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Physics Motivation

Explore Beyond the Standard Model:

• Two-Higgs-Doublet Model (2HDM) and Minimal Supersymmetric Standard Model(MSSM)

Direct insight of Higgs-top yukawa coupling

Understand Electroweak Symmetry Breaking

• Two Higgs Doublet Model (2HDM) and its variation:

◆ e.g: MSSM, hMSSM

◆ 5 Higgs Bosons: h,𝐻,𝐴,𝐻+,𝐻−

◆ 7 free parameters: 5 Higgs masses, α, 𝑡𝑎𝑛 𝛽

◆ Widely used as a benchmark for BSM Higgs searches

Negative interference

Challenges:

• Strong interference between signal and SM ttbar background
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ATLAS: Analysis Strategy

Full run 2 dataset (140 fb−1)

High mass(mA/H) : 400-1400GeV

Large cross section when tan𝛽 is small and 𝑚𝐴 is large

Two orthogonal channels: 1L (𝑒 or 𝜇) + 2LOS

• 2L channel:  mllbb, ≥2 small-R jets , ≥1 b-tagged jets 

• 1L channel: 𝑚𝑡 ҧ𝑡

➢Resolved: ≥4 small-R jets and well reconstructed 𝑡 ҧ𝑡 system

➢Merged: ≥1 large -VR jet

➢CRZ and CRf  to evaluate small backgrounds: e.g Z+jets, fake leptons
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Figure from 
Yizhou Cai

https://link.springer.com/article/10.1007/JHEP08(2024)013
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Channel Categorization

Split resolved 1l region into 5 bins of 𝒄𝒐𝒔 𝜽∗

➢Exploit the flat signal and peaked background distributions in 𝑐𝑜𝑠 𝜃∗ 

Split resolved 2l region into 5 bins of 𝜟𝝓𝒍𝒍

➢Enhance the sensitivity to spin-0 states

16 signal regions in total

• 1L merged

• 1L resolved 1b in 5 cos 𝜃∗ bins

• 1L resolved 2b in 5 cos 𝜃∗ bins

• 2L in 5 𝜟𝝓𝒍𝒍 bins
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Systematic uncertainties

Main syst. uncert. from SM 𝑡 ҧ𝑡 modeling

• NLO MC sample reweighting

• SM 𝑡 ҧ𝑡 MC samples comparison

• NLO+PS prediction

JES and JER are dominant experimental 

uncertainties.

• Reduce the JES affect by re-calibrating to 

remove the MC dependence
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Post fit results

background-only hypothesis (μ = 0)

No significant interference pattern is found in the data

Most significant deviation from SM-only: 2.3𝜎 at 𝑚A = 800GeV, Γ/𝑚 = 10%
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Exclusion on 2HDM and hMSSM

tan β ＜ 3.49 (3.52) are observed (expected) to be excluded for mA = mH = 400 GeV in the 2HDM

tan β ＜3.16 (3.37) are observed (expected) to be excluded for mA = 400 GeV in hMSSM

The observed exclusion is stronger than the expected exclusion by about 2σ in the mass region mA 

= mH ≈ 850 GeV.
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CMS: Analysis Strategy

2LOS channel  :

• 2 OS ℓ (ee/e𝜇/𝜇𝜇)

• ≥ 2 jets

• ≥ 1 jets tagged b

1l channel  :

• 1ℓ (e/𝜇)

• ≥ 3 jets

• ≥ 2 jets tagged b

Full run 2 dataset (138 fb−1)

High mass(mA/H) : 365-1000GeV with relative widths of 0.5-25%

Observables: 

• 1l channel: 𝑚𝑡 ҧ𝑡, 𝑐𝑜𝑠 𝜃∗

• 2lOS channel: 𝑚𝑡 ҧ𝑡, chel(cosφ), chan (cos’φ)

CMS-PAS-HIG-22-013

Chan:obtained by flipping the sign of the component parallel to the top quark direction

https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/HIG-22-013/index.html
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CMS Results

Data vs. perturbative QCD (pQCD) bkg-only 

+  A/H boson 

Data vs. pQCD bkg-only + pseudoscalar 

color-singlet 𝒕𝒕 ̅ bound state (𝜼𝒕)

> 5𝝈 significance for A(365,2%) with respect 

to bkg-only hypos
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CMS: Model interpretation

Cross section measurement for the 𝜼𝒕 signal 

model

➢σ (𝜼𝒕)= 7.14 ± 0.77pb (theory 6.42 pb)

Dominant NPs arise from the top-Yukawa coupling and 

modeling systematics affecting the 𝑚𝑡 ҧ𝑡 threshold region.
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CMS: Model interpretation

Single A/H interpretation 

➢Top row: pQCD SM background only

➢Bottom row: pQCD +𝜼𝒕(as bkg)

Including 𝜼𝒕 production in the background 

leads to a good description of the observed 

data

No hint for new A/H

Excluded real-valued coupling modifier gAt ҧt 

( gHt ҧt 
) is 0.4 (0.6) for masses in 365-1000 

GeV and widths 0.5-25%
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CMS: Model interpretation

Simultaneous A+H interpretation

Consider 𝜼𝒕 as background

The observed exclusion contours are compatible 

with zero A+H contribution in all cases.
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Summary

Search for ttbar decayed from heavy Higgs boson with interference in ATLAS and CMS

Several benchmark models very well physics motivated are tested

Most stringent constraints on the 2HDM, hMSSM  and pQCD parameter space



Thanks for your 
listening!
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Statistical Analysis

Extend likelihood to include interference term

•

• Quadratic dependence on 𝜇

• Design interference-specified statistical method

• Including offset to handle the negative histograms

• Choice of test statistics:

• • Search stage

• • Exclusion stage

• Interpolate ln 𝑝CLs between signal hypotheses
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ATLAS: statistical data analysics
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CMS and ATLAS comparison
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ATLAS Selection table

• resolved and merged signal regions in the 1-lepton channel
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CMS Ranking

The dominant contributions arise 

from modeling uncertainties, 

particularly those affecting the mtt 

threshold region.
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CMS: A+H interpretation
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𝜇10𝑃𝑏
𝐴 365,2%

is far from the origin of zero signal contribution, with a local significance beyond five 

standard deviations.
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