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1 Introduction

The coupling constant of the strong interaction is one of the fundamental parameters of the Standard
Model, yet remains the least precisely determined of the four fundamental couplings in nature. The
strong interaction is described theoretically by quantum chromodynamics (QCD), a gauge field theory
with symmetry group SU(3) [1, 2]. The free parameters of QCD include the six quark masses and the
running coupling constant a5 (Q), which runs with the energy scale Q characterising the interaction. While
the running of the coupling constant is fully predicted by theory, its value at a reference scale needs to
be determined experimentally. The latest world-average value of experimental determinations and QCD
lattice calculations of the strong-coupling constant at the scale of the Z-boson mass is calculated to be
as(Q = mz) = 0.1179 + 0.0009, with a relative uncertainty of 0.8% [3]. This uncertainty is orders of
magnitude larger than that of the couplings of the other three fundamental interactions: the electromagnetic,
weak, and gravitational forces.

Our knowledge of the strong-coupling constant has improved over the years, from the significant uncertainties
in the first determinations in the mid 1980s [4], to the present uncertainty at the percent level. Further
improvement in the precision of «; is important in order to reduce the associated theoretical uncertainty
which enters all cross-section calculations for processes at the LHC and affects several key observables at
e*e” colliders. As an example, in the global fit of the electroweak sector of the Standard Model, the value
of as(my) is the leading source of uncertainty in the computation of the total and partial hadronic decay
widths of the Z boson [5-7]. A precise determination of ag(mz) is required to fully exploit the sensitivity
to new physics expected from high-precision measurements of such observables at future e*e™ colliders.
The value of ag(mz) and its energy evolution also have far-reaching implications for the stability of the
electroweak vacuum [8] and the convergence of the couplings of the strong, weak and electromagnetic
forces at an energy close to the Planck scale, which might signal the onset of a grand unification of these
forces.

Various different determinations of as(mz) contribute to the current world average, and are categorised
according to their methodological approach [9]. The most precise determinations are based on lattice
QCD analysis of hadron spectroscopy, resulting in as(mz) = 0.1184 + 0.0008 [10], and hadronic 7-lepton
decays, resulting in as(mz) = 0.1177 + 0.0019 [3, 11-16]. Arguably the cleaner determinations are those
from global fits of the electroweak observables, which exploit the sensitivity of total and partial hadronic
decay widths of the Z boson, as in Ref. [6], yielding as(mz) = 0.1194 + 0.0029. These determinations
have been performed at next-to-next-to-next-to-leading order (N*LO) in QCD and are currently limited by
experimental uncertainties. In hadron-induced collisions, the strong-coupling constant has been determined
from final states with jets [17-20], from inclusive top-quark pair production [21, 22], and from inclusive
W- and Z-boson production [23]. The high-momentum region of the Z-boson transverse-momentum
(pr) distribution measured at the LHC [24-26] was included in the determination of parton distribution
functions (PDFs) [27], and contributed to the simultaneous determination of PDFs and the strong-coupling
constant in Refs. [28-30].

Further improvement in our knowledge of @ (mz) is limited by two important sources of theoretical
uncertainty: the accuracy of the perturbative predictions and the size of non-perturbative effects. In
this context, it is highly desirable to investigate alternative determinations of as(mz) based on the most
sensitive observables and state-of-the-art theory predictions.



Figure 1: Leading-order Feynman diagram for the production of a massive electron or muon pair through the
Drell-Yan process, including soft gluon radiation from the initial-state quarks.

This article presents a precise determination of a;(mz) from a semi-inclusive observable,' namely the
low-momentum Sudakov region® of the transverse-momentum distribution of Z bosons produced via the
Drell-Yan process [34], which refers to the production of a massive lepton-pair in hadron—hadron collisions
at high energies. The strong force is responsible for the radiation from the initial-state partons, and for
the subsequent recoil of the Z bosons which acquire non-zero transverse momentum with respect to the
incoming proton beam axis. The hardness of the transverse-momentum distribution is a measure of the
strength of the recoil of the Z bosons, which in turn is proportional to the strong coupling. In contrast
to most other determinations of ag(mz) at hadron colliders, which analyse observables based on QCD
final-state radiative objects, this analysis uses QCD initial-state radiative processes to determine the strong
coupling. In the Drell-Yan process, the final-state particles are not subject to the strong interaction, which
reduces theoretical complications and uncertainties. The energy scale at which the strong-coupling constant
is perturbatively expanded is unambiguously fixed to the Z-boson mass. This methodology was tested in
Ref. [35] using proton—antiproton collision data at the Tevatron, and is applied here for the first time at the
LHC.

Figure 1 depicts the leading-order Feynman diagram of the Drell-Yan process, with a schematic representa-
tion of soft gluon radiation from the initial-state quarks. Figure 2 shows the Z-boson transverse-momentum
distribution for three different values of ag(mz).

Compared to other determinations of as(mz) at hadron colliders, based on either exclusive or inclusive
observables, this determination gathers the desirable features for high precision: large observable sensitivity
to as(mz) relative to the experimental precision, and high perturbative accuracy of the theoretical
predictions [38—-40], enabled by the computation of some perturbative corrections in QCD at four- or
five-loop level [41-45].

! Semi-inclusive observables are those with more than one kinematic momentum scale in the perturbative regime, where the
semi-inclusive region is close to the boundary of the phase space allowed by the kinematics. In such a limit, the associated
parton radiation is strongly inhibited and large logarithmic corrections appear in the perturbative computation [31, 32].

2 The low-energy region of the transverse-momentum distribution of Z bosons is characterised by very high probabilities of
gluon emissions with vanishingly small momenta. Rather than calculate each of these, it is theoretically simpler to model them
as a single factor quantifying the probability of no emission, known as the Sudakov form factor [33].
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Figure 2: Transverse-momentum distribution of Z bosons predicted with DYTurbo [36] at different values of @ (mz),
using the MSHT?20 PDF set [37]. The impact of changing a(m ) on the PDFs is included.

2 ATLAS detector and data sample

The ATLAS experiment [46] at the LHC is a multipurpose particle detector with a forward—backward
symmetric cylindrical geometry and a near 47 coverage in solid angle.? It consists of an inner tracking
detector surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field, electromagnetic
and hadron calorimeters, and a muon spectrometer. The inner tracking detector covers the pseudorapidity
range |n| < 2.5. It consists of silicon pixel, silicon microstrip, and transition radiation tracking detectors.
Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements
with high granularity. A steel/scintillator-tile hadron calorimeter covers the central pseudorapidity range
(In| < 1.7). The endcap and forward regions are instrumented with LAr calorimeters for both the EM and
hadronic energy measurements up to |77| = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large superconducting air-core toroidal magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T m across most of the detector. The muon spectrometer includes a
system of precision chambers for tracking and fast detectors for triggering. A three-level trigger system is
used to select events. The first-level trigger is implemented in hardware and uses a subset of the detector
information to accept events at a rate of at most 75 kHz. This is followed by two software-based trigger
levels that together reduce the accepted event rate to 400 Hz on average depending on the data-taking
conditions during 2012. An extensive software suite [47] is used in data simulation, in the reconstruction
and analysis of real and simulated data, in detector operations, and in the trigger and data acquisition
systems of the experiment. The data were collected by the ATLAS detector in 2012 at a centre-of-mass

3 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 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 = (An)? + (Ag)2.



energy of v/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 dataset is approximately 20.

3 Cross-section measurement

The Z-boson transverse-momentum distribution is measured in the electron and muon decay channels, which
provide a clear signature with low background rates and a high-precision measurement of the momentum,
as presented in Ref. [48]. The double-differential cross sections as functions of transverse momentum
(pr) and rapidity (y) of the Z boson are measured in the pole region, defined as 80 < m¢r < 100 GeV,
where mg, is the invariant mass of the dilepton system. The combination of 6.2 million electron pairs and
7.8 million muon pairs in the central region, with pseudorapidity || < 2.4, is complemented by 1.3 million
electron pairs with one electron in the forward region of the detector, 2.5 < || < 4.9, and one electron in
the central region.

Events with two ‘central’ electrons were collected using either a dielectron trigger, requiring two electron
candidates to each have pt > 12 GeV, or two high-pr single-electron triggers, the main one having a pt
threshold of 24 GeV. Events with two central muons were collected with either a dimuon trigger requiring
two muon candidates with pt > 18 GeV and 8 GeV, respectively, or two high-p single-muon triggers, the
main one having a pr threshold of 24 GeV. Events with one central electron and one forward electron were
collected using the two high-p single-electron triggers described above. Electron candidates in the central
region are required in the offline analysis to have either pt > 20 GeV when paired with another central
electron candidate or pt > 25 GeV when paired with a forward electron candidate. Muon candidates are
required offline to have pr > 20 GeV. Electron candidates in the forward region are required offline to
have pt > 20 GeV.

The cross-section measurement relies on the decomposition of the leptons’ cos 8 and ¢ angular distri-
butions in the Collins—Soper frame* into nine spherical harmonic polynomials, multiplied by angular
coeflicients [50]. The cross sections in the full lepton phase space, i.e. without kinematic requirements
on the transverse momenta and pseudorapidity of the leptons, are extracted from the data by fitting
templates of the spherical harmonic polynomials to the reconstructed angular distributions in (cos 6, ¢).
The decomposition into nine spherical harmonics is based on a simple and model-independent ansatz,
namely the spin-one nature of the intermediate boson and spin-half nature of the decay leptons, and on
the assumption of angular momentum conservation and quantisation. By measuring the cross sections in
the full lepton phase space there is no longer a requirement for predictions to model the polarisation and
decay of the Z boson; only its production properties are of interest for comparison with the measurements,
thus enabling a determination of the strong-coupling constant not affected by theoretical uncertainties and
ambiguities related to spin correlations.

The double-differential cross sections are measured in eight rapidity regions in the range |y| < 3.6. The
region of Z-boson transverse momentum pr < 29 GeV is considered for the determination of @ (mz),
corresponding to nine bins of transverse momentum. The choice of bin boundaries in pr is the result of
an optimisation with respect to the limited resolution of the measurements at low pt. The background
rates from other QCD and electroweak processes are at the level of 0.3% for central electron and muon

4 The Collins—Soper frame is the rest frame of the Z boson in which the z-axis bisects the angle between the momentum vector of
one proton and the negative momentum vector of the other proton, the x-axis is fixed by the transverse momentum of the Z
boson, and the y-axis completes a right-handed coordinate system [49].



pairs, and 1.1% for events with one central electron and one forward electron. The total uncertainties in the
measurements are dominated by the statistical uncertainties of the data and, to a lesser extent, those of the
simulation samples. Apart from the luminosity uncertainty of 1.8% [51], the total uncertainties are below
1% for |y| < 2.0, and below 10% for 2.0 < |y| < 3.6 [48].

4 Theoretical framework and statistical analysis

The theoretical predictions are computed with the public numerical program DYTurbo [36], which
implements the resummation of logarithmically enhanced contributions in the low-p region of the lepton
pairs at approximate next-to-next-to-next-to-next-to-leading-logarithm accuracy (N*LLa) [52], combined
with the hard-collinear contributions at N3LO in powers of the QCD coupling [38], and matched to
fixed order, namely to N®LO. The resummation is carried out in impact-parameter space b, which is
the Fourier-transform variable conjugate to pt [53—-55]. The resummed cross section is given by the
convolution of the leading-order (LO) cross section, the hard-collinear contributions, and the universal
(process-independent) Sudakov form factor. The hard-collinear contributions are expanded in powers of
as, whereas the Sudakov form factor contains all the terms that order-by-order in @4 are logarithmically
divergent as pt — 0. A unitarity constraint is imposed in the matching to fixed order of the pr-resummed
prediction so as to exactly recover the N°LO finite-order result when integrating the full lepton-phase-space
resummed cross section over pt. The O(ag) coefficient of the Z+jet cross-section predictions, required for
the matching to fixed order, was computed with MCEFM [40, 56], using a lower cut-off of pt = 5 GeV. The
corresponding matching corrections were interpolated with their known quadratic dependence on the ratio
of pr/mz [57] and extrapolated to pt = 0. The Sudakov form factor is singular in the region of transverse
momenta of the order of the QCD coupling scale Aqcp. This signals that a truly non-perturbative region is
approached and perturbative results are not reliable. Non-perturbative QCD effects are included with a
corresponding form factor [53, 58], which depends on a set of parameters which are either left free in the
fit for the determination of a(mz) or varied when assessing non-perturbative uncertainties.

The predicted cross sections depend on three unphysical QCD scales: the renormalisation scale y;,
which refers to the characteristic energy scale at which the running coupling constant is evaluated, the
factorisation scale uf, which separates long-distance and short-distance physics in a scattering process, and
the resummation scale Q, which parameterises the arbitrariness in the resummation procedure. The central
value of each scale is set to the quadratic sum of m,, and pt of the Z boson.

The PDF set used in the predictions is the approximate N>LO MSHT20 PDF set [59], which is the only
PDF set currently available at this order. The PDFs are interpolated with LHAPDF [60] at the factorisation
scale ¢, and evolved backwards using the N3LO solution of the evolution equation. The number of active
flavours is set to five in all the coefficients entering the calculation, and in the evolution of the PDFs.
The charm- and bottom-quark PDFs are asymptotically switched off in the backward evolution when
approaching their corresponding thresholds.

The effect of initial-state radiation of photons on the transverse-momentum distribution’s shape is estimated
at leading-logarithm accuracy with PyTHia 8 [61] and the AZ set of tuned parton shower parameters [24],
and applied as a bin-by-bin multiplicative correction factor. A computation of initial-state radiation of
photons at next-to-leading-logarithm accuracy [62] is used to validate the PyTHia 8 predictions. Higher-
order effects on the cross-section normalisation from QED initial-state radiation and from electroweak
virtual corrections are considered at next-to-leading order. These are directly computed using the code
from Ref. [63], and are in agreement with the results from other calculations benchmarked by the LHC



EW working group. At the Z pole, the virtual effects decrease the predicted cross sections by 0.8%, while
the QED initial-state effects increase them by 0.4%. These corrections are found to be independent of
rapidity. Higher-order electroweak corrections are expected to be very small at the Z-boson pole, and are
neglected.’

The statistical analysis for the determination of ag(myz) is performed in the xFitter framework [64].
The value of ag(my) is determined by minimising a y? function which includes both the experimental
uncertainties and the theoretical uncertainties arising from PDF variations:

2
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The correlated experimental and theoretical uncertainties are included by using the nuisance parameter
vectors Bexp and By, respectively. Their influence on the data and theory predictions is described by the Fl.e;p
and Ff,l matrices. The index i runs over all Ngu, = 72 data points of the double-differential Z-boson pr
and y distribution, whereas the indices j and k correspond to the experimental and theoretical uncertainty
nuisance parameters respectively. The measurements and the uncorrelated experimental uncertainties are
given by a'l.eXp and A; , respectively, and the theory predictions are O';h. The matrices Fl.ej).(p encode all the
information in the experimental covariance matrix of the measured double-differential cross sections as
functions of the transverse momentum and rapidity of the Z boson. The matrices Ff,i cover the nuisance
parameters of the PDF Hessian uncertainties, and parameters of the non-perturbative form factor, which
are left free in the fit by allowing unconstrained variations.

Determinations of ag(mz) at hadron colliders are usually affected by significant correlations between
as(mz) and the PDFs, especially the gluon PDF [65]. The dependence of the PDFs on the value of a(mz)
is accounted for by using corresponding as-series of PDF sets, which are provided for seven fixed values
of as(mz) in the range 0.114 < as(mz) < 0.120. At each value of a5(mz), the PDF uncertainties are
Hessian profiled and the y? function is minimised by solving a system of linear equations, according to
Eq. (1) [66], whereas the different values of y? as a function of a(m) are minimised through a polynomial
interpolation to determine ag(mz).

A validation of the statistical analysis, as well as an estimate of the sensitivity of the measured Z-boson
cross sections to as(mz), is provided by a pseudo-fit. Identical theory predictions are used as central
values for both data and theory in Eq. (1), including all statistical and systematic experimental uncertainties,
without theoretical uncertainties, and with fixed values of the non-perturbative QCD parameters. The input
value is set to ag(mz) = 0.118, and the pseudo-fit yields as(mz) = 0.11801 + 0.00006. The closure of the
method is thus found to be accurate to 0.01% and the relative uncertainty in ag(mz) is estimated to be
0.05% before including the theoretical uncertainties discussed in the following.

5 The electroweak parameters are set according to the G u scheme, in which the Fermi coupling constant Gg, the W-boson

mass myy, and the Z-boson mass mz are set to the input values Gg = 1.1663787 - 1075 GeV~2, my = 80.385 GeV, and
mz =91.1876 GeV [16], whereas the weak-mixing angle and the QED coupling are calculated at tree level.



£'0.1220 ATLAS bp -7 E
5 - Vs=8TeV, 202 fot A
0.120f -
0.118f ’ ¢ =
0.116 | | —
0.114F {
0112 MSHT20 PDF E
0.110F —-Zp, -

C Scale variations ]

0.108% : -

NLL NNLL N°LL N'LLa

Figure 3: Determination of a(my) at various different orders in the QCD perturbative expansion, using the MSHT20
PDF set. The filled area represents missing higher-order uncertainties estimated through scale variations, and the
vertical error bars include experimental and PDF uncertainties.

5 Determination of as(mz)

The determination of a(mz) with central values of the QCD scales and using Eq. (1) yields as(mz) =
0.11847+0.00067, with contributions to the fit uncertainty from the experimental sources and from the PDFs
estimated as +£0.00044 and +0.00051 respectively.® Uncertainties arising from missing higher orders, due
to truncation of the perturbative series, are estimated through independent variations of u,, yr and Q in the

range 0.5 - /m%,t) + p% < {ur, s, O} < 2‘,/m%€ +p?F with the constraints 0.5 < {us/ue, O/ pr, Q/ps} < 2,
leading to 14 variations.

The fit is repeated for each scale variation, and the determined values of @ (mz) range from a minimum of
0.11786 to a maximum of 0.11870. The midpoint of this range of a,(mz) values, as(mz) = 0.11828, is
taken as the nominal result, and the range’s envelope of £0.00042 is used as an estimate of the uncertainties
due to missing higher orders, henceforth referred to as ‘missing higher-order uncertainties’.

The procedure is repeated at lower orders, starting from next-to-leading-logarithm accuracy matched to
next-to-leading order (NLL+NLO). The MSHT20 PDF set is used throughout, and the order of the PDFs is
matched to the order required by the logarithmic terms included in the pr-resummation, i.e. NNLO at
N3LL and NLO at NNLL. The results are shown in Figure 3. At every order, the estimate of missing
higher-order uncertainties obtained from the scale variations overlaps with determinations of ag(m ) at
higher orders, giving confidence in the robustness and gradual convergence of these estimates.

6 The non-perturbative QCD parameters are left free in the fit, and, due to their correlation with as(mz), the experimental
uncertainties are significantly larger here than in the pseudo-fit, where they are kept fixed to assess the experimental sensitivity
to as(my).

7 At NLL the NLO PDF set is used because the LO PDF set does not have as(m ) variations.



Table 1: Summary of the uncertainties in the determination of as(mz), in units of 1073.

Experimental uncertainty +0.44
PDF uncertainty +0.51
Scale variation uncertainties +0.42
Matching to fixed order 0 -0.08
Non-perturbative model +0.12 -0.20
Flavour model +0.40 -0.29
QED ISR +0.14
N*LL approximation +0.04
Total +091 -0.88

Fits without the O(a?) matching corrections yield an as(mz) central value which is 0.00024 lower, and
the half envelope due to the scale variations increases from +0.00042 to +0.00062, which is consistent
with the observed shift. Uncertainties in the matching to fixed order are estimated with fits in which the
unitarity constraint is not applied. For these fits, the midpoint and half envelope of a(mz) values from
the scale variations yield as(mz) = 0.11820 + 0.00037. The difference between this set of fits and the
nominal set of fits is taken as a one-sided matching uncertainty of —0.00008.

Additional uncertainties in the modelling of the non-perturbative form factor are estimated with variations
of corresponding parameters, leading to an estimate of ‘:%_%%%12%, as described in Section 7. The effect
of charm- and bottom-quark masses and thresholds are estimated with various alternative fits, such as
by including variable-flavour number either in the evolution of the PDFs (—0.00029) or in the running
of @, [67] in the Sudakov form factor (+0.00021), by varying the charm threshold . by a factor of 2
(+0.00007), by varying the bottom threshold w; by a factor of 0.5 (—0.00029), or by including the effect of
final-state gluon-splitting into massive bottom-quark (+0.00040) and charm-quark (+0.00001) pairs. The

largest excursions are taken as an estimated uncertainty of t%%%%‘;% associated with the flavour model.

The inclusion of initial-state radiation of photons at leading-logarithm accuracy shifts the value of a(mz) by
—0.00028. Half of this shift is assigned as an uncertainty associated with missing higher-order corrections
for the initial-state radiation of photons. Initial-state radiation of photons at next-to-leading-logarithm
accuracy [62] shifts the value of as(mz) by +0.00007, which is well within the assigned uncertainty.
The inclusion of NLO electroweak corrections shifts the value of ag(mz) by +0.00006, and uncertainties
related to missing electroweak higher orders are considered negligible.

Uncertainties related to the numerical approximation or our incomplete knowledge of some of the
coefficients required for N*LL accuracy of pr-resummation are estimated to contribute at the level of
+0.00004, with the largest contribution coming from the numerical approximation of the cusp anomalous
dimension at five loops [42], and from our incomplete knowledge of the hard-collinear contributions at
four loops [45]. Uncertainties due to the numerical approximation of the four-loop splitting functions are
already included in the MSHT20 PDF uncertainties.

A summary of the uncertainties in the determination of ag(m ) is shown in Table 1.

The goodness of fit is assessed by computing the value of the y? function with the theory predictions
evaluated at the measured value of o (mz) and with the best-fit values of the non-perturbative parameters
and the QCD scales. In addition to the PDF uncertainties included in Eq. (1), all theory uncertainties



considered in the analysis are added as theory nuisance parameters. The computed y? value is 82 for 72
data points, corresponding to a p-value of 0.2.

The upper end of the fit range is varied to test the stability of the results with respect to missing higher-order
corrections in the matching to fixed order. Lowering the upper end from 29 GeV to 22 GeV shifts the
as(mz) value by —0.00017 and increases the estimated missing higher-order uncertainties from 0.00042
to 0.00050. Raising the upper end to 40.4 GeV shifts the as(mz) value by +0.00028 and increases the
estimated missing higher-order uncertainties to 0.00088. The shifts in the central value are compatible
with the increase in the missing higher-order uncertainties.

The fit range is also varied by excluding the low transverse-momentum region. The range is narrowed
to 5 < pr < 29 GeV, with a spread in the values of a;(mz) at the level of *%9%17 'compatible with the
increase in the uncertainty of the fit, from 0.00067 to 0.00071. Since the low transverse-momentum region
of pt < 5 GeV is the most sensitive to the non-perturbative and quark-flavour effects, this test provides a

strong validation of the modelling of these corrections.

The post-fit predictions are compared with the measured Z-boson transverse-momentum distribution in
Figure 4. The overall change in the normalisation is accounted for by a pull of the 1.8% luminosity
uncertainty by +1.3 standard deviations.

The determination of a(mz) is repeated at a lower order, N3LL+N3LO, with the MSHT20, CT18A,
NNPDF4.0 and HERAPDF2.0 NNLO PDF sets. The spread of the fitted values of as(mz) is £0.00102,
driven by the difference between CT18A and NNPDF4.0. While these PDF sets are not appropriate for the
present measurement given their lower theoretical accuracy, this study provides a conservative estimate of
the residual PDF model dependence of the result, demonstrating that the achievable accuracy is excellent
compared to that of other methods of extracting a(mz). At this order, in addition to the Hessian profiling
approach, a simultaneous PDF-fit determination is performed through the numerical minimisation of the
x? in the full multidimensional parameter space of PDFs, the non-perturbative parameters, and a,(m).
The combined neutral- and charged-current deep inelastic scattering (DIS) cross-section data from the H1
and ZEUS experiments at the HERA collider [65] are included in the fit, with a minimum squared four-
momentum transfer Q2 of 10 GeV?, together with the measured Z-boson transverse-momentum distribution.
The value of ag(mz) determined from this fit is 0.11866 + 0.00064, where the quoted uncertainty is the
uncertainty from the fit, which includes experimental and PDF uncertainties. The determined value of
as(my) is in agreement with corresponding determinations using the Hessian profiling approach at this
order, and the uncertainty is comparable to the uncertainty of the nominal fit. At N’LL+N3LO, missing
higher-order uncertainties estimated with scale variations amount to +0.00066. Considering all the other
relevant uncertainties listed in Table 1, the result of this determination is a(mz) = 0.1187 = 0.0010.
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6 Outlook

The coupling constant of the strong force is determined from a measurement of the transverse-momentum
distribution of Z bosons produced at the LHC in 20.2 fb~! of 8 TeV proton—proton collisions and recorded
by the ATLAS experiment. The analysis is based on a semi-inclusive observable at hadron—hadron colliders,
and employs QCD resummed theory predictions. In contrast to other hadron collider observables, the
Z-boson transverse-momentum distribution in the Sudakov region is not included in PDF fits, thus largely
removing the issue of correlation between this as(mz) determination and simultaneous determinations of
PDFs and the strong-coupling constant. The measured value of o (mz) = 0.1183 + 0.0009 is compatible
with other determinations and with the world-average value, as illustrated in Figure 5.

Among experimental determinations, this is the most precise to date and the first based on N*LLa+N>LO
predictions in perturbative QCD. This result marks the start of a new era in precision studies of QCD with
the Drell-Yan process. Using this approach, the strong-coupling constant can be investigated with higher
precision and in higher energy regimes with future larger datasets.
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Figure 5: Comparison of the determination of «(mz) from the Z-boson transverse-momentum distribution (ATLAS
Z pt 8 TeV) with other determinations at hadron colliders [17-23, 35], with the PDG category averages [3], with the
lattice QCD determination [10], and with the PDG world average [3].
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7 Methods

Modelling of non-perturbative effects. Determinations of @ (mz) are affected by non-perturbative power
corrections of the type ASCD/ QP, where Aqcp is the non-perturbative scale of QCD and Q is the order of
magnitude of the momentum transfer in the process. Their impact strongly depends on the value of the
power p for the given process used to determine a;(mz). Non-perturbative QCD effects [53, 58, 69-77],
are expected to be quadratically suppressed for the Drell-Yan pr distribution at large pr, or, equivalently, in
the limit of small b [78], thanks to the azimuthal symmetry of the intrinsic transverse-momentum smearing
of partons [79, 80]. In the small pt region the non-perturbative corrections are expected to become linear
below a given scale [58, 81], which is estimated of the order of 1 GeV in Ref. [82].

In the case of the Z-boson pr-resummed predictions used in this analysis, the Sudakov form factor is
singular in the region of transverse momenta of the order of the QCD scale Agcp. The singular behaviour
of the perturbative form factor is removed by using the so-called b.. [53, 83] regularisation procedure, in
which the dependence of the Sudakov form factor on the impact parameter b is frozen before reaching
the singular point by performing the replacement b> — b2 = bzblzim /(b? + bﬁm). A default value of
biim = 2 GeV ! is used in the calculation. Non-perturbative QCD effects are included in this analysis with
a non-perturbative form factor [53, 58]:

m2
Sxp(b) = exp l_gj(b) — gk (b) log Q—‘;"] )
0
with
() = —E2 wsign(q) (1 - exp [~lal ) 3)
V1 +ab2

“)

gk (b) = go (1 —exp —M]) ’

where by = 2e77E, and yg is the Euler number. The g and g parameters represent the leading quadratic
and quartic terms which are dominant in the region of moderate pt of 4-10 GeV, where the sensitivity
to as(mz) is maximal, and they are left free in the fit. The parameter A controls the scale of transition
from quadratic (Gaussian) to linear (exponential) behaviour of the non-perturbative primordial kt. It is
set to 1 GeV? and varied when assessing uncertainties of the non-perturbative model. The parameter g
controls the asymptotic behaviour of the non-perturbative form factor at very small pr, in a region where
the measured cross section and the determined value of @ (mz) have very little sensitivity. It is set to
0.3 [58] and varied when assessing uncertainties of the non-perturbative model. The parameters by, and
Qo represent respectively the scale at which the running of aj is frozen, and the starting scale at which
the non-perturbative form factor is parameterised by the function g;(b). Changes in these parameters
should be completely reabsorbed by changes in the functions gx () and g;(b), provided they are flexible
enough. Variations of by, and of Qg are performed to assess the uncertainty related to the choice of
parameterisation in Egs. (2)—(4).

The value of g determined in the nominal fit is g = 0.54 + 0.04 GeV? and its correlation with a(my) is
—0.6. The value of g determined in the fit is ¢ = —0.06 + 0.04 GeV* and its correlation with a(mz) is
+0.4. The correlation between g and ¢ is —0.7. Uncertainties in the modelling of the non-perturbative form
factor are estimated with variations of the parameters by, Qo, go, and A. Variations of by, in the range
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Figure 6: Ratios of the profiled (a) gluon and (b) sea-quark PDFs to their initial values, at the scale ¢ = mZZ The
error bands represent the 68% confidence level.

Table 2: Summary of N3LL fits with NNLO PDFs.

PDF set as(mz) PDF uncertainty g [GeV?] q [GeV4]
MSHT?20 [37] 0.11839 0.00040 0.44 -0.07
NNPDF4.0 [84] 0.11779 0.00024 0.50 -0.08
CT18A [29] 0.11982 0.00050 0.36 -0.03
HERAPDF2.0 [65] 0.11890 0.00027 0.40 -0.04

1.5-2.5 GeV~! yield a,(my) variations of ’:%_%%%12%. Variations of Qg in the range 0.5-2 GeV yield ag(mz)
variations of t%'_%%%%%- Variations of g¢ in the range 0.1-0.5 yield ag(mz) variations which are at the level
of £0.00002. Variations of A in the range 0.5-2 GeV? yield a(mz) variations of *%:9%11 " The envelope of

-0.00019°
these variations is t%%%%lz%, which is used as an estimate of the uncertainty in the non-perturbative model.

PDF profiling. Pulls and constraints on the nuisance parameters associated with the PDF uncertainties
in Eq. (1) can be reinterpreted in the PDF space through a Hessian profiling procedure [66]. Such a
reinterpretation provides valuable information about the sensitivity of the measured cross sections to the
PDFs. The largest observed effects are on the gluon and sea-quark PDFs, which are shown in Figure 6.

Fits with NNLO PDFs. At order N*LLa+N3LO, only one N3LO PDF set is currently available, namely
the MSHT20aN>LO [59] PDF set. In order to study the dependence of the results on the choice of PDF set,
fits are performed at a lower order, N>LL+N>LO, using NNLO PDF sets. Table 2 shows results of fits with
various PDF sets. At this order, the spread observed in the values of @ (mz) extracted with different PDF
sets is £0.00102, which is driven by the difference between the NNPDF4.0 and CT18A PDF sets.

The determination of as(mz) from the transverse-momentum distribution of Z bosons is particularly
sensitive to the gluon PDF. The PDF determinations at NNLO are affected by significant tension between
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the low-x and high-x gluon PDFs, which is ascribed to tensions between observables sensitive to the gluon
PDF, such as those for inclusive deep inelastic scattering (DIS) at the HERA collider, hadron-collider jet
measurements, top-quark pair production, and Z-boson pt measurements in the high transverse-momentum
region.

In order to investigate the effect of these tensions on the determination of a (mz) at N°LL, fits are
performed which also include the combined neutral- and charged-current DIS cross-section data from the
H1 and ZEUS experiments at the HERA collider [65], with a minimum 0? value of 10 GeV?, together
with the measured Z-boson transverse-momentum cross sections. The HERA data are already included in
all PDF fits, they are included again here for the purpose of lessening the impact of other datasets on the
gluon PDF. After the inclusion of HERA data in the fit, all PDF sets yield values of a5(mz) consistent
with the initial results, except for CT18A, which is shifted by —0.00166 compared to a PDF uncertainty of
+0.00050, and the half-envelope of ag(mz) values for the PDF sets considered is reduced to +0.00016.

The approximate N3LO PDF fit of MSHT20, which is used for the nominal result, largely removes the
tension in the gluon PDF, as indicated by the significant improvement in the y? associated with the Z-boson
pt measurement in the high transverse-momentum region and with inclusive DIS at the HERA collider,
compared to the NNLO fit [59]. These observations suggest that the spread in a(mz) when using different
PDF sets at NNLO is not representative of the true PDF uncertainty at N°LO. However, further studies to
verify the robustness of the estimate of the PDF uncertainties at N°LO in the MSHT20 analysis will be
possible when other PDF determinations at this order become available.

Combined fits of as(mz) and PDFs. Determinations of as(mz) at hadron colliders are exposed to
possible biases unless the PDFs are determined simultaneously along with a(mz) [85]. The Hessian
profiling employed in this analysis provides an approximation to a PDF determination which relies on
the accuracy of the quadratic approximation around the minimum [86]. In the nominal fit of ag(m ) at
N*LLa+N3LO, pulls and constraints on the nuisance parameters associated with the PDF uncertainties are
below one standard deviation and 30%, respectively, indicating that the new minimum of the profiled PDFs
is close to the original minimum, which gives confidence in the validity of the quadratic approximation.

A simultaneous determination of @s(mz), the PDFs, and the non-perturbative parameters through the
numerical minimisation of the y? in the full multidimensional parameters space [87] is performed at
N3LL+N3LO, with PDFs evolved at NNLO. The combined neutral- and charged-current DIS cross-section
data from the H1 and ZEUS experiments at the HERA collider [65] are included, with a minimum squared
four-momentum transfer Q2 of 10 GeV?, corresponding to 1016 data points, together with the measured
Z-boson transverse-momentum cross sections.

The light-quark coefficient functions of the DIS cross sections are calculated in the MS scheme [88],
and with the renormalisation and factorisation scales set to the squared four-momentum transfers Q2.
The heavy quarks ¢ and b are generated dynamically, and the corresponding coefficient functions for the
neutral-current processes with y* exchange are calculated in the general-mass variable-flavour-number
scheme [89-91], with up to five active quark flavours. The charm-quark mass is set to m, = 1.43 GeV, and
the bottom-quark mass to m; = 4.50 GeV [65]. For the charged-current processes, the heavy quarks are
treated as massless.

The PDFs for the gluon, valence u- and d-quark, and ii- and d-quark densities are parameterised at the
input scale Qg = 1.9 GeV? with the parameterisation in Ref. [92]. The contribution of the s-quark density
is taken to be proportional to the d-quark density by setting x5(x) = rexd(x), with rg = 0.67.
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Figure 7: Values of the y? function for the determination of a(mz) from a simultaneous fit of PDFs and non-
perturbative parameters at N’LL+N3LO, with PDFs evolved at NNLO. The horizontal dashed lines indicate the
minimum value of the y? and the minimum y? plus one. The vertical dashed lines show the intersections of the line
at the minimum y? plus one with the y? function, which correspond to the @ (m) uncertainties from the fit.

Fits are performed at fixed values of as(mz), and the fitted value of as(m7) is determined from a quadratic
interpolation of the y? as a function of a,(mz), as shown in Figure 7. The determined value of a;(my) is
0.11866+0.00064, where the quoted uncertainty is the uncertainty from the fit, which includes experimental
and PDF uncertainties. The value of a5(mz) is in agreement with corresponding determinations using
the Hessian profiling approach at this order, as shown in Table 2, and the uncertainty is comparable to
the uncertainty of +0.00067 in the nominal fit. The dependence of @s(mz) on the minimum squared
four-momentum transfer Q2 of the HERA data is studied in the range from 2.5 GeV? to 25 GeV?, as shown
in Figure 8. No significant dependence is observed above 5 GeV>.
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simultaneous fit of PDFs and non-perturbative parameters at N>LL+N>LO, with PDFs evolved at NNLO. The shaded
area shows the uncertainty from the fit

Sudakov subleading higher-order corrections. Additional fits are performed which differ from the
nominal fit for subleading higher-order corrections in the Sudakov form factor. In Ref. [93], different
procedures for the computation of the Sudakov form factor are discussed, including analytic and numerical
solutions. Subleading corrections in the definition of the Sudakov form factor and in the running of «; are
tested with fits where the Sudakov form factor is evaluated with a numerical integration, and a5(Q) in
the Sudakov form factor is obtained from the exact numerical renormalisation-group-equation invariant
solution for the running of ;. The effects of scale variations are estimated with the methodology proposed
in Ref. [94]. For these fits, the midpoint and half envelope of the as(m ) values from the scale variations
yield as(mz) = 0.11832 + 0.00029. Fits where the hard-collinear coefficients are evolved according to the
CSS scheme [53] yield a value of as(mz) = 0.11872 for the central value of the scales. In all the cases
considered, the inclusion of subleading higher-order corrections is covered by the estimate of missing
higher-order corrections based on scale variations, so no additional uncertainty is considered.
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