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ABSTRACT: Double-differential dijet cross-sections measured in pp collisions at the LHC
with a 7TeV centre-of-mass energy are presented as functions of dijet mass and half the
rapidity separation of the two highest-pr jets. These measurements are obtained using data
corresponding to an integrated luminosity of 4.5fb~1, recorded by the ATLAS detector in
2011. The data are corrected for detector effects so that cross-sections are presented at the
particle level. Cross-sections are measured up to 5 TeV dijet mass using jets reconstructed
with the anti-k; algorithm for values of the jet radius parameter of 0.4 and 0.6. The
cross-sections are compared with next-to-leading-order perturbative QCD calculations by
NLOJet++ corrected to account for non-perturbative effects. Comparisons with POWHEG
predictions, using a next-to-leading-order matrix element calculation interfaced to a parton-
shower Monte Carlo simulation, are also shown. Electroweak effects are accounted for in
both cases. The quantitative comparison of data and theoretical predictions obtained
using various parameterizations of the parton distribution functions is performed using a
frequentist method. In general, good agreement with data is observed for the NLOJet++
theoretical predictions when using the CT10, NNPDF2.1 and MSTW 2008 PDF sets.
Disagreement is observed when using the ABM11 and HERAPDF1.5 PDF sets for some
ranges of dijet mass and half the rapidity separation. An example setting a lower limit on
the compositeness scale for a model of contact interactions is presented, showing that the
unfolded results can be used to constrain contributions to dijet production beyond that
predicted by the Standard Model.
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1 Introduction

Measurements of jet production in pp collisions at the LHC [1] test the predictions of
Quantum Chromodynamics (QCD) at the largest centre-of-mass energies explored thus
far in colliders. They are useful for understanding the strong interaction and its coupling
strength ag, one of the fundamental parameters of the Standard Model. The measurement
of cross-sections as a function of dijet mass is also sensitive to resonances and new interac-
tions, and can be employed in searches for physics beyond the Standard Model. Where no
new contribution is found, the cross-section results can be exploited to study the partonic
structure of the proton. In particular, the high dijet-mass region can be used to constrain
the parton distribution function (PDF) of gluons in the proton at high momentum fraction.

Previous measurements at the Tevatron in pp collisions have shown good agreement
between predictions from QCD calculations and data for lower dijet mass [2, 3]. Recent
results from the LHC using pp collisions have extended the measurement of dijet pro-
duction cross-sections to higher dijet-mass values [4-6]. While good agreement between
data and several theoretical predictions has been observed in general, the predicted cross-
section values using the CT10 PDF set [7] at high dijet mass tend to be larger than those
measured in data.

In this paper, measurements of the double-differential dijet cross-sections are presented
as functions of the dijet mass and half the rapidity separation of the two highest-pr jets.
The measurements are made at the particle level (see section 4 for a definition), using
the iterative, dynamically stabilized (IDS) unfolding method [8] to correct for detector
effects. The use of an integrated luminosity more than a factor of 100 larger than in
the previous ATLAS publication [5] improves the statistical power in the high dijet-mass
region. In spite of the increased number of simultaneous proton—proton interactions in
the same beam bunch crossing during 2011 data taking, improvements in the jet energy
calibration result in an overall systematic uncertainty smaller than previously achieved [9].
The measurements are compared to next-to-leading-order (NLO) QCD calculations [10], as
well as to a NLO matrix element calculation by POWHEG [11], which is interfaced to the
parton-shower Monte Carlo generator PYTHIA. Furthermore, a quantitative comparison
of data and theory predictions is made using a frequentist method.

New particles, predicted by theories beyond the Standard Model (SM), may decay into
dijets that can be observed as narrow resonances in dijet mass spectra [12]. New interactions
at higher energy scales, parameterized using an effective theory of contact interactions [13],
may lead to modifications of dijet cross-sections at high dijet mass. Searches for these
deviations have been performed by ATLAS [14] and CMS [15]. The approach followed here
is to constrain physics beyond the SM using unfolded cross-sections and the full information
on their uncertainties and correlations. This information is also provided in HepData [16].
This has the advantage of allowing new models to be confronted with data without the
need for additional detector simulations. This paper considers only one theory of contact
interactions, rather than presenting a comprehensive list of exclusion ranges for various
models. The results are an illustration of what can be achieved using unfolded data, and

do not seek to improve the current exclusion range.



The content of the paper is as follows. The ATLAS detector and data-taking conditions
are briefly described in sections 2 and 3, followed by the cross-section definition in section 4.
Sections 5 and 6 describe the Monte Carlo samples and theoretical predictions, respectively.
The trigger, jet reconstruction, and data selection are presented in section 7, followed
by studies of the stability of the results under different luminosity conditions (pileup) in
section 8. Sections 9 and 10 discuss the data unfolding and systematic uncertainties on the
measurement, respectively. These are followed by the introduction of a frequentist method
for the quantitative comparison of data and theory predictions in section 11. The cross-
section results are presented in section 12, along with quantitative statements of the ability
of the theory prediction to describe the data. An application of the frequentist method for
setting a lower limit on the compositeness scale of a model of contact interactions is shown
in section 13. Finally, the conclusions are given in section 14.

2 The ATLAS experiment

The ATLAS detector is described in detail elsewhere [17]. The main system used for
this analysis is the calorimeter, divided into electromagnetic and hadronic parts. The
lead/liquid-argon (LAr) electromagnetic calorimeter is split into three regions:' the barrel
(In] < 1.475), the end-cap (1.375 < |n| < 3.2), and the forward (3.1 < |n| < 4.9) regions.
The hadronic calorimeter is divided into four regions: the barrel (Jn| < 0.8) and the
extended barrel (0.8 < |n| < 1.7) made of scintillator/steel, the end-cap (1.5 < |n| < 3.2)
with LAr/copper modules, and the forward calorimeter covering (3.1 < |n| < 4.9) composed
of LAr/copper and LAr/tungsten modules. The tracking detectors, consisting of silicon
pixels, silicon microstrips, and transition radiation tracking detectors immersed in a 2T
axial magnetic field provided by a solenoid, are used to reconstruct charged-particle tracks
in the pseudorapidity region |n| < 2.5. Outside the calorimeter, a large muon spectrometer
measures the momenta and trajectories of muons deflected by a large air-core toroidal

magnetic system.

3 Data-taking conditions

Data-taking periods in ATLAS are divided into intervals of approximately uniform running
conditions called luminosity blocks, with a typical duration of one minute. For a given pair
of colliding beam bunches, the expected number of pp collisions per bunch crossing averaged
over a luminosity block is referred to as u. The average of u over all bunches in the collider
for a given luminosity block is denoted by (u). In 2011 the peak luminosity delivered by

'ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP)
in the centre of the detector and the z-axis pointing along the beam axis. The z-axis points from the
IP to the centre of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r, ¢) are used
in the transverse plane, ¢ being the azimuthal angle around the beam axis, referred to the z-axis. The
pseudorapidity is defined in terms of the polar angle 6 with respect to the beamline as n = — Intan(0/2).
When dealing with massive jets and particles, the rapidity y = 1/2In(E + p.)/(E — p-) is used, where E is
the jet energy and p, is the z-component of the jet momentum. The transverse momentum pr is defined
as the component of the momentum transverse to the beam axis.



the accelerator at the start of an LHC fill increased, causing (i) to change from 5 at the
beginning of the data-taking period to more than 18 by the end. A bunch train in the
accelerator is generally composed of 36 proton bunches with 50 ns bunch spacing, followed
by a larger 250 ns window before the next bunch train.

The overlay of multiple collisions, either from the same bunch crossing or due to
electronic signals present from adjacent bunch crossings, is termed pileup. There are two
separate, although related, contributions to consider. In-time pileup refers to additional
energy deposited in the detector due to simultaneous collisions in the same bunch crossing.
Out-of-time pileup is a result of the 500 ns pulse length of the LAr calorimeter readout,
compared to the 50 ns spacing between bunch crossings, leaving residual electronic signals in
the detector, predominantly from previous interactions. The shape of the LAr calorimeter
pulse is roughly a 100 ns peak of positive amplitude, followed by a shallower 400 ns trough of
negative amplitude. Due to this trough, out-of-time pileup results by design in a subtraction
of measured energy in the LAr calorimeter, providing some compensation for in-time pileup.

4 Cross-section definition

Jet cross-sections are defined using jets reconstructed by the anti-k; algorithm [18] imple-
mented in the FastJet [19] package. In this analysis, jets are clustered using two different
values of the radius parameter, R = 0.4 and R = 0.6.

Non-perturbative (hadronization and underlying event) and perturbative (higher-order
corrections and parton showers) effects are different, depending on the choice of the jet
radius parameter. By performing the measurement for two values of the jet radius param-
eter, different contributions from perturbative and non-perturbative effects are probed.
The fragmentation process leads to a dispersion of the jet constituents, more of which
are collected for jets with a larger radius parameter. Particles from the underlying event
make additional contributions to the jet, and have less of an effect on jets with a smaller
radius parameter. Additionally, hard emissions lead to higher jet multiplicity when using
a smaller jet radius parameter.

Measured cross-sections are corrected for all experimental effects, and thus are defined
at the particle-level final state. Here particle level refers to stable particles, defined as those
with a proper lifetime longer than 10 ps, including muons and neutrinos from decaying
hadrons [20].

Events containing two or more jets are considered, with the leading (subleading) jet
defined as the one within the range |y| < 3.0 with the highest (second highest) pp. Dijet
double-differential cross-sections are measured as functions of the dijet mass mi2 and half
the rapidity separation y* = |y; — y2|/2 of the two leading jets. This rapidity separation is
invariant under a Lorentz boost along the z-direction, so that in the dijet rest frame y; =
—yh = y*. The leading (subleading) jet is required to have pp > 100 GeV (pr > 50 GeV).
The requirements on pr for the two jets are asymmetric to improve the stability of the
NLO calculation [21]. The measurement is made in six ranges of y* < 3.0, in equal steps
of 0.5. In each range of y*, a lower limit on the dijet mass is chosen in order to avoid the
region of phase space affected by the requirements on the pt of the two leading jets.



5 Monte Carlo samples

The default Monte Carlo (MC) generator used to simulate jet events is PYTHIA 6.425 [22]
with the ATLAS Underlying Event Tune AUET2B [23]. It is a leading-order (LO) gener-
ator with 2 — 2 matrix element calculations, supplemented by leading-logarithmic parton
showers ordered in pr. A simulation of the underlying event is also provided, including
multiple parton interactions. The Lund string model [24] is used to simulate the hadroniza-
tion process. To simulate pileup, minimum bias events? are generated using PYTHIA 8 [25]
with the 4C tune [26] and MRST LO** proton PDF set [27]. The number of minimum bias
events overlaid on each signal event is chosen to model the distribution of (1) throughout
the data-taking period.

To estimate the uncertainties on the hadronization and parton-shower modelling,
events are also generated by HERWIG++ 2.5.2 [28-30] using the UE-EE-3 tune [31].
In this LO generator, the parton shower follows an angular ordering, and a clustering
model [32] is used for the hadronization. The effect of the underlying event is included
using the eikonal multiple-scattering model [33].

Two PDF sets are considered for both MC generators. For the nominal detector
simulation, the MRST LO** proton PDF set is used. Additionally, versions of the same
tunes based on the CTEQG6L1 [34] proton PDF set are used to assess uncertainties on the
non-perturbative corrections (see section 6.2).

The output four-vectors from these event generators are passed to a detector simu-
lation [35] based on GEANT4 [36]. Simulated events are digitized to model the detector
responses, and then reconstructed using the software used to process data.

6 Theoretical predictions and uncertainties

The measured dijet cross-sections are compared to fixed-order NLO QCD predictions by
NLOJet++ [10], corrected for non-perturbative effects in the fragmentation process and in
the underlying event using calculations by PYTHIA 6.425. A NLO matrix element calcu-
lation by POWHEG, which is interfaced to the PYTHIA parton-shower MC generator, is
also considered. Both the NLOJet++ and POWHEG predictions are corrected to account
for NLO electroweak effects. When used in this paper, the term Standard Model predictions
refers to NLO QCD calculations corrected for non-perturbative and electroweak effects.

6.1 Theoretical predictions

The fixed-order O(a%) QCD calculations are performed with the NLOJet++ program
interfaced to APPLGRID [37] for fast convolution with various PDF sets. The follow-
ing proton PDF sets are considered for the theoretical predictions: CT10 [7], HERA-
PDF1.5 [38], epATLJet13 [39], MSTW 2008 [40], NNPDF2.1 [41, 42] and NNPDF2.3 [43)],
and ABM11 [44]. The epATLJet13 PDF set is the result of simultaneously using in the fit
ATLAS jet data, collected at centre-of-mass energies of 2.76 TeV and 7 TeV, and HERA-I

2Events passing a trigger with minimum requirements, and which correspond mostly to inelastic pp
collisions, are called minimum-bias events.



ep data. In the previous ATLAS measurement [5], a scale choice was introduced to en-
sure that the cross-sections remained positive for large values of y*. Although values of
y* greater than 3.0 are not considered here, the same choice is used for consistency. The
renormalization (ugr) and factorization (up) scales are set to

= pr = pup = praxedsy” (6.1)

max

where p7** is the pr of the leading jet. Further details can be found in ref. [45].

Non-perturbative corrections are evaluated using leading-logarithmic parton-shower
generators, separately for each value of the jet radius parameter. The corrections are
calculated as bin-by-bin ratios of the dijet differential cross-section at the particle level,
including hadronization and underlying event effects, over that at the parton level. The
nominal corrections are calculated using PYTHIA 6.425 with the AUET2B tune derived
for the MRST LO** PDF set. The non-perturbative corrections as a function of dijet mass
are shown in figure 1(a) for the range 1.0 < y* < 1.5.

Comparisons are also made to the POWHEG [11, 46, 47] NLO matrix element calcu-
lation? interfaced to a parton-shower MC generator, using the CT10 PDF set. For these
calculations the factorization and renormalization scales are set to the default value of
pr]fiom, the transverse momentum in the 2 — 2 process before the hardest emission. The
parton-level configurations are passed to the PYTHIA generator for fragmentation and un-
derlying event simulation. Both the AUET2B and Perugia 2011 [49] tunes are considered.
The version of the program used includes an explicit calculation of all hard emission dia-
grams [39, 50]. This provides improved suppression of rare events, removing fluctuations
that arise from the migration of jets with low values of parton-level pt to larger values of
particle-level pr.

Corrections for electroweak tree-level effects of O(aasg, o) as well as weak loop effects
of O(aad) [51] are applied to both the NLOJet++ and POWHEG predictions. The calcula-
tions are derived for NLO electroweak processes on a LO QCD prediction of the observable
in the phase space considered here. In general, electroweak effects on the cross-sections are
< 1% for values of y* > 0.5, but reach up to 9% for mi2 > 3 TeV in the range y* < 0.5.
The magnitude of the corrections on the theoretical predictions as a function of dijet mass
in several ranges of y* is shown in figure 1(b). The electroweak corrections show almost no
dependence on the jet radius parameter.

6.2 Theoretical uncertainties

To estimate the uncertainty due to missing higher-order terms in the fixed-order calcula-
tions, the renormalization scale is varied up and down by a factor of two. The uncertainty
due to the choice of factorization scale, specifying the separation between the short-scale
hard scatter and long-scale hadronization, is also varied by a factor of two. All permuta-
tions of these two scale choices are considered, except for cases where the renormalization
and factorization scales are varied in opposite directions. In these extreme cases, loga-
rithmic factors in the theoretical calculations may become large, resulting in instabilities

3The folding values of foldcsi=5, foldy=10, foldphi=2 associated with the spacing of the integration
grid as described in ref. [48], are used.
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Figure 1. Non-perturbative corrections (ratio of particle-level cross-sections to parton-level cross-
sections) obtained using various MC generators and tunes are shown in (a), for the differential dijet
cross-sections as a function of dijet mass in the range 1.0 < y* < 1.5 with values of jet radius
parameter R = 0.4 and R = 0.6. Uncertainties are taken as the envelope of the various curves.
Electroweak corrections are shown in (b) as a function of dijet mass in multiple ranges of y* [51],
for jet radius parameter R = 0.6.

in the prediction. The maximal deviations from the nominal prediction are taken as the
uncertainty due to the scale choice. The scale uncertainty is generally within i’?’% for the
R = 0.4 calculation, and +10% for the R = 0.6 calculation.

The uncertainties on the cross-sections due to that on ag are estimated using two
additional proton PDF sets, for which different values of ag are assumed in the fits. This
follows the recommended prescription in ref. [52], such that the effect on the PDF set as
well as on the matrix elements is included. The resulting uncertainties are approximately
+4% across all dijet-mass and y* ranges considered in this analysis.

The multiple uncorrelated uncertainty components of each PDF set, as provided by
the various PDF analyses, are also propagated through the theoretical calculations. The
PDF analyses generally derive these from the experimental uncertainties on the data used
in the fits. For the results shown in section 12 the standard Hessian sum in quadrature [53]
of the various independent components is taken. The NNPDF2.1 and NNPDF2.3 PDF
sets are exceptions, where uncertainties are expressed in terms of replicas instead of by
independent components. These replicas represent a collection of equally likely PDF sets,
where the data entering the PDF fit were varied within their experimental uncertainties.
For the plots shown in section 12, the uncertainties on the NNPDF PDF sets are propagated
using the RMS of the replicas, producing equivalent PDF uncertainties on the theoretical
predictions. For the frequentist method described in section 11, these replicas are used to
derive a covariance matrix for the theoretical predictions. The eigenvector decomposition
of this matrix provides a set of independent uncertainty components, which can be treated
in the same way as those in the other PDF sets.



In cases where variations of the theoretical parameters are also available, these are
treated as additional uncertainty components assuming a Gaussian distribution. For the
HERAPDF1.5, NNPDF2.1, and MSTW 2008 PDF sets, the results of varying the heavy-
quark masses within their uncertainties are taken as additional uncertainty components.
The nominal value of the charm quark mass is taken as m. = 1.40 GeV, and the bottom
quark mass as my = 4.75 GeV. For NNPDF2.1 the mass of the charm quark is provided
with a symmetric uncertainty, while that of the bottom quark is provided with an asym-
metric uncertainty. NNPDF2.3 does not currently provide an estimate of the uncertainties
due to heavy-quark masses. For HERAPDF1.5 and MSTW 2008, asymmetric uncertain-
ties for both the charm and bottom quark masses are available. When considering the
HERAPDF1.5 PDF set, the uncertainty components corresponding to the strange quark
fraction and the Q2 requirement are also included as asymmetric uncertainties.

In addition, the HERAPDF1.5 analysis provides four additional PDF sets arising from
the choice of the theoretical parameters and fit functions, which are treated here as separate
predictions. These are referred to as wvariations in the following, and include:

1. Varying the starting scale Q% from 1.9 GeV? to 1.5 GeV?, while adding two additional
parameters to the gluon fit function.

2. Varying the starting scale Qg from 1.9 GeV? to 2.5 GeVZ.
3. Including an extra parameter in the valence u-quark fit function.
4. Including an extra parameter in the @-quark fit function.

Including the maximal deviations due to these four variations with respect to the original
doubles the magnitude of the theoretical uncertainties at high dijet mass, as seen in sec-
tion 12. When performing the quantitative comparison described in section 11, the four
variations are treated as distinct PDF sets, since they are obtained using different parame-
terizations and their statistical interpretation in terms of uncertainties is not well defined.

The uncertainties on the theoretical predictions due to those on the PDF's range from
2% at low dijet mass up to 20% at high dijet mass for the range of smallest y* values. For
the largest values of y*, the uncertainties reach 100-200% at high dijet mass, depending
on the PDF set.

The uncertainties on the non-perturbative corrections, arising from the modelling of the
fragmentation process and the underlying event, are estimated as the maximal deviations of
the corrections from the nominal (see section 6.1) using the following three configurations:
PYTHIA with the AUET2B tune and CTEQ6L1 PDF set, and HERWIG++ 2.5.2 with the
UE-EE-3 tune using the MRST LO** or CTEQ6L1 PDF sets. In addition, the statistical
uncertainty due to the limited size of the sample generated using the nominal tune is
included. The uncertainty increases from 1% for the range y* < 0.5, up to 5% for larger
values of y*. The statistical uncertainty significantly contributes to the total uncertainty
only for the range 2.5 < y* < 3.0.

There are several cases where the PDF sets provide uncertainties at the 90% confidence
level (CL); in particular, the PDF uncertainty components for the CT10 PDF set, as well



as ag uncertainties for the CT10, HERAPDF1.5, and NNPDF2.1/2.3 PDF sets. In these
cases, the magnitudes of the uncertainties are scaled to the 68% CL to match the other
uncertainties. In general, the scale uncertainties are dominant at low dijet mass, and the
PDF uncertainties are dominant at high dijet mass.

7 Trigger, jet reconstruction and data selection

This measurement uses the full data set of pp collisions collected with the ATLAS de-
tector at 7 TeV centre-of-mass energy in 2011, corresponding to an integrated luminosity
of 4.5 fb™! [54]. Only events collected during stable beam conditions and passing all
data-quality requirements are considered in this analysis. At least one primary vertex, re-
constructed using two or more tracks, each with pr > 400 MeV, must be present to reject
cosmic ray events and beam background. The primary vertex with the highest ZpQT of
associated tracks is selected as the hard-scatter vertex.

Due to the high luminosity, a suite of single-jet triggers was used to collect data,
where only the trigger with the highest pr threshold remained unprescaled. An event must
satisfy all three levels of the jet trigger system based on the transverse energy (Et) of
jet-like objects. Level-1 provides a fast, hardware decision using the combined Er of low-
granularity calorimeter towers. Level-2 performs a simple jet reconstruction in a window
around the geometric region passed at Level-1, with a threshold generally 20 GeV higher
than at Level-1. Finally, a jet reconstruction using the anti-k; algorithm with R = 0.4 is
performed over the entire detector solid angle by the Event Filter (EF). The EF requires
transverse energy thresholds typically 5 GeV higher than those used at Level-2.

The efficiencies of the central jet triggers (|n| < 3.2) relevant to this analysis are shown
in figure 2. They are determined using an unbiased sample known to be fully efficient in
the jet-pt range of interest. The unbiased sample can be either a random trigger, or a
single-jet trigger that has already been shown to be fully efficient in the relevant jet-pr
range. The efficiency is presented in a representative rapidity interval (1.2 < |y| < 2.1),
as a function of calibrated jet pr, for jets with radius parameter R = 0.6. Triggers are
used only where the probability that a jet fires the trigger is > 99%. Because events are
triggered using R = 0.4 jets, the pr at which calibrated R = 0.6 jets become fully efficient
is significantly higher than that for calibrated R = 0.4 jets. To take advantage of the lower
pr at which R = 0.4 jets are fully efficient, distinct pt ranges are used to collect jets for
each value of the radius parameter.

A dijet event is considered in this analysis if either the leading jet, the subleading jet,
or both are found to satisfy one of the jet trigger requirements. Because of the random
nature of the prescale decision, some events are taken not because of the leading jet, but
instead because of the subleading jet. This two-jet trigger strategy results in an increase
in the sample size of about 10%. To properly account for the combined prescale of two
overlapping triggers the “inclusion method for fully efficient combinations” described in
ref. [55] is used.
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Figure 2. Jet trigger efficiency as a function of calibrated jet pr for jets in the interval 1.2 <
ly| < 2.1 with radius parameter R = 0.6, shown for various trigger thresholds. The energy of jets
in the trigger system is measured at the electromagnetic energy scale (EM scale), which correctly
measures the energy deposited by electromagnetic showers.

After events are selected by the trigger system, they are fully reconstructed offline.
The input objects to the jet algorithm are three-dimensional “topological” clusters [56]
corrected to the electromagnetic energy scale.

Each cluster is constructed from a seed calorimeter cell with |Ecp| > 40, where o is the
RMS of the total noise of the cell from both electronic and pileup sources. Neighbouring
cells are iteratively added to the cluster if they have |Ecq| > 20. Finally, an outer layer of
all surrounding cells is added. A calibration that accounts for dead material, out-of-cluster
losses for pions, and calorimeter response, is applied to clusters identified as hadronic
by their topology and energy density [57]. This additional calibration serves to improve
the energy resolution from the jet-constituent level through the clustering and calibration
steps. Taken as input to the anti-k; jet reconstruction algorithm, each cluster is considered
as a massless particle with an energy E = ) Eq, and a direction given by the energy-
weighted barycentre of the cells in the cluster with respect to the geometrical centre of the
ATLAS detector.

The four-momentum of an uncalibrated jet is defined as the sum of four-momenta of
the clusters making up the jet. The jet is then calibrated in four steps:

1. Additional energy due to pileup is subtracted using a correction derived from MC
simulation and validated in situ as a function of (u), the number of primary vertices
(Npvy) in the bunch crossing, and jet n [58].
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2. The direction of the jet is corrected such that the jet originates from the selected
hard-scatter vertex of the event instead of the geometrical centre of ATLAS.

3. Using MC simulation, the energy and the position of the jet are corrected for instru-
mental effects (calorimeter non-compensation, additional dead material, and effects
due to the magnetic field) and the jet energy scale is restored on average to that
of the particle-level jet. For the calibration, the particle-level jet does not include

muons and non-interacting particles.

4. An additional in situ calibration is applied to correct for residual differences between
MC simulation and data, derived by combining the results of v-jet, Z-jet, and multijet
momentum balance techniques.

The full calibration procedure is described in detail in ref. [9].

The jet acceptance is restricted to |y| < 3.0 so that the trigger efficiency remains
> 99%. Furthermore, the leading jet is required to have pr > 100 GeV and the subleading
jet is required to have pt > 50 GeV to be consistent with the asymmetric cuts imposed on
the theoretical predictions.

Part of the data-taking period was affected by a read-out problem in a region of the LAr
calorimeter, causing jets in this region to be poorly reconstructed. Since the same unfolding
procedure is used for the entire data sample, events are rejected if either the leading or the
subleading jet falls in the region —0.88 < ¢ < —0.5, for all ||, in order to avoid a bias in
the spectra. This requirement results in a loss in acceptance of approximately 10%. The
inefficiency is accounted for and corrected in the data unfolding procedure.

The leading and subleading jets must also fulfil the “medium” quality criteria as de-
scribed in ref. [59], designed to reject cosmic rays, beam halo, and detector noise. If either
jet fails these criteria, the event is not considered. More than four (two) million dijet events
are selected with these criteria using jets with radius parameter R = 0.4 (R = 0.6), with
the difference in sample size resulting mostly from the trigger requirements.

8 Stability of the results under pileup conditions

The dijet mass is sensitive to the effects of pileup through the energies, and to a lesser
extent the directions, of the leading and subleading jets. As such, it is important to check
the stability of the measurement with respect to various pileup conditions. The effects of
pileup are removed at the per-jet level during the jet energy calibration (see section 7). To
check for any remaining effects, the integrated luminosity delivered for several ranges of u is
determined separately for each trigger used in this analysis. This information is then used
to compute the luminosity-normalized dijet yields in different ranges of p. A comparison
of the yields for two ranges of u is shown in figure 3. While statistical fluctuations are
present, the residual bias is covered by the uncertainties on the jet energy calibration due
to (1) and Npy, derived through the in situ validation studies (see section 10) [9, 58].
The dependence of the luminosity-normalized dijet yields on the position in the accel-
erator bunch train is also studied. Because the first bunches in a train do not fully benefit

- 11 -



T T

ATLAS
Vs=7TeV, [Ldt=451b"
nti-k, jets, R=0.6

E ATLAS
E Vs=7TeV, [Ldt=451"
anti-k; jets, R=0.6

© B ) £ '

o 7 o

& ] c

g =

3 B 3

= = = a

2 — 2

2 105 E 2 1 Os‘ﬁ:\;:li

) ‘% 3 o

- L 1 F [ . =

s 3 T ] -

; | Y + E — E

0y r ul 3. E ——i —

2 ossE - o 095 I E

2 E E 2 & ]

2 09F y* <05 = 2 09 10<y*<15 =

2 F e~ 25<u<45 B 3 F e 25<p<45 E

% 085~ - 65<u<85 - % 0.85— 1+ 6.5<pu<85 =
0.8E— | 3 ogb— 1 3

3x10" 1 2 3 4 6x10" 1 2 3 4
my, [TeV] my, [TeV]
(a) y* <05 (b) 1L.0<y" <15

Figure 3. Luminosity-normalized dijet yields as a function of dijet mass for two ranges of u, in
the range (a) y* < 0.5 and (b) 1.0 < y* < 1.5. The measurements are shown as ratios with respect
to the full luminosity-normalized dijet yields. The gray bands represent the uncertainty on the jet
energy calibration that accounts for the (1) and Npy dependence, propagated to the luminosity-
normalized dijet yields. The statistical uncertainty shown by the error bars is propagated assuming
no correlations between the samples. This approximation has a small impact, and does not reduce
the agreement observed within the pileup uncertainties.

from the compensation of previous bunches due to the long LAr calorimeter pulses, a bias
is observed in the jet energy calibration. This bias can be studied by defining a control
region using only events collected from the middle of the bunch train, where full closure
in the jet energy calibration is obtained. By comparing the luminosity-normalized dijet
yields using the full sample to that from the subsample of events collected from the middle
of the bunch train, any remaining effects on the measurement due to pileup are estimated.
An increase in the luminosity-normalized dijet yields using the full sample compared to
the subsample from the middle of the bunch train is observed, up to 5% at low dijet mass.
This increase is well described in the MC simulation, so that the effect is corrected for dur-
ing the unfolding step. All remaining differences are covered by the jet energy calibration
uncertainty components arising from pileup.

The stability of the luminosity-normalized dijet yields in the lowest dijet-mass bins
is studied as a function of the date on which the data were collected. Since portions of
the hadronic calorimeter became non-functional during the course of running?® and pileup
increased throughout the year, this provides an important check of the stability of the result.
The observed variations are consistent with those due to p, which on average increased until
the end of data taking. Pileup is found to be the dominant source of variations, whereas
detector effects are small in comparison.

4Up to 5% of the modules in the barrel and extended barrels of the hadronic calorimeter were turned
off by the end of data taking.
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9 Data unfolding

The cross-sections as a function of dijet mass are obtained by unfolding the data distribu-
tions, correcting for detector resolutions and inefficiencies, as well as for the presence of
muons and neutrinos in the particle-level jets (see section 4). The same procedure as in
ref. [5] is followed, using the iterative, dynamically stabilized (IDS) unfolding method [8],
a modified Bayesian technique. To account for bin-to-bin migrations, a transfer matrix is
built from MC simulations, relating the particle-level and reconstruction-level dijet mass,
and reflecting all the effects mentioned above. The matching is done in the mis—y* plane,
such that only a requirement on the presence of a dijet system is made. Since migrations
between neighbouring bins predominantly occur due to jet energy resolution smearing the
dijet mass, and less frequently due to jet angular resolution, the unfolding is performed
separately for each range of y*.

Data are unfolded to the particle level using a three-step procedure, consisting of cor-
recting for matching inefficiency at the reconstruction level, unfolding for detector effects,
and correcting for matching inefficiency at the particle level. The final result is given by
the equation:

Nipart = ZjN;eCO . G;ecoAij/6Eart (91)
where i (j) is the particle-level (reconstruction-level) bin index, and N}c’art (N[ee©) is the
number of particle-level (reconstruction-level) events in bin k. The quantities € (eg‘m)
represent the fraction of reconstruction-level (particle-level) events matched to particle-
level (reconstruction-level) events for each bin k. The element of the unfolding matrix, A;;,
provides the probability for a reconstruction-level event in bin j to be associated with a
particle-level event in bin 7. The transfer matrix is improved through a series of iterations,
where the particle-level MC distribution is reweighted to the shape of the unfolded data
spectrum. The number of iterations is chosen such that the bias in the closure test (see
below) is at the sub-percent level. This is achieved after one iteration for this measurement.

The statistical uncertainties following the unfolding procedure are estimated using
pseudo-experiments. Each event in the data is fluctuated using a Poisson distribution
with a mean of one before applying any additional event weights. For the combination
of this measurement with future results, the pseudo-random Poisson distribution is seeded
uniquely for each event, so that the pseudo-experiments are fully reproducible. Each result-
ing pseudo-experiment of the data spectrum is then unfolded using a transfer matrix and
efficiency corrections obtained by fluctuating each event in the MC simulation according to
a Poisson distribution. Finally, the unfolded pseudo-experiments are used to calculate the
covariance matrix. In this way, the statistical uncertainty and bin-to-bin correlations for
both the data and the MC simulation are encoded in the covariance matrix. For neighbour
and next-to-neighbour bins the statistical correlations are generally 1-15%, although the
systematic uncertainties are dominant. The level of statistical correlation decreases quickly
for bins with larger dijet-mass separations.

A data-driven closure test is used to derive the bias of the spectrum shape due to mis-
modelling by the MC simulation. The particle-level MC simulation is reweighted directly
in the transfer matrix by multiplying each column of the matrix by a given weight. These
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weights are chosen to improve the agreement between data and reconstruction-level MC
simulation. The modified reconstruction-level MC simulation is unfolded using the original
transfer matrix, and the result is compared with the modified particle-level spectrum. The
resulting bias is considered as a systematic uncertainty.®

10 Experimental uncertainties

The uncertainty on the jet energy calibration is the dominant uncertainty for this mea-
surement. Complete details of its derivation can be found in ref. [9]. Uncertainties in the
central region are determined from in situ calibration techniques, such as the transverse
momentum balance in Z/~-jet and multijet events, for which a comparison between data
and MC simulation is performed. The uncertainty in the central region is propagated to
the forward region using transverse momentum balance between a central and a forward
jet in dijet events. The difference in the balance observed between MC simulation sam-
ples generated with PYTHIA and HERWIG results in an additional large uncertainty in
the forward region. The uncertainty due to jet energy calibration on each individual jet
is 1-4% in the central region, and up to 5% in the forward region. The improvement of
the in situ jet calibration techniques over the single-particle response used for data taken
in 2010 [62] leads to a reduction in the magnitude of the uncertainty compared to that
achieved in the 2010 measurement, despite the increased level of pileup. As a result of the
different techniques employed in the 2010 and current analyses, the correlations between
the two measurements are non-trivial.

The uncertainty due to the jet energy calibration is propagated to the measured cross-
sections using MC simulation. Each jet in the sample is scaled up or down by one standard
deviation of a given uncertainty component, after which the luminosity-normalized dijet
yield is measured from the resulting sample. The yields from the original sample and the
samples where all jets were scaled are unfolded, and the difference is taken as the uncer-
tainty due to that component. Since the sources of jet energy calibration uncertainty are
taken as uncorrelated with each other, the corresponding uncertainty components on the
cross-section are also taken as uncorrelated. Because the correlations between the various
experimental uncertainty components are not perfectly known, two additional jet energy
calibration uncertainty configurations are considered. They have stronger and weaker cor-
relations with respect to the nominal configuration, depending on the number of uncertainty
sources considered as fully correlated or independent of one another [9].

Jet energy and angular resolutions are estimated using MC simulation, after using an
angular matching of particle-level and reconstruction-level jets. The resolution is obtained
from a Gaussian fit to the distribution of the ratio (difference) of reconstruction-level and
particle-level jet energy (angle). Jet energy resolutions are cross-checked in data using in
situ techniques such as the bisector method in dijet events [63], where good agreement is
observed with MC simulation. The uncertainty on the jet energy resolution comes from
varying the selection parameters for jets, such as the amount of nearby jet activity, and

5For this measurement the IDS method results in the smallest bias when compared with the bin-by-bin
technique used in ref. [60] or the SVD method [61].
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depends on both jet pr and jet . The jet angular bias is found to be negligible, while the
resolution varies between 0.005 radians and 0.07 radians. An uncertainty of 10% on the
jet angular resolution is shown to cover the observed differences in a comparison between
data and MC simulation.

The resolution uncertainties are propagated to the measured cross-sections through
the transfer matrix. All jets in the MC sample are smeared according to the uncertainty
on the resolution, either the jet energy or jet angular variable. To reduce the dependence
on the MC sample size, this process is repeated for each event 1000 times. The transfer
matrix resulting from this smeared sample is used to unfold the luminosity-normalized
dijet yields, and the deviation from the measured cross-sections unfolded using the original
transfer matrix is taken as a systematic uncertainty.

The uncertainty due to the jet reconstruction inefficiency as a function of jet pr is esti-
mated by comparing the efficiency for reconstructing a calorimeter jet, given the presence
of an independently measured track-jet of the same radius, in data and in MC simulation.
Here, a track-jet refers to a jet reconstructed using the anti-k; algorithm, considering as
input all tracks in the event with pr > 500 MeV and |n| < 2.5, and which are assumed to
have the mass of a pion. Since this method relies on tracking, its application is restricted
to the acceptance of the tracker for jets of || < 1.9. For jets with pr > 50 GeV, relevant
for this analysis, the reconstruction efficiency in both the data and the MC simulation is
found to be 100% for this rapidity region, leading to no additional uncertainty. The same
efficiency is assumed for the forward region, where jets have more energy for a given value
of pr; therefore, their reconstruction efficiency is likely to be as good as or better than that
of jets in the central region.

Comparing the jet quality selection efficiency for jets passing the “medium” quality cri-
teria in data and MC simulation, an agreement of the efficiency within 0.25% is found [59].
Because two jets are considered for each dijet system, a 0.5% systematic uncertainty on
the cross-sections is assigned.

The impact of a possible mis-modelling of the spectrum shape in MC simulation,
introduced through the unfolding as described in section 9, is also included. The luminosity
uncertainty is 1.8% [54] and is fully correlated between all data points.

The bootstrap method [64] has been used to evaluate the statistical significance of
all systematic uncertainties described above. The individual uncertainties are treated as
fully correlated in dijet mass and y*, but uncorrelated with each other, for the quantitative
comparison described in section 11. The total uncertainty ranges from 10% at low dijet
mass up to 25% at high dijet mass for the range y* < 0.5, and increases for larger y*.

11 Frequentist method for a quantitative comparison of data and theory
spectra

The comparison of data and theoretical predictions at the particle level rather than at the
reconstruction level has the advantage that data can be used to test any theoretical model
without the need for further detector simulation. Because the additional uncertainties
introduced by the unfolding procedure are at the sub-percent level, they do not have a sig-
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nificant effect on the power of the comparison. The frequentist method described here pro-
vides quantitative statements about the ability of SM predictions to describe the measured
cross-sections. An extension, based on the CLs technique [65], is used to explore potential
deviations in dijet production due to contributions beyond the SM (see section 13).

11.1 Test statistic

The test statistic, which contains information about the degree of deviation of one spectrum
from another, is the key input for any quantitative comparison. The use of a simple x?

X2 (dst) = Z (ﬁ(ti?) , (11.1)

comparing data (d) and theoretical predictions (t), accounts only for the uncertainties on

test statistic such as

individual bins (0;). This ignores the statistical and, even stronger, systematic correlations
between bins. Therefore, it has a reduced sensitivity to the differences between theoretical
predictions and the measurements compared to other more robust test statistics.

The use of a covariance matrix (C) in the x? definition,

X2 (d;t) = Z (dl - ti) : [C_l(t)]ij : (dj - tj) ) (11'2)
i,J
is a better approximation. However, the covariance matrix is built from symmetrized
uncertainties and thus cannot account for the asymmetries between positive and negative
uncertainty components.

An alternative x? definition, based on fits of the uncertainty components, was proposed
in refs. [66] and [67]. For symmetric uncertainties it is equivalent to the definition in
eq. (11.2) [68]. However, it allows a straightforward generalization of the x? statistic,
accounting for asymmetric uncertainties by separating them from the symmetric ones in
the test statistic, which is now:

X" (d;t) = min Z[d—<1+25a- (8a) >z

. [dj— <1+Zﬁa' (eét(/ga))j> tj +Zﬁg )

where Cyy is the covariance matrix built using only the symmetric uncertainties, and S,

: [C's_u1 (t)] ij

are the profiled Coefﬁcients of the asymmetric uncertainties Which are varied in a fit that
minimizes the y2. Here € is the positive component of the a'" asymmetric relative un-
certainty if the fitted value of (5, is positive, or the negative component otherwise. The
magnitude of each e,f corresponds to the relative effect on the theory prediction of a one
standard deviation shift of parameter a. For this analysis, an uncertainty component is
considered asymmetric when the absolute difference between the magnitudes of the positive
and negative portions is larger than 1% of the cross-section in at least one bin. Due to the
large asymmetric uncertainties on the theoretical predictions, this x? definition is not only
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a better motivated choice, but provides stronger statistical power than the two approaches
mentioned above.

The theoretical and experimental uncertainties, including both statistical and system-
atic components, are included in the y? fit. This relies on a detailed knowledge of the
individual uncertainty components and their correlations with each other. Sample inputs
to the x? function using the SM predictions based on the CT10 PDF set are shown in
figure 4. To illustrate the asymmetries, examples of the most asymmetric uncertainty com-
ponents are shown, namely the theoretical uncertainties due to the scale choice and two
uncertainty components of the CT10 PDF set. The positive and negative relative uncer-
tainties are shown in figure 4(a) as functions of the bin number, corresponding to those in
the cross-section tables in appendix A. The signed difference between the magnitudes of
the positive and negative relative uncertainties (up — (—down)) are shown in figure 4(b)
as functions of the bin number. The importance of the asymmetric uncertainties is high-
lighted in figure 4(c) through the comparison of the relative total symmetric uncertainty
with the relative total uncertainty. Uncertainty components exhibiting asymmetries of up
to 22% are present, and are an important fraction of the total uncertainty, in particular at
high dijet mass. The largest asymmetric uncertainties are individually comparable to the
size of the total symmetric ones. The correlation matrix computed for the symmetric un-
certainties is shown in figure 4(d). Strong correlations of 90% or more are observed among
neighbouring bins of dijet mass, mostly due to the jet energy scale and resolution, while
correlations are smaller between different ranges of y*. The total symmetric uncertainty
and its correlation matrix define the symmetric covariance matrix in eq. (11.3).

11.2 Frequentist method

The x? distribution expected for experiments drawn from the parent distribution of a
given theory hypothesis is required in order to calculate the probability of measuring a
specific x? value under that theory hypothesis. This is obtained by generating a large set
of pseudo-experiments that represent fluctuations of the theory hypothesis due to the full
set of experimental and theoretical uncertainties. The theory hypothesis can be the SM,
or the SM with any of its extensions, depending on the study being carried out. In the
generation of pseudo-experiments, the following sources of uncertainty are considered:

e Statistical uncertainties: an eigenvector decomposition of the statistical covariance
matrix resulting from the unfolding procedure is performed. The resulting eigenvec-
tors are taken as Gaussian-distributed uncertainty components.

e Systematic experimental and theoretical uncertainties: the symmetric components
are taken as Gaussian distributed, while a two-sided Gaussian distribution is used
for the asymmetric ones.

For each pseudo-experiment, the y? value is computed between the pseudo-data and the
theory hypothesis. In this way, the y? distribution that would be expected for experiments
drawn from the theory hypothesis is obtained without making assumptions about its shape.
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Figure 4. Sample inputs to the asymmetric generalization of the x? function. The uncertainty
components with the largest asymmetries are shown in (a), which includes the renormalization and
factorization scale, and two uncertainty components (PDF comp.) of the CT10 PDF set. The
asymmetries of the same uncertainty components are shown in (b), defined as the signed difference
between the magnitudes of the positive and negative portions (up — (—down)). The relative total
symmetric uncertainty (blue dashed line) and relative total uncertainty (black line) are shown in (c),
along with the correlation matrix computed from the symmetric uncertainties in (d). These plots
correspond to the theoretical prediction using the CT10 PDF set, and radius parameter R = 0.6.
For each plot, the horizontal axis covers all dijet-mass bins (ordered according to increasing dijet
mass) for three ranges in y*: starting from the left end the range y* < 0.5, then 0.5 < y* < 1.0 and
finally 1.0 < y* < 1.5. The mqo—y* bin numbers correspond to those in the cross-section tables in
appendix A.
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The observed x> (ngs) value is computed using the data and the theory hypothesis.
To quantify the compatibility of the data with the theory, the ratio of the area of the x?
distribution with y? > ngs to the total area is used. This fractional area, called a p-
value, is the observed probability, under the assumption of the theory hypothesis, to find a
value of x? with equal or lesser compatibility with the hypothesis relative to what is found
with ngs. If the observed p-value (Pyps) is smaller than 5%, the theoretical prediction is
considered to poorly describe the data at the 95% CL.

The comparison of a theory hypothesis that contains an extension of the SM to the
data is quantified using the CLs technique [65], which accounts for cases where the signal
is small compared to the background. This technique relies on the computation of two
x? distributions: one corresponding to the background model (the SM) and another to the
signal+background model (the SM plus any extension), each with respect to the assumption
of the signal+background model. These distributions are calculated using the same tech-
nique described earlier, namely through the generation of large sets of pseudo-experiments:

e In the case of the background-only distribution, the x? values are calculated between
each background pseudo-experiment and the signal+background prediction. The
expected x> (ngp) is defined as the median of this x? distribution.

e In the case of the signal+background distribution, the x? values are calculated be-
tween each signal+background pseudo-experiment and the signal+background pre-
diction.

These two x? distributions are subsequently used to calculate two p-values: (1) the ob-
served signal+background p-value (psip), which is defined in the same way as the one
described above, i.e. the fractional area of the signal+background y? distribution above
X2 and (2) the observed background p-value (pp), which is defined as the fractional area
of the background-only x? distribution below X?)bs and measures the compatibility of the
background model with the data. In the CLs technique, these two p-values are used to
construct the quantity CLs = psy1,/(1 — pp), from which the decision to exclude a given
signal+background prediction is made. The theory hypothesis is excluded at 95% CL if
the quantity CLs is less than 0.05. This technique has the advantage, compared to the use
of psyp alone, that theoretical hypotheses to which the data have little or no sensitivity
are not excluded. For comparison, the expected exclusion is calculated using the same
procedure, except using the expected x? value instead of the observed x? value.

12 Cross-section results

Measurements of the dijet double-differential cross-sections as a function of dijet mass in
various ranges of y* are shown in figure 5 for anti-k; jets with values of the radius pa-
rameter R = 0.4 and R = 0.6. The cross-sections are measured up to a dijet mass of
5 TeV and y* of 3.0, and are seen to decrease quickly with increasing dijet mass. The
NLO QCD calculations by NLOJet++ using the CT10 PDF set, which are corrected for
non-perturbative and electroweak effects, are compared to the measured cross-sections. No
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major deviation of the data from the theoretical predictions is observed over the full kine-
matic range, covering almost eight orders of magnitude in measured cross-section values.
More detailed quantitative comparisons are made between data and theoretical predictions
in the following subsection. At a given dijet mass, the absolute cross-sections using jets
with radius parameter R = 0.4 are smaller than those using R = 0.6. This is due to the
smaller value of the jet radius parameter, resulting in a smaller contribution to the jet en-
ergy from the parton shower and the underlying event. Tables summarising the measured
cross-sections are provided in appendix A. The quadrature sum of the uncertainties listed
in the tables is the total uncertainty on the measurement, although the in situ, pileup, and
flavour columns are each composed of two or more components. The full set of cross-section
values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].

12.1 Quantitative comparison with NLOJet++4 predictions

The ratio of the NLO QCD predictions from NLOJet++, corrected for non-perturbative
and electroweak effects, to the data is shown in figures 6-9 for various PDF sets. The
CT10, HERAPDF1.5, epATLJet13, MSTW 2008, NNPDF2.3, and ABM11 PDF sets are
used. As discussed in section 10, the individual experimental and theoretical uncertainty
components are fully correlated between mis and y* bins. As such, the frequentist method
described in section 11 is necessary to make quantitative statements about the agreement of
theoretical predictions with data. For this measurement, the NLOJet++ predictions using
the MSTW 2008, NNPDF2.3 and ABM11 PDF sets have smaller theoretical uncertainties
than those using the CT10 and HERAPDF1.5 PDF sets. Due to the use of ATLAS jet data
in the PDF fit, the predictions using the epATLJet13 PDF set have smaller uncertainties at
high dijet mass compared to those using the HERAPDF1.5 PDF set, when only considering
the uncertainties due to the experimental inputs for both.

The frequentist method is employed using the hypothesis that the SM is the underlying
theory. Here, the NNPDF2.1 PDF set is considered instead of NNPDF2.3 due to the
larger number of replicas available, which allows a better determination of the uncertainty
components. The epATLJet13 PDF set is not considered since the full set of uncertainties
is not available. The resulting observed p-values are also shown in figures 6-9, where all
m12 bins are considered in each range of y* separately. The agreement between the data
and the various theories is good (observed p-value greater than 5%) in all cases, except
the following. For the predictions using HERAPDF1.5, the smallest observed p-values are
seen in the range 1.0 < y* < 1.5 for jets with radius parameter R = 0.4, and in the range
0.5 < y* < 1.0 for jets with radius parameter R = 0.6, both of which are < 5%. For the
predictions using ABM11, the observed p-value is < 0.1% for each of the first three ranges
of y* < 1.5, for both values of jet radius parameter. The results using the ABM11 PDF
set also show observed p-values of less than 5%, for the range 2.0 < y* < 2.5 for jets with
radius parameter R = 0.4, and 1.5 < y* < 2.0 for R = 0.6 jets.
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(b) R = 0.6

Figure 5. Dijet double-differential cross-sections for anti-k; jets with radius parameter R = 0.4
and R = 0.6, shown as a function of dijet mass in different ranges of y*. To aid visibility, the cross-
sections are multiplied by the factors indicated in the legend. The error bars indicate the statistical
uncertainty on the measurement, and the dark shaded band indicates the sum in quadrature of the
experimental systematic uncertainties. For comparison, the NLO QCD predictions of NLOJet++
using the CT10 PDF set, corrected for non-perturbative and electroweak effects, are included. The
renormalization and factorization scale choice y is as described in section 6. The hatched band
shows the uncertainty associated with the theory predictions. Because of the logarithmic scale on
the vertical axis, the experimental and theoretical uncertainties are only visible at high dijet mass,
where they are largest.
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Figure 10 shows the x? distribution from pseudo-experiments for the SM hypothesis
using the CT10 PDF set, as well as the observed x? value. The full range of dijet mass
in the first three ranges of y* < 1.5, for jets with radius parameter R = 0.6, is considered.
The mean, median, +10 and 20 regions of the y? distribution from pseudo-experiments
around the median, and number of degrees of freedom are also indicated. Figure 10(b)
shows that a broadening of the x? distribution from pseudo-experiments is observed when
additional degrees of freedom are included by combining multiple ranges of y*. For both
x? distributions, the mean and median are close to the number of degrees of freedom.
This shows that the choice of generalized x? as the test statistic in the frequentist method
behaves as expected.

Because the data at larger values of y* are increasingly dominated by experimental
uncertainties, the sensitivity to the proton PDFs is reduced. For this reason, when con-
sidering a combination only the first three ranges of y* < 1.5 are used. While the low
dijet-mass region provides constraints on the global normalization, due to the increased
number of degrees of freedom it also introduces a broadening of the x? distribution from
the pseudo-experiments that reduces sensitivity to the high dijet-mass region. To focus
on the regions where the PDF uncertainties are large while the data still provide a good
constraint, the comparison between data and SM predictions is also performed using a high
dijet-mass subsample. The high dijet-mass subsample is restricted to mis > 1.31 TeV for
y* < 0.5, myo > 1.45 TeV for 0.5 < y* < 1.0, and mq2 > 1.60 TeV for 1.0 < y* < 1.5.

Table 1 presents a reduced summary of the observed p-values for the comparison of
measured cross-sections and SM predictions in both the full and high dijet-mass regions
using various PDF sets, for both values of the jet radius parameter. For the first three
ranges of y* < 1.5, as well as their combination, theoretical predictions using the CT10
PDF set have an observed p-value > 6.6% for all ranges of dijet mass, and are typically
much larger than this. For the HERAPDF1.5 PDF set, good agreement is found at high
dijet mass in the ranges y* < 0.5 and 1.0 < y* < 1.5 (not shown), both with observed
p-values > 15%. Disagreement is observed for jets with distance parameter R = 0.6 when
considering the full dijet-mass region for the first three ranges of y* < 1.5 combined, where
the observed p-value is 2.5%. This is due to the differences already noted for the range
0.5 < y* < 1.0, where the observed p-value is 0.9% (see figure 8). Disagreement is also
seen when limiting to the high dijet-mass region and combining the first three ranges of
y* < 1.5, resulting in an observed p-value of 0.7%. The observed p-values for the MSTW
2008 and NNPDF2.1 PDF sets are always > 12.5% in the ranges shown in table 1. This is
particularly relevant considering these two PDF sets provide small theoretical uncertainties
at high dijet mass. A strong disagreement, where the observed p-value is generally < 0.1%,
is observed for the ABM11 PDF set for the first three ranges of y* < 1.5 and both values
of the jet radius parameter.

It is possible to further study the poor agreement observed at high dijet mass for
the combination of the first three ranges of y* < 1.5 when using the HERAPDF1.5 PDF
set by exploring the four variations described in section 6.2. The observed p-values using
variations 1, 2, and 4 in the NLOJet++ predictions, shown in table 2, are generally similar
to those using the default HERAPDF1.5 PDF set. However, much smaller p-values are
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Figure 10. The y? distribution of pseudo-experiments (black histogram) for NLO QCD using the
CT10 PDF set. The renormalization and factorization scale choice u is as described in section 6. The
full information on the uncertainties, including their asymmetries and correlations, is used for both
the pseudo-experiments and the y? calculation. The black vertical dashed (solid) line indicates the
median (mean) of the distribution, while the green (yellow) band indicates the +1o (£20) region.
The blue dot-dashed vertical lines indicate the observed x?, with the corresponding observed p-
value given in the legend (see text). The pink dotted lines show the number of degrees of freedom,
21 for (a) and 61 for (b). The plots correspond to (a) the range y* < 0.5, and (b) the first three
ranges of y* < 1.5 combined, for jets reconstructed with radius parameter R = 0.6.

observed for variation 3, which has a more flexible parameterization for the valence u-quark
contribution. Including the present dijet measurement in the PDF analysis should provide
a better constraint on the choice of parameterization.
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PDF set y* ranges mass range Pobs

(full/high) R=04 R=0.6

y* < 0.5 high 0.742 0.785

CT10 y* < 1.5 high 0.080 0.066

y* < 1.5 full 0.324 0.168

y* < 0.5 high 0.688 0.504

HERAPDF1.5 y*<1.5 high 0.025 0.007
y* < 1.5 full 0.137 0.025

y* < 0.5 high 0.328 0.533

MSTW 2008  4* < 1.5 high 0.167 0.183
y* < 1.5 full 0.470 0.352

y* < 0.5 high 0.405 0.568

NNPDF2.1 y* < 1.5 high 0.151 0.125
y* < 1.5 full 0.431 0.242

y* < 0.5 high 0.024 <1073

ABM11 y* < 1.5 high <1073 <1073
y* <15 full <1073 <1073

Table 1. Sample of observed p-values obtained in the comparison between data and the NLO
QCD predictions using the CT10, HERAPDF1.5, MSTW 2008, NNPDF2.1 and ABM11 PDF sets,
with values of the jet radius parameter R = 0.4 and R = 0.6. Results are presented for the range
y* < 0.5, as well as the combination of the first three ranges of y* < 1.5, performing the test in
the full dijet-mass range or restricting it to the high dijet-mass subsample. The full information on
uncertainties, including their asymmetries and correlations, is used for both the pseudo-experiments
and the x? calculation.

The studies described above, as well as most of the previously published analyses,
use test statistics that exploit the information on the sizes and bin-to-bin correlations of
the uncertainties. As such, the results are sensitive to the assumptions used to derive the
uncorrelated uncertainty components, in particular those of the jet energy calibration. To
improve upon previous studies, the analysis is repeated using the two different correlation
assumptions described in section 10. Theoretical predictions using the CT10 PDF set in the
range y* < 0.5 for the high dijet-mass subsample, with jet radius parameter R = 0.6, are
considered. For both the stronger and weaker correlation assumptions the observed p-values
differ by < 0.1% from the value of 78.5% found using the default jet energy calibration
uncertainty components. This is because the impact on the total uncertainty and its
correlations is only at the few-percent level for most bins, even though these assumptions
lead to a relative change of up to 8% in the experimental uncertainty, and up to 12%
in its correlations. Quantitative comparisons of theoretical predictions with data would
benefit from alternative assumptions for the correlations of the theoretical uncertainties,
in particular the large PDF uncertainty components.
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PDF set y* ranges mass range Pobs

HERAPDF1.5 (full/high) R=04 R=0.6
y* < 0.5 high 0.692 0.493

variation 1 y* < 1.5 high 0.018 0.005
y*<1.5 full 0.113 0.018

y* < 0.5 high 0.667 0.453

variation 2 y* < 1.5 high 0.025 0.008
y*<1.5 full 0.124 0.024

y* < 0.5 high 0.424 0.209

variation 3 y* < 1.5 high <1073 <1073
y* < 1.5 full 0.001 <1073

y* < 0.5 high 0.677 0.525

variation 4 y* < 1.5 high 0.031 0.010

y* <15 full 0.160 0.031

Table 2. Sample of observed p-values obtained in the comparison between data and the NLO QCD
predictions based on the variations (described in section 6.2) of the HERAPDF1.5 PDF analysis,
with values of the jet radius parameter R = 0.4 and R = 0.6. Results are presented for the range
y* < 0.5, as well as the combination of the first three ranges of y* < 1.5, performing the test in
the full dijet-mass range or restricting it to the high dijet-mass subsample. The full information on
uncertainties, including their asymmetries and correlations, is used for both the pseudo-experiments
and the x? calculation.

12.2 Comparison with POWHEG predictions

The ratios of the theoretical predictions from POWHEG to data are shown in figures 11
and 12 for values of the jet radius parameter R = 0.4 and R = 0.6. Because of the difficulty
in propagating multiple PDF sets through the POWHEG generation, direct calculations of
the theoretical uncertainties are not made and only qualitative comparisons are provided.
However, the theoretical uncertainties are expected to be similar to those shown for the
NLOJet++ calculations using the CT10 PDF set.

The POWHEG predictions show no major deviations from data, with the Perugia 2011
tune resulting in slightly larger cross-sections (10-20%) than the AUET2B tune. At high
dijet mass, the difference in the theory calculations is less pronounced, decreasing to a few
percent at low values of y*. For the range y* < 0.5, theoretical predictions underestimate
the measured cross-sections by up to 25% at larger values of dijet mass. In the range
0.5 < y* < 1.0, this difference at high dijet mass is less, at around 15%. At larger values
of y*, the experimental sensitivity decreases so that no strong statements can be made.
The ratios of the theoretical predictions to the cross-section measurements using jets with
radius parameter R = 0.4 are observed to be larger than those for R = 0.6. This is similar
to the trend observed previously for inclusive jet cross-sections from ATLAS [5]. While
this trend is particularly apparent for the Perugia 2011 tune, it is almost negligible for the
AUET2B tune at high dijet mass.
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13 Exploration and exclusion of contact interactions

To illustrate the sensitivity of the measurements to physics beyond the SM, the model of
QCD plus contact interactions (CIs) [69] with left—left coupling and destructive interference
between Cls and QCD as implemented by the CIJET program [70] is considered. The use of
NLO QCD calculations for the CI portion unifies the treatment of the two predictions. For
this study, the measurement is restricted to the high dijet-mass subsample mio > 1.31 TeV
in the range y* < 0.5, where theory predicts the largest effect. Because QCD predicts a
more uniform y* distribution compared to Cls, where events are preferentially produced
at smaller values of y*, this region provides the highest sensitivity to the CI contribution.
Furthermore, the additional QCD plus Cls matrix elements are sensitive to different quark-
gluon compositions. Given that the positive electroweak corrections and the Cls produce
similar contributions, the electroweak corrections are not applied to the CI portion. This
results in a conservative approach when setting limits for the kinematic region considered
here. Non-perturbative corrections are also not applied to the CI portion, but have a
negligible size of less than 1% at high dijet mass where CI contributions are most significant.
The PDF sets for which the SM predictions in this region provide a good description of
the data are considered: CT10, HERAPDF1.5, MSTW 2008, and NNPDF2.1. Even when
considering the ABM11 PDF set in only the low dijet-mass region miy < 1.31 TeV, where
CIs were previously excluded [71, 72], the observed p-value is < 0.1% in the range y* < 0.5.
For this reason, the ABM11 PDF set is not considered in this example.

Figure 13 shows the x? distributions from pseudo-experiments for both the SM (back-
ground) and QCD plus Cls (signal+background), as well as the observed and expected x?
values. Here, the hypothesis for the y? calculation is the prediction of QCD plus CIs using
the CT10 PDF set with compositeness scale A = 6.5 TeV. For this example, jets with
radius parameter R = 0.6 are considered. The observed p-value for the signal+background
model, i.e. the integral of the distribution above the observed x?, is significantly smaller
than that obtained for the SM pseudo-data, resulting in an exclusion of the compositeness
scale A = 6.5 TeV with a CLs value < 0.001. Similar results are obtained for jets recon-
structed with radius parameter R = 0.4, as well as for the MSTW 2008, NNPDF2.1 and
HERAPDF1.5 PDF sets.

In order to exclude a range for the compositeness scale, a scan of the observed CLs
value as a function of A is performed. This is shown in figure 14(a), whereas figure 14(b)
shows the scan over A of the observed and expected x? values from which the CLs values
are derived. The observed and expected x? values follow each other closely for small values
of A, converging towards a constant difference in the limit A — oco. The scans are for the
theoretical predictions with jet radius parameter R = 0.6, using the CT10 PDF set, and
exclude the range A < 7.1 TeV at the 95% CL. The granularity of the scan is 0.25TeV,
and the final value is obtained using a linear interpolation between points. A summary of
the lower limits on A obtained using the different PDF sets is shown in table 3 for both
values of the jet radius parameter. While the expected limits are in the range 7.1-7.5 TeV,
the observed ones span the range 6.9-7.7 TeV, the larger values being obtained for the
HERAPDF1.5 PDF set. When considering the variations of the HERAPDF1.5 PDF’s,
values of A < 7.6-7.8 TeV are excluded.
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Figure 13. The x? distribution from pseudo-experiments of QCD plus CIs (black histogram) and
of the SM background (red histogram) using the full information on the uncertainties, including
their asymmetries and correlations, for both the pseudo-experiments (PEs) and the x? calculation.
The theoretical hypothesis is the NLO QCD plus CIs prediction based on the CT10 PDF set and
a compositeness scale A = 6.5 TeV. The blue (red) dashed vertical line indicates the observed
(expected) x?, with the corresponding observed (expected) CLs value given in the legend (see
text). The plot corresponds to the measurement in the high dijet-mass subsample for the range
y* < 0.5 and jet radius parameter R = 0.6.

PDF set A [TeV]
R=04 R=06
Exp Obs Exp Obs
CT10 73 7.2 7171
HERAPDF1.5 75 7.7 73 N7
MSTW 2008 73 7.0 71 6.9
NNPDF2.1 73 7.2 72 7.0

Table 3. Expected and observed lower limits at the 95% CL on the compositeness scale A of
the NLO QCD plus CIs model using the CT10, HERAPDF1.5, MSTW 2008, and NNPDF2.1 PDF
sets, for values of the jet radius parameter R = 0.4 and R = 0.6, using the measurements in the
range y* < 0.5 for the high dijet-mass subsample.

The sensitivity to the assumptions about the correlations between the jet energy cal-
ibration uncertainty components is also tested. An effect at the level of 0.01 TeV on the
lower limit for A is observed, consistent with the small changes seen for the comparisons
with the SM predictions in section 12.

To compare these results with those obtained by previous studies [14] using an ap-
proximate (rather than exact) NLO QCD plus Cls calculation, the cross-sections presented
here are also used to test the approximate NLO QCD plus ClIs prediction. A scaling factor
computed from the ratio of the NLO to LO QCD calculations is applied to the sum of the

— 33 —



@ 1€ | | SRR P 5
© g E
107 =
- :" ----- Obs
0% 0 S e Exp
E 1o 7
10° - i ATLAS 20
- ; [Lat=451" 3
104 i Vs=7TeV T
E_ anti-k, jets, R=0.6 _§'
C ; y*<0.5,m,>131TeV ]
10 [ | | |
5 6 7 8 9 10
A[TeV]
(a)
o, 140[ | . | T ]
a . ATLAS z .
120 |Lat=451" we ]
C Vs=7Tev. 7 Xexp;Median 7
100~ anti-k, jets, R=06 - Median
80 :_ y*<0.5,m,>131TeV — Mean _:
C +t1o ]
60— t2¢ —
40 =
20 :_ «“.*-‘\_%w _:
- | : | e .
O 6 7 8 9 10

A[TeV]

Figure 14. Scan of (a) CLs value and (b) x? for NLO QCD plus ClIs as a function of A, using the
CT10 PDF set. The green (yellow) bands indicate the +10(+20) regions, from pseudo-experiments
of (a) the SM background and (b) the QCD plus CIs. The full information on uncertainties,
including their asymmetries and correlations, is used for both the pseudo-experiments and the y?2
calculation. The dashed horizontal line in (a) indicates the 95% CL exclusion, computed using the
observed (expected) p-value shown by the blue (red) dashed line. In (b) the black dashed (solid)
line indicates the median (mean) of the x? distribution of pseudo-experiments. The blue (red)
dashed lines indicate the observed (expected) x?. The plots correspond to the measurement with
jet radius parameter R = 0.6 in the range y* < 0.5, restricted to the high dijet-mass subsample.

LO QCD plus CIs predictions, together with their interference. This factor ranges between
0.85 and 1.20, depending on the dijet mass and y* region. Here, for the sake of consistency
with previous studies, no electroweak corrections are applied to the QCD or CI contribu-
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tions. While the cross-sections used here include dijet-mass values mis > 1.31 TeV in the
range y* < 0.5, the previous results include dijet-mass values mj2 > 2.6 TeV in the range
y* < 1.7. Values of A < 6.6-7.3 TeV are excluded at the 95% CL using the predictions based
on the different PDF sets, with expected lower limits in the range A < 6.6-6.9 TeV. This
result is comparable to the observed (expected) lower limit of 7.6 TeV (7.7 TeV) obtained
by the reconstruction-level analysis using a normalized dijet angular distribution [14], and
does not improve the previous result.

14 Summary and conclusions

Cross-section measurements are presented for dijet production in pp collisions at 7 TeV
centre-of-mass energy as a function of dijet mass up to 5 TeV, and for half the rapidity
separation of y* < 3.0. These measurements are based on the full data sample collected with
the ATLAS detector during 2011 at the LHC, corresponding to an integrated luminosity
of 4.5 fb1.

Jets are reconstructed with the anti-k; algorithm using two values of the radius pa-
rameter, R = 0.4 and R = 0.6, in order to compare data and theory for two different
regimes of hadronization, parton shower, underlying event, and higher-order QCD cor-
rections. The measurements are corrected for detector effects to the particle level and
compared to theoretical predictions. Fixed-order NLO QCD calculations by NLOJet++,
corrected for non-perturbative effects, and POWHEG NLO matrix element calculations
interfaced to a parton-shower MC generator are considered. In both cases, corrections to
account for electroweak effects are applied.

The statistical uncertainties are smaller than in the previous ATLAS measurement of
dijet production using data collected during 2010. In particular, the improved measurement
in the high dijet-mass region can be used to constrain the PDF’s at high momentum
fraction. The correlations between the two measurements, which should be accounted for
in a common fit of the PDFs, are non-trivial due to the different treatments of the jet
energy calibration uncertainty.

Detailed quantitative comparisons between the measured cross-sections and theoretical
predictions are presented, using a frequentist method employing a x? definition generalized
for asymmetric uncertainties and their correlations. Good agreement is observed when
using the CT10, NNPDF2.1 and MSTW 2008 PDF sets for the theoretical predictions
with values of the jet radius parameter R = 0.4 and R = 0.6. Disagreement is observed
in some ranges of dijet mass and y* when using the HERAPDF1.5 PDF set, for both
values of the jet radius parameter. Even stronger disagreement is observed between data
and the NLOJet++ predictions using the ABM11 PDF set, indicating the sensitivity of
the measurements to the choice of PDF set. The sensitivity of the frequentist method
to assumptions about the correlations between the jet energy calibration uncertainties is
tested and found to be small. However, tests of the impact of assumptions about the
correlations between the theoretical uncertainties, dominant in the comparison between
data and the SM, would be desirable.
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The CLs method is employed using measured cross-sections to explore possible contri-
butions to dijet production from physics beyond the Standard Model. An example using
a model of contact interactions is shown, computed using full NLO QCD. An exclusion of
compositeness scales A < 6.9-7.7 TeV is achieved, depending on the PDF set used for the
calculation. This analysis gives results similar to those from a previous ATLAS analysis
using the same data set, that relied on detailed detector simulations of the contact inter-
action contribution, and does not improve the lower limit on A. The method presented
here can be used to confront other new models using measurements of dijet production in
pp collisions.
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A Tables of results

mig—y* migrange o 0322 §MG 44 Gitw Ypileup Yelose-by Yavour UJER UJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeVl % % % % % % % % % % %

0 026031 7.77e+05 047 056 2§ it T390 09 02 02

1 031-037 2.98+05 045 052 T35 *lo 1T LT 08 02 0l

2 037-044 1.14e+05 041 055 *23 L2 +L8 43 08 01 00

3 044-051 457e+04 043 057 *53 2o HL9 8% 08 01 00

4 051-059 1.96e+04 030 048 F52 O 20 A8 58 01 00

5 0.59-0.67 874e+03 030 043 39 08 20 T 07 01 00

6  0.67-0.76 4.08e+03 023 044 T35 05 LS 2B 06 01 00

7 076-0.85 197e+03 027 048 T4& O3 LT 425 95 01 00

8  0.85-095 9.72e+02 025 047 T 0L T2 *2E 05 01 00

9 095-1.06 47le+02 031 046 F32 0L F05 20 04 01 00

10 1.06-1.18 230e+02 042 042 *22  +04 406 +19 04 01 00| 05 18
11 118131 L.12e+02 0.60 039 *2% +01  +03 #1804 01 00

12 131-145 522e+01 085 045 *S4  *01  +01  +LT 04 01 00

13 145-1.60 253e+01 12 047 22 00 01 FIS 04 00 00

14 1.60-1.76 122e+01 1.6 046 *53 01 +00  Fld 04 00 00

15 1.76-1.94 593e+00 22 046 5% 01 400 H13 g4 00 00

16 1.94-2.12 2.58e+00 33 050 3T fol o A00 HIE 04 00 00

17 2.12-2.33 1.22e+00 44 045 13 900 00 Fl1 04 00 00

18 2.33-2.55 55901 65 039 i1 f90 A00 L0 05 00 00

19 255278 2.16e-01 10 044 3 00 400 10 05 00 02

20 278427 207e-02 14 030 *3¢ 00 400 409 13 00 02

Table 4. Measured double-differential dijet cross-sections for the range y* < 0.5 and jet radius
parameter R = 0.4. Here, o is the measured cross-section. All uncertainties are given in %. The
data (§MC) i5 the statistical uncertainty from the data (MC simulation). The v components
show the uncertainties due to those on the jet energy calibration from the in situ, pileup, close-by
jet, and flavour components. The u components show the uncertainty for the jet energy and angular
resolution, the unfolding, the quality selection, and the integrated luminosity. While all columns

variable ¢

are uncorrelated with each other, the in situ, pileup, and flavour uncertainties shown here are the
sum in quadrature of multiple uncorrelated components. The full set of cross-section values and
uncertainty components, each of which is fully correlated in dijet mass and y* but uncorrelated
with the other components, can be found in HepData [16].
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mig—y* migrange o 8322 SMG 44 Gitw Ypileup Yelose-by Yavour UJER UJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeV] % % % % % % % % % % %
21 031-037 692e+05 052 079 &4 *lEo 420 HEL g4 03 02

22 0.37-044 2.64e+05 054 070 T3 L2 420 HR0 40 03 0.1

23 044-051 1.09e+05 055 072 *62  +i=2 HLE LS 07 02 00

24 051-059 459%+04 053 073 T84 =2 HLE L0 06 02 00

25  0.59-0.67 2.02e+04 0.54 077 T8 I3 L9 G 07 02 00

26 067-0.76 949e+03 041 069 tGL T3 3L HEL 07 03 00

27 0.76-0.85 4.54e+03 040 065 FSI 1O FEL 3206 02 00

28 0.85-0.95 224e+03 035 056 T *FOT  FL9 H29 g5 02 00

29 095-1.06 1.11e+03 033 056 T2& +05 417 426 g5 01 00

30 1.06-1.18 538e+02 036 057 *27 02 4 2L 06 01 00

31 1.18-131 2.6le+02 040 o057 *+3& A+l 42296 01 00| 05 18
32 131-145 126e402 054 057 +8% oL 9T #2006 01 00

33 145160 6.0le+01 076 056 T4 o1 T4 TE 06 01 00

34 1.60-176 2.86e+01 1.1 053 TT9 Fo4 T2 T 06 01 00

35 176-194 133e+01 1.5 052 FTT o1 0L Tf 06 01 00

36 194212 6.05e+00 21 055 RS o1 0L T 06 01 00

37 212-233 2.68e+00 3.1 054 F95 +ol o A00 I3 07 01 00

38 2.33-255 1.03e+00 47 054 T rer o A00 1208 01 00

39 255278 45201 70 049 1 1 00 D 08 01 0l

40 278-3.04 16701 11 047 F13 *00 OO 10 09 01 10

41 3.04-427 17202 16 o028 *15 *0-0 0o 88 17 00 1.8

Table 5. Measured double-differential dijet cross-sections for the range 0.5 < y* < 1.0 and jet
radius parameter R = 0.4. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 642t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].
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mi2—y* mi2 range o 6822 5MS in situ Ypileup Velose-by Vavour UJER WJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeV] % % % % % % % % % % %
42 051-059 13le+05 0.82 079 *83  +12 o ALE HLE 43 01 03

43 0.59-0.67 592¢+04 086 080 F8& 10 LG LG 45 01 01

44 0.67-076 2.73e+04 090 073 F88 20 LT L 40 01 00

45 0.76-0.85 1.28e+04 093 080 *895 +O5 IO Ll 09 01 00

46 0.85-095 6.60e+03 0.89 075 39 99 2O +3E 09 02 00

47 095-1.06 3.18+03 0.83 077 3L Y 20 +3C 09 02 00

48 1.06-1.18 1.53e+03 0.69 067 132 05 421 433 99 03 00

49 1.18-131 7.43e+02 074 059 8T 05 2L 429 08 03 00

50  1.31-145 3.54e+02 0.66 054 835 04 420 42T g8 02 00

51 145-1.60 1.72e+02 0.68 053 *t84 +02 418 424 097 02 00 05 18
52 1.60-1.76 830e+01 078 053 83 01 HLS 2207 01 00

53 1.76-1.94 3.80e+01 091 o051 8T 00 A+l A+ 07 01 00

54 194212 1.67e+01 1.3 055 5% 00 408 20 08 01 00

55 2.12-2.33 7.74e+00 1.8 052 54 o1 *O5 1B 09 01 00

56 2.33-2.55 335+00 2.6 044 T30 o1 H03 LT 09 01 00

57 255278 129400 40 046 Tib o1 02 T2 10 01 00

58 278-3.04 43%-01 64 045 FF 01 0L T 11 01 o1

59 3.04-331 17201 11 042 F33 04 O HE g2 01 09

60 331464 2.1le02 14 028 F}§ to0 400 AL 17 00 LS

Table 6. Measured double-differential dijet cross-sections for the range 1.0 < y* < 1.5 and jet
radius parameter R = 0.4. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 632t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].
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mi2—y* mi2 range o 693t MG in situ Ypileup Velose-by Vavour UJER WJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeV] % % % % % % % % % % %
61 076-085 3.60e+04 14 097 3 L P Y15 03 02

62 085-095 1.82+04 17 099 i3 T2 FLE TG 14 03 01

63 095-1.06 9.0le+03 18 087 13 Als AlE AL 14 03 00

64 106-1.18 432403 19 087 HiA fl4 A8 4213 03 00

65  1.18-1.31 2.17e+03 2.0 078 i3 13 L9 3913 03 00

66  131-145 998+02 1.9 072 15 13 20 T3 02 00

67  145-1.60 494e+02 22 069 15 13 2 3413 02 00

68  1.60-1.76 242e+02 19 065 T15 *pd 0 22 AEL 13 02 00

69  1.76-194 1.1le+02 19 o062 T3 i1 *23 429 43 01 00| 05 18
70 194212 499+01 22 066 15 oS 22 2B g4 01 00

71 212233 228+01 20 060 15 oL L 26 45 01 00

72 233255 8.88+00 24 065 1§ *foE 0 ALY HZE 45 02 00

73 255278 3.64e+00 3.1 064 T1& O3 HLE O H2E 46 02 00

74 278-3.04 145e+00 41 056 fif o o1 L3 2L 470 02 00

75 3.04-331 547e-01 60 051 & &1 L0 23 49 02 01

76 331361 L6de0l 10 059 F3 0 o4 OB 22201 02 05

77 361464 14202 20 o051 31 o4 00 LTo31 01 14

Table 7. Measured double-differential dijet cross-sections for the range 1.5 < y* < 2.0 and jet
radius parameter R = 0.4. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 632t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*

but uncorrelated with the other components, can be found in HepData [16].
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mio—y* migrange o 0322 MG 44 ditw Vpileup Yelose-by Yavour UJER UJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeV] % % % % % % % % B B %
78 1.31-145 248403 39 1.1 f2L L8 ALE S AR2 0 22 05 0l
79 145-1.60 129e+03 46 12 3 10 S *3% 20 06 0l
80 1.60-176 6.6le+02 48 10 30 LT R TS 19 05 o1
81 176-2.12 2.05e+02 45 069 33 T3 FL o FEE 18 04 00 s s
82 212255 4.03e+01 58 065 35 Ty F3E 0 T2Y 19 02 01
83  2.55-3.04 6.83¢+00 68 053 T35 *22 0 24 2T 04 04 01
84 304361 87701 10 065 3L A2l 425 426 35 07 00
85  3.61-504 33le02 18 12 3 09t HEE 62 09 23

Table 8. Measured double-differential dijet cross-sections for the range 2.0 < y* < 2.5 and jet
radius parameter R = 0.4. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 632t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].

m12_y* my2 range g 5&?? 5%& %Yin situ Vpileup Yclose-by VYflavour WJER UJAR Uunfold |Uqual UYlumi
bin # [TeV]  [pb/TeV] % % % % % % % % % % %

86 212255 573s01 16 12 *32 421 418 430 56 g3 g9

87  255-3.04 128+01 20 13 3T 25 2L 42835 03 01
' ' 05 18

88  3.04-393 1.06e+00 28 14 36 A A28 2L 50 02 04

890  3.93-5.04 1.90e-02 70 21t ATO A2 42349 05 1.7

Table 9. Measured double-differential dijet cross-sections for the range 2.5 < y* < 3.0 and jet
radius parameter R = 0.4. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 642t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].
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mig—y* migrange o 8322 SMG 44 Gitw Ypileup Yelose-by Yavour UJER UJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeV] % % % % % % % % % % %

0 026031 1.07e+06 055 061 2§ 1§ *25 23 20 02 03

1 031-037 4.06e+05 060 052 T34 13 +24 A2 45 02 0 0l

2 037-044 152e+05 057 055 52 *i1 20 LS g0 02 01

3 044-051 6.06e+04 057 o058 FiL b L8 0 08 02 00

4 051-059 257e+04 058 051 Fi5 b ALE O HES 07 02 00

5 0.59-067 L13e+04 042 044 T35 10 8 L 07 02 00

6  067-076 521e+03 046 043 F38 09 L6 +2E 07 02 00

7 076-0.85 251e+03 036 047 T4& AOT A3 425 05 02 00

8  0.85-095 1.24e+03 036 045 *+48 +05 400 422 54 01 00

9 095-1.06 599%+02 037 045 *T39 *02  ACEALI 03 01 00

10 1.06-1.18 2.90e+02 038 043 *22 +04 404 +1T 03 01 00| 05 18
11 LIS-1.31 140e+02 052 038 *27 *01  #02  +14 o3 o1 00

12 131-145 656e+01 074 041 To5 01 01 *13 03 o1 00

13 145-1.60 3.19e+01 1.0 043 *I72  *01  +00 F12 04 01 00

14 1.60-1.76 149e+01 14 045 *51 01 +00 FL1 03 01 00

15 1.76-1.94 7.05e+00 2.0 046 *5& o1 00 FLO 03 01 00

16 1.94-2.12 323e+00 3.0 052 % A9 A0 0 04 01 00

17 2.12-2.33 144e+00 4.1 047 11 01 00 H09 04 01 00

18 233255 6.8le-01 58 039 i3 9L A00 0T 04 00 00

19 2.55-2.78 2.79e-01 9.0 040 12 *04 400 409 05 00 00

20 278-427 252-02 12 029 26 400 400 40T 08 00 00

Table 10. Measured double-differential dijet cross-sections for the range y* < 0.5 and jet radius

parameter R = 0.6. Here, o is the measured cross-section. All uncertainties are given in %. The

data
stat

show the uncertainties due to those on the jet energy calibration from the in situ, pileup, close-by
jet, and flavour components. The u components show the uncertainty for the jet energy and angular
resolution, the unfolding, the quality selection, and the integrated luminosity. While all columns
are uncorrelated with each other, the in situ, pileup, and flavour uncertainties shown here are the

variable §48t2 (§MT) is the statistical uncertainty from the data (MC simulation). The v components

sum in quadrature of multiple uncorrelated components. The full set of cross-section values and
uncertainty components, each of which is fully correlated in dijet mass and y* but uncorrelated
with the other components, can be found in HepData [16].
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mig—y* migrange o 8322 SMG 44 Gitw Ypileup Yelose-by Yavour UJER UJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeV] % % % % % % % % % % %
21 031-037 96le+05 0.66 086 *¢§ 15 3G 25 25 03 04

22 0.37-044 3.68e+05 0.66 076 o4 *i=2 o AZE RS g8 04 02

23 044-051 146e+05 071 070 T62 L1 H23 RO 42 03 00

24 051-059 6.03e+04 074 076 TSI L H22 LS 0 02 00

25  0.59-0.67 2.73e+04 074 077 T¢Z IS A220 AL 09 02 00

26 0.67-076 124e+04 074 072 T&p 13 T35 3T 09 02 00

27 0.76-0.85 5.96e+03 0.67 067 t3% it 2L 3309 02 00

28 0.85-0.95 2.94e+03 057 057 T35 ALz AL 42T 09 02 00

29 095-1.06 1.41e+03 058 056 55 +09  +LA 425 08 01 00

30  1.06-1.18 6.83e+02 049 055 *34 &5 L 2207 01 00

31 1.18-131 3.36e+02 051 o056 +3:5  +03 408 418 097 01 00| 05 18
32 1.31-145 1.59e+02 056 057 *38 +ol H03 LT 07 01 00

33 145-1.60 7.64e+01 0.67 054 +52  +00 403 12 07 01 00

34 160-176 3.64e+01 092 051 T3 o4 02 T4 07 01 00

35 176-194 1.67e+01 13 051 FTT o1 0L T2 08 01 00

36 1.94-2.12 7.57e+00 1.9 054 F85  +ol o H00 HLLo08 01 00

37 2.12-233 336e+00 2.7 os1 f9% 04 00 10 08 01 00

38 233-255 129e+00 4.1 053 i) 4 00 H9 08 00 00

39 255278 544e01 64 049 17 O 00 O 09 00 01

40  278-3.04 1.80e-01 10 044 T3 &L HOO HLO 99 00 06

41 3.04-427 211e-02 15 027 T35 O 0o 319 00 1.1

Table 11. Measured double-differential dijet cross-sections for the range 0.5 < y* < 1.0 and jet
radius parameter R = 0.6. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 642t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].
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mi2—y* mi2 range o 6822 5MS in situ Ypileup Velose-by Vavour UJER WJAR Uunfold |Uqual Ulumi
bin#  [TeVl [pb/TeVl % % % % % % % % % % %
42 051-059 1.80e+05 10 084 59 T2 F3E TS 03 02 04

43 059-0.67 8.07e+04 11 086 53 T2 T34 TR0 20 02 02

44 0.67-076 3.74e+04 12 076 F85 18 23 LT 48 02 00

45 076-085 1.75e+04 12 081 53 T4 32 Td 16 03 00

46 0.85-095 8.84e+03 13 076 153 1% T30 TI% 14 02 00

47 095-1.06 42le+03 12 077 f33 13 20 3T 14 02 00

48 1.06-1.18 2.08e+03 13 072 f33 L3 20 43445 02 00

49 1.18-131 9.64e+02 12 062 2L 12 L9 L5 01 00

50  1.31-145 466e+02 1.1 053 79 L3 418 42T 45 o1 00

51 145-1.60 226e+02 12 o051 o7 L1 4L6 4245 o1 0o 05 18

52 1.60-1.76 1.07e+02 1.0 052 *oT 08 +l2 422 g4 01 00

53 1.76-194 49le+01 1.1 050 *oT 82 409 L9 13 01 00

54 1.94-2.12 22le+01 1.5 056 8% 03 406 LT 43 01 00

55 2.12-233 9.86e+00 16 049 T35 o4 04 TP 14 01 00

56 233-2.55 430e+00 2.3 045 FgE o4 02 T4 15 01 00

57 255278 173e+00 3.6 047 T30 01 0L T 17 01 00

58 278304 6.16e-01 57 045 Tip o o1 0T TS 18 01 o1

59 3.04-331 18801 97 042 12 02 F00 B 19 01 09

60 331464 26le02 13 025 5 o2 00 12 34 00 17

Table 12. Measured double-differential dijet cross-sections for the range 1.0 < y* < 1.5 and jet
radius parameter R = 0.6. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 642t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].
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mi2—y* mi2 range o 693t MG in situ Ypileup Velose-by Vavour UJER WJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeV] % % % % % % % % % % %
61 0.76-0.85 4.96e+04 1§ 093 T2 4 28 AL 38 04 02

62  0.85-095 2.55¢+04 2.1 099 T2 14 26 R0 340 04 01

63 095-1.06 122e+04 21 093 *3 *90  F24 LT 30 03 00

64 1.06-1.18 6.14e+03 24 087 13 T 33 T4 27 03 00

65  1.18-1.31 2.82+03 25 085 15 8 2L +Lloo2s 02 00

66  131-145 144e+03 2.8 074 15 F12 2 439 94 02 00

67  145-1.60 6.87e+02 3.0 066 15 19 24 43T 53 02 00

68  1.60-1.76 34le+02 3.1 066 T13 18 H2Z o 3L 22 02 00

69  1.76-1.94 1.50e+02 3.6 068 15 1T 420 432 55 g2 o 05 18
70 194212 633e+01 29 064 T3 FIE LB 29 24 02 00

71 212233 304e+01 34 056 3 T % 3T 26 02 00

72 233255 121e+01 43 064 T3 T3 TF 0 T30 28 02 00

73 255278 490e+00 40 064 13 1O L 2L 30 02 0 00

74 278-3.04 1.82e+00 48 048 13 TOE H09 HZ3 34 02 00

75 3.04-331 7.06e-01 7. 050 15 s HOT 2338 02 01

76 331-3.61 244e01 97 053 H§ 98 F06 422 42 02 04

77 361464 21502 16 049 3L 02 F00 420 61 01 12

Table 13. Measured double-differential dijet cross-sections for the range 1.5 < y* < 2.0 and jet
radius parameter R = 0.6. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 632t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].

45 —



mio—y* migrange o 0322 MG 44 ditw Vpileup Yelose-by Yavour UJER UJAR Uunfold |Uqual Ulumi
bin#  [TeV] [pb/TeV]l % % % % % % % % % % %
78 131-145 33%+03 44 11 T8 f20 A28 44151 06 0.1
79 145-1.60 1.78e+03 51 11 HY 0 F3E 0 420 438 48 06 0.
80 1.60-176 832+02 62 13 T2 g B3R FEE 44 06 01
81 176-212 2.93e+02 64 081 *1 *E 25 HET 40 05 00 s is
82 2.12-255 575¢+01 88 072 32 *2E . 2R HER 40 03 00
83 2.55-3.04 9.59%+00 12 048 T30 28 T3S H2E 49 03 00
84 304361 134e+00 12 062 35 T30 T2 FE2 61 04 01
85  3.61-5.04 450e02 29 12 3 3 06 432 95 04 16

Table 14. Measured double-differential dijet cross-sections for the range 2.0 < y* < 2.5 and jet
radius parameter R = 0.6. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 632t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].

m12_y* my2 range g 5&?? 5%& %Yin situ Vpileup Yclose-by VYflavour WJER UJAR Uunfold |Uqual UYlumi
bin # [TeV]  [pb/TeV] % % % % % % % % % % %

+27 +3.1 +2.5 +2.9
86 2.12-2.55 1.09%e+02 18 11 T2 3L 2R 429 55 12 03

+30 +3.1 +2.5 +2.9
87  255-3.04 9.75e+00 26 1.8 30 431 425 429 48 10 01

05 1.8

+38 +3.3 +2.6 +2.8
88 3.04-393 242400 36 1.1t 433 420 42859 10 01

+61 +5.3 +2.9 +3.1
89 3.93-5.04 2.10e-02 76 24 6L 453 42O AR 45 04 04

Table 15. Measured double-differential dijet cross-sections for the range 2.5 < y* < 3.0 and jet
radius parameter R = 0.6. Here, o is the measured cross-section. All uncertainties are given in
%. The variable 632t (6M9) is the statistical uncertainty from the data (MC simulation). The
~v components show the uncertainties due to those on the jet energy calibration from the in situ,
pileup, close-by jet, and flavour components. The u components show the uncertainty for the jet
energy and angular resolution, the unfolding, the quality selection, and the integrated luminosity.
While all columns are uncorrelated with each other, the in situ, pileup, and flavour uncertainties
shown here are the sum in quadrature of multiple uncorrelated components. The full set of cross-
section values and uncertainty components, each of which is fully correlated in dijet mass and y*
but uncorrelated with the other components, can be found in HepData [16].
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