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New phenomena

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.

« among the heaviest particles in the Standard Model: Bro charm
very large Yukawa coupling.

down strange bottom

- great potential to reduce the Standard Model sl | ’ p
background due to unique signature. ' l l

Why perform searches with 3rd generation quarks?

quarks

electric charge
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quarks: bottom quarks

Background rejection
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Unique features of b-jets due to large lifetime and mass T

Light-flavour jet ratio
I
1

of B mesons o ob | DL1r (end of Run-2) with up to 2x :
T F e e better performance compared to ]
£, S MV 2¢O (start of Run-2) 3
- - . . . . G2 T T ]
... allow for their identification using multi-variate —— 12; [ S e AU SO N ]
machine learning algorithms. o ook ks o s 100
b-jet efficiency
Next generation: graph-neural-network algorithm GN2 ATLAS Run 2 flavour-tagging algorithms
(not discussed here, ask me about it!) arXiv 2211.16345
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/FTAG-2019-07/
https://arxiv.org/abs/2211.16345

Detecting 3rd generation
quarks: top quarks

W(qq)
top quark

t—-W+Db

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.

gbkg
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Constituent-Based Top-Quark Tagging Esig
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.

Data set of this note is publicly available!

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

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

L =c,ty, (cosOP +sin6Py)tZ""

Final states: exactly 1 light lepton
(e/u) 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.

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

RC jets

b-jets
additional jets
lepton

four top quark
final state

three top quark
final states

arXiv 2304.01678

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

N7

17.07.23 6


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

Fraction of events

Heavy Z’ boson search in multi-top-quark final state
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Analysis regions defined by number of additional jets and number of b-jets.
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Background prediction from functional form fit to source region data and MC-based extrapolation.

CERN

\

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

17.07.23 7



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

Fit: Profile likelihood fit in 6 regions using resonance top quark mass as discriminating variable.
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ttH/A decaying to 4-top in multi-lepton final states

Signal: new heavy scalar or pseudo-scalar Higgs boson
produced with a top quark pair + decaying into top quark pair,
assuming type-ll 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:
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.

four top quark
final state

Search for ttH/A—tttt production in the multilepton final state in proton-proton collisions at Vs=13 TeV with the ATLAS detector ar¥Xiv 2211.01136
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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

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.
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Vector-like quarks (VLQ)
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Single VLQ via Ht/Zt decay in 1-lepton channel

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
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 pr using
constraints from measured Et™miss and W boson mass.

Trigger and event selection: single-lepton or Ermiss
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.

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

1

9

1

H/Z

resonant
production

non-resonant
production

arXiv 2305.03401

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

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

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.
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Single VLQ via Zt decay in multilepton channel

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.
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Search for singly produced vector-like top partners in multilepton final states with

139 fb—1 of pp collision data at Vs=13 TeV with the ATLAS detector

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

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

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

Final states: exactly 1 light lepton, 4+ jets, including 1+ b-jet and large Eqmiss, t,t,b
Backgrounds: top quark pair production, W+jets.

Reconstruction: neural networks for signal/background discrimination
trained on several signal hypotheses using 13 input variables, including
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Search for pair-produced vector-like top and bottom partners in events with large missing transverse momentum _
in pp collisions with the ATLAS detector arXiv 2212.05263
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-08/
https://arxiv.org/abs/2212.05263

= Events / 0.05

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

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.
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Limits are set on the pair-production cross-sections for
T and B quarks at 95% CL.
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Leptoquarks
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Single scalar leptoquark in btautau final state

Signal: singly produced leptoquark (LQ) with

B(LQ — bt) = 1.0, neglecting interference with SM.

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

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

Trigger and event selection: single lepton and
hadronic tau triggers,
or
, 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 bt final state in pp collisions at Vs=13 TeV with the ATLAS detector

resonant
production

non-resonant
production +

arXiv 2305.15962
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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

Backgrounds: top quark pairs and tW production.

Fit: profile likelihood fit using St as discriminating variable in regions with b-jet pt > 200 GeV.
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Leptoquark pairs decaying to top + electron/muon

Signal: pair-produced leptoquarks decaying into

tete or tuty 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:
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Search for leptoquark pair production decaying into tete or tuty in multi-lepton final states in pp collisions at 13 TeV

with the ATLAS detector

three lepton
final state

four lepton
final state

arXiv 2306.17642
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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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ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits ATLAS Preliminary Co N CI us i ons

Status: March 2023 [£dt = (3.6-139) fb! Vs =13 TeV
Model t,y Jetst ET™ [rdt[ib] Limit Reference

) ADD Gk + g/q Oeu,1,y 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874

§  ADD non-resonant yy 2y - - 367 | Ms 8.6 TeV n=3HLZNLO 1707.04147 L

£ ADDQBH - 2j - 139 [ My, 94TeV] n=6 1910.08447 N I t h f
3 ADD BH multijet - >3j - 3.6 M 9.55TeV n=6, Mp =3TeV,rot BH 1512.02586 ove e c n I u es O r

E RS1 GKK -y 2y - - 139 Gk mass 4.5 TeV k/ﬁp, =0.1 2102.13405 . (]
£ BUKRS Gk > WW/ZZ  multichannel 36.1 | G mass 23Tev /T — 1.0 1808.02380 eco St Ct on a d S a | /
> KK PI
W Bulk RS gyk — tt leu >1b,>1J/2) Yes 361 | &k mass 3.8 TeV r/m=15% 1804.10823 r n rU I n n I n

oOLIEN /. DDD 1o 4 S2h 530 Voo 2R 1 KK mane 4.0 Tav Tior (4 1) RLALL _, ++) _ 1 41803.N0R72

TR N e background discrimination

@ - - Z' mass
< Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299 . » g m »
§ Lol e rovide increased sensitivit
S  ssMwW’ oy Teu - Yes 139 | W’ mass 6.0 TeV 1906.05609 .
© SSMW’ -1y 17 - Yes 139 | W mass 5.0 Tev ATLAS-CONF-2021-025
S SSMW > tb - >1b>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
© HVT W — WZ model B 02e,pu  2j/1J  Yes 139 W’ mass 4.3 TeV gv=3 2004.14636
S HVTW - WZ v modelC Beu  2j(VBF) Yes 139 | W mass 340 GeV gven=1,g = 2207.03925
HVT Z’ - WW model B lepn 2j/1J  Yes 139 | 2’ mass 3.9 TeV gv = 2004.14636
L RSM W/ s ALy 2 14 . 20l W. mass 0 Tav il =0 B TeVop =0 190412570
g: z[;gqq - 2j - 37.0 A 21.8TeV 7, 1703.09127 ™
5 S T i LRS- M ATLAS covers a wide range of
O  Cleebs 2e 1b - 139 | A 1.8 TeV g =1 2105.13847 V r WI r n
Gl pyabs 2u 1b - 139 [A 2.0 Tev g=1 2105.13847 . .
e neni e s searches involving 3rd
Axial-vector med. (Dirac DM) - 2j - 139 Mped 3.8 TeV 84=0.25, g, =1, m(x)=10 TeV ATL-PHYS-PUB-2022-036 g
S Pseudo-scalar med. (Dirac DM) O e, u, 7,y 1-4j Yes 139 Mimed 376 GeV gq=1, gy=1, m(x)=1 GeV 2102.10874 n n N
S Vociormed. 2 2HDM (DirasDM)  Oes . 2b'  Yes  1a9 |ma 30TV {anp-1, £2-08, m{x)~100 GeV 2108.13001 eneration qua rks N CI u d Tal
Pseudo-scalar med. 2HDM+a __ multi-channel 139 m, 800 GeV tanf=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036 y
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV =1 2006.05872
Scalar LQ 2" gen 2 >2]  Yes 139 |LQmass 1.7 TeV B=1 2006.05672 S e a rC h e S O r
Scalar LQ 3 gen 17 2b Yes 139 | LQj mass 1.49 TeV B(LQY — br) =1 2303.01294
Q| ScalarLQ 3" gen Oeu  22j,22b Yes 139 | LQ; mass 1.24 TeV B(LQY - tv) =1 2004.14060
= Scalar LQ 3 gen >2e,u, 217 21j,>21b - 139 LQS mass 1.43 TeV BLQY > tr) =1 2101.11582
Scalar LQ 3™ gen Oe,u,217 0-2j,2b Yes 139 LQ% mass 1.26 TeV B(LQg —bv)=1 2101.12527 .
Vector LQ mix gen multi-channel 21j,>1b  Yes 139 LQQ mass 2.0 TeV B(Uy - tu) =1, Y-M coupl. ATLAS-CONF-2022-052 e avy res o n a n Ces
Vector LQ 3¢ gen 2e,u1 >1b Yes 139 | LQY mass 1.96 TeV B(LQY — br) = 1, Y-M coupl. 2303.01294
® VLT T =2+ A ZelZ oS 20, 2 = oy i nass i Tev 50 utubiet | 2210 15AS
< g VLQ BB - Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343 H
T S VLQTs3Tss3|Ts3 > Wt+ X 2(SS)/23eu>1b,21] Yes 36.1 Ts/3 mass 1.64 TeV B(Tsi3 = Wi)=1, c(Ts;zWt)=1 1807.11883 [ ] Ve cto r- I e q u a r s
S E VLQT - Ht/Zt leu  21b,23] Yes 139 T mass 1.8 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040
E’; @ VLQY - Wb 1eu >1b,>1j Yes 36.1 Y mass 1.85 TeV B(Y = Wh)=1, cp(Wb)=1 1812.07343
=" VILQB - Hb Oeu >2b >1j,>1J - 139 | Bmass 2.0 TeV SU(2) doublet, k= 0.3 ATLAS-CONF-2021-018
VLL 7" - Z7/Ht multi-channel  >1j Yes 139 7’ mass 898 GeV SU(2) doublet 2303.05441 P I e to u a rks
he) Excited quark g — qg - 2] - 139 q° mass 6.7 TeV only u* and d*, A = m(q") 1910.08447 p q
S § Excited quark g* — qy 1y 1j - 36.7 q* mass 5.3 TeV only u* and d*, A = m(q*) 1709.10440
ﬁ O Excited quark b* — bg - 1b,1j - 139 | b* mass 3.2TeV 1910.08447
Excited lepton 7* 27 >2j - 139 T mass 4.6 TeV A=4.6TeV 2303.09444 d t L t h L b I
Type Ill Seesaw 234epu >2j Yes 139 NC mass 910 GeV 2202.02039 a n Co n s ra I n S e V I a e
LRSM Majorana v 2u 2j - 36.1 Ngr mass 3.2 TeV m(Wr) =4.1TeV, gL =gr 1809.11105
S Higgs triplet H** — W*W* 2,3,4 e, i (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
S | tiigos triplet H+ 17 254en(SS) =0 T fag | Hemess 1,08 Tev OV production 2211 07505 pa rameter s pace (@) e
6 Multi-charged particles - - - 139 multi-charged particle mass 1.59 TeV DY production, |q| = 5e ATLAS-CONF-2022-034 .
Magnetic monopoles - - - 34.4 monopole mass 2.37 TeV DY production, |g| = 1gp, spin 1/2 1905.10130
ErETy -~ e N pE respectwe models.
partial data full data 107! 1 10

Mass scale [TeV]
*Only a selection of the available mass limits on new states or phenomena is shown.

tSmall-radius (large-radius) jets are denoted by the letter j (J).
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One more thing...

ATLAS CONF Note y

ATLAS ATLAS-CONF-2023-021 <7
EXPERIMENT
16th May 2023

Search for dark mesons decaying to top and bottom
quarks with the ATLAS detector in 140 fb~! of
proton—proton collisions at Vs = 13 TeV

The ATLAS Collaboration

p T 0
TD:TD

A search for dark mesons originating from strongly-coupled, SU(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~! collected at /s = 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 My, and dark rho masses m,,, is scanned. For m ., /m,,, = 0.35, dark pions with
masses m, < 434 GeV are excluded, while for m ,, /m,, = 0.25 the exclusion covers the
mass range 280 GeV < m,, < 522 GeV.

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

24


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

Next generation ATLAS flavour tagging algorithm

New approach to algorithm design Performance improvements
_ _ _ . 70 Tt ' [ ' ST '. ' _I UL L L
m—— — T R O . ATLAS Simulation Preliminary -2500
| | | sob VS =13 TeV GN2
! | | C tti =709%
| | | : tt jets, ep =70% 12000
| Associated | Associated | o - . *6'
I tracks I tracks | — B o)
| | | _8 40F Run 3 reco 1500 ‘&
! ! | o r GN1 | -
| | | = 3ok i @
| | I GI_J. - DL1d 1000 =
: Ma_n He lly Trained : : O - | 2
| ;gg:‘i‘t':s‘i algorithms | | 20 - ] —
I I | - 500
I I I 10 F 1
| : * z :
| High level | » Track origins 0 3 1 0
[ algorithm (DL1r) | . Vertices 2017 2018 2019 2020 2021 2022 2023
I I Year
L — — — — & JetFlavour L — — — — & JetFlavour
Jet Flavour Tagging With GN1 and DL1d.
Graph Neural Network Jet Flavour Tagging with the ATLAS Detector Generator dependence, Run 2 and Run 3 data agreement studies
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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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https://indico.cern.ch/event/1232499
https://indico.cern.ch/event/1232499

ATLAS Open Data for top quark tagging

ATLAS Top Tagging Open Data Set

ATLAS collaboration

Cite as: ATLAS collaboration (2022). ATLAS Top Tagging Open Data Set. CERN Open Data Portal. DOI:10.7483/OPENDATA.ATLAS.FG5F.96GA

onase ] ourea ] omascioncs | i | e

Description

Boosted top tagging is an essential binary classification task for experiments at the Large Hadron Collider (LHC) to measure the properties of the top

quark. The ATLAS Top Tagging Open Data Set is a publicly available data set for the development of Machine Learning (ML) based boosted top
tagging algorithms. The data are split into two orthogonal sets, named train and test and stored in the HDF5 file format, containing 42 million and 2.5

e The four vectors of constituent particles

¢ 15 high level summary quantities evaluated on the jet
¢ The four vector of the whole jet

e Atraining weight

A signal (1) vs background (0) label.

There is one rule in using this data set: the contribution to a loss function from any jet should always be weighted by the training weight. Apart from
this a model should separate the signal jets from background by whatever means necessary.

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

top candidate jet 1:

2 Heavy resonance
- decaying to top
quarks produced In
association with a top
quark pair

/7

top candidate jet 2:
p,= 469 GeV
E = 646 GeV

Run: 358096
Event: 1391933417
2018-08-11 14:47:55 CEST

ATLAS

EXPERIMENT
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ttH/A decaying to four
&I!T,ﬁ,\,s-r top quarks in multi-

fune 331697 lepton final states

. A ’ Event: 493073023
4 : 2017-08-03 14:40:15 CEST
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