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Motivation
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Expand around vacuum 

expectation value 𝑣
𝑉 𝜙 = −𝜇2𝜙2 + 𝜆𝜙4

𝑉 ℎ =
1

2
𝑚𝐻

2 ℎ2 + 𝝀𝑯𝑯𝑯𝑣ℎ3 + ⋯

○ Higgs boson 
Discovered by the ATLAS and CMS experiments in 2012

Phys. Rev. D 101 (2020) 055032

‒ In the SM: 𝜆𝐻𝐻𝐻
𝑆𝑀 =

𝑚𝐻
2

2𝑣2 ≈ 0.13

‒ 𝜆 can be modified if there are some BSM effects
e.g. 2HDM model (Phys. Rev. D 101 (2020) 055032) 𝜅𝜆 can be 

changed o(100)%

𝜆 determines the shape of Higgs potential

𝜿𝝀 =
𝝀𝑯𝑯𝑯

𝝀𝑯𝑯𝑯
𝑺𝑴

○ Understanding Higgs potential is important
• Vacuum structure

• EW symmetry breaking

• Some new physics

○ Higgs potential in SM model

Trilinear coupling

Vacuum 

expectation 

value

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.055032


Interference

Production and decays
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➢ Production mode – our main target signal

HH search is challenging because 

HH production is a rare process 

and has many decay channels

Gluon-gluon fusion (ggF)

Vector boson fusion (VBF)

➢ Decay mode

H decays
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y
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Branching ratio is determined by 

branching ratio from two Higgs 𝜎𝑔𝑔𝐹
𝑆𝑀 = 30.77−23%

+6% scale + 𝑚top ± 2.3% PDF + 𝛼𝑠 fb

𝜎𝑉𝐵𝐹
𝑆𝑀 = 1.687−0.05%

+0.04% scale ± 2.7% PDF + 𝛼𝑠 fb

Sensitive to 𝜅𝜆

Sensitive to 𝜅2𝑉

Only ~4300 events 

in Run 2 dataset  

(140 fb-1)

Interference



𝑯𝑯 searches at ATLAS
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Channel Result

𝐻𝐻 → 𝑏 ത𝑏𝑏 ത𝑏
PRD 108 (2023) 052003 (126 fb−1)

PLB 858 (2024) 139007

𝐻𝐻 → 𝑏ത𝑏𝜏 ҧ𝜏 PRD 110 (2024) 032012

𝐻𝐻 → 𝑏 ത𝑏𝛾𝛾 JHEP 01 (2024) 066

𝐻𝐻 → 𝑀𝑢𝑙𝑡𝑖𝑙𝑒𝑝𝑡𝑜𝑛 JHEP 08 (2024) 164

𝐻𝐻 → 𝑏 ത𝑏𝑙𝑙 + 𝐸𝑇
𝑚𝑖𝑠𝑠 JHEP 02 (2024) 037

Combination (Run 2) PRL 133 (2024) 101801

Have been published!

Branching ratio

Signal purity

Each channel has different features: there are five main analyses targeting different decay channels

H decays

H
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e
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y
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Main channels: 𝑏 ത𝑏𝑏 ത𝑏, 𝑏ത𝑏𝜏 ҧ𝜏, 𝑏ത𝑏𝛾𝛾

New channels:𝑀𝑢𝑙𝑡𝑖𝑙𝑒𝑝𝑡𝑜𝑛, 𝑏 ത𝑏𝑙𝑙 + 𝐸𝑇
𝑚𝑖𝑠𝑠

Large Small

Low High

○ Dataset: 2015-2018 data (140 fb-1)

○ Center-of-mass energy: 13 TeV 

Run 2 analysis

Run 3 analysis: ongoing ATLAS-CONF-2025-005

𝐻𝐻 → 𝑏ത𝑏𝛾𝛾
ATLAS-CONF-2025-005

https://doi.org/10.1103/PhysRevD.108.052003
https://www.sciencedirect.com/science/article/pii/S0370269324005653?via%3Dihub
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP01(2024)066
https://link.springer.com/article/10.1007/JHEP08(2024)164
https://link.springer.com/article/10.1007/JHEP02(2024)037
https://doi.org/10.1103/PhysRevLett.133.101801
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/


𝑯𝑯 searches in Run 2

5/20/2025 ATLAS HH results / Sayuka Kita 5

PRL 133 (2024) 101801

Updated result in Sep. 2024

Added new 

channels: 4%

Analysis 

improvements 

for main 

channels: 13%

Expected upper limit on 

𝜇𝐻𝐻 improved 17%

In this talk, I will focus on…

1. Run 2 analysis review (𝑏 ത𝑏𝑏 ത𝑏, 𝑏ത𝑏𝜏+𝜏−)

2. Run 2 + Run 3 analysis: 𝑏ത𝑏𝛾𝛾
3. HH future prospects

− 𝑏 ത𝑏𝑏 ത𝑏: added 

boosted channel for 

VBF HH search

− 𝑏 ത𝑏𝜏+𝜏−, 𝑏 ത𝑏𝛾𝛾: 

improved analysis

−1.2 < 𝜅𝜆 <  7.2 (obs.)

𝒃ഥ𝒃𝜸𝜸 has the 

best constraint 

for 𝜿𝝀

𝒃
ഥ 𝒃

𝒃
ഥ 𝒃
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https://doi.org/10.1103/PhysRevLett.133.101801


𝑯𝑯 → 𝒃ഥ𝒃𝒃ഥ𝒃 (Run 2)
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➢ About this channel

− Highest branching ratio (34%)

− 𝑏-jet pair is determined by using Δ𝑅
− Categorization

18 categories (Δ𝜂𝐻𝐻 x 3 + 𝑋𝐻𝐻 x 2 + different data taking years)

− Main background: QCD multijet
Used data-driven estimation with reweighting by neural network

PRD 108 (2023) 052003 (126 fb-1)

Previous analysis (36.1 fb-1): JHEP 01 (2019) 030

Run 2 data @ 126 𝐟𝐛−𝟏 Observed Expected

Upper limit for 𝜇𝐻𝐻 5.3 8.1

𝜅𝜆 constraint 95% CL [−3.5, 11.3] [−5.4, 11.4]

➢ Results

CR1

CR1

SR

Background modeling is improved!!

Before reweigting After reweigting

Analysis improvement from 

previous analysis: 20%

2b signal data

4b signal data

https://doi.org/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2019)030


𝜏ℎ𝑎𝑑𝜏ℎ𝑎𝑑 𝜏𝑙𝑒𝑝𝜏ℎ𝑎𝑑

𝑯𝑯 → 𝒃ഥ𝒃𝝉+𝝉− (Run 2)
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Run 2 data @ 

140 𝐟𝐛−𝟏 Observed Expected

Upper limit 

for 𝜇𝐻𝐻
5.9 3.3

𝜅𝜆 constraint 

95% CL
[−3.1, 9.0] [−2.5, 9.3]

PRD 110 (2024) 032012

Previous analysis: JHEP 07 (2023) 040

➢ About this channel

− Branching ratio: 7.3%

− Target signal for tau: all hadronic decay (𝜏ℎ𝑎𝑑𝜏ℎ𝑎𝑑), hadronic and leptonic decay (𝜏𝑙𝑒𝑝𝜏ℎ𝑎𝑑), 

− Main background: Top quark (single top, ttbar), Z + heavy flavor jets, fake 𝜏ℎ𝑎𝑑

➢ Analysis strategy

○ Define 3 signal target regions: 𝜏ℎ𝑎𝑑𝜏ℎ𝑎𝑑 x1 + 𝜏𝑙𝑒𝑝𝜏ℎ𝑎𝑑 x2

○ Separated ggF and VBF channels by BDT

○ Final discriminant: BDT score

➢ Results

Improvement from previous analysis

Best expected sensitivity 

among all HH channels

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012
https://link.springer.com/article/10.1007/JHEP07(2023)040


𝑯𝑯 → 𝒃ഥ𝒃𝜸𝜸 (Run 2 + partial Run 3)
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Add Run 3 data (2022-2024)

Run 2 Run 3

ggF(VBF) cross section 30.77 (1.68) fb 34.13 (1.87) fb

Data 140 fb-1 168 fb-1

Expected number of 

ggF (VBF) → 𝑏 ത𝑏𝛾𝛾 signals
11.2 (0.61) 12.4 (0.68)

➢ About this channel

− Branching ratio: 0.26%

− Main backgrounds: 𝛾𝛾 + jets, 𝐻 →  𝛾𝛾
BDT is used for separating signal and background

➢ Update from previous analysis (JHEP 01 (2024) 066)

New 𝑏-jet tagging
Kinematic fit

Before

After

Correct m𝑏 ഥ𝑏 by using the information of 

𝐻 → 𝛾𝛾 momenta
Light jet rejection: x3

m𝑏 ഥ𝑏 resolution: 17% improvement DL1r → GN2 (based on a neural network)

ATLAS-CONF-

2025-005

https://link.springer.com/article/10.1007/JHEP01(2024)066
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/


𝑯𝑯 → 𝒃ഥ𝒃𝜸𝜸 (Run 2 + partial Run 3)
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➢ Result

𝜅𝜆 constraint 95% CL Observed Expected

This analysis

(140 + 168 fb-1)
[−1.7, 6.6] [−1.8, 6.9]

Previous analysis

(140 fb-1)
[−1.4, 6.9] [−2.8, 7.8]

Updates Improve

Added Run 3 data 50%

Kinematic fit 5%

b-tag 20%

Improved by ~100%!!!

Significance is obtained ~1𝜎

+ new categorization improvement ~10% 20% improvement from previous analysis

Event display

𝑏-jet

Photon

ATLAS-CONF-

2025-005

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2025-005/


HL-LHC Prospects
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− Center-of-mass energy: 14 TeV
Cross section will increase ~18% from Run 2

− We will reach 𝜅𝜆 68% constraint [ 0.58, 1.48 ] @ 3000 fb-1

− Significance will be improved:

ATL-PHYS-PUB-2025-006

New!! (ATLAS)

We will reach 7.7 σ if the results 

are combined with CMS 
We may get a better 

sensitivity with these 

upgrades!! 

* Projection from the ATLAS Run 2 HH search result

𝐻𝐻 → 𝑏ത𝑏𝑏 ത𝑏 0.99

𝐻𝐻 → 𝑏ത𝑏𝜏 ҧ𝜏 3.54

𝐻𝐻 → 𝑏 ത𝑏𝛾𝛾 2.43

𝐻𝐻 → 𝑀𝑢𝑙𝑡𝑖𝑙𝑒𝑝𝑡𝑜𝑛 0.99

𝐻𝐻 → 𝑏 ത𝑏𝑙𝑙 + 𝐸𝑇
𝑚𝑖𝑠𝑠 0.48

Combination 4.26 σ

Discovery significance [σ] @ 3000 fb-1

➢ Upgrades for detector
Inner Tracker, Timing detector, 

Electronics (muon, calo), Trigger, data 

acquision system...

➢ Improvements for analysis
𝑏-tagging, 𝜏ℎ𝑎𝑑 ID....

3.71 σ @ 2000 fb-1

ATL-PHYS-PUB-2025-018

New!! (ATLAS+CMS)

http://cds.cern.ch/record/2925853
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-018/


Summary
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− We are searching Di-Higgs production aiming for the understainding of Higgs potential

− Analyses of five channels are done/ongoing in the ATLAS collaboration

Run 2

Run 2 + (partial) Run 3

HL-LHC

✓ 95% 𝜇𝐻𝐻 = 0 signal upper limit: 2.4 obs. (2.9 exp.)

✓ 95% κλ constraint: −1.2 < κλ <  7.2 (obs.), −1.6 < κλ <  7.2 (exp.)

✓ 𝐻𝐻 → 𝑏 ത𝑏𝛾𝛾 channel has been updated with 308 fb-1!
• ~1σ SM signal was expected

• 95% κλ constraint: −1.4 < κλ < 6.6 (obs.), −1.8 < κλ < 6.9 (exp.)

✓ Other channels are ongoing

✓ We expect to reach ~4.3σ for the SM scenario ATLAS public results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/HiggsAndDiHiggsPublicResults


Backup
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EFT interpretation – Run 2 combination
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PRL 133 (2024) 101801

https://doi.org/10.1103/PhysRevLett.133.101801


𝑯𝑯 → 𝒃ഥ𝒃𝒃ഥ𝒃 (Run 2)
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➢ Analysis stategy

○ Make 2 signal target region: ggF, VBF

○ Selection for pair of jets: most smaller Δ𝑅(jet1, jet2) pair 

𝑋𝐻𝐻 = 𝑚𝐻1 −
124𝐺𝑒𝑉

0.1𝑚𝐻1

2

+ 𝑚𝐻2 −
117𝐺𝑒𝑉

0.1𝑚𝐻2

2

○ Categorization
18categories (Δ𝜂𝐻𝐻 x 3 + 𝑋𝐻𝐻 x 2 + different data taking years)

Pair candidate1 Pair candidate2 Pair candidate3

𝚫𝑹

𝚫𝑹

𝚫𝑹

Regard as coming from the same Higgs

➢ About this channel

− Highest branching ratio (34%)

− Main background: QCD multijet

PRD 108 (2023) 052003

We can see a peak around 

125 GeV

4 𝑏-jet selection

Previous analysis: JHEP 01 (2019) 030

https://doi.org/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2019)030


CR1

CR1

SR

𝑯𝑯 → 𝒃ഥ𝒃𝒃ഥ𝒃 (Run 2)
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Background modeling is improved!!

➢ QCD multijet background modeling strategy

Background in 4b signal region is 

estimated from 2b2j control region 

CR1 CR1

SR SR

2 b-jets 

+ 2 jets
4 b-jets

Reweighting by neural network

b

b

b

b

b

b

Before reweigting

After reweigting

➢ Results

Run 2 data @ 126 𝐟𝐛−𝟏 Observed Expected

Upper limit for 𝜇𝐻𝐻 5.3 8.1

𝜅𝜆 constraint 95% CL [−3.5, 11.3] [−5.4, 11.4]

PRD 108 (2023) 052003

Previous analysis: JHEP 01 (2019) 030

https://doi.org/10.1103/PhysRevD.108.052003
https://link.springer.com/article/10.1007/JHEP01(2019)030


𝑯𝑯 → Multilepton
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JHEP 08 (2024) 164

Run 2 data @ 140 𝐟𝐛−𝟏 Observed Expected

𝜅𝜆 constraint 95% CL [−6.2, 11.6] [−4.5, 9.6]

3 γγ+ML 

channels

6 ML 

channels

Separated by 

9 sub-channels

3𝑙 channel γγ+𝑙 channel

Dominant 

background 

: 𝑉𝑉∗

Dominant background

: non-resonant 𝛾𝛾 production

Target: 𝑏 ത𝑏𝑍𝑍∗, 𝑉𝑉∗𝑉𝑉∗, 𝑉𝑉∗𝜏+𝜏−, 𝜏+𝜏− 𝜏+𝜏−, 𝛾𝛾𝑉𝑉∗, 𝛾𝛾𝜏+𝜏−

First-time analysis in ATLAS!!

https://link.springer.com/article/10.1007/JHEP08(2024)164


𝑯𝑯 → 𝒃ഥ𝒃𝒍𝒍 + 𝑬𝑻
𝒎𝒊𝒔𝒔
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JHEP 02 (2024) 037

Branching ratio: 2.625%

Target: 𝑏 ത𝑏𝑊𝑊∗, 𝑏 ത𝑏𝜏+𝜏−, 𝑏ത𝑏𝑍𝑍∗  → 𝑏ത𝑏 + lepton + neutrino

Run 2 data @ 140 𝐟𝐛−𝟏 Observed Expected

𝜅𝜆 constraint 95% CL [−6.2, 13.3] [−4.5, 9.6]

Phys. Lett. B 801 (2020) 135145

Updates from Phys. Lett. B 801 (2020) 135145

− Add to analysis 𝑏 ത𝑏𝜏+𝜏−, 𝑏ത𝑏𝑍𝑍∗ as a final state 

− Add VBFHH as a signal target

− Used DNN for the signal/background separation

VBFHH ggFHH

Dominant backgrounds

𝑡 ҧ𝑡, 𝑠𝑖𝑛𝑔𝑙𝑒 𝑡𝑜𝑝 𝑊𝑡 , 𝑍 + HF jets
Set SR and CR by 2D 

invariant mass region

https://link.springer.com/article/10.1007/JHEP02(2024)037
https://www.sciencedirect.com/science/article/pii/S0370269319308676


Combined result
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ATLAS Run 2



𝑯𝑯 → 𝒃ഥ𝒃𝒃ഥ𝒃 (boosted)
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Phys. Lett. B 858 (2024) 139007

Target: VBF production for 𝜅2𝑉

https://www.sciencedirect.com/science/article/pii/S0370269324005653?via=ihub
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