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Triple Higgs production at future colliders -- a growing interest

• Pioneering works in the early 2000s:
➙ SM prospects very limited rates
➙ BSM rates more appealing

• SM rates: between 100 ab @ 13 TeV to a few fb @ 100 TeV

CEPC/FCC working group studies shows:
• Large rates can be reached  in many BSM models

➙ Extra resonant contributions 
➙ Coupling modifiers

• Multiple Higgs production measurements are available at CEPC/FCC given 
its high luminosity and high energy 
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• HHH production: direct probe of quartic Higgs self-coupling 𝜆!!!!
and trilinear Higgs self-coupling 𝜆!!!

• VHH can also contribute to the trilinear coupling 𝜆!!!
• Hard to distinguish from HHH in our final states
• Treated as part of signal in our study
• Provide extra constraints on the positive side of 𝜅!
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HHH decay table main channels: 
• At least 100 events with 30 𝑎𝑏"# @ 100 TeV 
• The golden 4𝑏2γ mode [Papaefstathiou & Sakurai (JHEP`16)]

• Clean signature and excellent photon resolution
• 2𝝈 reachable in the SM case

• The 2b2ℓ4j + MET mode [ Kilian, Sun, Yan, Zhao & Zhao 
(JHEP`17) ]

• High-level variables (like MT2)
• Challenging for the SM, potentially powerful for BSM

• The 6b & 4b2𝜏 mode [Papaefstathiou, Robens & Tetlalmatzi-
Xolocotzi (JHEP`21)], [BF, Kim & Lee (PLB`17)]

• Require good b-tagging
• High-level variables 
• 2𝝈 reachable in SM case

Our 4𝜏2b channel
• Though suffer from lower signal yield 
• Clean backgrounds relative to b-riched channel
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Theoretical framework
Theoretical framework for HHH signal
• Modified Higgs potential

• 𝑐% and 𝑑& provide a parametric framework to 
investigate deviations from the SM predictions
• Cross section of HHH production in the (c3, d4) 

plane 
• Fitting result: 
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• Signal 

• HHH: scan (c3, d4) plane

• Consider VHH as part of 

signal which is sensitive to c3

• Two groups of background

• t/W related samples

• 𝑋''𝑌((𝑌(( (including 𝐻'', 𝑍'', 

𝐻((, 𝑍((, DY …)
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HHH signal

Resolved all AK4 Jet

cut-based 
optimization

BDT 
training

Boosted at least one 
AK8 Jet

cut-based 
optimization

Truth filter Categorization Statistical analysis
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Jet selections

• B tagging efficiency: 70%
• Tau tagging efficiency: 80%

9

Resolved AK4 Jet Boosted AK8 Jet

Variables Selections Variables Selections

p! > 20 GeV p! > 300 GeV

𝜂 < 2.5 𝜂 < 2.5

Hadronic Tau selections
• Electron veto: 

• 𝑝" > 12 GeV and |η| < 2.5 

• Muon veto: 
• 𝑝" > 8 GeV and |η| < 2.4

Tau pairing selections
• These 4 tau jets are paired by a 

minimization of 𝑑))

𝑑)) =
*!""+*!"

#,+#
, k = 1.08
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Truth level 𝑚!!! spectrum

• Varies with trilinear coupling c3

• Signal of 0 ≤ 𝑐% ≤ 3

• Tend to a higher mass region

• Signal of 𝑐% < 0 or 𝑐% > 3

• Tend to a lower mass region

• Define two categories according to 

𝑚)))
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Overall categorization method
• Resolved category:
• Apply subcategorization by 𝑚)))

• Boosted category:

• Due to the indistinct 
𝑚))) distribution in 
boosted events 

• No 𝑚))) based 
categorization is 
applied 

• Apply 
subcategorization by 
number of AK8 Jet
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Cut based optimization
• Use a modified -

'
:

• Variables: 𝑚'', 𝑚((#, 𝑚((. and 𝑚/.

• mT2 can significantly reject the t/W related background
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1. Resolved Low 𝑚&&& category: mass and mT2

mass

mT2
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2. Resolved High 𝑚&&& category: most powerful category!

mass

mT2
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3. One Boosted 𝑯𝒃𝒃 category: mass and mT2

mass

mT2
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4. One Boosted 𝑯𝝉𝝉 category: mass and mT2

mass

mT2
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5. Two Boosted 𝑯𝝉𝝉 & 𝑯𝒃𝒃 category: mass and mT2

mass

mT2
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6. Two Boosted 𝑯𝝉𝝉 category: mass and mT2

mass

mT2
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7. Three Boosted category: mass and mT2

mass

mT2
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Final selections applied in the resolved categories
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Final selections applied in the boosted categories
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Event yields and significance after sequential cuts

• The resolved high 𝑚)))
category provide the strongest 
sensitivity

• The mT2 variable shows great 
performance

• Events with one boosted Higgs 
provide complementary 
sensitivity

• Multiple boosted Higgs events 
shows negligible contribution 
to the overall sensitivity
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BDT analysis
• In the Resolved category, the statistic is sufficient to employ a BDT training
• Summary of input variables for the XGBoost BDT training

• Train two models separately for low and high 
𝑚))) categories
• Good performance without overfitting 
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Significance of cut-based and BDT-based analyses
• BDT method consistently outperforms the cut-based approach
• Improvements ranging from 60% to 150%

• SM case: 0.39 𝜎
• BSM case: can reach 5𝜎 in c3 ≲ −1 and d4 ≳ 10 region
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Scenario1 Pure HHH signal: Significance contour on (c3, d4) plane 
• VHH is considered as background in this case

Cut-based BDT
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Scenario2 HHH+VHH signal: Significance contour on (c3, d4) plane
• VHH exhibits a non-linear dependence on c3, provide extra constraints on positive 𝑐%region 

Cut-based BDT
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• First study of HHH production in the 4τ2b channel at a 100 TeV collider, with both 
resolved and boosted reconstruction techniques.

• The 4τ2b channel demonstrate the ability to achieve good sensitivity in this challenging 
final state, especially in c3 ≲ −1 and d4 ≳ 10 BSM region where 5 σ in significance 
could be reached.

• The coupling-dependent categorization of the 𝑚))) phase space proved particularly 
effective.

• Employed two complementary approaches: a traditional cut-based optimization and an 
advanced BDT-based analysis. The BDT training shows significant improvements in 
sensitivity.

• This work has been published in JHEP. For more details, see: 

• https://doi.org/10.1007/JHEP08(2025)040

https://doi.org/10.1007/JHEP08(2025)040
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• Signal scan list
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Estimate different variables, including:
• mass of bb, taupair, bbtautau, bbtautautautau
• mT, mT2, MET
• Pt_over_mass, deltaR

Use the most powerful: mass and mT2 to optimization
• Full cut scan For each category

Optimization
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• HHH Truth filter
• 50000 events
• After truth filter (4tau 2b) : 22306 events   44.4%

• 4 Tau hadron decay filter : 0.65 ! = 17.8% 3955 events expected 3998
• 3 Tau hadron 1 tau lep : C!" 0.65 # 0.35 " = 38.4% 8533 events expected 8658
• 2 Tau hadron 2 tau lep : C!$ 0.65 $ 0.35 $ = 31.1% 6911 events expected 6851
• 1 Tau hadron 3 tau lep : C!# 0.65 " 0.35 # = 11.1% 2466 events expected 2493
• 4 Tau lep decay filter.  : 0.35 ! = 1.5% 333 events expected 306

test
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• tau pairing accuracy of 77.9%
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• Asymmetric MT2:
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Resolved categories: 𝒎𝒃𝒃, 𝒎𝝉𝝉𝟏, 𝒎𝝉𝝉𝟐

Low 𝑚)))

High mHHH
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Resolved categories: 𝒎𝑻𝟐
𝒃𝒃,𝝉𝝉𝟏,𝒎𝑻𝟐

𝒃𝒃,𝝉𝝉𝟐,𝒎𝑻𝟐
𝝉𝝉𝟏,𝝉𝝉𝟐

High mass

Low 𝑚)))


