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Abstract This paper presents for the first time a precise
measurement of the production properties of the Z boson in
the full phase space of the decay leptons. This is in contrast
to the many previous precise unfolded measurements per-
formed in the fiducial phase space of the decay leptons. The
measurement is obtained from proton—proton collision data
collected by the ATLAS experiment in 2012 at /s = 8 TeV
at the LHC and corresponding to an integrated luminosity of
20.2 fb~!. The results, based on a total of 15.3 million Z-
boson decays to electron and muon pairs, extend and improve
a previous measurement of the full set of angular coefficients
describing Z-boson decay. The double-differential cross-
section distributions in Z-boson transverse momentum pr
and rapidity y are measured in the pole region, defined as
80 < m* < 100 GeV, over the range |y| < 3.6. The total
uncertainty of the normalised cross-section measurements in
the peak region of the pr distribution is dominated by sta-
tistical uncertainties over the full range and increases as a
function of rapidity from 0.5-1.0% for |y| < 2.0to 2 — 7%
at higher rapidities. The results for the rapidity-dependent
transverse momentum distributions are compared to state-
of-the-art QCD predictions, which combine in the best cases
approximate N*LL resummation with N3LO fixed-order per-
turbative calculations. The differential rapidity distributions
integrated over pr are even more precise, with accuracies
from 0.2-0.3% for |y| < 2.0 to 0.4-0.9% at higher rapidi-
ties, and are compared to fixed-order QCD predictions using
the most recent parton distribution functions. The agreement
between data and predictions is quite good in most cases.

1 Introduction and motivation

The production of Z bosons and their decay to lepton pairs
at the Large Hadron Collider (LHC) through the Drell-

*e-mail: atlas.publications @cern.ch

Published online: 25 March 2024

Yan mechanism [1] has been the topic of very fruitful and
detailed studies in the LHC experiments [2—8]. The preci-
sion of the measurements has motivated over the past decade
impressive theoretical developments, mostly in the area
of higher-accuracy quantum chromodynamic (QCD) pre-
dictions, but also in the area of parton distribution func-
tions (PDFs). The sub-percent precision achieved for the
absolute and normalised fiducial cross-section measurements
of the Z-boson transverse momentum, pr, as a function
of its rapidity, |y|, at the Z pole strongly constrains state-
of-the-art theoretical calculations. In the best cases, these
calculations combine approximate next-to-next-to-next-to-
next-to-leading logarithm (N*LL) perturbative resummation
atlow pt with O(ozg) (N3LO) fixed-order perturbative calcu-
lations at high pt, where o; denotes the strong coupling con-
stant. Similarly, the precision obtained for the fiducial cross-
section measurements of |y| provides strong constraints on
the parton distribution functions.

This paper presents for the first time a double-differential
measurement in (pr,|y|) of absolute and normalised cross-
sections at the Z pole within the full phase space of the
decay leptons. The measurement uses the full coverage of the
ATLAS detector to combine 6.2 million electron and 7.8 mil-
lion muon pairs from Z-boson decays in the central region
(eecc and ppcc channels), complemented by 1.3 million
electron pairs with one electron in the forward region of the
detector (eecr channel). Such a measurement is possible
using the methodology already developed and published for
the extraction of the Zboson polarisation [6]. It relies on the
decomposition of the lepton angular cos 6 and ¢ distributions
in the Collins—Soper frame [9] into nine spherical harmonic
polynomials, P;, multiplied by angular coefficients, A; [10—
13]. For pure Z-boson production, the full five-dimensional
differential cross section describing the kinematics of the two
Born-level leptons can be written as:
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do 3 doUtL

dprdy dmdcosf d¢ 167 dpr dy dm

1
x {(1 +cos?0) + 5 Ao(l = 3cos” )
+ Aj sin20 cos¢
1
+ 3 A sin?6 cos 2¢

+ A3 sinf cos¢ + Ay cosf
+ As sin?6 sin 2¢

+ Ag sin20 sin¢ + A7 siné sinqb}. N

The dependence of the differential cross section on cosé
and ¢ is analytical and is fully contained in the harmonic
polynomials. On the other hand, the dependence on pr, |y|
and m is entirely contained in the unpolarised cross section,
denoted by oU*L and in the A; angular coefficients. There-
fore, all hadronic dynamics from the production mechanism
are factorised from the decay kinematics in the Z-boson rest
frame. This allows the measurement precision to be essen-
tially insensitive to all uncertainties in QCD, quantum elec-
trodynamics (QED), and electroweak (EW) effects related to
Z-boson production and decay. In particular, EW corrections
that couple the initial-state quarks to the final-state leptons
have a negligible impact (below 0.05%) at the Z-boson pole.
This has been shown for the LEP precision measurements
[14,15], when calculating the interference between initial-
state and final-state QED radiation and more recently for
Z-boson measurements at the LHC [16]. The small fraction
of y* production in the Z-boson pole region and its interfer-
ence with the Z boson can also be described by Eq. (1), but
with different coefficients, so the A; coefficients discussed
in this paper are effective coefficients, containing the small
y* contribution at the Z pole.

The decomposition is based on a simple and model-
independent ansatz: the spin-one nature of the intermediate
gauge boson, and the spin one-half nature of the decay lep-
tons, and on the assumption of angular momentum conserva-
tion and quantisation. It removes the need for predictions to
model accurately the polarisation and decay of the Z-boson;
only its production properties are of interest for compari-
son to the measurements. Therefore, any phenomenologi-
cal interpretation of this measurement avoids the theoretical
uncertainties and ambiguities related to spin correlations and
to the resummation of fiducial power corrections [17-20].

One striking example of the advantage of exploiting mea-
surements in the full phase space of the decay leptons is the
rapidity dependence of the Z-boson transverse momentum
spectrum: whereas the fiducial measurements of Ref. [2] are
insensitive to this production property because the fiducial
lepton selections essentially remove the rapidity dependence

@ Springer

of the spectrum, the measurements reported here probe this
dependence very precisely. The differential angular distribu-
tions also provide extra constraints on certain experimental
systematic uncertainties since they are not used in the cali-
bration procedures of the detectors. Finally, they have even
less sensitivity to theoretical systematic uncertainties than
the unfolded pr fiducial measurements.

These measurements pave the way for unambiguous inter-
pretations in terms of QCD. A precise determination of the Z-
boson transverse momentum spectrum leads to excellent sen-
sitivity to the strong coupling constant at the m z scale, while
the even more precise rapidity-dependent cross-sections,
obtained after integrating over pr, can be compared directly
to state-of-the-art fixed-order predictions with excellent sen-
sitivity to the parton distribution functions.

This paper is structured as follows. Section 2 first presents
an overview of the measurement methodology and of the
likelihood fit performed to extract the observables of inter-
est from the experimental distributions. Section 3 describes
briefly the data analysis, and Sect. 4 discusses the system-
atic uncertainties in the measured differential cross-sections.
Section 5 compares the dZZTUdy measurements to theoretical
predictions combining perturbative resummation with fixed-
order calculations, and then compares the Z—" and the total
cross-section measurements to the predictions from QCD
N3LO calculations using different PDF sets. Finally, Sect. 6
summarises and concludes the paper.

2 Measurement methodology

The angular coefficients are extracted from the data by fit-
ting templates of the P; polynomial terms, defined in Eq. (1),
to the reconstructed angular distributions using 8 x 8 bins
in (cos @, ¢) space (see Ref. [6] for a detailed description).
Each template is normalised by a free parameter for its corre-
sponding polynomial coefficient A; and acommon parameter
representing the unpolarised cross section. The polynomial
Py = 1+ cos? 6 in Eq. (1) is only normalised by the param-
eter for the unpolarised cross-section. All the angular coef-
ficients together with the corresponding unpolarised cross
section parameters are measured in each of the analysis bins
in (pr, |y|) space.

In the absence of selections for the final state leptons,
the angular distributions in the gauge boson rest frame are
defined by its polarisation. In the presence of selection cri-
teria applied to the leptons, the distributions are sculpted by
kinematic effects, and can no longer be described by the
sum of the nine P; polynomials as in Eq. (1). Templates of
the P; terms are therefore constructed to account for this,
which requires fully simulated signal Monte-Carlo (MC)
samples to model the acceptance, efficiency, and migration
of events. Reference A; coefficients are extracted in a simple



Eur. Phys. J. C (2024) 84:315

Page 3 of 41 315

way from the predicted shapes of the angular distributions in
the full phase space of the decay leptons, using the orthog-
onality of the P; polynomials (see Ref. [11] describing the
underlying moment method used to extract the coefficients).
Together with the reference unpolarised cross-section, they
are used in a folding procedure based on the signal MC sim-
ulation. The folded polynomial templates (or simply tem-
plates) are built in (cos 6, ¢) space for each of the nine orig-
inal polynomials and for each of the measurement bins in
(p?re, yt) space. They are then used to extract the angu-
lar coefficients and the unpolarised cross section in the full
phase space of the leptons from Z-boson decay. The observ-
ables m*, p-fe, and y%, which are defined using recon-
structed lepton pairs, as described in Sect. 3.3, are to be dis-
tinguished from m, p and | y|, which are defined at generator
level using lepton pairs at the Born level.

A likelihood is built from the nominal templates and
the varied templates reflecting the systematic uncertainties,
which are represented by two categories of nuisance param-
eters (NP), B8 and y. The first category, 8, represents exper-
imental and theoretical uncertainties. Each g in the set
B = {ﬂl, e ,BM} is constrained by a unit Gaussian
probability density function, G(0]|8™, 1), and linearly inter-
polates between the nominal and varied templates. The sec-
ond category, ", represents systematic uncertainties from
the limited size of the MC signal and background samples,
which are constrained by Poisson probability density func-
tions, P(NJ|y" Ni;) where N is the effective number of
MC events in bin n, in each of the Npjps = 22528 bins of
the measurement. After including these auxiliary parameters,
and after all signal and background templates (see Sect. 3 for
details of the samples) are summed over (with their respec-
tive normalisations), the expected number of events Ng, in
bin n of the measurement can be written as:

Np(A, 0" By =1 o/ x L
J

7
x [té’j(ﬂ) + Y Aijx t,-”j(ﬂ)} }
i=0
bkgs

xy"+ Y TH(B), ©)
B
where:

e index i runs over the eight angular coefficients and the
corresponding P; polynomials, while index j runs over
all 352 bins in (pT,|y|) space.

e A is the set of all angular coefficients, A;;.

U+L s the set of all unpolarised cross sections, o JUH‘.

e [ is the set of all Gaussian-constrained nuisance param-
eters representing the systematic uncertainties.

e 0O

y is the set of all Poisson-constrained nuisance parame-
ters representing the statistical uncertainties in the simu-
lated samples and in the background estimates.

o ¢ is the set of all signal P; polynomial templates, f;;.

Tp is the set of background templates, where the sum
runs over all background sources.

e L is the total integrated luminosity.

The summation over index j accounts for the contributions
from all analysis bins at generator level that migrate into
other analysis bins at the reconstruction level. The likeli-
hood is then constructed as a product of Poisson probabilities
across all Nyping and of auxiliary constraints for each nuisance
parameter 8":

Nbins

£(A, 0V 01N = [ ] | PV N (A, U+ 0))
n

Xp

x P (Ngiely" Negr) }
M
x[ o™, . 3)

A profile likelihood ratio method is used to extract the best fit
values of the parameters of interest (POIs) and their uncer-
tainties. The POlIs include the angular coefficients A;; and
the cross sections o; U+L in each measurement bin. This pro-
cedure extends that presented in Ref. [6], in which only the
angular coefficients were extracted as a function of p and |y|
without any fit constraints based on the o; U+L PQOIs. The
results from the full fit focus on the differential cross-section
results in each channel and each measurement bin. The results
of the fit for the angular coefficients involving only central
leptons are compatible with those of Ref. [6] within the uncer-
tainties resulting from the slightly different selections and
calibrations applied here. As explained in Sect. 3.3, the anal-
ysis of the forward electrons is significantly improved here
with respect to that documented in Ref. [21]. As a result, the
measurements of the eecr angular coefficients reported in
this paper are published in HEPDATA and supersede those
of Ref. [6].

3 Analysis
3.1 ATLAS detector
The ATLAS experiment [22] at the LHC is a multipurpose

particle detector with a forward—backward symmetric cylin-
drical geometry and a near 47 coverage in solid angle.! It

1" ATLAS uses a right-handed coordinate system with its origin at the
nominal interaction point (IP) in the centre of the detector and the z-
axis along the beam pipe. The x-axis points from the IP to the centre of

@ Springer
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Table 1 MC samples used to

Generator PDF

; N Process
estimate the signal and
backgrounds in the analysis Z)y* — e
Z/y* —> 1t

1t
Single top quark (Wt channel)
Dibosons

yy —> ¢

POWHEG BOX [24-26] + PYTHIA 8 [27] CT10 NLO [28]

SHERPA [29-32] CT10 NLO
POWHEG BOX + PYTHIA 6 [33] CT10 NLO
POWHEG BOX + PYTHIA 8 CT10 NLO
HERWIG [34] CTEQ6L1

PYTHIA 8 MRST2004QED NLO [35]

consists of an inner tracking detector, electromagnetic (EM)
and hadronic calorimeters, and a muon spectrometer. The
inner detector provides precision tracking of charged par-
ticles in the pseudorapidity range || < 2.5. This region is
matched to a high-granularity EM sampling calorimeter cov-
ering the pseudorapidity range |n| < 3.2 and a coarser gran-
ularity calorimeter up to |n| = 4.9. A hadronic calorimeter
system covers the entire pseudorapidity range up to || = 4.9.
The muon spectrometer provides triggering and tracking
capabilities in the range |n| < 2.4 and |n| < 2.7, respec-
tively.

A first-level trigger is implemented in hardware, followed
by two software-based trigger levels that together reduce the
accepted event rate to 400 Hz on average. An extensive soft-
ware suite [23] is used in the reconstruction and analysis of
real and simulated data, in detector operations, and in the
trigger and data acquisition systems of the experiment.

3.2 Data and Monte Carlo samples

The data were collected by the ATLAS detector in 2012 at
a centre-of-mass energy of /s = 8 TeV, and correspond to
an integrated luminosity of 20.2 fb~!. The mean number of
additional pp interactions per bunch crossing (pile-up events)
in the data set is approximately 20.

The event generators used to produce the Z/y* — ££ sig-
nal events and the backgrounds estimated from simulation are
listed in Table 1. The baseline POWHEG BOX (v1/r2129) sig-
nal sample [24-26], using the CT10 NLO set of PDFs [28],
is interfaced to PYTHIA 8 (v.8.170) [27] with the AU2 set
of tuned parameters [36] to simulate the parton shower,
hadronisation and underlying event, and to Photos (v2.154)
[37] to simulate QED final-state radiation (FSR) in the Z-
boson decay. The simulated line-shape of the Z-boson is
reweighted to account for the running width and for mass-
dependent NNLO QCD [38] effects, following the recipe
described in Ref. [8]. This is a percent-level effect within

the LHC ring, and the y-axis points upwards. Cylindrical coordinates
(r, @) are used in the transverse plane, ¢ being the azimuthal angle
around the z-axis. The pseudorapidity is defined in terms of the polar
angle 6 as n = — Intan(6/2). Angular distance is measured in units of
AR = /(A2 + (Ag)2.

@ Springer

the mass range used by the measurement, and provides the
best possible leading-order EW prediction of the line-shape
of the Z boson. The number of events available in the base-
line POWHEG BOX + PYTHIA 8 signal sample corresponds to
approximately four times that in the data.

Backgrounds from EW (diboson, Z/y* — <trt, and
yy — €€ production) and top-quark (production of top-
quark pairs and of single top quarks) processes are evaluated
from the MC samples listed in Table 1. All MC samples are
processed through a full ATLAS detector simulation [39],
based on GEANT4 [40], and reconstructed with the same soft-
ware as that used for the data. Pile-up events, occurring in
the same and neighbouring bunch crossings are simulated and
overlaid at the detector hit level on top of the hard-scattering
process from the MC simulation.

3.3 Analysis overview and event selection

For this paper, a central lepton (electron or muon) is one
found in the region || < 2.4 (excluding, for electrons,
the electromagnetic calorimeter barrel/end-cap transition
region 1.37 < |n| < 1.52), while a forward electron is one
found in the region 2.5 < |n| < 4.9 (excluding a transi-
tion region 3.00 < |n| < 3.35 between the end-cap and for-
ward calorimeters). The analysis is split into three orthogonal
channels that are analysed independently, and then combined
for the last stages of the analysis, after verifying their com-
patibility.

The eecc channel consists of candidate events with two
central electrons, obtained using a logical OR of a dielec-
tron trigger, requiring two electron candidates, each having
pt > 12GeV, with two high- pt single-electron triggers, the
main one corresponding to a pr threshold of 24 GeV. Elec-
tron candidates are required offline to have pt > 20 GeV
and |n| < 2.4, and are reconstructed from clusters of energy
in the electromagnetic calorimeter matched to inner detec-
tor tracks. The electron candidates must satisfy a set of
“medium” selection criteria [21], which have been optimised
for the level of pile-up present in the 2012 data.

The e channel consists of candidate events with two
central muons, obtained using a logical OR of a dimuon trig-
ger requiring two muon candidates with pt > 18 GeV and 8
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GeV, respectively, and of two high- pt single-muon triggers,
the main one corresponding to a pt threshold of 24 GeV.
Muon candidates are required offline to have pr > 20 GeV
and |n| < 2.4, and are identified as tracks in the inner detec-
tor, which are matched and combined with track segments in
the muon spectrometer [41]. Track-quality, and longitudinal
and transverse impact-parameter requirements are imposed
to suppress backgrounds, and to ensure that the muon candi-
dates originate from a common primary pp interaction ver-
tex.

The eecr channel consists of candidate events with one
central and one forward electron, obtained using the logi-
cal OR of the two high-pr single-electron triggers used for
the eecc events, as described above. The central electron
candidate is required to have pt > 25 GeV and [n| < 2.4.
Because the expected background from multijet events is
larger in this channel than in the eecc channel, the central
electron candidate is required in addition to satisfy a set of
“tight” selection criteria [21], including an explicit isolation
requirement, which are optimised for the level of pile-up
observed in the 2012 data. The forward electron candidate
is required to have pr > 20 GeV and to satisfy a set of
“medium” selection criteria, based only on the shower shapes
in the calorimeters, since this region is outside the acceptance
of the inner detector [42].

In the case of the eec r channel, the analysis of the forward
electron candidates, in terms of the data quality, alignment,
identification criteria, and calibration of the electromagnetic
compartments of the calorimeters outside the acceptance of
the inner detector, was improved significantly from those
documented in Ref. [21]. A few examples illustrating these
improvements are:

e misalignments of a few mm between the inner wheels of
the electromagnetic end-cap calorimeters and the inner
detector and a rotation of a few mrad between one of the
forward calorimeters and the inner detector were found
and corrected for when studying the azimuthal angle dif-
ference between the central and forward electrons. As a
result, the two angular coefficients (A, Ag), for which
the fully two-dimensional (cos 8, ¢) measurement is nec-
essary, can now be measured for the eecr channel, and
are found to be in agreement with the SM predictions.

e an azimuthal inter-calibration of the forward electrons
was performed to improve the baseline calibration. This
corrected for large inhomogeneities of up to 10-15% in
the energy response due to material from inner-detector
services in front of the calorimeters not accounted for
correctly in the simulation, and for high-voltage prob-
lems in some cells, which were inadequately corrected
for online during data-taking.

e the largest improvement was obtained by adjusting the
simulated lateral shower shapes in the calorimeters to

data and then calibrating carefully each region of the
calorimeters. This resulted in both improved efficiencies
for the forward electrons in certain regions of phase space
and improved energy calibration.

As a result, the p-value for the agreement between the com-
bined eecc and e channels and the eecr channel in the
|y| range where they overlap, 1.6 < |y| < 2.4, was improved
from < 10~ to 3% (see Fig. 6 in Sect. 5.1).

In each channel, the events are required to contain exactly
two lepton candidates satisfying the criteria described above.
For the central-central channels, where the charges of both
leptons are measured, the two lepton candidates are required
to be of opposite charge.

As described in Sect. 1, this analysis is focused on the Z-
boson pole region, and the lepton pair is required to have an
invariant mass, m*¢, within a window around the Z-boson
mass, 80 < m‘ < 100 GeV. The simulated events are
required to satisfy the same selection criteria as the data,
after applying small corrections to account for the differ-
ences between data and simulation in terms of reconstruction,
identification and trigger efficiencies and of energy scale and
resolution for electrons and muons [41-43]. All simulated
events are reweighted to match the distributions observed in
data for the level of pile-up and for the primary vertex longi-
tudinal position.

The measurements are binned in pt and |y|, with fine bins
in pt and coarse bins in |y|, as follows:

1. eecc and ppcc channels:

e 23 bins in pt with bin boundaries {0, 2.5, 5.0, 8.0,
11.4, 14.9, 18.5, 22.0, 25.5, 29.0, 32.6, 36.4, 40.4,
44.9,50.2,56.4,63.9,73.4,85.4,105.0, 132.0, 173.0,
253.0, 4000} GeV,

e 6 bins in |y| with bin boundaries {0, 0.4, 0.8, 1.2, 1.6,
2.0,2.4};

2. eecF channel:

e 19 bins in pt with bin boundaries {0, 2.5, 5.0, 8.0,
11.4, 14.9, 18.5, 22.0, 25.5, 29.0, 32.6, 36.4, 40.4,
44.9, 50.2, 56.4, 63.9, 73.4, 85.4, 105.0} GeV,

e 4 bins in |y| with bin boundaries {1.6, 2.0, 2.4, 2.8,
3.6}

The choice of bin boundaries in pr is the result of an optimi-
sation with respect to the limited resolution of the measure-
ments at low pt and the limited statistics at high pr.

The angular coefficients and unpolarised cross-section
results are extracted taking into account the correlations and
migrations between the measurement bins. Figure 1 shows
the expected products of the acceptance and the selection effi-
ciency, defined as the ratio of the number of selected events

@ Springer
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Fig. 1 Expected Z-boson acceptance times selection efficiencies as a function of |y| (left) and pr (right) for the eecc, nicc and eecr analysis

channels

to the number of events in the full decay lepton phase space,
as functions of both |y| and prt. The shape of this prod-
uct of acceptance and efficiency in |y| results in part from
the differences in reconstruction and identification efficien-
cies between central electrons and muons. The eec r channel
covers a higher range in |y| and overlaps with the central-
central channels for 1.6 < |y| < 2.4. In each of the anal-
ysis measurement bins, two-dimensional (cos 6, ¢) angular
distributions are computed (eight equal-sized bins in each

observable) and they serve as the basis for the simultaneous
extraction of all the angular coefficients and of the unpo-
larised cross-sections, following the methodology described
in Sect. 2.

3.4 Background estimates and signal yields

Table 2 shows the event yields and breakdowns of the frac-
tion of events originating from background sources, for the

Table 2 Data yields integrated over p%‘z in each |y®‘| analysis bin along with estimated background fractions in % for the eecc, jucc, and

eecr channels

| y“l range Data (yield) Top+EW (%) Multijets (%) Non-fiducial Z (%)
eecc channel

0-04 1573411 0.2 0.1 0.8
04-0.8 1441923 0.2 0.1 0.9
08-12 1285026 0.2 0.2 0.9
12-1.6 1025 043 0.2 0.1 0.9
1.6-2.0 621017 0.1 0.2 1.0
20-24 248 261 0.1 0.3 0.9
Iy“| <2.4 6194 681 0.2 0.1 0.9
icc channel

0-04 1617521 0.3 <0.1 0.7
04-0.8 1657 881 0.2 <0.1 0.7
0.8-12 1680 981 0.2 <0.1 0.8
12-1.6 1503 977 0.2 <0.1 0.8
1.6-2.0 1010432 0.2 <0.1 0.9
20-24 335788 0.2 <0.1 0.9
Iy¢| <2.4 7 806 580 0.2 <0.1 0.8
eec r channel

1.6-2.0 245 869 0.2 1.3 1.0
20-24 388 183 0.1 0.9 1.1
24-28 391 405 0.1 0.7 1.1
2.8-3.6 228 867 <0.1 1.1 1.2
1.6 < |y%] <3.6 1254324 0.1 1.0 1.1

@ Springer
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eecc, WiLcc, and eec p channels, respectively. The numbers
are shown in each |y| analysis bin integrated over pt. The
backgrounds are divided into three major groups:

e the backgrounds containing a prompt isolated lepton,
from top (¢t and Wt), diboson, Z — 77, and yy —
Il processes, estimated from simulation samples (see
Sect. 3.2),

e the multijet and W+jet backgrounds, estimated from data
using a method very similar to that described in Ref. [6],
and

e the non-fiducial Z background, which is estimated from
simulation and consists almost entirely of events outside
the full mass range considered for the analysis at genera-
tor level, but passing the selection cuts at reconstruction
level owing to migrations.

The background contamination from other processes for
the eecc and upcc channels is very small and amounts to
about 0.3%. The multijet background in the eec r channel is
larger, amounting to about 1.0%. The non-fiducial Z back-
ground amounts to about 1% in all channels. Templates of the
angular distributions of the sum of all these backgrounds are
used in the fit to extract the angular coefficients, as described
in Sect. 2.

3.5 Angular distributions

The criteria described above are applied to the data, leading
to totals of 6.2 (eecc), 7.8 (uicc), and 1.3 (eecr) million
selected events (see Table 2 for a more detailed breakdown as
a function of y*¢). The reconstructed differential angular dis-
tributions, integrated over p%l and yu, are shown in Fig. 2 for
the three channels. Small normalisation differences between
the data and the MC distributions are observed at the level of a
few percent, compatible with the combination of uncertain-
ties in integrated luminosity and signal cross section. The
measurement of the angular coefficients is, however, inde-
pendent of the normalisation between data and simulation
in each measurement bin. Overall, the agreement in shape
between the observed and predicted distributions of cosé
and ¢ is good.

4 Systematic uncertainties

This section describes the systematic uncertainties in the
measurements of 2the absolute and normalised differential
cross-sections, d;lr—”dy and Zﬁ as extracted from the angu-
lar observables presented in Fig. 2. These systematic uncer-
tainties are grouped according to their source, and their typ-
ical relative values over most of the kinematic range of the
measured observables are listed in Table 3 in the case of
the absolute cross-section measurements, dﬁ‘;y. The over-
all uncertainty of 1.8% in the integrated luminosity is not
shown in this table nor in the figures below, but affects of
course all the absolute cross-section measurements presented
in this paper. The variations of the uncertainties as a function
of pr and |y| are shown in Figs. 3 (absolute cross-sections)
and 4 (normalised cross-sections). The statistical uncertainty
in the data is the dominant uncertainty over most of the mea-
surement bins, followed by the statistical uncertainty in the
MC samples. The variations are shown after combining the
different channels together, so the uncertainties are correlated
through the fit procedure. This explains for example why
the forward electron systematic uncertainties do not vanish
for |y| < 1.6 and why the muon systematic uncertainties do
not vanish for |y| > 2.4. The breakdown between the dif-
ferent groups of uncertainties is obtained after freezing all
the nuisance parameters of each group to their best-fit val-
ues, and then subtracting in quadrature the total uncertainty
obtained by performing the fit in these conditions from the
total uncertainty obtained by the full fit. Because of the corre-
lations between the nuisance parameters, each of the result-
ing contributions is rescaled such that their sum in quadrature
remains equal to the total uncertainty from the full fit.

Once these cross-sections are integrated over pr, the sta-
tistical uncertainties obtained for ‘Zl—‘y’ are significantly reduced
and the experimental systematic uncertainties in the lepton
measurements [21,41] become dominant, especially in the
central region, as shown in Fig. 5. In all cases, theoretical
uncertainties, arising essentially only from PDFs, are negligi-
ble (see Ref. [6] for a more detailed discussion). In particular,
as mentioned in Sect. 1, higher-order QED/EW effects, such
as initial-final state interference diagrammes, which break
the factorisation assumption underlying the expression of the
differential cross-section in Eq. (1), have a negligible impact
in the Z-boson pole region studied here [16].
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Fig. 2 The cosf (left) and ¢ (right) angular distributions, integrated
over p!rland y“, for the eecc (top), npcc (middle) and eecr (bot-
tom) channels. The pre-fit expected distributions are shown separately
for the signal and the different small background sources contributing
to each channel. The grey band represents the experimental systematic

5 Results and comparisons to predictions
5.1 Compatibility between measurements
Before considering the measurement results themselves,

an important step is to evaluate the compatibility between
. . . 2
the different channels. This is first done for % for
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uncertainties in the total expected yields from signal plus background.
The small normalisation differences between the data and the MC dis-
tributions observed at the level of a few percent are compatible with the
combination of uncertainties in integrated luminosity and signal cross
section

the eecc versus upcc channels, which are found to be
compatible within their dominant statistical uncertainties
in all cases, and are then combined into overall central-
central (CC) measurements. In the results presented in this
paper, there are two rapidity bins where the central-central
and central-forward measurements overlap, namely in the

2
range 1.6 < |y| < 2.4. The d;lr(;y measurements from
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Table 3 Examples of breakdown of relative uncertainties in the mea-
sured absolute differential cross-sections, as obtained from the full fit.
The values are given in % for the region near the peak of the pr dis-
tribution and are shown for two y bins in the case of the eecc and

upcce channels and for one y bin in the case of the eecr channel.
Also shown are the total uncertainties. The uncertainty of 1.8% in the
integrated luminosity is not included

Uncertainty source eecc channel (%) uicc channel (%)

eecc channel (%) nicc channel (%) eecr channel (%)

Rapidity range 0<lyl <04 0<lyl <04 1.2 <yl <1.6 1.2 <y|l <1.6 24 <yl <2.8
Data stat. 0.5 0.5 0.8 0.6 2.7
MC stat. 0.3 0.3 0.4 0.3 1.5
Leptons 0.2 0.3 0.2 0.4 0.6
Background < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
PDF < 0.1 < 0.1 < 0.1 < 0.1 < 0.1
Total 0.6 0.6 1.0 0.8 3.0
> T T T E b 3 T T T E
= ly| <0.4 1 Sk 04<|y|<0.8 ATLAS
g E 18 F 1,
21072 = 810‘25—M—5 PP = ;
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Fig. 3 Breakdown of relative uncertainties in the measured absolute
differential cross-sections, it d -, as a function of pt. The values are
shown, as obtained from the 1117111 fitand for each | y| bin, for the combina-
tion of the eecc and ppcc channels for |y| < 1.6, for the combination

of all three channels for 1.6 < |y| < 2.4, and for the eecr channel
alone for 2.4 < |y| < 3.6. The uncertainty of 1.8% in the integrated
luminosity is not included
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Fig. 4 Breakdown of relatlve uncertainties in the measured normalised

differential cross-sections, + - d 5. asa function of pt. The values are
shown, as obtained from the fuﬁ fit and for each | y| bin, for the combina-

the eecr channel are compared in this overlap region with
those from the CC channel. The distributions are found to
be compatible within their dominant statistical uncertainties,
and all three channels are then finally combined. The overall
p-value of the combined fit is 4%, while the overall p-values
of fits performed separately for each channel are found to
be 11% for the eecc channel, 90% for the puucc channel
and 2% for the eecr channel.

A stringent test of the compatibility between channels
can be performed for the d—” measurements after integra-
tion over pr, since the statlstlcal uncertainties are strongly
reduced as shown in Fig. 5. The results of this test are shown
as a function of |y| in Fig. 6. The top panel of Fig. 6 shows
comparisons between separate fits done to each of the three

@ Springer

tion of the eecc and ppcc channels for |y| < 1.6, for the combination
of all three channels for 1.6 < |y| < 2.4, and for the eecr channel
alone for 2.4 < |y| < 3.6

channels. The overall p-value for the compatibility between
the eecc and ppcce channels is found to be 2%, while that
between the eecr and CC channels is found to be 3%. The
bottom panel of Fig. 6 shows the relative cross-section differ-
ences after performing the full combination of all channels
between the eecc and pucc channels for |y| < 2.4 and
between the eecr and CC channels for 1.6 < |y| < 2.4.
The residual tensions between channels arise mostly from
the highest |y| bin.



Eur. Phys. J. C (2024) 84:315 Page 11 of 41 315
Fig. 5 Breakdown of relative ‘.2, L B N R N BB B T T T T T T [ T T T T [T T T ]
uncertainties in the measured c B A TL AS 7
absolute differential © pp —> Z
T . = - e do —
cross-section, £%, as a function Uncertainties in — -1
> dy? (O] =
of |y|. The valugs are shown, as o 10—1 — d \/g 8 TeV, 20.2fb —
: c - —@— Total 3
obtained from the full fit, for the S - -
combination of the eec¢c and ) - - Data stat ]
upcc channels for |y| < 1.6, E = MC stat =
for the combination of all three ®© i Central electron =
channels for 1.6 < |y| < 2.4, ] o | —A— Muon ]
and for the eec r channel alone @ 10 = —a&— Forward electron E
for 2.4 < |y| < 3.6. The - 4 Background -
uncertainty of 1.8% in the B A PDFs ]
integrated luminosity is not | |
included
10° & =
107 =
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 | :
0 0.5 1 1.5 2 2.5 3 3.5
lyl
Fig' 6 Compatlblhty test S — T T T | T T T T [ T T T T [ T T T T [ T T T T -Zu T T T T T ]
between the different channels 2 L pp — _
for the differential > 400 _A TLAS \/g =8TeV. 202 fb'1 ]
49 ¢ross-section measurements o ’ '
dy . ~ — —
integrated over pr. The top _8 L _
O S S—
panel shows the measurements | ——f— _|
with their total uncertainties L ¥ — _|
(except for the uncertainty | ]
of 1.8% in the integrated 300 | - €€.c ﬁ |
luminosity) for the three | - * |
channels and their overall MU cC a
combination. The bottom panel ee
. — CF —
shows, for the relevant |y| bins, 200 ]
the relative Z—‘: differences, B ° eecc+uucc+eeCF |
A /o, in % between the eecc N Alee - b ]
and ppcc channels, B - ( cC MHCC) n
A(eecc — npcc), and between B - A(eeCF - C) |
the eecr channel and the P T T B B B B
combination of the eecc and 3 Frrrryrrroprrroo o T T4
uicc channels, A(eecr — CC) = - —
o = =
Z =
1 1 1 | 1 1 1 1 | E
5

. 2
5.2 Comparison between dz;;y measurements and
predictions
d’o

For the double-differential dprds measurements, the predic-
tions are obtained by different state-of-the-art QCD pertur-
bative calculations based on gt resummation [44] at approx-
imate approximate N*LL accuracy. All these calculations,

_ w
=

DYTurbo [45-47], CuTe-MCFM [48], Artemide [49], Nan-
gaParbat [50], RadISH [51-53], and SCETIib [54], are cur-
rently being benchmarked in the LHC Standard Model work-
ing group. Except for Artemide, they are matched at high val-
ues of pr to acommon state-of-the-art (a2 ) fixed-order per-
turbative calculation from MCFM [48,55]. Each one of these
perturbative resummation calculations has its own recipe for
defining a total uncertainty in the prediction based on varia-
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Fig. 8 Illustration of the
softening of the pr spectrum at
large rapidities. Shown are the
ratios of the measured
differential dd—“ cross-sections
in each |y| bin to a reference one
taken to be the most central one,
0 < |y| < 0.4. The ratios shown
do not include any correlated
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tions of several QCD scales related to the resummation and
fixed-order contributions and the procedure used to match
them such that the summed prediction is well behaved. It
is beyond the scope of this paper to explain the differences
between the various approaches and the theory predictions
are therefore shown below with total uncertainty envelopes
provided by the authors.

Figure 7 shows all the absolute differential dii(:iy
section measurements with their total uncertainties (except

Cross-
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for the uniform uncertainty of 1.8% in the integrated lumi-
nosity). This complete set of cross-section numbers with the
full covariance matrix are published in HEPDATA and con-
tain all the information required for comparisons to theory
and for interpretation in terms of PDF fits or of the strong cou-
pling constant. As |y| increases, the pt spectrum becomes
softer and this is illustrated in Fig. 8, which presents a nor-
malised ratio of the measurements, for which the reference
is taken to be the measurement in the most central |y| bin,
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Fig. 9 Comparison between the measured absolute differential

(;% cross-sections in each of the eight |y| bins and the pre-

dictions from DYTurbo [45]. Shown are the ratios between the
predictions with their uncertainties as obtained from renormalisa-

namely 0 < |y| < 0.4. Here the luminosity uncertainty can-
cels, and the softening of the pr spectrum is clearly visible
for the higher |y| bins. This feature, measured for the first
time, is expected and well reproduced by the predictions,
as shown below. The standard fiducial measurements pub-
lished for example using the same ATLAS data in Ref. [2]
do not see this kinematic effect because the lepton fiducial
selections in pr and pseudorapidity largely compensate for
it, resulting in a flat dependence of the differential fiducial
measurement versus rapidity of the Z-boson.

Figure 9 shows the ratio of the absolute differential
diic;ly cross-section measurements presented in Fig. 7 to the
predictions from DY Turbo. In all | y| bins, the predictions are
a few percent lower than the measurements, a feature that is

10 102 10°
P, [GeV]

tion/factorisation/resummation scale variations and the data with their
overall uncertainties (except for the uncertainty of 1.8% in the inte-
grated luminosity). The predictions from DY Turbo are matched to the
fixed-order O(ots’) contributions from MCFM [48,55]

discussed more in detail in Sect. 5.3. In the region near the
peak of the pr distribution however, the shape of the predic-
tions is in agreement with that of the measurements within
the predominantly theoretical uncertainties. To illustrate this
agreement in shape, Fig. 10 shows the ratios between the
normalised differential measurements and predictions in the
range 0 < pt < 100 GeV. Over the full |y| range measured,
the data and predictions are found to be in agreement within
better than 5%. There are rather strong anti-correlation terms
between neighbouring bins, inducing for example the large
fluctuations from bin to bin seen for the highest |y| bin at
high pr, where the limited statistics induce terms as large as
40%.
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Fig. 10 Comparison between the measured normalised differential

é(ZT”T cross-sections in each of the eight |y| bins and the pre-

dictions from DYTurbo [45]. Shown are the ratios between the
predictions with their uncertainties as obtained from renormalisa-

Figures 11, 12, 13, 14, and 15 show the same ratios as
in Fig. 9, successively for the CuTe-MCFM, Artemide, Nan-
gaParbat, RadISH, and SCETIib predictions. In all cases, the
predictions agree with the measurements within their uncer-
tainties, which range between 2 and 5% at the peak of the
pt distribution. The theory uncertainties in all the calcula-
tions are arguably incomplete at this stage, since variations
between PDF sets are not included nor are uncertainties at
low pr related to heavy quark and non-perturbative effects.

To better assess the degree of accuracy with which the
different resummation calculations agree with the data, the
dZiZly cross-sections are integrated over |y| < 1.6. This
improves considerably the statistical uncertainty in the mea-
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tion/factorisation/resummation scale variations and the data with their
overall uncertainties. The predictions from DY Turbo are matched to the
fixed-order O(e?) contributions from MCFM [48,55]

surements. Figure 16 shows these normalised |y|-integrated
dngaT spectra for the data and the predictions with their respec-
tive uncertainties, together with the ratios between each pre-
diction and the data. The agreement of the predictions with
the data is excellent, well within the scale variation uncer-
tainties of 2-3% over most of the pr range, except for two
points in the lowest pt bins from the RadISH predictions
that are somewhat discrepant.
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Fig. 11 Comparison between the measured absolute differential
;—” cross-sections in each of the eight |y| bins and the predic-
tions from CuTe-MCFM [48]. Shown are the ratios between the
predictions with their uncertainties as obtained from renormalisa-

Finally, Fig. 17 shows a comparison between the mea-
sured absolute jT"T differential cross-section in each |y| bin
and two fixed-order O(af,’) predictions, that from MCFM, as
used by the different calculations discussed above, and that
from NNLOJET [56]. As expected, these fixed-order calcu-
lations are in agreement with the data at high pr, and do
not describe the data well at the lower values of pt, where

tion/factorisation/resummation scale variations and the data with their
overall uncertainties (except for the uncertainty of 1.8% in the inte-
grated luminosity). The predictions from CuTe-MCFM are matched to
the fixed-order O(otf.‘) contributions from MCFM [48,55]

resummation is expected to play a major role, as shown for
the case of the RadISH predictions matched to each of these
fixed-order O(oc?) predictions in Fig. 18. The larger uncer-
tainties seen in the case of MCFM are mostly due to limited
statistics.
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Fig. 12 Comparison between the measured absolute differential

;—” cross-sections in each of the eight |y| bins and the pre-

dictions from Artemide [49]. Shown are the ratios between the
predictions with their uncertainties as obtained from renormalisa-
tion/factorisation/resummation scale variations and the data with their

5.3 Comparison between ‘é—‘; measurements and predictions

This section focuses on the fi—‘: measurements obtained after
integrating the d;dzj(:iy distributions shown above over pr. As
shown in Fig. 5, the experimental measurement is signif-
icantly more precise with a total uncertainty below 0.2%
in the central rapidity region, owing to the large reduction
of the uncertainties of a statistical nature. One also expects

the theoretical uncertainties in the predictions to be signifi-

@ Springer

overall uncertainties (except for the uncertainty of 1.8% in the integrated
luminosity). The predictions from Artemide are from pure resummation
and are therefore shown only over the pr range for which the contribu-
tion from fixed-order is below a few %

cantly reduced compared to those shown for the dﬁ‘;y mea-
surements. As a consequence, the focus of the comparisons
between data and predictions in this section are on the PDFs,
which are expected to provide the dominant uncertainty in
the predictions.

Given the experimental accuracy achieved for the mea-
surements presented in this section, higher-order effects from
QED initial-state radiation (ISR) and from so-called gen-
uine electroweak (EW) virtual corrections are considered at

next-to-leading order and their sum is labelled NLO EW.
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Fig. 13 Comparison between the measured absolute differential

(;% cross-sections in each of the eight |y| bins and the predic-

tions from NangaParbat [50]. Shown are the ratios between the
predictions with their uncertainties as obtained from renormalisa-

These are directly computed using the code from Ref. [66],
and are in agreement with earlier results from calculations
benchmarked in the LHC EW working group [16,67-70]. At
the Z pole, the virtual effects decrease the predicted cross-
sections by 0.8%, while the QED ISR effects increase them
by 0.4%. These corrections are found to be independent of
rapidity. All QCD predictions shown below have therefore
been decreased by a | y|-independent amount of 0.4% labelled
as NLO EW corrections.

10 102 10°
P [GeV]

tion/factorisation/resummation scale variations and the data with their
overall uncertainties (except for the uncertainty of 1.8% in the inte-
grated luminosity). The predictions from NangaParbat are matched to
the fixed-order O(as) contributions from MCFM [48,55]

In this case, the comparisons to predictions do not depend
on gt resummation which, through unitarity constraints, does
not affect the pr-integrated differential cross-sections. The
measurements are thus directly compared to the O(a?) fixed-
order perturbative predictions from DY Turbo, supplemented
by MCFM [48,55] for the Z+jet contribution at O(af). These
predictions are formally N3LO in QCD and are obtained
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Fig. 14 Comparison between the measured absolute differential

j’% cross-sections in each of the eight [y| bins and the pre-

dictions from RadISH [53]. Shown are the ratios between the
predictions with their uncertainties as obtained from renormalisa-

using the very recent aN>LO PDF set of Ref. [58]. For the
first time, such a comparison between experimental mea-
surements and predictions of this formal accuracy is possi-
ble and shown in Fig. 19. The theoretical uncertainty bands
from QCD renormalisation/factorisation scale variations and
from the aN?LO PDF set are shown separately. The uncer-
tainty arising from the scale variations rises slowly from 0.4
to 1.0% as |y| increases, while the MSHT PDF uncertainty is
constant at around 1.5%. As shown in the first line of Table 4,
the compatibility of the theory with the data is reasonable,

@ Springer

10°
p; [GeV]

10 102

tion/factorisation/resummation scale variations and the data with their
overall uncertainties (except for the uncertainty of 1.8% in the inte-
grated luminosity). The predictions from RadISH are matched to the
fixed-order O(af) contributions from MCFM [48,55]

with a p value of 11% if one only includes the uncertain-
ties in the PDFs for the predictions, a standard practice for
many publications because most PDF sets do not usually
provide scale variation uncertainties. If one combines the
PDF uncertainties with a combined scale variation uncer-
tainty from DY Turbo, assumed to be uncorrelated with that
from the PDFs, the p value obtained is 12%.
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Fig. 15 Comparison between the measured absolute differential tion/factorisation/resummation scale variations and the data with their
;p% cross-sections in each of the eight |y| bins and the pre- overall uncertainties (except for the uncertainty of 1.8% in the inte-

dictions from SCETIlib [54]. Shown are the ratios between the
predictions with their uncertainties as obtained from renormalisa-

To assess how the aN>LO MSHT20-specific PDF uncer-
tainty band compares to the presumably non-negligible
spread between different PDF sets, the calculation has been
performed one order lower, at NNLO in QCD using six of the
most recent NNLO PDF sets. These comprise CT18A [59],
MSHT?20 [60], NNPDF4.0 [61], ABMP16 [62,63], HERA-
PDF2.0 [64], and ATLASpdf21 [65].

grated luminosity). The predictions from SCETIib are matched to the
fixed-order O(ots’) contributions from MCFM [48,55]

Figure 20 shows the results of these comparisons as ratios
between the predictions and the data. The uncertainties in the
theory predictions reflect here only the PDF specific uncer-
tainties (the uncertainties from CT18A have been rescaled
from 95 to 68% confidence level). Table 4 quantifies the
quality of the agreement between the data and the predic-
tions through the total x> and its corresponding p value.
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Fig. 16 Comparison between the measured normalised differential
Gijp—"r cross-sections, integrated over |y| < 1.6, with their total uncer-

tainties and the predictions from the various resummation calculations.
The top left panel shows the data, while the next panels show one

Also shown is the pull on the integrated luminosity of the
experiment for each PDF set. Only the aN’LO MSHT,
NNLO CT18A and NNLO MSHT PDF sets show reason-
able agreement with the data, with a positive pull close to
one standard deviation on the luminosity, corresponding to
predictions approximately 1.6% lower than the data. The
NNPDF4.0 PDF set with its much smaller uncertainties dis-
plays poor agreement with the data. This is due to the shape
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by one the ratios between each prediction with its uncertainties as
obtained from renormalisation/factorisation/resummation scale varia-
tions and the data. Except for Artemide, the predictions are matched to
the fixed-order O(ag) contributions from MCFM [48,55]

of the predicted distribution since the pull on the integrated
luminosity is small. The ABMP16 PDF set is the one that
most strongly pulls the integrated luminosity but its poor
agreement with the data is also due to its significant differ-
ence in shape with respect to the data. The HERAPDF2.0
set and, to a lesser extent, the ATLASpdf21 set also display
poor agreement because of a large discrepancy with the data
in the highest |y| bin due to the limited set of data used in
these fits.
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Fig. 17 Comparison between the absolute differential oZTGT cross-sections with their total uncertainties in each |y| bin and the predictions from the
two fixed-order O(af) calculations from MCFM [48,55] and NNLOJET [56]

Finally, the tot al cross-section times branching ratio of
Z — UL, oz, for Z/y* production in the Z-boson pole
region, 80 < m < 100 GeV, and within |y| < 3.61is extracted
from the integration of the measured differential ‘é—‘y’ Cross-
section:

oz = 1055.3 £ 0.7 (stat.) £ 2.2 (syst.) £ 19.0 (lumi.)pb.

Aside from the dominant uncertainty in the integrated lumi-
nosity, the overall systematic uncertainty of 0.2% in this mea-

surement is dominated by experimental lepton efficiency sys-
tematic uncertainties and has a negligible contribution from
theory uncertainties, which are below 0.1% and arise essen-
tially from PDFs. Table 5 compares this measurement to the
predictions obtained from DY Turbo with the same PDF sets
as those shown in Table 4 for the rapidity-dependent cross-

section fl—".
y
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Table 4 Compatibility test between ‘(ﬂ—‘; measurements and predictions

obtained from DY Turbo using different PDF sets. Based on the total
uncertainties in the measurements and on the PDF uncertainties in
the predictions shown in Figs. 19 and 20, the x> per degree of free-

dom (d.o.f.) and corresponding p-values are shown for each PDF set
(the uncertainties from CT18A have been rescaled from 95% to 68%
confidence level). Also shown is the pull on the integrated luminosity
in units of its total uncertainty of 1.8%

PDF set Total x2/d.o.f. %2 p value Pull on luminosity
MSHT20aN3LO [58] 13/8 0.11 1.240.6

CTI18A [59] 12/8 0.17 0.9+0.7
MSHT20 [60] 10/8 0.26 0.940.6
NNPDF4.0 [61] 30/8 0.0002 0.0+£0.2
ABMP16 [62,63] 30/8 0.0002 1.8+0.4
HERAPDF2.0 [64] 22/8 0.005 —13+0.8
ATLASpdf21 [65] 20/8 0.01 —1.1+0.8

6 Conclusions

This paper presents for the first time a double-differential
measurement in (pr, |y|) of absolute and normalised cross-
sections at the Z pole within the full phase space of the
decay leptons. This is in contrast to the many previous pre-
cise unfolded measurements performed in the fiducial phase
space of the decay leptons. The measurements in this paper
are obtained through a four-dimensional measurement of the
lepton angular distributions as a function of p%@ and y*¢ for
a total sample of approximately 15 million Z-boson decays
measured within the pole region, 80 < m** < 100 GeV, and
within the range | y*¢| < 3.6. Such a measurement is achieved
by extending and improving the methodology already devel-

oped and published for the extraction of the Z-boson angular
coefficients. A profile likelihood fit extracts at the same time
these eight angular coefficients and the corresponding unpo-
larised cross-section as parameters of interest in each mea-
surement bin in (pT, |y|) space. The uncertainties in these
measurements are mostly statistical in nature and the exper-
imental and theoretical systematics are at the few per mille
level over most of the range.

The d;"% measurements are compared to several state-of-
the-art QCD perturbative predictions based on gr-resummation
at approximate N*LL accuracy matched to fixed-order O(oc?)
calculations at high prt. The agreement between the data and
the predictions is within 5% over the whole range of the mea-
surements except in kinematic regions with limited statistics.
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Fig. 20 Ratio comparison
between the fj—‘; measurements
and NNLO QCD predictions
obtained from DY Turbo using
different NNLO PDF sets. The
uncertainty bands in the
predictions only show the
uncertainties specific to each
PDF set (the uncertainties from
CT18A have been rescaled from
95% to 68% confidence level).
In each |y| bin, the ratios for
each PDF set are gradually
displaced to the right for
plotting purposes
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Table 5 Comparison between the measured total cross-section times
branching ratio of Z — £¢, oz, for Z/y™* production with its uncer-
tainty and predictions obtained from DY Turbo using different PDF sets.
The prediction using the MSHTaN3LO PDF from Ref. [58] shows sepa-
rately the scale variation and PDF uncertainties. The uncertainties in the
NNLO predictions include only the PDF uncertainties from each spe-
cific PDF set (the uncertainties from CT18A have been rescaled from
95% to 68% confidence level)

oz (pb)

Data 1055 += 19

MSHT20aN>LO [58] 102378 (scale) +15 (PDF)

CT18A [59] 1028 + 19
MSHT?20 [60] 1027 £ 13
NNPDF4.0 [61] 1054 £ 4
ABMP16 [62] 1014 £9
HERAPDF2.0 [64] 1058 £25
ATLASpdf21 [65] 1084 £+ 25

Once integrated over pr, the rapidity-dependent cross-
sections are measured with an overall accuracy of 0.2-0.5%
before accounting for the uncertainty in the integrated lumi-
nosity of 1.8%. They are compared to the predictions from
different PDF sets, which display a varying degree of agree-
ment with the data.

The total cross-section times branching ratio of Z —
L, oz, for Z/y* production in the Z-boson pole region,
80 < m < 100 GeV, and within |y| < 3.6, is found to be:
oz = 1055.3 4 0.7 (stat.) & 2.2 (syst.) = 19.0 (lumi.) pb, in
agreement with state-of-the-art predictions at N3LO in QCD.
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