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This article reports on a search for dijet resonances using 132 fb=!' of pp collision data recorded at
\/s = 13 TeV by the ATLAS detector at the Large Hadron Collider. The search is performed solely on jets
reconstructed within the ATLAS trigger to overcome bandwidth limitations imposed on conventional
single-jet triggers, which would otherwise reject data from decays of sub-TeV dijet resonances. Collision
events with two jets satisfying transverse momentum thresholds of pr > 85 GeV and jet rapidity
separation of |y*| < 0.6 are analysed for dijet resonances with invariant masses from 375 to
1800 GeV. A data-driven background estimate is used to model the dijet mass distribution from multijet
processes. No significant excess above the expected background is observed. Upper limits are set at
95% confidence level on coupling values for a benchmark leptophobic axial-vector Z’ model and on the
production cross section for a new resonance contributing a Gaussian-distributed line-shape to the dijet

mass distribution.
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I. INTRODUCTION

A key strength of collider experiments is their ability to
discover new particles and observe their properties. This
capability has led to many of the major discoveries of
particle physics in the last four decades, notably that of the
W* and Z bosons [1-4], top quark [5,6], and the Higgs
boson [7,8] in the mass range 81 to 173 GeV, around what
is known as the “electroweak scale.” Nevertheless, the
electroweak scale remains to be fully explored.

The ATLAS experiment [9] at the Large Hadron Collider
(LHC) [10] is one of two experiments where the Higgs
boson was discovered with approximately 11 fb=! of pp
collision data. ATLAS recorded a factor of ~13 times more
data during Run 2 (2015-2018), providing an unprec-
edented data sample to search for evidence of additional
particles with masses at and above the electroweak scale.
Dijet resonances constitute a primary search signature for
new particles. For example, any mediator particle capable
of being produced directly in pp collisions should be able
to decay into a dijet signature. Searches for dijet reso-
nances, however, have been impeded by the large back-
ground from multijet processes in the Standard Model
(SM), which are produced with rates that overwhelm the
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normal data-taking capabilities of the ATLAS and CMS
[11] detectors. Consequently, it has been difficult for LHC
searches to constrain electroweak-scale dijet resonances
with the same coupling sensitivity as at multi-TeV masses.

Both ATLAS and CMS have targeted sub-TeV masses
with new dijet searches using their large samples of Run-2
collisions. In 2018, ATLAS published a search for dijet
resonances using an innovative technique, trigger-level
analysis (TLA), on one quarter of that sample [12]. The
TLA technique overcomes the normal data-taking limita-
tions by recording the data as reconstructed and reduced by
the ATLAS trigger system, rather than the full detector data
stream, for subsequent analysis. With much greater stat-
istical power than available in traditional data-taking, the
TLA technique allowed ATLAS to constrain dijet reso-
nances at masses from 450 to 1800 GeV, far below the
minimum mass of 1.5 TeV probed by the conventional
ATLAS dijet searches in Run 2 [13]. A similar technique to
TLA (“data scouting”) was prototyped by CMS with data at
7 TeV center-of-mass energy and employed in CMS dijet
analyses, constraining resonances in the mass range 500 to
1800 GeV [14-16]. Similarly, LHCb [17] employs the
“turbo stream” as one of their main data-taking strategies
[18,19]. Searches for dijet resonances in complementary
channels were performed with additional requirements on
the dijet system, such as large transverse momentum (p)
[20,21], photon or jet initial-state radiation [20,22,23], an
additional charged lepton [24], or b-tagging of the jets
[13,16,21,25-27] by ATLAS and CMS. These searches
allowed ATLAS to cover a wider region of dijet mass from
100 GeV up to multiple TeV than previous searches by
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ATLAS, albeit with limited acceptance due to the addi-
tional requirements and, consequently, less sensitivity than
the TLA result.

This paper presents an updated TLA search for dijet
resonances in the mass range 375 to 1800 GeV using the
full statistical power of the sample recorded by ATLAS
during Run 2. Superseding the prior ATLAS TLA result
[12], this new search incorporates four times the integrated
luminosity, an improved first-level trigger strategy to
extend the search to lower dijet masses, an improved jet
calibration, and more sophisticated statistical analysis
techniques.

II. ATLAS DETECTOR

The ATLAS detector [9] at the LHC covers nearly the
entire solid angle around the collision point.1 It consists of
an inner tracking detector surrounded by a thin super-
conducting solenoid, electromagnetic and hadron calorim-
eters, and a muon spectrometer incorporating three large
superconducting air-core toroidal magnets. The inner-
detector system (ID) is in a 2 T axial magnetic field and
provides charged-particle tracking in the range || < 2.5.
The high-granularity silicon pixel detector covers the vertex
region and typically provides four measurements per track,
the first hit normally being in the insertable B-layer (IBL)
installed before Run 2 [28,29]. It is followed by the silicon
microstrip tracker (SCT), which usually provides eight
measurements per track. These silicon detectors are com-
plemented by the transition radiation tracker (TRT), which
enables radially extended track reconstruction up to
|n] = 2.0. The TRT also provides electron identification
information based on the fraction of hits (typically 30 in
total) above a higher energy-deposit threshold correspond-
ing to transition radiation.

The calorimeter system covers the pseudorapidity range
In| <4.9. Within the region || < 3.2, electromagnetic
calorimetry is provided by barrel and end cap high-granu-
larity lead/liquid-argon (LAr) calorimeters, with an addi-
tional thin LAr presampler covering |57| < 1.8 to correct for
energy loss in material upstream of the calorimeters. Hadron
calorimetry is provided by the steel/scintillator-tile calorim-
eter, segmented into three barrel structures within |y7| < 1.7,
and two copper/LAr hadron end cap calorimeters. The solid
angle coverage is completed with forward copper/LAr and
tungsten/LAr calorimeter modules optimised for electro-
magnetic and hadronic energy measurements respectively.

' ATLAS uses a right-handed coordinate system with its origin at
the nominal interaction point (IP) in the centre of the detector and
the z-axis along the beam pipe. The x-axis points from the IP to the
centre of the LHC ring, and the y-axis points upwards. Cylindrical
coordinates (r,¢) are used in the transverse plane, ¢ being the
azimuthal angle around the z-axis. The pseudorapidity is defined in
terms of the polar angle § as 7 = — Intan(6/2). Angular distance is

measured in units of AR = /(An)? + (Ag)?.

The muon spectrometer comprises separate trigger and
high-precision tracking chambers measuring the deflection
of muons in a magnetic field generated by the super-
conducting air-core toroidal magnets.

Collision events of interest are selected by a first-level
(LT) trigger system implemented in custom hardware,
followed by selections made by algorithms implemented
in software in a high-level trigger (HLT) [30]. The L1
trigger accepts events from the 40 MHz bunch crossings at
a rate below 100 kHz and features a topological processor,
L1Topo [31], allowing selections on multibody quantities
such as the angular distance between two jets. The HLT
reconstructs events accepted by the L1 to record an average
of 1.2 kHz of full events with an average size of 1 MB to
permanent storage in a “main” stream [32]. Specialized
streams record additional data for low-py flavor physics
analysis, monitoring, calibration, and other uses. These
streams use dedicated triggers, non-standard reconstruction
paths, or readout of only subsets of the detector around
regions of interest. For TLA, a dedicated stream stores the
HLT jet information [30,33] for all events accepted by
certain L1 trigger selections, regardless of the HLT deci-
sion, while discarding the raw detector data found in the
main stream. The information recorded for each HLT jet
consisted of the four-momentum and calorimeter variables
providing information about the quality and structure of
each jet [34]. No tracking measurements were recorded for
TLA. The TLA stream recorded events with a rate of up to
27 kHz at a mean 6.5 kB per event [32]. An extensive
software suite [35] is used in the detector operations, trigger
and data acquisition systems of the experiment, and in
simulation, reconstruction, and analysis.

III. DATA AND SIMULATION SAMPLES

Data were selected by several L1 triggers and processed
by the TLA stream for offline analysis as follows. In each
collision, the L1 trigger identified L1 jets from Ay x A¢ =
0.2 x 0.2 electromagnetic and hadronic calorimeter seg-
ments with a sliding-window algorithm. Events containing
atleast one L1 jet within || < 3.1 with sufficient transverse
momentum were recorded in the TLA stream. From 2016—
2018, this requirement was pr > 100 GeV, which corre-
sponds to the lowest-threshold, unprescaled single-jet L1
trigger for most of that period. Starting in 2017, additional
prescaled triggers with lower thresholds were included at
the end of LHC fills as declining instantaneous luminosity
during a fill lowered the actual trigger rate of the initial L1
menu well below its capability, yielding a peak rate of
27 kHz. In 2017, a single end-of-fill trigger required an L1
jet with pp > 50 GeV. In 2018, this was expanded to a
luminosity-dependent combination of triggers, from which
events were selected for analysis with either of two triggers.
The first required a single L1 jet with pr > 50 GeV. The
second, making use of the L1Topo processor, required
two L1 jets satisfying pp > 50 GeV for the leading jet,
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FIG. 1. Trigger rate as a function of time for the total L1 trigger

and the L1 triggers feeding the TLA stream. The single LHC fill
shown occurred in September 2018. While the J100 L1 item (dark
blue histogram) collected events for TLA throughout the fill, the
single-jet J50 and dijet JS0_DETA20-J50] triggers (light blue and
red histograms) activated as the LHC instantaneous luminosity
(dashed line) and total L1 trigger rate (solid line) declined during
the fill.

pr > 15 GeV for the subleading jet, and |y*| < 1, where
|y*| = |An/2| is half of the absolute rapidity difference
between the two jets. No data recorded in 2015 are
considered, as only a small amount of luminosity was
recorded with the TLA stream that year, requiring an L1 jet
with pr > 75 GeV. That sample is fully analysed in the
prior ATLAS dijet TLA [12]. Figure 1 shows the typical
rate for the individual TLA streams during an LHC fill.

In addition to the data used for the search, collision
events recorded with the main stream and reconstructed
offline were used to calibrate the jets used for the search
and to validate the statistical methods applied to the TLA
stream. Events in the main stream provide a superset of the
information available for events in the TLA stream and are
thus suitable to derive a calibration for the latter. The two
streams were triggered independently, with the decision to
record an event in one stream unaffected by the decision to
record an event in the other. The main stream was not used
to construct the search sample. Main stream events were
recorded with a suite of unprescaled and prescaled single-
jet triggers with various pr thresholds as low as 45 GeV.
The unprescaled single-jet trigger with the lowest threshold
required pt > 420 GeV at the HLT selection.

All data used from the TLA and main streams were
recorded in stable beam conditions with all relevant
detector systems operating normally [36]. Events are
discarded if occurring during brief periods associated with
calorimeter data corruption or transient LAr calorimeter
noise [37]. The number of pp interactions per bunch
crossing, referred to as pile-up, spanned 10-70 interactions
per bunch crossing (u), with an average of y = 25 in 2016,
u =381in 2017, and y = 36 in 2018. Pile-up both from the
same bunch crossing (“in-time”) and preceding bunch
crossings (“out-of-time”) affects the energy reconstruction
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FIG. 2. Distributions of dijet invariant mass m;; for events

collected via the TLA stream and reconstructed in the HLT,
combining events selected at L1 by the pp > 100 GeV trigger
(filled circles) and the prescaled single-jet and dijet pr > 50 GeV
triggers (open squares), showing the increase in events recorded
at lower values of dijet mass for this analysis compared with
events collected via the main stream and reconstructed offline
(histogram). For this illustrative comparison, each sample must
satisfy the analysis selection described in Sec. V, except for
rejection of the tile gap region, and includes events with at least
two trigger or offline jets, each with pp > 85 GeV and || < 2.4,
with half a rapidity difference smaller than 0.6. The final sample
used for the search is discussed and shown separately in Sec. V.

in the calorimeters and is corrected for in a dedicated step of
the jet calibration.

After trigger and data-quality requirements, this search
uses 132 fb~! of data collected from 2016 to 2018 with the
TLA stream via the pp > 100 GeV L1 trigger (“J100”) and
15 tb~! recorded with the pr > 50 GeV L1 end-of-fill
single-jet and dijet triggers (“J507). These two datasets
overlap since J50-triggered events with a jet of sufficiently
high pr also fulfill the requirements of the unprescaled
J100 trigger. Figure 2 compares the samples collected by
the TLA and main streams as a function of dijet invari-
ant mass.

Relative to the sample collected with the main stream
using both prescaled and unprescaled triggers, the J50 TLA
sample provides up to ~30 times greater numbers of events
per mass bin and the J100 TLA sample provides up to ~75
times greater numbers of events.

Events from simulation of multijet processes are used to
derive calibrations of jet energy measurements and evaluate
the effects of certain systematic uncertainties, described
below. These events were simulated with Pythia 8.235 [38],
the Al4 [39] set of tuned parameters for the underlying
event, and the leading-order NNPDF2.3 [40] parton distri-
bution functions (PDFs). The renormalization and factor-
isation scales were set to the average pt of the two leading
jets. In order to model the effect of pile-up, the hard-scatter
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event was overlaid with simulated minimum-bias events
generated with Pythia 8.186 [41] using the leading-order
NNPDE2.3 PDFs and the A3 set of tuned parameters [42].
The events were reweighted such that the resulting dis-
tribution of average number of interactions per bunch
crossing matches that observed in data. Detector effects
were simulated using Geant4 [43] within the ATLAS soft-
ware infrastructure [35,44]. Separate samples were con-
structed for each year of data taking to reflect the changes in
luminosity profile and detector conditions.

Additional spin-1 Z’ bosons often arise in models of
phenomena beyond the Standard Model (BSM), such as in
those involving symmetry breaking of extended gauge
theories, Kaluza-Klein towers arising from extra dimen-
sions, and in many others. As a benchmark for these and
other resonances, a leptophobic Z’' model [45] was simu-
lated at leading order, with matrix elements calculated in
MadGraph 5 2.2.3 [46] using the leading-order NNPDF2.3 PDFs
and parton showering performed in Pythia 8.210 with EvtGen

12,0 [47] and the Al4 set of tuned parameters. Detector
effects including the effects of pile-up were simulated as for
the sample of multijet processes using the ATLAS simu-
lation. The Z' model assumes axial-vector couplings to all
SM quarks with one coupling value common to all quark
flavor. The Z’ simulation did not model interference with
the SM, such as with the Z boson. The model includes a
coupling of the Z' to a dark matter candidate, but the
simulation adopted a scenario [45,48] where its decays into
dark matter are negligible. In this case, the dijet production
rate and resonance width depend, at leading order, only on
the coupling to quarks, g,, and the mass of the resonance,
my . The production rate scales quadratically with g,.

IV. JET RECONSTRUCTION AND CALIBRATION

Jets were reconstructed by the HLT (“trigger jets”) solely
from topological clusters of signals in contiguous calorim-
eter cells [49] using the anti-k, algorithm [50,51] with a
radius parameter of R = 0.4. Each cluster is assigned an
energy equal to the sum of the associated cell energies.
These signals are calibrated at the electromagnetic (EM)
scale, accounting correctly for the energy deposited by EM
showers but not by hadronic showers. Consequently, the
resulting jets formed from such topological clusters
(EMTopo) require further calibration. For this search, only
trigger jets are available. The analysis discards jets with
pr < 85 GeV or || > 2.4 to minimise the contribution of
pile-up jets and to achieve the best possible jet resolution.
Events that contain jets induced by calorimeter noise,
beam-induced background, or cosmic rays were rejected
using the “BadLoose” criteria identical to Ref. [34] but with
no requirement on the track-based charged fraction, which
was not recorded for trigger-level jets but has a negligible
effect after the requirement on the rapidity difference
described in Sec. V.

A calibration procedure was performed for trigger jets
during the analysis to correct their energy and direction to
those of particle-level jets. This calibration made use of two
additional types of jet reconstruction. For main stream data,
used in the final calibration step, an additional collection of
jets was reconstructed from the raw detector data (“offline
jets”) with an equivalent anti-k, R = 0.4 algorithm and
kinematic selections, calibrated using the standard ATLAS
techniques [52]. For simulated data, anti-k, R = 0.4 par-
ticle-level jets were reconstructed from stable particles with
a lifetime greater than 10 ps (“truth jets”) and serve as the
reference for the trigger jet calibration.

The calibration of trigger jets closely followed the usual
calibration procedure for offline jets [52]. The differences
between trigger and offline calibrations, summarized in
Fig. 3 and described in the following, arise from the
differences in jet reconstruction and the information avail-
able at the trigger level. A final calibration step, the trigger/
offline correction, was performed to align trigger jets to the
offline jet energy scale. This allowed the treatment of
trigger jets to adopt identical uncertainties to those derived
during the offline jet calibration, except for flavor uncer-
tainties, whose treatment differs from that for offline jets
due to the lack of tracking information and is discussed in
this section and Sec. VII. All steps up to and including the
global sequential correction are applied to jets both in
simulation and in data, while all subsequent steps are
applied only to jets in data.

The high statistical precision of the TLA stream, with a
sensitivity to signal amplitudes of the order of 10~* to 1073
relative to the background contribution, poses strict smooth-
ness requirements on the jet calibration. Throughout the
calibration chain, special emphasis was placed on keeping
the jet response a smooth function of jet pr without local
features to avoid introducing peaking features into the dijet
mass distribution.

Pile-up correction The first step in the calibration
sequence was the jet-area-based pile-up correction, to
remove additional energy from pile-up collisions. The jet
area A, as a measure for the susceptibility of a given jet to
additional energy from pile-up collisions, was measured for
each jet by ghost-association [53,54]. The contribution of
pile-up in the event was estimated from the average pile-up
density p = median{ p1(j)/A(j)} of the ratio of transverse
momentum pr and area A of all jets j in the event. The
initial transverse momentum piMit was corrected to

area

Pt

= pi = pA,

using the product of p and A as an estimate for the
contribution from pile-up to the momentum of each
individual jet. This correction was performed within the
HLT. Therefore the trigger jets entering the TLA stream
were calibrated to this scale and all subsequent calibration
steps were derived and applied relative to it.
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Stages and substeps of the trigger jet calibration and how they differ from the offline jet calibration. Following the jet area

correction performed by the HLT during data collection (yellow hatched), this analysis uses dedicated calibration steps (blue hatched)
correcting for pile-up and differing energy response of hadronic signals throughout the detector. Steps of the offline calibration
employing tracking are omitted due to the lack of tracking in the TLA stream (orange hatched). Trigger jets in data are further corrected
with a dedicated #-intercalibration while the same absolute in situ calibration as derived for offline jets is applied (purple hatched). This
is followed by a new trigger/offline step (green hatched) to correct for remaining differences between offline and trigger jets.

The offline jet pile-up calibration [52] procedure fore-
sees a residual correction

opr opt
res — area __ N — 1 —_ R
Pt Pr ONpy (Npy ) op H

based on the number of vertices with at least two
associated tracks with pr > 500 MeV (“primary verti-
ces”) Npy in the event and the mean number of
interactions per bunch crossing u. The former is affected
only by in-time pile-up while the latter is affected by
both in-time and out-of-time pile-up. Since vertex
information is not recorded for the TLA stream, a
calibration based on Npy is not possible; hence only
the u term of the residual pile-up calibration was applied
to trigger. In this and all subsequent simulation-based
calibration steps, trigger and truth jets were geometri-
cally matched by their angular distance requirement
AR < 0.3, and truth (trigger) jets were required to be
isolated from all other truth (trigger) jets in the event by
AR > 1.0 (AR > 0.6). The factor dpy/du was deter-
mined by linear fits of pj — p" versus p for trigger
jets with 60 < pi*® < 80 GeV in simulated dijet events.
This was done independently for each |p™®"| < 4.0
interval of width 0.1.

Figure 4(a) shows that this residual step significantly
decreases the dependence dpy/du of trigger jet pp with
respect to u. Figure 4(b) shows that the dpy/dNpy
dependence is unaffected by this correction. This consti-
tutes a significant improvement on the prior ATLAS dijet
TLA [12], where only the jet-area-based correction was
applied.

Absolute EtaJES correction Subsequently, a simula-
tion-based absolute calibration was applied to correct
the jet energy E scale (JES) to that of truth jets. The
average jet energy response after the pile-up correction
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FIG. 4. Dependence of the reconstructed trigger jet pr on
(a) the average number of interactions per bunch crossings ¢ and
(b) the number of primary vertices Npy before (open squares) and
after the two steps of pile-up calibration described in Sec. IV, the
area based correction (open triangles), and residual correction
(filled circles) in simulated dijet events, as a function of the
pseudorapidity |7™®"| of the corresponding truth jet.
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i . . 2
was measured as Ry = Eoi in bins of E™M and 5%,

The statistical mode of each response distribution was
estimated as the mean of a fit of a Gaussian distribution
to its core. Correction factors were extracted by fitting the
resulting modes with the functional form

Nmax
]:JES (Etruth) — a; (11’1 Etruth ) i ,
i=0

where a; is a free parameter. For each fit the functional
order N, is chosen from the interval {1..6} such that it
results in the minimal y?> of the fit [55]. A numerical
inversion procedure was applied to obtain the factors
as a function of trigger rather than truth quantities
Fies(EM2eT) such that they can be applied to trig-
ger jets.

Figure 5(a) shows that the value of the response before
applying the EtaJES correction is highly dependent on the
pseudorapidity 7% and can change by up to 50%. This is
partly due to varying instrumentation across different
detector regions, which can result in a bias in the direction
of reconstructed jets, especially the pseudorapidity #, towards
better-instrumented regions of the detector. Hence, an addi-
tional correction to the pseudorapidity was applied to
compensate for this effect. It was derived in the same way
as the energy correction, but using the difference Ay =
piigeer — piuth pather than the response Ry.

Closure is defined as the difference between the response
to unity after the correction is applied. Figure 5(a) shows
that the EtaJES achieves a closure of 5% in the forward
region (and significantly below that in the central region)
for jets with E > 80 GeV.

Global sequential correction Up to this point both
energy and direction of reconstructed trigger jets are
calibrated on average. A global sequential correction
(GSC) was then applied to improve the response of
individual populations of jets, e.g. jets that differ in the
fraction of energy deposited in different calorimeter com-
ponents, while leaving the overall response unchanged. As
aresult, the overall resolution improves, as measured by the
width of Gaussian distributions fit to the cores of the
response. ATLAS typically applies a GSC [52] based on
five variables:

(1) frio: The fraction of jet energy measured in the first

layer of the hadronic tile calorimeter;

(i1) fram: The fraction of jet energy measured in the
third layer of the electromagnetic Liquid Argon
calorimeter;

(iii) n!%°: The number of pr > 1 GeV tracks associated
with the jet;

et is the jet pseudorapidity pointing from the geometric
centre of the detector. Its use reduces ambiguity as to which
region of the detector is measuring the jet.
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FIG.5. (a) Trigger jet energy response, EU€8 / E™ i bins of

detector pseudorapidity 7% of the truth jet pr, pi™", before

applying the EtaJES calibration step (open markers in ranges of
truth jet energy from 80 to 1500 GeV) and closure after applying
the correction (filled circles). (b) Resolution o(py "/ piuth) of
trigger jet transverse momentum pr as a function of truth jet pr
after the EtaJES calibration step (open squares) and after each of
the calorimeter-based GSC steps, TileO (open triangles) and LAr3
(filled circles) in the central detector # bin |7%!| < 0.1.

(iv) wy: The pr-weighted transverse distance of tracks
to the jet axis;
(V) Ngegments: The pp-weighted transverse distance of
muon spectrometer segments to the jet axis.
Due to their dependence on tracking information, the last
three of these variables were not available to the TLA
stream. Consequently, only the first two steps of the normal
sequence, involving the variables frio and fias3, were
performed for the trigger jet calibration. One GSC variable
after the other, the response R, distribution of trigger jets
with respect to matched truth jets was constructed in bins
of piuth ydet and the GSC variable and extracted as the
mean of a fit to a Gaussian distribution. For each # bin, a
2-dimensional (2-D) Gaussian kernel smoothing in pi®
and the GSC variable was performed on the resulting
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average response. The final calibration factors as a function
of trigger jet pr and n were determined by numerical
inversion. This procedure was performed for each GSC
variable sequentially, i.e., the response of the second
variable was constructed after applying the correction based
on the first variable. Figure 5(b) illustrates both steps of the
GSC improve the trigger jet resolution.

The subsequent tracking-based steps of the offline GSC
sequence are intended to correct for the differences
between quark- and gluon-initiated jets. These latter steps
use variables (!9, Wiy, Ngegments) available only from
offline reconstruction. They typically produce corrections
that are smaller than the prior steps in the offline sequence.
Despite lacking the track-based steps, the trigger GSC
described here achieves similar resolution to the offline
GSC, with 10% at 100 GeV and 4% at 2 TeV [56]. Flavor
uncertainties for trigger jets were rederived to account for
the absence of the tracking-based steps and found to be a
factor of two larger than for offline jets, as discussed in
Sec. VIL

Data correction In addition to the three Monte-Carlo
derived calibration steps described so far, a data-based
calibration was applied, with the goal of correcting for
residual differences in the energy scale in data that are not
modeled in the simulation. While the Monte-Carlo derived
calibrations rely on simulated particle-level jets as refer-
ence, the data corrections rely on reconstructed objects with
well-calibrated response as reference to calibrate objects
with less well-understood response, taking advantage of the
overall transverse momentum balance in an event. For
offline jets, this correction comprises two parts: the
n-intercalibration and the absolute in sifu calibration. The
former balances jets in the forward detector regions with
those in the better instrumented central region while the latter
balances jets in hadronic recoil events with a photon or
leptonically decaying Z boson. For trigger jets, an additional
step, the trigger/offline correction, was derived.

The n-intercalibration is designed to accommodate for
the effect that the response of central jets is usually better
constrained than that of forward jets. The ratio of data /
simulation response is constructed in bins of # and pt and a
2-D smoothing is applied. A jet-vertex-tagger (JVT) [57]
requirement of >0.59 is applied based on the JVT score of
AR < 0.3 matched offline jets. To better constrain the
smoothness, for trigger jets a 7-parameter poly-log func-
tional form fit

1ntercal p T

Za log'(pr)

i=—

was used instead of the 2-D Gaussian kernel used for the
offline jet in situ calibration. Apart from this, the procedure
of deriving the y-intercalibration here does not differ from
that for offline jets. The resulting distribution is applied as a
calibration curve for jets with |57| > 0.8.

For offline jets, an absolute in situ calibration was
obtained from the pr balance of events with jets recoiling
against well-measured objects in data. Forward jets
were corrected based on them recoiling against central
jets in dijet events while central jets were corrected based
on recoils with photons in y + jets events or leptons in
Z(— leptons) + jets events. The previous calibration steps
bring the trigger jets to nearly identical scales as offline jets,
which allowed the trigger jet calibration to use the same
in situ calibration factors as offline jets.

An additional calibration step correcting trigger jets to
the scale of offline jets was applied to account for any
residual differences between the two calibrations. This
calibration was derived independently for each year (2016,
2017, 2018) and the two TLA data samples (J50, J100)
accounting for the different pile-up conditions of each year
of data taking, and the fact that the J50 L1 trigger
was mostly active at the end of LHC fills (again with
differing pile-up conditions). To store both trigger and
offline jets for an event, the HLT must have accepted the
event, initiating the offline jet reconstruction. Different
single-jet HLT triggers were used depending on the
P = (pled + pswblead) /7 the average transverse momen-
tum of pr-leading and subleading offline jets AR < 0.2
matched to trigger jets, ensuring the triggers are fully
efficient. Event-by-event prescale factors were taken into
account to correct the population of jets for bias from
triggers whose varying prescale factors led to differing
distributions of instantaneous luminosity.

Aresponse R = piee / poffline g derived as the mean of
fits in data to a Gaussian distribution in bins of p7'®. The
motivation for deriving and validating the trigger/offline
calibration in bins of p7® rather than single-jet pr was to
account for the varying flavor composition of the two leading
jets per event such that the correction factor is valid for the
whole dijet system. A numerical inversion, followed by a 2-D
Gaussian kernel smoothing, was performed to determine the
final calibration factor in bins of trigger jet p7 ¢ and 7.

A trigger/offline pt closure of the order of 1% is
observed inclusively in #. After the correction, it improves
to be within 0.5% over the full p7'® range. The closure in
individual # regions before (after) the correction is within
2% (1%). The final statistical interpretation of the analysis
is performed on the invariant mass of the dijet system m;.
Hence, the m;; response of trigger relative to offline jets,
Fig. 6, was measured as a final calibration check. Similarly
to the pr closure, the m;j; closure improves from 1% to
0.5% after applying the correctlon The differences in
closure between J50 and J100 arise from the difference
in pile-up conditions, with the J50 selection activated
exclusively during lower instantaneous luminosity. The
remaining non-closure is approximately constantin m;; and
small in comparison to the dominant jet energy scale
uncertainties discussed in Sec. VII.
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FIG. 6. Improvement in the ratio of trigger to offline dijet mass,
m;r]'-gger /mSiine for the J50 (circles) and J100 (squares) samples

before (open markers after the in sifu calibration step) and after
applying the trigger/offline calibration (filled markers) for all
years of data taking combined. For offline jets, different leading
jet pr > X GeV thresholds (abbreviated as jX) are required
which are fully efficient for a given mS{" region. Each region
is exclusively populated by one trigger based on the offline jet pr.
Events where either leading or subleading jet fall into the region
1.0 < [p°fftine] < 1.6 are excluded to avoid jets whose calibration
performance is not sufficient, as discussed in Sec. V.

V. EVENT SELECTION

For the search and the data-driven background estimate,
events from the TLA stream were selected that contain
at least two trigger jets, each with pt > 85 GeV and
|n| < 2.4. The two highest pr jets satisfy [y*| < 0.6.
This requirement suppresses the background from SM
multijet processes, which grows with y* due to 7-channel
poles at leading order. This value was chosen to optimise

the Poisson signal significance (S/+/B) in simulated data
for the Z' signals of mass 350 to 1000 GeV.

After these selections, events with either jet having 1.0 <
7| < 1.6 were discarded. These jets overlap with a narrow
“tile gap” region between hadronic calorimeters that is
instrumented only by a thin set of gap and cryostat
scintillators [58]. In this region, the jet calibration pro-
cedure described in the previous section is unable to reach
the performance demanded by the statistical uncertainties
in the TLA sample.

Events meeting these requirements were further divided
into “J100” and “J50” signal regions by the L1 trigger that
collected them. For J50-triggered data, events with cali-
brated m;; below 344 GeV were discarded to remove data
sculpted by the kinematic requirements of the L1 trigger.
For J100-triggered data, the minimum allowed m;; was
481 GeV. These thresholds were chosen from dedicated
measurements of the trigger efficiencies as a function of

data-taking period, jet py and dijet m;;, varying the y*

requirement from 0.3 to no requirement at all, to ensure that
these triggers reached full efficiency throughout the mass
regions used for the search.

Figure 7 shows the m;; distributions for the two signal
regions after these selections, in variable-width bins which
correspond to the calibrated trigger jet m;; resolution in
simulation.

VI. BACKGROUND ESTIMATE

The SM background in the search is dominated by
nonpeaking multijet processes convolved with a smooth
detector response. The estimate of this background began
with an ansatz

- Ngyst 5

fx)=p (1 —X)l’zxZi:%pilog(! o (1 +Zejzcijk> ,
= k=

(1)

where x =m;;/ /s and N is a fixed number of shape
parameters. Dijet mass distributions were found to be well
described by expressions similar to Eq. (1) (6; = 0) in prior
dijet searches with lower statistical precision [13,59-64]. In
Eq. (1), systematic uncertainties in the background shape
due to the jet calibration are modeled via nuisance
parameters 6; and modulating factors c;; derived from
simulation as described in Sec. VIL. The m;; data in Fig. 7
in each signal region were divided into 1 GeV fixed-size
bins and fit with Eq. (1) using a RooFit+RooStats-based
[65,66] framework to obtain the parameters p; and nui-
sance parameters 6.

Fits to this ansatz were validated separately for each of
the two signal regions. As constructing a sample of multijet
processes with equivalent statistical uncertainties to Fig. 7
was computationally impractical with the ATLAS detector
simulation, the fit procedure for fixed N was validated on
pseudodata. This pseudodata was generated by applying
Poisson fluctuations matching the statistical uncertainties in
Fig. 7 to fits of both subsamples and the entirety of the data
in Fig. 7 with Eq. (1) with Ny = N + 1 parameters. A y?
probability larger than 1% was required for the N fit to
ensure that the pseudodata accurately models the shape of
the m;; distribution in data. In case of a localised excess
prohibiting the y? threshold being reached, the excess
region would have been masked from the N, fit to ensure
that pseudodata corresponding to a background-only m;;
distribution could be generated.

Fits to the pseudodata confirm the y? goodness-of-fit
follows the eponymous distribution, which was used to
assign the quoted y? probabilities with the number of
degrees of freedom given by the difference between the
number of bins and the number of unconstrained param-
eters in the fit.
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FIG. 7. Observed m;; distributions for the J50 (filled squares)
and J100 (filled circles) signal regions, using the variable-width
bins and analysis selections described in the text. In the upper
panel, the histograms indicate the background estimates from
each ansatz fit, integrated over each bin. Predictions for two Z’
signals are shown above the fit (open markers), normalized to 500
times the predicted cross section for a quark coupling g, = 0.1
for visibility. The lower panels show the significance of the
differences between data and background estimates in units of the
statistical uncertainties in the numbers of events in each bin. The
regions identified as the most significant by BumpHunter are
indicated in the bottom panel as contiguous solid-filled bins.
The p-value for the fit > and global value from BumpHunter are
indicated in the legends for each of the two signal regions.

The fit for fixed N was validated by performing signal-
plus-background fits with freely floating signal amplitude
on the generated N, pseudodata, using a set of the signal
masses and shapes tested in Sec. VIII. As the pseudodata is
generated to behave like the background-only distribution,
the expectation of the signal amplitude extracted in these
fits is zero. Any deviation from this indicates a bias in the fit
and is thus labeled spurious signal. For each signal
hypothesis it was validated on the ensemble of fits to
pseudodata that the spurious signal is Gaussian-distributed
with a mean of the order of the standard deviation.
Additionally, N, pseudodata with signals injected were
used to verify that the background component of the fit is
not significantly affected by the presence of signal and that
the extracted signal amplitude corresponds to the injected
amplitude within uncertainties. Notably, the machine
precision of the bin-wise evaluation of the negative log-
likelihood in RooFit was found insufficient for the unprec-
edented numbers of events shown in Fig. 7; the Gaussian
limits of the Poissonian terms in the likelihood were used to
avoid this limitation.

From the previously validated fit strategies, an F-test
[67] was performed to determine the value of N for which
further increasing the fit flexibility does not significantly
improve the y> goodness-of-fit. This test was performed
on the data in both signal regions independently with a
threshold of p(F) > 0.05. It resulted in a choice of N = 6
in both signal regions.

VII. UNCERTAINTIES

Systematic uncertainties in the jet energy scale and
resolution were considered for both the signal and the
background contributions. They were evaluated on the
simulated Z’ and dijet samples mentioned in Sec. III,
respectively, by independently varying 40 nuisance param-
eters up and down within their uncertainties on a jet-by-jet
basis. The jet energy scale uncertainties with the highest
impact on the signal template Z’ fits are shown in Fig. 8. All
uncertainties except for the flavor composition, flavor
response, and #-intercalibration modelling uncertainty
are identical to those derived for offline jets.

The flavor uncertainties were rederived as in Ref. [56],

flavor — _
Gresponse - fgaRg’

Gﬂavor L. = ny R‘I — Rg|
composition ngg —+ (1 - fg)Rq ’

where R, and R, are the fraction of light quarks and gluons
that were estimated from Pythia 8 dijet simulated events. The
gluon response modeling uncertainty OR, Was obtained as the

maximum difference between the gluon response in Pythia 8,
HERWIG [68,69], and Sherpa [70,71] simulated events. The
gluon fraction f, was set to a constant value of 50% with a
conservative estimate on its uncertainty of of, = 100%f ;.

The flavor uncertainties are the dominant jet uncertainties
and mainly arise due to the lack of tracking information
which, for the offline jet calibration, is key to aligning the
response of quark- and gluon-initiated jets [56].

To parameterise the impact of the uncertainties on the
signal, a double-sided Crystal Ball function [72,73] was
fit to the nominal and systematically varied Z' m;;
distributions. The impact of each nuisance parameter on
the mean and the width of the Gaussian core of the function
is assigned as systematic uncertainty both for Z' and
Gaussian-shaped resonance signals. The dominant sources
of uncertainty in the mean of the signal is the uncertainty in
the jet flavor composition ranging from 8 to 20 GeV with
rising signal mass. It is followed by the jet flavor response
and the in situ uncertainties both ranging approximately
from 2 to 12 GeV. The uncertainty in the width of the
signal is small with all nuisance parameters having a sub-
GeV impact.

For the systematic uncertainties in the background, the
ratios of the systematic up and down variations of the m;;
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FIG. 8. Total systematic uncertainty in the energy scale of trigger jets (solid lines) and the most significant of 40 components

considered, as a function of jet (a) pr and (b) #. The bottom panel shows the absolute differences between trigger jet and offline jet
uncertainties for the total uncertainty and the three components that were rederived for trigger jets. Uncertainties in the flavor
composition of jets (uppermost dashed line) are the largest contribution to the total uncertainty and the source of the largest difference
with the offline calibration uncertainty, arising due to the absence of tracking information used in the offline GSC to correct for different

responses to quark- and gluon-initiated jets.

distributions to the nominal distribution were symmetrized
and fit with a fifth degree polynomial. The resulting
coefficients ¢y, k = 1...5 for each systematic uncertainty
j were used to parameterise the shape of this uncertainty in
the background ansatz in Eq. (1), treating it as fully
correlated across m;;. The amplitude for each is a nuisance
parameter ¢; with normal constraint in the likelihood.

The systematic uncertainties in the signal and back-
ground contributions were treated as uncorrelated.

The amount of spurious signal determined for each
signal hypothesis and mass was considered as an additional
systematic uncertainty by adding a separate signal compo-
nent of identical shape and a Gaussian-constrained ampli-
tude to the signal-plus-background fits. This uncertainty
was found to be up to the order of half the statistical
uncertainty in the signal amplitude for most Z’ and narrow
Gaussian-shaped resonance signals and up to 170% of the
statistical uncertainty for wide resonances. The extreme
cases are largely driven by the inclusion of the systematic
uncertainties in background shape in the ansatz fit, which
increases the fit flexibility and the spurious signal. The
resulting impact on the sensitive signal cross section ranges
from being negligible to up to an 80% increase, depending
on signal shape and mass.

The uncertainties originating from the total collected
luminosity of the samples were below 1% and have a
negligible effect on the presented results [74]. No other
normalisation uncertainties in the Z' cross section for a
given coupling constant g, is applied for comparability
with other results probing Z’ dijet resonances.

VIII. RESULTS AND EXCLUSION LIMITS

The m;; distributions obtained from the J50 and J100
signal regions are shown in Fig. 7, overlaid with the
corresponding background estimates from the N = 6 ansatz
fits including background systematic variations. The resid-
uals for each fit are shown in the lower panels. The observed
distributions are well described by the fits. The fits yield a y?
p-value of 0.22 in the J50 signal region and 0.17 in the J100
region.

The BumpHunter algorithm [75,76] was used to further
assess localised excesses in either m;; distribution. The
algorithm scans all possible contiguous mass intervals
across the binned distribution, from a width of one bin to
a width of half of the distribution. For each interval, it
computes the probability of a Poisson fluctuation of the
fitted background estimate at least as large as that
observed. The algorithm identifies the bins spanning
1186 to 1225 GeV for the J50 distribution and 635 to
690 GeV for the J100 distribution, indicated by solid-
filled bins in the residual panels of the figure, as the most
significant discrepancies in each signal region. The global
p-values, determined from a large number of pseudoex-
periments drawn from the background estimate, are 0.55
for the J50 signal region and 0.27 for the J100 signal
region. Thus, this yields no evidence of a localised
contribution to the mass distributions in excess of the
background.

The data were used to constrain the Z’ model discussed
in Sec. III and the cross section times acceptance times
branching ratio to two jets, 6 X A X BR, of a hypothetical
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signal that produces a Gaussian-shaped contribution to the
observed mj; distribution.

Samples of Z' events were simulated for my values of
200, 350, 450, 650, 1000, and 2000 GeV and at coupling
values g, = 0.2 and lower. Before parton shower effects,
the intrinsic width of this Z’ is 1.6%—1.9% depending on
my for g, = 0.2 and at the lower coupling values reached
by the search ranges from 0.1% of its mass for a mass of
850 GeV and g, = 0.04 to 0.6% for a mass of 1.8 TeV and
gq = 0.11. The decrease in width with decreasing coupling
was negligible compared to the detector m;; resolution and
therefore neglected. The selection acceptance in the J50
signal region for a signal with g, = 0.1 is 12% for a mass of
375 GeV and in the J100 signal region is 17% for a mass of
600 GeV and 32% for a mass of 2.0 TeV. Each simulated
sample was analysed identically to data to obtain an m;;
line-shape. Line-shapes for additional values of m, were
generated by linear interpolation of the parameters of a
double-sided Crystal Ball function fit to these distributions.

Limits were also calculated for hypothetical signals
with a Gaussian-shaped m;; distribution at mean mass
mg and three different widths from 5% to 15% of the
mean mass.

To derive the constraints on these two types of signals
from the m;; distribution, a frequentist method [77] was
applied to the data and simulation of signals at a series of
discrete masses to set 95% CLg [78] upper limits on the
cross section times acceptance times branching ratio to jets
for the signals.
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Only the signal region with the stronger expected limit
was used for each signal mass. The J100 sample, with
higher statistical power, constrained masses above
600 GeV, while lower masses, more affected by fit uncer-
tainties due to the minimum m;; requirement, were con-
strained using the J50 sample.

When evaluating the likelihood to derive limits, the
parameters of the background fit function were left floating
to take its flexibility given different signal hypotheses into
account. This constitutes a more rigorous consideration of
background uncertainties than commonly employed in
previous searches, including Ref. [12]. In comparison to
the previous approach, this results in more conservative
exclusion limits that are better comparable to other recent
dijet searches with similar background fits [14,16,22].
Pseudodata injected with signals of various amplitudes
were used to validate proper coverage of the derived limits
with all systematic uncertainties considered.

Figure 9 shows the constraints on the two types of
signals. The observed exclusion limits are in good agree-
ment with the background-only expectation. The largest
localised excess is observed for a Z’ signal with a mass of
myz = 650 GeV, corresponding to a 3.4¢ local signifi-
cance. This translates to a global significance of 2.2¢ as
determined using the expected number of “downcrossings”
in pseudodata [79]. Fluctuations in the expected limits arise
from the mass-dependent spurious signal systematic uncer-
tainty. The model-dependent constraints in Fig. 9(b) are
also overlaid with results from the ATLAS Run 2 dijet
resonance search using offline jets [13], in the overlapping
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FIG. 9. Observed 95% CLg upper limits on (a) the production cross section times acceptance times branching ratio to jets, o - A - BR,
of Gaussian-shaped signals of 5% (filled circles), 10% (squares) and 15% (triangles) width relative to their peak mass, m g, and (b) the
value of the coupling to quarks, g,, of the Z' model as a function of the resonance mass m  (filled circles). Also shown are the
corresponding expected upper limits predicted for the case the m;; distribution is observed to be identical to the background prediction in
each bin (dashed lines). For the narrowest Gaussian-shaped (5%) and Z’ signals, the shaded bands indicate the 1o (darker band) and 26
(lighter band) envelopes of outcomes expected for Poisson fluctuations around the background expectation. The uncertainty bands for
wider Gaussian-shaped signals are of similar relative size. Overlaid on panel (b) are the observed (darker solid line) and expected (darker
dashed line) upper limits from the ATLAS Run-2 search using the main stream and offline jets [13], which benefits from tracking
information and data in the tile gap region of the calorimeter. Limits are derived independently from the J50 and J100 samples for m ;
below and above 600 GeV, respectively, denoted by the vertical dashed line, as discussed in the text.
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7’ mass range above 1500 GeV. The limits from the offline
search are stronger as it uses tracking information in the jet
calibration and has an increased acceptance from including
jets in the entire |n| < 2.4 range.

The limits on Gaussian-shaped resonances are intended
to be used to constrain signal models other than the Z’' when
PDF and nonperturbative effects can be safely truncated or
neglected and, after applying the resonance selection, the
reconstructed m;; distribution predicted by the model
approaches a Gaussian distribution. For example, for
sufficiently narrow resonances, the intrinsic line-shape
can be neglected because the experimental m;; resolution
and parton shower tail determines the observed line-shape
of the signal. Signals with an intrinsic width much smaller
than 5% should be compared to the limit for width equal to
5% of its mass, corresponding to 1-2 times the exper-
imental resolution over the m;; range considered. Signals
with larger widths should be compared with the limit that
corresponds most closely to the width of the peak predicted
by the model. More instructions can be found in
Appendix A of Ref. [63].

IX. CONCLUSION

This paper describes a search for sub-TeV dijet reso-
nances in 132 fb~! of proton—proton collisions with a
center-of-mass energy of /s = 13 TeV recorded by the
ATLAS detector at the Large Hadron Collider. The search
was performed using the TLA technique on trigger jets to
obtain up to 75 times greater numbers of events than
available to conventional searches for dijet resonances in
the targeted mass range. This search exploits an end-of-fill
triggering scheme and the L1Topo topological trigger
processor to extend the search region further into the
electroweak mass region, from 600 GeV to 375 GeV.
This result also improves the statistical treatment of the
data-derived background estimate used by the previous
result [12], allowing the high-statistics background from
each sample to be modeled with a single functional fit.

The dijet invariant mass distribution recorded with the
TLA technique exhibits no significant local excesses above
a data-derived estimate of the smoothly falling distribution
predicted by the Standard Model. The data were used to
derive 95% confidence-level upper limits on the couplings
of a leptophobic Z’' model with axial-vector couplings to
quarks, which range from g, < 0.04 to g, < 0.11 depend-
ing on my, and on the cross section for new processes that
would produce a Gaussian-shaped contribution to the dijet
mass distribution. The latter constraints exclude Gaussian-
shaped contributions if the effective cross section times
acceptance times branching ratio exceeds values ranging
from approximately 17 fb to 16 pb depending on resonance
mass and width. These results extend and improve the
limits obtained from partial Run 2 data to lower production
cross sections and coupling values, superseding the

previous ATLAS result [12]. They constitute the strongest
published exclusion limits on dijet resonances in the mass
range 375 to 425 GeV and 700 to 1500 GeV [13,15,22].
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