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Many new physics models predict the existence of additional particles.

Looking for resonances decaying to pairs of bosons, quarks, or leptons is an important
focus of the LHC (and ATLAS) search programme.

Resonance searches can generally be divided into different categories:
o Leptoquarks

Vector-like quarks

Heavy resonances

Low-mass resonances

General searches

Will present a selection of recent ATLAS analyses in each of these categories, paying
particular attention to the novel techniques used to reconstruct/classify the final states.
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Leptoquarks

« Leptoquarks (LQs) = coloured bosons that carry both lepton and baryon numbers
— couple to quarks and leptons.

« Could help explain Lepton Flavour Universality and g-2 anomalies.
« See Volker Andreas Austrup's talk for more details.


https://indico.cern.ch/event/1230772/contributions/5391870/

Leptoquarks and excited tau leptons ATLAS Duke

Search for excited z-leptons and leptoquarks in the final state with z-leptons and jets
[arXiv:2303.09444]

» Signal: For excited 7, assume effective four-fermion contact interaction as the de-excitation
process (no gauge interaction). For scalar LQs, assume BR(LQ — tc ) = 1, although could apply to
other light quarks since no flavour tagging in signal regions.

» Channel: Hadronic tau decays + jets.
> Trigger and event selection: di-ty 4 trigger with kinematic requirements on the t's, > 2 jets.
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Leptoquarks and excited tau leptons ATLAS Duke

Search for excited z-leptons and leptoquarks in the final state with z-leptons and jets
[arXiv:2303.09444]

» Backgrounds: tt, single top, and Z — tt normalised using floating scale factors in the fit.
Backgrounds from fakes estimated using fake-factor method.

> Fit: Profile likelihood fit with scalar sum of p; of the 2 leading jets and the two 7's (S7) as
discriminating variable.
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https://arxiv.org/abs/2303.09444
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Vector-like quarks

Vector-like-quarks (VLQs) = coloured spin-1/2 fermions whose LH/RH components transform
in the same way under gauge transformation, and which mix with SM quarks.
Help to address the hierarchy problem.

Pair production dominates at low masses, but single production dominates at high masses
(see arXiv:2212.05263 and arXiv:2210.15413 for pair production searches).

Duke

UNIVERSITY


https://arxiv.org/abs/2212.05263
https://arxiv.org/abs/2210.15413

Single production - all-hadronic ATLAS | Duke

Search for single production of a vectorlike T quark decaying into a Higgs boson and top quark with
fully hadronic final states [PhysRevD.105.092012]

» Signal: Single production of top partner T, assume singlet representation.
> Channel: H - bb and hadronic decay of top.

» Reconstruction: Large-R jets to reconstruct t and H, tagged using jet substructure tagging
algorithmes.

> Trigger and event selection: > 2 high-p large-R jets.
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Search for single production of a vectorlike T quark decaying into a Higgs boson and top quark with
fully hadronic final states [PhysRevD.105.092012]

> Backgrounds: Multijet estimated using data-driven sideband technique.
tt normalized using data in dedicated tt enriched control region (CR).

> Fit: Profile likelihood fit using invariant mass of 2 large-R jets as discriminating variable.
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https://link.springer.com/article/10.1140/epjc/s10052-016-4281-8
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Search for single production of vector-like T quarks decaying to Ht or Zt [arXiv:2305.03401]
> Signal: b- or t- associated production of top partner T (singlet or doublet representation).

» Channel: Single lepton top-quark channel, assuming a leptonically decaying top quark and a hadronically-
decaying Higgs or Z boson.

» Reconstruction: Variable radius reclustered (VRC) jets to tag and reconstruct t, H, and W/Z.
Leptonic top reconstructed by calculating neutrino p, using constraints from measured EMS and W mass.

> Trigger and event selection: single-lepton or E; ;. trigger, = 1 lepton, > 3 jets, > 1 b-tagged jet, other
kinematic requirements.
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https://arxiv.org/abs/2305.03401

Single production - single lepton ATLAS | Duke

Search for single production of vector-like T quarks decaying to Ht or Zt [arXiv:2305.03401]
» Backgrounds: tt, tW, and W+jets. Simulations corrected using data-driven kinematic reweighting.
> Fit: Profile likelihood fit in 24 regions using effective mass as discriminating variable.
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Single production - multilepton ATLAS Duke

Search for singly produced vector-like top partners in multilepton final states [ATLAS-CONF-2023-020]
> Signal: b- or t- associated production of top partner T (singlet or doublet representation)

» Channel: 2 opposite-sign leptons + hadronic or leptonic top (i.e. 2¢ or 3%).

» Reconstruction: VRC jets to tag and reconstruct t (similar to single lepton analysis).

> Trigger and event selection: single-lepton trigger, at least one opposite sign same flavour lepton
pair, > 2 jets or = 1 vRC jet.
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Single production - multilepton ATLAS | Duke

Search for singly produced vector-like top partners in multilepton final states [ATLAS-CONF-2023-020]
» Backgrounds: Z+jets (in 2¢) or VV and tt + X (in 3¢). Estimated using data-driven reweighting
factors.

> Fit: Profile likelihood fit with p(€¢) as discriminating variable.
Both channels fit independently then combined.
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Heavy resonances
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Seesaw mechanism = proposed solution to the neutrino mass question: light neutrinos acquire their masses through heavy right-
handed neutrinos.

Type | and Il seesaw mechanisms can be embedded in Left-Right Symmetric Model (LRSM) - new Wy and Z; bosons and heavy right-
handed neutrinos Nxg.

Search for heavy Majorana or Dirac neutrinos and right-handed W gauge bosons in final states with charged
leptons and jets [arXiv:2304.09553]

> Signal: Ny (Majorana or Dirac) decaying to Wy in Keung-Senjanovic (KS) process. Can have my,, > or < my,.

» Channels: Resolved/boosted, corresponding to mass splitting between Wy and Ni of <or >4 TeV,
respectively. Each channel separated in same sign (SS) and opposite sign (OS) lepton channels.

» Reconstruction: Large-R jet in boosted channel to reconstruct WR(*) :
Trigger and event selection: single- or di-lepton trigger, = 2 leptons and > 2 jets with kinematic requirements.

A\ 7

My > My q My < Myg d

5/18/23
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Heavy neutrinos and RH W bosons ATLAS Duke
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Search for heavy Majorana or Dirac neutrinos and right-handed W gauge bosons in final states with charged
leptons and jets [arXiv:2304.09553]

» Backgrounds: Z+jets, VV, and tt estimated using CRs.
Non-prompt and mis-identified lepton backgrounds estimated separately using data-driven

method.
> Fit: Profile likelihood fit using m;;,, (resolved, OS, my,, > my,) or m;; (resolved, OS, my,, < my,) or Hy
(resolved, SS) or m;,, (boosted).
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Heavy resonances decaying to bosons

Duke

UNIVERSITY

ATLAS

EXPERIMENT

Search for high-mass Wy and Zy resonances using

hadronic W/Z boson decays [arXiv:2304.11962]

> Signal: Generic high-mass boson: spin-1 X* or spin-
0/2 X°. Assume decay width small compared to
experimental resolution.

Channel: Wy /Zy with hadronic decays of W and Z.

Reconstruction: large-R jets with 2-pronged
substructure for boosted W and Z.

» Trigger and event selection: single photon trigger,

YV VY

> 1 photon and > 1 jet with kinematic requirements.

Largest local signal significance (2.50) for
spin-0 gg —» X° —» Zy at my = 3640 GeV.

Dominant uncertainties for signal come
from jet mass/energy/resolution.

5/18/23
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Heavy resonances decaying to bosons ATLAS | Duke

Search for high-mass Wy and Zy resonances using hadronic W/Z boson decays [arXiv:2304.11962]
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Heavy scalars with flavour-violating decays ¥ ATLAS | Duke
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Typical 2HDM model predicts 5 Higgs bosons and assumes Z, symmetry. Decoupling limit corresponds to very heavy extra scalars.
Alignment limit corresponds to very small mixing with SM Higgs.

General 2HDM (g2HDM) model does not assume Z, symmetry — alignment automatically emerges when all heavy Higgs quartic
couplings are O(1). This leads to flavour-changing-neutral Higgs couplings for heavy scalars but not SM Higgs. Can explain the
generation of the baryon asymmetry as well as some recent observations (flavour anomalies, g-2, high tt + W and tttt yields).

Search for heavy Higgs bosons from a g2HDM in multilepton plus b-jets final states [ATLAS-CONF-2022-039]

> Signal: Heavy Higgs with couplings pit, pruws pic (+ additional interpretation in terms of RPV SUSY with 2}5; coupling). First
analysis to probe g2HDM!

» Channels: tt, ttq, ttt, tttqg, tttt —> 2¢SS, 3¢,or 44,

> Reconstruction: DNN®T trained to identify each of the five possible production and decay modes of the g2HDM signal.
DNN?>B trained in each SR (with mass decorrelation) to separate signal from background.

q ptq t _
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Heavy scalars with flavour-violating decays @!;\I!T“{-}NST Duke

Search for heavy Higgs bosons from a g2HDM in multilepton plus b-jets final states [ATLAS-CONF-2022-039]

» Fit: Profile likelihood fit with 17 SRs and 10 CRs (for WZ/ttZ, conversions, and HF non-prompt leptons).
DNN?>B used as discriminating variable in SRs (other sensitive variables used in CRs).
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* L, —L; model extends the SM with an additional U(1),,-,, symmetry.

« Could address the g-2 anomaly through the Z' loop corrections without contradicting other existing data.
« Ideally suited to address the lepton flavour anomalies measured with the ratio of B-meson decays to muons and electrons.

Search for a new Z' gauge boson in 4u events [arXiv:2301.09342]

» Signal: low-mass Z' boson produced from FSR of Drell-Yan process.

> Channel: y*tu—u*u~

» Reconstruction: Z; = pair of muons with invariant mass closest to m,.

Z,= pair of remaining muons with largest invariant mass.

Parametrized DNN (pDNN) for signal/background separation. Trained separately for
m,, < 40 GeV and m,, > 40 GeV. Cut on pDNN output score defines SRs.

q

Kl
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L ow-mass Z' boson

Search for a new Z’' gauge boson in 4u events [arXiv:2301.09342]

» Backgrounds: SM Z — 4u estimated using simulation.
tt, single top, and Z+jets (non-prompt or mis-identified leptons) estimated using data

driven fake-factor method.
> Fit: Profile likelihood fit with mz, (for m;, > 42 GeV) or m, (for m;, < 42 GeV) as discriminating variable.
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Generic resonance with multi-body decays ATLAS Duke
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Search for new phenomena in multi-body invariant masses in events with at least one isolated
lepton and two jets [arXiv:2211.08945]

> Signal: Generic X - Y C, whereY and C are SM or BSM particles which decay via 2-body decay.
» Channels: jj¢, jjl¢t, jbf, bb?

Benchmark models

Sequential SM q Simplified DM
q _ _
Z g
e/l

w e/l W/Z

q . 1 Ve/Vu Or e/ 11
Ve/Vu q
@ (b)

Composite lepton
Z/h
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Generic resonance with multi-body decays ATLAS Duke

Search for new phenomena in multi-body invariant masses in events with at least one isolated lepton
and two jets [arXiv:2211.08945]

» Backgrounds: Multijet (misidentified lepton), W+jets, tt, single top.
All backgrounds estimated together by fitting to 5 parameter function.

> Fit: Use BumpHunter to find excesses over smoothly falling background.  Model dependent limits
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Anomaly detection search for new resonances decaying into a Higgs boson and a generic new
particle X in hadronic final states [ATLAS-CONF-2022-045]

> Signal: Generic Y resonance. Sensitive to X masses spanning several orders of magnitude (~10 GeV -
~1 TeV).

» Channels: Anomaly detection + boosted and resolved X - qg
> Reconstruction: NN-based tagger optimized for the boosted H - bb topology.
Anomaly detection based on jet-level anomaly score using completely unsupervised

variational recurrent NN.
Merged/resolved regions defined based on jet substructure variables.
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Anomaly detection search for new resonances decaying into a Higgs boson and a generic new particle X in
hadronic final states [ATLAS-CONF-2022-045]

» Backgrounds: Mainly multijet, estimated with a fully data-driven method that incorporates a deep NN-based
reweighting.
» Fit: Use BumpHunter to find excesses in model-independent interpretation.
Profile likelihood fit with m, (invariant mass of reconstructed X and H) as discriminating variable.

BumpHunter results in Anomaly
Detection region p-value scan in merged channel Model-dependent observed limits
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Pair-produced leptoquarks ATLAS | Duke
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[ATL-PHYS-PUB-2023-006]

Scalar leptoquark pair production, all contours at 95% CL March 2023 Scalar leptoquark pair production, all contours at 95% CL March 2023
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Heavy particles

ATLAS Heavy Particle Searches* - 95% CL Upper Exclusion Limits

ATLAS Preliminary

Status: March 2023 det=(3.6—139) fb—l \/E: 13 TeV rATL PHYS PUB 2023 008]
Model L,y Jetst ET™ [rdt[id] Limit Reference
. ADD Gkk + g/q Oeputy 1-4j Yes 139 Mp 11.2TeV n=2 2102.10874
§ | ADD non-resonant yy 2y - - 367 | Ms 8.6 TeV n= 3 HLZ NLO 1707.04147
£ ADDQBH - 2j - 139 | My 94TeV n= 1910.08447
S ADD BH multijet - >3] - 3.6 My, 955TeV n= 6 MD = 3 TeV, rot BH 1512.02586
© RS1 Gkk — vy 2y - - 139 Gkk mass 4.5 TeV k/Mp = 2102.13405
< Bulk RS Gkx —» WW/ZZ multi-channel 36.1 Gkk mass 23 TeV k/Mp; = 1.0 1808.02380
W BukRSguk — tt 1ep >1b,>1J2 Yes  36.1 gkk mass 3.8TeV r/m=15% 1804.10823
2UED / RPP leu 22b >3] Yes 36.1 KK mass 1.8 TeV Tier (1,1), B(A®Y) — tr) = 1 1803.09678
SSM Z” — ¢ 2e,pu - - 139 [ Z'mass 5.1 TeV 1903.06248
« SSM 2’ — 17 27 - - 36.1 Z’ mass 2.42TeV 1709.07242
= Leptophobic Z’ — bb - 2b - 36.1 Z’ mass 2.1 TeV 1805.09299
8 Leptophobic Z’ — tt Oe,u  >1b,>2J VYes 139 Z’ mass 4.1 TeV r/m=12% 2005.05138
S  ssmMw -y Ten - Yes 139 [ W/mass 6.0 TeV. 1906.05609
I SSM W’ — 1v 17 - Yes 139 W’ mass 5.0 TeV ATLAS-CONF-2021-025
S ssMW’ - th - >1b>1J - 139 | W’ mass 4.4 TeV ATLAS-CONF-2021-043
I HVT W — WZ model B 0-2e,pu 2j/1J Yes 139 W’ mass 4.3 TeV gv =3 2004.14636
S HVT W — WZ — ¢y £'¢’ model C 3 e u 2j(VBF) Yes 139 | W’ mass 340 GeV gven =1, =0 2207.03925
HVT Z/ - WW model B Teu 2j/1J Yes 139 Z' mass 3.9TeV gy =3 2004.14636
LRSM Wg — uNg 2p 1J - 80 Wg mass 5.0 TeV m(Ng) =0.5TeV, g, = 1904.12679
Clgqqq - 2j - 370 |A 21.8TeV 1u,, 1703.09127
Clttqq 2e,pu - - 139 A 35.8 TeV Lm 2006.12946
QO  Cleebs 2e 1b - 139 | A 1.8 TeV &= 2105.13847
Cl pubs 2p 1b - 139 A 2.0TeVv g =1 2105.13847
Cl tttt >1epu >1b,>1] Yes 36.1 A 2.57 TeV |Carl = 4n 1811.02305
Axial-vector med. (Dirac DM) - 2j - 139 |'ime 3.8 TeV £4=0.25, g, =1, m(x)=10 TeV ATL-PHYS-PUB-2022-036
S Pseudo-scalar med. (Dirac DM) Oe,u, 7,y 1-4j Yes 139 Mped 376 GeV gq=1, g=1, m(x)=1 GeV 2102.10874
Q Vector med. Z’-2HDM (Dirac DM) O e, u 2b Yes 139 mz: 3.0 TeV tanp=1, gz=0.8, m(y)=100 GeV 2108.13391
Pseudo-scalar med. 2HDM+a  multi-channel 139 m, 800 GeV tanpg=1, g,=1, m(x)=10 GeV ATLAS-CONF-2021-036
Scalar LQ 1%t gen 2e >2j Yes 139 LQ mass 1.8 TeV p=1 2006.05872
lar LQ 2" gen 2u >2] Ye 1 LQ mass 1.7TeV = 2006.05872
[ Scalar LQ 3,: gen Tt 2b___ Yes 139 mass 1.49 TeV BLQ] - b) =1 23030129¢___]
g catar ‘gen Ue 221220 Yes 139 | mg S T.24 TeV BQ; = ) = 1 2002
Scalar LQ 3™ gen >2eu, 21721}, >1b - 139 LQA mass 1.43 TeV 2101.11582 S b k
Scalar LQ 3™ gen Oe,u,>170-2j,2b Yes 139 LQamass 1.26 TeV 2101.12527 ee aC up
Vector LQ mix gen m ?'thﬂﬂﬁ >1j >1b 1 LQ} mass 2.0TeV ATLAS-CONF-2022-052
| Vector LQ 30 gen e, T >1b Yes 139 EGE mass 1.96 TeV 2303.01294
VIQ TT - Zt + X 2e/2u/>3eu 21b,21] - 139 [T mass 1.46 TeV SU(2) doublet 2210.15413
.¥§ @ VLQ BB —» Wt/Zb+ X multi-channel 36.1 B mass 1.34 TeV SU(2) doublet 1808.02343
T 6 VLQ Ts3 T3l T3 > Wt + X2 > >1b.>1 36.1 T3 mass 1.64 TeV. B(Toz 2 W= 1, c(TsaWt)=1 1807,11883 . : .
S E VIQT - H/Zt Tey  >1b>3] Yes 139 | Tmass 18 TeV SU(2) singlet, k7= 0.5 ATLAS-CONF-2021-040 | M entloned 1n thls talk
& VLAY - Wb Teu >21b,>1]  Yes 36.1 Y mass 1.85 TeV B(Y - Wh)=1, cr(Wh)=1 1812.07343
> VLQ B — Hb Oeu 22b21j,>1 - 139 | Bmass 2.0 Tev SU(2) doublet, kg= 0.3 ATLAS-CONF-2021-018
VLL ¢ — Zt/Hr multi-channel ~ >1] Yes 139 |/ mass 898 GeV SU(2) doublet 2303.05441
he) Excited quark " — qg - 2j - 139 q* mass 6.7 TeV only u* and d*, A = m(q") 1910.08447
G € Excited quark g* - gy 1y 1j 36.7 | q* mass 5.3 TeV only u* and d*, A = m(q") 1709.10440
i M = 1b1j = 139 L b* mass 32 1910 M ] d o h- 1k
Excited lepton 7 27 >2] - 139 | * mass 4.6 TeV. A—4.6TeV 2303.00444___| entlone 1N t 1S ta
Type Ill Seesaw 234eu >2j Yes 139 N° mass 910 GeV 2202.02039
LRSM Majorana v 2u 2j - 36.1 NR mass 3.2TeV m(Wg) =4.1TeV, g = 1809.11105
) Higgs triplet H** — W*W#* 2,34 e,u (SS) various  Yes 139 H** mass 350 GeV DY production 2101.11961
< Higgs triplet H** — ¢ 2,34 e,u (SS) - - 139 H*t mass 1.08 TeV DY production 2211.07505
o 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
‘/'=13Tev ‘/§=13T8V Lol " L a1l " L a0l 1 L PR
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.

FSmall-radius (large-radius) jets are denoted by the letter j (J).
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Heavy Higgs in the Georgi-Machacek model ATLAS Duke
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[ATL-PHYS-PUB-2022-008]
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ATLAS analyses cover a wide range of resonance searches.

Many searches motivated by recently observed anomalies (lepton flavour universality, g-2,
tt + W and tttt yields).

New limits set on a variety of different theoretical models.

Novel techniques for reconstruction and signal/background discrimination are being
developed, many of which use machine learning, and are providing increased sensitivity.
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Singly and doubly produced leptoquarks ~ ¥ATLAS| Duke
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« Leptoquarks (LQs) = coloured bosons that carry both lepton and baryon numbers — couple to quarks and leptons.
« New Physics candidates to explain Lepton Flavour Universality and g-2 anomalies.

Search for leptoquarks decaying into bt final state [public link when available]
» Signal: Vector LQ (U; model) with charge 2/3 and scalar LQ (S; model) with charge 4/3, only couples to 3rd generation
> Channels: i, thqq aNd Tpgq Thea Channels in low and high b-jet py categories
» Backgrounds: tt, single top, and Z — tt estimated using simulation with data-driven corrections.
Multijet background estimated via a data-driven fake-factor method.
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Heavy resonances decaying to W bosons  ¥ATLAS | Duke

Search for heavy resonances in the decay channel W*W~ — evuv [ATLAS-CONF-2022-066]

» Signal: Heavy neutral particle in 5 different models:
1. Narrow width approximation (spin-0) 2. Georgi-Machacek model (fermiophobic) (spin-0)
3. Radion in bulk Randall-Sundrum model (spin-0) 4. Z' boson in heavy vector triplet models (spin-1)
5. Kaluza-Klein graviton (spin-2)

» Channels: W W~ - evuv, ggF and VBF (with 1 or > 2 jets) regions.
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