/c? and for DYNNLO [12] for masses larger than 12.5 GeV/c?. The measured values are in
agreement with the NLO predictions.

5. Summary

The inclusive W, Z and low mass Drell-Yan production cross-sections, and the associated
production of jets and Z bosons, have been measured in the forward region using /s = 7 TeV
proton-proton collision data collected by the LHCb experiment. The measured values are in good
agreement with NLO or NNLO predictions.
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Figure 2: (a) Comparison of the measured Z+jet cross-section as a function of the Z boson rapidity with
the NNLO prediction from FEWZ. (b) The measured Drell-Yan cross section as a function of dimuon mass.
Superimposed are the PYTHIA predictions and the NLO predictions from FEWZ and DYNNLO. The lower
plot shows the ratio of the predictions or the uncertainties to the data
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