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Motivation (I): Two-Higgs-Doublet Model 

2HDM: one of the simplest extensions of the SM 

dark matter candidate (Inert Doublet Model) 

source of CP violation 

extended scalar sector 

renormalizable 
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Motivation (I): Two-Higgs-Doublet Model 

2HDM: one of the simplest extensions of the SM 

dark matter candidate (Inert Doublet Model) 

source of CP violation 

extended scalar sector 

renormalizable 
 

renormalization of the two scalar mixing angles in the 2HDM is non-

trivial 
 

previously existing schemes are either numerically unstable, process-

dependent or gauge-dependent 
 

search for a suitable renormalization scheme of the scalar mixing angles 

         full electroweak NLO corrections to all decays within the 2HDM 
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Motivation (II): Electroweak @1-Loop 

high-precision predictions for branching ratios in BSM models 
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Motivation (II): Electroweak @1-Loop 

high-precision predictions for branching ratios in BSM models 
 

state-of-the-art code for branching ratios of Higgs decays in the 2HDM: 

HDECAY 

off-shell decay modes for final-state massive vector bosons / heavy quarks 

loop-induced decays to final-state gluon/photon pairs and 

QCD corrections to final-state quark pairs 
 

electroweak corrections at one-loop are still missing 
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Motivation (II): Electroweak @1-Loop 

high-precision predictions for branching ratios in BSM models 
 

state-of-the-art code for branching ratios of Higgs decays in the 2HDM: 

HDECAY 

off-shell decay modes for final-state massive vector bosons / heavy quarks 

loop-induced decays to final-state gluon/photon pairs and 

QCD corrections to final-state quark pairs 
 

electroweak corrections at one-loop are still missing 
 

interesting theoretical studies with one-loop electroweak corrections: 

differences w.r.t. MSSM one-loop corrections (integrate out SUSY masses) 

        2HDM as effective theory for the MSSM with heavy sparticles 

studies on renormalization scheme dependence (estimate of theoretical 

errors due to missing higher orders) 

phenomenologically interesting limits (decoupling, alignment, wrong-sign, é) 
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Introduction to the 2HDM (I): Potential 

two complex SU(2)L Higgs doublets 
 

 

 
 

non-vanishing vacuum expectation values (VEVs)           with 
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Introduction to the 2HDM (I): Potential 

two complex SU(2)L Higgs doublets 
 

 

 
 

non-vanishing vacuum expectation values (VEVs)           with 

 
 

scalar Lagrangian with CP- and      -conserving 2HDM potential: 
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Introduction to the 2HDM (II): Parameters 

eight real-valued potential parameters:  

dimensionless                           

mass-squared parameters                   and 

 

difference w.r.t. MSSM: constants are fixed through SUSY relations 

 
 

 



10  

25.03.2019  -  DPG Aachen ITP, KIT                   M. Krause: Higher-Order Corrections to 2HDM Higgs Decays with 2HDECAY 

Introduction to the 2HDM (II): Parameters 

eight real-valued potential parameters:  

dimensionless                           

mass-squared parameters                   and 

 

difference w.r.t. MSSM: constants are fixed through SUSY relations 

 

transformation to the Higgs mass basis via scalar mixing angles  

    for the CP-even sector 

    for the CP-odd and charged sector 
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Electroweak Corrections @1-Loop (I) 

aim: calculate all 2HDM Higgs boson decays @1-loop (electroweak) 
 

use perturbation theory to solve the scattering matrix S at 1-loop level 
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Electroweak Corrections @1-Loop (I) 

aim: calculate all 2HDM Higgs boson decays @1-loop (electroweak) 
 

use perturbation theory to solve the scattering matrix S at 1-loop level 

 

2HDM  

Ăelectroweak 

Lagrangianñ 

 

Processes, e.g. Model 

file 

FeynArts 

[FeynArts: T. Hahn, Comput. Phys. Commun. 140 (2001) 418;  

 FeynCalc: V. Shtabovenko, R. Mertig and F. Orellana, Comput. Phys. Commun. 207 (2016) 432-444] 
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Electroweak Corrections @1-Loop (I) 

aim: calculate all 2HDM Higgs boson decays @1-loop (electroweak) 
 

use perturbation theory to solve the scattering matrix S at 1-loop level 

 

2HDM  

Ăelectroweak 

Lagrangianñ 

 

Processes, e.g. 

Amplitudes 

Feynman 

rules 
Model 

file 

Decay Widths 

 
 

@1-loop 

Analytically FeynCalc 

FeynArts FeynArts 

[FeynArts: T. Hahn, Comput. Phys. Commun. 140 (2001) 418;  

 FeynCalc: V. Shtabovenko, R. Mertig and F. Orellana, Comput. Phys. Commun. 207 (2016) 432-444] 
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Electroweak Corrections @1-Loop (I) 

aim: calculate all 2HDM Higgs boson decays @1-loop (electroweak) 
 

use perturbation theory to solve the scattering matrix S at 1-loop level 

 

2HDM  

Ăelectroweak 

Lagrangianñ 

 

Processes, e.g. 

Amplitudes 

Feynman 

rules 
Model 

file 

Decay Widths 

 
 

@1-loop 

HDECAY 

QCD, off-shell, 

loop-induced 

2HDECAY 

Full result 

Analytically FeynCalc 

FeynArts 

Python FORTRAN 

FeynArts 

[FeynArts: T. Hahn, Comput. Phys. Commun. 140 (2001) 418;  

 FeynCalc: V. Shtabovenko, R. Mertig and F. Orellana, Comput. Phys. Commun. 207 (2016) 432-444] 
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Electroweak Corrections @1-Loop (II) 

all decay topologies are considered           large number of diagrams 
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Electroweak Corrections @1-Loop (II) 

all decay topologies are considered           large number of diagrams 

 

 

 

decay channels that are considered: 
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Electroweak Corrections @1-Loop (II) 

all decay topologies are considered           large number of diagrams 

 

 

 

decay channels that are considered: 

 

 

 

  
 

 

(semi-)automated calculation of the decays 
 

many diagrams contain UV divergences            renormalization 
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Renormalization of the 2HDM (I) 

set of free parameters of the 2HDM (excluding CKM elements, é) 
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Renormalization of the 2HDM (I) 

set of free parameters of the 2HDM (excluding CKM elements, é) 

 
 
 

renormalization program for the 2HDM: 

tadpole terms             standard / alternative tadpole scheme 

mass counterterms             on-shell 

fine-structure constant             at Z mass 

soft-     -breaking scale             

scalar mixing angles             ?  
 

[full details: MK, Masterós thesis (2016), KIT;  

 MK, R. Lorenz, M. M. Mühlleitner, R. Santos, H. Ziesche, J. High Energ. Phys. 2016 (2016) 143;  

 MK, M. M. Mühlleitner, R. Santos, H. Ziesche, Phys. Rev. D95 (2017) 075019] 
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Renormalization: Scalar Mixing Angles (I) 

renormalization of mixing angles     and     is non-trivial in the 2HDM 
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Renormalization: Scalar Mixing Angles (I) 

renormalization of mixing angles     and     is non-trivial in the 2HDM 
 

simplest approach:        conditions for     and 

 Č can be numerically unstable   

 Č unsuitable scheme 
 

[R. Lorenz, Masterós thesis (2015), Karlsruhe Institute of Technology; 

 MK, R. Lorenz, M. M. Mühlleitner, R. Santos, H. Ziesche, J. High Energ.  

 Phys. 2016 (2016) 143] 
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Renormalization: Scalar Mixing Angles (I) 

renormalization of mixing angles     and     is non-trivial in the 2HDM 
 

simplest approach:        conditions for     and 

 Č can be numerically unstable   

 Č unsuitable scheme 
 

other schemes used in literature yield gauge-dependent results 

 

is there a renormalization scheme for the 2HDM satisfying the three 

criteria 

gauge independence, 

process independence (i.e. not fixed over a decay width), 

numerical stability (i.e. leads to moderate NLO corrections)? 

[R. Lorenz, Masterós thesis (2015), Karlsruhe Institute of Technology; 

 MK, R. Lorenz, M. M. Mühlleitner, R. Santos, H. Ziesche, J. High Energ.  

 Phys. 2016 (2016) 143] 

[S. Kanemura et al., Phys. Rev. D70 (2004) 115002] 
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Renormalization: Scalar Mixing Angles (II) 

gauge-independent ñOS approachò: use the pinch technique (PT) 
 

the PT was worked out 

to all orders in the SM 

at one-loop for the 2HDM 
 

 

[ D. Binosi, J. Phys. G30 (2004) 1021 ] 

[ MK, Masterós thesis (2016), KIT ] 
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Renormalization: Scalar Mixing Angles (II) 

gauge-independent ñOS approachò: use the pinch technique (PT) 
 

the PT was worked out 

to all orders in the SM 

at one-loop for the 2HDM 
 

PT-based definition of the scalar mixing angle counterterms: 

     use the pinched scalar self-energies instead of the usual ones 
 

 

[ D. Binosi, J. Phys. G30 (2004) 1021 ] 

[ MK, Masterós thesis (2016), KIT ] 
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Renormalization: Scalar Mixing Angles (II) 

gauge-independent ñOS approachò: use the pinch technique (PT) 
 

the PT was worked out 

to all orders in the SM 

at one-loop for the 2HDM 
 

PT-based definition of the scalar mixing angle counterterms: 

     use the pinched scalar self-energies instead of the usual ones 
 

properties of the pinched scheme: 

process-independent, symmetric in the fields 

manifestly gauge-independent per construction 

              gauge-independent NLO amplitudes 

numerically stable (depending on the point in parameter space) 
 

                                           proposed solution for renormalizing       and       in the 2HDM 
 

possible downside: contains off-diagonal two-point functions (truly ñOSò?) 
 

[ D. Binosi, J. Phys. G30 (2004) 1021 ] 

[ MK, Masterós thesis (2016), KIT ] 
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Renormalization: Scalar Mixing Angles (III) 

gauge-independent ñphysical OS approachò: use S matrix elements 

through a process 
 

idea: introduce two right-handed fermion singlets        with an  

additional      symmetries to prevent generation mixing 

 massive neutrinos with Yukawa couplings  
 

 
 

[ A. Denner, S. Dittmaier, J.-N. Lang, arXiv:1808.03466 ] 
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Renormalization: Scalar Mixing Angles (III) 

gauge-independent ñphysical OS approachò: use S matrix elements 

through a process 
 

idea: introduce two right-handed fermion singlets        with an  

additional      symmetries to prevent generation mixing 

 massive neutrinos with Yukawa couplings  
 

renormalization of       and       through requirement that ratios of  

tree-level and one-loop S matrix elements are equivalent, e.g.: 

 
 

[ A. Denner, S. Dittmaier, J.-N. Lang, arXiv:1808.03466 ] 



28  

25.03.2019  -  DPG Aachen ITP, KIT                   M. Krause: Higher-Order Corrections to 2HDM Higgs Decays with 2HDECAY 

Renormalization: Scalar Mixing Angles (III) 

gauge-independent ñphysical OS approachò: use S matrix elements 

through a process 
 

idea: introduce two right-handed fermion singlets        with an  

additional      symmetries to prevent generation mixing 

 massive neutrinos with Yukawa couplings  
 

renormalization of       and       through requirement that ratios of  

tree-level and one-loop S matrix elements are equivalent, e.g.: 

 
 

properties of the ñphysical OS approachò: 

CTs are defined purely through gauge-independent S matrix elements 

        manifestly gauge-independent per construction 
 

numerically stable (depending on the point in parameter space) 
 

possible downside: contains process-specific contributions (universality?) 

[ A. Denner, S. Dittmaier, J.-N. Lang, arXiv:1808.03466 ] 
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Numerical Analysis (III) 

 

 

 

 

 

 

 

 

 

 

 

proc: process-dependent 

pOS: ñon-shell pinchedò 

p*: ñp*-pinchedò 

KOSY: gauge-dependent 

  scheme 

superscript ñcò: definition over 

charged sector 

scan over large parameter ranges 

relative size of NLO corrections: 
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Numerical Analysis (III) 

 

 

 

 

 

 

 

 

 

 

 

process-dependent scheme: huge NLO corrections (unsuitable) 
 

pinched schemes: well-behaving for large parameter ranges 

proc: process-dependent 

pOS: ñon-shell pinchedò 

p*: ñp*-pinchedò 

KOSY: gauge-dependent 

  scheme 

superscript ñcò: definition over 

charged sector 

scan over large parameter ranges 

relative size of NLO corrections: 
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Conclusions and Outlook 

gauge parameter independence: key principle for observables in QFTs 
 

certain renormalization schemes spoil this independence in the 2HDM 
 

a gauge-independent, process-independent and numerically stable 

scheme for       and      was worked out for the first time for the 2HDM 
 

full electroweak one-loop corrections to 2HDM Higgs decays calculated 
 

combination with state-of-the-art corrections from HDECAY: 

development of new tool 2HDECAY 
 

                     https://github.com/marcel-krause/2HDECAY 
 

phenomenological studies (planned): 

dependence of NLO corrections on 2HDM type 

analysis for certain interesting limits (decoupling, alignment, é) 

effect of NLO electroweak corrections on parameter space restriction 
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Thanks! 
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Backup slides 
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Gauge Invariance in Electrodynamics / QFTs 

consider classical electrodynamics (ñTheo Cò):     and     fields 

 

 
 

scalar potential 

vector potential 
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Gauge Invariance in Electrodynamics / QFTs 

consider classical electrodynamics (ñTheo Cò):     and     fields 

 

 

fields are invariant under simultaneous gauge transformations 

 
 

 Maxwellôs equations are invariant as well   
 

scalar potential 

vector potential 

arbitrary field 
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Gauge Invariance in Electrodynamics / QFTs 

consider classical electrodynamics (ñTheo Cò):     and     fields 

 

 

fields are invariant under simultaneous gauge transformations 

 
 

 Maxwellôs equations are invariant as well   
 

a gauge fixing sets conditions on     (and hence, on the potentials) 
 

Coulomb gauge: 
 

Lorenz gauge: 
 

scalar potential 

vector potential 

arbitrary field 

can be used to simplify 

Maxwellôs equations 
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Gauge Invariance in Electrodynamics / QFTs 

consider classical electrodynamics (ñTheo Cò):     and     fields 

 

 

fields are invariant under simultaneous gauge transformations 

 
 

 Maxwellôs equations are invariant as well   
 

a gauge fixing sets conditions on     (and hence, on the potentials) 
 

Coulomb gauge: 
 

Lorenz gauge: 
 

in QFTs: dependence on      introduced through gauge-fixing Lagrangian 
  

 individual Feynman diagrams dependent on  

scalar potential 

vector potential 

arbitrary field 

can be used to simplify 

Maxwellôs equations 
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Cancellation of Gauge Dependences 

     encodes redundant (unphysical) degrees of freedom 

             observables, decay amplitudes, etc. must not depend on 

             cancellation is ensured by BRST symmetry  

 
 

 

 

[C. Becchi, A. Rouet, R. Stora, Ann. Phys. 98 (1976) 287; M. Z. Iofa, I. V. Tyutin, Theor. Math. Phys. 27 (1976) 316] 
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Cancellation of Gauge Dependences 

     encodes redundant (unphysical) degrees of freedom 

             observables, decay amplitudes, etc. must not depend on 

             cancellation is ensured by BRST symmetry  

 

for LO OS processes, cancellation of      dependences is straightforward 
 

at higher orders, the cancellation becomes very intricate 
 

possible violation of the cancellation: renormalization conditions  

for mixing angles 

SM: CKM matrix           solved 

 

 

2HDM: scalar mixing angles            ? 
 

 

 

[C. Becchi, A. Rouet, R. Stora, Ann. Phys. 98 (1976) 287; M. Z. Iofa, I. V. Tyutin, Theor. Math. Phys. 27 (1976) 316] 

[B.A. Kniehl, F. Madricardo, M. Steinhauser, Phys.Rev. D62 (2000) 073010; Y. Yamada, Phys.Rev. D64 (2001) 036008; 

 P. Gambino, P.A. Grassi, F. Madricardo, Phys.Lett. B454 (1999) 98-104; 

 A. Barroso, L. Brucher, R. Santos, Phys.Rev. D62 (2000) 096003] 
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Motivation (III): Gauge Parameter Independence 

many phenomenologically interesting models are based on gauge 

theories 
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Motivation (III): Gauge Parameter Independence 

many phenomenologically interesting models are based on gauge 

theories 

 

gauge theories imply the need for fixing a gauge, e.g. general Rɝ gauge 

       necessary for removal of redundant degrees of freedom 

 

the class of Rɝ gauges form an equivalence class of the gauge theory 

       equations of motions, observables, ... must not depend on ɝ 
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Motivation (III): Gauge Parameter Independence 

many phenomenologically interesting models are based on gauge 

theories 

 

gauge theories imply the need for fixing a gauge, e.g. general Rɝ gauge 

       necessary for removal of redundant degrees of freedom 

 

the class of Rɝ gauges form an equivalence class of the gauge theory 

       equations of motions, observables, ... must not depend on ɝ 

 

higher-order calculations: cancellation of gauge dependences becomes 

very intricate 

 

in the 2HDM: unsuitable renormalization of mixing angles spoils gauge 

parameter independence 
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Gauge Invariance in QED 

consider Quantum Electrodynamics with spinors          , photon 

 

we demand invariance under local U(1) gauge transformations 
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Gauge Invariance in QED 

consider Quantum Electrodynamics with spinors          , photon 

 

we demand invariance under local U(1) gauge transformations 

 

 

proper inclusion of the transformation: covariant derivative 

 

 

renormalizability: QED Lagrangian up to dim-4 operators 

 

 

   (        fermion mass,           photon field strength tensor) 
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Gauge Dependences in QED 

quantization e.g. through the Faddeev-Popov method: 

 

 
introduction of gauge-fixing and Lagrangian 

 

    Č preservation of unitarity 
 

    Č cancellation of unphysical polarization degrees of freedom 
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Gauge Dependences in QED 

quantization e.g. through the Faddeev-Popov method: 

 

 
introduction of gauge-fixing and Lagrangian 

 

    Č preservation of unitarity 
 

    Č cancellation of unphysical polarization degrees of freedom 

 

Feynman rules depend on gauge-fixing parameter      :  

 

 
 
  

 introduction of      dependence in (loop) calculations 
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Electroweak Corrections @1-Loop (III) 

many diagrams contain UV divergences, i.e. formally, we have 
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Electroweak Corrections @1-Loop (III) 

many diagrams contain UV divergences, i.e. formally, we have 

 

 

 

use dimensional regularization (                 ), isolate the divergences: 
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Electroweak Corrections @1-Loop (III) 

many diagrams contain UV divergences, i.e. formally, we have 

 

 

 

use dimensional regularization (                 ), isolate the divergences: 

 

 

 

remove the divergences via renormalization 
 

idea: split óbareô parameters into renormalized values and counterterms 

 
counterterms need to be fixed via renormalization conditions 
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Renormalization: On-Shell Conditions (I) 

consider scalar field doublet 
 

field strength renormalization: 

 

 

two-point correlation function for the doublet with momentum     :   

mass CTs mass matrices 

1PI self-energies 

renormalized 

self-energies 
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Renormalization: On-Shell Conditions (II) 

on-shell conditions: 

mixing of fields vanishes for  

masses          are the real parts of the pole of the propagator 

normalization: residue of the propagator at its pole equals  
 

fixation of diagonal mass counterterms: 

 
 

fixation of field strength renormalization constants: 

 

 

 
 

the specific form of the              depends on the tadpole scheme 
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Renormalization: General Tadpole Conditions 

renormalization conditions for the tadpole terms: 

 

 

 

 

conversion from gauge to mass basis: 

 

 
 

purpose: restoring the minimum conditions of the potential at NLO 
 

practical effect: no tadpole diagrams in NLO calculations 
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Renormalization: Standard Tadpole Scheme 

standard scheme: vevs are derived from the loop-corrected potential 
 

 

vevs in the mass relations produce correct one-loop OS masses, e.g. 

 
 

tadpole terms appear explicitly in the bare mass matrices 

 Č mass matrix counterterms contain the tadpole counterterms: 

 

 
one-loop corrected potential is gauge-dependent 

 Č vevs are gauge-dependent 

 Č mass counterterms become gauge-dependent 

(e.g. in   A. Denner:  arXiv:0709.1075) 
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Renormalization: Alternative Tadpole Scheme 

alternative scheme: vevs represent the same minimum as at tree level 
 

 

bare masses are expressed through gauge-independent tree-level vevs 

 Č mass CTs become gauge-independent 
 

correct minimum conditions @NLO require a shift in the vevs 

 
 

fixation of the shifts by applying the tadpole conditions: 

 

 
 

the shifts translate into every CT, wave function renormalization 

constants and Feynman rules 
 

alternative tadpole scheme worked out for the 2HDM 

[based on: J. Fleischer,  F. Jegerlehner, Phys. Rev. D 23 (1981) 2001-2026] 


