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Abstract

We present a measurement of the Z boson differential cross section in rapidity and
transverse momentum using a data sample of pp collision events at a centre-of-mass

energy
√

s = 8 TeV, corresponding to an integrated luminosity of 19.7 fb−1. The Z
boson is identified via its decay to a pair of muons. The measurement provides a
precision test of quantum chromodynamics over a large region of phase space. In
addition, due to the small experimental uncertainties in the measurement the data
has the potential to constrain the gluon parton distribution function in the kinematic
regime important for Higgs boson production via gluon fusion. The results agree
with the next-to-next-to-leading-order predictions computed with the FEWZ program.
The results are also compared to the commonly used leading-order MADGRAPH and
next-to-leading-order POWHEG generators.
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1 Introduction

The production of lepton pairs in proton-proton collisions is dominated by the Drell–Yan (DY)
process i.e. the production of an intermediate γ∗/Z boson by the incoming partons. Mea-
surements of the cross sections as a function of the mass of the intermediate boson (hereafter
referred to as the ‘Z boson’), rapidity, and transverse momentum provide a very sensitive test
of quantum chromodynamics (QCD). Precise measurement of the differential cross section also
allows comparisons to calculations employing different parton distribution functions (PDF)
and underlying theoretical models. Finally, the understanding of DY lepton pair production
is important in the study of several physics processes, such as diboson and tt production, as
well as in searches for new resonances decaying to dileptons in models of physics beyond the
standard model. Differential measurements of Z boson production at the LHC have already
been performed [1–8].

In this letter we present the first measurement of the DY cross section at a centre-of-mass en-
ergy of 8 TeV for dimuon pairs in the vicinity of the Z boson peak, doubly differential in the
transverse momentum qT and in the rapidity y of the Z boson. The analysis uses the data sam-
ple of pp collisions collected with the CMS detector at the LHC in 2012, corresponding to an

integrated luminosity of 19.7 fb−1. We present the absolute fiducial cross section and the fidu-
cial cross section normalised to the inclusive fiducial cross section. The measurement probes
the production of Z bosons up to high transverse momenta, qT ∼ 100 GeV, a kinematic regime
where the production is dominated by gluon-quark fusion. The precision of this measurement
leads to experimental uncertainties smaller than or similar to the uncertainties of the gluon
PDF in the kinematic region that is relevant to the production of the Higgs boson via the gluon
fusion mechanism. Using the Z boson production process to constrain the gluon PDF [9] in
the future would be complementary to other processes such as direct photon production [10]
and top-quark pair production [11] that constrain the gluon PDF in this regime. Moreover, sev-
eral of the experimental systematic uncertainties in the DY measurement are uncorrelated with
these other processes. The latter have more complex topologies and thus have complementary
and potentially larger systematic uncertainties.

2 The CMS detector

A more detailed description of the CMS detector, together with a definition of the coordinate
system and the relevant kinematic variables, can be found in Ref. [12]. The central feature of
the CMS apparatus is a superconducting solenoid of 6 m internal diameter, providing a mag-
netic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip tracker, a lead
tungsten crystal electromagnetic calorimeter (ECAL), and a brass/scintillator hadron calori-
meter (HCAL), each composed of a barrel and two endcap sections. Muons are measured in
gas-ionisation detectors embedded in the steel flux-return yoke outside the solenoid. Extensive
forward calorimetry complements the coverage provided by the barrel and endcap detectors.
Muons are measured in the pseudorapidity range |η| < 2.4, with detection planes made using
three technologies: drift tubes, cathode strip chambers, and resistive-plate chambers. Matching
muons to tracks measured in the silicon tracker results in a relative pT resolution of 1.3–2.0%
in the barrel and better than 6% in the endcaps, for muons with 20 < pT < 100 GeV. The pT

resolution in the barrel is better than 10% for muons with pT up to 1 TeV [13]. The particle-flow
event reconstruction [14, 15] is used in this analysis. It works by reconstructing and identify-
ing each particle with an optimised combination of all subdetector information. The energy
of photons is directly obtained from the ECAL measurement, corrected for zero-suppression
effects. The energy of electrons is determined from a combination of the track momentum at
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the main interaction vertex, the corresponding ECAL cluster energy, and the energy sum of
all bremsstrahlung photons. The energy of muons is obtained from the corresponding track
momentum. The energy of charged hadrons is determined from a combination of the track
momentum and the corresponding ECAL and HCAL energies, corrected for zero-suppression
effects, and calibrated for the nonlinear response of the calorimeters. Finally, the energy of neu-
tral hadrons is obtained from the corresponding calibrated ECAL and HCAL energies. The first
level of the CMS trigger system, composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select the most interesting events in a fixed time
interval of less than 4 µs. The high-level trigger processor farm further decreases the event rate
from around 100 kHz to around 400 Hz before data storage.

3 Dataset and simulation

An isolated single-muon trigger is used with a threshold of pT > 24 GeV and a requirement of
|η| < 2.1. The signal process is simulated using the leading-order (LO) MADGRAPH 1.3.30 [16]
generator with 0–4 additional jets, interfaced with PYTHIA [17] v6.4.24 with the Z2* tune [18].
The matching between matrix element calculation and parton shower is performed with the
kT-MLM algorithm [19]. Multiple-parton interactions are accounted for via PYTHIA. The LO
CTEQ6L1 [20] PDF set is used for the generation. As a cross-check, a second signal sample is
simulated using the next-to-leading-order (NLO) POWHEG [21–24] generator interfaced with
PYTHIA. For this generation the NLO CT10 [25] PDF set is used.

The backgrounds are generated with MADGRAPH (W+jets, tt, ττ), POWHEG (single top quark
[26, 27]), and PYTHIA (dibosons, WW, WZ, ZZ). The inclusive cross sections of DY, W+jets [28],
and tt [29] processes are normalised to next-to-next-to-leading-order (NNLO) predictions. In
addition, for the single top quark a higher-order (approximate NNLO [30]) inclusive cross
section is used. The generated events are passed through a detector simulation based on
GEANT4 [31]. The simulated processes are overlaid with minimum bias collisions in order
to reproduce the distribution of the number of additional proton-proton interactions per bunch
crossing (pileup) present in data.

In addition, for comparison with the final result the double differential cross section is com-
puted with FEWZ 3.1.b2 [32] at NNLO. The electroweak corrections are computed at NLO and
initial-state photon radiation and photon-induced processes are included in the generation.
The computation is done for each qT bin separately. The factorisation and renormalisation

scales are chosen as
√

M2
Z + q2

T, where MZ is the mass of the Z boson and qT is the value of the
lower edge of the corresponding bin in qT. For the computation the NNLO NNPDF23 PDF set
with radiative corrections [33] is used.

4 Event selection

The standard CMS baseline muon selection [13] is applied. It requires that the muon candidate
is reconstructed both in the muon detectors and in the inner tracker, with χ2/ndof < 10 for the
track fit. In addition, requirements are placed on the minimum number of pixel and tracker
layers that are hit and on detailed matching criteria between the trajectories reconstructed in
the inner tracker and the muon system. The distance between the muon candidate trajectory
and the primary vertex is required to be smaller than 2 mm in the transverse plane and smaller
than 5 mm in the longitudinal direction. The vertex with the highest sum of p2

T of associated
tracks is selected as the primary vertex. The leading reconstructed muon in pT is required to be
the one selected by the trigger. In order to be within the trigger acceptance, the leading muon
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is selected with pT > 25 GeV and |η| < 2.1. The second muon is required to have pT > 10 GeV
and |η| < 2.4. The relative isolation is defined to be the scalar sum of the transverse momenta

of charged hadrons, neutral hadrons, and photons in a cone of ∆R =
√
(∆η)2 + (∆φ)2

< 0.4
around the muon direction, divided by pT. After correction for pileup, the value of the relative
isolation is required to be less than 0.12 (0.5) for the leading (second) muon. A pair of oppositely
charged muons is required to have an invariant mass M(µµ) between 81 and 101 GeV. In the
rare case of ambiguity among several reconstructed muons, the muon pair with the invariant
mass closest to the Z boson mass is selected. The absolute rapidity |y| of the muon pair must
be less than 2.

Scale factors are applied to account for known differences between data and simulation. The
efficiencies for the tracking, the trigger, the muon isolation and identification are determined
via a “tag-and-probe” method [34]. The tracking efficiency is measured in bins of η. The trigger
efficiency is measured in bins of muon pT and η for positive and negative muons separately.
The identification efficiency is measured in bins of pT and η. In particular phase space re-
gions, especially for higher qT, the second muon can often point opposite to the Z boson in
the azimuthal plane. In that direction, the hadronic activity from the recoil of the Z boson is
enhanced. Thus the second muon is often less isolated than the leading muon and the isolation
depends on the event kinematics. For that reason, the requirement for the isolation of the sec-
ond muon is looser than the requirement for the leading muon, and the efficiency is measured
in variables reflecting the second muon direction with respect to the Z boson. Three variables
for the second muon are chosen to measure this effect on the efficiency in data: the transverse
momentum of the dimuon system qT, the cosine of the polar angle cos θ∗ and the azimuthal
angle φ∗. The two angles are measured in the Z boson rest frame, where the z axis is the Z
boson flight direction. For cos(θ∗) = −1 the leptons are more likely to be close to the hadronic
recoil. The azimuthal angle is chosen to be zero for the proton closest to the z axis in this frame.
The isolation efficiency for the leading muon is measured in bins of pT and η. These efficiencies
are measured in data and simulation, and scale factors are applied to the simulation to account
for differences with respect to the data.

The backgrounds are small relative to the signal (at the percent level or smaller) and can be
divided into two categories: those where the leptons come from Z boson decays and those
where the leptons stem from other sources. The backgrounds from tt, ττ, WW, tW, and W+jets
are estimated from specific data samples. Backgrounds typically have two prompt leptons, al-
though not necessarily of the same lepton flavor: flavor universality is used for the background
estimation. The estimation consists of two steps. First, the oppositely charged mixed lepton eµ
yields are measured in both data and MC. Then the ratio of the yields in data and simulation
in this data sample (eµ channel) is used to normalise the simulation in the muon channel. The
eµ-channel selection uses the same trigger as the final sample, thus the same trigger efficiency
scale factor is used. In addition, the tracking, the identification, and the isolation efficiency scale
factors for the leading muon are applied. Electrons are selected if they have pT(e) > 20 GeV
and |η(e)| < 2.1, which is similar to the fiducial regions of the muon selection. No data-to-
simulation correction factors are applied to the electron identification since the effect on the
final results is negligible. In order to enhance the statistical precision, the invariant mass range
of the eµ pairs is increased to [60,120] GeV. Within the uncertainties, no significant trend in qT

and |y| is observed in the ratio of the eµ yields in data and simulation, and a constant scale
factor of 0.987 ± 0.008 is used. The WZ and ZZ backgrounds, which include a true Z → µµ
decay, are taken from simulation.
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5 Measured observables and granularity

The reconstructed and background-corrected double differential distribution in qT and |y| is
unfolded to pre-final-state radiation (FSR) lepton kinematics. The unfolding is performed to
the kinematic region 81 ≤ M(µµ) < 101 GeV and within the kinematic selection of the leading
(second) muon, pT > 25(10)GeV and |η| < 2.1 (2.4). The unfolding is done using an iterative
unfolding technique [35] implemented in the RooUnfold package [36]. The bins in qT are [0,20],
[20,40], [40,60], [60,80], [80,100], [100-120], [120,140], [140,170], [170,200], [200,1000]. In |y| a
constant bin width of 0.4 is used and the binning ends at 2.

The unfolding is validated by treating the simulated POWHEG signal sample as data. The un-
folded POWHEG distribution is found to be compatible with the distribution at the generator
level within unfolding uncertainty.

6 Systematic uncertainties

The sources of systematic uncertainty are ordered by their average size starting with the largest
one. The full covariance matrix is computed for both the normalised and the absolute cross
section.

• Luminosity uncertainty:
The uncertainty in the measurement of the integrated luminosity is 2.6% [37].

• Tracking, muon trigger, isolation, and identification efficiency correction factors:
A potential bias in the measurement of the efficiencies with the tag-and-probe tech-
nique is estimated by varying the most sensitive components: the background in
simulation is removed and doubled; the signal is parametrised with the sum of two
Voigtian functions instead of the sum of a Crystal Ball and a Gaussian function; the
efficiencies are parametrised only in η but with finer bins; and, only tags with a sin-
gle available probe are selected for the measurement instead of all possible pairs. For
each contribution a 100% correlation is assumed in the covariance matrix. The effect
of statistical uncertainties in the measured data-to-simulation scale factors is esti-
mated by their variation within the uncertainties in a series of pseudo-experiments.
Combining the effects extracted from these variations, the systematic uncertainties
are typically between 1% and 1.6%, depending on the bin, and increase with qT.

• Pileup uncertainty:
The cross section of minimum bias events is varied by ±5% and the impact of the
pileup multiplicity in the simulation on the measurement is used as correlated un-
certainty for all bins. This uncertainty is at maximum around 0.5% and is negligible
compared to the leading uncertainties.

• Statistical uncertainties of the simulation:
The uncertainty due to the limited number of events in simulation is estimated via
pseudo-experiments by varying the response matrix and the efficiency within the
statistical uncertainties.

• FSR:
The simulation is reweighted to reflect the difference between a soft-collinear ap-
proach and the exact O(α) result, similar to what was done in Ref. [34]. It also reflects
effects from higher-order contributions. The difference between the measurements
with and without the reweighting is assigned as an uncertainty and is assumed to
be fully correlated for the covariance matrix.
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• Backgrounds:

• tt,tW, WW, W+jets, and ττ backgrounds:
A 10% uncertainty is assigned to the scale factor derived in the eµ method.
This accounts for the statistical uncertainty of the scale factor and for the
uncertainties in the lepton efficiencies. For the covariance matrix full cor-
relation is assumed.

• WZ and ZZ backgrounds:
The diboson backgrounds that include a Z boson are determined from
simulation. The cross sections are varied by 50% to estimate the system-
atic uncertainty. While the inclusive cross sections have been measured
to agree reasonably well [38–40], we assign conservatively 50% to account
for the fact that we use the qT and |y| shapes from LO calculations.

• Muon momentum resolution:
The muon momentum resolution is measured in data and simulation, and corre-
sponding corrections are applied. The covariance accounting for the statistical un-
certainty of the muon momentum correction measurements is calculated via pseudo-
experiments. In addition, an uncertainty is assigned to take into account possible
correlated offsets.

• Z boson polarisation:
The lepton angular distribution of the Drell–Yan process can be described at LO
through the coefficients, A0–A4 [41]. However, inaccuracies in the way this is mod-
elled in the simulation can affect the result of the unfolding. The angular coefficients
A0–A4 are inferred in bins of qT and |y| in [42] for both data and simulation we use.
For each parameter Ai the simulation is independently reweighted to correspond to
the data as measured in [42]. In case the difference in Ai is smaller than the typical
theoretical uncertainty of 10% [43] Ai is varied by 10%. The full difference between
the default polarisation and the changed polarisation is assigned as systematic un-
certainty. Full correlation is assumed between the bins.

• qT and y shapes:
The dependence of the results on the qT and y shapes of the simulation is studied by
repeating the analysis using POWHEG as the signal sample. The results obtained us-
ing MADGRAPH or POWHEG for the unfolding are compatible with each other within
the statistical uncertainties. In addition, the MADGRAPH simulation is weighted in
fine bins in qT and y to match the background-corrected data. The effect on the
result using the reweighted simulation for the unfolding is much smaller than the
uncertainties assigned to the limited statistics of simulation and is neglected.

The contributions of the uncertainties to the normalised cross section measurement are pre-
sented in Fig. 1. The systematic uncertainty is dominated by the uncertainty in the efficiency
correction. In the highest bins of qT the measurement is dominated by the statistical uncertain-
ties. The uncertainty contributions to the absolute cross section measurement are presented in
Fig. 2.

7 Results

The double differential cross section normalised to the inclusive cross section is presented in Ta-
ble 1. A comparison of the measurement with the NNLO FEWZ computation is shown in Fig. 3,
where the first five plots show the qT dependence in the five bins in |y| and the last plot shows
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Figure 1: Relative uncertainties in percent of the normalised fiducial cross section measure-
ment. Each plot shows the qT dependence in the indicated ranges of |y|.
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Figure 2: Relative uncertainties in percent of the absolute fiducial cross section measurement.
The 2.6% uncertainty in the luminosity is not included. Each plot shows the qT dependence in
the indicated ranges of |y|.

the qT dependence integrated over |y|. In the bottom panels the ratio of the FEWZ prediction
to data is shown. The vertical error bars represent the statistical uncertainties of data and sim-
ulation. The red-hatched bands drawn at the points represent the systematic uncertainties of
the measurement only. The scale uncertainties are indicated by the grey-shaded areas and the
PDF uncertainties by the light-hatched bands. The scale uncertainties are estimated from the
envelope of the following combinations of variations of the factorisation µF and the renormal-
isation µR scales: (2µF,2µR), (0.5µF,0.5µR), (2µF,µR), (µF,2µR), (0.5µF,µR), and (µF,0.5µR). The
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PDF uncertainties are evaluated as the envelope of the uncertainties of the NNLO NNPDF23
and the NNLO CT10 [44] PDF sets. The scale uncertainty is about 4% for the lowest qT bin. In
the second qT bin it is about 8% and increases up to about 14% in the highest qT bin. The jump
in the size of the scale uncertainty between the first and the second bins in qT can be under-
stood as a consequence of reducing the order of the calculation to NLO when the Z boson is
produced in combination with a jet, which is the dominant process for qT > 20 GeV. While the
scale uncertainties are smaller at low qT, the shape is not expected to match the data well since
multiple soft gluon emissions are not modelled. At very high qT QED corrections could reach
a few percent [45, 46].

The PDF uncertainties in the region qT > 20 GeV range between +1% and −4%. The uncer-
tainty is asymmetric because the inclusive cross section computed using the NNLO CT10 PDF
set is about 2.5% larger than the one obtained using the NNLO NNPDF23 PDF set.

The NNLO FEWZ computation predicts the shape correctly, within scale uncertainties of order
6–12%, where the default scale has the general feature of underestimating the relative abun-
dance of high-qT (>20 GeV) events at the 7% level. The shape in |y| is well described by FEWZ.

The absolute double differential cross section is presented in Table 2. The comparison with the
NNLO computation of the FEWZ program is shown in Fig. 4. The scale uncertainties range from
10–16% for qT > 20 GeV. The PDF uncertainties are of the order of 3% in the central rapidity
region and decrease to about 1% in the forward region. The absolute cross section predicted by
the NNLO program FEWZ agrees within the uncertainties with the measurement.

A comparison of the measures with the MADGRAPH and the POWHEG generators is shown in
Fig. 5. The statistical uncertainties are smaller than the symbol size. The hatched bands repre-
sent the systematic uncertainties of the measurement only. The two generators show opposite
trends in qT. The MADGRAPH generator overestimates the data in the highest qT bins, whereas
the POWHEG generator underestimates the data up to 20% in this region. Also shown are the
absolute differential cross section predictions of MADGRAPH and POWHEG after normalizing
their inclusive cross-sections to the NNLO cross section by K factors, that are independent of
qT and |y|.

Table 1: Measured double differential fiducial cross section normalised to the inclusive fiducial
cross section in units of GeV−1.

0 ≤ |y| < 0.4 0.4 ≤ |y| < 0.8 0.8 ≤ |y| < 1.2 1.2 ≤ |y| < 1.6 1.6 ≤ |y| < 2

qT [GeV ] d2σ/σinc
δstat δsyst d2σ/σinc

δstat δsyst d2σ/σinc
δstat δsyst d2σ/σinc

δstat δsyst d2σ/σinc
δstat δsyst

[%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

[0,20] 2.10×10−2 0.09 0.30 2.10×10−2 0.09 0.30 1.96×10−2 0.10 0.30 1.47×10−2 0.12 0.31 7.88×10−3 0.17 0.45
[20,40] 6.20×10−3 0.18 0.44 6.08×10−3 0.19 0.42 5.50×10−3 0.20 0.46 4.11×10−3 0.24 0.59 2.17×10−3 0.34 0.81
[40,60] 2.28×10−3 0.30 0.84 2.22×10−3 0.31 0.80 1.99×10−3 0.35 0.85 1.53×10−3 0.40 1.03 8.11×10−4 0.57 1.35
[60,80] 9.79×10−4 0.47 0.99 9.48×10−4 0.48 0.94 8.85×10−4 0.52 0.96 6.82×10−4 0.62 1.16 3.75×10−4 0.87 1.56
[80,100] 4.73×10−4 0.69 1.33 4.56×10−4 0.71 1.26 4.23×10−4 0.77 1.26 3.42×10−4 0.89 1.43 1.92×10−4 1.25 1.89
[100,120] 2.33×10−4 1.02 1.44 2.34×10−4 1.01 1.36 2.19×10−4 1.10 1.37 1.80×10−4 1.25 1.50 1.01×10−4 1.76 2.03
[120,140] 1.31×10−4 1.37 1.51 1.24×10−4 1.42 1.50 1.15×10−4 1.55 1.53 1.01×10−4 1.72 1.58 6.03×10−5 2.40 2.13
[140,170] 6.42×10−5 1.57 1.59 6.34×10−5 1.57 1.54 6.05×10−5 1.68 1.56 5.13×10−5 1.93 1.68 3.00×10−5 2.67 2.30
[170,200] 2.88×10−5 2.36 1.91 2.93×10−5 2.35 1.88 2.90×10−5 2.61 1.93 2.40×10−5 2.98 2.14 1.49×10−5 4.00 2.88
[200,1000] 1.31×10−6 2.01 1.64 1.30×10−6 1.96 1.57 1.17×10−6 2.21 1.75 9.90×10−7 2.45 1.95 5.54×10−7 3.39 2.39

8 Summary

The double differential Z boson fiducial cross section in qT and |y| has been measured in pp
collisions at 8 TeV. The results are compared to the next-to-next-to-leading-order predictions
computed with the FEWZ program and they agree within the scale uncertainties. Deviations
from the data of up to 20% at high transverse momentum are observed in the MADGRAPH and
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Figure 3: The measured fiducial Z boson differential cross section, normalised to the inclusive
cross section compared to the NNLO prediction of FEWZ. The first five plots show the qT

dependence in the five bins of |y| and the last plot shows the qT dependence integrated over
|y|. The NNLO NNPDF23 PDF set with radiative corrections is used for the generation.

Table 2: Measured absolute double differential fiducial cross section in units of pb/GeV.

0 ≤ |y| < 0.4 0.4 ≤ |y| < 0.8 0.8 ≤ |y| < 1.2 1.2 ≤ |y| < 1.6 1.6 ≤ |y| < 2

qT [GeV ] d2σ
δstat δsyst d2σ

δstat δsyst d2σ
δstat δsyst d2σ

δstat δsyst d2σ
δstat δsyst

[%] [%] [%] [%] [%] [%] [%] [%] [%] [%]

[0,20] 9.87 0.10 2.84 9.86 0.10 2.85 9.20 0.10 2.85 6.89 0.12 2.85 3.71 0.18 2.87
[20,40] 2.92 0.19 2.85 2.86 0.19 2.86 2.59 0.20 2.87 1.93 0.24 2.90 1.02 0.34 2.94
[40,60] 1.07 0.30 2.93 1.05 0.31 2.94 9.35×10−1 0.35 2.97 7.19×10−1 0.41 3.04 3.82×10−1 0.57 3.14
[60,80] 4.61×10−1 0.47 2.97 4.46×10−1 0.48 2.98 4.16×10−1 0.52 3.00 3.21×10−1 0.62 3.08 1.77×10−1 0.87 3.25
[80,100] 2.23×10−1 0.69 3.09 2.15×10−1 0.71 3.09 1.99×10−1 0.77 3.12 1.61×10−1 0.89 3.19 9.05×10−2 1.25 3.40
[100,120] 1.10×10−1 1.02 3.16 1.10×10−1 1.01 3.13 1.03×10−1 1.10 3.15 8.46×10−2 1.25 3.24 4.74×10−2 1.76 3.51
[120,140] 6.18×10−2 1.36 3.19 5.81×10−2 1.42 3.19 5.41×10−2 1.55 3.22 4.76×10−2 1.72 3.27 2.84×10−2 2.40 3.54
[140,170] 3.02×10−2 1.57 3.22 2.98×10−2 1.57 3.21 2.84×10−2 1.69 3.24 2.41×10−2 1.93 3.32 1.41×10−2 2.67 3.67
[170,200] 1.36×10−2 2.36 3.37 1.38×10−2 2.35 3.36 1.36×10−2 2.61 3.43 1.13×10−2 2.99 3.56 7.00×10−3 4.00 4.08
[200,1000] 6.18×10−4 2.01 3.24 6.12×10−4 1.96 3.21 5.52×10−4 2.21 3.34 4.66×10−4 2.45 3.44 2.60×10−4 3.40 3.67
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Figure 4: The measured absolute fiducial Z boson differential cross section compared to the
NNLO prediction of FEWZ. The first five plots show the qT dependence in the five bins of |y|
and the last plot shows the qT dependence integrated over |y|. The NNLO NNPDF23 PDF set
with radiative corrections is used for the generation.
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Figure 5: Normalised (left) and absolute (right) fiducial Z boson cross section, as a function
of qT, compared to predictions from MADGRAPH (red symbols) and POWHEG (blue symbols).
MADGRAPH uses the LO CTEQ6L1 PDF set and POWHEG the NLO CT10 PDF set. The inclu-
sive LO MADGRAPH and the inclusive NLO POWHEG cross sections are scaled to the inclusive
NNLO cross section calculated with FEWZ by applying scale factors KFEWZ

NNLO.

POWHEG generators. The results are presented along with the full covariance matrix in order
to enable their use in future fits of the PDF. The experimental uncertainties are significantly
smaller than the current theoretical and PDF uncertainties.
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Cipriano, B. Roland, E. Ron, M.Ö. Sahin, J. Salfeld-Nebgen, P. Saxena, T. Schoerner-Sadenius,
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S. Belfortea, V. Candelisea ,b,2, M. Casarsaa, F. Cossuttia, G. Della Riccaa,b, B. Gobboa, C. La
Licataa,b, M. Maronea ,b, A. Schizzia,b, T. Umera,b, A. Zanettia

Kangwon National University, Chunchon, Korea
S. Chang, A. Kropivnitskaya, S.K. Nam

Kyungpook National University, Daegu, Korea
D.H. Kim, G.N. Kim, M.S. Kim, D.J. Kong, S. Lee, Y.D. Oh, H. Park, A. Sakharov, D.C. Son

Chonbuk National University, Jeonju, Korea
T.J. Kim, M.S. Ryu

Chonnam National University, Institute for Universe and Elementary Particles, Kwangju,
Korea
J.Y. Kim, D.H. Moon, S. Song



21

Korea University, Seoul, Korea
S. Choi, D. Gyun, B. Hong, M. Jo, H. Kim, Y. Kim, B. Lee, K.S. Lee, S.K. Park, Y. Roh

Seoul National University, Seoul, Korea
H.D. Yoo

University of Seoul, Seoul, Korea
M. Choi, J.H. Kim, I.C. Park, G. Ryu

Sungkyunkwan University, Suwon, Korea
Y. Choi, Y.K. Choi, J. Goh, D. Kim, E. Kwon, J. Lee, I. Yu

Vilnius University, Vilnius, Lithuania
A. Juodagalvis

National Centre for Particle Physics, Universiti Malaya, Kuala Lumpur, Malaysia
J.R. Komaragiri, M.A.B. Md Ali30, W.A.T. Wan Abdullah

Centro de Investigacion y de Estudios Avanzados del IPN, Mexico City, Mexico
E. Casimiro Linares, H. Castilla-Valdez, E. De La Cruz-Burelo, I. Heredia-de La Cruz,
A. Hernandez-Almada, R. Lopez-Fernandez, A. Sanchez-Hernandez

Universidad Iberoamericana, Mexico City, Mexico
S. Carrillo Moreno, F. Vazquez Valencia

Benemerita Universidad Autonoma de Puebla, Puebla, Mexico
I. Pedraza, H.A. Salazar Ibarguen

Universidad Autónoma de San Luis Potosı́, San Luis Potosı́, Mexico
A. Morelos Pineda

University of Auckland, Auckland, New Zealand
D. Krofcheck

University of Canterbury, Christchurch, New Zealand
P.H. Butler, S. Reucroft

National Centre for Physics, Quaid-I-Azam University, Islamabad, Pakistan
A. Ahmad, M. Ahmad, Q. Hassan, H.R. Hoorani, W.A. Khan, T. Khurshid, M. Shoaib

National Centre for Nuclear Research, Swierk, Poland
H. Bialkowska, M. Bluj, B. Boimska, T. Frueboes, M. Górski, M. Kazana, K. Nawrocki,
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H. Wollny, W.D. Zeuner

Paul Scherrer Institut, Villigen, Switzerland
W. Bertl, K. Deiters, W. Erdmann, R. Horisberger, Q. Ingram, H.C. Kaestli, D. Kotlinski,
U. Langenegger, D. Renker, T. Rohe

Institute for Particle Physics, ETH Zurich, Zurich, Switzerland
F. Bachmair, L. Bäni, L. Bianchini, M.A. Buchmann, B. Casal, G. Dissertori, M. Dittmar,
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K. Maeshima, J.M. Marraffino, V.I. Martinez Outschoorn, S. Maruyama, D. Mason, P. McBride,
P. Merkel, K. Mishra, S. Mrenna, S. Nahn, C. Newman-Holmes, V. O’Dell, O. Prokofyev,
E. Sexton-Kennedy, A. Soha, W.J. Spalding, L. Spiegel, L. Taylor, S. Tkaczyk, N.V. Tran,
L. Uplegger, E.W. Vaandering, R. Vidal, A. Whitbeck, J. Whitmore, F. Yang

University of Florida, Gainesville, USA
D. Acosta, P. Avery, P. Bortignon, D. Bourilkov, M. Carver, D. Curry, S. Das, M. De Gruttola,
G.P. Di Giovanni, R.D. Field, M. Fisher, I.K. Furic, J. Hugon, J. Konigsberg, A. Korytov,
T. Kypreos, J.F. Low, K. Matchev, H. Mei, P. Milenovic56, G. Mitselmakher, L. Muniz,
A. Rinkevicius, L. Shchutska, M. Snowball, D. Sperka, J. Yelton

Florida International University, Miami, USA
S. Hewamanage, S. Linn, P. Markowitz, G. Martinez, J.L. Rodriguez

Florida State University, Tallahassee, USA
A. Ackert, J.R. Adams, T. Adams, A. Askew, J. Bochenek, B. Diamond, J. Haas, S. Hagopian,
V. Hagopian, K.F. Johnson, H. Prosper, V. Veeraraghavan, M. Weinberg



26 A The CMS Collaboration

Florida Institute of Technology, Melbourne, USA
M.M. Baarmand, M. Hohlmann, H. Kalakhety, F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, USA
M.R. Adams, L. Apanasevich, D. Berry, R.R. Betts, I. Bucinskaite, R. Cavanaugh, O. Evdokimov,
L. Gauthier, C.E. Gerber, D.J. Hofman, P. Kurt, C. O’Brien, I.D. Sandoval Gonzalez,
C. Silkworth, P. Turner, N. Varelas, M. Zakaria

The University of Iowa, Iowa City, USA
B. Bilki57, W. Clarida, K. Dilsiz, M. Haytmyradov, V. Khristenko, J.-P. Merlo, H. Mermerkaya58,
A. Mestvirishvili, A. Moeller, J. Nachtman, H. Ogul, Y. Onel, F. Ozok50, A. Penzo, R. Rahmat,
S. Sen, P. Tan, E. Tiras, J. Wetzel, K. Yi

Johns Hopkins University, Baltimore, USA
I. Anderson, B.A. Barnett, B. Blumenfeld, S. Bolognesi, D. Fehling, A.V. Gritsan, P. Maksimovic,
C. Martin, M. Swartz, M. Xiao

The University of Kansas, Lawrence, USA
P. Baringer, A. Bean, G. Benelli, C. Bruner, J. Gray, R.P. Kenny III, D. Majumder, M. Malek,
M. Murray, D. Noonan, S. Sanders, J. Sekaric, R. Stringer, Q. Wang, J.S. Wood

Kansas State University, Manhattan, USA
I. Chakaberia, A. Ivanov, K. Kaadze, S. Khalil, M. Makouski, Y. Maravin, L.K. Saini,
N. Skhirtladze, I. Svintradze

Lawrence Livermore National Laboratory, Livermore, USA
J. Gronberg, D. Lange, F. Rebassoo, D. Wright

University of Maryland, College Park, USA
C. Anelli, A. Baden, A. Belloni, B. Calvert, S.C. Eno, J.A. Gomez, N.J. Hadley, S. Jabeen,
R.G. Kellogg, T. Kolberg, Y. Lu, A.C. Mignerey, K. Pedro, Y.H. Shin, A. Skuja, M.B. Tonjes,
S.C. Tonwar

Massachusetts Institute of Technology, Cambridge, USA
A. Apyan, R. Barbieri, A. Baty, K. Bierwagen, S. Brandt, W. Busza, I.A. Cali, L. Di Matteo,
G. Gomez Ceballos, M. Goncharov, D. Gulhan, M. Klute, Y.S. Lai, Y.-J. Lee, A. Levin,
P.D. Luckey, X. Niu, C. Paus, D. Ralph, C. Roland, G. Roland, G.S.F. Stephans, K. Sumorok,
D. Velicanu, J. Veverka, T.W. Wang, B. Wyslouch, M. Yang, M. Zanetti, V. Zhukova

University of Minnesota, Minneapolis, USA
B. Dahmes, A. Gude, S.C. Kao, K. Klapoetke, Y. Kubota, J. Mans, S. Nourbakhsh, R. Rusack,
A. Singovsky, N. Tambe, J. Turkewitz

University of Mississippi, Oxford, USA
J.G. Acosta, S. Oliveros

University of Nebraska-Lincoln, Lincoln, USA
E. Avdeeva, K. Bloom, S. Bose, D.R. Claes, A. Dominguez, R. Gonzalez Suarez, J. Keller,
D. Knowlton, I. Kravchenko, J. Lazo-Flores, F. Meier, F. Ratnikov, G.R. Snow, M. Zvada

State University of New York at Buffalo, Buffalo, USA
J. Dolen, A. Godshalk, I. Iashvili, A. Kharchilava, A. Kumar, S. Rappoccio

Northeastern University, Boston, USA
G. Alverson, E. Barberis, D. Baumgartel, M. Chasco, A. Massironi, D.M. Morse, D. Nash,
T. Orimoto, D. Trocino, R.-J. Wang, D. Wood, J. Zhang



27

Northwestern University, Evanston, USA
K.A. Hahn, A. Kubik, N. Mucia, N. Odell, B. Pollack, A. Pozdnyakov, M. Schmitt, S. Stoynev,
K. Sung, M. Trovato, M. Velasco, S. Won

University of Notre Dame, Notre Dame, USA
A. Brinkerhoff, K.M. Chan, A. Drozdetskiy, M. Hildreth, C. Jessop, D.J. Karmgard, N. Kellams,
K. Lannon, S. Lynch, N. Marinelli, C. Mueller, Y. Musienko31, T. Pearson, M. Planer, R. Ruchti,
G. Smith, N. Valls, M. Wayne, M. Wolf, A. Woodard

The Ohio State University, Columbus, USA
L. Antonelli, J. Brinson, B. Bylsma, L.S. Durkin, S. Flowers, A. Hart, C. Hill, R. Hughes,
K. Kotov, T.Y. Ling, W. Luo, D. Puigh, M. Rodenburg, B.L. Winer, H. Wolfe, H.W. Wulsin

Princeton University, Princeton, USA
O. Driga, P. Elmer, J. Hardenbrook, P. Hebda, S.A. Koay, P. Lujan, D. Marlow, T. Medvedeva,
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