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Motivation

• Discovery of 125GeV Higgs boson at the LHC has promoted the investigation of 
Higgs boson property.

• Resonances decays to Higgs boson pair(HH)

• Search for non-resonant Higgs boson pair

ggF VBF

Two benchmark signal models for Resonant HH:

A generic spin-0 boson A Kaluza-Klein Graviton

Production process for non-resonant HH:
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Non-resonant HH 4b Categorization

• Events are categorised in 6 categories in ggF and 2 categories in VBF ATLAS-CONF-2022-035 

The categorization improves the S/B 
ratio in different categories and 
therefore improves the sensitivity

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
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Non-resonant HH 4b Results

• Combined ggF and VBF regions for non-resonant HH: ATLAS-CONF-2022-035 

The observed (expected) upper limit on the cross section for non-resonant Higgs boson pair 
production is determined to be 5.4 (8.1) times the Standard Model predicted cross-section 
at 95% confidence level. 

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2022-035/
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Resonant HH 4b channels

• Resolved channel:

• Boosted channel:

• Target up to 5 TeV resonance decay to two Higgs
• Event selection 

• ≥ 2 large-𝑅 jets pT> 250 GeV,|η|< 2 
• m(𝐻) > 50 GeV
• |∆ηHH | < 1.3
• Resolved events veto
• Categorized to 2/3/4 b-track-jet

• Target up to 1.5 TeV resonance decay to two Higgs

• Event selection similar to the non-resonant analysis
• Pairing: BDT pairing parametrised to 𝑚𝐻𝐻

• Background estimation similar to the non-resonant

• Final observable: corrected 𝑚𝐻𝐻

• 𝑚𝐻𝐻 obtained by scaling Higgs candidate to match 𝑚𝐻 = 125𝐺𝑒𝑉

• Background estimation: data-driven 
QCD estimation, MC based tt
• Use of low-tag regions

• Final observable: 𝑚𝐻𝐻
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Resonant HH 4b Results

• Combined resolved and boosted results for resonant HH:

Most significant excess is found for a signal mass of 1100 GeV, local significance is 
2.3σ for spin-0 model and 2.5σ for the spin-2 model.

Global significance of the excess is 0.4σ for the spin-0 signal model and 0.8σ for 
the spin-2 signal model.

https://cds.cern.ch/record/2780536
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Ongoing boosted VBF HH4b

• Current non-resonant VBF analysis overview

• Signals: SM, and VBF HH (DSIDs 502970, 502971 and 502972)

• Backgrounds: b-filtered dijets and ttbar_HT (not including inclusive ttbar/dijets, W/Z+jets, or single Higgs)

• Validated the improvements of Xbb Tagger and use it as a starting point

• Using simple significance calculation on histogram: 

Signal selection studies: 
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Signal selection Optimization

• Results
Work in Progress



CEPC Exotic Decay Part
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• We are interested in the strong first-order electroweak phase transition in the

“SM Higgs + Light Real Singlet Scalar” model:
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• Mass eigenstates:

Physics Motivation

ℎ1

ℎ1

ℎ2

Extrema can evolve differently as T evolves 
→ Rich possibilities for symmetry breaking

ℎ1 = ℎ cos 𝜃 + 𝑠 sin 𝜃 ( ℎ1 : singlet-like )
ℎ2 = −ℎ sin 𝜃 + 𝑠 cos 𝜃 ( ℎ2 : SM-like Higgs )

J. Kozaczuk, M. J. Ramsey-Musolf, and J. 
Shelton Phys. Rev. D 101, 115035 (2020). 

arXiv:2203.10184

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115035
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.101.115035&v=8de80cd2
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Theoretical Prospects

J. Kozaczuk, M. J. Ramsey-Musolf, and J. Shelton Phys. Rev. D 101, 115035 (2020). 
Z. Liu et al., Chinese Phys. C 41, 063102 (2017).

ℎ2 → ℎ1ℎ1 → 4𝑏

EWPT viable: 

numerical

Future 𝑒+𝑒−

EWPT viable: 

semi analytic

arXiv:2203.10184

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.115035
https://arxiv.org/ct?url=https://dx.doi.org/10.1103/PhysRevD.101.115035&v=8de80cd2
https://iopscience.iop.org/article/10.1088/1674-1137/41/6/063102
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Sample Production 

• Signal: The samples are generated at 240 GeV. 50000 events per mass point from 5 to 60 GeV 
for electron and muon channel separately

• Generator: Madgraph5 and Pythia8

• Simulation and reconstruction: cepcsoft 0.1.1 , CEPC_v4

Fig. Mass distribution of ℎ1 when 𝑚1 = 60GeV

𝑍 → 𝑒+𝑒−

ℎ2 → ℎ1ℎ1 → 𝑏ത𝑏𝑏ത𝑏
𝑚1 = 60 GeV

arXiv:2203.10184
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Sample Production

• Background : 2-Fermion, 4-Fermion, Higgs involved process as our background. Expect 
luminosity : 5. 0 ab−1 .

http://cepcsoft.ihep.ac.cn/guides/Generation/docs/ExistingSamples/#240-gev
lxslc7 : /cefs/data/DstData/CEPC240/CEPC_v4_update

https://iopscience.iop.org/article/10.1088/1674-1137/43/4/043002/pdf

arXiv:2203.10184

http://cepcsoft.ihep.ac.cn/guides/Generation/docs/ExistingSamples/#240-gev
https://iopscience.iop.org/article/10.1088/1674-1137/43/4/043002/pdf
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Cut Based Approach

Thanks to Yu Bai.
Y. Bai et al., Chinese Phys. C 44, 013001 (2020).

• Same flavor opposite sign lepton pair with energy larger than 20 GeV

• Invariant lepton pair mass should be within the Z mass window [77.5,104.5] GeV

• Recoiled mass of the lepton pair system should be within [124,140] GeV

• 4 jets are required to be reconstructed. Reconstructed S particle is decided by pairing 
them 2 by 2 and find the set with smallest mass difference.

• Number of energetic particles(energy > 0.4 GeV) in the 4jets should be larger than 40

• B-inefficiency : GBDT-based b-jet tagging algorithm. 𝑳𝒃𝟏, 𝑳𝒃𝟐, 𝑳𝒃𝟑, 𝑳𝒃𝟒 should satisfy 

𝐋𝒐𝒈𝟏𝟎
𝑳𝒃𝟏×𝑳𝒃𝟐×𝑳𝒃𝟑×𝑳𝒃𝟒

𝑳𝒃𝟏×𝑳𝒃𝟐×𝑳𝒃𝟑×𝑳𝒃𝟒+ 𝟏−𝑳𝒃𝟏 × 𝟏−𝑳𝒃𝟐 × 𝟏−𝑳𝒃𝟑 × 𝟏−𝑳𝒃𝟒
< −𝟒. 𝟎

arXiv:2203.10184

https://iopscience.iop.org/article/10.1088/1674-1137/44/1/013001
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Cut Based Approach

• Signal Selection Efficiencies: • Signal Distribution:

arXiv:2203.10184
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Cut Based Approach

• Signal:
• Singlet mass at 30 GeV 

• Background:
• llH_bb (dominant)
• Other llH process
• Non Higgs process

Cutflow Table

arXiv:2203.10184
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BDT Approach

• Trained the variables after some loose selections : 

• Same flavor opposite sign lepton pair with energy larger than 20 GeV

• Invariant lepton pair mass should be within the Z mass window [77.5,104.5] GeV

• Recoiled mass of the lepton pair system should be within [124,140] GeV

10 BDTs are trained with 10 different signal samples from 15GeV to 60 GeV

Output of BDT classifier is used as the discriminant 
and used in the fitting and limit setting.

• lep_pt
• jet_energy
• jet_inv_mass
• opening_angle

• jet_recoil_mass
• S_mass
• btag_ineff
• Y12

• Y23
• Y34
• Y45
• Y56

Variables 
used in 
training

• jetcoshel
• sscosphi

arXiv:2203.10184
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BDT Approach

• Example of BDT inputs with 30GeV signal

arXiv:2203.10184
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Systematic Uncertainty

• Systematic uncertainty from luminosity and lepton identification are considered to 
be small.

• Event yield of all kinds of backgrounds are conservatively considered by varying 
event yields by 5% for dominant process and 100% for other processes.

• Flavor tagging uncertainty is estimated on ZZ->qq+mumu control sample and 
yields 0.78% for 2jet analysis, we conservatively set this term to 1%.

• Jet energy resolution is estimated by varying energy of each jet with a Gaussian 
function according to CEPC calorimeter energy resolution.

P.-Z. Lai et al 2021 JINST 16 P07037

arXiv:2203.10184
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Limit Setting with TRExFitter

• Current Limits of cut-based and BDT approach.

Cut-based Limits

Limits in BDT approach

arXiv:2203.10184

Lepton collider does have 
advantages in sensitivity 
compared with hadronic colliders
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Summary

• A search for exotic decays of the Higgs boson into a pair of spin-zero singlet-like 
particles is done with 5 ab-1 simulation data with CEPC.

• SnowMass White Paper Submitted: https://arxiv.org/abs/2203.10184

• BDT based analysis gives better sensitivity than the cut-based analysis approach.

• The study with 4b final states could conclusively test the possibility of an SFOEWPT in 
the extended-SM with a light singlet of mass as low as 20 GeV.

Future Plans

• Jet energy resolution uncertainty, aiming at a more specific and detailed study

• Journal publication plan at the end of this year hopefully 

• More discriminant power selections…

arXiv:2203.10184

https://arxiv.org/abs/2203.10184
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Thanks!

arXiv:2203.10184
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Backup

• XHH definition
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Backup

• Jet energy resolution reference.

https://doi.org/10.1088/1748-0221/16/07/P07037

P.-Z. Lai et al 2021 JINST 16 P07037

Jet energy resolution is performed by 
extrapolating the curve to low energy region 
and apply smearing.
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Backup

• Backup

Table. Parameters and related BRs that satisfy a strong 1-st 
order electroweak phase transition. The orange shading 
represent parameter when BR is at its upper bound, and blue 
shading represent the lower bound. 

Mass BDT Limits Theory

20GeV 0.0005 0.0006

30GeV 0.0006 0.0005

Limits from BDT and Theory
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Backup

• Backup

10 BDTs are trained with 10 different signal samples from 15GeV to 60 GeV

Number of events in one training:


