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• After the discovery in 2012 of the Higgs boson at 125 GeV studies of Higgs properties and Higgs 
sector nature continue


• SM leaves some phenomena unexplained e.g. hierarchy problem, baryon asymmetry, dark matter/
energy, flavor problem etc. 


• Extended Higgs sectors predicted by many theories of BSM physics, especially theories with 
naturalness, axions, SUSY, or dark matter. 


• Additional scalars (neutral or charged) are predicted in modified/extended Higgs models and can 
be probed in low/high-mass resonance searches. 


• Searches for rare and exotic decays of the Higgs boson are an important component of the 
“precision” Higgs program.


• Some recent ATLAS results highlighted in this talk (Run-2 data results)

Introduction 
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ATLAS Searches for Heavy Resonances
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• 𝐻 → ZZ high mass 


• Generic Heavy Higgs search VH, V:Z,W New!


• W±𝐻→𝑊±𝑊±𝑊∓→ℓ±𝜈ℓ±𝜈𝑗𝑗

• In additional slides:

• H → γγ high-mass resonance

• A/H → ττ 

• A→Zh, Z→2e/2µ or 2ν, h →bb 

• A→ZH, Z→2e/2µ, H →bb, WW 

• W/Z +γ, X± → W±γ, X0 → Zγ 

*ATLAS Summary Plots*

• ATLAS-CONF-2022-028 New!

• ATL-PHYS-PUB-2022-008

• ATL-PHYS-PUB-2021-018

• ATL-PHYS-PUB-2021-030 

https://cds.cern.ch/record/2809967/files/ATLAS-CONF-2022-028.pdf?version=1
http://cdsweb.cern.ch/record/2803996/files/ATL-PHYS-PUB-2022-008.pdf
http://cdsweb.cern.ch/record/2771783/files/ATL-PHYS-PUB-2021-018.pdf
http://cdsweb.cern.ch/record/2777012/files/ATL-PHYS-PUB-2021-030.pdf


Search BSM H→ZZ→4ℓ+ℓℓνν - Analysis 
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• Heavy ZZ resonances (spin-0 or spin-2) appear in many 
BSM models like:


• Additional Higgs boson in two-Higgs-doublet model 
(2HDM)


• Graviton in Randall-Sundrum (RS) model

• Searches for heavy resonances in combination of 4ℓ and 
ℓℓνν final states improve overall sensitivity due to:


• good mass resolution of 4ℓ and large BR of ℓℓνν

• Mass range 200 GeV to 2 TeV (for heavy Higgs)

• Narrow widths (NW) and large widths (LW) considered, 

VBF included for NW only 

• LW search includes interference effects with background 

Distribution of m4ℓ (4ℓ) invariant mass & transverse mass mT (2ℓ2ν) 

• No significant excess with respect to the background predictions found 

• Machine Learning (DNN) used in the NW analysis 

• Lepton and jet reconstruction, isolation improved

• Cross section limits for:


• Spin 0 resonance: ggF+VBF - Narrow Width (NW) 
and ggF Large Width (LW) heavy Higgs


• Interpretations of:  

• Spin-0 resonance: 2HDM (Type-I, -II)

• Spin 2 resonance: Graviton RS 

Eur. Phys. J. C 81 (2021) 332

https://link.springer.com/article/10.1140/epjc/s10052-021-09013-y


Search BSM H→ZZ→4ℓ+ℓℓνν - Limits
• Upper limits (95% CL) on production cross section

• For NW study


• Both ggF and VBF signals included

• MVA-based analysis used as baseline for NWA


• For LW study only ggF production and Cut-based analysis 

• Search mass range above 400 GeV

• Interpretation at 4 widths: 1, 5, 10, 15% of signal mass

• Interference of H-B and H-h taken into account (up to ~10%)


• For Graviton excitation search in the context of the bulk RS model: 

• NW Cut-based study for mass above 600 GeV

• ggF: 200 pb (240 GeV) - 2.6 fb (2000 GeV) 

• VBF: 87 fb (255 GeV) - 1.9 fb (1800 GeV)

6

Narrow Width Combined 4ℓ + 2ℓ2v
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Large Width  Combined 4ℓ + 2ℓ2v

Eur. Phys. J. C 81 (2021) 332

1% 15%

‘Graviton' Combined 4l + 2l2v

Upper limits improved ~60% (wrt 36 fb-1 publication) on σ of spin-0 and spin-2 resonances

• Compared to theoretical prediction, mass < 1830 GeV excluded

https://link.springer.com/article/10.1140/epjc/s10052-021-09013-y


Generic Heavy Higgs search VH - Analysis 
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• Final states (ℓ±𝜈ℓ±𝜈𝑞𝑞) with 2 leptons of the same electric charge (ℓ: e or µ) 
(SS2L), missing transverse momentum and jets


• Veto: used for 3rd  lepton at event selection level 

• 2 categories for reconstruction of 𝑊 →𝑞𝑞 with mass around 80 GeV: 


• Resolved: two small-𝑅 jets or 

• Boosted: one large-𝑅 jet

• Οbserved data in agreement with SM background

• Target searches for model-independent heavy Higgs boson produced in 
VH channel in same-sign di-lepton final state 

• Search for heavy Higgs bosons (mass: 300 GeV -1.5 TeV) decaying into 
a pair of vector bosons


• Analysis concentrates on associated production with a vector boson (𝑉𝐻, 
𝑉 = 𝑊, 𝑍) 

• 𝑊±𝐻→𝑊±𝑊±𝑊∓ →ℓ±𝜈ℓ±𝜈𝑗𝑗 

ATLAS-CONF-2022-033

• Dominant SM backgrounds: 𝑊 𝑍 + jets, SS 𝑊𝑊 + jets

• Control regions (𝑊𝑍 CRs, ssWW CR) 


• Electron-charge flip background (suppressed by BDT and other cuts)

• Non-prompt background (CR) and photon conversion (CR Wγ)

• Οbservable "effective mass”- 𝑚eff

                                                                                                                                                            5

Two categories according to hadronic 
Boson kinematics


• Boosted: one large-R jet 

• Resolved: two small-R jets

Boosted boson jet: high pT, variable 
 and  describing jet substructure.τ1 τ2

Why same-sign dilepton (SS2L)

boosted resolved

here

Also have the analysis level studies for 3L channel, but the significance improvement is modest (<3%)

Yields from phenomenology study (PLB 804 (2020) 
135358) in three signal regions with lumi = 300 . 
Signal: mass = 600 GeV, 

fb−1

fW = 1000, fWW = 1000
• Boosted SR• Resolved SR

New! 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-033/


Generic Heavy Higgs search VH - Limits   
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• Results are interpreted using higher dimensional operators in an EFT

• 95% CL cross-section limits as a function of heavy mH and coupling strengths to vector bosons

• 95% CL observed, expected upper limits on production of heavy 
Higgs boson as function of mass with (fW, fWW) fixed at (0, 6200)

• Heavy Higgs bosons are excluded at 95% CL up to 700 GeV 
and 900 GeV with anomalous couplings to vector bosons 
( 𝑓𝑤 , 𝑓𝑊 𝑊 ) fixed at (0,6200) and (1350,0)

• Limits are set in mH region 300 to 1500 GeV, 
and depend upon the assumed couplings 

• 𝑓𝑊 , 𝑓𝑊𝑊 , anomalous 
couplings to 𝑊 fields 


• 𝜌𝐻 = sin(𝛽 − 𝛼) scaling 
factor set to 0.05  


• Λ scale set to 5 TeV

• 95% CL observed, expected upper limits on production of heavy 
Higgs as function of BSM 𝐻𝑉𝑉 coupling strengths: ρHfW/Λ2 and 
ρHfWW/Λ2 with mass 300 GeV (also studied 600, 900 GeV)

• Coupling strengths of |(𝜌𝐻𝑓𝑊𝑊)/Λ2| > 2.7 TeV−2 
and |(𝜌𝐻𝑓𝑊𝑊)/Λ2| > 10 TeV−2 excluded at 95% CL 
for the production of heavy mH = 300 GeV

New! 

ATLAS-CONF-2022-033

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-033/


ATLAS Searches for New Neutral Resonances
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• tt̄H/A → tt̄tt̄

• WZ → ℓνℓ′ℓ′ resonance

• FCNC t → qX (q=u,c), X → bb̄ 

New! 



ttH̄/A → ttt̄t ̄- Analysis 
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• Search for a new heavy scalar Higgs boson (𝐻) or pseudo-scalar (𝐴)  (mass > 
2mtop: 400 GeV -1 TeV) produced in association with a pair of top quarks, with 
the Higgs boson decaying into a pair of top quarks (𝐻/𝐴 → tt̄) 

• Search targets a final state with exactly 2 leptons with the same-sign electric 
charge or at least 3 leptons (SSML)


• 4-top-quarks enriched SR: Njets ≥ 6, Nb-jets ≥ 2 and ΣplT + ΣpjT > 500GeV 

• 2 BDT classifiers: 


• SM BDT: separate SM tt̄tt̄ events from other SM backgrounds

• BSM pBDT (final discriminant): BSM mass parametrized BTD, separate 

BSM tt̄tt̄ SR from all backgrounds 

• Irreducible backgrounds: prompt leptons (tt̄tt̄, tt̄W/Z+jets) (MC+Data CR)

• Reducible backgrounds: fake/non-prompt leptons (CRs)

• Analysis targets 2HDM type-II model, tt̄H → tt̄tt̄ signal, interpretation on low tanβ 
region in the alignment limit sin(β − α) → 1


• A → tt̄ decay mode dominates at the low tanβ region 

• Data and post-fit background comparison 
with background-only* fit in BSM SR for 
BSM pBDT distribution with mH=400 GeV 

ATLAS-CONF-2022-008

*5 CRs: CR Conv. (Mat. Conv., , Low 𝑚𝛾∗), CR HF 𝑒/𝜇, CR 𝑡𝑡 ̄𝑊+j, CR lowBDT

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/


ttH̄/A → ttt̄t ̄- Limits   
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• No significant excess of events over the SM expectation observed

• Results interpreted in the context of the two-Higgs-doublet model of type II

• 95% CL exclusion limits on cross-section of 2HDM 
type II scalar (H) and pseudo-scalar (A) Higgs boson 

• Best fit signal cross-section ranges between 4 +6 -5 fb and 2 +2 -2 fb across 
400 GeV to 1000 GeV  


• Observed (expected) upper limits range between 14 (10) fb and 6 (5) fb

• Excluded values of tan β range between 1.2 (1.6) 
and 0.5 (0.6), where only one particle (both particles) 
contribute to the t t  final statet̄ t̄

• 95% CL exclusion regions in tanβ versus mass plane, assuming 
that both, a heavy scalar H and pseudo-scalar A, contribute to 
the tt̄tt̄ final state and have the same mass mH=mA

• Improved expected sensitivity wrt previous search with 36 fb−1 by x ~4

ATLAS-CONF-2022-008

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/


W Z → ℓνℓʹℓʹ - Analysis 
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• Search for WZ fully leptonic heavy 
resonance (mass: 200 GeV-5 TeV) 


• WZ-fusion or DY process 

• Cut-based selection used to build DY signal region (SR)

• Artificial Neural Network (ANN) used for the VBF

• WZ invariant mass used as discriminating variable

(a) HVT 𝑊′ production via DY, (b) HVT 𝑊′ production via VBF (c) GM 𝐻±5 production via VBF

ATLAS DRAFT
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Figure 1: Representative Feynman diagrams for heavy resonance production and decay to WZ bosons (a) HVT ,
0

production via Drell-Yan, (b) HVT ,
0 production via Vector Boson Fusion and (c) GM �

±
5 production via Vector

Boson Fusion. The subsequent decays to the ✓+✓�✓±a are also shown.

137 fb�1, has yielded limits on the coupling parameter of the GM model as a function of the �
±
5 (or �±±

5 )78

mass.79

Recent results from searches of diboson resonances with di�erent final states are summarized in Refs. [27–80

29]. The results from searches for heavy ++ and +� resonances (+ = , or /) based on Run 1 data and81

on Run 2 data in the fully hadronic (@@@@), semileptonic (✓a@@, ✓✓@@, aa@@), and fully leptonic (✓✓✓✓,82

✓a✓✓, ✓✓aa) final states are in Refs. [30–33]. The various decay channels generally di�er in sensitivity in83

di�erent mass regions. The present analysis, based on the fully leptonic channel, is particularly sensitive to84

low-mass resonances because of the low background, in spite of the low branching ratio. For the VBF85

process, it aims to complement previous explorations of the HVT phase space since other channels are86

mostly insensitive when the coupling of the heavy vectors to fermions is close to zero. Limits on the GM87

model have also been set, based on analyses of same-charge WWjj production and ,/ 9 9 by CMS [26, 34]88

and opposite-charge WW production by ATLAS [35], using data at
p
B = 13 TeV. In the present analysis, in89

addition to increased data statistics several improvements with respect to the previously published analysis90

have been implemented, most notably the implementation of multivariate techniques for the VBF signal91

selection.92

2 The ATLAS Detector93

The ATLAS detector [11] has a cylindrical geometry with a nearly 4c coverage in solid angle1. The94

inner detector (ID), consisting of silicon pixel, silicon microstrip and transition radiation detectors, is95

surrounded by a thin superconducting solenoid providing a 2 T axial magnetic field. It allows precise96

reconstruction of tracks from charged particles and measurement of their momenta up to a pseudorapidity97

of |[ | = 2.5. High-granularity lead/liquid-argon (LAr) sampling electromagnetic and steel/scintillator-tile98

hadron calorimeters, at larger radius, provide energy measurements in the central pseudorapidity range99

|[ | < 1.7. In the endcap and forward regions, LAr calorimeters for both the electromagnetic and hadronic100

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the I-axis along the beam pipe. The G-axis points from the IP to the center of the LHC ring, and the H-axis points
upwards. Cylindrical coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis.
The pseudorapidity is defined in terms of the polar angle \ as [ = � ln tan(\/2). Angular distance is measured in units of
�' ⌘

p
(�[)2 + (�q)2.
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• 3 Resonance benchmark models: 

• Heavy Vector Triplets (HVT) produced by Drell-Yan (DY) production (HVT Model A: 𝑔𝑉 = 1 and Model B: 𝑔𝑉 = 3)


• Heavy Vector Triplets produced by VBF production (HVT Model C: 𝑐𝐹 = 0)


• Georgi - Machacek (GM) Higgs Triplet Model produced via VBF production (H±
5 GM)

• Experimental signature 

• 3 high pT leptons 

• Missing transverse energy 

• 2 Jets (in case of VBF) 


• Backgrounds 

• Irreducible: SM WZ (QCD, EWK), ZZ (CRs)

• Reducible: non-prompt leptons (Z+jets, Zγ, tt̄) (DD) 

ATLAS-CONF-2022-005

 𝑝𝑝 → 𝐻±5 𝑗 𝑗 → 𝑊±𝑍 𝑗 𝑗 → l±𝜈l+l− 𝑗 𝑗 𝑞𝑞′ → 𝑊′ → 𝑊𝑍 → l𝜈ll

• SR, DY

• 𝑝T(𝑉)/𝑚(W𝑍) > 0.35

• SR, VBF 

• ≥ 2 VBF jets

• 𝑚j𝑗 >100GeV

• Veto events with 𝑏-tagged jets

• ANN Output > 0.82

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-005/


W Z → ℓνℓʹℓʹ - Limits   
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• Comparisons of data and expected backgrounds 
of the WZ invariant mass VBF signal regions • 95% CL upper limits on σ × B(H±

5 → WZ) of GM model as a function of mH±5 

• VBF category: Observed excess around 375 GeV 

• Local significance 2.8σ (2.5σ for W’ HVT) 

• Global significance 1.6σ (1.7σ for W’ HVT

• VBF: no significant excess observed over SM predictions 

• DY: data consistent with SM predictions

• HVT DY model, W’mass < 2.4 TeV excluded for Model A (𝑔𝑉 = 1) 
and < 2.5 TeV for Model B (𝑔𝑉 = 3) 


• HVT VBF model, W’mass < 340 GeV, 500 GeV and 700 GeV 
excluded (𝑐𝐹 = 0 and 𝑔𝑉𝑐𝐻 = 1.0, 1.5 and 2.0) respectively

ATLAS-CONF-2022-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-005/


Search for t → qX(bb̄) - Analysis 
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• Search for FCNC decay of top-quark into BSM particle lighter than the top quark 

• Channel: lepton+jets tt̄→(qX)(bℓ𝜈) with scalar X→bb̄ and q=u/c 
• Analysis description


• Studied mx [20, 160] GeV (mX < mtop) for both t→cX and t→uX channels 

• Final state characterised by an isolated electron or muon and at least 4 jets

• Events are categorised according to the multiplicity of jets and 𝑏-tagged jets 

• Backgrounds mainly tt̄ +jets

• For signal-background discriminant: implemented a mass-parameterised 

neural network (NN output - final discriminant)
• Fitted individual mass hypothesis for each channel individually

• Event selection: region definitions 
• For the fit:


• Sg: 3 b-tags regions: 4j3b, 5j3b, 6j3b

• CRs: ≥4 b-tags regions: 4j4b, 5j≥4b, 6j≥4b 

• To derive tt̄ correction:

• 2b-tag + 1b-tag loose(bl): 4j2b+1bl,5j2b+1bl,6j2b+1bl 
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/


Search for t → qX(bb̄) - Limits  
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• Channel: lepton+jets tt̄→(qX)(bℓ𝜈) with scalar X→bb̄ and q=u/c 
• No significant excess above the expected SM background observed

• Expected and observed 95% CL upper limits set

95% CL upper limits for B(t → uX) × B(X→ bb̄)95% CL upper limits for B(t → cX) × B(X→ bb̄)

• Upper limits range from:

• 0.018% to 0.078% (0.015% to 0.056%) obs (exp) limits for t→cX 

• 0.019% to 0.062% (0.017% to 0.057%) obs (exp) limits for t→uX 


• t→cX slightly higher upper limits (~2σ)

• t→uX excess at 40 GeV of ~1.8σ

• Expected limits are x ~3 better 
wrt previous ATLAS 36 fb-1 
results (𝑡 → q𝐻(𝑏𝑏 ̄))

ATLAS-CONF-2022-027

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/


ATLAS searches for Charged Higgs
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• t→H±b, H± →cb

• H± → W± A→W±µµ

• H++ /H−− → ℓ+ℓ+/ℓ−ℓ−  New!

In additional slides:

• H+→ tb

• H++ → W+W+



Search for H± →cb - Analysis 
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• Search targets the production of a charged Higgs boson, H± via 
top-quark decays, tt̄ → WbH±b, followed by the decays H± → cb 
and W → ℓ𝜈

• No significant excess above the background-only hypothesis

• BSM scenarios such as 3HDM (3 Higgs Doublets Model) at low 
H+ mass (60-160 GeV)


• Lightest charged Higgs boson can be lighter than the top quark 

• Final states lepton-plus-jets, 1-e/µ (trigger), ≥ 4-jets (≥3 b-jets) 

• Categories based on number of jets (4, 5 and 6) & b-jets (3 and 
≥4), main signal regions are (4j, 3b) and (5j, 3b)


• Main SM background: tt̄ + jets; tt̄ + ≥ 1b, tt̄ + ≥ 1c, tt̄ + light jets 
(DD approach to correct simulation)


• Parameterized Neural Network as final discriminant 

ATLAS-CONF-2021-037

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-037/


Search for H± →cb - Limits   
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• 95% CL observed (expected) limits for B(t→H±b)×B(H± → cb)

• Upper BR limits between 0.15% (0.09%) and 0.42% (0.25%) for mH± between 60 and 160 GeV

• The largest excess in data corresponds to 
~3σ for mH± =130 GeV and a global p-value 
~1.6σ in the considered mH± range

• 3HDM predicted limits corresponding to 3 benchmark 
values for parameters X, Y and Z

• Improved expected sensitivity by x 5 wrt previous studies and extended mH± range

ATLAS-CONF-2021-037

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-037/


Search for t→bH±, H± → W±A, A →μ+μ- - Analysis 

19Th. Lagouri

• Search for a charged Higgs boson H± decaying to a 
pseudoscalar particle A and a W boson in top-quark pair events

• No significant excess above the background-only hypothesis

• Scenario with different mH+ and mA, low mH+ (100-160 GeV) 
and mA (15-75 GeV) in tt̄ decay


• Scanning mA with A → 2µ for different mH+ windows in the 
eµµ final state 


• Sensitive to any A produced in association with top-quarks

• Εvents selected with one electron and two muons in the final 
state (eµµ) and three or more jets, at least one b-tagged


• Main backgrounds (tt̄, tt̄Z, Z+HF) are estimated using a semi-
data-driven approach

• Post-fit plot of observed di-muon mass spectrum in inclusive SR using CR-only fit

ATLAS-CONF-2021-047

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-047/
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• Expected and observed upper limits on 
BR (t → bH±, H± → W±A, A → µ+µ-) 

• Observed (expected) BR limits vary from 0.9 (1.6)×10−6 to 6.9 (9.9)×10−6 depending on mH+ and mA 

• Interpretations in the context of 2HDM vs mA, mH+ 

• Overlay of limits for different values of mH+

• Also set the first lower limits on tanβ in a 2HDM type-I model in the mH±, mA parameter space

• Observed (expected) lower limits range from 1.1 (1.4) to 7.7 (5.7)

Search for t→bH±, H± → W±A, A →μ+μ- - Limits  
ATLAS-CONF-2021-047

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-047/


Search for H++ /H- - → ℓ+ ℓ+ /ℓ’- ℓ’-  - Analysis 
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• Search for pair production of doubly charged Higgs H±± bosons, 
each decaying into a pair of prompt, isolated, and highly energetic 
leptons with the same electric charge


• BSM left-right symmetric (LRS) model ( 𝐻L±± and 𝐻R±± )

• No significant excess above the background-only hypothesis

• Veto on b-jets to suppresses top quark background 

• Irreducible background, prompt leptons from dibosons (CRs)

• Reducible background, non-prompt lepton, charge mis-id (DD)

• Final states same-charge leptonic decays, H±± → ℓ±ℓ′±, ℓ,ℓ′ =e,µ 
in 2-, 3-, and 4-lepton channels


• Main variable m(ℓ±, ℓ’±)lead, 4-leptons single-bin event yield

• SR: 300 < m(ℓ±, ℓ’±)lead < 1300 GeV

• Numbers of observed and expected events in control (DYCR, 
DBCR2L, DBCR3L, CR4L) validation (VR2L, VR3L, VR4L) 
and signal regions (SR2L, SR3L, SR4L) for all channels


• Split by lepton flavour and electric charge combination

• Drell–Yan pair production 

ATLAS-CONF-2022-010

New! 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-010/


Search for H++ /H- - → ℓ+ ℓ+ /ℓ’- ℓ’-  - Limits   
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• Observed and expected 95% CL upper limits on the H±± pair production cross-section 
as a function of m(H±±) for combination of all channels

• Blue, Orange and Red lines ⇒ theoretical signal 
cross-section predictions given by NLO calculation


• Correspond to left-handed H±±L, right-handed H±±R 
and a sum of both

• Σℓℓ′ B(H±± → ℓ±ℓ′±) a 100% assumed

• Observed lower limit on the mass of a doubly charged Higgs is 1080 GeV

• Improved limit (300 GeV higher) wrt previous results 

• The limit obtained from the four-lepton final state is the most sensitive and drives the combined result 

New! 

ATLAS-CONF-2022-010

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-010/


ATLAS Searches for New Pseudo-Scalar Resonances

In Exotic Higgs Boson Decays 
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• H → XX/ZX → 4ℓ

• In additional slides:

• H → χ1χ2 → bb̄ + MET

• H → aa → bb̄µµ

*ATLAS Summary Plots*

ATL-PHYS-PUB-2021-008

http://cdsweb.cern.ch/record/2758783/files/ATL-PHYS-PUB-2021-008.pdf
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h → ZdZd/aa → 4ℓ - Analysis  

Dark Higgs S, coupling κ (controls 
coupling between S and H) 

2HDM+S model allow Higgs to 
couple to new low mass 
(pseudo)scalar s (α)

⟨ mℓℓ ⟩ distribution for HM 

• Search for exotic decays of the Higgs in lepton final states, 4𝑒, 2𝑒2µ, 4µ 


• High-mass (HM): H→𝑋𝑋→4ℓ, 15 GeV< 𝑚
𝑋
 < 60 GeV


• Low-mass (LM): H →𝑋𝑋 →4𝜇, 1 GeV< 𝑚
𝑋
 < 15 GeV 


• ZX channel: (ZX) H→𝑍𝑋→4ℓ, 15 GeV< 𝑚
𝑋
 < 55 GeV


• Select two pairs of prompt Same Flavor Opposite Sign (SFOS) leptons

• Define pairs 𝑚12 and 𝑚34 such that |𝑚12 − 𝑚

𝑍
 | < |𝑚34 − 𝑚

𝑍
 |  


• Four-lepton mass: 115 𝐺𝑒𝑉 < 𝑚4ℓ < 130 𝐺𝑒𝑉 compatible with Higgs mass 

Upper limits at 95% CL on (left) σ(H → ZdZd → 4ℓ) and (right) on σ(H → αα → 4μ

• Upper limits also set on Higgs mixing parameter: κʹ = κ mH
2/|mH

2-mS
2|

JHEP 03 (2022) 041

https://doi.org/10.1007/JHEP03(2022)041
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h → ZZd/Za → 4ℓ - Analysis 
Kinetic mixing parameter 𝜖 

(controls coupling between 
𝑍𝑑 and SM Z) 

m34 distribution for ZX

• Quadruplet selection similar to SM 𝐻 → 𝑍𝑍∗ → 4ℓ

Upper limits at 95% CL on (a) σ(H → ZZd → 4ℓ) and (b) on σ(H → Zα → 2ℓ2μ)

• Upper limits also set on mixing parameters: Zd mixing parameter ε, Z-Zd mass mixing parameter δ 

Backgrounds 

• H→ ZZ∗ → 4ℓ 

• ZZ∗ → 4ℓ 

• Z + jets, tt̄

• Limits x ~2-4 better wrt previous ATLAS 36 fb-1 results

JHEP 03 (2022) 041

https://doi.org/10.1007/JHEP03(2022)041


ATLAS Searches for Resonant Higgs Boson Pair Production

26Th. Lagouri



Di-Higgs HH combination - Analysis 

27
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• Search for new heavy scalar decaying to higgs pairs 
includes three channels: bb̄𝛾𝛾, bb̄𝜏𝜏 and bb̄bb̄


• Limits on cross-section pp → X → HH as a function of mX 

• Different channels contribute to complementary mass ranges 

• bb̄𝛾𝛾 in low mass ranges (< 400 GeV) ; discriminant: 𝑚𝛾𝛾 


• Backgrounds: γγ + jets, H → γγ 

• arXiv:2112.11876


• bb̄𝜏𝜏 in intermediate mass range (400-800 GeV); (𝜏had𝜏had & 𝜏lep𝜏had), 
discriminant: MVA


• Backgrounds: tt̄, Z + HF

• ATLAS-CONF-2021-030


• bb̄bb̄ at the highest mass (> 800 GeV); resolved: 4 small-R (R=0.4) jets 
(mX < ~1 TeV), boosted: 2 large-R (R=1.0) jets, discriminant: 𝑚𝐻𝐻 


• Background: QCD multi-jets

• Phys. Rev. D 105 (2022) 092002

• Heavy scalar (spin-0) NW resonance X (250 GeV - 3 TeV)

• Predicted by BSM models such as hMSSM 

• In this search, only ggF process

ATLAS-CONF-2021-052

• Expected, observed 95% CL upper limits on σ(X →HH) 
for spin-0 resonance as a function of mX in bb̄γγ, bb̄τ+τ- 
and bb̄bb̄, and their statistical combination

• 95% CL observed (expected) upper limits 
1.1-595 fb (1.2-392 fb) in 251 GeV≤ 𝑚𝑋≤3 TeV

• The largest excess found at mX = 1.1 TeV, it corresponds to a global (local) 
significance of 2.1σ (3.2σ)

https://arxiv.org/abs/2112.11876
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://doi.org/10.1103/PhysRevD.105.092002
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
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HL-LHC 

•  X → HH → 4b

• H/A → ττ

*ATLAS Snowmass White paper*

ATL-PHYS-PUB-2022-018

ATLAS Searches for New Scalars

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/


Prospects of HH → 4b Resonance Search - Analysis 
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• Basis for projection to HL-LHC 

• 2015+2016 data analysis with 36.1 fb-1 at √s = 13 TeV 


• Scaling to 3000 fb-1


• Scaling from √s = 13 TeV with Run 2 detector to √s = 14 TeV with 
Phase-II detector 


• Scaling for analysis improvements:  

• use variable-radius track jets 

• requirement of a maximum number of charged particles 

associated with large-R jets

• HL-LHC sensitivity study for high-mass resonance production with decay 
into HH → bb̄bb̄ at the HL-LHC 


• Use bulk Randall-Sundrum model as benchmark 

• Reconstruction of highly boosted Higgs bosons with large-radius jets and 
b-tagged track sub-jets to discriminate the signal from the dominant 
multijet background 

• Systematic uncertainties:

• b-tagging efficiency uncertainties reduced by x 3

• large-R jet mass resolution reduced by x 2

• data-driven background uncertainties scale as 1/√N

ATL-PHYS-PUB-2018-028

• 95% expected upper limits for HL-LHC analysis (with 
analysis improvements included) using the dijet MC

• Expected upper limits on σ (pp→ GKK→HH→ bb̄bb̄)

• 95% CL upper limits estimated to be 1.44-0.025 fb 
for resonance mass of 1.0-3.0 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-028/


H/A → ττ prospects at HL-LHC - Analysis 
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• Scaling of input: 

• luminosity: 36.1 → 3000 fb-1

• background cross section: 13 → 14 TeV, assume 1.18x 


• Systematics

• high pT τ systematics are reduced by a factor of 2 

• other systematics are kept the same 

• Limits are calculated from a statistical combination of the τeτhad, τµτhad 
and τhadτhad channels


• Observable: total transverse mass (mtot) 

• Prospects extrapolated by Run-2 MSSM Higgs → ττ 36.1 fb-1 analysis

• MSSM Higgs boson masses of 0.2-2.25 TeV and tan β of 1-58 
searched for in the τlepτhad and τhadτhad decay modes

ATL-PHYS-PUB-2018-050

• Expected upper limits on σ x BR (pp → ϕ →ττ) 

• Projected 95% CL upper limits on σ x BR (pp → ϕ →ττ) 
for ggF production as a function of mass

• Expected limits 130-0.4 fb (130-0.3 fb) for gluon-gluon fusion (b-associated) 
production for masses 0.2-2.25 TeV


• Increase in sensitivity x 2-3 compared to searches with full Run 2 data 

• If no signal emerges, results are interpreted in the context of MSSM benchmark scenarios 

• In hMSSM scenario tanβ > 1 is expected to be excluded in 250 < mA < 350 GeV & tanβ > 10 for mA = 1.5 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-050/


Conclusions
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• HL-LHC will provide us the opportunity to probe a large parameter space of new physics through 
dedicated direct searches in extended Higgs sectors 


• Searches for additional Higgs-like bosons at higher and lower masses considering decays into a 
pair of vector bosons or fermions, charged and neutral Higgs bosons, is an important part of the 
HL-LHC Higgs physics program. 


• The detector upgrades will open up currently inaccessible parameter spaces of BSM models. 

• The HL-LHC searches will benefit from the increased statistics and improvements of the 

reconstruction methods and allow us to study very small branching ratios and rare decays.

• The sensitivity of the searches for heavy resonances decaying to Higgs bosons will be similarly 

enhanced, with the potential to study unexplored production modes and decays. 

• ATLAS Run-2 searches for additional new scalars performed in various channels with improved 
reconstruction and analysis methods 


• No evidence found so far, therefore, exclusion limits were set 

• Many BSM Exotic Higgs analyses with Run-2 13 TeV data still on-going 

• Run-3 will enhance discovery potential of BSM Higgs-like and other (pseudo)/scalars also in 

Exotics Higgs boson decays with new challenges 

• ATLAS searches for BSM phenomena in Extended Higgs Sector aim to cover maximum topologies 

• Looking forward to analyse Run-3 data!

ATLAS Public Results 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#PhysicsGroups


Additional Slides
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• New Heavy Scalar Resonances: 

• HZZ high mass (Eur. Phys. J. C 81 (2021) 332)

• Generic Heavy Higgs search VH, V:Z,W [W±𝐻→𝑊±𝑊±𝑊∓→ℓ±𝜈ℓ±𝜈𝑗𝑗 (ATLAS-CONF-2022-033) New!


• New Neutral Scalar Resonances: New!

• t H/A → t t  (ATLAS-CONF-2022-008)

• WZ → ℓνℓ′ℓ′ resonance (ATLAS-CONF-2022-005)


• also interpretation as 𝐻±5 GM (singly-charged Higgs boson in the Georgi-Machacek model)

• FCNC t → qX (q=u,c), X → b   (ATLAS-CONF-2022-027)


• Charged Higgs-like Scalars:

• H± → W± A→W±µµ (ATLAS-CONF-2021-047)

• t→H±b, H±→cb (ATLAS-CONF-2021-037) 

• H++ /H−− → ℓ+ℓ+/ℓ−ℓ− (ATLAS-CONF-2022-010) New!


• Exotic Higgs Decays (pesudo-scalars):

• H → XX/ZX → 4ℓ (JHEP 03 (2022) 041)


• New Heavy Resonances decaying to HH 

• b b , b γγ, b τ+τ− (ATLAS-CONF-2021-052) 


•  b b  (Phys. Rev. D 105 (2022) 092002), b γγ (arXiv:2112.11876)


• HL-LHC Heavy Higgs-like resonances

• ATL-PHYS-PUB-2018-050  - H/A → ττ

• ATL-PHYS-PUB-2018-028  - X → HH → 4b

t̄ t̄ t̄

b̄

b̄ b̄ b̄ b̄
b̄ b̄ b̄

ATLAS Analyses Covered

Th. Lagouri
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https://link.springer.com/article/10.1140/epjc/s10052-021-09013-y
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-033/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-008/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-047/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-037/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-010/
https://doi.org/10.1007/JHEP03(2022)041
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-052/
https://doi.org/10.1103/PhysRevD.105.092002
https://arxiv.org/abs/2112.11876
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-050/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2018-028/


• New Heavy Scalar Resonances: 

• H → γγ high-mass resonance (Phys. Lett. B 822 (2021) 136651)

• A/H → ττ (PRL 125 (2020) 051801)

• A→Zh, Z→2e/2µ or 2ν, h →bb (ATLAS-CONF-2020-043)

• A→ZH, Z→2e/2µ, H →bb, WW (Eur. Phys. J. C. 81 (2021) 396)

• 𝑋± → 𝑊±𝛾, 𝑋0 → 𝑍𝛾 (ATLAS-CONF-2021-041) 


• Charged Higgs-like Scalars:

• H+→ tb (JHEP 06 (2021) 145)

• H++-> W+W+  (JHEP 06 (2021) 146)


• Exotic Higgs Decays (pesudo-scalars): 

• H → χ1χ2 → b  +MET (JHEP 01 (2022) 063)

• H → aa → b µµ (Phys. Rev. D 105 (2022) 012006)

b̄
b̄

ATLAS Extra Analyses (not covered)
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https://www.sciencedirect.com/science/article/pii/S0370269321005918?via=ihub
https://doi.org/10.1103/PhysRevLett.125.051801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-043/
https://link.springer.com/article/10.1140/epjc/s10052-021-09117-5
http://cdsweb.cern.ch/record/2779176/files/ATLAS-CONF-2021-041.pdf
https://link.springer.com/article/10.1007/JHEP06(2021)145
https://link.springer.com/article/10.1007/JHEP06(2021)146
https://link.springer.com/article/10.1007/JHEP01(2022)063
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012006


• ATLAS Summary Plots

• ATL-PHYS-PUB-2021-008 - Exotic Higgs boson decay summary plots (April 

2021)

• ATL-PHYS-PUB-2022-008 - Georgi-Machacek summary plots (March 2022)

• ATL-PHYS-PUB-2021-030 - hMSSM summary plot (July 2021)


• ATL-PHYS-PUB-2021-018 - Summary of Diboson Resonance Searches 

• ATLAS-CONF-2022-028    - New! Combination of searches for heavy 

resonances using 139 fb-1


• ATL-PHYS-PUB-2022-018  - Snowmass white paper


• ATLAS Public Results 

ATLAS Summary Plots 
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http://cdsweb.cern.ch/record/2758783/files/ATL-PHYS-PUB-2021-008.pdf
http://cdsweb.cern.ch/record/2803996/files/ATL-PHYS-PUB-2022-008.pdf
http://cdsweb.cern.ch/record/2777012/files/ATL-PHYS-PUB-2021-030.pdf
http://cdsweb.cern.ch/record/2771783/files/ATL-PHYS-PUB-2021-018.pdf
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#PhysicsGroups


Di-Higgs HH combination - Results - Limits   
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• No statistically significant excess above the SM expectation has been found

• Upper limits on the production cross-section of a heavy scalar resonance 

decaying to two SM Higgs bosons are set

• Expected and observed 95% CL upper limits on σ(X →HH) 
for a spin-0 resonance as a function of mX in bb̄γγ, bb̄τ+τ- 
and bb̄bb̄, and their statistical combination

• 95% CL upper limits set 1.1-595 fb (1.2-392 fb) in 
observation (expectation) in mass range 251GeV≤ 𝑚𝑋≤3TeV

• The largest excess in the combined limit is found at 
mX = 1.1 TeV and it corresponds to a local (global) 
significance of 3.2σ (2.1σ)

• Local p0-value as a function of mX for spin-0 resonance.

• Each curve represents p0-value corresponding to bb̄γγ, bb̄τ+τ-, 

bb̄bb̄ and p0-value resulting from their statistical combination

ATLAS-CONF-2021-052

http://cdsweb.cern.ch/record/2786865/files/ATLAS-CONF-2021-052.pdf


ATLAS Searches for Heavy Resonances
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• H → γγ high-mass resonance

• A/H → ττ 

• A→Zh: Z→2e/2µ or 2ν, h →bb 

• A→ZH: Z→2e/2µ, H →bb, WW 

• W/Z +γ: X± → W±γ, X0 → Zγ 



Search BSM H → γγ - Analysis 

38
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• Search for a di-photon resonance in the high mass spectrum 
(mγγ>160 GeV)


• Spin-0 search for a narrow width (NW) (160 GeV-3 TeV), 
large width (LW) (400-2.8 TeV) resonance up to ΓX/mX=10% 


• Spin-2 search (NW) (500 GeV-2.8 TeV) for the RS graviton 
with couplings 0.01<k/Μpl<0.1 

• Analysis strategy common for both searches:

• main background: non-resonant γ pairs (𝛾𝛾); smaller: γ + jet 

(𝛾𝑗) and 2 jets (𝑗𝑗), with jets misidentified as photons; 
relative contribution from 2D sideband method 


• fit data with analytical functions: model background and 
signal shape 


• mγγ as final discriminant 

• Background-only fit to the data as a function of the 
di-photon invariant mass mγγ 


• Several generic NW signal shapes overlaid
Verena Martinez Outschoorn — December 2021

Neutral Higgs Production A/ܪ

4

Charged Higgs Production ܪ±

Handbook of LHC Cross Sections: 4. Deciphering the Nature of the Higgs Sector
Handbook of LHC Cross Sections: 3. Higgs Properties

Phys. Lett. B 822 (2021) 136651

• Fiducial selection: 2 γ with |𝜂| < 2.37, ΕΤ/mγγ > 0.3, ΕΤ/mγγ > 0.25 
for leading and subleading γ


• γ isolation, scalar sum of 𝑝T of stable particles in Δ𝑅 = 0.4 
around γ < 0.05ET + 6 GeV

https://www.sciencedirect.com/science/article/pii/S0370269321005918?via=ihub


Search BSM H → γγ - Limits   
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• No significant excess of events over the SM expectation is observed

• Extraction of limits: 


• on fiducial cross-section for spin-0 resonances (model-independent) 

• on total cross-section for the RS-graviton (as a benchmark spin-2 model)

• 95% CL expected and observed upper limits on (left) the fiducial and (right) the total production 𝜎 × 𝐵(𝑋 → 𝛾𝛾) 
of the lightest KK graviton as a function of its mass mG* for k/M̄Pl = 0.1

• 95% CL observed upper limits range from 12.5 fb 
at 160 GeV to about 0.03 fb at 2800 GeV 

• 95% CL observed limits range from 3.2 fb - 0.04 fb for a graviton 
mass 500 - 5000 GeV, for 𝑘/𝑀Pl = 0.1


• RS1 graviton excluded for masses < 4.5 (2.2, 3.9) TeV for 𝑘/𝑀Pl 
= 0.1 (0.01, 0.05)

Phys. Lett. B 822 (2021) 136651

• Observed excess for mass of 
≃ 684 GeV, for spin-0 NWA 
and for spin-2 𝑘/𝑀Pl = 0.01: 
3.29𝜎 local (1.30𝜎, 1.36𝜎 
global) significance

https://www.sciencedirect.com/science/article/pii/S0370269321005918?via=ihub


Search BSM A/H → ττ - Analysis 

40
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• Search for heavy resonances A/H 

• 2 HDM (MSSM), introduce 5 Higgs Bosons 

at tree level described by: 

• mA and tanβ, 

• at large tanβ coupling to τ-lepton 

enhanced 

• Search in mass range 0.2-2.5 TeV

• At least one τ-lepton decaying into final 

states with hadrons

• τlepτhad ~46% 

• τhadτhad ~42% 

No signal excess

Verena Martinez Outschoorn — December 2021

A/HĺŽŽ

ŽhadŽhad

Target with b-veto

Target with b-tag

6PRL 125 (2020) 051801

Two final states covered
ŽlepŽhad

Phys. Rev. Lett. 125 (2020) 051801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.051801


Search BSM A/H → ττ - Limits   
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• No significant excess of events over the SM expectation observed

• Cross section limits set for the 2ΗDM MSSM scenario

• Observed and expected 95% CL upper limits on σ x BR (pp → ϕ →ττ) for a scalar boson (φ) produced 
via (left) ggF and (right) b-associated production 


• Limits calculated from a statistical combination of τlepτhad and τhadτhad channels

• Upper limits in the range 240–1.2 fb (230–1.0 fb) for 
gluon–gluon fusion (b-associated) production of scalar 
bosons with masses of 0.2–2.5 TeV 

• Higher sensitivity (x4-5) 
due to increased 
luminosity, improved τ ID 
and analysis optimization 

Phys. Rev. Lett. 125 (2020) 051801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.051801


A→Zh, Z→2e/2μ or 2ν, h →bb  - Analysis 

42Th. Lagouri • Οbserved data in agreement with SM background

• Search for new heavy resonances (300 Ge - 5 TeV) decaying into Z and 
125 GeV Higgs boson in ννbb and ℓℓbb final states, where ℓ= e± or µ±


• Z′ resonances in heavy-vector-triplet models (HVT) and the CP-odd 
scalar boson A in two-Higgs-doublet models (2HDM)

• Two channels: 

• Zh → 2e/2µ bb (2ℓ) - single lepton trigger & two identified leptons 

• Zh →νν bb (0ℓ) - ETmiss trigger and ETmiss > 150 GeV 


• Categorization: Resolved or merged bb system with 1 or 2 b-tags

• Mass mVh (2ℓ) (resolved) • Transverse mass mT,Vh (0ℓ) (merged) 

ATLAS-CONF-2020-043 

Verena Martinez Outschoorn — December 2021

AĺZh, Zĺ2e/2ŵ or 2Ŷ, h ĺbb

9

Important in several 
scenarios such as low 

WDQū�0660

ATLAS-CONF-2020-043

Two channels: 
• Zh ĺ 2e/2ŵ�bb (2l) - single lepton trigger & two 

identified leptons
• Zh ĺŶŶ�bb (0l) - ET

miss trigger & ET
miss > 150 GeV 

Categorization: Resolved or merged bb system 
with 1 or 2 b-tags

Invariant mass mVh (2l) Transverse mass mT,Vh (0l)

݉௛ = 125 GeV

• 95% CL U.L. on σ(gg → A) x BR( A → Zh) (0ℓ) + 2ℓ)

• Z’: 95% CL U.L.: 1 pb - 0.4 fb, mZ’ =300GeV - 5 TeV 

• Excluded mZ′ < 2.9 TeV (3.2 TeV) for HVT Model A (B)

• A: 95% CL U.L. 0.6 pb - 3 fb  mA =300GeV - 2 TeV

• Limits improved wrt 36 fb-1 ~50% at 300 GeV to ~500% at 5 TeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-043/


A→ZH, Z→2e/2μ, H →bb - Analysis 

43Th. Lagouri • Οbserved data in agreement with SM background

• Search for a heavy neutral Higgs boson, A, decaying into Z boson and another 
heavy Higgs boson, H


• Z decaying into electrons or muons and H into a pair of b-quarks (or W bosons)

• Mass range considered for A: 230-800 GeV and H: 130-700 GeV for H

• Scenario with different mH and mA, motivated by 2HDM 

• Scanning mA (widths up to 20%) for different mH windows with Z → 2e/2µ, H→bb 

• Mass mllbb distribution for nb≥ 3 
and b-associated production

• 95 % CL upper limits for σ×B(A→ZH)×B(H→bb)

• 95% CL upper limits 0.0062-0.380 pb for H→bb

Verena Martinez Outschoorn — December 2021

AĺZH, Zĺ2e/2ŵ, H ĺbb

10EPJC 81 (2021) 396

Scenario with different 
mH and mA, motivated 

by 2HDM
Scanning mA (widths 

up to 20%) for 
different mH windows 

with Z ĺ 2e/2ŵ Hĺbb
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Scenario with different 
mH and mA, motivated 

by 2HDM
Scanning mA (widths 

up to 20%) for 
different mH windows 

with Z ĺ 2e/2ŵ Hĺbb

• (Left) gluon-gluon fusion and (right) b-associated production

Eur. Phys. J. C. 81 (2021) 396

• Also interpretation in 2HDM

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


A→ZH, Z→2e/2μ, H →WW  - Analysis 

44Th. Lagouri • Οbserved data in agreement with SM background

• Search for a heavy neutral Higgs boson, A, decaying into Z boson and another 
heavy Higgs boson, H


• Z decaying into electrons or muons and H into a pair (of b-quarks or) W bosons

• Mass range considered for A: 230-800 GeV and H: 130-700 GeV for H

• Scenario with different mH and mA, motivated by 2HDM 

• Scanning mA (widths up to 20%) for different mH windows with Z → 2e/2µ, H→WW 

• Mass m2l4q distribution for ggF

• 95 % CL upper limits for σ×B(A→ZH)×B(H→WW): 0.023-8.9 pb

Eur. Phys. J. C. 81 (2021) 396

• Interpretations in 2HDM vs mA, mH and tanβ

95% CL exclusion regions in (cos(β-α), mA) plane, tanβ=1.0, mH=200 GeV in type-I 2HDM

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


Search for high-mass W/Z+γ resonance  - Analysis

45Th. Lagouri

• Search for high-mass charged and neutral bosons decaying to Wγ and Zγ 

• The sensitivity of the search is determined using models of the production 

and decay of spin-1 charged bosons and spin-0/2 neutral bosons.

• The range in resonance masses studied from 1.0 TeV to 6.8 TeV

• The mJγ distributions of data events 
selected for the spin-0 gg→ X0 → Zγ 
search in the ZMASS category.


• No significant excess above the 
background-only hypothesis

• Analysis target the boosted hadronic decays of the W or Z boson 
reconstructed as a large radius jet in association with a photon and 


• The boson tagging to improve the sensitivity

• Final discriminant mJγ

• Event categorization of X±→ W±γ and X0→ Zγ

ATLAS-CONF-2021-041

http://cdsweb.cern.ch/record/2779176/files/ATLAS-CONF-2021-041.pdf


Search for high-mass W/Z+γ resonance  -Limits   
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• 95% CL upper limits set on σ(pp→ X)× B(X→ W/Zγ) as a function of mX for spin-0 gg→ X0 → Zγ, spin-2 gg→ X0 → Zγ, 
spin-2 qq̄→ X0 → Zγ and spin-1 qq̄'→ X± → W±γ

• Limits from 10 to 0.05 fb as mx increases from 1TeV to 6.8TeV 

• 95% CL upper limits set on σ(pp→ X)× B(X→ W/Zγ) 
for spin-0 gg→ X0 → Zγ

• 95% CL upper limits set on σ(pp→ X)× B(X→ W/Zγ) 
for spin-1 qq̄'→ X± → W±γ

• Limits include ggF and qq production modes ATLAS-CONF-2021-041

http://cdsweb.cern.ch/record/2779176/files/ATLAS-CONF-2021-041.pdf


ATLAS Searches for Charged Higgs

47Th. Lagouri

• H+→tb

• H++ → W+W+



Search for heavy H+ → tb - Analysis 

48Th. Lagouri

• Search for heavy charged Higgs bosons (200-2000 GeV) 
decaying into a top quark and a bottom quark

• No significant excess above the 
background-only hypothesis

• Key channel in several new physics scenarios such as 
2HDM (MSSM) at high H+ mass 

• Final states with jets and one electron or muon (trigger)

• Events are categorised according to the multiplicity of jets 

and b-tagged jets

• Multivariate analysis techniques are used to discriminate 

between signal and background events

JHEP 06 (2021) 145

https://link.springer.com/article/10.1007/JHEP06(2021)145


Search for heavy H+ → tb - Limits   
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• Observed and expected upper limits for the 
production of H+→tb in association with a top 
quark and a bottom quark.

• Observed and expected limits on tanβ as a function of mH+ 
in the hMSSM scenario. 

• Exclusions in the tan β vs m(H+) plane performed for 
various benchmark scenarios • 95% CL limits range from 3.6 pb at 200 GeV to 

0.035 pb at 2000 GeV

• Higher sensitivity wrt 36 fb-1 due to larger dataset and improved analysis

JHEP 06 (2021) 145

https://link.springer.com/article/10.1007/JHEP06(2021)145


Search for H++→ W+W+ - Analysis
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• Pair production of double charged Higgs bosons (Type-II Seesaw Model)

• Focus on the bosonic decay mode studied m(H±±) ∈ [200,600] GeV

• Pair production: m(H±) > m(H±±) (> 100 GeV)

• Multivariate analysis in three channels: 2 same-sign charge, 3 or 4 leptons 

• Prompt lepton backgrounds from MC, non-prompt leptons from data 

• Sensitive to triplet vev 𝑣𝑡~ 100 MeV • Data event yields compared with the expected contributions from 
relevant background sources, for the combination of the individual 
channels of the 2ℓsc, 3ℓ and 4ℓ SRs

• Observed and expected 95% CL upper limits on H±± σ x BR obtained from the 
combination of 2ℓsc, 3ℓ and 4ℓ channels

• No significant excess in any of the signal regions 

• 𝐻±± masses excluded below 350 GeV for the pair production

JHEP 06 (2021) 146

https://link.springer.com/article/10.1007/JHEP06(2021)146


Search for H++→ W+W+ and H- →W-Z - Analysis 
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• Associated production of single charged and double charged Higgs bosons 

• Multivariate analysis in three channels: 2 same-sign charge, 3 or 4 leptons 

• Prompt lepton backgrounds from MC, non-prompt leptons from data 

• Observed and expected 95% CL upper limits on H±± and H± associated 
σ x BR obtained from the combination of 2ℓsc, 3ℓ and 4ℓ channels

• Sensitive to triplet vev 𝑣𝑡~ 100 MeV 

• Targets range | 𝑚𝐻±± − 𝑚𝐻± |< 5 GeV 

• Data event yields compared with the expected contributions 
from relevant background sources, for the combination of 
the individual channels of the 2ℓsc, 3ℓ and 4ℓ SRs

• No significant excess in any of the signal regions 

• Upper limits on the pair 
(associated) σxBR: 


• 15 fb-5 fb (40 fb-10 fb) for 
𝐻±± mass 200 GeV-600 GeV

• 𝐻±± masses excluded below 230 GeV for the associated production

JHEP 06 (2021) 146

https://link.springer.com/article/10.1007/JHEP06(2021)146


ATLAS Searches for New Pseudo-Scalar Resonances

In Exotic Higgs Boson Decays 

52Th. Lagouri

• H → χ1χ2 → bb̄ + MET

• H → aa → bb̄µµ



Search Zh → ℓℓbb̄ + ΜΕΤ - Analysis 

53
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• The search targets events from 𝑍𝐻(125) production in an NMSSM 
scenario (near the PQ symmetry limit) into the (ℓℓ) bb̄+MET final states 


• Production scenario H → χ2̃0χ1̃0 with χ2̃0 → aχ1̃0 

• 𝜒 0̃1,2 the two lightest neutralinos

• a, the light pseudoscalar Higgs boson decays to a pair of b-quarks 


• Search for peak in the dijet invariant mass (20-65 GeV) from a decays

• Final state: pair of 2 SFOS leptons (Z), 2 b-jets and missing transverse 
momentum (ETmiss) from the two χ1̃0 neutralinos


• Main backgrounds are Z+HF and t  (CRs)

• Signal Region (SR): 81 < mℓℓ < 101 GeV, pTℓℓ> 40 GeV, ≥ 2 jets, ≥ 1 b-jet, 

pTj > 20 GeV, 20 < mjj < 120 GeV, ETmiss > 100 GeV 

• Suppress top background using: pT fraction: 0.8 ≤ (pTjj +ETmiss) / pTℓℓ ≤ 1.2

t̄

• Distribution of the dijet invariant mass in SR

• The distribution labelled `Signal' is for the model with (ma, mχ1̃0, mχ2̃0) = (45 

GeV, 10 GeV, 80 GeV), setting all branching ratios to 100% in the decay 
chain H → χ2̃0χ1̃0 → a χ1̃0χ1̃0 → bb̄ χ1̃0χ1̃0

Motivation

� Searches for rare and exotic decays of the Higgs 
boson are an important component of the 
͞ƉƌĞĐŝƐŝŽŶ͟�,ŝŐŐƐ�ƉƌŽŐƌĂŵ

� This analysis searches for decays of the H(125) 
boson into the bbbar+MET final state

� Models such as the NMSSM in the Peccei-Quinn 
limit allow for such final states, via

� ,�ї�ʖ2ʖ1 ї�Ăʖ1ʖ1
� &Žƌ�͞Ă͟�ďŽƐŽŶ�ŵĂƐƐĞƐ�ĂďŽǀĞ�ƚŚĞ�ď-quark pair threshold, 
ƚŚĞ�Ăї�bbbar resonant decay dominates

� Often cited by the e+e- collider community as a 
challenging decay mode for the (HL-)LHC

Paper Approval Meeting, 08-Apr-2021 2

No signal excess over SM background

JHEP 01 (2022) 063

https://link.springer.com/article/10.1007/JHEP01(2022)063


Search Zh → ℓℓbb̄ + ΜΕΤ - Limits   

54Th. Lagouri

• No significant excess of events over the SM expectation observed

• Cross section limits set for the NMSSM scenario

• 95% CL upper limits on σ(pp → ZH) x BR for Z → ℓ+ℓ- 
(ℓ = e, µ, τ) and H → χ2̃0χ1̃0 → a χ1̃0χ1̃0 → bb̄ χ1̃0χ1̃0 as 
a function of ma (mχ1̃0 = 10 GeV and mχ2̃0  = 65 GeV)

• All branching ratios in the decay chain are set to 100%

• SM value used for σ(pp → ZH) × BR(Z → ℓ+ℓ-)

• Upper limit on BR (H → χ2̃0χ1̃0) of 31% in the region of highest sensitivity 

• ma: 35 - 55 GeV for fixed mχ1̃0 = 10 GeV, mχ2̃0 = 80 GeV 

• 95% CL user limits, 6 together, without the uncertainty bands

JHEP 01 (2022) 063

https://link.springer.com/article/10.1007/JHEP01(2022)063


Search BSM H(125) → aa →bb̄μμ - Analysis 

55
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• Search for exotic decays of the H(125) into a pair of new light pseudoscalar 
particles a, H→aa, where one a-boson decays into a b-quark pair and the 
other into a muon pair

• Search for narrow di-muon resonance, 𝑚𝜇𝜇 in [15 − 65] GeV 

• 2 𝑏-tagged jets with 𝑝T > 20 GeV,

• Requiring mbb ≃ mµµ - kinematic likelihood (KL) fit → (ln(𝐿max))

• Signal events 110 < 𝑚ΚLbbµµ < 140 GeV and ln(𝐿max) > −8

• 𝐸Tmiss < 60 GeV to suppress tt̄ 

• Sensitivity increased by using BDT (BDT𝑚𝑎 > 0.2)

• Post-background-validation-fit number of events in all SR bins 
(after applying the BDT selection)

• Dominant backgrounds (96%) 

• DY di-muon in association with b-quarks 

• tt̄ with each W decay into a muon and a neutrino 


• 2 control regions constrain tt̄ and DY backgrounds

Verena Martinez Outschoorn — December 2021

h ĺ aa/ss ĺ bb ŵŵ

29Accepted by PRD

h
a/s

a/s

Exotic decays of the higgs boson to a pair of new 
scalars or pseudo-scalars

Target events with a pair of muons and b-jets
Search for excess in dimuon spectrum

Significant gains in sensitivity by using a BDT 
multivariate discriminator 

Largest excess at ma  ����*H9�ORFDO�VLJ��a���ż

Phys. Rev. D 105 (2022) 012006

Lj. Morvaj H->aa->bbµµ
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Figure 2: Illustration of the signal, control and validation regions used in the analysis. The Emiss
T requirement in the

VR2 region is the same as in the SR. The corresponding DY-template regions are defined in the same way except
that the two-b-tag requirement is changed to a zero-b-tag requirement.

The DY templates for each of the kinematic variables considered in a particular region of the analysis (SR,
CR or VR) are taken from the data in a corresponding template region (DYTR). For each analysis region
the associated DYTR is defined by changing the two-b-tag requirement (present in every SR, CR and
VR) to a zero-b-tag requirement, while keeping all other selection requirements the same. All the DYTR
are > 90% pure in DY events. The small contribution from non-DY backgrounds, namely tt̄, dibosons,
W+jets, single-top and tt̄V , is subtracted from the data in a DYTR using the simulated samples, and the
remaining data events are assigned to the DY template. To construct b-jet-based variables, such as mbb

and mbbµµ, in a DYTR the two leading non-tagged jets are taken and used in the computation instead of
the b-jets.

It is verified in both the simulation and the data that the shapes of all the muon-based variables (most
importantly mµµ) are consistent between the sample with no b-tagged jets and the sample with two b-
tagged jets. To account for di�erences in jet kinematics between the DYTR dominated by light-flavour
jets and the corresponding analysis region dominated by heavy-flavour jets, an event-reweighting based
on the leading jet pT is applied to the events in the DYTR. The event weights are derived in the data after
the preselection as the ratio of the leading b-tagged jet pT in the two-b-tag sample to the leading jet pT in
the sample with zero b-tags. An improvement in the modelling of jet-based kinematic variables after the
reweighting is verified both in simulation and in data in the DYCR, while the shape of the mµµ distribution
remains unchanged.

Minor backgrounds include diboson production, W boson production in association with b-jets (with
one non-prompt muon satisfying the isolation criteria) and production of a single top quark or tt̄ pair in
association with a vector boson. The contribution of the minor backgrounds in the signal region is at the
percent level. They are estimated using simulation normalised to the best available theory prediction.
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are > 90% pure in DY events. The small contribution from non-DY backgrounds, namely tt̄, dibosons,
W+jets, single-top and tt̄V , is subtracted from the data in a DYTR using the simulated samples, and the
remaining data events are assigned to the DY template. To construct b-jet-based variables, such as mbb

and mbbµµ, in a DYTR the two leading non-tagged jets are taken and used in the computation instead of
the b-jets.

It is verified in both the simulation and the data that the shapes of all the muon-based variables (most
importantly mµµ) are consistent between the sample with no b-tagged jets and the sample with two b-
tagged jets. To account for di�erences in jet kinematics between the DYTR dominated by light-flavour
jets and the corresponding analysis region dominated by heavy-flavour jets, an event-reweighting based
on the leading jet pT is applied to the events in the DYTR. The event weights are derived in the data after
the preselection as the ratio of the leading b-tagged jet pT in the two-b-tag sample to the leading jet pT in
the sample with zero b-tags. An improvement in the modelling of jet-based kinematic variables after the
reweighting is verified both in simulation and in data in the DYCR, while the shape of the mµµ distribution
remains unchanged.

Minor backgrounds include diboson production, W boson production in association with b-jets (with
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association with a vector boson. The contribution of the minor backgrounds in the signal region is at the
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Figure 3: Illustration of the signal, control, and validation regions used in the analysis. VR2 (not shown) is defined by
the same selection as SRincl, except that the requirement on ln(!max) is inverted to �11 < ln(!max) < �8.

non-prompt/misidentified muons in the DY+jets component is accounted for by the data template, and the
potential contribution from multÚet events is found to be negligible.

6 Systematic uncertainties

Systematic uncertainties in the analysis are divided into three categories: experimental uncertainties
a�ecting the simulated background and signal processes, uncertainties in the modeling of the DY template,
and theoretical uncertainties of the simulated background and signal samples. Table 2 shows a summary of
the dominant systematic uncertainties in the total background and signal yields in the signal region bins, as
resulting from the fits described in Section 7 and hereafter denoted by "post-fit".

Among the experimental uncertainties, the leading e�ects come from those associated with the calibration
and resolution of jet energies [100], and with the measurement of the 1-tagging e�ciency [95]. The impact
of these uncertainties on the total background (signal) yields in the SR bins is as large as 3% (10%). The
uncertainty in the combined 2015–2018 integrated luminosity is 1.7% [101], obtained using the LUCID-2
detector [102] for the primary luminosity measurement. Other uncertainties, such as those arising from the
muon identification e�ciency, momentum scale and resolution [90, 103], and pileup are found to have a
negligible impact on the final yields.

The uncertainty arising from limited MC sample sizes ranges from 8% to as large as 40% in the low <0

mass bins due to there being few CC̄ events in this region.

Five sources of uncertainty in the data-driven DY template are considered. The uncertainty in subtracting
non-DY events from the non-reweighted template in the analysis regions is assessed by comparing the
nominal template, for which the simulated non-DY backgrounds had been subtracted before reweighting,
with an alternative template for which no subtraction had been performed. The uncertainties in the template
kinematics modeling are derived by comparing the DY template with simulation in two key variables: ⇢miss

T
and <

KL
11``

. The ratios of the template to the simulated DY events are fit with linear functions and used in

assigning uncertainties to the shapes of the ⇢
miss
T and <

KL
11``

distributions. Similarly, the uncertainty in
the <`` template shape is assessed by comparing the template with the smoothed simulated sample and
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• Signal, control, and validation regions

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012006


Search BSM H(125) → aa →bb̄μμ - Limits   

56Th. Lagouri

• No significant excess of events over the SM expectation is observed

• Local p0-values in standard deviations (σ) as a 
function of the signal mass hypothesis

• Largest excess for mµµ = 52 GeV ⇒ 3.3σ local and 1.7σ global p0

• Upper limits on B(H → aa → bb̄µµ) at 95% CL, with the BDT 
selection, as a function of the signal mass hypothesis

Upper limits at 95% CL in the range (0.2-4.0)×10−4

Phys. Rev. D 105 (2022) 012006

• The limits improve upon the ATLAS 36 fb−1 result by a factor of 2–5 over the full 𝑚𝜇𝜇 range

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.012006


ATLAS Summary Plots
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Interpretation of heavy Higgs boson searches in the ATLAS experiment in the Georgi-Machacek model

ATLAS Summary Plots 

Th. Lagouri
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• Regions of the H5 plane benchmark of the Georgi-
Machacek model excluded via direct searches for 
new, heavy, neutral or charged Higgs bosons. 


• Limits are quoted at 95% CL and are indicated for 
the data (solid lines) and the expectation from the 
background model assuming only SM processes 
(dashed lines). 


• The coloured areas indicate the observed excluded 
regions in this parameter space. 


• The Higgs bosons that are searched for are 
produced via VBF for all searches shown here 
apart from pp → H±±H∓∓ production that proceeds 
via the Drell-Yan mechanism.

ATL-PHYS-PUB-2022-008

http://cdsweb.cern.ch/record/2803996/files/ATL-PHYS-PUB-2022-008.pdf


hMSSM summary plots from direct and indirect searches

ATLAS Summary Plots 
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• Regions of the [mA , tanβ] plane excluded in the 
hMSSM via direct searches for heavy Higgs bosons 
and fits to the measured rates of observed Higgs 
boson production and decays. 


• Limits are quoted at 95% CL and are indicated for 
the data (solid lines) and the expectation for the SM 
Higgs sector (dashed lines). 


• The light shaded or hatched regions indicate the 
observed exclusions. 


• Unless otherwise specified, only gluon-gluon fusion 
(gg) is considered for the production mode.

ATL-PHYS-PUB-2021-030 

http://cdsweb.cern.ch/record/2777012/files/ATL-PHYS-PUB-2021-030.pdf


Summary of Exotic Higgs Boson Decays from the ATLAS Experiment

ATLAS Summary Plots 
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• Observed and expected 95% CL upper limits on 
σH/σSM x B(H→aa) in the 2HDM+S type-I scenario

ATL-PHYS-PUB-2021-008

http://cdsweb.cern.ch/record/2758783/files/ATL-PHYS-PUB-2021-008.pdf


Summary of ATLAS diboson searches

ATLAS Summary Plots 
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• The inputs to these summary figures are obtained 
from searches for new heavy particles decaying to 
a pair of bosons (WW, WZ, ZZ, WH, ZH, γγ in p-p 
collisions at √s=13 TeV, with both partial and full 
Run 2 datasets

ATL-PHYS-PUB-2021-018

http://cdsweb.cern.ch/record/2771783/files/ATL-PHYS-PUB-2021-018.pdf


Summary of Diboson Resonance Searches

62Th. Lagouri

• Searches for new heavy scalar decaying to ZZ and WW - leptonic and hadronic decays 

• Higher mass range, above 2 TeV, covered by ZZ→ℓℓqq/vvqq and WW → ℓvqq channels 

ATL-PHYS-PUB-2021-018

http://cdsweb.cern.ch/record/2771783/files/ATL-PHYS-PUB-2021-018.pdf


Summary of ATLAS diboson searches (New!)

ATLAS Summary Plots 
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• Analyses selecting bosonic decays in 𝑉𝑉: 𝑞𝑞𝑞𝑞, 𝜈𝜈𝑞𝑞, ℓ𝜈𝑞𝑞, ℓℓ𝑞𝑞, ℓ𝜈ℓℓ, 
and 𝑉𝐻: 𝑞𝑞𝑏𝑏, 𝜈𝜈𝑏𝑏, ℓ𝜈𝑏𝑏, and ℓℓ𝑏𝑏 final states combined, searching 
for a narrow-width resonance. 


• Analyses selecting leptonic ℓ𝜈 and ℓℓ final states combined. 

• Sets of analyses further combined with each other. 

• A simplified model predicting a spin-1 HVT investigated 

ATLAS-CONF-2022-028

• No significant deviation from the SM prediction observed 

• 95% CL cross-section limits are set 

• Limits are also expressed in terms of constraints on couplings of 

the HVT to quarks, leptons, and Higgs boson. 

• Data exclude a HVT with mass below 5.8 TeV in a weakly 

coupled scenario (left, HVT model A) and 4.5 TeV in a strongly 
coupled scenario (right, HVT model B). 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-028/


ATLAS Experiment at LHC at CERN  
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Run-1 (2011-2012) 

~25 fb-1  	

Run-2 (2015-2018) 

~140 fb-1 


