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Why HH?
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Classic ‘Mexican Hat’ 
Higgs potential

Ellis, arXiv:1312.5672

Minimum displaced from origin causes 
ElectroWeak Symmetry Breaking

Vh = λv2h2 + λvh3 +
λ
4

h4

mh

https://cds.cern.ch/record/1638469/?ln=en
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Classic ‘Mexican Hat’ 
Higgs potential

Ellis, arXiv:1312.5672

Minimum displaced from origin causes 
ElectroWeak Symmetry Breaking

Taylor expansion indicates trilinear and 
quartic self-coupling terms

Trilinear self-coupling

Quartic self-coupling

Di-Higgs production 
(gluon fusion)

Tiny SM cross-section, 
inaccessible at HL-LHC

Vh = λv2h2 + λvh3 +
λ
4

h4
Tri-Higgs production 

(gluon fusion)

https://cds.cern.ch/record/1638469/?ln=en
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Markkanen et al, 2018 [Front. Astron. Space Sci., 18 December 2018]

Classic ‘Mexican Hat’ 
Higgs potential

Ellis, arXiv:1312.5672

Minimum displaced from origin causes 
ElectroWeak Symmetry Breaking

Taylor expansion indicates trilinear and 
quartic self-coupling terms

EW vacuum is metastable, could tunnel 
to true vacuum


→ modify VEV ∝ √mh


→ incompatible with observed universe!

Quantum corrections e.g. 
fermionic interactions create 

secondary minimum

Fermions gain mass through 
Yukawa coupling, also generate 

corrections to Vh

Vh = λv2h2 + λvh3 +
λ
4

h4

https://www.frontiersin.org/articles/10.3389/fspas.2018.00040/full
https://cds.cern.ch/record/1638469/?ln=en
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Markkanen et al, 2018 [Front. Astron. Space Sci., 18 December 2018]

Classic ‘Mexican Hat’ 
Higgs potential

Ellis, arXiv:1312.5672

Minimum displaced from origin causes 
ElectroWeak Symmetry Breaking

Vh = λv2h2 + λvh3 +
λ
4

h4

Taylor expansion indicates trilinear and 
quartic self-coupling terms

EW vacuum is metastable, could tunnel 
to true vacuum


→ modify VEV ∝ √mh


→ incompatible with observed universe!

Quantum corrections e.g. 
fermionic interactions create 

secondary minimum Measurements of mt, mh indicate 
Higgs potential in metastable region


Measure HH production to 
understand shape of Vh


Deviations from SM σHH indicate 
modifications to Vh

False vacuum lifetime > lifetime of Universe

https://www.frontiersin.org/articles/10.3389/fspas.2018.00040/full
https://cds.cern.ch/record/1638469/?ln=en
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DiHiggs @ LHC
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Destructive 
interference!

NNLO: arXiv:1311.2931

LO: arXiV:1504.02334
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coupling

SM has almost 
lowest total 
cross-section

N
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LOBox diagram

31.6 fb (LO) @ 13 TeV

Trilinear coupling

4.36 fb (LO) @ 13 TeV

15 fb @ LO

31 fb @ NNLOTotal σHH @ 13 TeV:

https://arxiv.org/abs/1311.2931
https://arxiv.org/abs/1504.02334
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➡Largest statistics


➡Challenging background
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➡Mixed leptonic/
hadronic decays
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➡Clean m𝛄𝛄 peak


➡Small branching 
fraction (0.26%)
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6 %

32 %

10 %

42 %

10 %

bb𝝉𝝉 bbbb Other bbWW
WWWW bb𝛄𝛄

bbbb


➡Largest statistics


➡Challenging background

bb𝝉𝝉 [UPDATED!]


➡Mixed leptonic/
hadronic decays

bb𝛄𝛄 [UPDATED!]


➡Cleanest peak


➡Small branching 
fraction (0.26%)

NEW @ ATLAS: bb𝓁𝓁 + ETmiss


➡𝓁𝓁𝜈𝜈  from (𝝉𝝉 + WW + ZZ)


➡Clean 𝓁𝓁 + ETmiss



Higgs2023Teng Jian Khoo, HU Berlin

Related talks

11

6 %

32 %

10 %

42 %

10 %

bb𝝉𝝉 bbbb Other bbWW
WWWW bb𝛄𝛄

bbbbackgrounds


➡M. Roguljic, N. Hartman


afternoon session today

bb𝝉𝝉


➡B. Moser, this session

bb𝛄𝛄


➡E. Mazzeo, 
tomorrow afternoon CMS non resonant HH


B. D'Anzi, next talk

NEW @ ATLAS: bb𝓁𝓁 + ETmiss


➡𝓁𝓁𝜈𝜈  from (𝝉𝝉 + WW + ZZ)


➡Clean 𝓁𝓁 + ETmiss

https://indico.ihep.ac.cn/event/18025/contributions/133687/
https://indico.ihep.ac.cn/event/18025/contributions/141835/
https://indico.ihep.ac.cn/event/18025/contributions/141834/
https://indico.ihep.ac.cn/event/18025/contributions/141795/
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Analysis strategies

12

bbbbbb𝛄𝛄

arXiv:2310.12301 Phys. Rev. D 108 (2023) 052003ATLAS-CONF-2023-071/

Signal centred in 
mH1-mH2 plane

Data-driven background estimate

Neural Network reweighting (2b → 4b)

Fit signal in mHH 
distribution

m𝝉𝝉 (MMC) + mbb ⇒ mHH


+ other kine. variables

BDT

Signal extraction 
& categorisation

Fit MVA output 
distributions


Illustrated in merged 
bins of increasing 
signal significance

BDT — distinguish HH(bb𝛄𝛄) 
from continuum 𝛄𝛄 (+tt/jets)

High/low mHH 
categories

Fit m𝛄𝛄 sidebands 
in BDT score 
categories

Full Run 2 (126-140 fb-1)

bb𝝉𝝉

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2021-10/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
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signal significance
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from continuum 𝛄𝛄 (+tt/jets)

High/low mHH 
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Fit m𝛄𝛄 sidebands 
in BDT score 
categories
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-29/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-071/
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NEW: bb𝓁𝓁 + ETmiss
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Same/different flavour event categories

BDT

(VBF)

DNN

(ggF)

 DNN (BDT) bins numbered 1-7(5) 
by decreasing signal purity

bb, 𝓁𝓁 kine. variables

(see backups)

arXiv:2310.11286

Full Run 2 (140 fb-1)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2019-02/
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Coupling limits
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Anomalous enhancement of Higgs 
trilinear coupling: 𝝹𝝺 
⇒ unique sensitivity in HH channels

Anomalous enhancement of HH to 
VV coupling: 𝝹2V 
⇒ unique sensitivity in VBF HH
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Anomalous enhancement of Higgs 
trilinear coupling: 𝝹𝝺 
⇒ unique sensitivity in HH channels

Phys. Lett. B 843 (2023) 137745

> -0.4 < 6.3

bb𝛄𝛄 constrains 
large |𝝹𝝺|

All analyses 
important near SM

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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Anomalous enhancement of HH to 
VV coupling: 𝝹2V 
⇒ unique sensitivity in VBF HH

Phys. Lett. B 843 (2023) 137745
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> 0.1 < 2.0

Combine to 
exclude 𝝹2V = 0

bbbb strongest 
VBF constraint

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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Limits from bb𝓁𝓁 + ETmiss
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Cross-section limits
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Total SM HH cross-section dominated by ggF + VBF
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Cross-section limits
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Phys. Lett. B 843 (2023) 137745
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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Cross-section limits
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Phys. Lett. B 843 (2023) 137745

≈ bbbb+bbττ+bb𝛾𝛾

bb𝓁𝓁 + ETmiss Updated bb𝝉𝝉

Obs 5.9, Exp 3.2

Updated bb𝛄𝛄

Obs 4.0, Exp 5.0

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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H + HH combination
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Single H channels

HH channels

Phys. Lett. B 843 (2023) 137745

𝝹t

𝝹𝝺

𝝹𝝺

𝝹t
𝝹t 𝝹𝝺

𝝹t

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
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Resonant HH production
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• Enhancement of HH production could originate from a resonance

• Heavy particle coupling (decaying) to HH

• E.g. scalar particle (extended H sector, Higgs portal to dark sector)

Other results:

HH → bb𝝉𝝉/bb𝛄𝛄 vs HEFT [ATL-PHYS-PUB-2022-021]

Resonant searches with additional BSM scalar (X SH) [O. Lundberg, tomorrow]

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
https://indico.ihep.ac.cn/event/18025/contributions/141786/
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Resonant HH production

• Combine resonant searches in three channels:


• bb𝛄𝛄 [Phys. Rev. D 106 (2022) 052001]


• bb𝝉𝝉 [JHEP 07 (2023) 040]


• bbbb [Phys. Rev. D 105 (2022) 092002]

28

3.1 σ local

2.1 σ global

bb𝛄𝛄 precision 
constrains low mX

bbbb stats 
constrain high mX

bb𝝉𝝉 bridges gap

• Interpret in 2-Higgs-doublet model


• Limits from heavy CP-even scalar H 
decaying to hh interpreted as SM Higgs


• Parameterise in ratio of up/down-quark 
coupling boson VEVs, tan(𝛽)

Also: MSSM limits!

HDBS-2023-17 -- arXiv:2311.ComingSoon

Mixing angle between 
CP-even Higgs bosons

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-40/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-41/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2023-17/


Higgs2023Teng Jian Khoo, HU Berlin

Where do we go from here?
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And how do we get there?

Run 3 dataset

LHC 14 TeV Λ
hhh!ΛSM

hhh
" 1, 2, 3

250 300 350 400 450 500 550 600
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0.02

0.04

0.06

0.08

0.10

0.12

0.14

Mhh "GeV#
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d
Σ

h
h
!d

p
T
"h
#

SM has almost 
hardest mass 
spectrum

arXiv: 1311.2931 / PLB 728 (2014) 433-436
Trigger challenge!

https://arxiv.org/abs/1311.2931
https://www.sciencedirect.com/science/article/pii/S037026931300988X?via=ihub
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Run 3 dataset
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 = 78.4%)ττbb→(HHεAll triggers: 
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 = 54.1%)ττbb→(HHε-triggers: τRun 2 

 = 52.7%)ττbb→(HHε4 jets (2 b-tagged): 
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ATLAS Simulation
Preliminary

 = 13.6 TeVs
hτhτ=1, bbλκ

Offline selection:
|<2.5, truth-matchedη>25 GeV, |vis

T
 p0τ

|<2.5, truth-matchedη>20 GeV, |vis
T

 p1τ
|<2.5, truth-matchedη>20 GeV, |

T
2 b-jets, p

[More details][More details]

Trigger improvements in bbbb, bb𝝉𝝉: 50% more efficient than Run 2

- Tracking for hadronic signatures    Particle Flow jets

- Deep/Graph Neural Net b-taggers

- Optimised event selections, increased bandwidth

⇒

And how do we get there?

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/BJetTriggerPublicResults#Expected_Run_3_Trigger_Efficienc
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults#Plots_for_Higgs_2023
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!"
New ATLAS HL-LHC projections


(bb𝝉𝝉, bb𝛄𝛄)
Snowmass White Paper: Physics with ATLAS/CMS Phase-II


ATL-PHYS-PUB-2022-018/CMS-PAS-FTR-22-001 

Even further down the line — assume SM signal

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-005/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-018/
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Wrapping up

• Active ATLAS programme in DiHiggs searches

• Key to deeper understanding of ElectroWeak Symmetry Breaking


• Latest searches have exclusion sensitivity at O(1 x σSM)

• Advances in reconstruction, trigger, analysis strategy necessary


• Potential for major gains with a large Run 3 dataset — keep pushing!
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Backups
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HH in translation

• 希: Hope (xī), also used as an abbreviation for the Higgs boson (希格斯玻⾊⼦)


• 喜: Joy (xǐ)


• 双喜临⻔: Double joy arrives at the door (shūang xī lín mén)


• Two happy events in coincidence


• 双希: Double(di-) Higgs (shūang xī)
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Coupling limits
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Anomalous enhancement of HH to 
VV coupling: 𝝹2V 
⇒ unique sensitivity in VBF HH

Phys. Lett. B 843 (2023) 137745
First exclusion of 𝝹2V = 0

PRL 131 (2023) 041803

Boosted VBF 
HH(bbbb)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2022-03/
https://cms-results.web.cern.ch/cms-results/public-results/publications/B2G-22-003/index.html


Higgs2023Teng Jian Khoo, HU Berlin

bb𝝉𝝉 BDT — ggF vs VBF

36

Single lepton trigger Lepton + 𝝉had trigger𝝉had + 𝝉had trigger
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bb𝝉𝝉 BDT (mass bins)
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𝝉had + 𝝉had trigger

Single lepton trigger

Lepton + 𝝉had trigger
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bb𝝉𝝉 kinematic variables
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bbbb NN reweighing
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Reweight 2b with NN

+ normalise to 4b

Normalise 2b to 4b only Mean/std deviation 
from 100 independent 

NN predictions
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bb𝓁𝓁 + ETmiss uncertainties
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Dominated in all regions by 
background & experimental 

systematics
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bb𝓁𝓁 + ETmiss MVA inputs

41
BDT (VBF)DNN (ggF)
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bb𝓁𝓁 + ETmiss MVA scores
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bb𝝉𝝉 additional limit plots

43

HEFT

q

q

V

V

H

H

c2V

q

q

V

V

H

H

q

q

V

V

H

H

cV

cV

λHHHcVV
H

𝝹2



Higgs2023Teng Jian Khoo, HU Berlin

bb𝛄𝛄 additional limit plots
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RosEFTa stone (HH operators)

45From L. Pereira Sanchez

arXiv:1008.4884arXiv:1008.4884

L. Alasfar, LHC-HH

ATLAS 
STXS

Alasfar & 
Gruber ‘19 SMEFiT ‘21 SMEFT@NLO

https://arxiv.org/abs/1008.4884
https://arxiv.org/abs/1008.4884
https://indico.cern.ch/event/1003370/contributions/4241072/attachments/2196505/3714841/smeft-hh-talk.pdf
http://feynrules.irmp.ucl.ac.be/wiki/SMEFTatNLO
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-042/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2019-042/
https://arxiv.org/abs/1910.04546
https://arxiv.org/abs/1910.04546
https://arxiv.org/abs/2105.00006
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HH → bb𝝉𝝉/bb𝛄𝛄 vs HEFT

• Higgs Effective Field Theory [arXiv:1212.3305, arXiv:1312.5624]

• Less stringent gauge (SU2) constraints on operators in H sector than SMEFT [arxiv.org:1308.2627]


• Broader UV theories where e.g. BSM particles gain mass via EWSB (non-decoupling) 
[arXiv:1902.05936]


• Two Wilson coefficients (ctth, chhh) correspond to Kappa framework (𝝹t, 𝝹𝝺)
46ATL-PHYS-PUB-2022-021
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https://arxiv.org/abs/1212.3305
https://arxiv.org/abs/1312.5624
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1902.05936
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
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HH → bb𝝉𝝉/bb𝛄𝛄 vs HEFT

47ATL-PHYS-PUB-2022-021
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Uncorrelated with 
cggh,tth unlike SMEFT

• Higgs Effective Field Theory [arXiv:1212.3305, arXiv:1312.5624]

• Less stringent gauge (SU2) constraints on operators in H sector than SMEFT [arxiv.org:1308.2627]


• Broader UV theories where e.g. BSM particles gain mass via EWSB (non-decoupling) 
[arXiv:1902.05936]


• Two Wilson coefficients (ctth, chhh) correspond to Kappa framework (𝝹t, 𝝹𝝺)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
https://arxiv.org/abs/1212.3305
https://arxiv.org/abs/1312.5624
https://arxiv.org/abs/1308.2627
https://arxiv.org/abs/1902.05936
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HH → bb𝝉𝝉/bb𝛄𝛄 vs HEFT

48ATL-PHYS-PUB-2022-021
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Decoupled from cggh 

unlike SMEFT
Decoupled from ctth 

unlike SMEFT

Limits set also on mHH 
shape benchmarks 
arXiv: 1908.08923


Constrain HH to gluon/top couplings via ggF cross-section

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
https://arxiv.org/abs/1908.08923
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bb𝝉𝝉/bb𝛄𝛄 vs HEFT

49ATL-PHYS-PUB-2022-021, arXiv:2112.11876, ATLAS-CONF-2021-030

Benchmark model chhh ctth cggh cgghh ctthh

SM 1 1 0 0 0
BM 1 3.94 0.94 1/2 1/3 �1/3
BM 2 6.84 0.61 0.0 �1/3 1/3
BM 3 2.21 1.05 1/2 1/2 �1/3
BM 4 2.79 0.61 �1/2 1/6 1/3
BM 5 3.95 1.17 1/6 �1/2 �1/3
BM 6 5.68 0.83 �1/2 1/3 1/3
BM 7 �0.10 0.94 1/6 �1/6 1
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HEFT benchmarks via arXiv: 1908.08923

mHH shapes representative of Wilson coeff variations

See e.g. CMS JHEP 03 (2021) 257 
for SMEFT benchmarks

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2022-021/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HDBS-2018-34/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-030/
https://arxiv.org/abs/1908.08923
https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-018/index.html

