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New Physics Effects in Higgs Pair Production

✦Cross section: - different trilinear couplings - different Yukawa couplings  
- novel particles in the loops - resonant enhancement - novel couplings

[taken from Dao,MM,Streicher,Walz,´13]✦Example NMSSM:

resonant enhancement 
for mHk = 2*mh

stop, sbottomdiffering 
from SM value

differing 
from SM value

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022
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New Physics Effects in Higgs Pair Production

✦Cross section: - different trilinear couplings - different Yukawa couplings  
- novel particles in the loops* - resonant enhancement - novel couplings

[thanks to D. Neascu]✦Example extension w/ strange Dark sector:

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

*talk by Felix Egle: composite 2HDM  w/ partial compositeness



 Overview of Higgs Pair production possibilities 
including theoretical and experimental  

constraints in archetypical BSM Higgs sectors 
including different symmetries 

 Provide benchmark points / lines / planes 
for experiment 



✦ Following results based on:  
Abouabid, Arhrib, Azevedo, El Falaki, Ferreira, MMM, Santos, „Benchmarking Di-Higgs  
Production in Extended Higgs Sectors“, JHEP 09 (2022) 011

H1,H2,H3

SFOEWPT
baryogenesis
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Parameter Point Samples

✦ Scans in parameter spaces of the models w/ ScannerS:  
 
take into account all relevant theoretical and experimental constraints  
+ limits from di-Higgs searches

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

4b: [ATLAS-CONF-Note-2021-030, ATLAS,1804.06174], WW𝝲𝝲: [ATLAS,1807.08567] 
bb𝝲𝝲: [ATLAS,1807.04873]; bbWW: [ATLAS,1811.04671, bbZZ: [CMS,2006.06391] 
bb𝞃𝞃: [ATLAS,1808.00336;ATLAS-CONF-Note-2021-035;ATLAS,2007.14811], 4W: [ATLAS,1811.11028]

✦ Computation of Higgs pair production cxn:  
 
HPAIR [Spira] for C2HDM [Gröber,MM,Spira,’17], NMSSM [Dao,MM,Streicher,Walz,’13],  
2HDM [MM], N2HDM [MM]: Born-improved HTL cxn; K-factors 1.4-2.1

✦ Scatter plots:  
 
LO cxn times factor 2 (to approx. account for NLO QCD), benchmark points include 
NLO QCD calculated w/ HPAIR
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Impact of Resonant Searches - Ex. N2HDM H1 SM-like

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

*talk by Duarte Azevedo
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Impact of Resonant Searches - Ex. N2HDM H1 SM-like

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

resonant constraint 
on single Higgs times 

branching ratio
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Impact of Resonant Searches - Ex. N2HDM H1 SM-like

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

resonant constraint 
on single Higgs times 

branching ratio

assume non-resonant contribution is SM-like 
and no interference effects
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Impact of Resonant Searches - Ex. N2HDM H1 SM-like

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

𝞒/m > 5% 
-> do not apply exp 

limits (assume NWA)
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Impact of Resonant Searches - Ex. N2HDM H1 SM-like

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

𝞒/m > 5% 
-> do not apply exp 

limits (assume NWA)

cut points w/ 𝞒/m > 50%
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Impact of Non-resonant Searches

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

✦ Our definition:  
 
take into account all relevant theoretical and experimental constraints  
+ limits from di-Higgs searches 

  𝞂resHH < 0.1 * 𝞂full -> non-resonant production
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Impact of Non-resonant Searches - Example N2HDM

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

Shaded: non-resonant
*talk by Duarte Azevedo
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Impact of Non-resonant Searches - Example N2HDM

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

Shaded: non-resonant resonant
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Impact of Non-resonant Searches - Example N2HDM

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

Shaded: non-resonant Purely resonanttransition region
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Impact of Non-resonant Searches - Example N2HDM

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

non-resonant searches 
start cutting  

parameter space
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Required: combination Non-resonant and Resonant Searches

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

non-resonant production total

- full/dashed lines: top-Yukawa coupling = SM value/+-10% 
- Combination of resonant and resonant searches required to constraint trilinear coupling
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Required: combination Non-resonant and Resonant Searches

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

non-resonant production total

- full/dashed lines: top-Yukawa coupling = SM value/+-10% 
- Combination of resonant and resonant searches required to constraint trilinear coupling

negative interference of  
H1 and H2 triangle contributions
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Parameter dependence - Ex. R2HDM T1

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

decoupling limit
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Parameter dependence - Ex. R2HDM T1

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

no clear correspondence between cxn value 
of resonant production and resonant mass value
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Parameter dependence - Ex. R2HDM T1

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

no clear correspondence between cxn value 
of resonant production and resonant mass value Resonant production  

depends on 𝝺(Hhh), MH, 𝞒H, ytH*  

*: even more in models with several resonant Higgs bosons
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Impact of Single- & Di-Higgs Constraints on trilinear Higgs couplings

M.M.Mühlleitner, LHC Extended Scalars, 6 July 2021

- single Higgs constrains yt -> affects 𝝺HHH 
- di-Higgs does not lead to much further  
  restriction

- increased yt precision affects here 𝝺HHH 
more strongly 

- 𝝺HHH reduction mostly due to unitarity  
   constraints (specific to N2HDM)

„wedge“: non-SM 𝝺HHH comes with non-SM yt 
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Allowed values of the trilinear Higgs self-coupling

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022
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Allowed values of the trilinear Higgs self-coupling

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

no parameter points compatible  
w/ constraints found
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Allowed values of the trilinear Higgs self-coupling

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

Experimental results cut on  𝝺HHH 
and hence on the parameter space 

ATLAS; -0.4 ≦𝝹𝝺≦6.3
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Allowed values of the trilinear Higgs self-coupling

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

Experimental results cut on  𝝺HHH 
and hence on the parameter space 

CMS; -1.24 ≦𝝹𝝺≦6.49
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Allowed values of the trilinear Higgs self-coupling

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

some models: 𝝺HHH compatible  
w/ zero still possible



2

Comparison with EFT

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

✦ Effective Lagrangian:  
 
 

c3: trilinear coupling modification; ct: top-Yukawa coupling modification;  
ctt: effective two-Higgs-two-fermion coupling 
no cg, cgg: no new heavy colored BSM particles assumed 

✦ Matching relations of our specific BSM models: 
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2HDM versus EFT

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

✦ R2HDM T2 sample parameter point:

✦ corresponding EFT values: 

✦ goodness of approximation?: 

✦ Remark: 
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N2HDM versus EFT

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

✦ N2HDM T1 sample parameter point:

✦ corresponding EFT values: 

✦ goodness of approximation?: (mH3 kept fixed)
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 Single Higgs versus Di-Higgs Cascade Decays

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

✦ Singlet extended N2HDM, NMSSM: non-SM Higgs is singlet-like and/or more down- than 
  up-type like => suppressed direct production rate

✦ Sample parameter point N2HDM T1:

H2 has tiny couplings to b-quarks => better chances to be  
discovered in di-Higgs than single Higgs channels
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CP-Violating Decays

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

✦ CP-violating 2HDM (C2HDM): BSM CP violation required in electroweak baryogenesis*

*talk by Lisa Biermann

✦ Example C2HDM T1: 
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 Mixed Higgs Pairs: h+𝜱

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022



2

 Mixed Higgs Pairs: h+𝜱

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

X 
X 

X 
X

4b
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 Mixed Higgs Pairs: h+𝜱

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022
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Non-SM Higgs Pair Final States

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022



2

Many other contributions on BSM Higgs Pair Production 

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

J. Braathen 
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Many other contributions on BSM Higgs Pair Production 

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

J. Braathen 

G. Tetlalmatzi-Xolocotzi 
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Many other contributions on BSM Higgs Pair Production 

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

J. Braathen 

G. Tetlalmatzi-Xolocotzi 

K. Radchenko Serdula 
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Many other contributions on BSM Higgs Pair Production 
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Many other contributions on BSM Higgs Pair Production 

M.M.Mühlleitner, LHCHWG 2022, 29 Nov 2022

J. Braathen 

G. Tetlalmatzi-Xolocotzi 

K. Radchenko Serdula 

Botao Duo

F. Egle 

L. Biermann

Elham Khazaie

B. Marzochhi

Borschensky et al.

Baum et al.

U. Ellwanger

Many More



21M.M.Mühlleitner, Higgs 2020, 27 Oct 2020

Conclusions

Parameter scans in typical BSM models (R2HDM, C2HDM, N2HDM, NMSSM) <- CP-viol, SUSY, singlet 
taking into account theoretical and experimental constraints; interference effects 

Application of resonant and non-resonant di-Higgs constraints 

Combination of single- and di-Higgs production: effect on allowed coupling values 
 

Comparison with (non-linear) EFT results 

Di-Higgs beats single Higgs in heavy Higgs boson discovery 

Test of CP violation: combination of various multi-boson final states 

Many more studies that are interesting for cross topics 



Thank you for your attention


