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Abstract

A measurement is presented of a ratio observable that provides a measure of the
azimuthal correlations among jets with large transverse momentum pT. This ob-
servable is measured in multijet events over the range of pT = 360–3170 GeV based
on data collected by the CMS experiment in proton-proton collisions at a centre-of-

mass energy of 13 TeV, corresponding to an integrated luminosity of 134 fb−1. The
results are compared with predictions from Monte Carlo parton-shower event gen-
erator simulations, as well as with fixed-order perturbative quantum chromodynam-
ics (pQCD) predictions at next-to-leading-order (NLO) accuracy obtained with dif-
ferent parton distribution functions (PDFs) and corrected for nonperturbative and
electroweak effects. Data and theory agree within uncertainties. From the com-
parison of the measured observable with the pQCD prediction obtained with the
NNPDF3.1 NLO PDFs, the strong coupling at the Z boson mass scale is αS(mZ) =

0.1177 ± 0.0013 (exp)+0.0116
−0.0073 (theo) = 0.1177+0.0117

−0.0074, where the total uncertainty is dom-
inated by the scale dependence of the fixed-order predictions. A test of the running
of αS in the TeV region shows no deviation from the expected NLO pQCD behaviour.
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1 Introduction

In the standard model of particle physics, the strong interaction between partons (quarks and
gluons) is described by the theory of quantum chromodynamics (QCD). A key property of
the strong interaction is “asymptotic freedom”, which characterizes the decreasing value of
the coupling αS(Q) for increasingly larger momentum transfer Q that corresponds to smaller
distances between the interacting partons. This property is a consequence of the non-Abelian
nature of QCD, and can be theoretically derived from the renormalization group equations
(RGE) [1–3]. Although the RGE cannot predict the absolute value of αS(Q), they can accurately
determine its evolution as a function of the energy scale Q [4]. By comparing experimental
measurements to perturbative QCD (pQCD) predictions for a given observable, the value of
αS(Q) can be extracted at various scales [5, 6]. To compare various αS(Q) determinations, it is
standard practice to evolve them to a common scale given by the mass of the Z boson, Q =
mZ . The current world-average value of the QCD coupling at this reference scale is αS(mZ) =
0.1180 ± 0.0009 [5].

This paper reports a new extraction of the αS(Q) coupling from multijet measurements at var-
ious energy scales in proton-proton (pp) collisions at the CERN LHC. For this purpose, a ratio
observable R∆φ(pT), related to the azimuthal correlations among jets, is measured as a function
of the jet transverse momentum pT:

R∆φ(pT) =
∑

Njet(pT)

i=1 N
(i)
nbr(∆φ, pnbr

Tmin)

Njet(pT)
, (1)

where the denominator Njet(pT) simply counts the number of jets in a given jet pT bin, and the

numerator sums the number of neighbouring jets, N
(i)
nbr, around each jet i in the same pT bin.

A neighbouring jet must exceed a minimum transverse momentum of pnbr
Tmin and be separated

from jet i within a specified interval of azimuthal distance ∆φ: ∆φmin < ∆φ < ∆φmax. In fixed-
order predictions of jet production based on pQCD calculations, the leading-order (LO) 2 → 2
process is characterized by an azimuthal separation of ∆φ = π. Since the sum in the numerator
runs over all jets, this would lead to two entries at pT = pT,1 = pT,2. At next-to-leading order
(NLO), the radiation of a third hard parton can give rise to a 3-jet topology with ∆φ between
2π/3 and π with respect to the jet opposite to the hemisphere with radiation (Fig. 1, right
diagrams). Hence, by fixing the azimuthal distance for neighbouring jets to 2π/3 < ∆φ <

7π/8 in Eq. (1), the dijet case is avoided, and the numerator is different from zero only for
events with three jets or more, whose LO cross section is proportional to α3

S. Also here, a jet pair

fulfilling both the selection in pnbr
Tmin and in ∆φ leads to two entries, but potentially at different

jet pT values. On the other hand, the denominator corresponds to the inclusive jet cross section,
which at LO is proportional to α2

S, such that the R∆φ(pT) observable is directly proportional to
αS, at the lowest order. A representative illustration, indicating the entries to the numerator
and denominator of the R∆φ(pT) ratio, is shown in the left and right panels of Fig. 1 for a 2-jet
and a 3-jet event, respectively.

In the ratio defined by Eq. (1) many experimental systematic uncertainties—such as those from
the integrated luminosity, the jet energy scale (JES), and the jet energy resolution (JER)—cancel
entirely or to a large extent. In addition, theoretical uncertainties—such as nonperturbative
(NP) and parton distribution function (PDF) uncertainties—are reduced.

To rigorously account for correlations between the numerator and denominator, it is useful to
consider the more general, two-dimensional jet-counting quantity, N(pT, n), which is a function
of the i-th jet’s pT and of the number n of neighbouring jets that satisfy the additional selection
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2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke outside
the solenoid.

The electromagnetic calorimeter consists of 75 848 lead tungstate crystals, which provide cov-
erage in pseudorapidity |η| < 1.48 in a barrel region (EB) and 1.48 < |η| < 3.0 in two endcap
regions (EE). Preshower detectors consisting of two planes of silicon sensors interleaved with
a total of three radiation lengths of lead are located in front of each EE detector.

In the region |η| < 1.74, the HCAL cells have widths of 0.087 in pseudorapidity and 0.087
in azimuth (φ). In the η–φ plane, and for |η| < 1.48, the HCAL cells map on to 5×5 arrays
of ECAL crystals to form calorimeter towers projecting radially outwards from close to the
nominal interaction point. For |η| > 1.74, the coverage of the towers increases progressively to
a maximum of 0.174 in ∆η and ∆φ. A more detailed description of the CMS detector, together
with a definition of the coordinate system used and the relevant kinematic variables, can be
found in Ref. [33].

Events of interest are selected using a two-tiered trigger system. The first level (L1), composed
of custom hardware processors, uses information from the calorimeters and muon detectors to
select events at a rate of around 100 kHz within a fixed latency of about 4 µs [34]. The second
level, known as the high-level trigger (HLT), consists of a farm of processors running a version
of the full event reconstruction software optimized for fast processing and reduces the event
rate to around 1 kHz before data storage [35].

3 Event reconstruction

The global event reconstruction—also called particle-flow (PF) event reconstruction [36]—aims
to reconstruct and identify each individual particle in an event, with an optimized combination
of all subdetector information. In this process, the identification of the particle type (photon,
electron, muon, charged hadron, neutral hadron) plays an important role in the determination
of the particle direction and energy. Photons (e.g., coming from π0 decays or from electron
bremsstrahlung) are identified as ECAL energy clusters not linked to the extrapolation of any
charged particle trajectory to the ECAL. Electrons (e.g., coming from photon conversions in
the tracker material or from bottom quark (b) hadron semileptonic decays) are identified as a
primary charged particle track and potentially many ECAL energy clusters corresponding to
this track extrapolation to the ECAL and to possible bremsstrahlung photons emitted along
the way through the tracker material. Muons (e.g., from b hadron semileptonic decays) are
identified as tracks in the central tracker consistent with either a track or several hits in the
muon system, and associated with calorimeter deposits compatible with the muon hypothesis.
Charged hadrons are identified as charged particle tracks neither identified as electrons, nor
as muons. Finally, neutral hadrons are identified as HCAL energy clusters not linked to any
charged-hadron trajectory, or as a combined ECAL and HCAL energy excess with respect to
the expected charged-hadron energy deposit.

The energy of photons is obtained from the ECAL measurement. The energy of electrons is
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determined from a combination of the track momentum at the main interaction vertex, the cor-
responding ECAL cluster energy, and the energy sum of all bremsstrahlung photons attached
to the track. The energy of muons is obtained from the corresponding track momentum. The
energy of charged hadrons is determined from a combination of the track momentum and the
corresponding ECAL and HCAL energies, corrected for the response function of the calorime-
ters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the corre-
sponding corrected ECAL and HCAL energies.

The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering in
the event, evaluated using tracking information alone, as described in Section 9.4.1 of Ref. [37].
For each event, hadronic jets are clustered from the reconstructed particle candidates using the
infrared and collinear safe anti-kT algorithm [38, 39] with a distance parameter of R = 0.7. This
choice of the parameter R enables the compatibility with previous results from the CMS Col-
laboration at

√
s = 7 [14] and 13 [29] TeV. Jet momentum is determined as the vectorial sum of

all particle momenta in the jet, and is found from simulation to be, on average, within 5 to 10%
of the true momentum over the whole pT spectrum and detector acceptance. Additional pp in-
teractions within the same, or nearby, bunch crossings (pileup) can contribute additional tracks
and calorimetric energy depositions to the jet momentum. To mitigate this effect, charged par-
ticles identified to be originating from pileup vertices are discarded, and an offset correction is
applied to correct for the remaining contributions [40]. The JES corrections are derived from
simulation to bring the measured response of jets to that of particle-level jets on average. In
situ measurements of the momentum balance in dijet, photon+ jet, Z + jet, and multijet events
are used to account for any residual differences in the jet energy scale between the measured
data and simulation [41]. The jet energy resolution amounts typically to 15–20% at 30 GeV, 10%
at 100 GeV, and 5% at 1 TeV [41]. Additional selection criteria are applied to each jet to remove
jets potentially dominated by anomalous contributions from various subdetector components
or reconstruction failures [42].

The missing transverse momentum vector ~p miss
T is computed as the negative vector sum of

the transverse momenta of all the PF candidates in an event, and its magnitude is denoted as
pmiss

T [43]. The ~p miss
T is modified to account for corrections to the energy scale of the recon-

structed jets in the event.

During the 2016-2017 data taking, a gradual shift in the timing of the inputs of the ECAL L1
trigger in the region at |η| > 2.0 caused a specific trigger inefficiency [44], called “prefiring”
hereafter. For events containing a jet with pT & 100 GeV in the region 2.5 < |η| < 3.0, the
efficiency loss is ≈10–20%, depending on pT, η, and data-taking period.

4 Data analysis

4.1 Event selection criteria

Each event is required to have at least one offline-reconstructed PV with z coordinate satisfying
the criterion |zPV| < 24 cm and radial distance from the interaction point ρPV < 2 cm.

Anomalous high-pmiss
T events can be due to a variety of reconstruction failures, detector mal-

functions, or noncollision backgrounds. Such events are rejected by event filters that are de-
signed to identify more than 85–90% of the spurious high-pmiss

T events with a mistagging rate
less than 0.1% [43]. Only events that have been accepted by at least one single-jet trigger path
(described in Section 4.2) are included in the measurement. For the rejection of poorly recon-
structed jets and jets originating from detector noise, additional quality criteria are applied to
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them based on their constituents [42].

The measurement is based on an inclusive jet sample that contains only jets reconstructed
within the rapidity range |y| < 2.5 and with transverse momenta pT > 50 GeV. The pnbr

Tmin
threshold and azimuthal separation interval for neighbouring jets as defined in Eq. (1), are set
to 100 GeV and 2π/3 < ∆φ < 7π/8, respectively. This choice was motivated by statistical
optimization, extending the phase space as much as possible, and guaranteeing that the NLO
predictions remain valid and soft effects are negligible.

4.2 Triggers

The analysis is based on single-jet triggers that require at least one jet with pT above a given
threshold (pthresh

T ) to be present in the event. Table 1 shows the different HLT thresholds along
with the effective integrated luminosities recorded by the triggers for 2016, 2017 and 2018. All
triggers in Table 1 were prescaled, apart from trigger 450 for 2016, and trigger 500 for 2017 and
2018. The efficiency for each trigger is estimated as a function of leading-jet pT using a lower-
threshold trigger, except for the lowest-threshold trigger efficiency. The latter is estimated using
a tag-and-probe method applied to dijet topologies, which counts the jets reconstructed with
the offline PF algorithm that can be matched to HLT jets, considering only the jets leading and
subleading in pT. The data consist of events selected with a combination of triggers in mutually
exclusive leading-jet pT intervals. The usage of a specific trigger is enabled only in phase-space
regions where its efficiency is larger than 99.5% and disabled in phase-space regions where
the efficiency of a higher-threshold trigger is larger than 99.5%. The jet-counting variables are
combined event-by-event by applying weights to account for the trigger prescales of each data
sample.

Table 1: The different HLT pT thresholds used in the measurement and the corresponding
integrated luminosities for each data-taking year.

pthresh
T (GeV) 40 60 80 140 200 260 320 400 450 500

2016 0.0497 0.328 1.00 10.1 85.8 518 1526 4590 33500 —

L (pb−1) 2017 0.182 0.505 2.53 26.6 189 469 1230 7690 9660 41500
2018 0.0151 0.419 2.17 47.1 202 466 1240 3720 7390 59800

4.3 Unfolding

To compare the experimental data with theoretical predictions, the measured distributions
must be corrected for detector effects, such as finite pT resolution and limited detector ac-
ceptance. The detector effects are parameterized through a response matrix built from sim-
ulated event samples using PYTHIA 8.240 [45] with tunes CUETP8M1 [46] and CP5 [47], where
reconstructed-level jets are matched to generator-level jets as explained next. First, the gener-
ated jets in each event are ordered by decreasing pT. Then, each generated jet is matched to the

reconstructed jet with the highest pT, within a cone of radius ∆R =
√
(∆η)2 + (∆φ)2 = 0.35

(where ∆η and ∆φ are the angular differences in pseudorapidity and azimuthal angle between
the generated and reconstructed jets). The probability matrix A corresponds to the row-by-row
normalized response matrix. Each element Aij represents the probability of a jet produced in
(generator-level) bin j to be observed in (reconstructed-level) bin i. The detector effects are cor-
rected through an unfolding procedure that accounts for bin migrations, background (fake jets,
i.e., reconstructed-level jets that could not be matched to generator-level jets), and inefficiencies
(missed jets, i.e., generator-level jets that could not be matched to reconstructed-level jets), and
corrects the measurement from the detector level to the level of stable particles (except neu-
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trinos) with mean decay-lengths larger than cτ = 10 mm (where τ denotes the mean proper
lifetime of the particle).

The unfolding procedure is implemented using the TUNFOLD package [48]. The determination
of the particle-level distribution (x) is performed with the matrix pseudoinverse method [49]
using a detector-level distribution (y) with twice the number of bins of the particle-level dis-
tribution. The latter are defined in Table 2 (first column) and are chosen to ensure that the bin
sizes remain at least twice as large as the jet pT resolution. The unfolding solution arises from
the minimization of the quantity

χ2 = (Ax + b − y)T (V−1) (Ax + b − y), (3)

where b is the background obtained from simulated events, and V is the covariance matrix (cor-
rected for the background) of the detector-level data including their statistical uncertainties and
correlations. Instead of unfolding separately the numerator and denominator of Eq. (1), a mul-
tidimensional unfolding of the more general, equivalent quantity N(pT, n) is performed, which
rigorously accounts for the numerator-denominator statistical correlations following Eq. (2).

Figure 2 shows the probability matrix for the N(pT, n) quantity. The number of events with
n ≥ 4 is small, and n = 3 is the maximum number of neighbouring jets shown here. The
condition number (defined as the absolute value of the ratio between the largest and smallest
matrix eigenvalues) for the matrix A is ≈5.5, which means that the unfolding problem is well-
conditioned, and therefore no additional regularization is required.

4.4 Experimental uncertainties

The experimental uncertainties contain statistical and systematic sources that propagate to the
measured distributions. The statistical uncertainties are obtained from the covariance matrix,
extracted at the particle level from the N(pT, n) distribution along with the R∆φ(pT) observable,
as described in Section 4.3. The bin-to-bin correlation matrix at the particle level is shown in
Fig. 3, where the value 1 (−1) corresponds to fully (anti)correlated bins. The diagonal elements
of the correlation matrix are by construction always unity, and the off-diagonal elements rep-
resent the bin-to-bin (anti)correlations, where the highest (lowest) value is 0.49 (−0.57). The
statistical uncertainties in the R∆φ(pT) measurement remain below 1% up to ≈1.5 TeV increas-
ing to about 10% at ≈3 TeV.

The calibration of the reconstructed jet energy is performed through a series of successive
stages implemented in the JES correction procedure [41], as described in Section 3. The JES un-
certainty is composed of 27 individual uncorrelated contributions, which are investigated one-
by-one considering a ±1 standard-deviation variation from their nominal value. Each variation
is applied at the detector level and propagated to the particle-level measurement by repeating
the unfolding procedure. Finally, the total JES uncertainty is computed as the quadratic sum of
individual JES uncertainty sources, and remains below 1% up to ≈1.5 TeV increasing to about
5% at ≈3 TeV. Additional variations of the trigger prefiring corrections described in Section 3
are applied in the same manner. The uncertainties from prefiring corrections in the R∆φ(pT)
measurement are smaller than 0.13%.

In simulated samples, a detailed modelling of the CMS detector is included based on the
GEANT4 toolkit [50]. The JER obtained in the detector simulation is generally better than that
in the actual detector. Therefore, the energy of reconstructed jets in simulation is smeared out,
so that the simulated JER matches the one measured in experimental data. The JER uncer-
tainty is estimated by varying the smearing factors within ±1 standard deviations from their
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Figure 2: Probability matrix for the N(pT, n) distribution built using PYTHIA8 simulated events.
The horizontal axis corresponds to the generator-level jet pT, and the vertical axis to the
reconstructed-level jet pT. The 4 × 4 structure of the matrix corresponds to the bins of neigh-
bouring jets n (labelled in the uppermost row and rightmost column), and indicates migrations
among those bins. The horizontal and vertical axes of each cell correspond to the pT of the jets,
and each cell indicates the migrations among the jet pT bins. The range of colours covers from
10−6 to 1, and indicates the probability of migrations from a given (generator) particle-level bin
to the corresponding (reconstructed) detector-level bin.
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Figure 3: Bin-to-bin correlation matrix for the R∆φ(pT) distribution at the particle level, where
the value 1 (−1) corresponds to fully (anti)correlated bins. For illustration purposes, only bins
with (anti)correlations larger (smaller) than 0.05 (−0.05) are shown also as text.

nominal values, and propagated to the particle-level measurement by repeating the unfolding
procedure. The JER uncertainty in the R∆φ(pT) measurement is below 0.8%.

The probability distribution for the number of pp interactions per bunch crossing is repre-
sented by pileup (PU) profiles. To account for differences between the measured and simulated
PU profiles, the simulated events are reweighted using the PU distribution of the experimen-
tal data as a reference. An additional systematic uncertainty, which remains below 0.03%, is
evaluated by varying the PU profile correction in the simulation. The model dependence in-
troduced by unfolding is estimated from the difference in the R∆φ(pT) distribution unfolded
with response matrices obtained from PYTHIA8 and MADGRAPH5 aMC@NLO 2.6 [51, 52] inter-
faced with PYTHIA8. Additionally, the model dependence for inefficiencies (missed jets) and
backgrounds (misreconstructed jets) is studied by varying separately their rates within an esti-
mate of 5%, which largely covers the model dependence of migrations in and out of the phase
space. The total model dependence uncertainties (MCmodel) are negligible (<0.01%) compared
with other uncertainties for the bulk of the spectrum. The trigger efficiency uncertainties are
also negligible in the R∆φ(pT) measurement. The R∆φ(pT) observable values along with all the
experimental uncertainties are shown in Table 2.
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Table 2: Values of the R∆φ(pT) observable in different pT intervals, and associated experimental
uncertainties.

pT (GeV) R∆φ(pT) Stat. (%) JES (%) Prefiring (%) JER (%) PU (%) MCmodel (%)

360–430 0.25 0.26 0.74 0.06 0.08 0.01 —
430–510 0.26 0.23 0.69 0.09 0.06 0.02 —
510–600 0.27 0.19 0.67 0.12 0.05 0.02 —
600–700 0.27 0.18 0.66 0.13 0.04 0.02 0.01
700–800 0.28 0.18 0.65 0.12 0.04 0.02 0.01
800–920 0.28 0.20 0.65 0.10 0.04 0.02 0.01
920–1050 0.27 0.27 0.66 0.07 0.05 0.02 —

1050–1190 0.27 0.39 0.67 0.05 0.06 0.02 —
1190–1340 0.27 0.58 0.70 0.03 0.07 0.02 —
1340–1500 0.26 0.90 0.75 0.02 0.08 0.02 —
1500–1680 0.26 1.34 0.84 0.01 0.11 0.02 —
1680–1870 0.25 2.16 0.98 — 0.14 0.02 —
1870–2070 0.24 3.42 1.21 — 0.19 0.02 —
2070–2300 0.21 5.66 1.62 — 0.27 0.02 —
2300–2560 0.22 8.23 2.36 — 0.39 0.02 —
2560–3170 0.21 10.49 5.00 — 0.77 0.01 —

5 Theoretical predictions

5.1 Monte Carlo event generators predictions

Experimental data are compared with predictions from HERWIG++ 2.7.1 [53], PYTHIA 8.240 [45],
and POWHEG 2.0 [54] Monte Carlo (MC) event generators obtained using the RIVET toolkit [55].
The HERWIG++ event generator computes the matrix elements (MEs) at LO accuracy for 2 → 2
QCD scattering processes. The parton shower (PS) is simulated through successive angular-
ordered emissions, and the cluster fragmentation model [56] is used for the hadronization.
The underlying event (UE) activity is obtained from the simulation of multiparton interactions
(MPIs) tuned to experimental data. The set of HERWIG++ parameters used in this analysis is
that of the UE-EE-5-CTEQ6L1 tune [57] based on the CTEQ6.1M LO PDF set [58]. Similarly
to HERWIG++, in PYTHIA8 the MEs are calculated at LO accuracy for 2 → 2 QCD scattering
processes. The PS is simulated through successive pT-ordered emissions and the hadronization
mechanism employs the Lund string model [59]. Two different sets of parameters are used
for PYTHIA8, the CUETP8M1 tune [46] based on the NNPDF2.3 LO PDF set [60, 61] and the
CUETP8M2 tune [62] based on the NNPD 3.0 LO PDF set [63]. The POWHEG [64, 65] generator,
based on the POWHEG BOX [54], generates 2 → 2 matrix elements at NLO accuracy, as well as
2 → 3 matrix elements at LO accuracy and uses the NNPDF3.0 NLO PDF set [63]. To simulate
the PS, hadronization, and MPI processes, POWHEG is interfaced either with PYTHIA8 or with
HERWIG++.

Figure 4 (left) shows the particle-level data for the R∆φ(pT) observable compared with the
predictions of PYTHIA8 tunes CUETP8M1 and CUETP8M2, and HERWIG++ tune UE-EE-5-
CTEQ6L1 LO MC event generators. The lower panels show the corresponding ratios be-
tween the MC predictions and the measured data. Figure 4 (right) illustrates the particle-level
R∆φ(pT) observable compared with POWHEG interfaced with PYTHIA8 tunes CUETP8M1 and
CUETP8M2, and HERWIG++ tune UE-EE-5-CTEQ6L1 results. The corresponding lower panels
show the ratios between the POWHEG predictions and the measurement. The coloured band on
both lower panels represents the total experimental uncertainties.
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From 360 up to around 800 GeV, the R∆φ(pT) distribution rises as the phase space for the pro-
duction of a third jet increases. Then, the distribution reaches a plateau up to around 1200 GeV,
followed by a decrease due to the running of αS, and the reduced amount of gluon scatterings.

The predictions from LO HERWIG++ and LO PYTHIA8 tune CUETP8M1 overestimate the mea-
surement by ≈20% and ≈12–18%, respectively. On the other hand, the predictions from the
(LO) PYTHIA8 tune CUETP8M2 give a good description of the data. Besides the PDF set, the
main differences between the parameters of the two PYTHIA8 tunes are the value of αS used
for the initial-state shower αISR

S , the MPI infrared regularization scale pref
T0 , and the amount of

colour reconnection. Among the NLO MC predictions based on POWHEG, the POWHEG inter-
faced with PYTHIA8 tune CUETP8M2 gives the best description, being ≈5–6% away from the
measurement. Finally, POWHEG interfaced with HERWIG++ tune UE-EE-5-CTEQ6L1 or with
PYTHIA8 tune CUETP8M1 overestimate the R∆φ(pT) measurement by ≈12% and ≈10%, re-
spectively.
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Figure 4: The R∆φ(pT) observable as a function of pT, compared with MC generator predictions
at LO (left) and at NLO (right) accuracy. The LO predictions are obtained with PYTHIA8 tunes
CUETP8M1 and CUETP8M2, and HERWIG++ tune UE-EE-5-CTEQ6L1 MC event generators.
The NLO predictions are obtained with POWHEG interfaced with each of the aforementioned
MC event generators. The experimental data are represented with black dots and the MC
predictions with coloured lines. The lower panel of each plot shows the ratio between MC
predictions and experimental data. The total experimental uncertainties are indicated by the
vertical error bars (upper panels) and coloured band (lower panels) correspondingly.

5.2 Fixed-order predictions

Fixed-order theoretical predictions for the R∆φ(pT) observable are obtained up to NLO accu-
racy in pQCD with the NLOJET++ program [66, 67] within the FASTNLO framework [68, 69].
The predictions are extracted for several PDF sets available via the LHAPDF library [70], using
their default value for the strong coupling constant αS(mZ), and alternative values, as shown
in Table 3. The central reference values µ0 for the renormalization (µR) and factorization (µF)
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scales are defined as:
µR = µF = ĤT/2, (4)

where ĤT is the scalar sum of the transverse momenta of all partons in the event. This choice
follows recommendations detailed in Ref. [71], which favour ĤT over pT,jet and discourage
the use of pT,max = pT,1 as the central scale choice for inclusive jet cross sections. For 3-jet

ratio observables such as R∆φ(pT), Refs. [72, 73] conclude that ĤT/2 is slightly preferred for
comparisons with theoretical predictions at next-to-NLO accuracy. The uncertainties related
to missing higher-order terms of the perturbative series are estimated using the conventional
recipe [74–76], i.e., by varying µR and µF around the reference scale µ0 within six combinations:
(µR/µ0, µF/µ0) = (1/2, 1/2), (1/2, 1), (1, 1/2), (1, 2), (2, 1), (2, 2). An envelope is constructed
from the various combinations, where the edges define the scale uncertainties.

Table 3: Default and range of αS(mZ) values used in the different NLO PDF sets.

PDF set Default αS(mZ) Alternative αS(mZ)

ABMP16 [77] 0.1191 0.114–0.123
CT18 [78] 0.1180 0.110–0.124
MSHT20 [79] 0.1200 0.108–0.130
NNPDF3.1 [80] 0.1180 0.106–0.130

Theoretical calculations are performed separately for the cross sections corresponding to the
jet counts in the numerator and denominator of the R∆φ(pT) ratio defined in Eq. (1). The pre-
dictions using NNPDF3.1 for the numerator (left) and denominator (right) differential cross
sections (dσ/dpT) at LO and NLO accuracy are shown in Fig. 5, along with the scale uncertain-
ties (coloured bands). The lower panels in this figure display the ratios to the respective LO
predictions, where the so-called NLO pQCD K factors (NLO/LO) are about 1.30–1.55 for the
numerator and 1.20–1.35 for the denominator (1.08–1.15 for their ratio). The LO and NLO scale
uncertainty bands overlap over the whole phase space. The NLO scale uncertainties are in the
range 9–17% for the numerator and 5–10% for the denominator.

To compare fixed-order predictions at parton level with unfolded data, the former must be
corrected for NP effects due to MPI and hadronization (HAD). Based on PS generators, the NP
correction factors are evaluated from the ratio of the nominal over the generated cross sections
when MPI and HAD effects are switched off:

CNP =
σPS+MPI+HAD

σPS
. (5)

The model dependence of CNP is investigated using different MC event generators, namely
PYTHIA8 with tunes CUETP8M1 and CUETP8M2, HERWIG++ with tune UE-EE-5-CTEQ6L1,
and POWHEG interfaced with each one of them. A simple polynomial function a + bpc

T (where
a, b, and c are free parameters) is used to parameterize the dependence of CNP on jet pT for
each MC event generator, to avoid statistical fluctuations in less populated regions of phase
space. An envelope is constructed from the different MC predictions, where the central values
are identified as the NP correction factors CNP and the edges define the corresponding uncer-
tainties. Figure 6 shows the NP correction factors obtained for the numerator (upper left) and
denominator (upper right) of the R∆φ(pT) observable. The lower panels show the final NP cor-

rection factors CNP (blue line) for R∆φ(pT). The red band is constructed from the envelope of
individual ratios and represents the relevant uncertainties, which are less than 1%.

To further improve the accuracy, in particular at large jet pT, the theoretical predictions are
complemented with electroweak (EW) corrections. The complete set of NLO corrections for
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Comparisons between the measurement and the theoretical predictions for the four different
PDF sets are shown in Fig. 8. The PDF uncertainties in the R∆φ(pT) predictions are evaluated at
68% confidence level for each PDF set following either the Hessian [87] or the MC [88] methods,
and are about 1–2% in all cases. The scale uncertainties in R∆φ(pT) predictions are dominant,
ranging from 2 to 8%. In general, all predictions (based on the default αS(mZ) for each PDF set)
are in agreement with the measurement within the experimental and theoretical uncertainties.
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Figure 7: Electroweak corrections for the numerator (blue) and denominator (green) of Eq. (1),
and for the R∆φ(pT) ratio itself (red). The solid lines correspond to the additive combination
of NLO EW corrections to the QCD process (NLO QCD+EW), and the markers represent the
multiplicative combination (NLO QCD×EW).

6 Determination of αS(mZ)

The sensitivity of the R∆φ(pT) ratio to the strong coupling constant is investigated by vary-
ing αS(mZ) for each PDF set within the ranges presented in Table 3. The αS(mZ) value in
the fixed-order matrix elements calculations is also adjusted accordingly. Figure 9 shows the
results for each PDF set, where the solid green (red) curves represent the maximum (mini-
mum) αS(mZ) values, and the dashed black curves correspond to intermediate αS(mZ) values
in ∆αS(mZ) = ±0.001 or ∆αS(mZ) = ±0.002 steps. A large sensitivity of R∆φ(pT) to variations
of the strong coupling constant is observed for all PDF sets, and hence R∆φ(pT) can be used for
the determination of αS(mZ).

The value of αS(mZ) is determined by minimising the goodness-of-fit (χ2) between the experi-
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Figure 9: Sensitivity of the R∆φ(pT) ratio to the strong coupling constant αS(mZ). The data are
indicated with blue dots with error bars representing the total experimental uncertainty. In
each plot, the lines represent fixed-order NLO theoretical calculations obtained with ABMP16
(upper left), CT18 (upper right), MSHT20 (lower left) and NNPDF3.1 (lower right) NLO PDF
sets. Solid green (red) lines indicate maximum (minimum) values, and dotted black lines inter-
mediate values of αS(mZ) for each PDF set.



17

mental measurements and the theoretical predictions. The χ2 is defined as:

χ2 =
N

∑
ij

(Di − Ti)C
−1
ij (Dj − Tj), (9)

where N is the number of measurements, Di are the experimental measurements, Ti are the
theoretical predictions and Cij is the covariance matrix, which is composed of:

C = Cstat + Cuncor +

(

∑
sources

CJES

)

+ Cunfold + Cpref + CNP + CPDF + CEW, (10)

where Cstat represents the statistical uncertainty, Cuncor is the numerical precision of the fixed-
order predictions, which is assigned as uncorrelated uncertainty to each bin, CJES is the sys-
tematic uncertainty for each JES uncertainty source, Cunfold = CJER + CPU + CMCmodel

is the sys-
tematic uncertainty induced through unfolding (representing the JER, pileup, and model un-
certainties, respectively, described in Section 4.4), Cpref is the trigger prefiring uncertainty [44],
and CNP, CPDF, and CEW are the NP, PDF, and EW uncertainties, respectively.

The JES, unfolding, prefiring, NP, PDF, and EW uncertainties are considered as 100% correlated
among pT bins, and are treated as multiplicative. Including only the experimental (statistical,
JES, unfolding, and prefiring) uncertainties in the covariance matrix composition, the central
αS(mZ) result is obtained by minimising the χ2 with respect to αS(mZ). The associated exper-

imental uncertainty is estimated from the αS(mZ) values, for which the χ2 is increased by one

unit with respect to the minimum value. Figure 10 illustrates the χ2 minimization curves for
each PDF set, which result in the αS(mZ) values and their respective experimental uncertainties
listed in Table 4.

The propagation of NP, PDF, and EW uncertainties is estimated separately by repeating the
χ2 minimization procedure after including the relevant terms in Eq. (10). For the evaluation
of scale uncertainties, the χ2 comparison between measurement and theoretical predictions is
repeated for the six different combinations of µR and µF scales described in Section 5. The
up/down scale uncertainties correspond to the difference between the highest/lowest and the
nominal αS(mZ) values, respectively. All resulting αS(mZ) values for the different PDF sets
are fully compatible among each other, as well as with the world average [5]. The spread of
these αS(mZ) values from the different PDF sets shown in Table 4, is used for the assignment
of an additional uncertainty in the final αS(mZ) result due to the PDF choice. This uncertainty
is evaluated from the maximum difference among the αS(mZ) values determined using the
NNPDF3.1 NLO PDF set, and all the other αS(mZ) values determined using the other PDF sets
shown in Table 4. The final result from the present analysis using the NNPDF3.1 NLO PDF set
is: αS(mZ) = 0.1177+0.0114

−0.0068 (scale)± 0.0013 (exp)± 0.0011 (NP)± 0.0010 (PDF)± 0.0003 (EW)±
0.0020 (PDF choice). This result, in comparison with a selection of αS(mZ) determinations at
NLO accuracy obtained from inclusive jet [10, 12, 13, 18, 22, 89–91], dijet [23], and multijet [12,
14, 15, 17, 21, 24, 90, 92–94] measurements is presented in Fig. 11.

For the investigation of the running of the strong coupling, the fitted region of pT = 360–
3170 GeV (16 points) is split into four pT subregions: 360–700, 700–1190, 1190–1870, and 1870–
3170 GeV (4 points each). The fitting procedure is repeated and the αS(mZ) and all the relevant
uncertainties are determined in each subregion separately. The αS(mZ) values from each sub-
region are evolved to αS(Q), where Q is chosen as the jet pT and is calculated as a cross-section-
weighted average (〈Q〉) for each subregion. This study is performed using the NNPDF3.1
NLO PDF set. The values of αS(mZ) and the results for αS(Q) evaluated at the respective 〈Q〉
for each fitted subregion are shown in Table 5.
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Figure 11: Determination of αS(mZ) from the R∆φ(pT) ratio with the NNPDF3.1 PDF set (red),
in comparison with previous NLO determinations of αS(mZ) from inclusive jet (magenta), dijet
(green), and multijet (blue) measurements. The horizontal error bars indicate the total uncer-
tainty (experimental and theoretical). The world-average αS(mZ) value is represented by the
vertical dashed black line and its uncertainty by the yellow band.

Table 4: Results for αS(mZ), associated uncertainties, and goodness-of-fit per degree of freedom

(χ2/ndof), obtained from the measured R∆φ(pT) distribution compared with theoretical predic-
tions using different NLO PDF sets.

NLO PDF set αS(mZ) Exp. NP PDF EW Scale χ2/ndof

ABMP16 0.1197 0.0008 0.0007 0.0007 0.0002 +0.0043
−0.0042 16/16

CT18 0.1159 0.0013 0.0009 0.0014 0.0002 +0.0099
−0.0067 19/16

MSHT20 0.1166 0.0013 0.0008 0.0010 0.0003 +0.0112
−0.0063 17/16

NNPDF3.1 0.1177 0.0013 0.0011 0.0010 0.0003 +0.0114
−0.0068 20/16
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Figure 12 shows the energy dependence predicted by the RGE (dashed line) using the current
world-average value αS(mZ) = 0.1180± 0.0009 [5] together with its associated total uncertainty
(yellow band). The results from the αS(Q) determinations in the four subregions presented in
Table 5 are also shown, along with αS values determined at lower scales by the H1 [90, 93, 94],
ZEUS [95], D0 [11, 12], CMS [14, 17, 18, 22], and ATLAS [21, 24] Collaborations. All results
reported in this study are consistent with the energy dependence predicted by the RGE, and no
deviation is observed from the expected behaviour up to ∼ 2 TeV.

Table 5: Values of αS(mZ) and αS(Q) determined in four different jet pT fitting subregions
corresponding to an average scale 〈Q〉 over each pT interval.

pT range (GeV) αS(mZ) 〈Q〉 (GeV) αS(Q)

360–700 0.1177+0.0104
−0.0067 433.0 0.0967+0.0066

−0.0044

700–1190 0.1162+0.0108
−0.0073 819.0 0.0878+0.0060

−0.0042

1190–1870 0.1159+0.0112
−0.0077 1346.0 0.0830+0.0055

−0.0040

1870–3170 0.1118+0.0110
−0.0070 2081.0 0.0775+0.0051

−0.0034
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Figure 12: Running of the strong coupling αS(Q) (dashed line) evolved using the current
world-average value αS(mZ) = 0.1180 ± 0.0009 [5] together with its associated total uncer-
tainty (yellow band). The four new extractions from the present analysis (Table 5) are shown
as filled red circles, compared with results from the H1 [90, 93, 94], ZEUS [95], D0 [11, 12],
CMS [14, 17, 18, 22], and ATLAS [21, 24] experiments. The vertical error bars indicate the total
uncertainty (experimental and theoretical). All the experimental results shown in this figure
are based on fixed-order predictions at NLO accuracy in pQCD.
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7 Summary

A measurement of the R∆φ(pT) ratio, sensitive to azimuthal correlations in multijet events,
has been presented using proton-proton collision data collected by the CMS experiment at a

centre-of-mass energy of 13 TeV and corresponding to an integrated luminosity of 134 fb−1. The
experimental data are compared with predictions from Monte Carlo (MC) event generators,
PYTHIA8 with tunes CUETP8M1 and CUETP8M2, HERWIG++ with tune UE-EE-5-CTEQ6L1,
and POWHEG interfaced with each one of them. Deviations between data and MC predictions
are observed in all cases, except for PYTHIA8 tune CUETP8M2, which gives a good overall
description of the measurement.

The measurement is also compared with fixed-order perturbative quantum chromodynamics
(pQCD) predictions at next-to-leading-order (NLO) accuracy using the NLOJET++ package
within the FASTNLO framework. Those predictions are extracted for four different NLO parton
distribution function (PDF) sets, ABMP16, CT18, MSHT20, and NNPDF3.1. Corrections for
nonperturbative (NP) effects are evaluated using all the aforementioned MC event generators,
and are applied to the fixed-order predictions. The predictions are additionally corrected for
electroweak (EW) effects that become important at large jet transverse momenta. Generally, the
fixed-order predictions are in agreement with the experimental data in the phase space of this
analysis, and they provide a good description of the measured R∆φ(pT) distribution for all PDF
sets.

Based on a comparison of the measured R∆φ(pT) distribution and the theoretical predictions,

the strong coupling at the scale of the Z boson mass is: αS(mZ) = 0.1177+0.0114
−0.0068 (scale) ±

0.0013 (exp) ± 0.0011 (NP) ± 0.0010 (PDF) ± 0.0003 (EW) ± 0.0020 (PDF choice) = 0.1177+0.0117
−0.0074,

using calculations based on the NNPDF3.1 NLO PDF set. Alternative αS(mZ) results obtained
with other PDF sets are compatible among each other, as well as with the central result of this
work, and with the current world average, αS(mZ) = 0.1180± 0.0009. The spread of the αS(mZ)
values obtained from different PDF sets is used for the assignment of the “PDF choice” uncer-
tainty quoted in the final strong coupling constant derived here. The dominant uncertainty
in this measurement originates from the scale dependence of the NLO pQCD predictions, and
is expected to be significantly reduced with the future inclusion of fixed-order predictions at
next-to-NLO accuracy.

The evolution of the strong coupling as a function of the energy scale, αS(Q), has been tested
up to Q ≈ 2 TeV, a higher scale than that probed in previous H1, ZEUS, D0, CMS, and ATLAS
measurements. This test has been performed by choosing as energy scale Q the average jet
transverse momentum in the different intervals considered, and no deviation from the expected
NLO pQCD running of the strong coupling is observed.
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Á. Navarro Tobar , C. Perez Dengra , A. Pérez-Calero Yzquierdo , J. Puerta Pelayo ,
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15Also at Université Libre de Bruxelles, Bruxelles, Belgium
16Also at University of Latvia (LU), Riga, Latvia
17Also at an institute or an international laboratory covered by a cooperation agreement with
CERN
18Also at Helwan University, Cairo, Egypt
19Now at Zewail City of Science and Technology, Zewail, Egypt
20Also at British University in Egypt, Cairo, Egypt
21Now at Ain Shams University, Cairo, Egypt
22Also at Purdue University, West Lafayette, Indiana, USA
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34Also at CERN, European Organization for Nuclear Research, Geneva, Switzerland
35Now at an institute or an international laboratory covered by a cooperation agreement with
CERN
36Also at Institute of Physics, University of Debrecen, Debrecen, Hungary
37Also at Institute of Nuclear Research ATOMKI, Debrecen, Hungary
38Now at Universitatea Babes-Bolyai - Facultatea de Fizica, Cluj-Napoca, Romania
39Also at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt
40Also at HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
41Also at Punjab Agricultural University, Ludhiana, India
42Also at University of Visva-Bharati, Santiniketan, India
43Also at Indian Institute of Science (IISc), Bangalore, India
44Also at Birla Institute of Technology, Mesra, Mesra, India
45Also at IIT Bhubaneswar, Bhubaneswar, India
46Also at Institute of Physics, Bhubaneswar, India
47Also at University of Hyderabad, Hyderabad, India
48Also at Deutsches Elektronen-Synchrotron, Hamburg, Germany
49Also at Department of Physics, Isfahan University of Technology, Isfahan, Iran
50Also at Sharif University of Technology, Tehran, Iran



48

51Also at Department of Physics, University of Science and Technology of Mazandaran,
Behshahr, Iran
52Also at Italian National Agency for New Technologies, Energy and Sustainable Economic
Development, Bologna, Italy
53Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
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