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Inclusive dijet cross-sections have been measured in proton–proton collisions at a centre-of-

mass energy of 13 TeV using data with an integrated luminosity of 140 fb−1, recorded by the

ATLAS detector at the Large Hadron Collider during 2015–2018. Jets are identified using the

anti-:C algorithm with a radius parameter of ' = 0.4. The inclusive dijet double-differential

cross-sections are measured first as a function of the invariant dijet mass and the half absolute

rapidity separation between the two leading jets, (<jj, H
∗), and second as a function of the

invariant dijet mass and the total longitudinal boost of the dijet system, (<jj, Hboost). The

measured dijet system covers the invariant mass range from 240 GeV to almost 10 TeV, with

dijet separation H∗ < 3.0 and dijet boost Hboost < 3.0. The results are unfolded to the particle

level and compared with state-of-the-art next-to-next-to-leading-order full colour perturbative

QCD calculations, corrected for non-perturbative and electroweak effects.
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1 Introduction

Dijet cross-section measurements provide a fundamental test of Quantum Chromodynamics (QCD), in

particular its perturbative regime (pQCD), by probing the dynamics of hard parton–parton scattering. Using

data collected with the ATLAS detector [1] at the Large Hadron Collider (LHC) [2] at a centre-of-mass

energy of 13 TeV, a measurement of the inclusive dijet double-differential cross-section is presented as

a function of key kinematic observables. This analysis offers detailed insights into parton distribution

functions (PDFs) and higher-order QCD effects, providing robust constraints on theoretical predictions.

In this context, the dijet final state provides a particularly suitable environment, benefiting from the copious

production of jets in hadron-induced processes over a broad phase space. Several measurements were

already performed at the LHC: by CMS at centre-of-mass energies of 7, 8, and 13 TeV [3–5] and by

ATLAS at 7 and 13 TeV [6, 7]. The most recent 13 TeV ATLAS (CMS) measurements were based on

partial LHC Run-2 data samples corresponding to 3.2 fb−1 (36.3 fb−1).

In this article, measurements of the dijet cross-section in proton–proton (??) collisions at
√
B = 13 TeV

using anti-:C [8] jets with a radius parameter ' = 0.4 are presented. The double-differential cross-sections

are measured as functions of the invariant dijet mass, <jj, and one of two angular variables, H∗ or Hboost,

defined as

<jj =

√

(?1 + ?2)2, H∗ =
1

2
|H1 − H2 |, Hboost =

1

2
|H1 + H2 |,

using the jet four-momenta, ?1, ?2, and the rapidities, H1, H2, of the ?T-ordered leading and subleading

jets. The invariant mass <jj provides a direct handle on the energy scale of the hard interaction, while the

angular variables offer insight into the dynamics of the dijet system.

The variable H∗ is directly related to the scattering angle \∗ in the partonic centre-of-mass frame through

tanh(H∗) = cos(\∗), and the commonly used dijet angular variable j defined as j = 42H∗
=

1+cos(\∗ )
1−cos(\∗ ) .

The variable Hboost characterises the overall rapidity of the dijet system in the laboratory frame. Both

angular variables are directly related to the longitudinal momentum fractions of the incoming partons

G1,2 =
<jj√
B
4±Hboost with <jj = 2?T,avg cosh(H∗), where the formulas are derived for back-to-back jets at the

Born level. The positive (negative) sign corresponds to the leading (subleading) parton, and ?T,avg denotes

their average transverse momentum. Small Hboost values correspond to G1 ≈ G2, whereas large Hboost selects

strongly asymmetric momentum fractions. All three variables, <jj, H
∗, and Hboost provide sensitivity to the

parton momentum fractions G1,2 and, consequently, to the PDFs [9].

This measurement builds on previous dijet cross-section results by using a significantly larger data sample

collected by ATLAS with an integrated luminosity of 140 fb−1. The Hboost variable is used for the first time

in the dijet cross-section measurement by ATLAS. The increased data sample enhances statistical precision,

particularly in high-mass and forward regions where earlier measurements were limited by the sample

size. Additionally, an improved jet energy calibration is implemented, incorporating updated systematic

uncertainties [10, 11]. These updates reduce the experimental uncertainties in the jet energy scale by a

factor of two to three for <jj above a few hundred GeV, enabling more precise constraints on theoretical

predictions. The phase space of the measurement extends from <jj = 240 GeV to 10 TeV, covering a wide

kinematic range where the two highest-?T jets are required to be within |H | < 3.0. This broad coverage

allows stringent tests of pQCD across a wide range of the relevant hard-scattering scale, including regions

where higher-order effects and the running of the strong coupling become increasingly significant.

To fully exploit these improvements, the results of this measurement are compared with state-of-the-art

theoretical predictions, including next-to-next-to-leading-order (NNLO) QCD calculations with full colour
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for jet production [12] and the most recent PDFs [13–17]. These comparisons highlight the sensitivity to

NNLO pQCD corrections, particularly in kinematic regions where higher-order corrections could become

increasingly relevant.

Recently, Us was extracted from dijet cross-section measurements [18], using the invariant dijet mass as

the characteristic energy scale. This approach extends renormalisation group evolution (RGE) studies

up to scales of approximately 7 TeV, probing the running of Us at an unprecedented energy. The present

measurement, with its extended <jj range and reduced experimental uncertainties, provides an opportunity

to further test the validity of this scale choice and its implications for high-energy QCD dynamics.

After the introduction and a brief description of the ATLAS detector in Section 2, the definition of

the cross-sections is given in Section 3. Data and Monte Carlo (MC) samples, event selection, trigger

strategy, and jet calibration are described in Section 4. The unfolding procedure is explained in Section 5.

In Section 6, sources of experimental uncertainties are presented. Section 7 describes the details and

settings of the calculation of the pQCD prediction, the non-perturbative corrections and electroweak

corrections. In Section 8, the final results and theory are compared and interpreted using statistical j2

tests.

2 ATLAS detector

The ATLAS detector [1] at the LHC covers nearly the entire solid angle around the collision point.1 It

consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic

and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting air-core

toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle

tracking in the range |[ | < 2.5. The high-granularity silicon pixel detector covers the vertex region and

typically provides four measurements per track, the first hit generally being in the insertable B-layer (IBL)

installed before Run 2 [19, 20]. It is followed by the SemiConductor Tracker (SCT), which usually provides

eight measurements per track. These silicon detectors are complemented by the transition radiation tracker

(TRT), which enables radially extended track reconstruction up to |[ | = 2.0. The TRT also provides

electron identification information based on the fraction of hits (typically 30 in total) above a higher

energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |[ | < 4.9. Within the region |[ | < 3.2,

electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)

calorimeters, with an additional thin LAr presampler covering |[ | < 1.8 to correct for energy loss in

material upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile

calorimeter, segmented into three barrel structures within |[ | < 1.7, and two copper/LAr hadronic endcap

calorimeters. The solid angle coverage is completed by forward copper/LAr and tungsten/LAr calorimeter

modules optimised for electromagnetic and hadronic energy measurements, respectively.

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 I-axis along the beam pipe. The G-axis points from the IP to the centre of the LHC ring, and the H-axis points upwards.

Polar coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity is

defined in terms of the polar angle \ as [ = − ln tan(\/2) and is equal to the rapidity H =
1
2

ln
(

�+?I
�−?I

)

in the relativistic limit.

Angular distance is measured in units of Δ' ≡
√

(ΔH)2 + (Δq)2.
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The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring

the deflection of muons in a magnetic field generated by the superconducting air-core toroidal magnets.

The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers

of precision chambers, each consisting of layers of monitored drift tubes, cover the region |[ | < 2.7,

complemented by cathode-strip chambers in the forward region, where the background is highest. The

muon trigger system covers the range |[ | < 2.4 with resistive-plate chambers in the barrel, and thin-gap

chambers in the endcap regions.

The luminosity is measured mainly by the LUCID–2 [21] detector that records Cherenkov light produced

in the quartz windows of photomultipliers located close to the beampipe.

Events were selected by the first-level trigger system implemented in custom hardware, followed by

selections made by algorithms implemented in software in the high-level trigger [22]. The first-level trigger

accepted events from the 40 MHz bunch crossings at a rate close to 100 kHz, which the high-level trigger

further reduced in order to record complete events to disk at about 1.25 kHz.

A software suite [23] 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.

3 Dijet cross-section definition

The measured cross-section is corrected to particle level using simulated samples with jets constructed

directly from generated stable particles with lifetimes satisfying 2g > 10 mm, excluding muons and

neutrinos. The jets are clustered using the collinear and infrared-safe anti-:C algorithm [8] with a radius

parameter of ' = 0.4, as implemented in the FastJet [24] package.

The event selection requires at least two jets with transverse momentum ?T > 75 GeV and rapidity |H | < 3.0.

Additionally, the scalar sum of the two leading jet ?T, �T,2 = ?T,1 + ?T,2, is required to be above 200 GeV,

ensuring the stability of the pQCD calculations [25, 26].

The inclusive dijet double-differential cross-section is calculated for (<jj, H
∗) and (<jj, Hboost) at the particle

level as a ratio of dijet event yields #part to the integrated luminosity Lint and the bin widths of Δ<jj, and

ΔH∗ or ΔHboost, respectively,

d2f

d<jjdH∗
=

1

Lint

#part

Δ<jjΔH∗
,

d2f

d<jjdHboost

=
1

Lint

#part

Δ<jjΔHboost

.

The dijet event topologies in corresponding analysis bins of H∗ and Hboost are illustrated in Figure 1. The H∗

and Hboost equidistant binning from 0.0 to 3.0 and the 0.5 bin width are chosen for two reasons: first, to

ensure consistency with the previous ATLAS dijet cross-section measurement [7] performed in H∗ bins;

and second, to satisfy the kinematic constraints between H∗ and Hboost variables.
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Figure 1: An illustration of the dijet event topology in the laboratory frame as a function of the H∗ = |H1 − H2 |/2 and

Hboost = |H1 + H2 |/2 observables, with H1 and H2 being the rapidities of the leading and subleading jets. Projections

of individual rows (columns) to the H∗ (Hboost) axis correspond to the bin configurations of the measurement. In each

subfigure, the horizontal axis corresponds to the beam direction, while the vertical axis represents the G–H plane.

The invariant dijet mass binning of <jj is optimised to obtain a uniform purity2 of 50% and a corresponding

stability3 above 50% derived from MC simulations. Additionally, the <jj binning guarantees at least 10

events in the reconstructed ATLAS data and maintains reasonable statistical uncertainty in ATLAS MC

simulations.

4 Data, simulation, and event selection

This measurement uses the complete LHC Run-2 data sample collected between 2015 and 2018, satisfying the

ATLAS data quality requirements, ensuring that all relevant detector subsystems were fully operational [27].

The integrated luminosity reached 140 fb−1 with a corresponding uncertainty of 0.83% [28], determined

with the van der Meer beam separation scan method using the LUCID-2 sub-detector [21] and a set of

complementary measurements using the inner detector and the calorimeter.

The data events are selected with a set of single-jet triggers [29–31] with ?T thresholds ranging from

60 GeV to 420 GeV and a detector acceptance of |[ | < 3.2. The lower threshold single-jet triggers are

prescaled to reduce high trigger rates and record only a fraction of events for online processing and data

storage at an acceptable level. Only the highest ?T threshold single-jet triggers are unprescaled to record

2 Purity represents the conditional probability of observing a particle-level dijet (T) for a given reconstructed-level dijet (R)

entering the response matrix, expressed as %() |') = %() ∩ ')/%(').
3 Stability represents the conditional probability of observing a reconstructed-level dijet (R) from a given particle-level dijet (T)

entering the response matrix, expressed as %(' |)) = %() ∩ ')/%()).
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each observed event with high-?T jets. A leading-jet trigger strategy [32] is employed, where the trigger

is accepted only if the leading jet fell within a predefined ?T range, achieving an efficiency of 99.5%.

To obtain a smooth <jj spectrum at the reconstructed level, events are weighted according to the trigger

prescale.

The event reconstruction includes particle flow jets [33], which combine topological clusters [34] in

the calorimeter system with tracks from the inner detector to improve the jet energy resolution and the

reconstruction efficiency at low ?T. The jet energy calibration begins by mitigating pile-up effects through

a data-driven event-by-event pile-up ?T-density and jet–area subtraction, followed by residual pile-up

MC-based corrections for the dependence on the number of interactions per bunch crossing and the number

of primary vertices. An absolute MC-based calibration is then applied to restore the jet four-momentum

to the particle level in bins of [ and ?T. The global sequential calibration is subsequently applied to

reduce flavour- and topology-dependence. Finally, residual data-to-MC differences are corrected using

in-situ techniques in W+jet, /+jet, dijet, and multijet events. The resulting jet energy scale reaches per-cent

precision for central jets with ?T > 100 GeV, with uncertainties reduced by a factor of two to three

compared with early Run 2 [10, 11].

The simulated events are generated using Pythia 8.230 [35] with leading-order (LO) matrix elements for

2 → 2 dijet production, including the default Pythia Lund string hadronisation model [36, 37], transverse

momentum ordering [38] parton showers, and the A14 [39] set of tuned parameters. The renormalisation

and factorisation scales are set to the geometric mean of the squared transverse masses of the two outgoing

particles, <T,1, <T,2, in the matrix element,
√

<2
T,1

· <2
T,2

=

√

(?2
T,1

+ <2
1
) (?2

T,2
+ <2

2
). The NNPDF2.3lo

PDF set [40] is used in the matrix element generation, the parton shower, and in the simulation of the

multi-parton interactions. For the modelling of heavy hadron decays, EvtGen [41] is used.

The simulated events are propagated through the full detector simulation [42] of the ATLAS detector using

Geant4 [43] and overlaid with inelastic minimum-bias interactions generated using Pythia 8.1 [44] to

simulate pile-up interactions. The simulated events are re-weighted according to the normalised distribution

of an actual number of pile-up interactions to match the measured data precisely. The simulated particles

are reconstructed with the same software [23] as the ATLAS data.

The jet cleaning requirements are applied to both data and simulated events [45], which suppress background

from coherent noise, pathological calorimeter cells, and beam-induced effects. Additionally, events must

contain at least one well-reconstructed primary vertex built from at least two associated inner detector

tracks with ?T > 500 MeV.

5 Unfolding of detector effects

To obtain the final dijet cross-sections at particle level, the reconstructed data distributions are corrected for

detector inefficiencies and resolution effects using a modified Bayesian technique, the iterative, dynamically

stabilised (IDS) method of data unfolding [46].

Migrations of dijet events across analysis bins between the particle and reconstructed levels are described

with a response matrix built using MC-simulated dijet events.4 The particle-level and reconstructed-level

jets are geometrically matched according to their angular distance. Two jets are considered to be matched

4 Migrations in both (<jj, H
∗) are simultaneously accounted for in the unfolding, as the response matrix is constructed to include

all <jj bins across the six H∗ intervals. The same approach is applied for (<jj, Hboost).
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if they are closer to each other than to any other jet and lie within a radius of Δ' = 0.3. The leading and

subleading reconstructed jets must be matched to the leading and subleading particle jets.5 The response

matrix is filled with dijet masses calculated using particle-level and reconstructed-level dijet events that

simultaneously satisfy the analysis selection criteria described in Section 4 and that are geometrically

matched between the two levels. Events passing the selection on the reconstructed (particle) level that

either fail to satisfy the selection on the particle (reconstructed) level or do not pass the matching procedure

are used for impurity (inefficiency) corrections during the unfolding.

Reconstructed data are unfolded to the particle level using a three-step procedure, which corrects for the

matching impurity at the reconstructed level, migrations of dijet events between analysis bins, and matching

inefficiency at the particle level. The number of dijet events, #
part

8
, at the particle level in bin 8 is calculated

from the number of events, # reco
:

, at the reconstructed level in bin : , according to

#
part

8
=

∑

:

# reco
: · P: · U8:/E8 ,

where P: and E8 denote matching purity and matching efficiency, respectively, in corresponding bins.

The matching purity, P: , is defined using the previously described matching procedure as the fraction of

reconstructed-level dijet events matched to corresponding particle-level events in the reconstructed bin : .

Similarly, the matching efficiency, E8, is defined as a fraction of particle-level dijet events matched to

corresponding reconstructed-level events in the particle bin 8. Elements of the unfolding matrix, U8: , are

calculated from the response matrix and describe the probability of a dijet event reconstructed in a bin : to

originate from a particle-level bin 8.

The particle-level MC-simulated spectrum and, therefore, the unfolding matrix, U, are iteratively improved

in the IDS unfolding method. The residual shape uncertainty of the unfolded spectrum is evaluated

using a data-driven closure test [46]. The particle-level MC-simulated spectrum is reweighted so that

the agreement at the reconstructed level between the data and MC simulation is improved. The relative

difference between the reweighted reconstructed-level MC spectrum unfolded by the nominal response

matrix and the reweighted particle-level MC spectrum is interpreted as a bias of the unfolding procedure.

The number of iterations of the IDS method is chosen such that the residual bias in each analysis bin

is smaller than the respective statistical uncertainty, considering both data and MC contributions. One

iteration is chosen for H∗-binned cross-section and two iterations are chosen in the case of Hboost.

6 Experimental uncertainties

The total experimental uncertainty in the cross-sections, combining effects of statistical fluctuations of data

and MC simulation and various sources of systematic uncertainties, is shown in Figure 2.

The statistical uncertainty in the measurement consists of data and MC simulation contributions, which

are propagated through the unfolding procedure using a set of 1000 pseudo experiments. Each pseudo

experiment is created by fluctuating weights of the dijet events according to a Poisson distribution with

a mean equal to one, producing varied data spectra and MC-simulated response matrices. The data

contribution to the total statistical uncertainty is evaluated by unfolding the fluctuated data spectra using

the nominal response matrix, whereas the MC contribution is propagated by unfolding the nominal data

5 The order of the two jets can be swapped between the reconstructed and particle levels due to the resolution effects, allowing for

leading-to-subleading and subleading-to-leading matches.
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Figure 2: Relative systematic uncertainty in the dijet cross-section as a function of <jj in the first and last H∗ (a, b) and

Hboost (c, d) analysis bins. The components of the uncertainty are displayed as colour bands—Jet energy scale, Jet

energy resolution, and Other (combining the residual unfolding bias, the effect of disabled Tile calorimeter modules,

and the luminosity uncertainty). The total systematic uncertainty is obtained as a quadrature sum of the components

and is compared with the statistical component.
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spectrum using the fluctuated response matrices. The corresponding statistical uncertainties are calculated

as the root mean square error from the resulting distributions. Bootstrap replicas are also used to produce a

covariance matrix describing correlations between the analysis bins.

The total statistical uncertainty of the measurement is calculated as a quadrature sum of the data and MC

contributions. In the first H∗ analysis bin, the uncertainty is about 0.1% at lower <jj values and increases

up to 24% at higher <jj. In the last H∗ bin, the uncertainty is about 1% at lower <jj values and increases up

to 12% at higher <jj. Similarly, in the first Hboost bin, the uncertainty is about 0.2% at lower <jj values and

increases up to 10% at higher <jj. In the last Hboost bin, the uncertainty is about 0.5% at lower <jj values

and increases up to 18% at higher <jj.

The jet energy scale (JES) uncertainty is the dominant systematic uncertainty of this measurement. It is

evaluated using various simulation-based techniques and in-situ measurements described in Refs. [10,

11]. The full JES uncertainty set of 1172 individual components, including the latest improvements6

discussed in Ref. [11], is used. All components of the JES uncertainty are propagated through the unfolding

procedure using an MC simulation. Each reconstructed jet ?T is scaled up and down by one standard

deviation of a given component. The <jj spectra produced using the varied jets are unfolded with the

nominal response matrix. The relative difference to the nominal unfolded MC spectrum is taken as a

corresponding systematic uncertainty, which is applied to the unfolded data.

At higher <jj values, the [ intercalibration method uncertainty (described in Ref. [10]) is the dominant JES

uncertainty component in all Hboost and high-H∗ bins. In low-H∗ bins, the uncertainty in the energy response

to isolated hadrons (described in Refs. [11, 47]) is the most significant component. At lower <jj values,

the pile-up uncertainty is the dominant component in low-H∗ and low-Hboost bins, being overtaken by the

[ intercalibration method uncertainty for higher H∗ and Hboost values.

The jet energy resolution (JER) is measured using various techniques described in Ref. [10]. The JER

systematic uncertainty is split into 34 individual components. Each component is propagated through the

unfolding procedure using an MC simulation by smearing the jet ?T according to a Gaussian function with

a width fsmear,

f2
smear = (fnom + |fNP |)2 − f2

nom,

where fnom is the nominal resolution in the MC sample and fNP is a one-standard-deviation variation of a

given uncertainty component [10]. Components of the JER uncertainty can involve JER improvement

in part of the phase space, but JER degradation in another, relative to the nominal resolution fnom. To

preserve anti-correlations in such cases, the JER improvement and degradation are treated differently.

The effect of JER degradation is propagated by smearing the ?T of MC-simulated jets filled into the

reconstructed spectrum. In contrast, the effective JER improvement is realised by smearing the ?T of MC

jets used for the response matrix construction. The relative difference between the varied reconstructed

spectrum unfolded by the varied response matrix and the nominal reconstructed spectrum unfolded by the

nominal response matrix is taken as the corresponding systematic uncertainty.

The relative residual unfolding bias described in Section 5 is applied to the unfolded data as a source of

systematic uncertainty. It stays mostly below one per mil and reaches up to a few per cent for large values

of <jj.

The effect of certain Tile calorimeter modules being disabled due to technical problems during the Run 2

data taking [48] is evaluated by comparing the nominal cross-section and one produced while removing

6 Jet energy scale uncertainty improvements come mainly from reduced jet flavour response and single-particle deconvolution

uncertainties [11].

10



dijet events with jets pointing to the disabled modules in both the data and MC simulations. The difference,

reaching up to approximately one per cent in some <jj bins, is taken as a systematic uncertainty.

The relative luminosity uncertainty of 0.83% [28] is applied across all <jj bins.

No additional sources of the experimental systematic uncertainty are considered. For particle flow jets, the

effect of the jet angular resolution is negligible relative to the other sources of the uncertainty. There is no

uncertainty associated with the jet quality selection.

To mitigate the effects of statistical fluctuations of the systematic uncertainty estimates, a smoothing

procedure is applied to the JES and JER components, the effect of disabled Tile modules, and to the

unfolding bias. First, statistical uncertainties in the uncertainty components are estimated by using pseudo

experiments (100 for each component). Second, neighbouring <jj bins are combined until the statistical

significance in each bin is larger than two standard deviations. Last, a Gaussian kernel smoothing [49] is

applied, restoring the original, fine binning.

The total systematic uncertainty on the dijet cross-section measurement is calculated as a quadrature sum

of the components. In the first H∗ analysis bin, the uncertainty is about 2% at medium <jj, increasing to 4%

at low <jj and up to 10% at high <jj. In the last H∗ bin, the uncertainty is higher: about 6% at medium <jj,

increasing to 7% at low <jj and up to 14% at high <jj. Similarly, in the first Hboost bin, the uncertainty is

below 4% at low <jj and rises to 16% at high <jj. In the last Hboost bin, it increases from below 7% at low

<jj to 22% at high <jj.

7 Theoretical prediction

Theoretical predictions of the dijet cross-sections are obtained using pQCD, supplemented by corrections

for non-perturbative and electroweak effects. While the previous ATLAS dijet publication [7] relied on

next-to-leading-order (NLO) leading colour pQCD predictions from NLOJet++ [50, 51], the theoretical

precision is now improved by employing NNLO predictions with full colour information, obtained using

NNLOJET [12, 52–54] interfaced to pineAPPL [55] and APPLGRID [56] for fast convolutions with varied

input parameters (PDFs, renormalisation and factorisation scales and the strong coupling constant). The

predictions are calculated using several recent PDF sets provided by the LHAPDF6 [57] library: CT18 [13],

MSHT2020 [14], NNPDF3.1 [15], NNPDF4.0 [16] and ATLASpdf21 [17]. The corresponding NNLO

sets are used with the value of the strong coupling constant taken from the corresponding PDF set. The

applied renormalisation and factorisation scale of dijet invariant mass, `R = `F = <jj, is the one proposed

in Ref. [53].

The uncertainties in the theoretical predictions come from the uncertainties on the PDFs, the renormalisation

and factorisation scales, and the uncertainty in the value of the strong coupling constant. The PDF

uncertainties are defined at 68% confidence level (CL) and propagated through the calculation following

the recommendation of each PDF set. The scale uncertainty is estimated as the envelope obtained by

varying the renormalisation and factorisation scales up and down by a factor of 2 from the nominal values,

excluding the opposite variations in the two scales. The uncertainty in the value of the strong coupling

constant is estimated by varying its value by 0.001 from the nominal value Us(<Z) = 0.118 in the matrix

element and applying the corresponding shifted PDF sets.

The representative uncertainties in the theoretical predictions from the NNLO calculation using the

CT18NNLO (NNPDF4.0) PDF sets are shown in Figure 3 ( Figure 4). At the highest <jj, CT18NNLO has
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PDF uncertainties of up to 15–22%, whereas NNPDF4.0 reaches about 2% (except in the highest <jj region

of the highest Hboost bin, where it can reach about 6%), consistent with the 1–2% precision7 quoted by the

NNPDF Collaboration [16]. For NNPDF4.0, the PDF uncertainty is comparable to the Us and statistical

components, while the scale uncertainty becomes the dominant contribution.
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Figure 3: Relative NNLO pQCD theoretical uncertainties for dijet cross-section predictions for the CT18NNLO

PDF set. Panels a, b (c, d) correspond to the first and last H∗ (Hboost) analysis bins. The uncertainties due to the

renormalisation and factorisation scales, the value of Us, the choice of particular PDF, the statistical uncertainty

on the calculation and the total uncertainty are shown. The total uncertainty is calculated by adding the individual

uncertainties in quadrature.

To obtain the predicted cross-section at the particle level, non-perturbative (NP) corrections are applied

to the parton-level pQCD predictions. These corrections are obtained using LO MC generators, as the

bin-by-bin ratios of the nominal particle-level MC prediction to the prediction from the partons remaining

after showering (PS), but with hadronisation (HAD) and multi-parton interactions (MPI) modelling

7 Each PDF set employs different input data samples and methodologies. The 1–2% level of precision achieved by NNPDF4.0 is

widely recognised within the PDF community and is confirmed in several benchmarking studies [16]. Despite this, CT18NNLO

is adopted as the default PDF set in this measurement because its PDF uncertainty is comparable to that of other modern global

fits (e.g. MSHT2020, ATLASpdf21). The choice is consistent with the most recent dijet CMS measurement [5].
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Figure 4: Relative NNLO pQCD theoretical uncertainties for dijet cross-section predictions for the NNPDF4.0

PDF set. Panels a, b (c, d) correspond to the first and last H∗ (Hboost) analysis bins. The uncertainties due to the

renormalisation and factorisation scales, the value of Us, the choice of particular PDF, the statistical uncertainty

on the calculation and the total uncertainty are shown. The total uncertainty is calculated by adding the individual

uncertainties in quadrature.
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switched off, according to

NP corrections =
fParticle level

fParton level
=

fPS+HAD+MPI

fPS
.

In order to account for various HAD and MPI models, several MC generators with different hadronisation

models, PDFs and sets of tuned parameters due to the underlying events8 are considered as shown

in Table 1.

Table 1: List of MC generators, hadronisation models, PDF sets, and tuned parameters due to underlying event used

for the determination of the NP corrections.

MC generator Hadronisation PDF Tuned parameters

Pythia 8.210 [35] Lund String model [36, 37] CTEQ6L1 [58] C4 [59]

Pythia 8.210 Lund String model CTEQ6L1 AU2 [60]

Pythia 8.210 Lund String model CT10 [61] AU2

Pythia 8.210 Lund String model NNPDF2.3 [40] A14 [39]

Herwig 7.2.3p2 [62] Cluster model [63] NNPDF2.3 H7.1-Default [64]

Herwig 7.2.3p2 Cluster model NNPDF2.3 H7.1-BaryonicReconnection [65]

Herwig 7.2.3p2 Cluster model NNPDF2.3 H7.1-Soft

The final NP corrections (NPC) are evaluated as the envelope of all sets of the tuned parameters around

the nominal prediction from Pythia 8.210 with NNPDF2.3 and the A14 tuned parameters. The nominal

central values are applied as multiplicative correction factors to the theory, while the envelope defines an

additional systematic uncertainty. The smoothed out representative NPC factors are shown in Figure 5.

The NP corrections reach 5% at low dijet mass region and decrease at high dijet mass in all H∗ bins. In

contrast, the NPC factors stand approximately constant as a function of <jj in the lower Hboost bins, whereas

a decreasing trend is observed in high Hboost bins.

The pQCD predictions are subsequently corrected for electroweak (EW) effects calculated for 2 → 2

processes up to NLO order using a tree and one-loop correction factors:

EW corrections = 1 + Xtree + X1-loop. (1)

The individual terms Xtree and X1-loop are defined as ratios relative to the LO pQCD cross-section. The

contribution proportional to Xtree accounts for tree-level effects of order U2 (pure EW), and UsU (QCD–EW

interference). The X1-loop term includes one-loop virtual corrections of order U2
sU at NLO. These correction

factors, computed within the same phase space as the measurement, are provided by the authors of Ref. [66].

No uncertainty associated with these corrections is presently estimated.

The electroweak corrections are shown in Figure 6. Their impact is negligible at low <jj but increases with

dijet mass, reaching up to +10% in the lowest H∗ bins, then it suddenly drops up to −5% with increasing H∗.
In the Hboost bins, the corrections reach up to −3% in the high <jj region.

A strong dependence of the electroweak corrections is observed in the (<jj, H
∗) phase space, particularly

across the transition between the first and second H∗ bins. The competition between the two contributions

8 The Herwig7.1 tuned parameters are fitted to LHC data at 900 GeV, 7 TeV, and 13 TeV, with Tevatron measurements used only

for validation. The Pythia AU2 tuned parameters are primarily based on ATLAS minimum-bias and underlying-event data at

7 TeV and 900 GeV, with Tevatron (CDF) underlying-event observables included only with small weights to guide the energy

extrapolation. The later A14 tuned parameters are derived solely from LHC Run-1 data. For the non-perturbative correction,

the A14 tuned parameters are used with the NNPDF2.3 PDF as nominal, and the others are used to evaluate the uncertainty.
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Figure 5: The non-perturbative correction factors in the first and last H∗ (a, b) and Hboost bins (c, d). The nominal

non-perturbative correction factors are derived using Pythia 8.210, NNPDF2.3 PDF set, and A14 tuned parameters,

while the envelope defines the associated uncertainty applied to the theory.
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Figure 6: Electroweak correction factors for the dijet double-differential cross-section as a function of the invariant

dijet mass <jj in (a) six H∗ bins and (b) six Hboost bins. The calculation follows the methodology of Ref. [66].

Xtree and X1-loop drives this behaviour: the positive and rapidly decreasing tree-level term, Xtree, and the

negative and slowly decreasing one-loop level term, X1-loop, which arises primarily from negative Sudakov

logarithms. In the central region (H∗ < 0.5), the dominant Xtree contributions originate from @@-initiated

tree-level processes (most notably from partonic sub-processes such as DD → DD and D3 → D3) in the

interference between QCD and EW at order O(UBU), where only the interference terms of the C-, D-, and

B-channels contribute, while the squared topologies vanish due to the colour structure [66]. Notably, this

interference is more central in rapidity than the dominant QCD contributions, which mainly originate from

squared topologies of Mandelstam variables D2, C2, and B2.

8 Results

The unfolded double-differential inclusive dijet cross-sections are presented as functions of (<jj, H
∗)

and (<jj, Hboost) and compared with theoretical predictions based on pQCD, including electroweak and

non-perturbative corrections. The measurements benefit from the full Run-2 data sample of 140 fb−1,

providing unprecedented statistics and substantially reduced statistical uncertainties with respect to the

previous measurement. The improved jet energy calibration has also been implemented, reducing the

jet energy scale uncertainty by up to a factor of three for central dijet configurations (H∗ < 0.5) with

<jj > 1 TeV. These improvements lead to a smaller total experimental uncertainty and enable more precise

comparisons with theoretical predictions. The measured kinematic region covers dijets with H∗, Hboost

between 0.0 and 3.0 and <jj between 240 GeV and nearly 10 TeV, with the highest observed dijet mass

reaching 9.54 TeV. Representative comparisons between data and theory are shown in Figures 7 and 8,

based on nominal NNLO pQCD predictions using the CT18NNLO PDF set.

The theory-to-data comparisons using NLO and NNLO matrix elements of pQCD calculations with the
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nominal CT18 PDF set are presented in Figures 9 and 10. The NLO matrix elements are coupled to the

NLO PDF set, while the NNLO matrix elements are coupled to the NNLO PDF. Both NLO and NNLO

predictions overestimate the data on average by 15–20%.

At low H∗ (H∗ < 1.5), the theoretical predictions overestimate the data, with the theory to data ratio gradually

decreasing as <jj increases. At higher H∗ values, the differences become more pronounced, showing a clear

rise in the theory to data ratio with increasing <jj. A similar trend is observed across the Hboost bins, where

the agreement progressively worsens toward larger Hboost and large <jj. For the (<jj, H
∗) measurement, the

NNLO predictions provide an improved description of the shape at low H∗, which contains the majority

of events in the phase space. At higher H∗ values, however, the NNLO predictions remain consistently

above the data, similar to the NLO predictions. In the (<jj, Hboost) measurement, a better agreement is

also observed at low <jj across all Hboost bins. Furthermore, the NNLO predictions lead to an improved

agreement with the data for all <jj bins at higher Hboost values above 1.5. This behaviour is expected since

each Hboost bin is dominated by contributions from low-H∗ events, as illustrated in Figure 1.

These observations might be attributed to the limitations of fixed-order pQCD calculations, including

the residual dependence on the unphysical renormalisation and factorisation scales, which affect both

the shape and normalisation of the predictions. The conventional prescriptions for estimating theory

uncertainties—based on seven-point scale variations and PDF uncertainties—do not necessarily capture

the differences between central values obtained with all possible scale choices or between different PDF

sets [67, 68]. Additional limitations may arise from the absence of resummation effects, which are still

under development [69]. Another difference may arise from the choice of jet radius '. Small-' jets,

including the ATLAS standard jets with ' = 0.4, might have an additional perturbative uncertainty9 [70].

Larger radii might also be preferred at LHC energies, where gluon-initiated jets dominate.

The complementary comparison for the alternative PDF sets (CT18, NNPDF3.1, NNPDF4.0, MSHT2020,

and ATLASpdf21T3 using fixed NNLO matrix elements) are available in Figures 11 to 14 showing an

almost constant offset between each of them, all being above the unfolded data. Focusing on the central

values, the NNPDF4.0 PDF set shows the best overall agreement with the unfolded data—even in the

high-<jj region with a boosted topology (large Hboost), where most predictions tend to overestimate the data

more steeply due to resummation effects. Since the NNPDF4.0 set provides significantly smaller PDF

uncertainties—up to 2% level precision—it may lead to higher j2 values compared with other PDF sets,

whose broader uncertainty bands can result in better quantitative agreement to data.

9 For small jet radii, perturbative emissions outside the jet lead to a logarithmic '-dependent shift in the jet momentum,
〈X?) 〉
?)

∼ UB
c
!8 ln('), where !8 encodes a dependence on the colour factor of the initiating parton. For ' < 1.0, the effect

increases in magnitude with decreasing ' [70].
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Figure 7: Double-differential cross-section as a function of the invariant dijet mass <jj in six equidistant H∗ bins.

Each distribution is scaled by an additional factor 10−=, indicated in the legend, to improve visibility. The figure

compares the ATLAS unfolded data with NNLO predictions obtained using the CT18 PDF set, with electroweak and

non-perturbative corrections applied. Coloured bands represent the total theoretical uncertainties, while vertical

error bars show the experimental uncertainties.
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Figure 8: Double-differential cross-section as a function of the invariant dijet mass <jj in six equidistant Hboost bins.

Each distribution is scaled by an additional factor 10−=, indicated in the legend, to improve visibility. The figure

compares the ATLAS unfolded data with NNLO predictions obtained using the CT18 PDF set, with electroweak and

non-perturbative corrections applied. Coloured bands represent the total theoretical uncertainties, while vertical

error bars show the experimental uncertainties.
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Figure 9: Theory-to-data ratio for the double-differential cross-section as a function of the invariant dijet mass <jj in

six equidistant H∗ bins for anti-:C ' = 0.4 jets at the particle level. The sub-figures show different orders (NLO and

NNLO) of pQCD full colour predictions via the NNLOJET programme at the parton level using the CT18 PDF set

and renormalisation and factorisation scales of `R = `F = <jj. The pQCD calculations are corrected by electroweak

and non-perturbative corrections to obtain the complete predictions at the particle level. The theory is compared with

the data unfolded to the particle level using the IDS method with one iteration. Coloured vertical line errors indicate

the total systematic uncertainties in pQCD calculations, including the effect of non-perturbative corrections. Vertical

band errors around 1.0 indicate total experimental uncertainty in the data.
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Figure 10: Theory-to-data ratio for the double-differential cross-section as a function of the invariant dijet mass

<jj in six equidistant Hboost bins for anti-:C ' = 0.4 jets at the particle level. The sub-figures show different orders

(NLO and NNLO) of pQCD full colour predictions via the NNLOJET programme at the parton level using the CT18

PDF set and renormalisation and factorisation scales of `R = `F = <jj. The pQCD calculations are corrected by

electroweak and non-perturbative corrections to obtain the complete predictions at the particle level. The theory is

compared with the data unfolded to the particle level using the IDS method with two iterations. Coloured vertical

line errors indicate the total systematic uncertainties in pQCD calculations, including the effect of non-perturbative

corrections. Vertical band errors around 1.0 indicate total experimental uncertainty in the data.
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Figure 11: Theory-to-data ratio for the double-differential cross-section as a function of the invariant dijet mass

<jj in six equidistant H∗ bins for anti-:C ' = 0.4 jets at the particle level. The sub-figures compare NNLO pQCD

calculations with different PDF sets (CT18, NNPDF3.1, and NNPDF4.0) to the ATLAS data. The pQCD full colour

predictions via the NNLOJET programme include renormalisation and factorisation scales of `R = `F = <jj. The

pQCD calculations are corrected by electroweak and non-perturbative corrections to obtain the complete predictions

at the particle level. The theory is compared with the data unfolded to the particle level using the IDS method with

one iteration. Coloured vertical line errors indicate the total systematic uncertainties in pQCD calculations, including

the effect of non-perturbative corrections. Vertical band errors around 1.0 indicate total experimental uncertainty in

the data.
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Figure 12: Theory-to-data ratio for the double-differential cross-section as a function of the invariant dijet mass <jj

in six equidistant Hboost bins for anti-:C ' = 0.4 jets at the particle level. The sub-figures compare NNLO pQCD

calculations with different PDF sets (CT18, NNPDF3.1, and NNPDF4.0) to the ATLAS data. The pQCD full colour

predictions via the NNLOJET programme include renormalisation and factorisation scales of `R = `F = <jj. The

pQCD calculations are corrected by electroweak and non-perturbative corrections to obtain the complete predictions

at the particle level. The theory is compared with the data unfolded to the particle level using the IDS method

with two iterations. Coloured vertical line errors indicate the total systematic uncertainties in pQCD calculations,

including the effect of non-perturbative corrections. Vertical band errors around 1.0 indicate total experimental

uncertainty in the data.
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Figure 13: Theory-to-data ratio for the double-differential cross-section as a function of the invariant dijet mass

<jj in six equidistant H∗ bins for anti-:C ' = 0.4 jets at the particle level. The sub-figures compare NNLO pQCD

calculations with different PDF sets (MSHT2020, ATLASpdf21T3) to the ATLAS data. The pQCD full colour

predictions via the NNLOJET programme include renormalisation and factorisation scales of `R = `F = <jj. The

pQCD calculations are corrected by electroweak and non-perturbative corrections to obtain the complete predictions

at the particle level. The theory is compared with the data unfolded to the particle level using the IDS method with

one iteration. Coloured vertical line errors indicate the total systematic uncertainties in pQCD calculations, including

the effect of non-perturbative corrections. The prediction using the ATLASpdf21T3 PDF set does not include UB

variation as a source of theoretical systematic uncertainty. Vertical band errors around 1.0 indicate total experimental

uncertainty in the data.
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Figure 14: Theory-to-data ratio for the double-differential cross-section as a function of the invariant dijet mass <jj

in six equidistant Hboost bins for anti-:C ' = 0.4 jets at the particle level. The sub-figures compare NNLO pQCD

calculations with different PDF sets (MSHT2020, ATLASpdf21T3) to the ATLAS data. The pQCD full colour

predictions via the NNLOJET programme include renormalisation and factorisation scales of `R = `F = <jj. The

pQCD calculations are corrected by electroweak and non-perturbative corrections to obtain the complete predictions

at the particle level. The theory is compared with the data unfolded to the particle level using the IDS method

with two iterations. Coloured vertical line errors indicate the total systematic uncertainties in pQCD calculations,

including the effect of non-perturbative corrections. The prediction using the ATLASpdf21T3 PDF set does not

include UB variation as a source of theoretical systematic uncertainty. Vertical band errors around 1.0 indicate total

experimental uncertainty in the data.
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A quantitative assessment of the agreement between the measured dijet cross-section and theoretical

predictions requires a statistical approach. To evaluate the consistency of the data with theoretical

expectations, a j2 test is employed as described in Ref. [6].

The j2 test provides a measure of the overall compatibility between the experimental results and the

predictions, including the correlations, accounting for statistical and (possibly asymmetric) systematic

uncertainties. The individual experimental and theory uncertainty components are treated as mutually

uncorrelated, while full correlation is assumed across the (<jj, H
∗) or (<jj, Hboost) bins, respectively.

Statistical correlations across these bins are evaluated using covariance matrices derived from 1000 pseudo

experiments, in which both the data and MC simulation are fluctuated according to Poisson statistics.

From the theory perspective, separate components for scale variations, PDF eigenvectors, non-perturbative

corrections, and the strong coupling constant are implemented. The PDF eigenvectors for NNPDF sets are

obtained from a covariance matrix derived based on the pseudo experiments.

The j2 tests are performed to evaluate the sensitivity of the measurement to electroweak and non-

perturbative corrections using a fixed-order NNLO pQCD prediction with the CT18NNLO PDF set. For

the (<jj, H
∗) measurement, a strong sensitivity to electroweak effects is observed in global j2/ndf (329/237

with vs. 396/237 without). In contrast, the impact of non-perturbative corrections is small (329/237 with

vs. 338/237 without). For the (<jj, Hboost) measurement, no sensitivity is observed to either electroweak

nor non-perturbative effects, as the j2/ndf remains nearly unchanged (183/160 with vs. 184/160 without

electroweak corrections, and 184/160 with vs. 184/160 without non-perturbative corrections).

The j2 tests are also used to perform quantitative comparisons between the data and different PDF sets

(CT18, NNPDF3.1, NNPDF4.0, MSHT2020, and ATLASpdf21T3) across both individual and global H∗

and Hboost bins, as shown in Tables 2 and 3. The results indicate good agreement in the individual H∗ and

Hboost bins. Overall, higher j2 values are observed in the (<jj, H
∗) measurement compared with (<jj, Hboost);

this trend is more pronounced in the global j2/ndf. While the global results in Hboost remain acceptable, the

global j2/ndf in H∗ corresponds to a low ?-value of about 10−6. This low ?-value in (<jj, H
∗) is primarily

driven by residual bin-to-bin fluctuations in the pQCD predictions, arising from incomplete cancellations

between large positive and negative integrals of the real–real and real–virtual pQCD contributions.

The lowest global j2/ndf is obtained with ATLASpdf21T3 in both (<jj, H
∗) and (<jj, Hboost), at 288/237

and 166/160, respectively. Because ATLASpdf21T3 does not yet provide a published UB uncertainty, this

component is omitted here; its inclusion would be expected to lower the j2 further.

For the other PDF sets, the global j2/ndf values saturate at higher values—around 330/237 in (<jj, H
∗)

and 180/160 in (<jj, Hboost)—and are mutually consistent. The second-best global j2 value in (<jj, H
∗) is

found for CT18NNLO with 329/237, while in (<jj, Hboost) it is NNPDF3.1NNLO with 178/160.

The j2/ndf values remain relatively good despite the observed differences between theory and data in

Figures 9 to 14. This behaviour arises because the j2 test is largely insensitive to overall normalisation

shifts, which can be absorbed due to the bin-to-bin correlations of the systematic uncertainties. Indeed,

small coherent shifts of a few nuisance parameters are sufficient to account for the systematic differences

observed between data and theory. The sum of the penalty terms induced in the j2 by these shifts remains

small compared with the number of bins. Consequently, the j2 values are driven primarily by local

bin-to-bin fluctuations rather than by global offsets.

26



Table 2: Evaluated j2/ndf for the dijet cross-section in the individual and global H∗ bins taking into account

NNLO pQCD predictions using CT18, NNPDF3.1, NNPDF4.0, MSHT2020, and ATLASpdf21T3 PDF sets, and

`R = `F = <jj corrected for electroweak and non-perturbative corrections to the unfolded data. The ATLASpdf21T3

does not include an UB uncertainty, as it is not published.

j2/ndf

CT18NNLO NNPDF3.1NNLO NNPDF4.0NNLO MSHT2020NNLO ATLASpdf21T3

H∗ < 0.5 58/58 68/58 59/58 61/58 58/58

0.5 ≤ H∗ < 1.0 62/54 70/54 63/54 67/54 59/54

1.0 ≤ H∗ < 1.5 56/45 67/45 63/45 65/45 58/45

1.5 ≤ H∗ < 2.0 51/36 59/36 57/36 54/36 63/36

2.0 ≤ H∗ < 2.5 30/28 41/28 36/28 34/28 39/28

2.5 ≤ H∗ < 3.0 17/16 21/16 17/16 21/16 19/16

0.0 ≤ H∗ < 3.0 329/237 343/237 342/237 347/237 288/237

Table 3: Evaluated j2/ndf for the dijet cross-section in the individual and global Hboost bins taking into account

NNLO pQCD predictions using CT18, NNPDF3.1, NNPDF4.0, MSHT2020, and ATLASpdf21T3 PDF sets, and

`R = `F = <jj corrected for electroweak and non-perturbative corrections to the unfolded data. The ATLASpdf21T3

does not include an UB uncertainty, as it is not published.

j2/ndf

CT18NNLO NNPDF3.1NNLO NNPDF4.0NNLO MSHT2020NNLO ATLASpdf21T3

Hboost < 0.5 33/36 48/36 37/36 43/36 44/36

0.5 ≤ Hboost < 1.0 51/34 55/34 53/34 55/34 54/34

1.0 ≤ Hboost < 1.5 41/31 40/31 39/31 47/31 47/31

1.5 ≤ Hboost < 2.0 26/26 27/26 26/26 31/26 35/26

2.0 ≤ Hboost < 2.5 24/20 24/20 21/20 28/20 31/20

2.5 ≤ Hboost < 3.0 15/13 15/13 14/13 20/13 16/13

0.0 ≤ Hboost < 3.0 183/160 178/160 185/160 195/160 166/160

9 Conclusion

Inclusive, double-differential dijet cross-sections have been measured as a function of (<jj, H
∗) and

(<jj, Hboost) using particle flow anti-:C jets with a radius parameter of ' = 0.4. The measurements were

performed in ?? collisions at a centre-of-mass energy of 13 TeV using the 140 fb−1 data collected by the

ATLAS experiment during the LHC Run-2 phase between 2015 and 2018. The results incorporate the

most detailed and up-to-date breakdown of systematic uncertainties currently available in the ATLAS

experiment.

The measured distributions are unfolded to the particle level and compared with several theoretical

predictions, including state-of-the-art full colour NNLO pQCD calculations from NNLOJET, with

additional electroweak and non-perturbative corrections applied. A qualitative comparison between the

measured data and the theoretical calculations is performed using both NLO and NNLO matrix elements

and various PDF sets.

The NNLO theoretical predictions tend to overestimate the data by about 15–20%, with the best qualitative

agreement seen for the NNPDF4.0NNLO PDF set. In contrast, the quantitative results of the j2 test, which

accounts for correlations, show the best results (lowest global j2/ndf) for ATLASpdf21T3 in both (<jj, H
∗)

27



and (<jj, Hboost). The other PDF sets give slightly higher and mutually comparable j2/ndf values. The

second-best j2/ndf is obtained with CT18NNLO in (<jj, H
∗) and with NNPDF3.1NNLO in (<jj, Hboost).

Overall, better qualitative and quantitative results are found in (<jj, Hboost) compared with (<jj, H
∗).
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