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Abstract

Searches for high-mass resonances in the dijet invariant mass spectrum with one or two jets
identified as-jets are performed using an integrated luminosity.affB= of proton—proton
collisions with a centre-of-mass energy ¢6 = 13 TeV recorded by the ATLAS detector at

the Large Hadron Collider. No evidence of anomalous phenomena is observed in the data,
which are used to exclude, at 95% credibility level, excitedjuarks with masses from

1.1 TeVto 2.1 TeV and leptophob bosons with masses from 1.1 TeV to 1.5 TeV. Contri-
butions of a Gaussian signal shape wiffeetive cross sections ranging from approximately

0.4 to 0.001 pb are also excluded in the mass range 1.5-5.0 TeV.
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1 Introduction

Many extensions to the Standard Model (SM) predict the exgst of new massive particles that couple
to quarks or gluons. If produced in proton—protgrp) collisions at the Large Hadron Collider (LHC),
these new beyond-the-SM (BSM) particles could decay intrlggi@) or gluons §), creating resonant
excesses in the two-jet (dijet) invariant mass distrimgifi—6]. If the new particle couples to thequark
and decays intbb, bgor bg pairs, a dedicated search for dijet resonances with onetbijéis identified
as originating from d-quark (‘b-jet”) could greatly increase the signal sensitivity.

Prior resonance searches in dijet events contaibijejs were performed by the CDF][and CMS B,

9] experiments, probing the mass ranges 200-750 GeV and M-#e3$pectively. Excited heavy-flavour
qguarks have been investigated in alternative decay mode®lagl0]. No BSM phenomena have been
observed yet. The increase in centre-of-mass energy gbpresllisions at the LHC fromy/s = 7 and

8 TeV to 13 TeV provides a new energy regime in which to seaoctsfich a heavy resonance. This
is particularly true for heavy states couplinglt@uarks from the proton sea, when compared to states
produced by valence quarks. The parton luminosity to cra&téleV object increases by an additional
factor of 2—3 forbb andbg overgq andqg pairs, when increasing the centre-of-mass energy from &deV
13 TeV. The total production rate for dijet BSM signals caodyae large enough to allow a good signal
sensitivity even with a relatively small data sample. Isthaper the search for a new narrow resonance
decaying tob-quarks with the ATLAS detector, using23fb integrated luminosity of proton—proton
collisions at+y/s = 13 TeV, is reported. The mass range 1.1-5.0 TeV is probed.

Figure 1: Leading-order Feynman diagrams for the two preEesonsideredib — b* — bg andqq —» 2’ — bb.

The results are interpreted in the context of two benchmankgsses shown in Figude an excited
heavy-flavour quark* and a new gauge bosai. Excited quarks are a consequence of quark compos-
iteness models that were proposed to explain the geneahtmcture and mass hierarchy of quarks [
12]. The Z’ boson arises in many extensions to the SM with an additibi{a) group. TwoZ’ mod-

els are considered, one with SM-like fermion couplings & 8equential Standard Model (SSM) and a
leptophobicZ” model [L3, 14]. All benchmark model decays are expected to result in sonaresonance
superimposed on a smoothly falling dijet invariant massrithistion. This search divides the events into
samples with one or two jets identifiedagets to enhance the signal sensitivity to the benchmarketsod
b* — bg andZ’ — bb. In addition, the results are interpreted in the contextasfsible Gaussian-shaped
signal contributions to the dijet invariant mass spectramgtone or both jets are identified as b-jets. The
results, presented in terms of the the cross section tineeptance times branching ratie & A x BR),

are quoted for contributions with widths of up to 15% of theaance mass.



2 The ATLAS detector

The ATLAS experiment 15] at the LHC is a multi-purpose particle detector with a fordsdackward
symmetric cylindrical geometry and a near doverage in solid angfe.lt consists of an inner tracking
detector surrounded by a thin superconducting solenoidiginy a 2 T axial magnetic field, electro-
magnetic and hadronic calorimeters, and a muon spectramebe inner tracking detector covers the
pseudorapidity rangky| < 2.5. It consists of, in ascending order of radius from the bdiam-silicon
pixel, silicon microstrip, and transition radiation tramx detectors. The pixel detectors are crucialtfor
jet identification. For the second LHC data-taking periodew inner pixel layer, the Insertable B-Layer
(IBL) [16, 17], was added at a mean sensor radius of 3.2 cm from the beamkiadiquid-argon (LAr)
sampling calorimeters provide electromagnetic (EM) epengasurements with high granularity. A had-
ron (steefscintillator-tile) calorimeter covers the central psetagadity range || < 1.7). The end-cap
and forward regions are instrumented with LAr calorimefersEM and hadronic energy measurements
up to|nl = 4.9. The first-level trigger is implemented in hardware andsussubset of the detector in-
formation to reduce the input rate from the nominal LHC sidih rate to an acceptance rate of 100 kHz.
This is followed by a software-based trigger that reducesdlte of events recorded to 1 kHz.

3 Data and simulated event samples

The data used in this analysis were collected by the ATLA8det inpp collisions at the LHC with a
centre-of-mass energy of 13 TeV during 2015. Events wererded using a jet-based trigger requiring
at least one jet with a transverse momentpyrof at least 360 GeV. The full dataset corresponds to an
integrated luminosity of 2 fb~! with an associated uncertainty of 5% after applying qualiieria to

the data. The measurement of the integrated luminosityrigsedk following a methodology similar to
that detailed in Ref.Jg], from a calibration of the luminosity scale using a pairxef) beam-separation
scans.

Monte Carlo (MC) simulated event samples are used to modebtpected signals and study the com-
position of SM background processes. The QCD dijet processriulated with Pruia8 [19] using the
Al4 tuned parameter st(]] for the modelling of the parton shower, hadronization andarlying event.
The leading-order (LO) parton distribution function (P} NNPDF2.321] is used for the generation
of events. The renormalization and factorization scalesat to the average transverse momengyrof
the two leading jets. TheweGen decay package?p] is used for bottom and charm hadron decays.

The three signal samples are generated withaR8 using the Al4 set of tuned parameters and the
NNPDF2.3 PDF set. For thie* model, the compositeness scale is set to the excited-quasgs and
85% of decays are thyg. The remaining decay modes are to a SM gauge basdrogon,W boson or
photon) and &-quark. In the SSMZ’ model, theZz’ boson has the same couplings to SM fermions as
the SMZ boson and the bottom quark decay branching ratioZBR¢ bb) is 138%. The leptophobic

Z’ model difers by having vanishing couplings to leptons. The corredipgnvalue of BRZ’ — bb) is

L ATLAS uses a right-handed coordinate system with its ori@firthe nominal interaction point (IP) in the centre of the
detector and the-axis along the beam pipe. Theaxis points from the IP to the centre of the LHC ring, and ghaxis
points upwards. Cylindrical coordinatasd¢) are used in the transverse plandeing the azimuthal angle around theaxis.
The pseudorapidity is defined in terms of the polar amgésy = —Intan@/2). Angular distance is measured in units of
AR = +/(An)? + (Ag)2.



18.9%. For both, only decays to-quark pairs are simulated. The intrinsic decay width is 0.6% of
the resonance mass for themodel and” ~ 3% of the mass for the SSKI' boson.

The generated samples are processed with the ATLAS detsiataitation R3], which is based on the
GEANT4 packaged4]. To account for additionapp interactions from the same or close-by bunch cross-
ings, a number of minimume-bias interactions generatedguBinuia8 and the MSTW2008LO PDR2p]

set are superimposed onto the hard scattering events. Theadwples are re-weighted to match the
collisions per bunch crossing observed in the data.

4 Event reconstruction and selection

Jets are reconstructed from noise-suppressed topolagdicsiers R6] of energy deposited in the calor-
imeters using the ankr algorithm R7] with a radius parameter of 0.4. Jet energies and direcéoes
corrected by the jet calibrations derived frog’s = 13 TeV simulation, angp collision data taken at
v/s=8TeV and+/s = 13 TeV, as described in ReR§]. Jets are required to hayg > 50 GeV. Events
where any of the three leading jets with > 50 GeV is compatible with non-collision background or
calorimeter noise are removed. Events are preselecteé #athne way as in the dijet analysis of Réf,
requiring that thepr of the leading jet is greater than 440 GeV to ensure full &iggficiency. An ad-
ditional requirement is placed on the jet pseudorapidity< 2.4, to ensure tracker coverage fmjet
identification. The analysis is performed in an unbiasedtdiass range afy; > 1.1 TeV. To reduce
the background from QCD multijet processes and enhargeannel processes, the rapidityfdience
y* = (y1—y2)/2 between the two leading jets is required tgyde< 0.6. Herey; andy, are the rapidities
of the leading and sub-leading jet respectively.

To identify jets originating froni-hadrons lf-tagging) a multivariate algorithm that combines inforimat
about the impact parameters of inner detector tracks agedcwith the jet, the presence of displaced
secondary vertices, and the reconstructed flight paths afidc-hadrons associated with the jeg[ 3]

is employed. Théo-tagging working point with 85%f&ciency, as determined when integrating over all
jets in a simulated sample tif events, is chosen because it gives the highest signal isépnsiA\s the
average jet energies in this analysis are larger thainevents and the-tagging éficiency drops with jet
pr, the per-jet ficiencies are below 85% and are roughly 50% for jets withy af 1 TeV.

Theb-jet identification algorithm is applied to the two leadimgg, and events are categorized as inclusive,
single b-tagged “1b” or doubleb-tagged “2b”, in order to enhance the sensitivity offelient signal
compositions. The “1b” category is defined inclusively,lirding events from the “2b” category.

The per-evenb-tagging dficiencies as functions of the reconstructed invariant messlzown in Fig-
ure 2. Efficiencies are for benchmark models witlfeientb* andZ’ resonance masses, after the event
selection is applied. The taggingfieiency forZ’ events in the inclusive “1b” category is higher than for
b* events because this process has rbegaarks in the final state. At high mass, the gluon from theylec
of the b* has a higher probability to producebb-pair, which causes the event tagginfjaency to be
comparable for th&” andb*. The tagging fiiciency in the “2b” category is about 2.5 times lower at low
mass and a factor 10 lower at high mass compared to the ineltiHd” category for the sam#’ events.
The average light-flavour jet rejection factor for jets pagghe kinematic selection is approximately 30
for jet transverse momenta up+ol TeV.

Correction factors are applied to the simulated event sasrplcompensate forfeerences between data
and simulation in b-taggingfigciencies and mis-identification rates. These correctiom®werived from
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Figure 2: The per-evettt-tagging éficiencies after the event selection as a function of the oocted invariant
mass for simulated samples with sixfdrentb* andZ’ resonance masses.

comparisons of samples bfquark-enriched events in data and simulatidfiy.[ The average combined
signal acceptance anffieiency is around 20% for tHg benchmark in the “1b” category and drops with
increasing mass from 9% at5l TeV to 2% at 8 TeV for theZ’ signals for the “2b” category.

5 Dijet mass spectrum

The dijet mass spectrum is predominantly composed of jésggrfrom QCD interactions. Figurg
shows the comparison between data anchR8 multijet MC simulation. The simulated distributions are
normalized to the number of events observed in the data im esegory separately. The bin widths are
chosen to approximate thg; resolution as derived from simulated QCD processes, whinge from
3% at 10 TeV to 2% at 3 TeV. Good agreement between the shapes of theitk8 multijet predictions
and the data is found. The inclusive distribution, not iet&d in the inner tracking detector acceptance,
was analysed in Ref5].

The dijet background estimation does not rely on the siraras it is obtained directly from a fit to the
my; distribution. The following parameterization ansatz isjated to fit the distribution in then; range
from 11 TeV up to the last data point of the inclusive, “1b” and “2b&ass distributions separately,
f(2) = p(1 -2z, 1)

wherep; are free parameters amé my;/ /s. This ansatz was used in previous searcbarid is found
to provide a satisfactory fit to leading-orderfRia8 multijet MC simulation aty/s = 13 TeV. Employing
Wilks’ theorem 2], a log-likelihood statistic is used to confirm that no agtglil parameters are needed
to model these distributions for a data set as large as thesmwfor this analysis.

The results of the fits are shown in Figuée The fits of this ansatz to the data without considering
systematic uncertainties retupavalues of 0.73, 0.90 and 0.66 for the inclusive, “1b” and™@hategories
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Figure 3: The invariant mass distribution of the inclusiyjetddots), “1b” (squares) and “2b” (triangles) categerie
in data. The inclusive distribution is similar to Re§][but an additional requirement is placed on the jet pseu-
dorapidity,|n| < 2.4. The MC distributions are normalized to the data in thedluaegories separately: a solid line
for inclusive dijets, a dashed line for “1b” and a small dakliee for “2b” categories. The lower panels show the
ratio between data and MC simulation for all three categorie
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Figure 4: Dijet mass spectra overlaid with the fits to the lgacknd function together with the results from
BumpHunTER @and benchmark signals scaled by a factor of 50. The mostegiaat region is indicated by the
two blue lines. The lower panels show the significances pepbthe data with respect to the background fit, in
terms of the number of standard deviations, consideringthiel statistical fluctuations. The distributions are shown
for the (a) “1b” and (b) “2b” categories.

respectively. The-value was calculated as a goodness-of-fit measure ugifigest statistic determined
from pseudo-experiments.

The lower panels of Figuré show the significances of bin-by-binffirences between the data and the
fit. These equivalent Gaussian significances are calculaiadthe Poisson probability, considering only
statistical uncertainties.

The statistical significance of any localized excess in tijet chass distribution is quantified using the
BumpHunter algorithm B3]. The algorithm compares the binneg distribution of the data to the fitted
background estimate, considering contiguous mass irigarvall possible locations, from a width of two
bins to one-half of the distribution. For each interval ia #tan, it computes the significance of any excess
found. The algorithm identifies the intervals 1493-1614 @ele “1b” and 3596—-3827 GeV in the “2b”
sample, indicated by the two vertical lines in Figdreas the most discrepant intervals. The statistical
significance of these outcomes is evaluated using the etsahPBoisson outcomes across all intervals
scanned, by applying the algorithm to many pseudo-data lsampawn randomly from the background
fit. Without including systematic uncertainties, the probty that fluctuations of the background model
would produce excesses at least as significant as thosevetiserthe data, anywhere in the distribution,
is greater than 60% in the “1b” and “2b” categories. Thusigh® no evidence of localized contributions
to the mass distribution from BSM phenomena.



6 Systematic uncertainties

Uncertainties in the parameters of the fitted backgroundtifon Eq. () are evaluated by fitting the an-
satz to pseudo-data drawn via Poisson fluctuations arounfittied background model. The uncertainty
in the prediction in eacmy; bin is taken to be the root mean square of the function value @00
generated pseudo-experiments. To estimate an uncertiietyo the choice of background parameter-
ization, one additional degree of freedorf*'°9@ is appended as a multiplicative factor to the nominal
ansatz (Eg.J)), and the dierence between the estimated parameters from the two fitkeés tas an
uncertainty.

The uncertainty in the jet energy scale is estimated usimgus methods in 8 TeV data, corrected to
the new centre-of-mass energy by taking th@etlence between the 8 TeV and 13 TeV runs into account
using MC simulation 28]. The jet energy scale uncertainty used in this analysieg@n a set of three
nuisance parameterd4]. For untagged jets it is within the range 1-5% for jet traarse momenta greater
than 200 GeV.

The relative additional uncertainty in the energy scalb-tfgged jets is estimated using the MC samples
and verified with data following the method described in R8§]. The ratioryx of the sum of track
transverse momenta inside the jet to the total jet traneversmentum measured in the calorimeter is
used for this estimate. The double ratiorgg from data and simulation is formed and compared for
inclusive jets and-jets. The estimated relative additional uncertainty &ts jwith 200< pr < 800 GeV

is found to be less than 2.6%, and this value is subsequesdigt im the highepr regions. This relative
uncertainty is applied in addition to the nominal jet enesgglle uncertainty. The maximum uncertainty
for b-tagged jets is estimated to be 6% and is conservativelyeabta all pt regions.

The uncertainty in the jet energy resolution is estimatédgudie same method as the untagged jet energy
scale uncertainty and relies on an additional Gaussianramgeaf the reconstructed jet energies in MC
simulation. For jets wittpr > 50 GeV, the uncertainty is less than 2%.

The uncertainty introduced by the application of théagging algorithm is the largest systematic un-
certainty in the analysis. The uncertainty in the measuagding dficiency of b-jets is estimated by
studyingtt events in 13 TeV data for jgir up to 200 GeV B1]. The uncertainties in the measured rate
of mistaggingc-jets and light-flavour jets are estimated in 8 TeV data. Tineettainties are extrapolated
to 13 TeV, taking into account the addition of the new IBL systas well as reconstruction and tagging
improvements. An additional term is included to extrapothe measured uncertainties to the hjgtre-
gion of interest. This term is calculated from simulatedregdoy considering variations on the quantities
affecting theb-tagging performance such as the impact parameter remolytércentage of poorly meas-
ured tracks, description of the detector material, ancktnagltiplicity per jet. The dominantféect on the
uncertainty when extrapolating at high-is related to the diierent tagging #iciency when smearing the
tracks impact parameters based on the resolution measudada and simulation. Theftirence in the
impact parameter resolution is due teets from alignment, dead modules and additional mateaal n
properly modelled in the simulation. The impact of thtagging dficiency uncertainty increases with jet
pr and reaches 50% above 2 TeV.
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Figure 5: Observed (filled circles) and expected (dottes) [85% credibility-level upper limits on the cross section
o times acceptanca times branching ratio BR, including kinematic acceptanutlatagging éficiencies, for the

b* model. The dashed line shows the cross section calculaiedtireory. The plot shows the case with a single
b-tag.

7 Results

Due to the absence of a signal, 95% credibility-level uppait$ are set on the cross section for new
processes that would produce a contribution to the dijetsnaigstribution withb-tagging. The signal
shapes are taken as providedddy— bg andZ’ — bb production processes.

The limits onb* andZ’ cross sections are shown in Figufeand 6. The limits were obtained using
a Bayesian method3f]. The Bayesian credible intervals were calculated usingstiguior probability
density from the likelihood function for the observed massctrum obtained by a fit to the background
(Eg. @)), while the signal shape was derived from MC simulationse Timit is interpolated between
discrete values of the mass to create a continuous curvesyBtematic uncertainties associated with the
uncertainty in the integrated luminosity, jet energy scgdeenergy resolutiorh-tagging and alternative
fit functions are all included in the limit-setting.

Figure5 shows that thé" model, with the decay tg + b(b), is excluded fob* masses from.1 TeV up
to 21 TeV at leading-order in QCD. Figu&shows that the leptophobi€’ — bb model with SM-like
couplings to quarks is excluded up to 1.5 TeV at leading+oid&®CD. The present data are notistient
to provide an exclusion limit for the SSKI' model.

As shown in Figurer, narrow resonance contributions of various widths withbléscross sections x
A x BR ranging from approximately 0.4 to 0.001 pb are excludetthénmass range 1.5-5.0 TeV. These
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Figure 6: Observed (filled circles) and expected (dottes) [85% credibility-level upper limits on the cross section
o times the acceptancdetimes branching ratio BR, including kinematic acceptanmutatagging dficiencies, for
theZ’ — bbmodels. The dashed lines show the cross section calculawedtieory. The plot shows the case with
doubleb-tag.

limits should be used when long low-madg$-shell tails from PDFs and non-perturbativieets on the
narrow resonance signal shape can be safely truncated tctestyand, after applying the selection
described in Sectiod, the reconstructed mass distribution approximates a @audsstribution. For a
detailed description of how to use these limits, see theuiogons in Ref. 87]. To estimate thd-tagging
efficiency, invariant-mass-dependent correction factorsvengn Figure2 can be used.

8 Summary

A search for new resonances decaying to jets with a singleoobld b-tag in pp collisions with the
ATLAS detector at the LHC is presented. The dataset corredgpto an integrated luminosity of 3.2
fb~! collected aty/s = 13 TeV in 2015. The studies use the dijet invariant magén the range of 1.1—
5.0 TeV withb-tagging applied to the leading and sub-leading jets arepoaize the events according to
their b-jet multiplicity.

The background from jets initiated dyquarks is well described by the leading-order parton-ghow
models. The dijet background is also well described by trayin fit function with three parameters
which is used in the light-flavour dijet analysi [

No evidence of a significant excess of events is found comdptréhe expectations of the Standard
Model. The largest observed local excess is less thaimPboth the single and doublketag channels.

10



3‘ I T T T T T T T T T T T T ' T T T T I T T
= Is=13 TeV, 3.2 fb™
% lf_ > 1 b-jet E
X - N ——0,/m,=0.15 1
<C - ) —=—0,/m,=0.10 A
X - o, /m,=0.07 -
© 107 —— 0,/my, =Res. _|
107°F E
" ATLAS ’
_3 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 Il
1077 2 3 4 5
m, [TeV]
(a) At least onéd-tag
E 1E T T T T T T T T I T T T T ' T T T T :
g - {s=13 TeV, 3.2 fb* 1
o i 2 b-jet ]
X = ——0a,/m,=0.15 |
< —=—0o,/m, =0.10
x 107 - o /m, =007 7
© C —— o,/m, =Res. 1
1072 E
_3 1 1
m, [TeV]

(b) Doubleb-tag

Figure 7: The 95% credibility-level upper limits on the csaectiono times the acceptanck times branching
ratio BR, including kinematic acceptance amthgging dficiencies, for resonances exhibiting a generic Gaussian
shape. The circles, squares and triangles correspond tasies where the width of the Gaussian signal is 15%,
10% or 7% of the signal mass. The figure also shows as a rechiineatse where the width is given by the dijet
mass resolution, which is as low as 2% & BeV. The plots show the limits obtained, applying (a) astemne
b-tag and (b) doublé-tag.
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The expected contribution from tie model is excluded in the mass range 1.1-2.1 TeV at leadideror
in QCD using the singlé-jet channel. The results can not exclude contributionsiftlee SSMZ” — bb
model in the mass range 1.1-5.0 TeV in the doubet channel. For the leptophob®’ model with
SM-like couplings to quarks, the mass range 1.1-1.5 TeV ¢duded at leading-order in QCD in this
channel.

This analysis excludes generic high-mass particles degagitwo jets, where one or two jets originate

from b-quarks, with visible cross sections ranging from 0.4 t@@.0b in the mass range 1.1-5.0 TeV.
The exclusion limits are applicable for resonances exhipia Gaussian shape and width similar to the
b* or Z’ models. The limits were calculated assuming that the wifltheGaussian signal is 15%, 10%

or 7% of its mass.
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