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Abstract Distributions of transverse momentum p��
T and

the related angular variable φ∗
η of Drell–Yan lepton pairs are

measured in 20.3 fb−1 of proton–proton collisions at
√
s =

8 TeV with the ATLAS detector at the LHC. Measurements
in electron-pair and muon-pair final states are corrected for
detector effects and combined. Compared to previous mea-
surements in proton–proton collisions at

√
s = 7 TeV, these

new measurements benefit from a larger data sample and
improved control of systematic uncertainties. Measurements
are performed in bins of lepton-pair mass above, around and
below the Z -boson mass peak. The data are compared to
predictions from perturbative and resummed QCD calcula-
tions. For values of φ∗

η < 1 the predictions from the Monte
Carlo generator ResBos are generally consistent with the
data within the theoretical uncertainties. However, at larger
values of φ∗

η this is not the case. Monte Carlo generators
based on the parton-shower approach are unable to describe
the data over the full range of p��

T while the fixed-order pre-
diction of Dynnlo falls below the data at high values of
p��
T . ResBos and the parton-shower Monte Carlo generators

provide a much better description of the evolution of the φ∗
η

and p��
T distributions as a function of lepton-pair mass and

rapidity than the basic shape of the data.
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1 Introduction

In high-energy hadron–hadron collisions the vector bosons
W and Z/γ ∗ are produced via quark–antiquark annihilation,
and may be observed with very small backgrounds in their
leptonic decay modes. The vector bosons may have non-zero
momentum transverse to the beam direction p(W,Z)

T due to
the emission of quarks and gluons from the initial-state par-
tons as well as to the intrinsic transverse momentum of the
initial-state partons in the proton. Phenomenologically, the
spectrum at low p(W,Z)

T can be described using soft-gluon
resummation [1] together with a non-perturbative contribu-
tion from the parton intrinsic transverse momentum. At high
p(W,Z)

T the spectrum may be described by fixed-order pertur-
bative QCD predictions [2–4]. Parton-shower models [5,6]
may be used to compensate for missing higher-order correc-
tions in the fixed-order QCD predictions.

Measurements of p(W,Z)
T thus test several aspects of QCD.

The correct modelling of p(W,Z)
T is also important in many

physics analyses at the LHC for which the production of W
and/or Z bosons constitutes a background. Moreover, it is a
crucial ingredient for a precise measurement of the W -boson
mass, at both the LHC and the Tevatron. Measurements of
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the dependence of p(W,Z)
T on the boson rapidity1 are sensitive

to the gluon distribution function of the proton [7]. High-
precision measurements at large values of p(W,Z)

T could be
sensitive to electroweak (EW) corrections [8].

Drell–Yan events with final states including e+e− or
μ+μ− (‘Drell–Yan lepton pairs’) allow the transverse
momentum p��

T of Z/γ ∗ bosons to be measured with greater
precision than is possible in the case of W bosons, because
of the unobserved neutrino produced in W leptonic decays.
Measurements of p��

T for lepton-pair masses,m��, around the
Z -boson mass peak have been made by the CDF Collabora-
tion [9] and the D0 Collaboration [10–12] at the Tevatron,
and the ATLAS Collaboration [13,14], the CMS Collabora-
tion [15,16] and the LHCb Collaboration [17–19] at the LHC.
Measurements of p��

T require a precise understanding of the
transverse momentum pT calibration and resolution of the
final-state leptons. Associated systematic uncertainties affect
the resolution in p��

T and limit the ultimate precision of the
measurements, particularly in the low-p��

T domain. To min-
imise the impact of these uncertainties, the φ∗

η observable was

introduced [20] as an alternative probe of p��
T . It is defined as

φ∗
η = tan

(
π − �φ

2

)
· sin(θ∗

η ), (1)

where �φ is the azimuthal angle in radians between the two
leptons. The angle θ∗

η is a measure of the scattering angle of
the leptons with respect to the proton beam direction in the
rest frame of the dilepton system and is defined by cos(θ∗

η ) =
tanh[(η−−η+)/2], where η− and η+ are the pseudorapidities
of the negatively and positively charged lepton, respectively
[20]. Therefore, φ∗

η depends exclusively on the directions of
the two leptons, which are more precisely measured than their
momenta. Measurements of φ∗

η for m�� around the Z -boson
mass peak were first made by the D0 Collaboration [21] at the
Tevatron and subsequently by the ATLAS Collaboration [22]
for

√
s=7 TeV and the LHCb Collaboration for

√
s=7 TeV

[17,18] and 8 TeV [19] at the LHC. First measurements of φ∗
η

for ranges of m�� above and below the Z -boson mass peak
were recently presented by the D0 Collaboration [23].

Measurements are presented here of φ∗
η and p��

T for Drell–
Yan lepton-pair events using the complete

√
s = 8 TeV data

set of the ATLAS experiment at the LHC, corresponding

1 ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point in the centre of the detector and the z-axis
coinciding with the axis of the beam pipe. The x-axis points from the
interaction point to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r ,φ) are used in the transverse plane,
φ being the azimuthal angle around the beam pipe. The pseudorapid-
ity is defined in terms of the polar angle θ as η = − ln tan(θ/2). The
rapidity of a system, y, is defined in terms of its energy, E , and its longi-
tudinal momentum, pz , as y = (1/2) ln[(E + pz)/(E − pz)]. Angular
separations between particles or reconstructed objects are measured in
η − φ space using �R = √

(�η)2 + (�φ)2.

to an integrated luminosity of 20.3 fb−1. The data are cor-
rected for detector effects. The measurements are presented
for e+e− and μ+μ− final states, in bins of m��, above and
below, as well as at the Z -boson mass peak, and in bins of
the Z/γ ∗-boson rapidity |y��|. In addition, integrated fiducial
cross sections are provided for six regions of m��.

The ATLAS experiment is briefly described in Sect. 2. A
general overview of the measurement methods is given in
Sect. 3, which has specific sections on the event simulation,
event reconstruction, event selection, background estimation,
corrections for detector effects, and the evaluation of the sys-
tematic uncertainties. The combination of the measurements
in the e+e− and μ+μ− final states is described in Sect. 4.
The corrected differential cross sections are compared to var-
ious theoretical predictions in Sect. 5. A short summary and
conclusion are given in Sect. 6. The values of the normalised
differential cross sections (1/σ) dσ/dφ∗

η and (1/σ) dσ/dp��
T

are given in tables in the Appendix for each region of m��

and |y��| considered.

2 The ATLAS detector

The ATLAS detector [24] at the LHC covers nearly the entire
solid angle around the collision point. It consists of an inner
tracking detector (ID) surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters, and a
muon spectrometer (MS) incorporating three large supercon-
ducting toroid magnets. The ID is immersed in a 2 T axial
magnetic field and provides charged-particle tracking in the
range |η| < 2.5. A high-granularity silicon pixel detector
typically provides three measurements per track, and is fol-
lowed by a silicon microstrip tracker, which usually provides
four three-dimensional measurement points per track. These
silicon detectors are complemented by a transition radiation
tracker, which enables radially extended track reconstruction
up to |η| = 2.0. The transition radiation tracker also provides
electron identification information based on the fraction of
hits (typically 30 in total) above a higher energy-deposit
threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range
|η| < 4.9. Within the region |η| < 3.2, electromag-
netic calorimetry is provided by barrel and endcap high-
granularity lead/liquid-argon (LAr) electromagnetic
calorimeters, with an additional thin LAr presampler cover-
ing |η| < 1.8, to correct for energy loss in material upstream
of the calorimeters. Hadronic calorimetry is provided by the
steel/scintillator-tile calorimeter, segmented into three barrel
structures within |η| < 1.7, and two copper/LAr hadronic
endcap calorimeters. The solid angle coverage is completed
with forward copper/LAr and tungsten/LAr calorimeter mod-
ules optimised for electromagnetic and hadronic measure-
ments, respectively.
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The MS comprises separate trigger and precision track-
ing chambers measuring the deflection of muons in a mag-
netic field generated by superconducting air-core toroids.
The precision chamber system covers the region |η| < 2.7
with three layers of monitored drift tubes, complemented
by cathode-strip chambers in the forward region, where the
background is highest. The muon trigger system covers the
range |η| < 2.4 with resistive-plate chambers in the barrel,
and thin-gap chambers in the endcap regions.

A three-level trigger system is used to select interesting
events [25]. The Level-1 trigger is implemented in hardware
and uses a subset of detector information to reduce the event
rate to a design value of at most 75 kHz. This is followed by
two software-based trigger levels which together reduce the
event rate to about 400 Hz.

3 Analysis methods

This section describes the particle-level measurements pre-
sented in this paper (Sect. 3.1), the simulation of signal and
background Monte Carlo (MC) samples (Sect. 3.2), the event
reconstruction and selection criteria (Sect. 3.3), the estima-
tion of backgrounds (Sect. 3.4), corrections to the distribu-
tions of φ∗

η and p��
T for detector effects and final-state radia-

tion (Sect. 3.5), and the estimation of systematic uncertainties
(Sect. 3.6).

3.1 Description of the particle-level measurements

Drell–Yan signal MC simulation is used to correct the
background-subtracted data for detector resolution and inef-
ficiency. Three different ‘particle-level’ definitions are
employed, which differ in their treatment of final-state pho-
ton radiation (FSR). The Born and bare levels are defined
from the lepton kinematics before and after FSR, respec-
tively. The dressed level is defined by combining the bare
four-momentum of each lepton with that of photons radi-
ated within a cone defined by �R = 0.1 (See footnote 1)
around the lepton. The muon-pair data are corrected to the
bare, dressed, and Born levels. The electron-pair data are
corrected to the dressed and Born levels. The two lepton-pair
channels are combined at the Born level. The bare and dressed
particle-level definitions reduce the dependence on the MC
FSR model used to correct the data, which results (partic-
ularly for events with m�� below the Z -boson mass peak)
in a lower systematic uncertainty. Corrections to a common
particle-level definition (Born level) for the combination of
the two channels allow comparisons to calculations that do
not account for the effects of FSR, albeit at the cost of an
increased systematic uncertainty on the corrected data.

The data are corrected to the particle level within fidu-
cial regions in lepton pT and |η|, and in lepton-pair m��

and |y��| that correspond closely to the selection criteria
applied to the data. The fiducial regions common to the mea-
surements of φ∗

η and p��
T are described first. The two lep-

tons are required to have pT > 20 GeV and |η| < 2.4.
Measurements of the normalised differential cross sections
(1/σ) dσ/dφ∗

η and (1/σ) dσ/dp��
T , and of the absolute differ-

ential cross section dσ/dp��
T , are made in three m�� regions

within 46 GeV < m�� < 150 GeV for |y��| < 2.4. In
the mass region 66 GeV < m�� < 116 GeV, measure-
ments are made in six equally sized regions of |y��|. The
distributions of (1/σ) dσ/dφ∗

η and (1/σ) dσ/dp��
T are indi-

vidually normalised in each region of |y��|. Measurements
of (1/σ) dσ/dφ∗

η in the regions of m�� above and below
the Z -boson mass peak, 46 GeV < m�� < 66 GeV and
116 GeV < m�� < 150 GeV, are made in three equally-
sized regions of |y��|. For p��

T > 45 GeV, measurements
of p��

T are made in three additional mass regions below
46 GeV.

A synopsis of the φ∗
η and p��

T measurements, and of the
fiducial-region definitions used is given in Table 1.

3.2 Event simulation

MC simulation is used to estimate backgrounds and to correct
the data for detector resolution and inefficiencies, as well as
for the effects of FSR.

Three generators are used to produce samples of Drell–
Yan lepton-pair signal events. The first is Powheg [26,27]
which uses the CT10 set of parton distribution functions
(PDFs) [28] and is interfaced to Pythia 8.170 [6,29] with the
AU2 set of tuned parameters (tune) [30] to simulate the parton
shower, hadronisation and underlying event, and to Photos
[31] to simulate FSR. This is referred to as Powheg+Pythia
in the text. The second is Powheg interfaced to Herwig
6.520.2 [5] for the parton shower and hadronisation, Jimmy
[32] for the underlying event, and Photos for FSR (referred
to as Powheg+Herwig). The Sherpa 1.4.1 [33] generator
is also used, which has its own implementation of the parton
shower, hadronisation, underlying event and FSR, and which
again uses the CT10 PDF set. Differences between the results
obtained using these three generators are used to estimate
systematic uncertainties related to the choice of generator.

Background events from the process Z → ττ are pro-
duced using Alpgen [34] interfaced to Herwig to simu-
late the parton shower and Jimmy to simulate the underlying
event. Single W -boson decays to electrons, muons and τ lep-
tons are produced with Sherpa, and the diboson processes
WW , WZ and Z Z are produced with Herwig. The t t̄ pro-
cess is simulated with MC@NLO [35] interfaced to Jimmy,
as is the single-top process in the s-channel and Wt-channel.
The t-channel is generated with AcerMC [36] interfaced to
Pythia. Exclusive γ γ → �� production is generated using
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Table 1 Synopsis of the φ∗
η and

p��
T measurements, and of the

fiducial region definitions used.
Full details including the
definition of the Born, bare and
dressed particle levels are
provided in the text. Unless
otherwise stated criteria apply to
both φ∗

η and p��
T measurements

Particle-level definitions (treatment of final-state photon radiation)
Electron pairs Dressed; Born
Muon pairs Bare; dressed; Born
Combined Born

Fiducial region
Leptons pT > 20 GeV and |η| < 2.4
Lepton pairs |y��| < 2.4

Mass and rapidity regions
46 GeV < m�� < 66 GeV |y��| < 0.8; 0.8 < |y��| < 1.6; 1.6 < |y��| < 2.4

(φ∗
η measurements only)

|y��| < 2.4

66 GeV < m�� < 116 GeV |y��| < 0.4; 0.4 < |y��| < 0.8; 0.8 < |y��| < 1.2;
1.2 < |y��| < 1.6; 1.6 < |y��| < 2.0; 2.0 < |y��| < 2.4;
|y��| < 2.4

116 GeV < m�� < 150 GeV |y��| < 0.8; 0.8 < |y��| < 1.6; 1.6 < |y��| < 2.4
(φ∗

η measurements only)

|y��| < 2.4

Very-low mass regions
12 GeV < m�� < 20 GeV
20 GeV < m�� < 30 GeV
30 GeV < m�� < 46 GeV

⎫⎬
⎭ |y��| < 2.4, p��

T > 45 GeV, p��
T measurements only

the Herwig++ 2.6.3 generator [37]. Photon-induced single-
dissociative dilepton production, is simulated using Lpair 4.0
[38] with the Brasse [39] and Suri–Yennie [40] structure
functions for proton dissociation. For double-dissociative
γ γ → �� reactions, Pythia 8.175 [29] is used with the
MRST2004QED [41] PDFs.

The effect of multiple interactions per bunch crossing
(pile-up) is simulated by overlaying MC-generated minimum
bias events [42]. The simulated event samples are reweighted
to describe the distribution of the number of pile-up events
in the data. The Geant4 [43] program is used to simulate
the passage of particles through the ATLAS detector. Differ-
ences in reconstruction, trigger, identification and isolation
efficiencies between MC simulation and data are evaluated
using a tag-and-probe method [44,45] and are corrected for
by reweighting the MC simulated events. Corrections are
also applied to MC events for the description of the lep-
ton energy and momentum scales and resolution, which are
determined from fits to the observed Z -boson line shapes in
data and MC simulation [45,46]. The MC simulation is also
reweighted to better describe the distribution of the longi-
tudinal position of the primary pp collision vertex [47] in
data.

Three additional samples of Drell–Yan lepton-pair sig-
nal events are produced without detector simulation, for
the purpose of comparison with the corrected data in
Sect. 5. The MC generators used are ResBos, Dynnlo, and
Powheg+Pythia (AZNLO tune).

ResBos [48] simulates vector-boson production and
decay, but does not include a description of the hadronic
activity in the event nor of FSR. Initial-state QCD corrections

to Z -boson production are simulated at approximately next-
to-next-to-leading-order (NNLO) accuracy using approx-
imate NNLO (i.e. O(α2

s )) Wilson coefficient functions
[49].2 The contributions from γ ∗ and from Z/γ ∗ interfer-
ence are simulated at next-to-leading-order (NLO) accu-
racy (i.e. O(αs)). ResBos uses a resummed treatment of
soft-gluon emissions at next-to-next-to-leading-logarithm
(NNLL) accuracy. It uses the GNW parameterisation [49,50]
of non-perturbative effects at small p��

T , as optimised using
the D0 φ∗

η measurements in Ref. [21]. The CT14 NNLO PDF
sets [51] are used and the corresponding 90 % confidence-
level PDF uncertainties are evaluated and rescaled to 68 %
confidence level. The choices3 of central values and range
of systematic uncertainty variations for QCD scales and the
non-perturbative parameter aZ are made following Ref. [49].

2 We thank Dr M. Guzzi (University of Manchester, UK) for many
useful discussions and for helping us to produce the predictions from
ResBos to which we compare our measurements.
3 Following Ref. [49] the central value of the non-perturbative param-
eter aZ = 1.1 GeV2 is chosen in ResBos. The central values of
the QCD scale parameters of the CSS formalism used in ResBos
are chosen to be C1 = C3 = 2b0 and C2 = C4 = 1/2, where
b0 = e−γE , where γE ≈ 0.577 is the Euler–Mascheroni constant. In
assigning uncertainties to the predictions of ResBos the value of aZ
is varied over the range 1.05 < aZ < 1.19 GeV2. The QCD scale
uncertainties for the ResBos predictions are evaluated by varying inde-
pendently the scale parametersC1,C2 andC3 up and down by a factor of
two relative to the central values given above. The relationshipC2 = C4
is maintained throughout. The overall QCD scale uncertainty is taken as
the quadrature sum of the changes in the predicted distribution resulting
from the variations in C1,C2 and C3. PDF uncertainties are evaluated
using the CT14 NNLO PDF error sets.
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These differ from the choices made for the ATLAS 7 TeV
p��

T and φ∗
η papers [14,22].

Dynnlo1.3 [4] simulates initial-state QCD corrections to
NNLO accuracy. The CT10 NNLO PDF sets are used. The
Dynnlo calculation is performed in the Gμ electroweak
parameter scheme [52]. Additional NLO electroweak vir-
tual corrections4 are provided by the authors of Ref. [53].
Dynnlo does not account for the effects of multiple soft-
gluon emission and therefore is not able to make accurate
predictions at low φ∗

η and p��
T .

An additional Powheg+Pythia sample is produced
which uses the AZNLO tune [14]. This tune includes the
ATLAS 7 TeV φ∗

η and p��
T results in a mass region around

the Z peak. The sample uses Pythia version 8.175 and the
CTEQ6L1 PDF set [54] for the parton shower, while CT10
is used for the Powheg calculation.

3.3 Event reconstruction and selection

The measurements are performed using proton–proton colli-
sion data recorded at

√
s = 8 TeV. The data were collected

between April and December 2012 and correspond to an inte-
grated luminosity of 20.3 fb−1. Selected events are required
to be in a data-taking period in which there were stable beams
and the detector was fully operational.

For measurements of φ∗
η , candidate electron-pair events

were obtained using a dielectron trigger, whilst for mea-
surements of p��

T , a combination of a single-electron trig-
ger (to select events with the leading reconstructed electron
pT > 60 GeV and the sub-leading electron pT > 25 GeV)
and a dielectron trigger (to select all other events) was used.
The motivation for using a slightly different trigger selec-
tion for measurements of the p��

T observable is to obtain a
higher efficiency for electron pairs with �R < 0.35, which
is relevant to maintain a high acceptance for m�� < 46 GeV.
Electron candidates are reconstructed from clusters of energy
in the electromagnetic calorimeter matched to ID tracks [55].
They are required to have pT > 20 GeV and |η| < 2.4, but
excluding the transition regions between the barrel and the
endcap electromagnetic calorimeters, 1.37 < |η| < 1.52.
The electron candidates must satisfy a set of ‘medium’
selection criteria [55] that have been reoptimised for the
larger number of proton–proton collisions per beam cross-
ing observed in the 2012 data. Events are required to contain
exactly two electron candidates. Except for the m�� region

4 The NLO electroweak virtual corrections are provided as fractional
difference of calculations performed at the order O(α3αs) compared
to O(α2αs). This fractional difference is then applied directly to the
O(α2α2

s ) QCD calculation from Dynnlo following the prescription
of Ref. [67]. The nominal renormalisation (μR) and factorisation (μF)

scales are implemented to take dynamically the value of
√
m��

2 + p�� 2
T .

For the evaluation of scale uncertainties the scales μR and μF are varied
simultaneously by a factor of two up and down.

around the Z -boson mass peak, the electron candidates are
required to be isolated, satisfying Ie < 0.2, where Ie is the
scalar sum of the pT of tracks with �R < 0.4 around the
electron track divided by the pT of the electron. For measure-
ments of p��

T , this requirement is not applied when the two
electrons are separated by �R < 0.5. For measurements of
p��

T the two electron candidates must satisfy �R > 0.15.
Candidate muon-pair events are retained for further anal-

ysis using a combination of a single-muon trigger (for pT >

25 GeV) and a dimuon trigger (for 20 < pT < 25 GeV).
Muon candidates are reconstructed by combining tracks
reconstructed in both the inner detector and the MS [45].
They are required to have pT > 20 GeV and |η| < 2.4. In
order to suppress backgrounds, track-quality requirements
are imposed for muon identification, and longitudinal and
transverse impact-parameter requirements ensure that the
muon candidates originate from a common primary proton–
proton interaction vertex. The muon candidates are also
required to be isolated, satisfying Iμ < 0.1, where Iμ is the
scalar sum of the pT of tracks within a cone of size �R = 0.2
around the muon divided by the pT of the muon. Events are
required to contain exactly two muon candidates of opposite
charge satisfying the above criteria.

Precise knowledge of the lepton directions is particularly
important for the φ∗

η measurements. These are determined for
electron candidates by the track direction in the ID, and for
muon candidates from a combination of the track direction
in the ID and in the MS.

Tables 2 and 3 show the number of events satisfying the
above selection criteria in the electron-pair and muon-pair
channels, respectively, for six regions of m��. Also given
is the estimated contribution to the data from the various
background sources considered (described in Sect. 3.4).

Figure 1 shows the distributions of m�� and η for electron-
pair events passing the selection requirements described
above. Figure 2 shows the equivalent distributions for the
dimuon channel. The MC signal sample is simulated using
Powheg+Pythia. The predictions from the model are in
qualitative agreement with the data.

3.4 Estimation of backgrounds

The number and properties of the background events arising
from multi-jet processes are estimated using a data-driven
technique. A background-dominated sample is selected using
a modified version of the signal-selection criteria. In the
electron-pair channel, both electrons are required to satisfy
the ‘loose’ identification criteria [55], but not the ‘medium’
criteria, and are also required to have the same charge. For the
muon-pair channel, two samples of lepton pairs are used: the
light-flavour background is estimated by requiring a pair of
muons with the same charge, whilst the heavy-flavour back-
ground is estimated by requiring one electron and one muon
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Table 2 The number of events in data satisfying the selection crite-
ria in the electron-pair channel for six different regions of m�� and
the estimated contribution to this value from the various background

sources considered. The uncertainties quoted on the background sam-
ples include contributions from statistical and systematic sources

m�� [GeV] Data Total Bkg Multi-jet t t̄ , single top Z → ττ W → �ν WW/WZ/Z Z γ γ → ��

12–20 17 729 2 220 ± 470 1 370 ± 460 509 ± 27 7 ± 1 215 ± 44 81 ± 7 41 ± 16

20–30 13 322 1 860 ± 210 600 ± 200 873 ± 46 33 ± 3 144 ± 36 158 ± 11 54 ± 21

30–46 14 798 3 290 ± 260 570 ± 230 1 920 ± 100 228 ± 23 192 ± 48 314 ± 25 75 ± 30

46–66 201 613 25 600 ± 3 900 6 200 ± 3 400 3 990 ± 210 9 360 ± 940 670 ± 170 1 060 ± 88 4 300 ± 1 700

66–116 6 671 873 59 400 ± 9 500 23 500 ± 9 200 13 040 ± 680 3 560 ± 360 3 860 ± 930 10 450 ± 320 5 000 ± 2 000

116–150 77 919 8 280 ± 170 910 ± 170 4 590 ± 240 82 ± 8 530 ± 130 1 097 ± 90 1 070 ± 430

Table 3 The number of events in data satisfying the selection criteria in
the muon-pair channel for six different regions of m�� and the estimated
contribution to this value from the various background sources con-

sidered. The uncertainties quoted on the background samples include
contributions from statistical and systematic sources

m�� [GeV] Data Total Bkg Multi-jet t t̄ , single top Z → ττ W → �ν WW/WZ/Z Z γ γ → ��

12–20 25 297 1 220 ± 180 440 ± 170 605 ± 32 1 ± 0 9 ± 2 107 ± 10 64 ± 26

20–30 19 485 2 100 ± 250 590 ± 240 1 156 ± 61 20 ± 2 8 ± 2 241 ± 19 84 ± 33

30–46 20 731 3 980 ± 330 730 ± 290 2 540 ± 130 156 ± 16 12 ± 3 429 ± 36 114 ± 45

46–66 318 117 30 900 ± 4 100 7 400 ± 3 000 5 370 ± 280 9 940 ± 990 174 ± 35 1 460 ± 120 6 600 ± 2 600

66–116 9 084 639 46 500 ± 4 200 7 400 ± 3 000 13 730 ± 720 4 150 ± 420 870 ± 170 13 640 ± 420 6 700 ± 2 700

116–150 100 697 9 960 ± 520 1 270 ± 520 5 790 ± 300 58 ± 6 153 ± 38 1 310 ± 110 1 380 ± 550
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Fig. 1 The distribution of events passing the selection requirements in
the electron-pair channel as a function of dilepton invariant mass m��

(left) and electron pseudorapidity η (right). Events are shown for the
m�� range 46 to 150 GeV. The MC signal sample (yellow) is simulated
using Powheg+Pythia. The statistical uncertainties on the data points
are smaller than the size of the markers and the systematic uncertain-

ties are not plotted. The prediction is normalised to the integral of the
data. The vertical dashed lines on the left-hand plot at m�� values of 66
and 116 GeV indicate the boundaries between the three principal m��

regions employed in the analysis. The small discontinuities in the m��

distribution at 66 and 116 GeV are due to the absence of the isolation
requirement around the Z -boson mass peak

with opposite charge. The electron is required to be identi-
fied as ‘loose’ and the electron isolation cut is inverted. It is
assumed that in all other variables the shape of the distribu-
tion of the multi-jet events is the same in both the signal- and
background-dominated samples.

The normalisation of the multi-jet background is deter-
mined by performing a χ2 minimisation in a variable that dis-
criminates between the signal and multi-jet background. The

contribution from all sources other than the multi-jet back-
ground is taken from MC simulation. Two independent fits
are performed, using lepton isolation and m�� as discriminat-
ing variables. The signal event-selection criteria are applied,
except that the selection criteria on the isolation variables are
removed for the fit that uses lepton isolation. In the muon-pair
final state, the fit using isolation is performed using the values
of Iμ. In the electron-pair final state, the isolation variable
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Fig. 2 The distribution of events passing the selection requirements
in the muon-pair channel as a function of dilepton invariant mass m��

(left) and muon pseudorapidity η (right). Events are shown for the m��

range 46 to 150 GeV. The MC signal sample (yellow) is simulated
using Powheg+Pythia. The statistical uncertainties on the data points

are smaller than the size of the markers and the systematic uncertain-
ties are not plotted. The prediction is normalised to the integral of the
data. The vertical dashed lines on the left hand plot at m�� values of 66
and 116 GeV indicate the boundaries between the three principal m��

regions employed in the analysis
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Fig. 3 Left The distribution of the smallest of the isolation variables
of the two electrons Imin

e . Right The distribution of the muon isolation
variable Iμ. The data for 66 GeV < m�� < 116 GeV are compared to

the sum of the estimated multi-jet background and all other processes,
which are estimated from MC simulation. The red dashed lines indicate
the range over which the fit is performed

I ∗
e is defined as the scalar sum of the ET of energy deposits

in the calorimeter within a cone of size �R = 0.2 around
the electron cluster divided by the pT of the electron. The
ET sum excludes cells assigned to the electron cluster and
can be negative due to cell noise and negative signal contri-
bution from pile-up in neighbouring bunches [56]. The fit is
performed using the quantity Imin

e , where Imin
e is the smaller

of the I ∗
e values of the two electrons in an event. Example

results of fits to the isolation variables for the electron- and
muon-pair channels are shown in Fig. 3 for the m�� region
around the Z -boson mass peak. The difference in the results
of the fits to isolation andm�� is taken as the systematic uncer-
tainty on the normalisation of the multi-jet background. As
a cross-check the procedure is repeated in bins of |y��| and

gives results consistent with the fit performed inclusively in
|y��|.

The backgrounds from all sources other than multi-jet
processes are estimated using the MC samples detailed in
Sect. 3.2. These estimates are cross-checked by comparing
MC simulation to data in control regions, selected using crite-
ria that increase the fraction of background. The Z → ττand
t t̄ backgrounds are enhanced by requiring exactly one elec-
tron and one muon candidate per event according to the cri-
teria described in Sect. 3.3. The MC simulation is found to
be consistent with the data within the assigned uncertainties
on the cross sections (see Sect. 3.6). In addition, a subset of
these events is studied in which two jets with pT > 25 GeV
are identified, which significantly enhances the contribution
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from the t t̄ background. Again, the MC simulation is consis-
tent with the data within the assigned uncertainties.

Around the Z -boson mass peak and at low values of φ∗
η and

p��
T , the background is dominated by multi-jet and γ γ → ��

processes which together amount to less than 1 % of the
selected electron-pair or muon-pair event sample. At high φ∗

η

and p��
T , t t̄ and diboson processes dominate and constitute

a few percent of the selected data. In the regions of m��

below the Z -boson mass peak, t t̄ continues to be a dominant
background at larger values ofφ∗

η and p��
T (forming up to 20 %

of the selected data), whilst at lower values of φ∗
η and p��

T
the dominant contribution is from γ γ → �� processes with
other contributions from Z → ττ and multi-jet processes
(totalling between 10 and 20 % of the selected data). The
fraction of t t̄ background in them�� regions below 46 GeV is
enhanced by the requirement that p��

T be greater than 45 GeV.
In the region of m�� above the Z -boson mass peak, the t t̄
background forms more than 30 % of the selected data at
higher values of φ∗

η and p��
T . The total background is smaller

at low values (approximately 10 % of the selected data) with
the dominant contribution again coming from γ γ → ��

processes.

3.5 Corrections for detector effects and FSR

After the estimated total background is subtracted from the
data, Drell–Yan signal MC simulation is used to correct to
the particle level, accounting for detector resolution and inef-
ficiencies and the effects of FSR.

Since the experimental resolution in φ∗
η is smaller than

the chosen bin widths, the fractions of accepted events that
fall within the same bin in φ∗

η at the particle level and recon-
structed detector level in the MC simulation are high, having
typical values of around 90 %. Therefore, simple bin-by-bin
corrections of the φ∗

η distributions are sufficient. A single
iteration is performed by reweighting the signal MC events
at particle level to the corrected data and rederiving the cor-
rection factors. The correction factors are estimated using an
average over all available signal MC samples (as described
in Sect. 3.2).

The detector resolution has a larger effect in the measure-
ment of p��

T . An iterative Bayesian unfolding method [57–59]
with seven iterations is used to correct the p��

T distribution to
particle level. The response matrix, which connects the p��

T
distribution at reconstruction and particle levels is estimated
using the Powheg+Pythia signal MC sample.

3.6 Systematic uncertainties

In this section the principal sources of uncertainty on the
measurements are discussed, as well as the degree to which
these uncertainties are correlated (between bins in φ∗

η or p��
T ,

or between the electron-pair and muon-pair channels) when
combining the electron-pair and muon-pair results and in
quoting the final results. Figure 4 provides a summary of the
uncertainties arising from data statistics, mis-modelling of
the detector, background processes, and of the MC signal
samples used to correct the data. These are given for both the
electron (dressed level) and muon (bare level) channels as a
function of φ∗

η and p��
T for events with 66 GeV < m�� <

116 GeV and |y��| < 2.4.
The statistical uncertainties on the data, and on the MC

samples used to correct the data, are considered as uncorre-
lated between bins and between channels. In most kinematic
regions the statistical uncertainty on the data is larger than
the total systematic uncertainty in both φ∗

η and p��
T (for the

normalised measurements) and is always a large contribution
to the total uncertainty.

Most sources of systematic uncertainty from the mod-
elling of the detector and beam conditions are treated as
fully correlated between bins. These comprise possible mis-
modelling of the lepton energy (electron) and momentum
(muon) scales and their resolution as well as mis-modelling
of the lepton reconstruction, identification, trigger and isola-
tion efficiencies [44–46]. Some of the detector uncertainties
have a statistical component, which for the p��

T and integrated
cross-section measurements is non-negligible and is propa-
gated to the final measurements using a toy MC method.
The above uncertainties are treated as uncorrelated between
the two channels and are generally a small fraction of the
total systematic uncertainty in the individual channels and
on the combined result. The exceptions are the energy and
momentum scale uncertainties, which become significant for
the p��

T measurements at high values of p��
T . Also consid-

ered are uncertainties due to mis-modelling of the pile-up
distribution and of the distribution of the longitudinal posi-
tion of the primary vertex, which are estimated by varying
the associated MC scaling factor and are treated as corre-
lated between channels. The pile-up uncertainty is a small,
but non-negligible contribution to the total systematic uncer-
tainty in most kinematic regions and the vertex uncertainty
is generally even smaller. An uncertainty is estimated for the
possible mis-modelling of the lepton angular resolution. This
uncertainty is relevant only for the measurements of φ∗

η and
its size is found to be of an order similar to that of the pile-up
uncertainty.

Important contributions to the total systematic uncertainty
on both φ∗

η and p��
T arise from the modelling of the back-

ground processes. The uncertainty arising from varying the
normalisation of each MC background within its theoreti-
cal cross-section uncertainty is treated as correlated between
channels. This source makes a small contribution to the total
systematic uncertainty in the m�� region around the Z -boson
mass peak (where the total background is small), but becomes
more significant in regions away from the peak. The domi-

123



Eur. Phys. J. C (2016) 76 :291 Page 9 of 61 291

η
*φ

-310 -210 -110 1 10

 [%
]

η*φ
/dσ

 dσ
U

nc
er

ta
in

ty
 o

n 
1/

-110

1

10

Detector Background

Model Data statistics

Total systematic

-1 = 8 TeV, 20.3 fbs
| < 2.4

ll
 < 116 GeV, |yll m≤66 GeV 

ee-channel

ATLAS

η
*φ

-310 -210 -110 1 10

 [%
]

η*φ
/dσ

 dσ
U

nc
er

ta
in

ty
 o

n 
1/

-210

-110

1

10
Detector Background

Model Data statistics

Total systematic

-1 = 8 TeV, 20.3 fbs
| < 2.4

ll
 < 116 GeV, |yll m≤66 GeV 

-channelμμ

ATLAS

 [GeV]ll
T

p
1 10 210

 [%
]

ll T
/d

p
σ

 dσ
U

nc
er

ta
in

ty
 o

n 
1/

1−10

1

10

Data statistics
Detector
Background
Model
Total systematic

ATLAS -1=8 TeV, 20.3 fbs
ee-channel

| < 2.4
ll

 < 116 GeV, |yll m≤66 GeV 

 [GeV]ll
T

p
1 10 210

 [%
]

ll T
/d

p
σ

 dσ
U

nc
er

ta
in

ty
 o

n 
1/

1−10

1

10 Data statistics
Detector
Background
Model
Total systematic

ATLAS -1=8 TeV, 20.3 fbs
-channelμμ

| < 2.4
ll

 < 116 GeV, |yll m≤66 GeV 

Fig. 4 Uncertainty from various sources on (1/σ) dσ/dφ∗
η (top) and (1/σ) dσ/dp��

T (bottom) for events with 66 GeV < m�� < 116 GeV and
|y��| < 2.4. Left Electron-pair channel at dressed level. Right Muon-pair channel at bare level

nant uncertainty on the multi-jet background arises from the
difference in normalisation obtained from template fits per-
formed in the distribution of the isolation variable or in m��.
This is treated as fully correlated between bins and is gener-
ally a small contribution to the total uncertainty, becoming
more important for the m�� regions below the Z peak. The
statistical uncertainty on the multi-jet background is consid-
ered as uncorrelated between bins and channels, and is small.

Several sources of systematic uncertainty are considered,
arising from mis-modelling of the underlying physics distri-
butions by the Drell–Yan signal MC generator.

The effect of any mis-modelling of the underlying φ∗
η and

p��
T distributions is evaluated as follows. For φ∗

η a second iter-
ation of the bin-by-bin correction procedure (see Sect. 3.5) is
made and any difference with respect to the first iteration is
treated as a systematic uncertainty. This is found to be negligi-
ble in all kinematic regions, due to the very small bin-to-bin
migration in φ∗

η . For p��
T the MC simulation is reweighted

at particle level to the unfolded data and the unfolding is
repeated. Any change is treated as a systematic uncertainty,

which is always found to be a small fraction of the total
uncertainty.

The systematic uncertainty due to the choice of signal MC
generator used to correct the data is evaluated as follows.
For φ∗

η an uncertainty envelope is chosen that encompasses
the difference in the bin-by-bin correction factors obtained
using any individual signal MC sample compared to the cen-
tral values. (As described in Sect. 3.5, the central values are
obtained from an average over all available signal MC sam-
ples.) For p��

T the uncertainty is quoted as the difference in
the results obtained when unfolding the data with Sherpa, as
compared to Powheg+Pythia, which is used for the central
values. This source results in a significant contribution to the
systematic uncertainty in both φ∗

η and p��
T for the m�� region

around the Z -boson mass peak. The systematic uncertainty
on the Born-level measurements below the Z -boson mass
peak receives a significant contribution due to the differences
in FSR modelling between Photos and Sherpa.

Potential uncertainties on the final φ∗
η and p��

T distri-
butions could arise from the modelling of the PDFs in
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the MC generators used to correct data to particle level.
These are estimated using the CT10 error sets [28] using
the LHAPDF interface [60], and are found to be negligi-
ble. A correction is applied to the Powheg+Pythia sam-
ple, which implements a running coupling for the photon
exchange and a running width in the Z -boson propagator.
This correction is found to have a negligible effect on the final
results.

Powheg+Pythia provides a poor description of the data
for the samples with very low mass, m�� < 46 GeV and
p��

T > 45 GeV. The prediction from Powheg+Pythia is
reweighted to that from Sherpa in order to evaluate an uncer-
tainty due to this effect, which is found to be a small fraction
of the total systematic uncertainty.

The Bayesian unfolding procedure used to correct the p��
T

distributions for the effects of detector resolution and FSR
has associated uncertainties. A statistical component is esti-
mated using the bootstrap method [61] and the difference in
the unfolded result between using six and seven iterations is
treated as a systematic uncertainty, which is assumed fully
correlated between bins of p��

T and found to be a small frac-
tion of the total systematic uncertainty.

The uncertainty on the integrated luminosity is 2.8 %,
which is determined following the methodology described
in Ref. [62]. This has a negligible impact on the uncertainty
in the normalised differential distributions (1/σ) dσ/dφ∗

η and

(1/σ) dσ/dp��
T .

The total systematic uncertainties are generally smaller
than the statistical uncertainties on the data. In φ∗

η the total
systematic uncertainties at the Z -boson mass peak are at the
level of around 1‰ at low φ∗

η , rising to around 0.5 % for high

φ∗
η . In p��

T the total systematic uncertainties at the Z -boson

mass peak are at the level of around 0.5 % at low p��
T , rising

to around 10 % for high p��
T .

The full results for (1/σ) dσ/dφ∗
η and (1/σ) dσ/dp��

T are
presented in the Appendix in bins of |y��|, for which the size
of the data statistical uncertainties relative to the systematic
uncertainties are larger still.

4 Results

4.1 Combination procedure

The differential and integrated cross-section measurements
in the electron-pair and muon-pair channels are combined
at Born level using the HERA averager tool, which per-
forms a χ2 minimisation in which correlations between bins
and between the two channels are taken into account [63].
The combinations for the p��

T and φ∗
η measurements are per-

formed separately in each region of m�� and |y��|.

4.2 Differential cross-section measurements

Figure 5 shows the combined Born-level distributions of
(1/σ) dσ/dφ∗

η , in threem�� regions from 46 GeV to 150 GeV
for |y��| < 2.4. The central panel of each plots in Fig. 5
shows the ratios of the values from the individual channels
to the combined values and the lower panel of each plot
shows the difference between the electron-pair and muon-
pair values divided by the uncertainty on that difference
(pull). The χ2 per degree of freedom is given. The level of
agreement between the electron-pair and muon-pair distri-
butions is good. Figure 6 shows the equivalent set of plots
for the distributions of (1/σ) dσ/dp��

T for the six regions of
m�� from 12 GeV to 150 GeV. Again the level of agreement
between the two channels is good.

The values of (1/σ) dσ/dφ∗
η and (1/σ) dσ/dp��

T are given
in tables in the Appendix for each region of m�� and |y��|
considered. The electron-pair results are given at the dressed
and Born levels, and the muon-pair results at the bare, dressed
and Born levels. The Born-level combined results are also
given. The associated statistical and systematic uncertainties
(both uncorrelated and correlated between bins in φ∗

η or p��
T )

are provided in percentage form.

4.3 Integrated cross-section measurements

In addition to detailed differential studies in φ∗
η and p��

T , inte-
grated fiducial cross sections are provided for six regions in
m�� from 12 to 150 GeV. The fiducial phase space is the same
as for the p��

T measurements defined in Table 1. The Born-
level fiducial cross sections are provided in Table 4 for the
electron-pair and muon-pair channels separately, as well as
for their combination. Uncertainties arising from data statis-
tics, mis-modelling of the detector, background processes
and of the MC signal samples used to correct the data are
provided as a percentage of the cross section. The individual
uncertainty sources after the combination are not necessarily
orthogonal and also do not include uncertainties uncorrelated
between bins of m��. Therefore their quadratic sum may not
give the total systematic uncertainty.

These results are displayed in Fig. 7. In the channel com-
bination the χ2 per degree of freedom is 8/6, showing that the
electron-pair and muon-pair measurements are consistent. A
total uncertainty of 0.6 %, not including the uncertainty of
2.8 % on the integrated luminosity, is reached in the region
of the Z -boson mass peak. The fact that in some individ-
ual m�� bins the combined cross section does not lie at the
naive weighted average of the individual channel values is
due to the effect of systematic uncertainties that are corre-
lated among m�� bins, but uncorrelated between channels
(see, for example, Refs. [64,65]).
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�Fig. 5 The Born-level distributions of (1/σ) dσ/dφ∗
η for the combina-

tion of the electron-pair and muon-pair channels, shown in three m��

regions from 46 to 150 GeV for |y��| < 2.4. The central panel of each
plot shows the ratios of the values from the individual channels to the
combined values, where the error bars on the individual-channel mea-
surements represent the total uncertainty uncorrelated between bins.
The light-green band represents the data statistical uncertainty on the
combined value and the dark-green band represents the total uncer-
tainty (statistical and systematic). The χ2 per degree of freedom is
given. The lower panel of each plot shows the pull, defined as the dif-
ference between the electron-pair and muon-pair values divided by the
uncertainty on that difference

5 Comparison to QCD predictions

5.1 Overview

The combined Born-level measurements of φ∗
η and p��

T pre-
sented in Sect. 4 are compared in this section to a series of
theoretical predictions.

A first general comparison is provided by Fig. 8. This
shows the ratio of the predictions of ResBos for the Z -boson
mass peak and for |y��|< 2.4 to the combined Born-level data
for (1/σ) dσ/dφ∗

η and (1/σ) dσ/dp��
T . In order to allow the

features of these two distributions to be compared easily, the
scales on the abscissae in Fig. 8 are aligned according to the
approximate relationship [20]5

√
2mZφ∗

η ≈ p��
T . The gen-

eral features of the two distributions in Fig. 8 are similar. At
low values of φ∗

η and p��
T , in which non-perturbative effects

and soft-gluon resummation are most important, the predic-
tions from ResBos are consistent with the data within the
assigned theoretical uncertainties. However, at high values
of φ∗

η and p��
T , which are more sensitive to the emission of

hard partons, the predictions from ResBos are not consistent
with the data within theoretical uncertainties. Figure 8 illus-
trates the particular power of φ∗

η to probe the region of low

p��
T . Finer binning is possible in φ∗

η than in p��
T whilst main-

taining smaller systematic uncertainties from experimental
resolution.

The φ∗
η measurements are compared in detail to pre-

dictions from ResBos in Sect. 5.2. In Sect. 5.3 the nor-
malised p��

T measurements are compared to the predictions
from a number of MC generators that use the parton-shower
approach. The fixed-order predictions from Dynnlo1.3 [4]
are compared to the absolute p��

T differential cross sections
in Sect. 5.4.

5.2 Comparison to resummed calculations

The predictions of (1/σ) dσ/dφ∗
η from ResBos are com-

pared to the Born-level measurements in Figs. 9, 10, 11,

5 For small values of φ∗
η the following approximate relationship holds

φ∗
η ≈ aT/m��. Here aT [68] is one of the two orthogonal components

of p��
T , which explains the factor of

√
2 in scaling from φ∗

η to p��
T . For

events at the Z -boson mass peak we take m�� ≈ mZ .
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12 and 13. As described above, φ∗
η provides particularly

precise measurements in the region sensitive to the effects
of soft-gluon resummation and non-perturbative effects and
therefore is the observable used to test the predictions from
ResBos. Figure 9 shows the ratio of (1/σ) dσ/dφ∗

η as pre-
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Fig. 6 The Born-level distributions of (1/σ) dσ/dp��
T for the combi-

nation of the electron-pair and muon-pair channels, shown in six m��

regions for |y��| < 2.4.The central panel of each plot shows the ratios of
the values from the individual channels to the combined values, where
the error bars on the individual-channel measurements represent the
total uncertainty uncorrelated between bins. The light-blue band rep-

resents the data statistical uncertainty on the combined value and the
dark-blue band represents the total uncertainty (statistical and system-
atic). The χ2 per degree of freedom is given. The lower panel of each
plot shows the pull, defined as the difference between the electron-pair
and muon-pair values divided by the uncertainty on that difference

dicted by ResBos to the combined Born-level data for the
six |y��| regions at the Z -boson mass peak. Figure 10 shows
the same comparison for the three |y��| regions in the two

m�� regions adjacent to the Z -boson mass peak. Also shown
in these figures are the statistical and total uncertainties on
the data, as well as the uncertainty in the ResBos calculation
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Table 4 Fiducial cross sections at Born level in the electron- and muon-
pair channels as well as the combined value. The statistical and system-
atic uncertainties are given as a percentage of the cross section. An addi-
tional uncertainty of 2.8 % on the integrated luminosity, which is fully
correlated between channels and among all m�� bins, pertains to these

measurements. The individual uncertainty sources after the combina-
tion are not necessarily orthogonal and also do not include uncertainties
uncorrelated between bins of m��. Therefore their quadratic sum may
not give the total systematic uncertainty

m�� [GeV] 12–20 20–30 30–46 46–66 66–116 116–150

σ(Z/γ ∗ → e+e−) [pb] 1.42 1.04 1.01 15.16 537.64 5.72

Statistical uncertainty [%] 0.91 1.05 1.13 0.28 0.04 0.41

Detector uncertainty [%] 2.28 2.12 1.79 3.47 0.83 0.87

Background uncertainty [%] 3.16 1.97 2.36 2.77 0.14 0.83

Model uncertainty [%] 5.11 4.38 3.59 1.59 0.16 0.74

Total systematic uncertainty [%] 6.43 5.25 4.66 4.72 0.86 1.41

σ(Z/γ ∗ → μ+μ−) [pb] 1.45 1.04 0.97 14.97 535.25 5.48

Statistical uncertainty [%] 0.69 0.82 0.91 0.21 0.03 0.37

Detector uncertainty [%] 1.07 1.08 1.01 1.10 0.71 0.84

Background uncertainty [%] 0.75 2.19 2.00 1.48 0.04 0.97

Model uncertainty [%] 2.59 1.81 2.36 0.75 0.31 0.31

Total systematic uncertainty [%] 2.90 3.04 3.25 2.00 0.78 1.32

σ(Z/γ ∗ → �+�−) [pb] 1.45 1.03 0.97 14.96 537.10 5.59

Statistical uncertainty [%] 0.63 0.75 0.83 0.17 0.03 0.31

Detector uncertainty [%] 0.84 0.99 0.87 1.05 0.40 0.56

Background uncertainty [%] 0.18 0.85 1.42 1.28 0.06 0.77

Model uncertainty [%] 1.84 2.24 2.27 0.89 0.19 0.50

Total systematic uncertainty [%] 2.06 2.44 2.38 1.82 0.45 1.03

arising from varying (See footnote 2) the QCD scales, the
non-perturbative parameter aZ , and PDFs.

For values of φ∗
η < 2 for the m�� region around the Z -

boson mass peak the predictions from ResBos are gener-
ally consistent with the (much more precise) data within the
assigned theoretical uncertainties. However, at larger values
of φ∗

η this is not the case. For the region of m�� above the Z -
boson mass peak the predictions from ResBos are consistent
with the data within uncertainties for all values of φ∗

η . For the
region of m�� from 46 to 66 GeV the predictions from Res-
Bos lie below the data for φ∗

η > 0.4. In this context it may be
noted that a known deficiency of theResBos prediction is the
lack of NNLO QCD corrections for the contributions from
γ ∗ and from Z/γ ∗ interference. Similar deviations from the
data in the mass region below the Z peak were observed in
the D0 measurement in Ref. [23].

The theoretical uncertainties are highly correlated between
different kinematic regions and therefore, as pointed out in
Ref. [23], the ratio of (1/σ) dσ/dφ∗

η in different kinematic
regions enables a more precise comparison of the predic-
tions with data. For example, the question of whether or not
the non-perturbative contribution to p��

T varies with parton
momentum fraction, x , or four-momentum transfer, Q2, may
be investigated by examining how the shape of (1/σ) dσ/dφ∗

η

evolves with |y��| and m�� at low φ∗
η .

Figure 11 shows the ratio of the distribution of (1/σ) dσ/

dφ∗
η in each region of |y��| to the distribution in the central

region (|y��| < 0.4), for events in the m�� region around
the Z -boson mass peak. The distributions are shown for data
(with associated statistical and total uncertainties) as well as
for ResBos. It can be seen that the uncertainties on the Res-
Bos predictions, arising from varying (See footnote 2) the
QCD scales, the non-perturbative parameter aZ , and PDFs,
are of a comparable size to the uncertainties on the cor-
rected data. The predictions from ResBos are consistent with
the data within the assigned uncertainties. Figure 12 shows
equivalent comparisons for the m�� regions from 46 GeV to
66 GeV and from 116 GeV to 150 GeV. It can be seen that the
predictions from ResBos are again consistent with the data
within the assigned uncertainties. Therefore it can be con-
cluded that ResBos describes the evolution with |y��| of the
shape of the (1/σ) dσ/dφ∗

η measurements well, and rather
better than it describes the basic shape of the data (Figs. 9,
10).

Figure 13 shows the ratio of (1/σ) dσ/dφ∗
η in the m��

region from 116 GeV to 150 GeV to that in the m�� region
from 46 GeV to 66 GeV, for the three divisions of |y��|.
The ratio is shown for data (with associated statistical and
total uncertainties) as well as for ResBos. It can again
be seen that the uncertainties on the ResBos predictions,
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Fig. 7 Born-level fiducial cross sections in bins ofm�� for the combina-
tion of the electron-pair and muon-pair channels. Themiddle plot shows
the ratios of the values from the individual channels to the combined
values, where the error bars on the individual-channel measurements
represent the total uncertainty uncorrelated between bins. The light-
blue band represents the data statistical uncertainty on the combined
value. The dark-blue band represents the total uncertainty (statistical
and systematic), except for the uncertainty of 2.8 % on the integrated
luminosity, which is fully correlated between channels and among all
m�� bins. The χ2 per degree of freedom is given. The lower plot shows
the pull, defined as the difference between the electron-pair and muon-
pair values divided by the uncertainty on that difference. The fiducial
regions to which these cross sections correspond are specified in Table 1.
Note that p��

T is required to be greater than 45 GeV for m�� < 46 GeV

arising from varying (See footnote 2) the QCD scales, the
non-perturbative parameter aZ , and PDFs, and shown as a
yellow band, are of a comparable size to the uncertainties
on the corrected data. For values of φ∗

η < 0.5 the pre-
dictions from ResBos are consistent with the data within
the assigned theoretical uncertainties showing that Res-
Bos is able to describe the evolution of the φ∗

η distribution
with m��. However, at larger values of φ∗

η this is not the
case.

5.3 Comparison to parton-shower approaches

Figures 14, 15 and 16 show the comparison of the (1/σ) dσ/

dp��
T distributions to the predictions of MC generators using

the parton-shower approach: Powheg+Pythia (with both
the AU2 [30] and AZNLO [14] tunes), Powheg+Herwig
(only shown for the m�� region around the Z peak) and
Sherpa. Figure 14 shows the ratio of (1/σ) dσ/dp��

T as pre-
dicted by the MC generators, to the combined Born-level
data in each of the six m�� regions for |y��| < 2.4. Figure 15
shows the ratio for each of the six |y��| regions at the Z -boson
mass peak. Between p��

T values of approximately 5 GeV and
100 GeV for m�� > 46 GeV the MC generators describe
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Fig. 8 The ratio of the predictions of ResBos for the Z -boson
mass peak and for |y��| < 2.4 to the combined Born-level data
for (1/σ) dσ/dφ∗

η (top) and (1/σ) dσ/dp��
T (bottom). The light-green

(light-blue) band represents the statistical uncertainty on the data for φ∗
η

(p��
T ) and the dark-green (dark-blue) band represents the total uncer-

tainty (statistical and systematic) on the data. The yellow band repre-
sents the uncertainty in the ResBos calculation arising from varying
(See footnote 2) the QCD scales, the non-perturbative parameter aZ ,
and PDFs

the shape of the data to within 10 %. However, outside this
range, and in the regions with very low m��, the agreement
worsens. For values of p��

T < 50 GeV for the m�� region
around the Z -boson mass peak the best description is pro-
vided by Powheg+Pythia (AZNLO), which was tuned to
exactly this kinematic region in the 7 TeV data [14]. How-
ever, at high values of p��

T around the Z -boson mass peak
and in other m�� regions this MC tune does not describe the
data well and also does not outperform the Powheg+Pythia
AU2 tune. The differences between Sherpa and the data are
generally of a similar magnitude, but of opposite sign, to
those seen for Powheg+Pythia.

Figure 16 shows the ratio of the distribution of (1/σ) dσ/

dp��
T in each region of |y��| to the distribution in the central

region (|y��| < 0.4), for events in the m�� region around
the Z -boson mass peak. The distributions are shown for data
(with associated statistical and total uncertainties) as well
as for predictions from three parton-shower MC generators.
The MC generators describe the data reasonably well over
the entire range of p��

T and generally much better than they
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Fig. 9 The ratio of
(1/σ) dσ/dφ∗

η as predicted by
ResBos to the combined
Born-level data, for the six |y��|
regions at the Z -boson mass
peak. The light-green band
represents the statistical
uncertainty on the data and the
dark-green band represents the
total uncertainty (statistical and
systematic) on the data. The
yellow band represents the
uncertainty in the ResBos
calculation arising from varying
(See footnote 2) the QCD
scales, the non-perturbative
parameter aZ , and PDFs
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Fig. 10 The ratio of
(1/σ) dσ/dφ∗

η as predicted by
ResBos to the combined
Born-level data, for the three
|y��| regions in the two m��

regions adjacent to the Z -boson
mass peak. The light-green band
represents the statistical
uncertainty on the data and the
dark-green band represents the
total uncertainty (statistical and
systematic) on the data. The
yellow band represents the
uncertainty in the ResBos
calculation arising from varying
(See footnote 2) the QCD
scales, the non-perturbative
parameter aZ , and PDFs
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describe the (1/σ) dσ/dp��
T distributions (Figs. 14, 15) –

although there are discrepancies of up to 5 % with respect to
data for p��

T < 4 GeV.
For comparison with Fig. 14, Fig. 17 shows the ratio of

(1/σ) dσ/dφ∗
η as predicted by the MC generators, to the com-

bined Born-level data in each of the three m�� regions from
46 GeV to 150 GeV for |y��| < 2.4. The differences between

MC predictions and data seen in Fig. 17 are consistent with
those seen in Fig. 14.

5.4 Fixed-order QCD and electroweak corrections

Figure 18 shows the ratio of dσ/dp��
T as predicted by the

fixed-order perturbative QCD predictions of Dynnlo to
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Fig. 11 The distribution of (1/σ) dσ/dφ∗
η at Born level in each region

of |y��|, shown as a ratio to the central rapidity region (|y��| < 0.4), for
events at the Z -boson mass peak. The data, shown as points, are com-
pared to the predictions of ResBos. The light-green band represents the
statistical uncertainty on the data and the dark-green band represents
the total uncertainty on the data (treating systematic uncertainties as
uncorrelated between regions of |y��|). The yellow band represents the
uncertainty in the ResBos calculation arising from varying (See foot-
note 2) the QCD scales, the non-perturbative parameter aZ , and PDFs

Born-level data for six regions of m�� from 12 GeV to
150 GeV. The prediction is shown both with and without
NLO EW corrections [53]. The data are shown with their
associated statistical and total uncertainties. The predictions
are not expected to describe the shape of the data for lower
values of p��

T , where it is known that the effects of soft-
gluon emissions become important. At p��

T > 30 GeV the
shape of the p��

T distribution is described within uncertainties
by Dynnlo. However, the prediction is consistently low by
about 15 % compared to the data across allm�� ranges, which
is not covered by the evaluated scale and PDF uncertainties,
although a recent calculation suggests the size of order α3

s
corrections to be +(5–10) % for p��

T � 60 GeV [66]. The
observed behaviour of Dynnlo is consistent with the results
at

√
s = 7 TeV near the Z peak [14]. The application of NLO

EW corrections predicts an approximately 5 % increase of
the cross section below the Z -peak region due to effects of
γ ∗ exchange, while a suppression of up to 20 % at highest
p��

T is predicted due to large Sudakov logarithms [53]. The
change in the prediction induced by the addition of the EW
corrections is significantly smaller than both the uncertainty
on the NNLO QCD prediction and the difference between the
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Fig. 12 The distribution of (1/σ) dσ/dφ∗
η at Born level in each region

of |y��|, shown as a ratio to the central rapidity region (|y��| < 0.8),
for events with m�� between 46 to 66 GeV (upper plots) and 116 to
150 GeV (lower plots). The data, shown as points, are compared to the
predictions of ResBos. The light-green band represents the statistical
uncertainty on the data and the dark-green band represents the total
uncertainty on the data (treating systematic uncertainties as uncorrelated
between regions of |y��|). The yellow band represents the uncertainty in
the ResBos calculation arising from varying (See footnote 2) the QCD
scales, the non-perturbative parameter aZ , and PDFs

prediction and data. Therefore, no conclusions can be drawn
on whether or not their addition leads to an improvement in
agreement between data and theory.

6 Conclusion

Measurements are presented of the φ∗
η and p��

T distribu-
tions of Drell–Yan lepton-pair events using 20.3 fb−1 of√
s = 8 TeV pp collision data collected with the ATLAS

detector. The results presented here expand upon those pre-
sented previously by ATLAS at

√
s = 7 TeV, by providing

measurements in regions of m�� above and below, as well
as on, the Z -boson mass peak, and also in finer divisions of
|y��| than were presented at

√
s = 7 TeV. Measurements for
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Fig. 13 The ratio of (1/σ) dσ/dφ∗
η in the m�� region from 116 to

150 GeV to that in the m�� region from 46 to 66 GeV, for three regions
of |y��|. The data, shown as points, are compared to the predictions of
ResBos. The light-green band represents the statistical uncertainty on
the data and the dark-green band represents the total uncertainty on
the data (treating systematic uncertainties as uncorrelated between the
mass regions). The yellow band represents the uncertainty in the Res-
Bos calculation arising from varying (See footnote 2) the QCD scales,
the non-perturbative parameter aZ , and PDFs

both the electron- and muon-pair channels are provided cor-
responding to a variety of particle-level definitions that differ
in the size of the correction for final-state photon radiation.
The results from the two channels at the Born level are com-

bined and compared to a variety of theoretical predictions.
In addition, measurements of the integrated cross section in
six bins of m�� are given.

The predictions fromResBos, which include the effects of
soft-gluon resummation, are compared to the normalised φ∗

η

distributions (1/σ) dσ/dφ∗
η . These predictions are consistent

with the data within the assigned theoretical uncertainties
within certain kinematic regions, especially at low values of
φ∗

η : φ∗
η < 0.4 for 46 GeV < m�� < 66 GeV; φ∗

η < 2 for
66 GeV < m�� < 116 GeV; and over the full range of φ∗

η

for 116 GeV < m�� < 150 GeV. However, outside these
kinematic ranges, i.e., for larger values of φ∗

η , the predictions
show significant deviations from the data. The evolution of
(1/σ) dσ/dφ∗

η with |y��| and m�� (for which the theoretical
uncertainties on the predictions largely cancel) is generally
well described by ResBos.

Predictions from MC generators with parton showers are
compared to the normalised p��

T distributions in a similar
manner. Between p��

T values of approximately 5 GeV and
100 GeV for m�� > 46 GeV the MC generators describe
the basic shape of the data to within 10 %. However outside
this range, and in the very-low regions of m�� the agree-
ment worsens. The MC generators do though provide a rea-
sonable description of the evolution of the p��

T distributions
with |y��| for the m�� region around the Z -boson mass peak.
Fixed-order predictions from Dynnlo are compared to the
absolute p��

T differential cross-section distributions. The pre-
dictions describe the shape of the data within uncertainties

Fig. 14 The ratio of
(1/σ) dσ/dp��

T as predicted by
various MC generators to the
combined Born-level data, in six
different regions of m�� for
|y��| < 2.4. The light-blue band
represents the statistical
uncertainty on the data and the
dark-blue band represents the
total uncertainty (statistical and
systematic) on the data
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Fig. 15 The ratio of
(1/σ) dσ/dp��

T as predicted by
various MC generators to the
combined Born-level data, in
different |y��| ranges for events
at the Z -boson mass peak. The
light-blue band represents the
statistical uncertainty on the
data and the dark-blue band
represents the total uncertainty
(statistical and systematic) on
the data
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Fig. 16 The distribution of (1/σ) dσ/dp��
T at Born level in each region

of |y��|, shown as a ratio to the central rapidity region (|y��| < 0.4),
for events at the Z -boson mass peak. The data, shown as points, are
compared to the predictions of various MC generators. The light-blue
band represents the statistical uncertainty on the data and the dark-blue
band represents the total uncertainty on the data (treating systematic
uncertainties as uncorrelated between regions of |y��|)
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uncertainty on the data and the dark-green band represents the total
uncertainty (statistical and systematic) on the data

for p��
T > 40 GeV but only describe the absolute values to

within 15 %, which is not covered by the evaluated scale
and PDF uncertainties. The data and QCD predictions are
not precise enough to be sensitive to the inclusion of EW
corrections.
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Fig. 18 The ratio of dσ/dp��
T as predicted by the Dynnlo MC gen-

erator to the combined Born-level data, for six regions of m��from 12
to 150 GeV. Two sets of Dynnlo predictions are shown, one of which
includes NLO EW corrections while the other does not. The error bars
on the Dynnlo predictions represent the uncertainty arising from vary-
ing the QCD scales and PDFs. Additional uncertainties introduced by

the inclusion of the EW corrections are at the level of 2–4 % and are
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Therefore for clarity these points are shown without uncertainty bars.
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Appendix

In the Tables 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18,
19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30 and 31 in this
appendix the values of (1/σ) dσ/dφ∗

η and (1/σ) dσ/dp��
T

are given for each region of m�� and |y��| considered. The
electron-pair results are given at the dressed and Born levels,
and the muon-pair results at the bare, dressed and Born levels.
The Born-level combined results are also given. The associ-
ated statistical and systematic uncertainties (both uncorre-
lated and correlated between bins in φ∗

η or p��
T ) are provided

in percentage form.
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