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Understanding Electroweak Symmetry Breaking

V(H) = MH2/2 H2 + 1/3! 𝛌3H + 1/4! 𝛌4H 

Higgs pair production 
challenging!

triple Higgs production 
out of reach?
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Overview of recent di-Higgs ATLAS and CMS results 
Alessandra Betti on behalf of ATLAS and CMS

searches performed  
in many different  

final states

at least one  
Higgs decay into bb 

because of large 
branching ratio

results from 
full run 2 
dataset



Overview of recent di-Higgs ATLAS and CMS results 
Alessandra Betti on behalf of ATLAS and CMS

Highlights
CMS non-resonant VBF HH->4b boosted  

CMS-PAS B2G-21-001
ATLAS-CONF-2021-052 

non-resonant HH production

Best upper limit on non-resonant HH production 
and 𝛋𝛌 (next slide) up to now



Overview of recent di-Higgs ATLAS and CMS results 
Alessandra Betti on behalf of ATLAS and CMS

- results significantly improved compared to partial run 2 results 
- beyond luminosity increase: improved objects reconstruction and analysis techniques 
- constraints on 𝝹𝝺 and 𝝹2V 
- more analyses ongoing, covering more decay channels and more interpretations
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SMEFT (1/𝝠n expansion)                                    or                           HEFT (chiral dimension expansion)
combination w/ single Higgs 

fit simpler
di-Higgs: probe differences in 1- and 2-Higgs couplings 

NLO w/ full mass dependence available 
[Buchalla eal,'18; Heinrich eal,’20]

Figure 11: K-factors for the total cross section as a function of the di↵erent couplings.

3.2 Cross sections and distributions at several benchmark points

In the following we will show results for the benchmark points defined in Ref. [71],

except for benchmark point 8, where we choose a di↵erent one (denoted as “outlier”

number 5 for cluster 8 in Ref. [72]) which has a more characteristic shape, and which

we call 8a.

The conventions for the definition of the couplings between our Lagrangian, given in

Eq. (2.6), and the one of Ref. [71] are slightly di↵erent. In Table 2 we list the conversion

factors to translate between the conventions.

EWChL Eq. (2.6) Ref. [71]

chhh �

ct t

ctt c2

cggh
2

3
cg

cgghh �
1

3
c2g

Table 2: Translation between the conventions for the definition of the anomalous

couplings.
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Higher-Order Corrections 
POWHEG implementation of HEFT at NLO QCD [’20]

[Buchalla eal,'18]

Translation HEFT/SMEFT 
non-trivial on level of matrix element squared

[fig. by Jannis Lang]

EFT for Higgs Pair Production 
Ramona Gröber (Univ. Padua, INFN Padua)



EFT for Higgs Pair Production 
Ramona Gröber (Univ. Padua, INFN Padua)

- SM large uncertainties from top quark mass renormalization  
   scheme [Baglio et al,’19,’20] 
- What are the errors on the EFT distributions that are  
   different from SM ones?

Truth level HEFT reweighting validation

6

Using the 20k SM sample (left) and the 100k SM sample (right)

Distributions normalised to 1
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[fig. by C. Dimitriadi]

Scans in EFT space w/ new Monte Carlo events  
too computing time intensive => Reweighting

[Buchalla eal,’18] provide weights

How do the reweighting in practice?

Discussion towards recommendations underway 
[Alasfar,Cadamuro,Dimitriadi,Ferrari,Gröber,Heinrich,Lang,Ördek,Pereira Sanchez,Scyboz]

Open questions



Single and Double Higgs processes: Interpretation in the  
k_lambda and EFT frameworks 

Jorge de Blas (Univ. De Granada)

LHC probes of trilinear Higgs coupling
[McCullough,’13; 
Gorbahn eal,’16; 
Degrassi eal,’16; 
Bizon eal,’16; 
DiVita eal,’17; 
Maltoni eal,’17; 
Gorbahn eal,’19; 
Anisha eal,’21; 
Haisch eal,’21]



Single and Double Higgs processes: Interpretation in the  
k_lambda and EFT frameworks 

Jorge de Blas (Univ. De Granada)

LHC probes of trilinear Higgs coupling
[McCullough,’13; 
Gorbahn eal,’16; 
Degrassi eal,’16; 
Bizon eal,’16; 
DiVita eal,’17; 
Maltoni eal,’17; 
Gorbahn eal,’19; 
Anisha eal,’21; 
Haisch eal,’21]

see talk by S.Manzoni (WG2) 
common 𝛋λ parametrisation  
for self-coupling from  single H measurements



Single and Double Higgs processes: Interpretation in the  
k_lambda and EFT frameworks 

Jorge de Blas (Univ. De Granada)

How interpret these measurements/determinations?



Single and Double Higgs processes: Interpretation in the  
k_lambda and EFT frameworks 

Jorge de Blas (Univ. De Granada)

How interpret these measurements/determinations?

Depends on what you want to learn! 

⇒ 
Sets interpretational framework 

⇑ 
assumptions



Single and Double Higgs processes: Interpretation in the  
k_lambda and EFT frameworks 

Jorge de Blas (Univ. De Granada)

How interpret these measurements/determinations?

Effective Field Theories 
as a rather 

model-independent 
approach



Self-coupling from single Higgs measurements: towards a 
common 𝛋λ parametrization 

S. Manzoni (CERN)

Experimental Results: Generic Model ATLAS-CONF-2019-049



Single and Double Higgs processes: Interpretation in the  
k_lambda and EFT frameworks 

Jorge de Blas (Univ. De Granada)

How interpret these measurements/determinations?

Conclusions: 
  

- global analysis: learn more about BSM 
- EFTs: model-independent, allow for  

proper h & hh combination 
- SMEFT ⊂ HEFT => HEFT proj on SMEFT 
- But SMEFT: correlations between  

processes facilitate analysis 
- exclusive 𝛋λ approx seems ok in SMEFT 
- hh typically outperforms h(<- model-indep.?!)



Di-Higgs Production in Extended Higgs Sectors 
Duarte Azevedo (KIT)

in collaboration w/ H. Abouabid, A. Arhrib, J. El Falaki, P. Ferreira, MM, R. Santos 

enhancement compared to SM: 
- Yukawa and trilinear Higgs couplings different 
- Resonant enhancement due to heavy Higgs production 
- New particles in the loop (SUSY) 

resonant di-Higgs searches cut on parameter spaces  
of the models; non-resonant ones on N2HDM-I

[preliminary]

N2HDM-I

single Higgs constrains yt 

resonant+non-resonant searches required to constrain 𝝺3H

[preliminary]



Di-Higgs Production in Extended Higgs Sectors 
Duarte Azevedo (KIT)

in collaboration w/ H. Abouabid, A. Arhrib, J. El Falaki, P. Ferreira, MM, R. Santos 

To be published soon:  
Benchmarks delivered for  
SM-like HH (res, non-res ones),  
SM-like H + 𝜱i,  
𝜱i𝜱j final states 

Example: resonant SM-like HH production

criteria for benchmarks: 
- large cxns 
- di-Higgs beats single Higgs 
- Higgs cascades  
- relation to EFT

input welcome: 
- specific benchmark requests 
- how present benchmarks 
- large data set: benchmarks can 

be provided on request



Multiscalar Final States in the TRSM 
Gilberto Tetlalmatzi-Xolocotzi (Siegen Univ.)

- Triple Higgs production in SM is tiny: 0.1 fb at NNLO for c.m. energy 14 TeV [De Florian,Fabre,Mazzitelli,’19]

- Enhancement possible in extended scalar sectors

in collaboration w/ A. Papaefstathiou, T. Robens

- e.g. Two Real Singlet Extension of the SM (TRSM)

- Benchmark point w/ sigma(h1h1h1) = up to 50 fb

Analysis for 6b final state  
(MadGraph5_aMC@NLO,Herwig7,HwSim)



Machine learning augmented problem of light-quark Yukawa and trilinear 
couplings from Higgs pair production 

Ayan Paul (DESY, Humboldt Univ. Berlin)

HH at LHC and FCC-hh:

+ applied to

Result

>
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Higgs Boson Pair Production at NNLO in the Large-Mt Expansion 
Florian Herren 

in collaboration w/ J. Davies, G. Mishima, M. Steinhauser, ’19,’21

Status higher-order corrections: exact at NLO [Borowka real,’16; Baglio real,’18]

LME expansion w/ 4 expansion terms

at NNLO based on HEFT or LME: 
- HEFT [de Florian,Mazzitelli,’13; Grigo,Melnikov,Steinhauser,’14] 

1/mt^2 corrections for virtual parts [Grigo,Hoff,Steinhauser,’14; Davies,Steinhauser,’19] 
- HEFT for virtual parts combined w/ available exact real radiation [Grazzini eal,’18]

mass corrections  
are sizeable

results usable 
as input for 

Padé approximant 
based methods



Higgs Pair Production at Approximate NNLO QCD with Anomalous Couplings 
Ludovic Scyboz (Oxford University)

in collaboration w/ D. de Florian, I. Fabre, G. Heinrich, J. Mazzitelli

HH at NNLO’ in HEFT:  Combine

- invariant mass distributions for benchmark points 

- set of fitted coefficients a1…a25  
of NNLO’ cross section  
at c.m. energy 14 TeV

Provided
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Analyses, calculations, investigations, discussions are ongoing 
Stay tuned!

Thank you for your attention!




