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Motivation AT

Karlsruhe Institute of Technology

® we consider the Two-Higgs-Doublet Model (2HDM)
® no constraints due to SUSY relations
® provides a dark matter candidate (Inert Doublet Model)

B extended scalar sector
® interesting phenomenology

® Higgs-to-Higgs decays as interesting signatures
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Motivation AT

Karlsruhe Institute of Technology

® we consider the Two-Higgs-Doublet Model (2HDM)
® no constraints due to SUSY relations
® provides a dark matter candidate (Inert Doublet Model)
B extended scalar sector

® interesting phenomenology

® Higgs-to-Higgs decays as interesting signatures

® investigation of the one-loop electroweak correctionsto H — h h :
B size and relevance of the electroweak corrections
® renormalization scheme dependence of the electroweak corrections
ﬂ estimate of theoretical uncertainty due to missing higher orders
B size of the electroweak corrections relative to the decay width at tree level

mm) “‘numerical stability” of renormalization schemes
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Introduction to the 2HDM: Scalar Potential \KIT

llllllllllllllllllllllllll

® two complex SU(2), Higgs doublets

wy wy
Oy =\ vitpitim | » Do = | votpstine
V2 V2

® non-vanishing vacuum expectation values (VEVS) v1,v2 with

v? 1= v + 03 ~ (246 GeV)?
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Introduction to the 2HDM: Scalar Potential \KIT

llllllllllllllllllllllllll

® two complex SU(2), Higgs doublets

wy wy
Oy =\ vitpitim | » Do = | votpstine
V2 V2

® non-vanishing vacuum expectation values (VEVS) v1,v2 with

v? 1= v + 03 ~ (246 GeV)?

® scalar Lagrangian with CP- and Zs-conserving 2HDM potential:
Varioat (@1, B2) = m?2, (qf{cbl) +m2, (cb;q)z) m2, K@T%) n (@5@1)}

A 2 )
n 71 (@J{@l) n 22 (qﬂq)g) F g (qf{@l) (cb;q»z)

+ A\ (qf{%) (cb;q)l) + % [(@1@2)2 + (@5@1)2]
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Introduction to the 2HDM: Parameters () IT

Karlsruhe Institute of Technology

® eight real-valued potential parameters:
® dimensionless \; (i = 1,...,5)
® squared mass parameters m?7,, m3, and m?,

B difference w.r.t. MSSM: constants not fixed through SUSY relations
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Introduction to the 2HDM: Parameters () IT

Karlsruhe Institute of Technology

® eight real-valued potential parameters:
® dimensionless \; (i = 1,...,5)
® squared mass parameters m?7,, m3, and m?,

B difference w.r.t. MSSM: constants not fixed through SUSY relations

® transformation to the Higgs mass basis via scalar mixing angles
B « for the CP-even sector
®m [ for the CP-odd and charged sectors
mm) physical Higgs bosons and Goldstones (H, h, G°, A, G+, HY)
LI

| | |

CP-even CP-odd charged

® SM limit for our analyses: sin(8 —a) — 1
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Introduction to the 2HDM: Parameters (1) NIT

Karlsruhe Institute of Technology

® masses of heavier Higgs bosons ¢neavy € {H, A, HE} take the form

mgbhea.vy ~ 2 m12 —l_ f( )

thea,vy sin 5 COS B

[ S. Kanemura, Y. Okada, E. Senaha, C. P. Yuan, Phys. Rev. D 70 (2004) 115002 ]

where f();) is a linear combination of the \; and

+
. )1 for ¢peavy € {4, H*}
(,bheavy T .
sin(8 — ) for gneavy = H
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Introduction to the 2HDM: Parameters (1) NIT

Karlsruhe Institute of Technology

® masses of heavier Higgs bosons ¢neavy € {H, A, HE} take the form

2
My ™ € Feop T F(A)07

Cthea,vy sin 5 COS

[ S. Kanemura, Y. Okada, E. Senaha, C. P. Yuan, Phys. Rev. D 70 (2004) 115002 ]

where f();) is a linear combination of the \; and

. )1 for ¢peavy € {4, Hi}
Pheavy = sin(8 — ) for gneavy = H

® two interesting limits in case that mfbheavy becomes large:
mi
sin B cos 8

o mfbheavy dominated by large m3,/sin 3 cos 3, independent of the \;
w )\; are small while the m3  are still large

® decoupling: > f(\;)v? for all heavier Higgs bosons

2
T < f()\;)v? for at least one heavier Higgs boson

® strong coupling: sin Bcos 3 ~
® large \; required for large méheavy
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Decoupling Limit of the 2HDM AT

Karlsruhe Institute of Technology

® decoupling: m—fgﬁ > f(\)v? for all Gheavy € {H, A, HE}

sin 3 cos

L m?bheavy dominated by large m?,/sin Bcos 3 , independent of the A;
® ); are small while the m? _  are still large

® trilinear and quartic Higgs couplings can become small
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Decoupling Limit of the 2HDM AT

Karlsruhe Institute of Technology

® decoupling: % > f(\)v? for all Gheavy € {H, A, HE}

L m?bheavy dominated by large m?,/sin Bcos 3 , independent of the A;
® ); are small while the m? _  are still large

® trilinear and quartic Higgs couplings can become small

® decoupling theorem: loop effects due to heavy Higgs bosons vanish
in the ||m|t Mg, — 00 [ T. Appelquist, J. Carazzone, Phys. Rev. D 11 (1975) 2856 ]
eavy

B reflects the decoupling limit in the MSSM where the Higgs couplings
are given in terms of gauge couplings g and g’ due to SUSY relations
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Wrong-Sign Limit of the 2HDM AT

Karlsruhe Institute of Technology

® even with large ;525 > f(Ai)v?, decoupling is not always guaranteed

sin 3 cos
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Wrong-Sign Limit of the 2HDM AT

Karlsruhe Institute of Technology

® even with large ;525 > f(Ai)v?, decoupling is not always guaranteed

sin 3 cos

® wrong-sign limit of the type Il (and flipped) 2HDM:

® relative minus sign of the down-type Yukawa couplings compared to
the up-type and Higgs-vector-vector couplings

reached for sin(a+ ) — 1

large tan 5 required in order to simultaneously achieve the SM limit

[ P. M. Ferreira, R. Guedes, M. O. P. Sampaio, R. Santos, JHEP 12 (2014) 067;
D. Fontes, J. C. Romao, J. P. Silva, Phys. Rev. D 90 (2014) 015021 and references therein ]
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Wrong-Sign Limit of the 2HDM AT

Karlsruhe Institute of Technology

® even with large ;525 > f(Ai)v?, decoupling is not always guaranteed

® wrong-sign limit of the type Il (and flipped) 2HDM:

® relative minus sign of the down-type Yukawa couplings compared to
the up-type and Higgs-vector-vector couplings

reached for sin(a+ ) — 1

large tan 5 required in order to simultaneously achieve the SM limit

[ P. M. Ferreira, R. Guedes, M. O. P. Sampaio, R. Santos, JHEP 12 (2014) 067;
D. Fontes, J. C. Romao, J. P. Silva, Phys. Rev. D 90 (2014) 015021 and references therein ]

® in the wrong-sign regime of the 2ZHDM, decoupling is strongly disfavored

and strong coupling easily arises
[ P. M. Ferreira, J. F. Gunion, H. E. Haber, R. Santos, Phys. Rev. D 89 (2014) 115003 ]

=) for the analyses, distinguish wrong-sign and correct-sign
regimes within the “decoupling limit”
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Decoupling and Correct-/Wrong-Sign Limit SCIT

Karlsruhe Institute of Technology

® consider e.g. the ratio Aznn/m3; appearing in the NLO corrections

| apply the SM limit sin(8 —a) — 1 and the decoupling limit

2
m3 ~ —12— > f(A\)v? and m3 > ms

sin 3 cos 3
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Decoupling and Correct-/Wrong-Sign Limit ST

Karlsruhe Institute of Technology

® consider e.g. the ratio Ay mn/m3; appearing in the NLO corrections

| apply the SM limit sin(8 —a) — 1 and the decoupling limit

2
m%{ ~ sinTgif)Sﬁ > f(A@),UQ and m%‘[ > m121

® in these limits, we find:

ANHHR 1 sin(f—a) | . 9 5 m2, _ -
T2 T 2a) (2 — —————(3sin(2 2
. = m2, mZ v sin(20) sin( a)( my -I-mh) Sinﬂcosﬁ( sin(2a) + sin( 5))
- - -«
TN ~~ () (correct-sign limit, sin(f —«a) — 1)
h ~ 2 (wrong-sign limit, sin(8—a)—1, sin(a+ ) — 1, tanf > 1)

[ MK, M. Mubhlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]

m=) decoupling in the correct-sign regime (decoupling theorem)

m=) no decoupling in the wrong-sign regime (non-decoupling effects)
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Strong Coupling Limit of the 2HDM AT

Karlsruhe Institute of Technology

® strong coupling: _mp < f(\i)v? for at least one Gneavy € {H, A, HT}

sin Bcos 3

. 2
® large \; required for large MG ey

® trilinear and quartic Higgs couplings become large
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Strong Coupling Limit of the 2HDM AT

Karlsruhe Institute of Technology

® strong coupling: _mp < f(\i)v? for at least one Gneavy € {H, A, HT}

sin Bcos 3

® large \; required for large m3,
® trilinear and quartic Higgs couplings become large

® decoupling theorem does not apply: loop effects due to heavy Higgs
bosons do not vanish in the limit my,.,,, = o©

® reason: radiative corrections due to heavy Higgs bosons develop a
power-law-like behavior in me,....

) large NLO corrections due to non-decoupling effects

m=) for H — h h: corrections grow with mj,

[ S. Kanemura, Y. Okada, E. Senaha, C. P. Yuan, Phys. Rev. D 70 (2004) 115002;
S. Kanemura, S. Kiyoura, Y. Okada, E. Senaha, C. P. Yuan, Phys. Lett. B558 (2003) 157 ]
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Renormalization of the 2HDM AT

Karlsruhe Institute of Technology

B set of free parameters of the 2ZHDM (excluding CKM elements, ...)

2
{Th/H: Qem, Mw, Mz, Myf, Mp, Mg, MA, M+, A, 167 Mg, }

® renormalization program for the 2HDM:

® tadpole terms =) standard / alternative tadpole scheme
mass counterterms Em) on-shell
fine-structure constant =) at Z mass
soft- Zo-breaking scale m%z mm) MS or process-dependent
scalar mixing angles =) several different schemes

[ MK, Master's thesis (2016), KIT;
MK, R. Lorenz, M. Muhlleitner, R. Santos, H. Ziesche, J. High Energ. Phys. 2016 (2016) 143;
MK, M. Muhlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]
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Renormalization: Scalar Mixing Angles () NIT

Karlsruhe Institute of Technology

® renormalization of mixing angles « and 3 is non-trivial in the 2ZHDM

® simplest approach: MS conditions for a and 3 (alternatively: \3)
® can be numerically unstable in one-to-two-body decays
B divergences for degenerate masses / “dead corners” of parameter space

[ MK, R. Lorenz, M. Muhlleitner, R. Santos, H. Ziesche, J. High Energ. Phys. 2016 (2016) 143;
A. Denner, S. Dittmaier, J.-N. Lang, JHEP 2018 (2018) 104 and references therein ]
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Renormalization: Scalar Mixing Angles () NIT

Karlsruhe Institute of Technology

® renormalization of mixing angles « and 3 is non-trivial in the 2ZHDM

® simplest approach: MS conditions for a and 3 (alternatively: \3)
® can be numerically unstable in one-to-two-body decays
B divergences for degenerate masses / “dead corners” of parameter space

[ MK, R. Lorenz, M. Muhlleitner, R. Santos, H. Ziesche, J. High Energ. Phys. 2016 (2016) 143;
A. Denner, S. Dittmaier, J.-N. Lang, JHEP 2018 (2018) 104 and references therein ]

® analyze renormalization schemes for the 2HDM w.r.t.”three desirable
criteria’: [ A. Freitas, D. Stockinger, Phys. Rev. D66 (2002) 095014 ]

® gauge independence
W process independence
® numerical stability (i.e. leads to moderate NLO corrections)
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Types of Numerical Instabilities AT

Karlsruhe Institute of Technology

B measure for the relative size of the NLO corrections:
NLO _ pLO

Al' = 5
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Types of Numerical Instabilities AT

Karlsruhe Institute of Technology

B measure for the relative size of the NLO corrections:
NLO _ pLO

Al' = 5

® the relative corrections AI' may become large

m if the LO width becomes small such that AT' becomes very sensitive on T'N-©
W if vertex corrections, CTs and/or WFRCs are parametrically enhanced

® due to unsuitable renormalization schemes for some parameters
® e.g. MS: finite parts of da, 63 missing for cancellation of large contributions
® e.g. proc.-dep.: additional potentially large finite parts included in dcv, 83, dm?,
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Types of Numerical Instabilities QAT

Karlsruhe Institute of Technology

B measure for the relative size of the NLO corrections:
NLO _ pLO

Al' = 5

® the relative corrections AI' may become large
m if the LO width becomes small such that AT' becomes very sensitive on T'N-©

W if vertex corrections, CTs and/or WFRCs are parametrically enhanced

® due to unsuitable renormalization schemes for some parameters
® e.g. MS: finite parts of da, 63 missing for cancellation of large contributions
® e.g. proc.-dep.: additional potentially large finite parts included in dcv, 83, dm?,

B in this talk: “numerical instability” of the renormalization scheme
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Types of Numerical Instabilities QAT

Karlsruhe Institute of Technology

B measure for the relative size of the NLO corrections:
__ TNLO_pLO

AF — 'LO

® the relative corrections AI' may become large
W if the LO width becomes small such that AI' becomes very sensitive on

FNLO

W if vertex corrections, CTs and/or WFRCs are parametrically enhanced

® due to unsuitable renormalization schemes for some parameters
® e.g. MS: finite parts of da, 63 missing for cancellation of large contributions
® e.g. proc.-dep.: additional potentially large finite parts included in dcv, 83, dm?,

B in this talk: “numerical instability” of the renormalization scheme

® in Higgs-to-Higgs decays in the (N)2HDM, Al may additionally
become large due to certain limits in the parameter space
m=) wrong-sign limit, strong coupling limit
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Renormalization: Scalar Mixing Angles (1) NIT

Karlsruhe Institute of Technology

B approach by S. Kanemura et al.: connect the definition of o and

with the inverse propagator matrix ("KOSY scheme”)
[ S. Kanemura, Y. Okada, E. Senaha, C. P. Yuan, Phys. Rev. D 70 (2004) 115002 ]

-~ A
¢1) T T 1+ Zfada 6Cy, + 00 (qbl)
R R \JZ R Ry ~ 2 2
<¢2 ( ) ’ (¢2) ((50@2 — 00 1+ —62“’22(”2 b2

® mixing angle counterterms within the standard tadpole scheme:

1
2 (m%[ — mh)

o — Re [th(mH) 4 San(m?) - zaTﬂh}

2
55 = — WRG [ZG:EH:t (mHi) + EG:tHj: (0) — 26TG:I:H:I:]
H=E
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Renormalization: Scalar Mixing Angles (1) NIT

Karlsruhe Institute of Technology

B approach by S. Kanemura et al.: connect the definition of o and

with the inverse propagator matrix ("KOSY scheme”)
[ S. Kanemura, Y. Okada, E. Senaha, C. P. Yuan, Phys. Rev. D 70 (2004) 115002 ]

~ A
¢1) T T 1+ Zfada 6Cy, + 00 (qbl)
R R \JZ R Ry I~ 2 2
<¢2 ( ) ’ (¢2) ((50@2 — 00 1+ —62“’22(”2 b2

® mixing angle counterterms within the standard tadpole scheme:

1
2 (m%[ — mh)

o — Re [th(mH) 4 San(m?) - zaTﬂh}

08 = —-——Re [ZGiHi (mZHi) + Yt (0) — 25TGthi]

2mHi

B the KOSY scheme as described above leads to the inclusion of gauge-
dependent contributions in the partial decay widths [k, masters thesis (2016), KIT]

mm) gauge dependences need to be removed

[ cf. S. Kanemura, M. Kikuchi, K. Sakurali, K. Yagyu, Phys. Rev. D 96 (2017) 035014 ]
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Renormalization: Scalar Mixing Angles (1Il) NIT

rrrrrrrrrrrrr itute of Technology

® gauge-independent “OS approach”: use the pinch technique (PT)

® PT-based definition of the scalar mixing angle counterterms:
use the pinched scalar self-energies instead of the usual ones
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Renormalization: Scalar Mixing Angles (1Il) NIT

Karlsruhe Institute of Technology

® gauge-independent “OS approach”: use the pinch technique (PT)

® 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:
B process-independent, symmetric in the fields

® manifestly gauge-independent per construction
mm) gauge-independent NLO amplitudes

® numerically stable (depending on the point in parameter space)

mm) proposed solution for renormalizing §o and §3 in the 2HDM

[ MK, R. Lorenz, M. Muhlleitner, R. Santos, H. Ziesche, J. High Energ. Phys. 2016 (2016) 143 ]
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Renormalization: Scalar Mixing Angles (1V) NIIT

Karlsruhe Institute of Technology

® gauge-independent approach: process-dependent schemes

[ A. Freitas, D. Stockinger, Phys. Rev. D66 (2002) 095014;
R. Santos, A. Barroso, L. Brucher, Phys. Lett. B 391 (1997) 429-433 ]

® idea: impose the gauge-invariant condition

rLO — PNLO
off — T off

for different decays in order to define da, §5 and also dm?,
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Renormalization: Scalar Mixing Angles (1V) NIIT

Karlsruhe Institute of Technology

® gauge-independent approach: process-dependent schemes

[ A. Freitas, D. Stockinger, Phys. Rev. D66 (2002) 095014;
R. Santos, A. Barroso, L. Brucher, Phys. Lett. B 391 (1997) 429-433 ]

® idea: impose the gauge-invariant condition

LO _— pNLO
Uorr =lgry

for different decays in order to define da, §5 and also dm?,

® we consider H — AA for dm?, and the following combinations for d«, 63:
® proc.-dep.1: A — 77 for 63 and H — 77 for dox
® proc.-dep.2: A — 71 for 68 and h — 77 for jx
® proc.-dep.3: H — 77 and h — 77 for both dcx, 63
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Renormalization: Scalar Mixing Angles (1V) NIIT

Karlsruhe Institute of Technology

® gauge-independent approach: process-dependent schemes

[ A. Freitas, D. Stockinger, Phys. Rev. D66 (2002) 095014;
R. Santos, A. Barroso, L. Brucher, Phys. Lett. B 391 (1997) 429-433 ]

® idea: impose the gauge-invariant condition

LO _— pNLO
Uorr =lgry

for different decays in order to define da, §5 and also dm?,

® we consider H — AA for dm?, and the following combinations for d«, 63:
® proc.-dep.1: A — 77 for 63 and H — 77 for dox
® proc.-dep.2: A — 71 for 68 and h — 77 for jx
® proc.-dep.3: H — 77 and h — 77 for both dcx, 63

® properties of process-dependent schemes:
B process-dependent per construction
® gauge-independent
B potentially numerically unstable over large parameter ranges
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Renormalization: Scalar Mixing Angles (V) IT

Karlsruhe Institute of Technology

® gauge-independent “physical OS approach”: use S matrix elements
through a process [ A. Denner, S. Dittmaier, J.-N. Lang, JHEP 2018 (2018) 104 ]

® idea: introduce two right-handed fermion singlets v;r with
additional Zs symmetries to prevent generation mixing

=) massive neutrinos with Yukawa couplings Y.,
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Renormalization: Scalar Mixing Angles (V) IT

Karlsruhe Institute of Technology

® gauge-independent “physical OS approach”: use S matrix elements
through a process [ A. Denner, S. Dittmaier, J.-N. Lang, JHEP 2018 (2018) 104 ]

® idea: introduce two right-handed fermion singlets v;r with
additional Zs symmetries to prevent generation mixing
=) massive neutrinos with Yukawa couplings Y.,

® renormalization of da and 3 through requirement that ratios of
tree-level and one-loop S matrix elements are equivalent, e.g.:

Hy:v: Huy;v.
-’41 171 _ ‘AO 171 (Ii _ 1 2)
Aflu/,il/i - AE’)LV,L'V?; ?

B after renormalization: recover the 2HDM by decoupling the singlets
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Renormalization: Scalar Mixing Angles (V) IT

Karlsruhe Institute of Technology

® gauge-independent “physical OS approach”: use S matrix elements
through a process [ A. Denner, S. Dittmaier, J.-N. Lang, JHEP 2018 (2018) 104 ]

® idea: introduce two right-handed fermion singlets v;r with
additional Zs symmetries to prevent generation mixing
=) massive neutrinos with Yukawa couplings Y.,

® renormalization of da and 3 through requirement that ratios of
tree-level and one-loop S matrix elements are equivalent, e.g.:

Hy:v: Huy;v.
-’41 171 _ ‘AO 171 (Ii _ 1 2)
Aflu/,il/i - AE’)LV,L'V?; ?

B after renormalization: recover the 2HDM by decoupling the singlets

® properties of the “physical OS approach”
W CTs are defined purely through gauge-independent S matrix elements
m=) manifestly gauge-independent per construction

® numerically stable (depending on the point in parameter space)
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Implementation: 2HDECAY (1) T

Model Processes, e.g.
2HDM file

RIS —

Lagrangian® FeynArts

Feynman B —
rules Amplitudes
A = (f]5]¢)

FeynArts

Analytically ﬂ FeynCalc

LoopTools HDECAY | Decay Widths

2HDECAY |
© s QCD, off-shell, | 4 — . g |A|2

Full result .
\ Python loop-induced FORTRAN @1-loop

[ FeynArts: T. Hahn, Comput. Phys. Commun. 140 (2001) 418; LoopTools: T. Hahn, M. Pérez-Victoria, Comput. Phys. Commun. 118 (1999) 153;
FeynCalc: V. Shtabovenko, R. Mertig and F. Orellana, Comput. Phys. Commun. 207 (2016) 432-444;
HDECAY: A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys. Commun. 108 (1998) 56-74; A. Djouadi, J. Kalinowski, M. Muhlleitner, and
M. Spira, Comput. Phys. Commun. 238 (2019) 214-231; ]

08.10.2019 - KIT-NEP '19 M. Krause: Enhanced Corrections in Higgs-to-Higgs Decays of the 2HDM and N2HDM ITP, KIT
36



Implementation: 2HDECAY (1) T

Karlsruhe Institute of Technology

Model Processes, e.g. Feynman -
2HDM file rules Amplitudes

RIS — ﬁ A= (fl51)

Lagrangian® FeynArts FeynArts

Analytically m FeynCalc

SHDECAY LoopTools HDECAY | DeGey Widt‘?s
Full result _ QCD, _off—shell, _ I'— [A]°
\ Python t loop-induced FORTRAN @1-loop

[ FeynArts: T. Hahn, Comput. Phys. Commun. 140 (2001) 418; LoopTools: T. Hahn, M. Pérez-Victoria, Comput. Phys. Commun. 118 (1999) 153;
FeynCalc: V. Shtabovenko, R. Mertig and F. Orellana, Comput. Phys. Commun. 207 (2016) 432-444;
HDECAY: A. Djouadi, J. Kalinowski, and M. Spira, Comput. Phys. Commun. 108 (1998) 56-74; A. Djouadi, J. Kalinowski, M. Muhlleitner, and
M. Spira, Comput. Phys. Commun. 238 (2019) 214-231; ]

2HDECAY: “2HDM HDECAY*
A program for the calculation One-Loop Electroweak Corrections to Higgs Decays
in the Two-Higgs-Doublet Model Including State-of-the-Art QCD Corrections
[ MK, M. Muhlleitner, M. Spira, Computer Physics Communications 2019, arXiv:1810.00768 ] [1 https://github.com/marcel-krause/2HDECAY

08.10.2019 - KIT-NEP '19 M. Krause: Enhanced Corrections in Higgs-to-Higgs Decays of the 2HDM and N2HDM ITP, KIT
37



Implementation: 2HDECAY (lI)

AT

Karlsruhe Institute of Technology

® 17 renormalization schemes are implemented in 2ZHDECAY:

Input ID  Tadpole scheme dav o5 Label
1 standard KOSY KOSY (odd) KOSY*°(std)
2 standard KOSY KOSY (charged) KOSY*“(std)
3 alternative (FJ) KOSY KOSY (odd) KOSY?
4 alternative (FJ) KOSY KOSY (charged) KOSY*
5 alternative (FJ) p.-pinched ps-pinched (odd) P
6 alternative (FJ) py-pinched p«-pinched (charged) ps
7 alternative (F.J) OS-pinched OS-pinched (odd) O
8 alternative (FJ) OS-pinched OS-pinched (charged) O
9 alternative (FJ) proc.-dep. 1 proc.-dep. 1 procl
10 alternative (FJ) proc.-dep. 2 proc.-dep. 2 proc2
11 alternative (FJ) proc.-dep. 3 proc.-dep. 3 proc3
12 alternative (FJ) physical OS1 physical OS1 0S1
13 alternative (FJ) physical OS2 physical OS2 0852
14 alternative (FJ) physical OS12 physical OS12 0S12
15 alternative (FJ) rigid symmetry (BFM) BFMS BEFMS
16 standard MS MS MS(std)
17 alternative (FJ) MS MS MS

08.10.2019 - KIT-NEP '19
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ﬁ https://github.com/marcel-krause/2HDECAY

M. Krause: Enhanced Corrections in Higgs-to-Higgs Decays of the 2HDM and N2HDM

[ MK, M. Muhlleitner, M. Spira, Computer Physics Communications 2019, arXiv:1810.00768 ]
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Numerical Analysis: Input Parameters (I) NIT

Karlsruhe Institute of Technology

® we consider electroweak one-loop corrections to the process H — h h
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Numerical Analysis: Input Parameters (I) NIT

Karlsruhe Institute of Technology

® we consider electroweak one-loop corrections to the process H — h h

® the SM input parameters are fixed; h corresponds to the SM-like Higgs:
my, = 125.09 GeV

® exemplarily, we consider a type || ZHDM in the following
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Numerical Analysis: Input Parameters (I) NIT

Karlsruhe Institute of Technology

® we consider electroweak one-loop corrections to the process H — h h

® the SM input parameters are fixed; h corresponds to the SM-like Higgs:
my, = 125.09 GeV

® exemplarily, we consider a type || ZHDM in the following
® keep in mind: the 2HDM contains a lot of free parameters:
{mﬂamAthiam%Q?tanﬁaO{}

mm) scanning through the parameter space is possible

® chosen parameter points respect several experimental and theoretical
constraints
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Numerical Analysis: Input Parameters (I)  NIT

Karlsruhe Institute of Technology

® we consider three separate conditions for the analysis:
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Numerical Analysis: Input Parameters (I)  NIT

Karlsruhe Institute of Technology

® we consider three separate conditions for the analysis:

® Condition I: OS threshold for H — h h
mpgyg 2 th

m=) most general case for the OS decay
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Numerical Analysis: Input Parameters (I)  NIT

Karlsruhe Institute of Technology

® we consider three separate conditions for the analysis:

® Condition I: OS threshold for H — h h
mpgyg 2 th

m=) most general case for the OS decay

® Condition Il: masses of heavy Higgs bosons are dominated by m%z

mpg 2 2my  andlarge meg,.,,, ~ \/Smw’bglﬁ +5%

— decoupling possible, since the couplings A\; can be small
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Numerical Analysis: Input Parameters (I)  NIT

Karlsruhe Institute of Technology

® we consider three separate conditions for the analysis:

® Condition I: OS threshold for H — h h
mpgyg 2 th

m=) most general case for the OS decay

® Condition Il: masses of heavy Higgs bosons are dominated by m%z

mp > 2my, andlarge Mg,..., ~ \/m”'gﬁ +5%

— decoupling possible, since the couplings A\; can be small

B Condition Ill: additional OS thresholdfor H — A A

mg > 2my and mpg > 2my

— m?3, can be renormalized via the process H > A A
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Numerical Analysis: Input Parameters (I)  NIT

Karlsruhe Institute of Technology

® we consider three separate conditions for the analysis:

® Condition I: OS threshold for H — h h
mpgyg 2 th

m=) most general case for the OS decay

® Condition Il: masses of heavy Higgs bosons are dominated by m7,

mpg > 2myp, andlarge mg,.,., ~ \/Smw’bglﬁ +57%

— decoupling possible, since the couplings A\; can be small

B Condition Ill: additional OS thresholdfor H — A A

myg > 2my, and mpg > 2ma
— m?3, can be renormalized via the process H > A A

® aim: distinguish large NLO corrections due to the strong coupling regime
from numerical instability due to the chosen renormalization scheme
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Numerical Analysis: Condition |

300

T @ T T

e ¢ o procl
e ® g, pOSC

«* o D

g 150
2 50 b T I
0 “oe
ol - . :U
—50 ;;, s . d
}.
. .. 7 1 i g*°
Ll 0.5 1.0 1.9 2.0 2.5
tree
snnlGeV]
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M. Krause: Enhanced Corrections in Higgs-to-Higgs Decays of the 2HDM and N2HDM

AT

Karlsruhe Institute of Technology

Condition I: myg > 2my,

® procl: process-dependent 1
® pOS€: “on-shell pinched”
® DS “p*-pinched”

relative size of NLO corrections:

Al = I'nco—T'Lo
- I'to

ITP, KIT



Karlsruhe Institute of Technology

Numerical Analysis: Condition | AT

300 1 ,
¥ @
B . e ¢ o procl o
250 ‘. . o 5 & @i pOSC 1 COndItlon I. mH Z th

200 g n « % D}
150 O S ® procl: process-dependent 1
= h oo o © ©® O . « . ”
X o oY ® pOS€: “on-shell pinched
= o.® . @ @ o %k . 2]
S 100g J?;--?gn-.—l-————a ® pS: “p*-pinched
‘r. e g0
5.] 50 ook 3 0% %o
0 o relative size of NLO corrections:
' & g | Al = I'nco—TI'Lo
K ol o I'Lo
—50 YR
. : .
—1()() ARSI N : LA
10 0.5 1.0 | 5 2.0 2.5 3.0
t]_lfi)h h[GeV] [ MK, M. Mihlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]

® process-dependent scheme: typically huge NLO corrections

® pinched schemes: well-behaving for large parameter ranges, but also
large NLO corrections possible =) numerical instability?
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Numerical AnaIyS|s Condltlon |

300 g

AFH’I h [(/(|]

08.10.2019 -
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KIT-NEP '19

o'opI'OC].
---pOSC
«* e D

4 6 8

tl((

H—>h h [Ge\/]

M. Krause: Enhanced Corrections in Higgs-to-Higgs Decays of the 2HDM and N2HDM

12

AT

Karlsruhe Institute of Technology

Condition Il: myg > 2my;, and
+5%

mi2

V/sin B cos 8

mﬁbheavy

® procl: process-dependent 1
® pOS©: “on-shell pinched”
® pS o “p*-pinched”

relative size of NLO corrections:

AT = I'no—T'Lo
I'to

[ MK, M. Mihlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]
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Numerical Analysis: Condition II AT

300 g Karlruhe Institue of Technology
o0 I8 .o.proclﬂ —
: + *« pOS* Condition Il: mg > 2my, and
2008 e e DS . Mproavy ~ \/su?%ﬁliosﬁ +5%
< 100 - || = procl: process-dependent 1
3 ® pOSe: “on-shell pinched”
< 50 ® pS o “p*-pinched”
0
50 Sop o ey relative size of NLO corrections:
eS8 :‘,.,: E:: é Al = I'nco—TI'Lo
—100 . A LA : =% - I'Lo
' 2 4 6 8 10 12
}-ll(;hh [Ge\f] [ MK, M. Miihlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]

B process-dependent scheme: still typically huge NLO corrections

® pinched schemes: one well-behaving regime and one regime with large
NLO corrections
mm) numerical instability or still strong coupling?
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Numerical Analysis: Condition II AT

300 g

e ° 4 pI'OC].

250 e .+ pOSse || | Condition Il: myg > 2my, and
¢ > e ® 4 ¢ ~ m
200 Py | Moneavy ~ V/sin ,Blzosﬁ +57%
g 150
= 100 ® procl: process-dependent 1
-5 ’ ®m pOSe: “on-shell pinched”
<] :.50 ® pS o “p*-pinched”
= 0
. L . . relative size of NLO corrections:
wuall TN
bRt F R Eoo i AF — I'no—TI'Lo
—100 b s 22 Lo
| , 4 6 8 10 12
F?fihh [Ge\/] [ MK, M. Miihlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019]

B process-dependent scheme: still typically huge NLO corrections

® pinched schemes: one well-behaving regime and one regime with large
NLO corrections
mm) numerical instability or still strong coupling?
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Numerical Analysis: Condition II AT

3 0 0 T Karlsruhe Institute of Technology

» e ® 4 pI'OC].
250 Y c | it .
3 « »« pOS Condition Il: mgyg > 2my, and

m
Mpeavy ~ V/sin ,Blios B +5%

o‘opi

® procl: process-dependent 1
® pOSe: “on-shell pinched”
® D “p*-pinched”

relative size of NLO corrections:
s See AT = I'no—I'Lo

- sy © ¢ I'to
._lQQIIII EEEEENEEENN III EEEEE AN RN
: ps 1 5 '8 10 12
}-If;hh [Ge\f] [ MK, M. Miihlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]

B process-dependent scheme: still typically huge NLO corrections

® pinched schemes: one well-behaving regime and one regime with large
NLO corrections
mm) numerical instability or still strong coupling?
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Numerical Analysis: Condition Il AT

’30 0 Karlsruhe Institute of Technology
. e ¢ o procl
QU i L ]
250 . > 9
.+« pOS Condition Il: mg my, and
) ' e 1C miz
200 8 P« 1 md)heavy \/sm (B cos 3 j: 5 %
— 150k, ¢ i and wrong-sign only
? sgl et det [| = pOSC “on-shell pinched”
® pS o “p*-pinched”
relative size of NLO corrections:
100 & X L ' AT = fae—tuo
2 4 6 8 10 12 O
tm [GeV] o :
H—>hh [ MK, M. Muhlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019]
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Numerical Analysis: Condition II AT

:’3 0 0 : Karlsruhe Institute of Technology
. e * 4 procl
250 | o 1l e > 2
.+« pOS© Condition Il: myg > 2my and
. * " c ~ mi2
200} ¢ ®*®e D, 1 Mppeavy ~ /sin B cos B +5%
— 1r0l. ¢ _ and wrong-sign only
* 1\)0 L] @
o BT RSy D | | ® pOSe: “on-shell pinched”
8 | L) Uy © C o * . H
- ® D, :“p*-pinched
relative size of NLO corrections:
’ 4 y y b e = ol ] ‘ _ FNLO _FLO
—100 ' = . Al' =
2 4 6 s 10 12 Lo
r}lfihh [Ge\r] [ MK, M. Muhlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019]

B process-dependent scheme: large variety of NLO corrections

® all schemes: mostly large NLO corrections
mm) decoupling is not possible in wrong-sign type 1l 2HDM
=) non-decoupling effects increase NLO corrections
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Numerical Analysis: Condition Il

300

e * o procl
o.o. ° = o posc

AT

Karlsruhe Institute of Technology

Condition Il: myg > 2my;, and

mi2

200 ¥*§ D Mpeavy ~ V/sin 3 cos 3 +5%
— 1501 * and correct-sign onl
< 150§ g y
= 100 e mm=== | m procl: process-dependent 1
? 50 ® pOSe: “on-shell pinched”

" &’ ® pS o “p*-pinched”
—950 relative size of NLO corrections:
_ ~ - . .. 1 ’ ATl = Inpo—T'no
0005 1.0 1.5 20 25 30 35 Tro
tree 7
Fﬁ;hh [GC\ ] [ MK, M. Muhlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]
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Numerical Analysis: Condition Ii AT

300 o5
() ,o.; ... - : . % ® e ® pI'OC].
250 .z ..... ..:" LA .. C i C d i ” > 2 d
e :.::. v.o o s * . « »« pOS ondition Il: myg = 2my an
; ) % o .‘ ) z @ R c ~ mi2
200 P | Moy ¥ Tl £ 5%
< 150§ ’ and correct-sign only
S 100 IR oS it 2, & . SN T .
o B e i procl: process-dependent 1
? 50 ; ® pOSe: “on-shell pinched”
0 ¢’ ® pS o “p*-pinched”
—50 relative size of NLO corrections:
. S o i Vendls .. 1 ’ AT = I'nco—TI'Lo
100 0.5 1.0 L.9 2.0 2. 3.0 9.0 I'Lo
tree 7
FH—)lzh[Ge\ ] [ MK, M. Muhlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]

® process-dependent scheme: still huge NLO corrections
mm) numerical instability of the scheme

® pinched schemes: mostly moderate NLO corrections
mm) numerically stable scheme
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Numerical Analysis: Condition II AT

Karlsruhe Institute of Technology

300 ———s
° " ® e ® o N 2,proc OSC
250f -~ - ;QMS | | Condition lll: mpg > 2my, and
200} * ' Pt mip OS] mu > 2ma
N m pOSC on -shell pinched”
2 ® proc: m%z ren.via H -+ A A
Of : ': .:: relative size of NLO corrections:
e ’ — I'nvo—Tro
0] . Al = L=
LY 4 4 So M "8 )
— 100 S ity o .
)4 0.6 0 8 1.0 1.2 1.4
}}(i W [GeV] [ MK, M. Miihlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019 ]
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Numerical Analysis: Condition lIl AT

300 — —s
L] 2’proc C
) ° ° e ® o N ,pOS -
250f -~ - . | | Condition lll: mpg > 2my, and
200le = . ) T POS mpy > 2ma
:gw 150 B OSC PR . ”
XX \ p : “on-shell pinched
% B e ® proc: mi, ren.via H - A A
S J .‘ '.0.. &
; ° ....;: ¢ .. o® > . . .
0} 3% X% A 1 relative size of NLO corrections:
@ A ; .... : % " - . —I
_50 ?'..':{’.?.“.’ : i AF = NLI(?LO LO
_ 1 R AN Maka
84 0.6 0.8 1.0 1.2 1.4
F%‘; W (GeV] [ MK, M. Miihlleitner, R. Santos, H. Ziesche, Phys. Rev. D 95 (2017) 075019

® no decoupling regime due to additional OS condition mpg > 2m 4
® large NLO corrections for both the MS and proc.-dep. scheme for m?,

m=) both numerical instability and strong coupling at work
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Numerical Analysis: Condition II AT
—— KOSY* ' .
| | Condition Il: myg > 2my, and
15 - ) I ~ mio
1 procl | Moneavy ~ sin Boos B +5%
ol proc3 : and correct-sign only; vary m g
2 ~+-=- 0S12 | _
g ] _;_, — B KOSY¢: Kanemura et al.
%5 > __.._.--_---:-:‘-‘-'7'-'.-—-‘ ------ k- ® D :“p*-pinched”
AR | ® procl/3: proc.-dep.1/3
< =l :
04 "= : ® OS12: physical OS scheme 012
| ittt e fon e vl
5 : relative difference between pOS?
point resulting from scan | and the other schemes:
1676.2 o rz__ppOS°
-10 T y T y T g T = T 1 AFPOS = —NLO OS(I;ILO
640 650 660 670 680 690 NLO
in GeV
Mo 11 1€ ﬁ https://github.com/marcel-krause/2HDECAY
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Numerical Analysis: Condition Il AT
—— KOSY" | »
1 . : Condition Il: myg > 2my, and
15 - ’ ~ mio
[} procl : Mopeavy ~ \/sin 3 cos 8 +5%
ol proc3 : and correct-sign only; vary m g
X -1 0812 ! -
g ] ‘:_, — B KOSY¢: Kanemura et al.
%E 5 4 T TT e ® pS: “p*-pinched”
E T | ® procl/3: proc.-dep.1/3
0 -;_;;;_ ________ | ® OS12: physical OS scheme 012
[T~ e ITIZini o T
5 | relative difference between pOS°
point resulting from scan . and the other schemes:
1676.2 o rz__ppOS°
-10 T y T y T g T = T T 1 AFPOS = —NLO DLO
640 650 660 670 680 690 rReo

my in GeV _
ﬁ https://github.com/marcel-krause/2HDECAY

B parameters are converted from reference scheme pOS° to all others
® relative difference over large range of 1 g between -2% and 6%
=) 1 oderate uncertainty for considered parameter point and decay
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Conclusions and Outlook ..\X‘("'

Karlsruhe Institute of Technology

® the (N)2HDM features interesting limits in parameter space

® NLO corrections to Higgs-to-Higgs decays can become large

due to chosen renormalization schemes (“numerical instability”)

if the LO width becomes very small

due to parametrically enhanced contributions from VCs, CTs and WFRCs
in certain limits of the (N)2HDM due to non-decoupling effects

B analyses of the NLO corrections performed with (ewN)2HDECAY:
several different renormalization schemes included

® for correct-sign decoupling: moderate corrections for certain schemes

m=) numerically stable schemes

® phenomenological studies in the future:

dependence of NLO corrections on (N)2HDM type
extended analysis for interesting limits (decoupling, wrong-sign, ...)
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Backup slides AT
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Renormalization: On-Shell Conditions (I) ST

Karlsruhe Institute of Technology

® consider scalar field doublet (¢1, ¢2)

® field strength renormalization:

0Z¢1 44 024,49
),V e 2 (2) - (D)

2 2

® two-point correlation function for the doublet with momentum p?:

P = (Lo ) Lo ()
’ P¢’1¢>2(p2) P¢2¢2(p2)

= i\/Z4 [p loxo — D3 + Sy(p%) — 6D¢] NI i!p212><2 — D} + §¢(p2)]

mass matrices d h mass CTs u renormalized

self-energies
1PI self-energies

/ "\ -
\ ' P - - ~
: 2 \ ! ’ \
) e e
) ~ -~ - < ’
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Renormalization: On-Shell Conditions (1) NIT

Karlsruhe Institute of Technology

® on-shell conditions:
® mixing of fields vanishes for p2 = miz_

® masses méi are the real parts of the poles of the propagator
® normalization: residue of the propagator at its pole equals 7

B fixation of diagonal mass counterterms:

Re [5D3§1¢1] — Re {gmm (mil)} ., Re [5Dq252¢2] = Re [Z¢2¢2 (mggg)}

® fixation of field strength renormalization constants:

6Z¢1¢1 - _Re |i8£}¢)é+£(p):|p2_ 2 ’ 5Z¢2¢2 - _Re |i82]¢%+§(p):|p2_ 2
Moy =m3_
029163 = 72 Re Sor00(m3,) =003, |+ 0760, = L Re Sonen(md,) — D2,

® the specific form of the 5D§i¢j depends on the tadpole scheme
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Renormalization: General Tadpole Conditions ._\X‘(IT

Karlsruhe Institute of Technology

® renormalization conditions for the tadpole terms:
O X O X

| I
| l
| | 1

1T 2 10T /9 Ty /n 0Ty /n
® conversion from gauge to mass basis:
5T1 [ Ca —Sa 5TH L CaéTH — Sa5Th
0T> ) \s, Coy 0T, | \sa0Ty + co 0T},
B 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 ._\\_J(IT

Karlsruhe Institute of Technology

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

® vevs in the mass relations produce correct one-loop OS masses, e.qg.
o 24? o .o (mi
my =9 , M3 ="u (ﬁ—%)

B tadpole terms appear explicitly in the bare mass matrices
=» mass maitrix counterterms contain the tadpole counterterms:

dm> 0 oT oT.
5D2 ~ ( b1 ) + ( P11 ¢1¢>2)
¢ 0 omg, 0Tyr6o 0Ty,

® one-loop corrected potential is gauge-dependent
=>» Vevs are gauge-dependent
= mass counterterms become gauge-dependent
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Renormalization: Alternative Tadpole Scheme () ._\ﬂ(".

Karlsruhe Institute of Technology

B alternative scheme: vevs represent the same minimum as at tree level
[ based on: J. Fleischer, F. Jegerlehner, Phys. Rev. D 23 (1981) 2001-2026 ]

B bare masses are expressed through gauge-independent tree-level vevs
=» mass CTs become gauge-independent

® correct minimum conditions @NLO require a shift in the vevs
v — v +0vy, vy — vy + vy

B fixation of the shifts by applying the tadpole conditions:
dvy 6T§I Ca — 6l2hsa
<5U2) - (gg} Sq + inigca)
® the shifts translate into every CT, wave function renormalization
constants and Feynman rules

® alternative tadpole scheme worked out for the 2ZHDM at one-loop
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Renormalization: Alternative Tadpole Scheme (ll) ._\X‘(IT

Karlsruhe Institute of Technology

® example: W boson mass

2 292 2 2 v10vy+vadv o D) . Q . Q
my =9 »omyy gt = myy T+ W A e th oyt
’\/\/\/‘\/\/\/\ ’\/\/\/‘\/\/\/\

® example: coupling between Higgs and Z bosons

) o
. i ' .
YYHZZ = zggv (Cav1 +8av2) ,  igHHZZ = 209%/
Q 7
H

. . ?192 5 5 . % .

YHzzZz — 19HZZ + 27 (cadvi + 8a0v2) =igHzz +| -
Z trunc

B effects of the alternative tadpole scheme:
B tadpole diagrams are added everywhere where they exist in the 2ZHDM

® mass counterterms become manifestly gauge-independent
® tadpole counterterms in the scalar sector are removed

08.10.2019 - KIT-NEP '19 M. Krause: Enhanced Corrections in Higgs-to-Higgs Decays of the 2HDM and N2HDM ITP, KIT

69



Numerical Analysis: Condition | AT

Karlsruhe Institute of Technology

100 4 —— KOSY* Condition Il: my > 2m;, and

~ m
Meneavy ~ v/sin ,Blios 6] +5%

and no wrong-sign; vary myg

75 -

50 A

5\: m KOSY*¢: Kanemura et al.
s %5 ® pg: “p*-pinched”
= ) ® pOS°: “on-shell pinched”
0 - ® procl : process-dependent 1
: | ® OS2: physical OS scheme OS2
-25 - |
- | Fo'm resulting relative size of NLO corrections:
-50 ~ 1676.2 rom scan Al = I'nLo—T'Lo
T T T T T T T - T T T T T T T T T T 1 o FLO
640 650 660 670 680 690 700 710 720 730
my in GeV Il https:/igithub.com/marcel-krause/2HDECAY

® analyze the sensitivity of the NLO corrections w.r.t. a variation of 1M g

B parameters are converted from the pOS° scheme to all others
mm) allows for an estimate of remaining theoretical uncertainty
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