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• Higgs self coupling ( *): one of the most important piece of the Higgs puzzle accessible at 
LHC 

• SM prediction   0.125 
• still missing experimentally 

• The di-Higgs boson production is the only direct way to access  = /  
• but Higgs pairs are predicted to be 1000x rarer than single Higgs @ 13TeV 

•  gives access to the shape of the Higgs potential  via the  measurement

λ3

λ3 ≈

kλ λ3 λSM
3

kλ V(ϕ) λ3

Higgs self-coupling search
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*  =  =  /(2 )λ3 λHHH m2
H v2

 +                                                        V(ϕ) = μ2ϕ†ϕ λ3(ϕ†ϕ)2 V(h) =
1
2

m2
H + λ3νh3 + O(h4)

Due to our  sensitivity and missing sensitivity 
to higher order terms, current constraints on 
Higgs potential are weak difficult to probe 
other scenarios

λ3

→

EWSB
V(ϕ) → V(h + ν)

Mass term Trilinear coupling



HH production at LHC
   Gluon-gluon fusion (ggF):  

• leading production mode 
• Sensitive to  and  

• (HH) = 31.1  fb @  = 13 TeV

kλ kt

σSM
ggF

+2.1
−7.2 s
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          Vector boson fusion (VBF): 
• Access to  coupling 

• (HH) = 1.73  0.04 fb @  = 13 TeV

k2V

σSM
VBF ± s

Phys. Lett. B732 (2014)

https://www.sciencedirect.com/science/article/pii/S0370269314001828#fg0020


• Different decay channels to explore detector opportunity 
• No clear golden channel 
• ATLAS Collaboration exploits different channels to increase the sensitivity 

•  (34%) 
• Most abundant final state 
• Challenging multi-jets background 

•  (7.3%) 
• Medium decay fraction 
• Good signal purity 

•  (0.26%) 
• Low decay fraction 
• Excellent  resolution 

•  +  (2.9%) 
• Targeting where one  

• Multileptons (6.5%) 
• Targeting where both  

• Although including 

bb̄bb̄

bb̄τ+τ−

bb̄γγ

mγγ

bb̄ℓ−ℓ+ Emiss
T

H ↛ bb̄

H ↛ bb̄
bb̄ZZ( → 4ℓ)

HH decay modes 
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Large decay fraction

Clean final state

Combination is the key for observation!



HH-> 4b resolved

Resolved HH( ) 
Phys. Rev. D 108 (2023) 052003

bb̄bb̄
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.052003


Event selection and categorisation
• Trigger: b-jet triggers 
• Preselection: 

•  4 b-jets (DL1r @ 77% WP) with  > 40 GeV and < 2.5 

• Jet pairing considering the highest-  jet pair with the smallest  separation 

• Top veto discriminant 
• Event categories: 

• VBF category:  6 jets,  > 1TeV, > 3 

• ggF category:  <1.5 

≥ pT |η |
pT ΔRjj

≥ mjj |Δηjj |

|ΔηHH |
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• Signal region (SR) definition: 

• < 1.6 

• Split into  and  categories to enhance 
the sensitivy 
➡ 6 SRs in the ggF category and 2 SRs in the 

VBF category.

XHH = ( mH1 − 124GeV
0.1mH1 )

2

+ ( mH2 − 117GeV
0.1mH2 )

2

XHH |ΔηHH |



• Dominant background: QCD multi-jet 
• Difficult to model  extracted using the data-driven 

method 
• Alternative event samples with the same selection as the 

signal region but fewer b-tagged jets to derive the 4b 
background (“2b events”) 

→
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A

B

C

D

Learn
Predict

Control region Signal region

2b data

4b data

A

C

B

D
Blind until 
analysis 
finalised

• Neural networks to evaluate reweighting function from 2b to 4b 
events

Background estimation



Results
• Discriminating variable: invariant mass of the di-Higgs system  
• Maximum likelihood fit performed simultaneously to the all ggF and VBF SRs.

mHH
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• Observed (expected) limits on  of 5.4 (8.1) x SM @ 95% CL 
• Observed   [-3.5, 11.3] @ 95% CL 
• Observed   [0.0, 2.1] @ 95% CL 
• Dominant uncertainties:  

• Background modelling uncertainties 
• Theoretical predictions

μHH

kλ ∈
k2V ∈



Boosted VBF HH( ) 
arXiv:2404.17193

bb̄bb̄
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https://arxiv.org/abs/2404.17193


Event selection and categorisation
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Only VBF topology is studied

H H
• Trigger: large-R jet triggers 
• Preselection: 

•  2 large-R jets with  > 250 GeV 
•  2 double b-tagged jets (Xbb @ 60% WP) 

•  > 450 GeV and  > 250 GeV 
•  2 small-R jets assigned as VBF jets 

•  > 1 TeV and > 3 

• Signal region (SR) definition: 

• < 1.6 

• Control region (CR) and Validation region (VR)                                                                     
definition applying different cuts in the mass plain of                                                                             
the two Higgs candidate 

• Boosted decision tree (BDT) used to separate signal (VBF HH =0 ) from background 
events ( QCD multi-jet + SM ggF and VBF HH )

≥ pT

≥
pT(H1) pT(H2)
≥

mjj |Δηjj |

XHH = ( mH1 − 124GeV
1500 GeV /mH1 )

2

+ ( mH2 − 117GeV
1900 GeV /mH2 )

2

k2V



• Data-driven method to estimate the QCD multi-jet 
contribution 

• Alternative event samples with the same selection as the 
signal region but looser btag requirement (“1Pass”) 

G. Di GregorioG. Di Gregorio 11

A

B

C

D

Learn
Predict

Control region Signal region

1Pass data

2Pass data

A

C

B

D

Blind until 
analysis 
finalised

• Use the CR to extract 1Pass-to-2Pass normalisation 
• Apply this to the SR-1Pass to predict the background in SR-2Pass  
• VR used to extract the systematics uncertainty 

Background estimation



Results
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• Observed   [0.55, 1.49] @ 95% CL  leading channel in  constraints! 
• HH(4b) boosted analysis dominates our sensitivity to  
•  =0 excluded with an observed (expected) significance of 3.8 (3.3)  

• Boosted analysis statistical dominated but dominant systematics uncertainties:  
• Double b-tagging algorithm 
• Background estimation 
• Theoretical modelling predictions

k2V ∈ → k2V

k2V

k2V σ

• Binned maximum-likelihood fit to the BDT distribution in SR 
• Results of the boosted analysis are combined with the HH(4b) 

resolved 
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HH( ) 
Phys. Rev. D 110 (2024) 032012

bb̄τ+τ−

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.110.032012


Event selection and categorisation
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x 3 types of 
triggers  9 SRs→

•  and  studied in the analysis 

• Trigger:  
•  channel: single  and di-  triggers 

•  channel: 

• single lepton trigger (SLT)  
• single lepton +  trigger (LTT) 

• Preselection: 
• 2 b-jets (DL1r @ 77% WP) with  > 45 GeV and  > 20 GeV 
•  > 60 GeV 

• Categorisation: 

• BDT is trained in each SR to better separate signal from backgrounds events.

bb̄τhadτhad bb̄τhadτlep

τhadτhad τhad τhad

τhadτlep

τhad

pT(b1) pT(b2)
mττ



Background composition/estimation
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Signal regions

Control region

Fake-  : 
• from  and multi-jet 
• Estimated with data-driven 

methods 

τhad
tt̄

Top-quark 
• Shape from MC 
• Normalisation 

from fit 

Z( )+ heavy flavor 
• Shape from MC 
• Normalisation from 

CR 

ττ Single Higgs & other 
• Shape and 

normalisation from 
MC 



Results
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• Simultaneous binned likelihood to the BDT score ( ) in the SRs (CR) mℓℓ

Upward 
fluctuations in 
data

• Observed (expected) limits on  of 5.9 (3.3) x SM @ 
95% CL  leading channel in SM HH search! 

• 20% improvement wrt previous publication 
• Observed   [-3.1, 9.0] @ 95% CL 
• Observed   [-0.5, 2.7] @ 95% CL 
• Statistical dominated and dominant sys uncertainties:  

• Theoretical XS uncertainties 
• Statistics precision of the bkg MC samples

μHH
→

kλ ∈
k2V ∈

 
ggF   350 GeV

τhadτhad
mHH ≥

, single lepton trigger  
ggF   350 GeV

τlepτhad
mHH ≥
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HH( ) 
JHEP 01 (2024) 066

bb̄γγ

https://link.springer.com/article/10.1007/JHEP01(2024)066


• Trigger: combination of  and  triggers 

• Preselection: 
• 2 photons 

• 105 GeV <  < 160 GeV 

• Categorization: 

• Based on (Low mass,  350 GeV and High mass, >350 GeV) region and BDT 
output 

• 4 categories in the Low Mass region and 3 categories in the High Mass region

γ γγ

mγγ

m*bbγγ ≤

Event selection and categorisation
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• 2 b-jets (DL1r @ 77% WP) 
• No leptons and  < 6 Ncentral−jets

 selectionH → γγ  selectionH → bb̄

ttH reduction

m*
bb̄γγ

= mbb̄γγ − (mbb̄ − 125 GeV) − (mγγ − 125 GeV)

Dropped Dropped1 2 3

4

1 2
3



Signal and background modelling
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• Modelling of signal and background events in the  
spectrum 

• HH and H events 
• Modelled by a double-sided Crystal ball function 

Parameters estimated from MC 

•  + jets events 
• Modelled using exponential function. Parameters 

derived from the data sidebands

mγγ

γγ

SR SidebandSideband

Non-resonant continuum bkg: 
 + jets eventsγγ

Resonant bkg: 
Single-Higgs process



Results
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• Simultaneous likelihood fit to  in all the 7 categories 

• Observed (expected) limits on  of 4.0 (5.0) x SM @ 95% CL 
• 12% improvement wrt the old Run2 analysis 

• Observed   [-1.4, 6.9] @ 95% CL  leading channel in  constraints 
• Observed   [-0.5, 2.7] @ 95% CL

mγγ

μHH

kλ ∈ → kλ

k2V ∈

• Statistical dominated and dominant sys uncertainties from theoretical predictions



HH(  + ) 
JHEP 02 (2024) 037

bb̄ℓℓ Emiss
T
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https://link.springer.com/article/10.1007/JHEP02(2024)037


Event selection and categorisation
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• Target: one H  and the other one to , ,   2 + 2 b-jets 

• Trigger: single or di-lepton triggers 

• Preselection: 2 opposite-sign leptons + 2 b-jets (77% WP) 
• Categorization:

→ bb̄ W+W− τ+τ− ZZ → ℓ+ℓ−

2 forward jets with  > 30 GeV, 
>4 and  > 600 GeV

pT
|Δη | mjj

Yes

No

VBF category

ggF category

• Additional split based on the flavour of the leptons (same 
flavour vs different flavour) 

• SR and CR definition based on  and  cuts 

• DNN and BDT used to further discriminate signal from bkg 
events in the ggF and VBF categories

mℓℓ mbb



Background estimation
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Z+ heavy flavour (HF) 

Shape from MC, normalisation 
from Z+HF CR

Top (  and Wt) 

Shape from MC, normalisation 
from  and Wt CRs

t t̄

t t̄

Fake leptons 

Data-driven using CR defined 
reverting SR definition (requiring 
SS leptons)

Single Higgs 

Shape and normalisation from MC

Downward fluctuation of 
the data



Results
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• Simultaneous likelihood fit to SRs and CRs 
• Observed (expected) limits on  of 9.7 (16.2) x SM @ 95% CL 
• Observed   [-6.2, 13.3] @ 95% CL 
• Observed   [-0.17, 2.4] @ 95% CL

μHH

kλ ∈
k2V ∈

• Statistical dominated and dominant sys uncertainties from bkg modelling of Z+HF 

Observed constraints better than 
expected constraints due to the observed 
downward data fluctuation
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HH(Multileptons) 
JHEP 08 (2024) 164

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


Event selection and categorisation

G. Di GregorioG. Di Gregorio 26

• Target: , 4V (V=W or Z), , , ,  

• Total HH BR covered: 6.5% 

• Trigger:  

• single or di-lepton triggers (ML channels); 

• diphoton triggers ( +ML channels) 

• Categorization: 
• Based on the number of leptons ( , ), hadronic                                                              

taus ( ) and photons 
➡ 9 orthogonal channels  

• BDTs use to enhance signal to background separation (except for the + 2 ( , ) 
channel) 

• Used as final discriminant in ML channels 
• Used to defined categories in which the  is fit in +ML channels

bb̄ZZ VVττ 4τ γγVV γγττ

γγ

e μ
τhad

γγ ℓ τhad

mγγ γγ



Background estimation
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Prompt leptons from SM processes (dominated by diboson) 

• Shape from MC, normalization from CRs 
Non-prompt leptons (from b-hadron decay or  conversion) 

• Template fit to data in CR 

Mis-assigned charge (from leptons with mis-identified charge) 
• Template fit to data in CR 

Mis-identified  ( from jets misidentified as ) 
•  Data-informed corrections to simulations 

γ

τ τhad

Single Higgs  

• Estimated using MC 

Non-resonant  process, i.e. 
+jets 

• Functional form from  
sidebands

γγ γγ

mγγ



Results
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• Simultaneous likelihood fit to 9 SRs and 
CRs 

• Observed (expected) limits on  of 17 
(11) x SM @ 95% CL 

• Observed   [-6.2, 11.6] @ 95% CL 
• Observed   [-2.5, 4.6] @ 95% CL

μHH

kλ ∈
k2V ∈

• Statistical dominated and dominant sys 
uncertainties from modelling 

•  < 9.1 x SM expected limit without 
systematics
μHH
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Combination 
Phys. Rev. Lett. 133 (2024) 101801

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101801


Results:  limitsμHH
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• Updates: 
• Improved results from  and  
• New boosted VBF HH( ) 
• New decay modes: multi-leptons and 

+  

• Observed (expected) limits on  of 2.9 
(2.4) x SM @ 95% CL 

• 17 % improvement wrt previous 
publication 

• 13% from ,  and  
improvements 

• 4% from inclusion of multilepton 
and  +  

bb̄ττ bb̄γγ
bb̄bb̄

bb̄ℓℓ Emiss
T

μHH

bb̄bb̄ bb̄ττ bb̄γγ

bb̄ℓℓ Emiss
T

★Leading contribution from  channel 
• Dominant syst. uncertainties: 

• theory XS uncertainties 
• background modelling

bb̄ττ



Results:  and  constraintskλ k2V
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• Observed   [-1.2, 7.2] @ 95% CL 
★Leading contribution from  channel 

• Observed   [0.6, 1.5] @ 95% CL 
★Leading contribution from , mostly from boosted channel

kλ ∈
bb̄γγ

k2V ∈
bb̄bb̄



HL-LHC projections 
Phys. Rev. Lett. 133 (2024) 101801

32

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.133.101801


HL-LHC projections
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• Extracted for combination  +  +  

• 18%  increase due to the  = 13 TeV 14 TeV. 
• Different scenarios for the systematics uncertainties 

• Baseline:  x theory and experimental uncertainties,  x statistical unc., modelling unc 

are the same as in Run2. 
• Based on previous round of HH analyses Already 13% improvements with this round

bb̄bb̄ bb̄ττ bb̄γγ
σ(HH ) s →

1
2

ℒ
ℒ′ 

→

3.4 σ

  [0.0, 2.5] @ 95% CLkλ ∈



Towards the (near) future
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More data, better triggers, better taggers, better performance!

Tau trigger plots

FTAG-2023-01

ATL-PHYS-PUB-2023-021
Tau triggers

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults#Plots_for_Higgs_2023
http://www.apple.com/uk
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2023-021/
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TauTriggerPublicResults#Plots_for_Higgs_2023


Conclusions
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Stay tuned, more interesting results are coming!

• Di-Higgs is a unique process to probe the Higgs potential 

• HH is a rare process and requires highly optimised analyses  

• ATLAS conducted searches in HH final states covering 50% of decays 

• Best expected sensitivity is obtained by combining all the HH analyses 

• Signal strength:  < 2.9 (2.4 expected) 

• Higgs self-coupling:   [-1.2, 7.2] @ 95% CL 

• Promising outlook for Run3 results: 

• New triggers 

• Improved b(b)-taggers 

• Better object identification 

• Analysis techniques

μHH

kλ ∈



Back-up slides
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Higgs potential
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• The full expression of the Higgs potential is encoded with  and  parameters as: 
 +  

• When linearising the Higgs field after the EWSB around the vacuum expected value  one gets 

 

    where  and 

μ λ
V(ϕ†ϕ) = μ2ϕ†ϕ λ(ϕ†ϕ)2

ν

V(h) = μ2h2 + λνh3 +
λ
4

h4

μ2 =
1
2

m2
H ν =

μ2

λ

comes from the 
Higgs mass 
measurement

direct access to 
 through 

Higgs pair 
creation

λ Quartic 
interaction 
even rarer (out 
of reach even 
for HL-LHC)



Interference in the ggF HH 
production
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Rev.Phys. 5 (2020) 100045

https://www.sciencedirect.com/science/article/pii/S2405428320300083#fig0003


Contribution to the ggF HH
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• Low : essential to constrain self coupling mHH kλ

•  shape very dependent on mHH kλ



 resolved pairingbb̄bb̄
• 4 b-jets are selected in the events  3 possible combination pairings →

G. Di GregorioG. Di Gregorio 40

• Jet pairing considering the highest-  jet pair with the 
smallest  separation 

• Correct pairing in 90% of signal events 
• No background sculpting  smooth background 

shape in the  spectrum

pT
ΔRjj

→
mHH

Due to the top discriminant cut



 resolved: event selectionbb̄bb̄
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 resolved: HH events in SRbb̄bb̄
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• Signal region (SR) definition: 

•  

• 124 GeV and 117 GeV correspond to the centres of  and  distribution for HH events 
• Deviations from 125 GeV due to detector effects, energy lost by neutrino from         

b-hadron decay and out-of-cone effects

XHH = ( mH1 − 124GeV
0.1mH1 )

2

+ ( mH2 − 117GeV
0.1mH2 )

2

mH1 mH2



 resolved: Top veto discriminantbb̄bb̄
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• Top veto discriminant:  

 = min  

where  
•  = 80.4 GeV and = 172.5 GeV  

•  and  are the invariant mass of W boson and top quark candidates 

• Selected events in the analysis have  < 1.5 
•  reduction by a factor 2; 
• 15% HH signal loss 
• 15% reduction of multi-jets and non-  backgrounds

χWt (
mjj − mW

0.1mjj )
2

+ (
mjjb − mt

0.1mjjb )
2

mW mt

mjj mjjb

χWt

tt̄

t t̄



 resolved: reweighing techniquebb̄bb̄
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• Different kinematics for 2b events and 4b events due to different processes



 resolved: input variable of 
reweighing technique

bb̄bb̄
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 resolved: post-fit plotsbb̄bb̄
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Deficit in SM, excess in =6kλ



 resolved: breakdownbb̄bb̄
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 boosted: event selectionbb̄bb̄

G. Di GregorioG. Di Gregorio 48



 boosted: BDT input variablesbb̄bb̄
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BDT score shape: data shape 
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• Same shape for data in 1Pass and 2Pass  difference is within the statistical uncertainties →



: event selectionbb̄ττ

G. Di GregorioG. Di Gregorio 51



: BDT input variablesbb̄ττ
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ggF vs VBF
ggF categories VBF categories



: ggF vs VBF BDTsbb̄ττ
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: BDTsbb̄ττ
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CR

SRs



: limitsbb̄ττ
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: BDT input variablesbb̄γγ
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: VBF BDT input variablesbb̄γγ
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: yieldsbb̄γγ
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Downward fluctuations in data



: postfit distributionsbb̄γγ
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: breakdown uncertaintiesbb̄γγ
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: breakdown uncertainties (2)bb̄γγ
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: targeted processesbb̄ℓℓ + Emiss
T
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: prefit yieldsbb̄ℓℓ + Emiss
T
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: mva input variablesbb̄ℓℓ + Emiss
T
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ggF categories
VBF categories



Multilepton: selection
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ML channels

ML channelsγγ



Multilepton: CR definition
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Multilepton: breakdown 
uncertainties
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HL-LHC projection: scenarios
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• No syst unc: optimistic scenario where no systematics uncertainties are considered 
• Baseline: experimental and theoretical uncertainties halved, modelling uncertainties the same as 

in Run2 
• Theoretical unc halved: theoretical un halved while experimental and modelling uncertainties 

are the same as in Run2 
• Run2 sys. unc: pessimistic scenario with the same unc as in Run2. 


