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๏ Majority of BSM theories predict new heavy particles 
๏ Many searches over the years, ~thousands just at the LHC (>15 years!) 
๏ Access to new resonances up to  times the EW scale! 
๏ For a nice review of the experimental status, see arXiv:2311.09824
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Introduction
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This talk: 
๏ Highlighting latest ATLAS & CMS searches for new resonances 
๏ Not delving into selections etc., but only highlighting the uniquenesses 
๏ Focusing on the experimental signatures rather than on specific models

https://arxiv.org/abs/2311.09824
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CMSSince ~Jul 2023

Click the title for the full list of ATLAS results Click the title for the full list of CMS results
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๏ High mass resonances in τ+MET (Feb 2024) 
๏ Heavy resonances with 4l+MET/jets (Jan 2024) 

๏ Combination of heavy resonances (Feb 2024) 
๏ Combination of HH resonances (Nov 2023) 

๏ Dark jets (Nov 2023) 
๏ W'→tb 0/1-lepton (Aug 2023) 
๏ Paired dijet resonances (Jul 2023) 
๏ Resonant SH to VVtautau (Jul 2023) 
๏ LFV Z' → emu, etau, mutau (Jul 2023)

๏ Resonances w/pairs of merged diphotons (Dec 2023) 
๏ Narrow trijet resonances (Oct 2023) 

๏ W’→tb in leptonic final states (Oct 2023) 
๏ GeV-scale resonances w/pair of muons (Sep 2023) 
๏ Data scouting w/pairs of multijet resonances (Aug 2023) 
๏ High-mass dimuon resonances w/b-jets (Jul 2023) 
๏ Z’ to pairs of heavy Majorana neutrinos (Jul 2023)

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#PhysicsGroups
https://cms-results-search.web.cern.ch/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-37/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-08/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-38/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-45/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2021-36
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2022-18
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-44
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-20
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-022/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-008/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-20-012/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-21-004/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-22-016/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/EXO-20-006/index.html
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๏ Looking at  within the SSM and on Non-Universal Gauge Interaction Models 
๏  scales the couplings to the 1st/2nd gen. fermions, 
๏  scales the couplings to the 3rd gen. 

๏ SSM for =1, enhanced 3rd gen for >1 
๏ Width is  (  decays neglected) 
๏ Model-dependent interference between  and  is not considered 

๏ Using hadronic ’s, which include a  and a set of visible products  
๏ typically  and  

๏ Backgrounds: 
๏ From MC:  (and other backgrounds) 
๏ From data: ,  and Multijet 

๏ Taus failing the SR -ID, transferred w/factors measured in CRs

W′￼

tan θNU

cot θNU

∼ 3% − 36 % W′￼ → WZ/Wh
W W′￼

τ ν τhad−vis

1/3π± ≤ 2π0

W → τν
W/Z + jets Z( → νν) + jets

τ

+MET 2402.16576τhad

4

τhad−vis pT

Δϕ(τhad−vis, Emiss
T

)

https://arxiv.org/abs/2402.16576
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๏ Charged tracks within  around the 
 are associated using a BDT  

๏ better efficiency at high  wrt the past 

๏ RNN  identification (ATL-PHYS-PUB-2019-033) 
๏ efficiency: 85%(75%) for 1(3)-prongs 

๏ -rejection BDT (ATLAS-CONF-2017-029) 
๏ for 1-prong ’s efficiency of 95% 

๏ SR: , ,  and 

ΔR < 0.2
τhad−vis

pT

τ

e
τ

Emiss
T > 150 GeV Δϕ > 2.4

0.7 <
pT

Emiss
T

< 1.3

5

SSM

Improvements wrt 36 fb-1 - multi-bin search, - improved 𝜏-ID, 
- track-to-𝜏 assoc. BDT

Model independent: 
Limit on the signal yield 
above certain m thr

T

+MET 2402.16576τhad
Last bin: 2-10 TeV

E
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ce

d 
3r

d 
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n.

mT

https://cds.cern.ch/record/2688062
https://cds.cern.ch/record/2261772
https://arxiv.org/abs/2402.16576
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BR = 100 %

BR = 100 %

๏ Extended Higgs sectors with  
๏  ( ) 
๏  can happen via (B)SM loops 
๏  early search is limited to  

๏ Pairs ( ) reconstructed in the EMCAL barrel 
๏ 61,200 crystals, covering  each 
๏ Deposits of one  are abstracted as a pixelated image 

๏ Use two CNNs to identify and characterize the ’s 
๏  separates from bkg Γ’s produced by hadrons / single photons 
๏  regresses the mass-to-energy ratio ( ) of a given Γ 
๏ Performance is validated on  and  events 

๏ Search for excess in , in 9 slices of   
๏ Background is modeled from a fit to the data per slice

X → ϕϕ → γγ + γγ
0.5 % < mϕ/mX < 2.5 % 200 ≲ ϕ boost ≲ 14

ϕ → γγ
ϕ → bb̄ mϕ > 2mb

Γ ≡ γγ
Δη × Δϕ = 0.01752

Γ
Γ

CNN1

CNN2 m/E
Z → ee η → γγ

mΓΓ 0.3 < α ≡ m̂Γ /mΓΓ < 3 %

Highly merged  pairs EXO-22-022γγ

6

η → γγ
Pγγ > 0.9

Pγγ ≤ 0.9

mΓΓ
α ∼ mϕ/mX

https://www.arxiv.org/abs/2203.00480
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-022/index.html
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๏ Background uncertainties: function choice and its fit parameters 
๏ Signal uncertainties: diphoton classifier efficiency (10%, per cluster) 
๏ LH fit is done simultaneously in all 9 slices of  
๏ :   is the number of quark flavors receiving all their mass from the 

α
σ(X → ϕϕ → 4γ) ∝ NqmX /f Nq XVEV = f

Highly merged  pairs EXO-22-022γγ

7
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/EXO-22-022/index.html
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๏ 2HDM and 2HDM+S models with 
๏  (could be DM portal), 
๏ Fix  to reduce free parameters (J. Phys. G 45 (2018) 115003) 
๏   and   

๏ Analysis is classified by ,  and , where  
๏ Further divided into  and  

๏  channel also categorized using  
๏ Altogether 7 signal regions 

๏ Objects selection is std except for the vertex fit of the  ID tracks 
๏ the  requirement for  (otherwise) 

๏ Backgrounds are modeled with a function in MC, normalized to data 
๏ main source is 

S → invisible
mS = 160 GeV

320(390) < mA(R) < 1300 GeV 220 < mH < 1000 GeV

4μ 4e 2μ2e m4ℓ > 200 GeV
Njets = 0 > 0

A → ZH Nb−jets

4ℓ
χ2/NDoF < 9(6) 4μ

qq̄(gg) → ZZ

4 Leptons+MET/jets 2401.04742

8

CP-even

CP-odd

CP-even

CP-even

CP-even

CP-odd

https://doi.org/10.1088/1361-6471/aae3d6
https://arxiv.org//abs/2401.04742
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๏ Search is dominated by statistical uncertainties 
๏ Impact of systematics on the fitted  values is  

๏ Complements previous  searches 
๏  extends the  inclusive analysis

σ Δσ/σ < 10 %
A → ZH

R → SH (gg → )H → ZZ → 4ℓ

4 Leptons+MET/jets 2401.04742

9

2.5σlocal

Signal normalized to 
the observed  limitσ

A → ZH p − value R → SH limit on σB

m4ℓ

m4ℓ

https://arxiv.org//abs/2401.04742
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๏ Benchmarks: 
๏ Right-handed Z boson,  
๏ Excited quark  
๏ KK gluon  

๏ Search for an excess in  with 3 resolved “wide jets” (Phys. Lett. B 704 (2011) 123) 
๏ Wide jet: take the 3 leading jets with  as seeds and add any 

jet with  if  (recover QCD radiation outside the jet) 
๏ Extending the semi-resolved search (intermediate particle is boosted) 
๏  for 2016 (2017-2018) due to jet/  triggers 

๏ Background is QCD multijet only, estimated from a fit to the data 
๏ Uncertainties: alternative functions and fit parameters

ZR → 3g
q* → qVBSM → 3q

GKK → gϕRadion → 3g

mjjj

pT > 100 GeV
pT > 30 GeV ΔR < 1.1

mjjj > 1.50 (1.76) TeV HT

Narrow trijet resonances 2310.14023

10

}X → jY → jjj 0.2 < ρm ≡
mY

mX
< 0.8

mjjj

https://www.arxiv.org/abs/1107.4771
https://www.arxiv.org/abs/2201.02140
https://arxiv.org/abs/2310.14023
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๏ Jet energy resolution uncertainty translates to ~10% uncertainty in the  shape width 
๏ Dominant uncertainties: bkg fit parameters (impact the fitted signal strength by ~10%)

mjjj

Narrow trijet resonances 2310.14023
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q* → qV( → qq)

Direct or cascade 
decays, for specific 
values of ρm =

mY

mX GKK → gϕ( → gg)

X → gY( → gg) X → qY( → qq)

Only the 2016 data are used to 
derive limits below 2.0 TeV 
because of the higher trigger 

thresholds in 2017-2018

q*GKK

https://arxiv.org/abs/2310.14023
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Heavy resonances combination 2402.10607

12

๏ Spin-1  
๏ Remove small overlaps between analyses if any 
๏ Including for the first time final states like  

๏ Looking at spin-1 heavy vector triplet (HVT) framework: 
๏ iso-triplet of colorless vector bosons with zero hypercharge 
๏ nearly degenerate charged, , and neutral,  
๏ allows to explore different  couplings strengths 

๏ Systematics weaken the limit on  by <20%, 
๏ Modest excess around  with  

๏ driven by the , , and  VBF channels 

๏ Check paper to see the full 2D exclusion limits 
๏ Bosonic, Leptonic and Quarkonic subcombination 
๏ Full combination

X → VV/hh/qq/ℓℓ

qq, bb, tt̄, tb, τν, ττ

𝒲
W′￼± Z′￼

V/h/q/ℓ

σ(pp → V′￼)
m = 1.5 TeV σlocal = 2.6

qqνν ℓνqq qqℓℓ

0 1 2 3 4 5 6
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)σ 1±Expected Limit (
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HVT Model A
qq + tt + tb Expected
VV+VH Expected

 Expectedττ+ντ+νll+l

ATLAS
-1=13 TeV, 139 fbs

 + qq + tt + tbττ + ντ +ν VV + VH + ll + l→V’ 

https://arxiv.org/abs/2402.10607
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Resonant HH combination 2311.15956

13

resolved

boosted

3.3σlocal
2.1σglobal

๏ : 33.9%, most sensitive at high masses 
๏ Resolved: BDT is used to pair the 𝑏-jets to form the HH 
๏ Boosted: 2/3/4 b-tagged track-jets associated with each of the 2 large-R jets 

๏ : 7.3%, most sensitive in intermediate masses 
๏ Only had-had and had-lep 
๏ Score of a mass-parameterized NN used as an observable 

๏ : 0.3%, most sensitive at low masses 
๏ Diphoton mass is constrained to the Higgs mass 
๏ BDT to discriminate between signal and background  

๏ b-jets identification: DL1r@77% (new graph NN taggers are coming!) 
๏ Uncertainties impact on the combined limit is ~3-10% 
๏ Limits improve by a factor 1-5 wrt the previous ATLAS combination 
๏ Check paper to see more limits on Type-1 2HDM and MSSM 

bb̄bb̄

bb̄τ+τ−

bb̄γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/
https://arxiv.org/abs/1906.02025
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๏ This was only a tiny fraction of ATLAS and CMS’s search efforts 
๏ More in the pipeline for Run 2, and many more will come after Run 3 

๏ maybe discovery(ies?), but surely can expect many combinations 
๏ watch for scenarios which benefit from the cross-section increase in  

๏ Turn every stone, but recall: past discoveries were made mostly via 
fermionic decays

s

Outlook

14

2024-2026?
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BACKUP
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Tau+MET
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Tau+MET
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Tau+MET
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๏ For both CNNs the inputs are the individual crystal 
energies of that Γ, normalized such that the sum of all 
crystal energies is unity. 

๏ Architecture of  used for classification. The 
network takes in a pixelated image of a candidate 
cluster made from ECAL energy deposits, where 
each pixel is exactly one ECAL crystal. The output is 
fed through a fully connected linear network which 
gives three output scores corresponding to the 
likelihood of the cluster being a single photon, 
diphoton, or hadron. 

๏ Architecture of  used for diphoton  
regression. The network takes in a pixelated image of 
a diphoton cluster as selected by the classification 
neural network. The output is fed through three fully 
connected linear networks which give the 
final   of the diphoton. 

๏ In addition, the geometric η of the Γ is added as an 
additional input to the first FC layer 

๏ The training of the classification neural network uses 
600k total events, divided equally between the 
diphoton, single photon, and hadron categories. For 
the regression, 500k diphoton simulated events are 
used. In both cases, diphoton events are sampled to 
retain a flat m/E spectrum.

CNN1

CNN2 m /E

m /E

Merged diphotons
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CNN1 ⟶ probabilities : Pγγ, Pγ, Phad

CNN2 ⟶ predict m/E
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๏ If a Γ overlaps such a jet within ∆R ≤ 0.15, its riso is defined as the ratio of its energy to 
that of the jet. Otherwise, it is set to unity. 

๏ Consider events with two Γs with pT > 90 GeV, where the trigger becomes fully efficient. 
Only events in which both candidates deposit all their energy in the ECAL barrel (|η| < 1.4) 
are considered. 

๏ Both Γs in the events are further required to fulfill the following requirements: riso > 0.8 
and Pγγ > 0.9. Finally, the mass asymmetry of the event masym = |mΓ1−mΓ2|/(mΓ1+mΓ2)) is 
required to be less than 0.25, and the separation in η between the two Γs is required to be 
greater than 1.5 to further suppress background from SM production of jets and photons. 

๏ The remaining data is evaluated for localized excesses in the mΓΓ distribution, in nine 
orthogonal divisions of the αreco distributions ranging from 0.3% to 3%, determined by a 
combination of detector resolution and a requirement that each division contain enough 
events for the background estimate to converge. 

๏ Any particular signal is expected to appear in only a few adjacent αreco divisions

Merged diphotons
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๏ Background shapes for 
 

๏ N is the order of the fit 
function, which is 
determined using a Fisher 
F-test. 
๏ It is found that the third 

order yields the best fits 
to the data for all three 
families of functions 

๏

x ≡ mjjj/ s

Trijets

27



Noam Tal Hod, WIS Mar
ch

8 2024

Heavy resonances combination

28


