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Electroweak Symmetry Breaking
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Minimum of the potential

𝑚𝐻 = 2𝜆𝜈 ≈ 125 GeV

𝜆𝑆𝑀 ≈ 0.13

Refer to Katharine’s Talk

Direct measurement of 𝜆𝐻𝐻𝐻 via HH production

Strength of 𝜆𝐻𝐻𝐻 relative to SM prediction 𝜆𝐻𝐻𝐻/𝜆𝑆𝑀 = 𝜅𝜆

𝜆𝐻𝐻𝐻𝐻
Too far for now…
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https://indico.cern.ch/event/1389632/


Higgs Self-Coupling

• Higgs boson discovered 11 years ago (no deviations from SM observed so far)

• Higgs can couple to Higgs itself (𝜆𝐻𝐻𝐻, 𝜆𝐻𝐻𝐻𝐻). (The only particle in SM with 

self-coupling)

• 𝜆𝐻𝐻𝐻 is not a free parameter → closure test of SM

• 𝜆𝐻𝐻𝐻 is the parameter regulating Higgs potential shape → EWSB and vacuum 

stability test

• Deviation of 𝜆𝐻𝐻𝐻 from SM can allow first order EW transition (BSM!)

Double Higgs Double Happiness

Refer to Katharine’s Talk
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https://indico.cern.ch/event/1389632/


Non-resonant HH production at the LHC

Gluon-gluon Fusion (ggF): 𝜎𝐻𝐻
𝑆𝑀 = 𝟑𝟏. 𝟎𝟓 ± 3% PDF + 𝛼𝑠 −23%

+6% (Scale + 𝑚top) fb

Vector Boson Fusion (VBF): 𝜎𝐻𝐻
𝑆𝑀 = 𝟏. 𝟕𝟐𝟔 ± 2% PDF + 𝛼𝑠 −0.04%

+0.03% (Scale) fb

• Cross-section ~1000x smaller than single Higgs production for Run 2 (13 TeV)

• Test BSM effective models with anomalous couplings: 𝜅𝜆 , 𝜅𝑡 , 𝜅𝑉 , and 𝜅2𝑉
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Direct HH Searches

HH

Large 
branching 

ratio
Good 

Selection 

Purity

No single “Golden” channel 

Balance between branching ratio and final states BR (%) 𝑏𝑏 𝑊𝑊 𝜏𝜏 𝑍𝑍 𝛾𝛾

𝑏𝑏 34

𝑊𝑊 25 4.6

𝜏𝜏 7.3 2.7 0.39

𝑍𝑍 3.1 1.1 0.33 0.069

𝛾𝛾 0.26 0.10 0.028 0.012 0.00005

• Historic three HH channels: 𝑏𝑏𝑏𝑏, 𝑏𝑏𝛾𝛾, 𝑏𝑏𝜏𝜏

• Other HH channels: 𝑏𝑏𝑉𝑉(0/1ℓ), 𝑏𝑏ℓℓ, and multilepton

First result 
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HH → Multilepton Channel

• Targeting on ~6.5% of HH events decay to final states where the HH 

system cannot be fully reconstructed and none of these are covered by 

other analyses.

• Use a common analysis strategy for the same final states 

• Categorize final states by number of e, μ, 𝜏ℎ, named by 𝜸𝜸 + 𝑴𝑳

channel (3) and Multilepton channel (6), 9 orthogonal channels in total

• Two same-sign light leptons w/wo 𝜏ℎ: 2ℓ𝑆𝑆0𝜏ℎ and 2ℓ𝑆𝑆 + 1𝜏ℎ
• Three light leptons: 3ℓ → most sensitive channel

• One/Two light leptons and two 𝜏ℎ: 1/2ℓ + 2𝜏

• 4 light leptons originated from 𝐻 → 𝑍𝑍 and 2 b-jet: 𝑏ത𝑏4ℓ

• Two photons with light leptons and 𝜏ℎ:  𝛾𝛾 + 1ℓ0𝜏, 𝛾𝛾 + 0ℓ1𝜏, 𝛾𝛾 + 2ℓ
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Object Definition and Baseline Selection

• Huge efforts to harmonize object 

definitions and event selections. 

• Dedicated control regions to 

estimate norm factors (included 

in simultaneous fit)

• Validation region to check 

Data/MC agreement
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Analysis Strategy

• Background Modelling:

• Irreducible backgrounds: MC (with data-driven corrections in CR if dominant) 

• Fake backgrounds: 

• Template Fit (TF) for fake light leptons

• Fake Factor (FF) / Scale Factor (SF) methods for fake 𝜏𝑠

• MC continuum background (𝑉 + 𝛾𝛾, 𝑡 ҧ𝑡 + 𝛾𝛾, 𝛾𝛾 + jets): modeled with an analytical function

Pre-selections Background Modelling MVA (BDTG) Combined Fit

2ℓ𝑆C 2ℓ𝑆C + 𝜏 3ℓ 1ℓ + 2𝜏 2ℓ + 2𝜏 4ℓ + 𝑏ത𝑏 𝛾𝛾 + 𝑀𝐿

Model Gradient Boosted Decision Tree in TMVA

Input variables 16 13 22 10 8 22 21

K-Fold Training 2 5 3 2 2 Single 4

Signal ggF + VBF

Background
𝑡 ҧ𝑡, 𝑉𝑉, 𝑍 +

jets separately
𝑉𝑉

Total 
Background

𝑉𝑉 𝑉𝑉
Total 

Background
Total 

Background

SR definition > −0.4 > −0.2 > −0.55 − − − −
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First Result for Multilepton

ML best-fit 𝜇 = −0.09 ± 5.08

𝛾𝛾 + ML best-fit 𝜇 = 18.40 ± 11.02

Combined best-fit 𝝁 = 𝟓. 𝟕𝟖 ± 𝟒. 𝟏𝟗

−2𝜎 −1𝜎 Exp. +1𝜎 +2𝜎 Obs.

Syst. 6 8 11 17 27 𝟏𝟕
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Systematics Breakdown
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Detector response

Background estimation

Signal

Backgrounds

NPs ML 𝜸𝜸 + ML Combined

Data Statistics 77.6% 86.0% 80.5%

All Systematics 22.3% 14.0% 19.43%

MC Statistics 4.6% < 0.1% 3.0%

Experimental 4.9% 0.2% 3.2%

Detector Response 4.0% 0.1% 2.6%

Background Estimation 0.6% 0.1% 0.4%

Theoretical 13.3% 13.9% 13.3%

Signal 10.1% 12.2% 10.5%

Backgrounds 3.6% 1.9% 3.1%

Dominated by Data Statistics ~𝟖𝟎%
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Constraints on 𝜿𝝀 & 𝜿𝟐𝑽
• Constructed parameterized kappa workspace including 𝜅𝜆, 𝜅𝑡, 𝜅2𝑉 , 𝜅𝑉 with 3 ggF and 6 VBF samples

• 4ℓ + 𝑏ത𝑏 is the most sensitive channel for 𝜅𝜆 scan.

• 𝜅𝜆 scan reaches better results than 𝒃ഥ𝒃𝒃ഥ𝒃.
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Summary

• First result of 95% C.L. combined observed upper limit 

reaches 17 on the 𝐻𝐻 cross-section over SM  for 𝐻𝐻 →

multilepton final states with the full Run 2 data with 

140−1 fb luminosity. arXiv: 2405.20040🥳

• Machine learning techniques are introduced in multilepton for 

the first time, achieved an order of magnitude increasement in 

expected sensitivity for 3-lepton channel. 

• 1.7-fold gain from higher luminosity 

• 2-fold enhancement with optimized identification and isolation 

criteria 

• 2.8-fold increase due to the advanced use of MVA techniques 

• Advanced MVA techniques are under investigation for RUN 3:

• Preliminary study of using GNN on 3-lepton gives expected 

upper limit (stats. only) of 20.51 (current: 23.82)
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Backup
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Kappa Scan in HH channels
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Yulei Zhang  |  Paper Approval Meeting

Trigger

The trigger strategies refer to the 𝑡𝑡𝐻 multilepton 

80 fb−1 study [link] and follow the recommendation.

single-lepton triggers (SL) and di-lepton triggers (DL)

Channels with ≥ 2 light leptons: SL OR DL

1ℓ + 2𝜏ℎ: SL

Trigger Scale Factor calculated by 

TrigGlobalEfficiencyCorrection package [link]

Di-photon triggers are applied for 𝜸𝜸+ multilepton:

• HLT_g35_loose_g25_loose (2015/2016).

• HLT_g35_loose_g25_medium_L12EM20VH (2017/2018).
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https://cds.cern.ch/record/2314122
https://twiki.cern.ch/twiki/bin/viewauth/Atlas/TrigGlobalEfficiencyCorrectionTool


Cen Mo

𝑏ത𝑏4ℓ: MVA

MVA strategy 

• 80% of the total events from the signal and full backgrounds which pass the event selection. The rest of events are 

used for testing.
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Cen Mo

3ℓ: MVA

MVA strategy 

• 3-fold training over signal and all background samples
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Low BDTG validation region: BDT score < 0.55
Signal Region: BDT score ≥ 0.55



Cen Mo

2ℓ𝑆𝐶: MVA

MVA strategy 

• Three specific BDTs to target the leading three background. A combined BDT using them as input. 

• Signal region: High BDT region of the combined BDT 
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𝑽𝑽 vs. 𝑯𝑯 𝒕 ҧ𝒕 vs. 𝑯𝑯 𝑽 + 𝒋𝒆𝒕𝒔 vs. 𝑯𝑯

Combined

Low BDTG validation region: BDT score < −0.4
Signal Region: BDT score ≥ 0.4
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2ℓ𝑆𝐶 + 1𝜏ℎ: MVA

MVA strategy 

• 5-fold training over signal and dominant background samples (𝑽𝑽) 
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Validation region: nJets < 2
Signal Region: BDT score ≥ −0.2 & nJets ≥ 2



Cen Mo

1/2ℓ + 2𝜏ℎ: MVA

MVA strategy 

• HH signal is trained against VV. The 𝑉 + jets and 𝑡 ҧ𝑡 background samples are not used in the training due to the low statistics. 
(no impact)

• Odd-Even training. 
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HH Combination
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