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can be probed at the LHC in final states with top and bottom quarks. Talk covers:

• Heavy vector bosons and scalars: new gauge bosons or heavy Higgs bosons.

• Vector like quarks (VLQ): new colour-triplet fermions whose both chiralities, transform the same 

under SM gauge groups („vector-like“), could cancel quadratic divergence in Higgs mass.

• Leptoquarks (LQ): new colour-triplet bosons with both lepton and quark quantum numbers, 

could explain anomalies in decays of B mesons and the discrepancy between measured and 
predicted muon anomalous magnetic moment.

New phenomena
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anti-fermion with the same mass and spin but inverted charge quantum numbers
(not shown in Figure 2.1).
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Fig. 2.1.: Schematic overview of quarks and leptons, grouped by affiliation to generation
and electric charge. The size of the circles is proportional to the fermion mass.

There are six quark flavours, which can be grouped by their electric charge in the
up-type quarks u

i
(i = 1, 2, 3) with electric charge 2/3 and down-type quarks d

i

(i = 1, 2, 3) with electric charge ≠1/3. The up-type quarks are the up (u), charm
(c), and top (t) quarks. The down-type quarks are the down (d), strange (s), and
bottom (b) quarks. Quarks are the only fermions with colour charge q–, – = r, g, b,
and are represented as colour charge triplets under SU(3)C

q =

Q

ca
qr

qg

qb

R

db . (2.4)

The left-handed quarks carry weak isospin I3 = ±1/2 and transform as doublets of
up- and down-type quarks under SU(2)L
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2.3 Particle content of the Standard Model 9

Why perform searches with 3rd generation quarks?

• among the heaviest particles in the Standard Model: 

very large Yukawa coupling.

• great potential to reduce the Standard Model 

background due to unique signature.



Detecting 3rd generation 
quarks: bottom quarks
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ATLAS Run 2 flavour-tagging algorithms
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initiates formation of sprays of particles reconstructed as 
jets from particle flow objects.


Unique features of b-jets due to large lifetime and mass 
of B mesons (displaced secondary vertex, high mass and 
track multiplicity)…


… allow for their identification using multi-variate 
machine learning algorithms.


Next generation: graph-neural-network algorithm GN2

(not discussed here, ask me about it!)

bottom

quark

2211.16345 

DL1r (end of Run-2) with up to 2x

better performance compared to 

MV2c10 (start of Run-2)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2019-07/
https://arxiv.org/abs/2211.16345


Detecting 3rd generation 
quarks: top quarks

reconstructed using jets with large-radius 
parameter (typical R=1) to contain full top 
quark decay.


Often large-radius jets are not reconstructed 
from calorimeter energy deposits but from 
small-radius jets.

„Jet reclustering“ , see JHEP 02 (2015) 075

4

top quark

t → W + b

W(qq)

b

Top tagging with constituent-based machine learning 
models (ParticleNet, ParticleFlow network and Densely 
connected Neural Network) provides better discrimination 
than neural network based on high-level variables.
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Constituent-Based Top-Quark Tagging

Data set of this note is publicly available!

ParticleNet GNN best performance

high-level input DNN slightly worse than DNN 
operating directly on constituents

https://doi.org/10.48550/arXiv.1407.2922
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-039/
http://opendata.cern.ch/record/15013


Heavy resonances
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Signal: spin-1 resonance with 
exclusive coupling to top quarks


Final states: exactly 1 light lepton 
(e/µ) with multiple jets and b-jets.


Reconstruction: Z‘ resonance 
decay reconstructed using large-
radius reclustered jets with b-
tagged sub-jets, top quarks from 
associated production 
reconstructed as additional small-
radius jets which can be b-tagged.

Heavy Z’ boson search in multi-top-quark final state

6

Search for top-philic heavy resonances in pp collisions at √s=13 TeV with the ATLAS detector

four top quark 
final state

three top quark 
final states

coupling strength ct , chirality parameter θ

PL/R projection operators
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DESY. Page 10

Search for heavy Z’ resonances in four-top-quark final states
Analysis strategy

Searches for new phenomena in final states with 3rd generation quarks using the ATLAS detector | Philipp Gadow, 09. May 2022

ttZ‘➞tttt in 1 lepton final state with
• Z‘ resonance decay reconstructed using large-radius 

reclustered jets with b-tagged sub-jets
• top quarks from associated production reconstructed as

additional small-radius jets which can be b-tagged

Analysis regions defined by number of additional jets and number of b-jets.

Background prediction from functional form fit to source region data and MC-based extrapolation.

ATLAS-CONF-2021-048

2304.01678

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-14/
https://arxiv.org/abs/2304.01678


Heavy Z’ boson search in multi-top-quark final state

7

Analysis regions defined by number of additional jets and number of b-jets. 

Background prediction from functional form fit to source region data and MC-based extrapolation. 
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Heavy Z’ boson search in multi-top-quark final state

8

Fit: Profile likelihood fit in 6 regions using resonance top quark mass as discriminating variable.
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Limits on cross-section for different coupling strengths 
and chirality parameter values.

most sensitive signal region minimal contribution of 3-top channel maximal contribution of 3-top channel



ttH/A decaying to 4-top in multi-lepton final states
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Signal: new heavy scalar or pseudo-scalar Higgs boson 
produced with a top quark pair + decaying into top quark pair, 
assuming type-II Two-Higgs-Doublet model.


Final states: exactly 2 light leptons with same-sign electric 
charges or at least 3 light leptons with multiple jets and b-jets.


Backgrounds: low background contamination,

mostly top quark pair production + W/Z/H, SM 4-top.


Trigger and event selection: single-lepton or dilepton 
triggers, exactly two same-sign electric charged leptons or 3+ 
leptons, veto on Z(ll) events, mee > 15 GeV to reduce low-
mass resonance background with electron charge mis-
identification.

Search for ttH/A→tttt production in the multilepton final state in proton-proton collisions at √s=13 TeV with the ATLAS detector

four top quark 
final state

2211.01136

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/
https://arxiv.org/abs/2304.01678


ttH/A decaying to 4-top in multi-lepton final states
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Fit: strategy based on SM 4-top observation, using SM BDT to identify 4-top events and 
define signal region. Use BSM BDT parameterised in signal mass as discriminant in template 
fit with dedicated control regions to constrain fake lepton and ttW backgrounds.

Limits on cross-section between 14 fb and 
6 fb across 400 GeV to 1 TeV signal mass.

first find four-top-quark events then discriminate SM vs BSM



Vector-like quarks (VLQ)

11Philipp Gadow | Searches for new phenomena in final states with 3rd generation quarks using the ATLAS detector 17.07.23



Signal: b- or t- associated production of up-type VLQ T


Final states: exactly 1 light lepton with multiple jets 
and b-jets, assuming top quark decay with leptons and 
Higgs or Z boson decaying hadronically.


Reconstruction: Heavy particles t, H, and W/Z are 
reconstructed and tagged with variable radius 
reclustered (vRC) jets. Leptonic top quark is 
reconstructed by calculating neutrino pT using 
constraints from measured ETmiss and W boson mass.


Trigger and event selection: single-lepton or ETmiss  
trigger, exactly 1 lepton, 3 or more jets, at least 1 b-
tagged jet, kinematic requirements to suppress multi-jet 
background and select events close to those expected 
from signal.

Single VLQ via Ht/Zt decay in 1-lepton channel

12

Search for single production of vector-like T quarks decaying to Ht or Zt

resonant 
production

non-resonant 
production

Philipp Gadow | Searches for new phenomena in final states with 3rd generation quarks using the ATLAS detector 17.07.23

2305.03401

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-52/
https://arxiv.org/abs/2305.03401


Backgrounds: top quark pair production, tW, and W+jets.

MC event simulation corrected using data-driven kinematic reweighting.


Fit: Profile likelihood fit in 24 regions using effective mass as discriminating variable.

Single VLQ via Ht/Zt decay in 1-lepton channel
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Limits on the universal coupling constant 𝜅 as a function of 
the VLQ mass in the SU(2) singlet and doublet scenarios.

scalar sum of lepton pTs, jet pTs and ETmiss



Signal: b- or t- associated production of up-type 
VLQ T with leptonically decaying Z boson


Final states: exactly 2 opposite-electric charged 
light leptons or 3+ light leptons with multiple jets, 
forward jets and b-jets.

Single VLQ via Zt decay in multilepton channel

14

Search for singly produced vector-like top partners in multilepton final states with 
139 fb−1 of pp collision data at √s=13 TeV with the ATLAS detector
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soon!

Limits on the universal coupling constant 𝜅 as a function of 
the VLQ mass in the SU(2) singlet and doublet scenarios.

brand-new result with complementary 
limits to one-lepton channel analysis

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-01/


Final states: exactly 1 light lepton, 4+ jets, including 1+ b-jet and large ETmiss.

Backgrounds: top quark pair production, W+jets.

Reconstruction: neural networks for signal/background discrimination 
trained on several signal hypotheses using 13 input variables, including

VLQ pair production (Zt+X decay) in 1-lep channel

15

Search for pair-produced vector-like top and bottom partners in events with large missing transverse momentum 
in pp collisions with the ATLAS detector
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scalar sum of lepton 
pTs, jet pTs and ETmiss

transverse mass of 
lepton and ETmiss

asymmetric 
transverse mass


2212.05263

Signal: vector-like partners T/B of top/bottom quarks, vector-like X with charge +5/3.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-08/
https://arxiv.org/abs/2212.05263


Fit: Profile likelihood fit using signal-enriched part of the binned neural net (NN) output 
distribution and total number of events in low-NNout, W+jets and single-top control regions.

VLQ pair production (Zt+X decay) in 1-lep channel
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Limits are set on the pair-production cross-sections for 
T and B quarks at 95% CL.



Leptoquarks
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Single scalar leptoquark in btautau final state
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Signal: singly produced leptoquark (LQ) with 

B(LQ → bτ) = 1.0, neglecting interference with SM.


Final states: pair of tau leptons with opposite 
electric charge + high pT b-jet.


Reconstruction: two signatures are considered, 
containing tau pairs in leptonic + hadronic or 
hadronic + hadronic decay channels.


Trigger and event selection: single lepton and 
hadronic tau triggers, (1+ hadronic tau and exactly 
1 electron/muon) or (2+ hadronic taus and no 
electron/muon), opposite electric charges of tau 
candidates, 1 or more b-tagged jets, kinematic 
requirements, scalar sum of tau candidates and b-
jet ST > 300 GeV.

Search for leptoquarks decaying into the bτ final state in pp collisions at √s=13 TeV with the ATLAS detector

resonant 
production

non-resonant 
production +

pair production

optimised for

also sensitive to

2305.15962 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-39/
https://arxiv.org/abs/2305.15962


Single scalar leptoquark in btautau final state
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Backgrounds: top quark pairs and tW production.


Fit: profile likelihood fit using ST as discriminating variable in regions with b-jet pt > 200 GeV.

Limit contours in 2D plane

of coupling and LQ mass extending from 
1.6 TeV to 2 TeV in LQ mass.



Leptoquark pairs decaying to top + electron/muon
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Signal: pair-produced leptoquarks decaying into 
tete or tµtµ with B(LQ →tl) = 1.


Final states: 3 or 4 light leptons, 2 or more jets, of 
which at least 1 b-tagged jet.


Analysis regions: 

Search for leptoquark pair production decaying into tete or tµtµ in multi-lepton final states in pp collisions at 13 TeV 
with the ATLAS detector

three lepton 
final state

four lepton 
final state

2306.17642 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2020-08/
https://arxiv.org/abs/2306.17642


Leptoquark pairs decaying to top + electron/muon
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Fit: profile likelihood fit using 
effective mass as discriminating 
variable for each signal 
hypothesis (tete/tµtµ) with

• all control regions and 3lSR-e + 

4lSR-e signal regions for B(LQ 
→te) interpretation, or


• all control regions and 3lSR-µ 
+ 4lSR-µ signal regions for 
B(LQ →tµ) interpretation.


Limits on the cross section for 
the LQd

mix pair production as a 
function of the assumed signal 
mass and branching fraction.



Conclusions


Novel techniques for 
reconstruction and signal/
background discrimination 
provide increased sensitivity. 


ATLAS covers a wide range of 
searches involving 3rd 
generation quarks, including 
searches for

• heavy resonances

• vector-like quarks

• leptoquarks

and constrains the viable 
parameter space of the 
respective models.
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One more thing...
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ATLAS CONF Note

ATLAS-CONF-2023-021

16th May 2023

Search for dark mesons decaying to top and bottom

quarks with the ATLAS detector in 140 fb
�1

of

proton–proton collisions at
p
s = 13 TeV

The ATLAS Collaboration

A search for dark mesons originating from strongly-coupled, (* (2) dark flavour symmetry
conserving models and decaying gaugephobically to pure Standard Model final states containing
top and bottom quarks in fully hadronic topologies is performed. The analysis of the full Run 2
proton–proton collision data sample corresponding to 140 fb�1 collected at

p
B = 13 TeV

with the ATLAS detector at the Large Hadron Collider yields no significant excess over the
Standard Model background expectation. The two-dimensional signal space of dark pion
masses <c⇡ and dark rho masses <d⇡ is scanned. For <c⇡/<d⇡ = 0.35, dark pions with
masses <c⇡ < 434 GeV are excluded, while for <c⇡/<d⇡ = 0.25 the exclusion covers the
mass range 280 GeV < <c⇡ < 522 GeV.

© 2023 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.

1 Introduction

The Standard Model (SM) can be extended by a new strongly-coupled, confining gauge theory with fermion
representation which transforms under the electroweak group. The appeal of such an extension is that dark
matter can arise in the form of composite mesons or baryons of the new strongly-coupled theory, which
additionally often exhibits an automatic accidental symmetry protecting against their decay. Consequently,
candidates for strongly-coupled dark matter include dark mesons, dark quarkonia-like states, glueballs and
dark baryons [1, 2]. In this note, we focus on one set of models incorporating this concept: Stealth Dark
Matter [3]. Here, the new strongly-coupled dark sector consists of vector-like fermions that can transform
under the new dark group but also interact with both the electroweak sector of the SM and the Higgs boson.
The result is the emergence of a familiar-looking dark sector as the direct analogue to the QCD meson and
baryon sector. This leads to several intriguing phenomenological consequences: as long as the vector-like
mass is dominant over the chiral mass, the new dark sector is only under very weak constraints from
precision electroweak or Higgs coupling measurements, while the Higgs interactions break the dark sector
global symmetry and thus allow dark mesons to decay into pure SM states [4]. This search focuses on the
low-energy e�ective theories developed in Ref. [5], which incorporate the leading interactions between
dark mesons of a strongly-coupled (* (2) dark flavour symmetry preserving the dark sector and the SM.
These models contain a stable dark scalar baryon which could account for the stable dark matter observed
in cosmological measurements [3].

The simplified model targeted in this search contains only the two phenomenologically relevant sets of
dark mesons: a lighter pseudoscalar triplet of dark pions c⇡ and an additional triplet of dark rho vector
mesons d⇡ which are both kept at a scale around or slightly above the electroweak scale. Following
standard theoretical assumptions the triplets are completely mass-degenerate and the dark sector can be
fully described by three parameters: the mass of the dark pions <c⇡ , the mass of the dark rhos <d⇡ and
the number of dark colours #⇡ . Since the phenomenological consequences remain unchanged for values
of #⇡ that are not excessively large, #⇡ has been fixed to #⇡ = 4 throughout this search following the
typical choice made for Stealth Dark Matter [3].

Contrary to QCD, the vector-like nature of the dark sector allows to either gauge the full (* (2)! weak
interaction symmetry group or just the underlying* (1) group, which leads to two distinct models of kinetic
mixing of dark mesons with the SM, (* (2)! and (* (2)'. This search focuses on gaugephobic (* (2)!
models, where the preferred decay channels are to pairs of fermions and which result in considerably
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Figure 1: Dominant Feynman diagrams of dark pion pair production. In (a), the diagram shows resonant production
via kinetic mixing with the ,-field resulting in either a neutral or charged dark rho, while (b) shows Drell-Yan-type
pair production of dark pions.

2

Search for dark mesons decaying to top and bottom quarks with the ATLAS detector in 140 fb−1 of proton-proton collisions at √s=13 TeV

very interesting result, not directly addressed by 
classes of models mentioned in abstract but relevant 
given final states containing top and bottom quarks

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-021/


Next generation ATLAS flavour tagging algorithm
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Graph Neural Network Jet Flavour Tagging with the ATLAS Detector
Jet Flavour Tagging With GN1 and DL1d.

Generator dependence, Run 2 and Run 3 data agreement studies 

New approach to algorithm design Performance improvements

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PLOTS/FTAG-2023-01/


Next generation ATLAS flavour tagging algorithm
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GN2 architecture

EP-IT Data Science Seminar: https://indico.cern.ch/event/1232499  

https://indico.cern.ch/event/1232499
https://indico.cern.ch/event/1232499


ATLAS Open Data for top quark tagging
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http://opendata.cern.ch/record/15013

http://opendata.cern.ch/record/15013


Heavy resonance 
decaying to top 
quarks produced in 
association with a top 
quark pair
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ttH/A decaying to four 
top quarks in multi-
lepton final states
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