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Many theories beyond the Standard Model predict new phenomena, such as Z’ and
vector-like quarks, in final states containing bottom- or top-quarks. It is challenging to
reconstruct and identify the decay products and model the major backgrounds. Neverthe-
less, such final states offer great potential to reduce the Standard Model backgrounds due
to their characteristic decay signature. The latest search in the third-generation quark
final states using the full Run-2 proton-proton collision data collected by the ATLAS
experiment are presented. Particularly, the recent results of di-bjet and top-antitop res-
onance searches and dark matter produced in association with a top-quark are discussed
in this proceedings. The associated improvements in b-quark and top-quark identification
techniques are also highlighted.

Keywords: ATLAS; BSM; third-generation quarks, tf resonance; bb resonance; dark mat-
ter; b-tagging; top-tagging.

1. Introduction

Despite its undisputed successes in describing the known elementary particles and
their interactions, the standard model (SM) of particle physics is widely consid-
ered as an incomplete theory because it does not describe gravity and many ex-
perimental observations like dark matter, non-zero neutrino mass™2 To address
the shortcomings of the SM, several theories beyond the standard model (BSM)
emerged in the last few decades. Many BSM theories such as quark composite mod-
els;># simplified dark matter (DM) models>% two-Higgs-doublet model (2HDM)~
2HDM with additional pseudoscalar 2 models with extended gauge sector 02
and Randall-Sundrum (RS) modelst#1% of warped extra dimensions predict new
physics involving third-generation quarks. The third-generation quarks could shed
some light on understanding the electroweak hierarchy problem and provide a win-
dow to new physics due to their large coupling with the Higgs sector. So the searches
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for new physics in final states with third-generation quarks cover a large part of the
Large Hadron Collider (LHC) physics program. These proceedings present the lat-
est searches for the resonant production of bottom- and top-quarks and associated
production of dark matter with a top-quark 2“0 All these searches are performed
with 139 fb~! data collected by the ATLAS® detector from proton-proton collisions
at the LHC between 2015 and 2018 at a centre-of-mass energy of /s = 13 TeV.

2. Searches for new resonances

Final states with two jets provide a simple system to search for new particles pro-
duced in the proton-proton collision and decay into quarks or gluons. One such new
particle state is an excited quark, predicted by the composite models of quarks and
leptons. The mass of excited quarks is expected to be at least a few hundred GeV or
more. Such heavy states would instantaneously decay into an SM quark and a gluon
producing a two jet resonance signature in the ATLAS detector. Some lepto-phobic
models, such as the technicolor model 22l predict new heavy particles with large
coupling to the third-generation quarks. Such a heavy neutral particle will decay
into the bottom- or top-quark pair. This section covers the final states with one
or two b-quark(s), tf. In addition to the complicated BSM models, a class of sim-
plified dark matter model with a Z’ mediator predicts enhanced production of bb
and tt. Final states with two jets could also be used to probe the RandallSundrum
(RS) extra dimension model. The RS models include a Kaluza-Klein (KK) spin-2
graviton2223l that decays preferentially into quarks and gluons.

2.1. Dzi-bjet resonance search

Final states with one or two bottom-quarks are sensitive to the decay of a new heavy
particle with stronger coupling to b-quarks or third-generation quarks in general.
In addition to the aforementioned models, a simplified model with an additional
U(1) symmetry, known as the sequential standard model (SSM), also predicts Z’
that decays into bb. Two example Feynman diagrams of these benchmark signal
processes are shown in Fig.

q b
zZ')G
q b
(a) Excited quark: b* (b) Z' or Graviton (G)

Fig. 1. Example leading-order Feynman diagrams for production and decay of (a) excited b-quark
(b*) and (b) Z’ or Graviton (G) into final states with at least one b-quark.
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The ATLAS di-bjet search studies events with at least two jets out of which at
least one is b-tagged*? In the analysis, events passing a single-jet trigger with a
transverse momentum (pr) threshold of 420 GeV are selected. In the selected events,
jets are built by grouping the topological clusters using the anti-k; algorithm with
a radius parameter of R = 0.4. Selected events are required to have at least two jets
with pr greater than 150 GeV in the central region within |n| < 2.0. In this case, the
jets should be almost back-to-back in the transverse plane, so the azimuthal angle
between the two leading jets is required to be greater than 1.0. Jets containing a
b-hadron are identified using a deep-learning algorithm, DL1r. This algorithm is
trained on the outputs of several low-level impact-parameter and secondary-vertex
based algorithms. DL1r uses discriminating variables constructed by a recurrent
neural network (RNNIP),2¥ which exploits the spatial and kinematic correlations
between tracks coming from a b-hadron. The di-bjet search is one of the first few
analyses where this b-tagging algorithm®” is used. DL1r performs much better on
the high pr jet compared to the previously used algorithm. To suppress the QCD
multijet background, half of the absolute rapidity difference between the two leading
jets, |y*| = |y1 — y=2|/2, is required to be less than 0.8.
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Fig. 2. Dijet invariant mass distributions in the signal regions with (a) at least one b-tagged jet
and (b) two b-tagged jets. The vertical lines indicate the most discrepant interval identified by
the BUMPHUNTER test, and the corresponding p-values are shown on the plots. The BUMPHUNTER

local significances are shown in the lower panel. Some representative signal models are also overlaid
on the dijet distributions™>

The invariant mass of the two leading jets (mj;) is used as the main discriminant
in this search. The dominant SM background contribution comes from the QCD
multijet processes. The mj; distribution in the simulated multijet processes describes
the shape in data well, but the normalization does not match. So, the simulated
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events are not used to estimate the SM background. It is observed that the shape of
the SM mj; spectrum is smoothly falling and can be described by analytic functions.
So, the background mj; distribution is modelled by fitting the data with the following
polynomial function

f(@) = po(1 — w)rraretreloe) (1)

where z = mj;/+/s, and p; are the fit parameters. It is found that the function
cannot describe the full mass distribution. The background is therefore estimated
by fitting the mj; spectrum in small windows at a time. The size of the window is
the maximum interval with global BUMPHUNTER p-value2® greater than 0.01. The
BUMPHUNTER p-value is computed to estimate the statistical significance of any
localized excess in the mj; distributions in data relative to the fitted background.
The large p-value indicates the fit is describing data well. Fig. shows the my; distri-
butions in the two signal regions along with the BUMPHUNTER local significances.
The most discrepant intervals are indicated by the vertical blue lines. The global
p-values of 0.69 and 0.83 indicates good agreement between data and background.

Since no significant deviation from the expected background is observed, up-
per limits on signal cross-section times branching ratio is set at 95% confidence
level (CL) using a Frequentist framework. While calculating the limits, systematic
uncertainties are taken into account. The statistical uncertainty of the fit coming
from the limited size of the data sample and the uncertainty due to the choice of
fit function are considered as background uncertainties. On the other hand, in the
simulated signal samples, the main contributions come from the modelling of the jet
energy scale, jet energy resolution, and b-tagging efficiency. For signals, the effects
coming from the choice of the parton distribution function (PDF) and PDF scale
are considered. As shown in Fig. |3, b* and Z’ with masses below 3.2 TeV and 2.7
TeV, respectively, are excluded at 95% CL.

2.2. Top-antitop resonance search in boosted all-hadronic final
state

Top-quark, the heaviest elementary particle of the SM with a mass close to the elec-
troweak symmetry breaking, could provide a window to the new physics through
its large coupling to the Higgs sector. Nonetheless, many BSM models predict
new heavy particles with large coupling to the top-quarks. The topcolor-assisted-
technicolor (TC2) is one such top-philic model with a heavy Z7.., particle preferen-
tially couple with top-quarks. Also, a large class of simplified dark matter models,
mentioned in the previous section, predict heavy mediator particles (Z’) that couple
with both dark matter particles and the SM particles. As a result, these mediators
could decay into a top-quark pair.

In this analysis/t% the #f all-hadronic final state where both the W bosons,
coming from top-quarks, decay hadronically. The all-hadronic final state benefits
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Fig. 3. 95% CL upper limit on the signal cross-section time branching ratio as a function of mass
of (a) b*, (b) Z’ of the dark-matter mediator model, (c) Z’ of the SSM, and (d) Graviton T

from the largest top-quark decay branching ratio. But the reconstruction of the tf
system and identification of a new physics signal are challenging due to the large
SM multijet background. However, if the momentum of a top-quark is sufficiently
high, its decay products come close enough to be reconstructed as a single large-
radius (large-R) jet. Therefore this analysis focuses only on the high momentum
(boosted) top-quarks and studies events with mj$°° above 1.3 TeV. The analysis
uses events selected by the large-R jet triggers requiring at least one large-R jet
with pr > 360-460 GeV, depending on the data-taking period. The large-R jets are
built by grouping the topological clusters using the anti-k; algorithm with a radius

parameter R = 1.0. Events with at least two large-R jets are selected if the leading
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two jets have pp > 500 GeVand pp > 350 GeV, respectively. Events containing
an isolated lepton are removed to be orthogonal to the searches using the other
top-decay channels. Since the top-quarks coming from a heavy particle decay are
expected to be back-to-back in the transverse plane, the difference in their azimuthal
angle is required to be greater than 1.6. In addition, to reduce t-channel multijet
production a rapidity distance cut of |Ay;;| < 1.8 is applied. The two leading large-
R jets in the selected events are required to be identified as top-quarks. Large-R jets
originated from the top-quark decay are identified with a DNN-based classifier 2"

28[29

which uses jet-level discriminants like N-subjettiness) splitting scale2% energy

314132 jet mass, pr, and many more as inputs. In this analysis, the

correlation function,
DNN top-tagger with 80% signal efficiency is used. The selected events are further
categorized into two signal regions (SR) depending on the number of b-tagged jets
associated with the top-tagged large-R jets. b-tagging is performed on the track
jets using a similar DNN-based algorithm (DL1) described in the previous section.
If only one of the two top-tagged jets has at least one b-tagged track jet within
AR < 1.0, then the event belongs to the 1 b-tagged SR (SR1b). Events, where both
top-jets are associated with b-jets, are categorized into the 2 b-tagged SR (SR2b).
A background control region without any b-tagging requirement is also defined to

study the SM multijet background (without top-quarks).
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Fig. 4. Observed m}2°° distributions in (a) SR1b and (b) SR2b shown together with the fitted
backgrounds. The shaded band around the fit shows the fit parameter uncertainty. The predicted
Zéﬂc2 signal distributions with masses of 2 and 4 TeV are superimposed on the background after
multiplying by a factor of 5. The lower panel shows the BUMPHUNTER local significances. The two
vertical lines indicate the most significant interval 16

The main backgrounds come from the SM ¢t pair production and other QCD
multijet process. Although the simulated ¢t process describes the data well, simula-
tions of other QCD multijet processes are not accurate. So, a data-driven method
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is used to estimate the background. The main discriminant is the invariant mass
of the tt system (m[$°). It is observed that the shape of the m°® distribution,
coming from all the SM processes, can be described by an analytic function. So
the background contribution is estimated by fitting the m}?°° spectrum using the
four-parameter polynomial function described in Eq. [I} Unlike the dijet resonance
search, the background is estimated by fitting the full range of the distribution at
once. The background is estimated separately in the two signal regions. Fig. 4/ shows
the observed m$°® distribution in the two SRs with the fits. The cyan bands around
the fits represent the fit parameter uncertainty. The fake signal extracted by the fit
method in the absence of any real signal is called the spurious signal. The spurious
signal is estimated carefully in this analysis and used as a background uncertainty
as a function of m;3°°. The BUMPHUNTER local significances shown in Fig. 4| are
almost always less than 20 and the global p-values are around 0.5, indicating no

hint of new physics.
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Fig. 5. (a) 95% CL upper limits on the cross-section times branching ratio of the ZJ. ., — ¢
as a function of ZJ,., mass. NLO theory cross-sections for the Z7.., with 1%, 1.2%, and 3%
width are shown in the red dotted, red solid, and blue dashed lines, respectively. (b) Comparison
of the expected upper limits on signal as a function of Z&“CQ mass. The triangle markers show
the expected limits from the previous analysis using 36.1 fb~1 of the 2015-2016 data. The circle
markers show the expected limits obtained by applying the current analysis to 36.1 fb~1 of the
2015-2016 data. The square markers show the current expected limits obtained using 139 fb—1! of
the full Run-2 datal®

In the absence of any new physics, limits are set on the signal cross-section times
branching ratio (o x B) at 95% CL. A simultaneous binned maximum-likelihood
fit is performed in the two signal regions. The final hypothesis test is done using a
Frequentist approach. The Z/., model with different width, I'/m = 1%, 1.2% and
3% are used to interpret the limits. The expected and observed upper limits on the
o x B of Zly — tt are presented in Fig. Zl o particles with 1.2% relative
width and masses below 4 TeV are excluded at 95% CL. The expected sensitivity
of this search was limited by the large spurious signal uncertainty above 4.5 TeV.
Fig. shows the analysis improvements compared to the previous analysis. The
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cross-section limits improved by a factor of two due to new background estima-
tion strategy and usage of efficient b-tagging and top-tagging methods, it further
improved by another factor of two after using four times more data.

2.3. Dark matter interpretation

The results from the dijet and tf resonance search are also interpretedlzril with the
simplified dark matter model with axial-vector (Z/;) and vector (Z{,) mediator,
proposed by the LHC dark matter working glroup.lgI These mediators couple the
dark sector to the SM sector. So any enhanced production of bb and tf could come
from the decay of these Z’' meditors. Fig. |§| shows the 95% CL upper limits on the
quark coupling is shown as a function of axial-vector mediator mass mz, . Dijet and
tt resonance search contours are shown in light blue and purple lines. Similar two
dimensional limit contours are made for dark matter mass (m,) as a function of
the mediator mass (m 7/, Or M Z(/) and can be found in Ref. The dijet resonance
search sets the best limit on both Z’, and Z{, mass, which is around 3.6 TeV.
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Fig. 6. Hadronic resonance search contours for 95% CL upper limits on the quark coupling, gq
as a function of the mediator mass, mg, =
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3. Search for dark matter produced in association with a single
top quark

The nature and properties of dark matter (DM) are still unknown. One of the
widely used hypothesis is that dark matters are weakly interacting massive par-
ticles (WIMP). Collider experiments like ATLAS are not designed to detect such
WIMP-like DM particles directly. So different complementary approaches are used
to search for DM produced in association with the visible particles. The experimen-
tal signature for a DM candidate is missing transverse energy (MET). A simplified
DM model involving an extended 2 Higgs Doublet Model (2HDM) with an addi-
tional pseudoscalar mediator (a) is considered in this search. This model predicts
two scalar Higgs boson h and H, two pseudoscalars A and a, and charged scalars
H?*. The pseudoscalar a is a mediator between the DM particles, x, and the SM
sector. This analysis explores the processes, where the pseudoscalar mediator is pro-
duced in association with a single top-quark for the first time at the LHC. Fig.
shows different signal processes where a decays into two DM particles considered in
this analysis.

(a) (b) (d)

Fig. 7. Example LO Feynman diagram of pair production of DM particle based on 2HDM+a
model consider in this analysis.

The presence of a top quark and W bosons leads to final states with various
combinations of leptons, jets, and b-jets. So to maximize sensitivity, the search
is performed in three independent analysis channels. The tWj; channel targets
tW+DM events, where one of the W bosons decays leptonically. Whereas, in the
tWs, channel both W bosons decay leptonically. The third channel ¢j; 7, is designed
to target the ¢t-channel production of DM in association with a leptonically decaying
top-quark and addition jets.

3.1. Single-lepton tji1 channel

The final states containing a top-quark with jets use a combination of single-lepton
and MET (ERs%) triggers. Events with exactly one lepton (electron or muon) are
selected first for this region if they also contain 1-4 jets and 1-2 b-jets. To further
improve sensitivity a boosted decision tree (BDT) is trained to distinguish signals
from the background. Different signal models are combined to train the BDT to
ensure it learns a wide range of signal parameter space. The BDT takes nine input
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variables related to the leading jet, leading lepton and b-jet system, and transverse
masses. Events with a BDT score above 0.6 are selected. Two CRs are designed to
estimate the dominant backgrounds coming from the ¢t and W +jets events. Finally,
a binned distribution of the BDT score with four bins is used in the statistical
analysis. The BDT score distribution is shown in Fig.

< I I e =
B 10° Dat -
S1c ATLAS Y-
c s =13 TeV, 139 fb tt E
510° S| m W+ets -
~ Ru mm Single top quark 3
2] i -tV E
S10* Post-fit = Diboson |
2 Others Ef
w Y m,=250 GeV m,.=1750 GeV tanp=0.3 |

0= m,=250 GeV m,=1000 GeV tanp=0.3 =

10

10 8 ey

Data/SM

1.

E
£
1

E
-08 -06 -04-02 0 02 04 06 08 1
BDT score

Fig. 8. BDT score distribution in the ¢j;, region where observed data are compared to the post-
fit SM predictions. The four bins of this distribution above score of 0.6 are used in the statistical
analysis.lzZ

3.2. Single-lepton tW1, channel

Events are required to pass the MET trigger which is fully efficient for reconstructed
Emiss > 250 GeV. Only events with a lepton and at least three jets, one of which is
a b-jet are selected. High EX' and transverse mass values are required to separate
signals from backgrounds. Further improvements in the sensitivity come from vari-
ables like stransverse mass and asymmetric stransverse mass*? which relates the
transverse mass of DM particles to the transverse mass of the particle it decayed
from. All the SM background processes are estimated using simulation. Further-
more, dedicated control regions (CR) are designed to estimate the normalization of
the tf and W+jets backgrounds. Finally, a binned EsS distribution with five bins,
shown in Fig. [9] is used for the statistical analysis.

3.3. Dilepton tWsr, channel

A combination of dilepton triggers is used to select events in this channel. Events are
required to have exactly two opposite signed leptons with at least one signal jet, at
least one of which must be b-tagged. To further reduce the background, transverse
mass, angular separations, and different combinations of b-jet and lepton masses are



February 23, 2021 13:46 ICNFP 2020 icnfp2020-ekhoda

ICNFP 2020 11

< e e T R B e
»:g ATLAS + Data

z Vs=13TeV, 139 fb™' =% SMTotal

] § tt

- SR‘W‘L Post-fit _—Wets

g Il Single top quark

3 [ Diboson

i -

Others
-------- m,=300 GeV m,, =1200 GeV tanp=1

rrrrrrr m,=250 GeV m,,.=600 GeV tanf=2

Data/SM

<E
1.5F
5E

'

300 400 500 600 700 800 900 1000
EM [GeV]

Fig. 9. E?iss distribution in the tW7, channel, where observed data are compared to the post-fit
SM predictions. These 5 bins of MET distribution is used for statistical analysis.lE

used. All the SM backgrounds are estimated using simulation, and their CRs are
defined for the t, ttV (with V' = W or Z boson), and diboson backgrounds. This
channel is included as a single bin signal region in the statistical fit.

3.4. Results

The analysis considers several sources of systematic and theoretical uncertainties
for signal and background processes. The impact of these uncertainties is reduced
through the normalization of the dominant backgrounds in the CRs. Dominant
detector-related systematic uncertainties arise from the jet energy scale and reso-
lution, and the b-tagging efficiency. Modelling uncertainties are also included while
performing the statistical analysis. The event yields and the significances in different
SRs of the three analysis channels are presented in Fig. No significant deviations
compared to expected yields are observed in the data.

In the absence of new physics exclusion limits are set on the signal parameters
Mg, my+ and the ratio of the vacuum expectation values of the Higgs boson doublets
tan S of the 2HDM+a models. To reduce the parameter space the masses of the
additional Higgs bosons (H, H*, A) are set to be equal. The quartic couplings
between the scalar doublets and the a boson are also set to be equal. To maximize
sensitivity a statistical combination of the tWi and tWsy channels are done. Two
sets of samples are considered varying either the (m,, my+) and setting tan 5 = 1,
or varying the (mg+, tan 8) and setting m, = 250 GeV. Fig. and show
the observed and expected exclusion contours as a function of (m,, mg+) and
(mp+, tan B), respectively, for the tWi;, and tWayy, channels and their combination.
Assuming the DM mass (m, ) of 10 GeV and coupling (g, ) of 1, masses of a below
160 GeV are excluded for myg+ € [400-1400] GeV at 95% CL, and up to 3.2 TeV
for myg+ around 800 GeV. In the other case, where m, = 250 GeV, all values of
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Fig. 10. Results of background-only fit extrapolated to all the SRs, where the normalizations
of the backgrounds are obtained from the CRs. Observed number of events and the predicted
background are shown in the uppper panel, and the lower panel shows the significance in each
SRs/7

mpy+ between 550 GeVand 1150 GeVare excluded for tan # around and below unity.

n
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Fig. 11. 95% CL exclusion contours for (a) the charged Higgs mass (my+) as a function of the
pseudoscalar mass (mg) for an assumed DM mass (my) of 10 GeV, DM coupling (gy) of 1, and
tan 8 = 1 (b) tan 8 as a function of my+ where m, is assumed to be 250 Gev D

The tj1L channel has smaller sensitivity compared to the other two channels
due to smaller ¢-channel production cross-section. Fig. [12| shows the observed and
expected limits on t-channel DM production cross-section at 95% CL as a function
of mg+ for two representative values of tan 8 for m, = 250 GeV. For tan 8 = 0.3,
mg=+ values are excluded above 900 GeV.
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Fig. 12.  95% CL upper limits on signal cross-section as a function of charged Higgs mass (m g+ )

in the ¢j11, channel for signal model with pseudoscalar mass (mg) of 250 GeVand tan 8 = (a) 0.3
and (b) 0.527

4. Conclusions

The third-generation quarks show several distinct properties like their higher masses
and couplings to the SM Higgs sector. The reasons behind these observations are
still not fully understood. So careful studies of the final states with third-generation
quarks could give us hints for new physics. The proceedings present only three
out of many such exciting searches in ATLAS. The b-quarks and the top-quarks
develop characteristic signatures in the detector that are highly discriminating and
are used to identify them in the first place. Machine learning (ML) methods exploit
these features more effectively and identify the b-and the top-quarks more efficiently.
Search results in the dijet and ¢t final states improved significantly after using DNN-
based b- and top-tagging methods. Several other advanced analysis and background
estimation techniques, discussed here, also helped to improve the sensitivity. With
the rapid integration of different advanced ML techniques to high-energy physics
research, these analyses are expected to use many more novel techniques in the
future. Although no hint of new physics is observed, more stringent limits are placed
on the signal cross-sections predicted by the BSM models.
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