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Abstract

The invariant mass distribution of dijets produced in LHC proton-proton collisions at a
center-of-mass energy of /s = 8 TeV has been studied with the ATLAS detector using 2012
data with an integrated luminosity of 5.8 fb~!, including dijet masses up to ~ 4.1 TeV. No
resonance-like features have been observed. A new ATLAS limit excludes excited quarks
with masses below 3.66 TeV at 95% C.L. Model-independent limits on the product of pro-
duction cross-section and acceptance o X (A have also been extended.
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1 Introduction

At the CERN Large Hadron Collider (LHC), collisions with the largest momentum transfer typically
result in final states featuring two high transverse momentum (pr) jets of particles. The study of these
two-jet (dijet) events provides an opportunity to test the Standard Model (SM) at the highest energies
accessible to the LHC. At these energies, new particles could be produced [[1}2]], new interactions between
particles could manifest themselves [3H6], or forces like gravity [/H12] could become strong. These
collisions also probe the structure of the fundamental constituents of matter at the smallest distance
scales, allowing for example an experimental test of the size of quarks, which are treated in the SM as
point-like particles [13H15].

In 2012, the center-of-mass (CM) energy for proton-proton (pp) collisions at the LHC was raised
from 7 TeV to 8 TeV. The current study focuses on the highest pr dijet events from pp collision data
accumulated by the ATLAS detector [[16]] since the start of 8 TeV running, corresponding to an integrated
luminosity of 5.8 fb~!.

As in previous analyses [17H23]] the method employed to search for new phenomena (NP) is to look
for localised excesses in the dijet mass (m;;) distribution (often referred to as “bumps” or “resonances”).
No resonances associated with new phenomena have been found in previous studies.

An essential element of the search method is to apply kinematic selection criteria that retain the high-
est pr collisions and which also emphasise the angular regions where new phenomena are expected to
appear. The two jets emerging from the collision are reconstructed to determine m;; and the scattering
angle in the dijet CM. The dominant Quantum Chromodynamics (QCD) interaction in this high-pr scat-
tering regime involves 7-channel processes, leading to angular distributions that peak at small scattering
angles. In contrast, most NP models predict that the angular distribution of the NP signal will be more
isotropic than that of QCD. Angular kinematic criteria are used to select large angle scattering events,
emphasising the central scattering region where NP processes would be expected to appear.

One important consequence of the increase in LHC energy from 7 TeV to 8 TeV is the raising of
the kinematic limit by 1 TeV, which translates almost directly into a 1 TeV increase in the upper limit
of accessible m;;. However, a much greater increase in the sensitivity to new phenomena comes from
another effect, the increase in parton luminosity as a function of V3, the energy in the two-parton CM.
The parton luminosity rises with beam energy for V3§ greater than 1 TeV [24], and at the highest dijet
masses V3 is roughly equivalent to m;;. The net effect is that a data sample taken at 8 TeV with a given
pp integrated luminosity will have larger sensitivity to NP processes than a 7 TeV data sample of the
same integrated luminosity.

The current study uses two NP benchmarks employed in previous studies: excited quarks (g*) [,
2], and a model-independent resonance search based on a Gaussian mass template [23]. The CMS
Collaboration has published a dijet resonance search using 1.0 fb~! of 2011 data excluding excited quarks
below 2.49 TeV, along with other limits [21]. The most recent preliminary result from the ATLAS
experiment [25]], based on 4.8 fb~! of 2011 data, excludes excited quarks below 3.35 TeV (with an
expected limit of 3.09 TeV).

2 The ATLAS detector and dijet kinematic variables

A detailed description of the ATLAS detector has been published previously [16]. The detector is
instrumented over almost the entire solid angle around the pp collision point with layers of tracking
detectors, calorimeters, and muon chambers.

High transverse momentum hadronic jets in the analysis are measured using a finely segmented
calorimeter system, designed to achieve a high reconstruction efficiency and an excellent energy reso-
Iution. The electromagnetic calorimetry is provided by high granularity liquid argon (LAr) sampling
calorimeters using lead as an absorber that are split into barrel (|| < 1.475) and end-cap (1.375 <
Inl < 3.2) regions. The hadronic calorimeter is divided into barrel and extended barrel (|| < 1.7) and



Hadronic End-Cap (HEC; 1.5 < |p| < 3.2). The barrel and extended barrel are instrumented with tile
scintillator/steel, while the HEC uses LAr/copper calorimeter modules. The Forward Calorimeter re-
gion (FCal; 3.1 < || < 4.9) is instrumented with LAr/copper and LAr/tungsten modules to provide
electromagnetic and hadronic energy measurements, respectively.

The online event selection is performed using the ATLAS three-level trigger system, with the first
level trigger (LL1) being custom-built hardware and the two higher level triggers (HLT) being realised in
software on large computer clusters.

As noted above, the kinematic criteria used to select events of interest for the current study involve
both energy and angle variables. The dijet invariant mass, m;;, is calculated from the vectorial sum of
the four-momenta of the two highest pt Ll jets in the event. The angular distribution for 2 — 2 parton
scattering is predicted by QCD in the CM frame of the colliding partons, which is Lorentz boosted along
the beamline due to the differing momentum fractions (Bjorken x) of the colliding partons. Relating this
to jets observed in the detector, it is useful to define the jet rapidity y = %ln(gilp’ <), where E is the jet
energy and p, is the z-component of the jet’s momentum. In a given event, the rapidities in the pp system
of the two highest p jets are denoted by y; and y;, and the rapidities of the jets in their CM frame are
Y= i%(yl — y»). The longitudinal motion of the dijet CM system in the pp CM frame is described by
the rapidity boost, yg = %(yl + 1p).

3 Jet calibration

Jets are reconstructed using the anti-k; jet clustering algorithm [26}27]] with the distance parameter,
R, of 0.6. The jet calibration procedure described in this section accounts for the shift in the jet response
caused by the presence of multiple events in each bunch crossing, and it restores the corrected jets to the
hadronic energy scale [28]].

During the ATLAS 2012 data taking period the LHC instantaneous luminosity has risen substantially
with respect to 2011. The mean number of inelastic interactions per bunch crossing, u, is measured by
the ATLAS luminosity detectors [29,[30]] in sampling intervals of approximately one minute, and it has
risen above 30 for the runs with highest instantaneous luminosity. A specific jet energy scale correction
is applied to account for the effects on the jet response from additional interactions within the same
bunch crossing (“in-time pileup”) and from interactions in bunch crossings preceding or following the
one of interest (‘“out-of-time pileup”). The jet response is affected by out-of-time pileup as the electronic
shaping time of the liquid argon calorimeters is longer than the bunch spacing. The jet energy is adjusted
by an “offset”, specific to the jet algorithm and dependent on the average pileup conditions for the event.
The pileup offset correction is derived from Monte Carlo samples of QCD jets (described in detail in
Section 6), and validated with in situ studies. It restores the calorimeter energy scale, on average, to
a reference point where pileup is not present. Finally, jets are calibrated to the hadronic scale using
constants that are functions of the jet pr and pseudorapidity. The calibration constants are derived from
the Monte Carlo (MC) simulation of jet events, and they have been validated with extensive studies using
test-beam and collision data.

An initial estimate of the jet energy scale uncertainty has been derived using the 2010 estimate as
a baseline [28]], augmented with flavor and topology uncertainties from 2011 studies. The uncertainty
on the absolute scale of the calibration has been derived from Monte Carlo studies on the nominal QCD
simulation sample, with event generator tunes and PDFs detailed further in Section A pr and 7
dependent jet energy scale uncertainty as low as 4% in the central detector region is assigned to calibrated
jets. The uncertainty has been extended to the forward region employing 7 intercalibration studies in

! In the right-handed ATLAS coordinate system, the pseudorapidity 7 is defined as 7 = -In tan(6/2), where the polar angle
6 is measured with respect to the LHC beamline. The azimuthal angle ¢ is measured with respect to the x-axis, which points
toward the center of the LHC ring. The z-axis is parallel to the anti-clockwise beam viewed from above. Transverse momentum
and energy are defined as py = psinf and E7 = E sinf, respectively.



dijet events, performed in 2011. The 2011 estimate of the pileup uncertainty [31]] has been validated
with in situ momentum balance techniques in studies of 2012 data, and it produces an additional source
of systematic uncertainty depending on the number of primary vertices, and on .

4 Event triggers and selection criteria

The logical OR of two central (|| < 3.2), single-jet triggers is used to select events having at least one
large transverse energy deposition in the calorimeter. The first trigger employs all three trigger levels of
ATLAS, selecting jets above a threshold of 360 GeV using jet definitions and calibration close to offline
reconstruction for jets with the distance parameter R=0.4. The second trigger is a first (hardware)-level
trigger with a threshold at 350 GeV on the raw calorimeter energy of the jets. Used in OR with the first
trigger, it avoids inefficiencies due to splitting and merging of jets that could arise from the use of the
distance parameter R=0.6 in the analysis. The kinematic selection criteria employed in the current study
assure that this trigger combination is used on the trigger efficiency plateau (efficiency greater than 99%)
to avoid the need for corrections.

Events are required to have a primary collision vertex defined by two or more charged particle tracks.
There must be at least two jets in the event. A jet-by-jet correction is applied to account for temporary
malfunctioning of some Tile calorimeter cells. Beam background jets are subsequently rejected. At this
point, the highest-pr jet is referred to as the “leading” jet, the second-highest-pt as the “subleading” jet;
the dijet invariant mass m; is calculated from these two jets.

In order to maximise the sensitivity to new phenomena manifesting as two central jets, only events
with both leading and subleading jets within |y| < 2.8 are retained. Fake jet rejection criteria are described
in detail in Reference [32]]. Events are rejected if there is evidence of either noise bursts or data corruption
in the data from the liquid argon calorimeter. There must be no poorly measured jets with pt greater
than 30% of the pt of the subleading jet. These criteria also require that, if either of the leading jets is
not attributed to in-time energy depositions in the calorimeters, the event is to be rejected. Events are
also rejected if either the leading or subleading jet contains anomalous energy deposits, such as those
resulting from overactive cells in a region of the calorimeter that was problematic for some period of
data taking. All data corruption and jet quality criteria taken together reject less than 1.1% of the events.

Further kinematic selection criteria are used to enrich the sample with events in the hard-scattering
region of phase space. In addition to the |y;»| < 2.8 criterion described above, events must satisfy
ly*"| < 0.6 and m;; > 1000 GeV. The final dijet mass distribution from collision data is not corrected
(unfolded) for detector resolution effects.

The combination of kinematics and trigger selection restricts jets in the analysis to have a minimum
pr of 150 GeV. The maximum jet pr observed is 2.1 TeV, contributing to the highest invariant mass
event of 4.1 TeV.

S Comparing the dijet mass spectrum to a smooth background

In the dijet mass analysis, the m;; spectrum is searched for resonances by employing a data-driven
background estimate that does not rely on QCD calculations. The observed dijet mass distribution after
all selection cuts is shown in Fig.[Il As in previous dijet resonance analyses, the m; spectrum is fitted to
a smooth functional form,

f) = pi(1 = x)P2abrpainy, M

where the p; are fit parameters, and x = m;;/ v/s. In previous studies, ATLAS and other experiments [18-
20,22]] have found this ansatz to provide a satisfactory fit to the QCD prediction of dijet production. The
use of this smooth background form brings in the uncertainties associated with its fit parameters, but
avoids the theoretical and systematic uncertainties that are encountered in the alternative approach, using
a MC QCD background prediction. Another feature of the fitting form is that it allows for smooth
background variations, but does not accommodate localised excesses that could indicate the presence of



NP signals. However, the effects of smooth deviations from QCD, such as those associated with contact
interactions, could be partially compensated by the background fitting function, and therefore, the m ;
analysis is used only to search for resonant effects.
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Figure 1: The reconstructed dijet mass distribution with statistical uncertainties (filled points with error
bars) fitted with a smooth functional form (solid line). The bin-by-bin significance of the data-fit differ-
ence is shown in the lower panel, using positive values for excesses and negative values for deficits. If a
p-value greater than 50% is found the corresponding significance is not shown (see text).

The x? value of the fit is 13.8 for 16 DF. The lower panel of Fig.[[lshows the significance, in standard
deviations, of the difference between the data and the fit in each bin. The significance is purely statistical,
and based on Poisson distributions. The contents of a given bin are used to determine the p-value, the
probability of the background fluctuating higher than the observed excess or lower than the observed
deficit. The p-value is transformed into a significance in terms of an equivalent number of standard
deviations (the z-value) [33]. Where there is an excess (deficit) in data in a given bin, the significance is
plotted as positive (negative). In certain cases, individual bins are not plotted.

To determine the degree of consistency between data and the fitted background, the p-value of the
fit is obtained by calculating the y? value from the data, and comparing this result to the y? distribution
obtained from pseudoexperiments, as described in a previous publication [22]. The resulting p-value is
0.38, showing that there is reasonable agreement between the data and the functional form.

As a more sensitive test, the BuMpHuUNTER algorithm [34.135]] is used to establish the presence or
absence of a resonance in the dijet mass spectrum, as described in greater detail in previous ATLAS
publications [22,123]]. Starting with a two-bin window, the algorithm increases the signal window and
shifts its location until all possible bin ranges, up to half the mass range spanned by the data, have been

2 In mass bins with a small expected number of events, where the observed number of events is similar to the expectation,
the Poisson probability of a fluctuation at least as high (low) as the observed excess (deficit) can be greater than 50%, as a result
of the asymmetry of the Poisson distribution. Since these bins have too few events for the significance to be meaningful, the
bars are not drawn for them.



tested. The most significant departure from the smooth spectrum (“bump”) is defined by the set of bins
that has the smallest probability of arising from a background fluctuation assuming Poisson statistics.

The BumpHUNTER algorithm accounts for the so-called “look elsewhere effect” [36]], by performing
a series of pseudoexperiments to determine the probability that random fluctuations in the background-
only hypothesis would create an excess anywhere else in the spectrum as significant as the one observed.
Variable width binning reduces the penalty due to this effect, while retaining sensitivity. Furthermore,
to prevent any NP signal from biasing the background estimate, if the biggest local excess from the
background fit has a p-value smaller than 0.01, this region is excluded and a new background fit is
performed. No such exclusion is needed for this data set.

The BumpHuUNTER algorithm has not identified any significant discrepancy in the observed dijet mass
distribution in Fig.[Il The test has a p-value for the null hypothesis (compatibility with the fit function)
of 0.75 for the most discrepant set of bins, and therefore shows no evidence for a resonance signal in the
mj; spectrum.

6 Limits on excited quark production

In the absence of any significant signal indicating the presence of phenomena beyond QCD, the
current study focuses on setting 95% credibility level (C.L.) limits on new phenomena. One NP baseline
model has been chosen for analysis: the excited quark hypothesis, (¢*), used in all previous ATLAS
analyses [[1L2l]. This model is available in the PyThia 6 [37]] and PytHia 8 [38] event generators.

For analyses up through the 2011 data set, ¢g* has been simulated in ATLAS using PytHia 6. Begin-
ning with the 2012 data analysis, most ATLAS PytHia based simulations will be done with the PyTHia
8 event generator. For the current ¢* studies, MC samples at 8 TeV have been generated for a set of
discrete ¢* masses ranging from 1000 to 4000 GeV with PytHia 8 using the MC12 AU?2 tune [39] with
CT10 PDF’s [40].

To allow for comparison with Pythia 8, MC samples at 8 TeV have also been generated with PyTHia
6, using the MC11 AUET2B tune [41] and CT10 PDF’s. These studies show that the dijet mass peak
is substantially wider in PyTHia 8 than in PytHia 6. The PyTHia authors have identified a long-standing
misapplication of QCD final state radiation (FSR) vetoing in PyTHia 6, which is resolved in the PyTHia 8
model used for the current study. The widening of the peak in PyTHia 8 affects the search sensitivity and
exclusion limits, including those quoted in the analysis of the 2011 dataset [25]. In this note the PyTHia
8 exclusion limit is the reported result, and the PyTtr1a 6 limit is listed for comparison.

In the current studies, the Bayesian method documented in [22] is applied to data for each considered
mass of the ¢, to set a 95% C.L. limit on o X A for an NP signal as a function of mg:, using a prior
probability distribution constant in signal strength. The limit on mg is then determined by comparing
the resulting set of limits on o X A from data with the corresponding values predicted from the set of
theoretical samples simulated using Pythia 8. This form of analysis is applicable to resonant phenomena
where the NP couplings are strong at the signal mass and interference with QCD terms can thus be
neglected.

The acceptance calculation based on the MC samples includes all MC reconstruction steps and anal-
ysis cuts described in Sectiondl For ¢*, the acceptance A ranges from 11% to 54% for m, varying
from 1 TeV to 4.25 TeV, and is never lower than 48% for masses above 2 TeV. The main impact on the
acceptance comes from the rapidity selection criteria.

The resulting limits are illustrated in Fig. 2l As described above, the observed limit curve is de-
rived from data in each m;; mass bin using pseudoexperiments. The expected limit curve is found from
pseudoexperiments assuming background only. The dashed theoretical curve for ¢* is derived from the
PyTHia 8 MC samples, and the points where this curve crosses the first two curves determine the observed
and expected limits in terms of m:. The expected lower mass limit at 95% C.L. for ¢" is 3.53 TeV, and
the observed limit is 3.66 TeV. The 1 and 2 o uncertainty bands in Fig. Plinclude the effects of systematic
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Figure 2: The 95% C.L. upper limits on o X A (where A denotes the acceptance) as a function of particle
mass reconstructed using using m;; (black filled circles). The black dotted curve shows the 95% C.L.
upper limit expected from Monte Carlo and the light and dark yellow shaded bands represent the 68%
and 95% contours of the expected limit, respectively. Theoretical predictions of o X A are shown for
excited quarks (dashed). The observed (expected) limit occurs at the crossing of its o X A curve with the
observed (expected) 95% C.L. upper limit curve.

uncertainties due to luminosity, acceptance, background parameterisation and jet energy scale. These
uncertainties are incorporated into the fit by varying all sources according to Gaussian probability dis-
tributions and convolving them with the Bayesian posterior probability distribution. Credibility intervals
are then calculated numerically from the resulting convolutions.

The luminosity uncertainty for the 2012 data is 3.6%, and is combined in quadrature with the ac-
ceptance uncertainty. The background parameterisation uncertainty is derived from the fit results, as
explained in [22]]. The JES uncertainty, discussed in Section 3] shifts resonance mass peaks by less than
4%. The effect of the jet energy resolution uncertainty is found to be negligible.

No uncertainties are associated with the theoretical model, as the ¢* model is a benchmark that
incorporates a specific choice of model parameters, PDF set, and MC tune. Previous ATLAS studies
using the ¢* theoretical prediction [22] (using the PytHia 6 generator) showed that the variation of the
limits among three different choices of MC tune and PDF set was less than 4% for the expected limits.

The exclusion limits at 95% C.L. for ¢g* have also been determined using the Pytaia 6 MC samples.
The expected limit is shifted to a higher ¢* mass of 3.71 TeV (3.79 TeV observed). This upward shift
was anticipated since the Pytaia 6 mass distribution (lacking FSR) is narrower than that predicted by
PyTHia 8.



7 Model-independent limits on dijet resonance production

As in previous dijet resonance analyses, limits on dijet resonance production are determined here
using a Gaussian resonance shape hypothesis. Limits are set for a collection of hypothetical signals that
are assumed to be Gaussian-distributed in m;; with mean (mg) ranging from 1.0 to 4.0 TeV and with
standard deviation (o-g) from 7% to 15% of the mean.

Systematic uncertainties are treated using the same methods as applied in the model dependent limit
setting described above. The only difference for the Gaussian analysis arises from the decay of the dijet
final state not being simulated. In place of this, it is assumed that the dijet signal distribution is Gaussian
in shape, and the JES is adjusted by modelling it as an uncertainty of 4% in the central value of the
Gaussian signal. This approach has been validated by shifting the energy of all jets in PyTaia 6 signal
templates by their JES uncertainty and evaluating the relative shift of the mass peak.
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Figure 3: The 95% CL upper limits on o X A for a simple Gaussian resonance decaying to dijets as
a function of the mean mass, mg, for three values of og/mg, taking into account both statistical and
systematic uncertainties.

The resulting limits based on 2012 data on o X A for the Gaussian template model are shown in
Fig. 3l and the numerical contents of this figure are provided in Table[Il These results may be utilised
to set limits on NP models beyond those considered in the current studies. A detailed description of the
recommended procedure, including the treatment of detector resolution effects, is given in a previous
publication [23].

8 Conclusions

The dijet mass distribution has been measured by the ATLAS experiment up to approximately
4.1 TeV, using 5.8 tb~! of LHC pp collision data at 8 TeV. No resonance-like features have been ob-
served in the dijet mass spectrum. A new ATLAS exclusion limit has been set for excited quarks with
masses below 3.66 TeV, at 95% C.L. Model-independent limits on o X A have also been extended.



Table 1: The 95% CL upper limit on o X A [pb] for the Gaussian model. The symbols mg and o are,
respectively, the mean mass and standard deviation of the Gaussian.

mg oG/mg

(GeV) | T% 10% 15%
1500 0.12 0.16 0.16
1550 0.10 0.12 0.13
1600 0.088 0.10 0.11
1650 0.079 0.096 0.094
1700 0.074 0.083 0.089
1750 0.064 0.067 0.069
1800 0.057 0.057 0.066
1850 0.047 0.047 0.059
1900 0.037 0.042 0.055
1950 0.031 0.038 0.053
2000 0.029 0.036 0.048
2100 0.030 0.037 0.046
2200 0.030 0.033 0.039
2300 0.028 0.032 0.033
2400 0.024 0.027 0.029
2500 0.020 0.024 0.023
2600 0.018 0.020 0.019
2700 0.015 0.016 0.015
2800 0.013 0.013 0.012
2900 0.010 0.010 0.010
3000 0.007 0.008 0.009
3200 0.004 0.005 0.006
3400 0.004 0.004 0.004
3600 0.003 0.003 0.003
3800 0.002 0.002 0.002
4000 0.002 0.002 0.002
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Appendices

A Comparison of signal and data with background prediction
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Figure 4: Three predicted excited quark (¢*) mass templates, normalised to the integrated luminosity, are
compared to the data. The ¢* templates and data are plotted as ratios relative to the background fit.
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B Event displays of the highest dijet mass event

Figure 3l is the event display for the highest-mass dijet event entering the analysis (m;;=4.1 TeV,
event number 34879440, run 205113).
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Figure 5: The highest-mass central dijet event with the highest-pr jet collected by the end of June, 2012
(Event 34879440, Run 205113): the two central high-pr jets have an invariant mass of 4.1 TeV, and the
highest-pr jet has a pt of 2.1 TeV, and the subleading jet has a pt of 1.9 TeV. The missing E7 and Sum
Er for this event are respectively 63 GeV and 4.2 TeV. Only tracks with pr > 400 MeV are displayed.
The event was collected on June 18™, 2012.
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