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Foreword

140 %-1 of Run 2 data 
s0ll in the game!

We are getting to know the H125 
resonance ever better.
It has confirmed it’s SM Higgs 
predicted properties
 ⇒ BSM  ~alignment limit
 ⇒ suppressed bosonic couplings

v Couplings to down-type fermions 
probed by tauonic & 𝑏$𝑏 final states ✘

v Couplings to up-type fermions @ high 
masses require 𝒕𝒕̅ final states 
(par0cularly difficult!)    ✓

v Generic scenarios can be probed in 
scalar cascades     ✓

v Numerous searches rely on Narrow 
Width Approxima0on (NWA) !
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Menu of  the talk – 
Search for heavy scalar resonances

In the decay to a 𝑡 ̅𝑡 pair:
Ø 𝐴/𝐻 → 𝑡 ̅𝑡,              (𝑙, 𝑙𝑙OS final state)
Ø 𝑡 ̅𝑡𝐴/𝐻 → 𝑡 ̅𝑡𝑡 ̅𝑡,       (𝑙, 𝑙𝑙OS final state)
Ø 𝐴 → 𝑍𝐻 → 𝑙!𝑙" + 𝑡 ̅𝑡  (in the backup)

In cascade decays involving H125 and/or other scalar states:
Ø 𝑅/𝐴 → 𝑆𝐻/𝑍𝐻 → 4𝑙 + 𝐸#$%&&
Ø 𝑋 → 𝑆𝐻'() → 𝑏$𝑏𝛾𝛾
Ø 𝑋 → 𝑆𝐻'() → 𝑉𝑉𝛾𝛾  (in the backup)

In the decay into a H125 pair:
Ø 𝑋 → 𝐻𝐻 → 𝑏$𝑏𝑏$𝑏, 𝑏$𝑏𝜏!𝜏", 𝑏$𝑏𝛾𝛾 combination
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NEW!!!
Talk from Shigeki on Monday

https://indico.cern.ch/event/1253590/contributions/5814367/attachments/2869699/5023921/LHCP2024_20240603_v1_main.pdf
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A/H → 𝑡 ̅𝑡
(𝑙, 𝑙𝑙OS final state)

   

𝑡 ̅𝑡A/H → 𝑡 ̅𝑡𝑡 ̅𝑡
(𝑙, 𝑙𝑙OS final state)

Search for heavy CP even/odd scalar 
decaying to a pair of top quarks in the 
leptonic final state
• Inclusive channel suffers from the strong interference 

with 𝑡 ̅𝑡 continuum

• Top associated production potentially less prolific

SMBSM
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Meticulous treatment of the signal model!

v Simple limit on 𝜇 not feasible L
𝜇𝑆 + 𝜇𝐼 + 𝐵 = 𝜇 − 𝜇 𝑺 + 𝜇 𝑺 + 𝑰 + 𝑩

v Signal generated with MadGraph (LO) 
with a dedicated provision to subtract 
the 𝐵!!̅ component: 
𝑆 + 𝐼 = (𝑆 + 𝐼 + 𝐵! ̅!) − 𝐵! ̅!

v Signal 𝑆 and 𝑆 + 𝐼 simulations for 
individual (𝑚#/%, tan 𝛽) or (𝑚#/%, Γ#/%) 
with event-by-event reweighting after 
detector simulation separately for H & A 
hypothesis

v k-factors applied affecting both shape & 
normalisation of  the 𝑆 + 𝐼.

A/H → 𝑡 ̅𝑡 (𝑙, 𝑙𝑙OS final states) arXiv:2404.18986

2HDM type-II
alignment limit

Generic scenario

https://arxiv.org/abs/2404.18986
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v Multiple scenarios considered: 
2HDM type-II, hMSSM, 2HDM+a, Simplified 
Generic (𝑚#/% , Γ#/% , 𝑔#/%! ̅!) 

v 1-lepton channel (exactly 1 𝑒 or 𝜇 𝑝& > 28 GeV , 
≥ 1𝑏-jet) :   11 Signal Regions, discriminant: 𝒎𝒕𝒕

Ø merged topology (1 large-V R (re-clustered) jet         
𝑝& > 200 GeV, 𝑚 > 100 GeV, ≥ 1𝑏-jet)

Ø resolved topology (≥ 4 jets 𝑝& > 25 GeV, ≥ 1top),    
𝜒'-based 𝑡 ̅𝑡 reconstruction - further split into 10 SR’s 
based on 1/2 𝑏-jet & | cos 𝜃∗|

v 2-lepton channel (OS lepton pair, ≥ 2 jets,  ≥ 1𝑏-
jet, 𝑚(( > 15 GeV,     5 SR’s,   discriminant: 𝒎𝒍𝒍𝒃𝒃 
(𝐸&+,-- > 45 GeV, 𝑚(( ≠ 𝑚.)//,11 

- further split into 5 Δ𝜙))  SR’s

v Main systematic from 𝑡 ̅𝑡 background modelling 
(theory)

A/H → 𝑡 ̅𝑡 (𝑙, 𝑙𝑙OS final states) arXiv:2404.18986

https://arxiv.org/abs/2404.18986
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A/H → 𝑡 ̅𝑡 (𝑙, 𝑙𝑙OS final states)

Data found compaVble with the SM predicVon. 
Largest deviaVon for 𝑚# ≈ 800 GeV, 2!

+!
= 10% 𝜇 = 4@ 2.3𝜎

95% CL exclusions for the considered models extracted  (400 < 𝑚#/%< 1400)

arXiv:2404.18986

Non-standard sta<s<cal analysis!
(for details see talk from Nicola De Biase)

v Search stage: Fit 𝝁 
𝜇 − 𝜇 𝑺 + 𝜇 𝑺 + 𝑰 + 𝑩

for each mass/width hypothesis.
Goal: potenVal rejecVon of 𝜇 = 0 hyp.

v Exclusion stage:  𝒒 = −2ln ℒ3/ℒ4  
Goal:  reject 𝜇 = 1 hyp. against 𝜇 = 0 one.

v Nonlinear dependence of ℒ on 𝜇 ! 
Disjoint exclusions possible. Full scan of 
H/A (𝑚#/%, tan 𝛽) or (𝑚#/%, 𝑔#!!, Γ#/%)! 

2HDM type-II
alignment limit

Generic scenario

https://arxiv.org/abs/2404.18986
https://indico.cern.ch/event/1253590/contributions/5844087/
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𝑡 ̅𝑡A/H → 𝑡 ̅𝑡𝑡 ̅𝑡 (𝑙, 𝑙𝑙OS final states) ATLAS-CONF-2024-002

Not suffering from significant interference!

v SM 𝑡 ̅𝑡𝑡 ̅𝑡 has been established by ATLAS & CMS! 
  (featuring a mild excess) 

v Difficult modelling of the dominant 𝑡 ̅𝑡+jets 
background ⇽ data-driven “flavour rescaling”  
(in 5j & 7j bins)

v NN binary classifier trained to discriminate data 
from MC - mulVdim. kinemaVcs (x) ⇾ w(x). 
Applied to MC on event-by-event basis

v UncertainVes dominated by the 𝑡 ̅𝑡+jets 
modelling and modelling of the SM 𝑡 ̅𝑡𝑡 ̅𝑡 
process (both theory & data-driven correcVons)

v GNN are trained on mulVple input variables 
separately for 1L and 2LOS categories.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-002/
https://link.springer.com/article/10.1140/epjc/s10052-023-11573-0
https://www.sciencedirect.com/science/article/pii/S037026932300624X
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𝑡 ̅𝑡A/H → 𝑡 ̅𝑡𝑡 ̅𝑡 (𝑙, 𝑙𝑙OS final states) ATLAS-CONF-2024-002

Limits obtained from simultaneous fit to GNN score 
in the SR’s and HT in the CR’s

No significant excess over SM 

95% CL limits are set on 𝜎×𝐵𝑅 
(400 < 𝑚#/%< 1000)

⇒Exclusions in 2HDM type-II
in the alignment limit

⊕JHEP 07 (2023) 203

2.1𝜎 (local)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2024-002/
https://link.springer.com/article/10.1007/JHEP07(2023)203
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Search for heavy CP even/odd scalar in 
cascade decays involving another scalar 

• CP even scalar R (CP odd A) decaying to a lighter scalar S 
(Z boson) and a heavy Higgs going to a ZZ pair

• A scalar X decaying to a lighter scalar S and SM Higgs

𝑅/𝐴 → 𝑆𝐻/𝑍𝐻
(4𝑙 + 𝐸#$%&& final state)

   

𝑋 → 𝑆𝐻'() → 𝑏$𝑏𝛾𝛾
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𝑅 → 𝑆𝐻 → 4𝑙 + 𝐸!"#$$
𝐴 → 𝑍𝐻 → 4𝑙 + 𝑋

arXiv:2401.04742

v Scenarios considered: 
Ø (extended) 2HDM+S, S decays invisibly (DM portal!)
Ø 2HDM-based baryogenesis; X stands for 𝑙𝑙/ 𝑗𝑗/ 𝑖𝑛𝑣.

v Selec<on: single/mulV- lepton triggers, 2 SFOS 
leptons (𝜇 or 𝑒) consistent with 𝑚.. FSR 
correcVon & 𝑚. constraint improve 4l mass 
resoluVon.

v  7 SR’s defined by 𝑛*+!,, 𝑛-.*+!, and 𝐸&/0,,signific. 

v Main background from (𝑞Z𝑞) 𝑍𝑍producXon

v A dense grid of mass points generated, further 
proliferated by interpolaXon.

v A simultaneous fit is performed on the 𝒎𝟒𝒍 
distribuXons in the SR’s.

https://arxiv.org/abs/2401.04742
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𝑅 → 𝑆𝐻 → 4𝑙 + 𝐸!"#$$
𝐴 → 𝑍𝐻 → 4𝑙 + 𝑋

arXiv:2401.04742

Results 

v No significant excess of data over SM 
background observed. 

v Limits were set on 𝑚5/𝑚% & 𝑚#/𝑚% 
plane under the NWA, with negligible 
dependence on 𝑚6 (fixed to 160 GeV)

v Impact from Large Width Approx. also 
evaluated:

𝑹 → 𝑺𝑯

𝑨 → 𝒁𝑯

https://arxiv.org/abs/2401.04742
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𝑋 → 𝑆(→ 𝑏3𝑏)𝐻%&'(→ 𝛾𝛾) arXiv:2404.12915

v Scenarios considered: 
v Generic search targeting 2HDM type models 

or SM extended by singlets with at least 2 
DoF’s.

v NWA is assumed throughout.

v Selection: di-photon triggers, 2 photon mass 
consistent with 𝐻378 [120,130], exactly one 
b-jet (1b SR) or exactly 2 b-jets (2b SR) 

v Main background (𝛾𝛾+jets) normalised from 
𝑚99 side bands

v Discriminant: 
Ø 1b SR: PNN parameterised in (𝑚3)
Ø 2b SR: PNN parameterised in (𝑚3, 𝑚4)

https://arxiv.org/abs/2404.12915
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Results

v A simultaneous fit is performed on the PNN score 
distribuXons in the SR’s & sideband CR’s.

v Model independent limits on 
𝜎(𝑋 → 𝑆𝐻5'6 → 𝑏Z𝑏𝛾𝛾)

𝑋 → 𝑆(→ 𝑏3𝑏)𝐻%&'(→ 𝛾𝛾) arXiv:2404.12915

Data found compaHble with the SM predicHon. 
Largest deviaHon for (𝑚#, 𝑚$)=(575,200) GeV @ local (gobal) 3.5 2.0 𝜎
CMS excess @ (𝑚#, 𝑚$)=(650,90) GeV, 3.8 2.8 𝜎, arXiv:2310.01643 not confirmed.

Covered by 
dedicated analysis
Phys. Rev. D 106 (2022) 052001

https://arxiv.org/abs/2404.12915
https://arxiv.org/abs/2310.01643
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
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𝑋 → 𝐻𝐻 → 𝑏$𝑏𝑏$𝑏

𝑋 → 𝐻𝐻 → 𝑏$𝑏𝜏!𝜏"

																																																																																					𝑋 → 𝐻𝐻 → 𝑏$𝑏𝛾𝛾

                                                                

                                                                                                                             

Search for a heavy scalar 
in the decay into a H125 pair
• Combining three recent searches for resonant di-Higgs 

production (complementary in the X mass coverage):

Phys. Rev. D 106 (2022) 052001

Phys. Rev. D 105 (2022) 092002

JHEP 07 (2023) 040

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.052001
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.092002
https://link.springer.com/article/10.1007/JHEP07(2023)040
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𝑋 → 𝐻%&'𝐻%&'
Results
v 𝑏Z𝑏𝑏Z𝑏 exploits both four b-tagged R=0.4 jets as well 

as two R=1.0 jets tagged by constituent track jets. 
Final variable: 𝑚- 7-- 7- 

v  𝑏Z𝑏𝜏𝜏 exploits 𝜏89:𝜏89:  and 𝜏)+;𝜏89:  channels. 
Final variable: PNN score

v 𝑏Z𝑏𝛾𝛾 exploits high resolution of the 𝛾𝛾 system. 
Final variable: 𝑚<<

v The upper limits on the resonant 𝜎 𝑋 → ℎℎ  is 
extracted from a simultaneous fit of all signal 
categories.    

     
v Limits interpreted in 2HDM type-1 & MSSM models.

Data found compaXble with the SM background predicXon over the enXre 
mass range 251 GeV to 5 TeV 
Largest excess seen @ 1.1 TeV with local (global) significance 3.3 (2.1)𝜎

arXiv:2311.15956

https://arxiv.org/abs/2311.15956
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SUMMARY

v New exclusions on generic models with at least two addi0onal 
heavy (pseudo)scalars (2D scans)

THANK YOU  

v No new heavy scalar
resonance confirmed
so far.

v 𝑡 ̅𝑡 and di-Higgs final 
states extend 
exclusions on 2HDM-
type models in the 
low and intermediate 
tan 𝛽  range

ATL-PHYS-PUB-2024-008

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2024-008/
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BACKUP
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arXiv:2405.20926𝑋 → 𝑆(→ 𝑉𝑉)𝐻%&'(→ 𝛾𝛾)
𝛾𝛾 + 1(2)𝑙

v Scenarios considered: 
v Generic search targeting 2HDM+S type 

models.

v Selection: di-photon triggers, 2 photon 
mass consistent with 𝐻378 [120,130], 
exactly one (1𝑙) or two leptons (2𝑙) ,  
b-veto

v Further enhanced by BDT in the 
𝛾𝛾WW SR.

v Main bacground (𝛾𝛾+jets) normalised 
from 𝑚99 side bands

v Discriminant: 𝑚99 

https://arxiv.org/abs/2405.20926
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𝐴 → 𝑍𝐻 → 𝑙(𝑙) + 𝑡 ̅𝑡
v Motivated by: 2HDM-based baryogenesis  

(𝑚# > 𝑚%)

v Selection: three high-𝑝& leptons (OSSF pair, 
𝜇 or 𝑒, consistent with 𝑚.), ≥ 4 jets, 2 b-jets

v  SR/VR’s/CR’s based on 𝑚))  (Z) and 𝑚! ̅! (H sliding w.)

v Main background from 𝑡 ̅𝑡𝑍 events and leptonic 𝑡 ̅𝑡 
events with a non-prompt third lepton.

JHEP 02 (2024) 197

https://link.springer.com/article/10.1007/JHEP02(2024)197
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𝐴 → 𝑍𝐻 → 𝑙(𝑙) + 𝑡 ̅𝑡
v A simultaneous fit is performed to the Δ𝑚 =
𝑚 𝑙𝑙𝑡 ̅𝑡 − 𝑚(𝑡 ̅𝑡) distribution  in SR and event yields 
in the SS (𝑡 ̅𝑡 norm.),  Hlo & Hhi (𝑡 ̅𝑡𝑍 norm.) CR’s.

v The result is limited statistically

JHEP 02 (2024) 197

No significant excess over SM observed
The largest excess of local (global) significance 2.85 
(2.35) 𝜎 observed for (𝑚𝐴,𝑚𝐻) = (650,450) GeV 

2HDM type-II2HDM type-I

Model independent limit

https://link.springer.com/article/10.1007/JHEP02(2024)197
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A/H → 𝑡 ̅𝑡 (𝑙, 𝑙𝑙OS final states) arXiv:2404.18986

Generic scenario
H, m=800
Γ = 10%

Generic scenario
A, m=800
Γ = 10%

https://arxiv.org/abs/2404.18986
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𝑅 → 𝑆𝐻 → 4𝑙 + 𝐸!"#$$
𝐴 → 𝑍𝐻 → 4𝑙 + 𝑋

arXiv:2401.04742

https://arxiv.org/abs/2401.04742
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𝑋 → 𝑆(→ 𝑏3𝑏)𝐻%&'(→ 𝛾𝛾) arXiv:2404.12915

https://arxiv.org/abs/2404.12915
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Other related ATLAS results

CDM (2HDM+a) combinaXon: EXOT-2018-64

𝑡 ̅𝑡A/H → 𝑡 ̅𝑡𝑡 ̅𝑡 (𝑙𝑙SS , ML final states) EXOT-2019-26

𝑋 → mulXlepton + b-jets HDBS-2020-03

𝑋 → 𝐻𝑆 → 𝑉𝑉𝜏𝜏  HDBS-2022-44

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2018-64/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/EXOT-2019-26/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2020-03/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-44/
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Corresponding CMS results

A/H → 𝑡 ̅𝑡  HIG-17-027 (36 fb-1)

𝐴 → 𝑍𝐻 → 𝜏𝜏𝑙𝑙  HIG-18-023

𝑋 → 𝑆𝐻5'6 → 𝑏Z𝑏𝛾𝛾 HIG-21-011

𝑋 → 𝐻𝑌 → 𝑏Z𝑏𝑏Z𝑏  B2G-21-003

𝑋 → 𝐻𝑆 → 𝑏Z𝑏𝜏𝜏  HIG-20-014

𝑋 → 𝐻𝐻 → 𝑏Z𝑏𝑊𝑊 HIG-21-005

𝑋 → 𝐻𝐻 → 𝑊𝑊𝑊𝑊,𝑊𝑊𝜏𝜏, 𝜏𝜏𝜏𝜏 HIG-21-002

NEW

NEW

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-17-027/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-18-023/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-011/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-21-003/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-20-014/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-005/index.html
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-21-002/index.html

