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Heavy resonance search at collider experiments
Standard Model (SM) is successful for particle physics

SM shortcomes (Hierarchy problem, Unific.of Gravity, Dark 
Matter/Energy) indicate the existence of New Physics → Beyond 
Standard Model (BSM) theories

Heavy resonance search is a good way to probe new physics

➢ Heavy resonances are predicted in many new physics models:

○ Two-Higgs-doublet model (A, H±, …)

○ Heavy Vector triplet (W’, Z’)

○ Many more…

➢ A straight-forward way to observe new physics/particles:

○ Featured kinematics (e.g., “invariant mass”) could make a 
bump on a rather flat SM background spectrum, indicating 
an unknown resonance particle

○ High energy collider like LHC makes it possible to search 
for “heavy” resonances at high energy
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ATLAS/CMS heavy resonance searches results

Results shown today are based on LHC Run2 pp collision data at √s= 13 TeV.

~140 fb-1 good-for-physics data collected
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Many new results since last LHCP, 
covering wide range of models

Only part of the latest ATLAS/CMS 
results will be shown today

CMS 
preliminary

ATLAS 
preliminarylink

link

link

link

https://atlas.web.cern.ch/Atlas/GROUPS/DATAPREPARATION/PublicPlots/2018/DataSummary/figs/intlumivstimeRun2DQall.png
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CombinedSummaryPlots/EXOTICS/ATLAS_Exotics_Summary/ATLAS_Exotics_Summary.png
https://twiki.cern.ch/twiki/pub/CMSPublic/PhysicsResultsB2G/moriond23_DIB_Journal.png
https://cmslumi.web.cern.ch/publicplots/multiYear/int_lumi_allcumulative_pp_run2.png


Anomaly detection in jet+𝑌
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Two-body final states: jet+𝑌, where 𝑌 can be a 
lepton (electron or muon), a photon, or another jet

No significant resonance-like signal found

Three anomaly 
regions (AR) are 
chosen

Largest excess reported by BumpHunter at 𝑚𝑗𝜇

= 4.8 TeV with %0 width in 10 pb AR: local 
significance of 2.9𝜎

Invariant mass spectra in each anomaly region 
are examined for any localized excesses

AutoEncoder (AE):

❏ Commonly used with 
unsupervised learning

❏ Trained with 1% randomly 
selected events

❏ Alerts to anomalous 
events with high loss 

ATLAS-CONF-2023-022

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-022/


Three signal regions:

❏ Anomaly Region: Anomaly Score > 0.5 → defined using 
a variational recurrent neural network (VRNN)

❏ Two-prong Merged Region

❏ Two-prong Resolved Region

Generic 𝑌 → 𝑋𝐻 in hadronic final states
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Largest excess found in the anomaly SR with 
a global significance of 1.47𝜎

No significant deviations from SM. 

Simultaneous fit 
both merged and 
resolved two-
prong signal 
regions

Two large-R jets: 𝐽𝐻 (one with larger 𝐷𝐻𝑏𝑏) + 𝐽𝑋

Target the benchmark 
𝑋 → 𝑞ത𝑞 decay

Merged: 𝑚𝑌 built by two large-R jets

Resolved: 𝑚𝑌 computed with large-R Higgs jet and the two small-R X jets

ATLAS-CONF-2022-045

Most 
significant 
excess 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-045/


Vector-like quark 𝑇′ → 𝑡𝐻
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Vector-like quark (VLQ):

❏ Hypothetical spin-1/2, colored 
particles whose left- and right-
handed components transform in the 
same way under the SM gauge group

Leptonic category: 

❏ pair of photons and at least 
one electron or muon

❏ at least one b-tagged jet

Hadronic category: 

❏ pair of photons and no lepton 

❏ three jets, of which at least 
one is b-tagged

No statistically 
significant excesses

𝑇’ excluded up to a mass of 960 GeV 
for 𝜅𝑇 = 0.25 and Γ/𝑀𝑇′ < 5%

Γ/𝑀𝑇′ : relative decay width

𝜅𝑇 : coupling to third generation quarks

First 𝑻’ search by the LHC 
experiments in 𝐻 → 𝛾𝛾

arXiv:2302.12802

http://arxiv.org/abs/2302.12802


Vector-like quark 𝑇 → 𝐻𝑡/𝑍𝑡
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Topology:

❏ 𝑇 → leptonically decaying 𝑡 + hadronically 
decaying 𝐻 or 𝑍

❏ Small-R (b)jets

❏ Reclustered (RC) jets built from small-𝑅
jets: ‘𝑡-tagged’, ‘𝐻-tagged’ or ‘𝑉-tagged’

singlet 𝑇:

m𝑇 < 2.1 TeV excluded 
for 𝜅 ≥ 0.6

𝜅 > 0.3 excluded for m𝑇

= 1.6 TeV

doublet 𝑇:

m𝑇 < 1.68 TeV excluded 
for 𝜅 ≥ 0.75

𝜅 > 0.55 excluded for 
m𝑇 = 1.0 TeV

No significant excess observed

arXiv:2305.03401

Fit variable 𝑚eff: 
scalar sum of the 𝑝𝑇 of 
all central small-𝑅 jets, 
leptons, and 𝐸𝑇

𝑚𝑖𝑠𝑠

VLQs may exist as SU(2) singlets (𝑇) or (𝐵),  
doublets (𝑋 𝑇) or (𝑇 𝐵), or triplets

𝜅: universal coupling strength

https://arxiv.org/abs/2305.03401


Exclusion up to 
4.3 TeV

𝑊′ → 𝑏𝑡 in leptonic final states
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Good agreement 
between data and SM

Largest local (global) significance of 2.6(2.0)𝜎 for a W’ at 
3.8 TeV with a relative width of 1%

CMS-PAS-B2G-20-012

Z’ and W’:
predicted in many BSM 
models

✓ One muon or electron

✓ At least two AK4 jets

Exclusion up to 
3.9 TeV

Criteria to determine jet from 
top decay

❏ 𝑀𝑙𝑣𝑗 closest to top mass

❏ closest to lepton

❏ subleading

Categorization based on b-
tagging condition of top jet 
and W’ jet

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-20-012/index.html


𝑍’ → 𝜇𝜇𝑏 search
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𝑡 ҧ𝑡 background reduced by two 
orders of magnitude by requiring 
min 𝑚𝜇𝑏 > 𝑚𝑡𝑜𝑝

Signal and background 𝑚𝜇𝜇

distribution parametrized

No significant excess

Categorization: 𝑁𝑏 = 1 and 𝑁𝑏 ≥ 2

Most of parameter 
space excluded

Inclusive 𝑍’ search suffers from 
large Drell–Yan background

→ Presence of b-jets required 
in this search

Interpretation for the lepton flavor-
universal model:

❏ 𝑔𝜈 = 𝑔ℓ

❏ 𝑔𝑏 scales both 𝑍’𝑏𝑏 and 𝑍’𝑠𝑏
interactions

❏ 𝛿𝑏𝑠 solely scales the 𝑍’𝑠𝑏
interaction

❏ Restricted to Γ(𝑍′) < 𝜎𝑚𝑎𝑠𝑠/2

𝑓2𝑏 (fraction of 𝑁𝑏 ≥ 2) 
varied for model-
independent limits

CMS-PAS-EXO-22-016

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-016/index.html


LFV 𝑒𝜇 or ℓ𝜏 resonance search
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EXOT-2019-20

Lepton-flavour-violation (LFV):

predicted in many BSM models

❏ from 𝑍’ decay

❏ from 𝜏-sneutrino ( 𝜈𝜏) 
decay — RPV SUSY

Exactly two opposite-sign leptons:

❏ 𝑒𝜇, 𝑒𝜏had or 𝜇𝜏had

❏ 𝜈𝜏 reconstructed from 𝐸𝑇
𝑚𝑖𝑠𝑠

and direction of 𝜏had

❏ back-to-back in 𝜑

Data consistent 
with SM

𝑚𝜈𝜏 < 3.9 TeV

excluded
𝑚𝑍′ < 5.0 TeV
excluded

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-20/


Dark matter particles search with 𝑊+𝑊− + 𝐸𝑇
𝑚𝑖𝑠𝑠
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First time the CMS explores the 
dark Higgs model

No significant deviation from SM

CMS-PAS-EXO-21-012

Dark Higgs boson singlet 𝒔: 

❏ A Majorana DM particle

Massive spin-1 vector boson 𝒁’:

❏ Decays to stable 𝜒

2-lepton channel:
❏ eµ, µe
❏ opposite-sign
❏ 𝐸𝑇

𝑚𝑖𝑠𝑠 > 20 GeV

Semi-leptonic channel:
❏ one lepton
❏ at least 2 jets
❏ 𝐸𝑇

𝑚𝑖𝑠𝑠 > 60 GeV

For 𝑚𝜒 = 200 GeV:
excludes 𝑚𝑠 < 350 GeV for 𝑚𝑍’ = 700 GeV
excludes 𝑚𝑍’ < 2200 GeV for 𝑚𝑠 = 160 GeV

a new U(1) local 
gauge symmetry

Semi-leptonic 

2-lepton

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-012/index.html


FCNC 𝑡 → 𝑞𝑋 decays
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Exactly one electron or muon

At least four jets

Categorised by number of 
jets (j) and b-jets (b): 4j 3b, 
5j 3b and 6j 3b

No significant excess above the SM

Flavour-changing neutral-current (FCNC):

❏ Do not exist at tree level in the SM

❏ Predicted in many BSM theories, e.g.,
Froggatt-Nielsen mechanism 

Local excess of 1.8𝜎 at 
𝑚𝑋 = 40 GeV

Roughly 2𝜎 excess over 
entire range 

Neural Network score used 

for signal extraction fit

𝑋: non-SM Higgs fieldarXiv:2301.03902

https://arxiv.org/abs/2301.03902


2HDM 𝐴 → 𝑍𝐻 → ℓℓ𝑡𝑡 or 𝑣𝑣𝑏𝑏
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Two-Higgs-doublet model (2HDM):

❏ Five Higgs bosons after electroweak symmetry breaking: ℎ, 𝐻, 𝐴, 𝐻+, 𝐻−

❏ ℎ is the common higgs boson

❏ 𝑚𝐴 > 𝑚𝐻 is favoured

ℓℓ𝒕𝒕: 𝒁 → ℓℓ and 𝑯 → 𝒕𝒕
→ semi-leptonic

✓ 3 leptons: 𝑒𝑒𝑒, 𝑒𝑒𝜇, 𝑒𝜇𝜇, 𝜇𝜇𝜇

✓ at least 4 jets and exactly 2 
b-tagged

✓ First time for LHC 13TeV

No significant 
deviations from SM

𝝂𝝂𝒃𝒃: 𝒁 → 𝝂𝝂 and 𝑯 → 𝒃𝒃

✓ 𝑝𝑇
𝑉 𝐸𝑇

𝑚𝑖𝑠𝑠 > 150 GeV

✓ at least 2 jets, exactly 2 
b-tagged (gg fusion) or >2 
b-tagged (b-associated) Largest local signifcance of 2.85𝜎 at (𝑚𝐴, 𝑚𝐻) = (650, 450) GeV for ℓℓ𝑡𝑡

✓ First time for LHC at high 𝒎𝒃𝒃

tan𝛽: ratio of the vacuum expectation 
value of the two doublets 

ℓℓ𝒕𝒕 𝝂𝝂𝒃𝒃

ATLAS-CONF-2023-034

ggF bbA

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-034/


Excited 𝑏∗ → 𝑊𝑡
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✓ exactly one lepton (either 
electron or muon)

✓ at least one b-tagged AK4 
jet (b jet)

✓ exactly one W-tagged AK8 
jet (W jet).

High-/Low- mass signal regions 

defined based on 𝑝𝑇
𝑚𝑖𝑠𝑠 and 𝑝𝑇

𝑊

No significant excess found

masses below 2.4 
TeV excluded

masses below 3.1 
TeV excluded

Excited 𝒃∗ quark:

❏ In compositeness models, excited 
states of quarks can have masses of 
the order of 1 TeV

❏ Right-Handed (RH), Left-Handed 
(LH) or Vector-Like (VL) scenarios 
are studied

CMS-PAS-B2G-21-005

Complementing a
previous search
where W decays 
leptonically

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/B2G-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-010/index.html


Generic trijet resonances search
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First generic search for new particles decaying to three hadronic jets 

❏ Right-handed 𝑍 boson (𝑍𝑅) 
directly to three gluons: 𝑋 → 3𝑔

No significant 
excesses

𝜌𝑚: mass ratio between 𝑌 and 𝑋

First search in range 𝝆𝒎 0.2 to 0.8

largest local significance 
of 2.1(2.2)𝜎 at 4.1 TeV for 
nominal (narrow) width

a) nominal (Γ𝑋 ∼ 3%)

b) narrow (Γ𝑋 ∼ 0.01%)

Insufficient sensitivity 
to constrain the 𝑍𝑅 model

❏ Kaluza-Klein gluon (𝐺𝐾𝐾) to three 
gluons via radion: 𝑋 → 𝑌 𝑔𝑔 𝑔

❏ Excited quark 𝑞∗ to three quarks 
via vector boson: 𝑋 → 𝑌 𝑞𝑞 𝑞

CMS-PAS-EXO-22-008

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-008/index.html


Summary

✓ Heavy resonance search remains an active area of research

✓ New models and particles beyond the Standard Model explored at ATLAS and CMS, yet no significant 
deviation beyond Standard Model is observed

✓ New Techniques such as Machine Learning are developed and implemented in the analyses

✓ Extended exclusion limits on BSM theories
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Future Prospects:

 Continued data analysis in Run-3

 Further development of analysis techniques

 Exploring new theoretical frameworks



Back up
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Anomaly detection in jet+𝑌
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Anomaly detection in jet+𝑌
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Anomaly detection in jet+𝑌

20



Generic 𝑌 → 𝑋𝐻 in hadronic final states
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✓ Signal regions are built by selecting two large-R 
jets with additional criteria to enrich the 
presence of Higgs and X particles → Larger 𝐷𝐻𝑏𝑏

as 𝐽𝐻 and the other as 𝐽𝑋

✓ Orthogonal resolved reconstruction is used to 
recover sensitivity where the X is less boosted

✓ requiring at least four 𝑗 in the event

✓ 𝑚𝑌 computed with large-R Higgs jet and the two 
small-R X jets



Vector-like quark 𝑇′ → 𝑡𝐻
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*Previous results on pair production exclude T’ masses below 1.48 TeV at 95% confidence level (CL), assuming branching 
fractions of 50, 25 and 25% for bW, tZ, and tH decays, respectively



Vector-like quark 𝑇 → 𝐻𝑡/𝑍𝑡
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Events categorized in terms of 
multiplicities of:

1.jet,

2.𝑏-tagged jet ,

3.forward jet,

4.𝑉-tagged jet,

5.Higgs-tagged jet,

6.hadronic top-tagged jet,

7.leptonic top-quark candidate



Vector-like quark 𝑇 → 𝐻𝑡/𝑍𝑡
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*Previously a combination of all ATLAS pair production analyses using the data collected by the ATLAS detector in 2015 and 2016 delivered the most stringent 
limits to date on pair-produced vector-like quarks, with masses observed to be excluded below 1.31 TeV for 𝑇 and 1.03 TeV for 𝐵 for any combination of decay modes



Vector-like quark 𝑇 → 𝐻𝑡/𝑍𝑡
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𝑊′ → 𝑏𝑡 in leptonic final states
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𝑊′ → 𝑏𝑡 in leptonic final states
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𝑊′ → 𝑏𝑡 in leptonic final states
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𝑍’ → 𝜇𝜇𝑏 search
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LFV 𝑒𝜇 or ℓ𝜏 resonance search
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LFV 𝑒𝜇 or ℓ𝜏 resonance search
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Dark matter particles search with 𝑊+𝑊− + 𝐸𝑇
𝑚𝑖𝑠𝑠
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Semi-leptonic channel Two-lepton channel



Dark matter particles search with 𝑊+𝑊− + 𝐸𝑇
𝑚𝑖𝑠𝑠
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BDT input variables



FCNC 𝑡 → 𝑞𝐻 decays
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FCNC 𝑡 → 𝑞𝐻 decays
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FCNC 𝑡 → 𝑞𝐻 decays
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2HDM 𝐴 → 𝑍𝐻 → ℓℓ𝑡𝑡 or 𝑣𝑣𝑏𝑏
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ℓℓ𝑡𝑡

𝑣𝑣𝑏𝑏



2HDM 𝐴 → 𝑍𝐻 → ℓℓ𝑡𝑡 or 𝑣𝑣𝑏𝑏
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2HDM 𝐴 → 𝑍𝐻 → ℓℓ𝑡𝑡 or 𝑣𝑣𝑏𝑏
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Previous ℓℓ𝑏𝑏 result: Eur. Phys. J. C 81, 396 (2021)

https://link.springer.com/article/10.1140/epjc/s10052-021-09117-5#citeas


Excited 𝑏∗ → 𝑊𝑡
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masses below 
2.4 TeV 
excluded

masses below 
2.8 TeV 
excluded

masses below 
3.1 TeV 
excluded

*Previous searches for an excited bottom 
quark in the tW decay mode have been 
performed at √s = 8 TeV by the ATLAS and 
CMS Collaborations. These searches excluded 
b∗ quark masses at 95% confidence level (CL) 
below 1.4, 1.4 and 1.5 TeV for the LH, RH and 
VL hypotheses



Generic trijet resonances search
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Generic trijet resonances search
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