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ABSTRACT: Precision predictions play an important role in the search for indirect New
Physics effects in the Higgs sector itself. For the electroweak (EW) corrections of the Higgs
bosons in extended Higgs sectors several renormalization schemes have been worked out
that provide gauge-parameter-independent relations between the input parameters and the
computed observables. Our recently published program codes 2HDECAY and ewN2HDECAY al-
low for the computation of the EW corrections to the Higgs decay widths and branching ra-
tios of the Two-Higgs-Doublet Model (2HDM) and the Next-to-Minimal-2HDM (N2HDM)
for different renormalization schemes of the scalar mixing angles. In this paper, we present
a comprehensive and complete overview over the relative size of the EW corrections to
the branching ratios of the 2HDM and N2HDM neutral Higgs bosons for different applied
renormalization schemes. We quantify the size of the EW corrections of Standard Model
(SM)- and non-SM-like Higgs bosons and moreover also identify renormalization schemes
that are well-behaved and do not induce unnaturally large corrections. We furthermore
pin down decays and parameter regions that feature large EW corrections and need further
treatment in order to improve the predictions. Our study sets the scene for future work in
the computation of higher-order corrections to the decays of non-minimal Higgs sectors.
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1 Introduction

While the discovery of the Higgs boson in 2012 by the LHC experiments ATLAS [1] and
CMS [2] marked a milestone for particle physics, there are still many questions left open.
The Higgs boson turned out to behave very Standard-Model-like. The Standard Model
(SM), however, cannot solve open problems like e.g. the generation of the observed baryon-
antibaryon asymmetry or provide an appropriate Dark Matter candidate. This calls for
New Physics extensions that usually come along with an extended Higgs sector. So far no
direct sign of any New Physics manifestation has been discovered by experiments, so that
the Higgs sector itself has moved into the focus of our search for New Physics. There, it
might reveal itself indirectly in deviations of the Higgs properties from the SM expectations.
Since experiments have pushed the exclusion limits on new heavy particles to high mass
scales these effects are expected to be small. The effects may become important, however,
if they are triggered by new light particles in the spectrum that have not been excluded
so far (due to small rates because of small couplings to SM particles e.g.). These could be
e.g. the additional light Higgs bosons of extended Higgs sectors. Still, precision is required
in order to detect the indirect signs of New Physics, so that additionally the nature of
the underlying model can be revealed. From the theory side this requires the inclusion of
higher-order corrections to the Higgs boson observables.

Higgs sector extensions have to ensure compatibility with experimental and theoretical
constraints. The extensions may be based on a weakly or strongly interacting model.
Among the weakly interacting models, both supersymmetric (SUSY) and non-SUSY Higgs
sectors are possible. While SUSY extensions are very well-motivated by their symmetry,
non-SUSY models allow for more freedom, in particular in the Higgs boson self-couplings.
In contrast to SUSY, where these coupling constants are given in terms of the gauge boson
couplings, they can be sizeable in non-SUSY models, modulo the constraints that stem
e.g. from the requirement of perturbativity, the potential to be bounded from below, or the
electroweak minimum to be the true minimum of the potential. This may induce interesting
effects not only in Higgs pair production but also in the electroweak corrections to Higgs
boson observables.

In this paper, we investigate the impact of electroweak corrections on the neutral
Higgs boson decays of two non-SUSY extension of the Higgs sector. These are the Two-
Higgs-Doublet Model (2HDM) [3, 4] and the Next-to-Minimal Two-Higgs-Doublet-Model
(N2HDM) [5, 6]. Both models feature an extended Higgs sector with at least three neutral
Higgs bosons, inducing interesting phenomenology stemming from Higgs self-interactions.
Both models allow for a strong first order phase transition and can in principle provide
a Dark Matter candidate depending on the applied symmetries. While the 2HDM is the
simplest Higgs doublet extension of the SM, the more complex structure of the N2HDM
Higgs sector allows for more freedom in the parameter space, thus inducing additional
interesting effects in the phenomenology. In both models, light Higgs bosons are still
allowed in the spectrum and have an impact not only on Higgs observables but moreover,
as we will show, on the size of the electroweak corrections.



The aim of this paper is to demonstrate that electroweak (EW) corrections can be
important although the Higgs measurements push New Physics extensions to be very close
to the SM.! We furthermore aim to show the impact of different renormalization schemes.
In previous papers it has been shown that care has to be taken to choose a renormalization
scheme for the Higgs mixing angles that is not gauge-dependent [21-29].? Additionally, it
should not lead to unnaturally large loop corrections [12, 22, 26, 32, 33], i.e. loop corrections
that increase the NLO result by more than the typically expected size of EW corrections
(more than several tens of percent) so that the perturbative expansion cannot be trusted
any more.®> We want to compare the results for different renormalization schemes that take
into account these considerations. Lastly, we want to identify those decay channels where
the relative corrections do not blow up due to an unsuitable renormalization scheme but
because they have small leading-order (LO) branching ratios or because the corrections are
parametrically enhanced. This serves as a starting point for future work on the reduction of
these corrections by going beyond next-to-leading order (NLO) and applying resummation
techniques.

The results for the loop corrected branching ratios (BRs) that we will show in this
paper have been generated with the codes 2HDECAY [34] and N2HDECAY [35] that are based
on extensions of the FORTRAN codes HDECAY [36, 37] and N2HDECAY [6], respectively, to
include also electroweak corrections.? Based on HDECAY, the decay widths and BRs already
include the state-of-the-art higher-order QCD corrections, so that the presented numbers
are the most precise predictions that can be provided at present.

In section 2 we introduce the 2HDM and N2HDM and set our notation. In section 3, we
briefly present the applied renormalization schemes. The results for the EW- and QCD-
corrected BRs are given in section 4. For the 2HDM they are presented and discussed
in subsections 4.1-4.4, and for the N2HDM in subsections 4.5-4.8. For both models we
investigate the SM-like Higgs boson decays, the non-SM-like CP-even Higgs decays and
the pseudoscalar decays. We consider different mass hierarchies, where either the lighter
or the heavier CP-even Higgs state represents the SM-like Higgs boson. In section 5, we
conclude with a short summary.

!Other recent works including EW corrections to non-SM Higgs decays are [7] where EW corrections
to Higgs-to-Higgs decays in a singlet extension of the SM have been computed, or [8] which provides a
generic calculation of the two-body partial decays widths at full one-loop level in the DR renormalization
scheme. Next-to-leading order corrections to Higgs boson decays in models with non-minimal sectors have
been computed in [9, 10]. For the Next-to-Minimal Supersymmetric extension of the SM (NMSSM), the
full one-loop renormalization and one-loop corrected two-body Higgs decay widths in the on-shell (OS)
renormalization scheme have been given in [11, 12]. Recent calculations of the EW corrections to the
NMSSM Higgs boson decays in the CP-conserving and/or CP-violating NMSSM can be found in [13-19].
They can be computed with the public code NMSSMCALCEW [17] (based on the extension of NMSSMCALC [20]).

2The gauge-independent renormalization of multi-Higgs models has been discussed in [30, 31].

#Note, that negative corrections by more than 100% would even induce negative decay widths at NLO.

4A public code for the computation of loop-corrected decay widths in extended Higgs sectors, H-COUP,
has also been provided in [38, 39]. The Higgs decay into four fermions has been implemented in the Monte
Carlo generator PROPHECYAF 3.0 for the singlet extended SM and the 2HDM including the full QCD and
EW NLO corrections [40].



2 Model introduction

In the following we introduce the two models that we consider in this work, namely the
2HDM and the N2HDM, and we set our notation.

2.1 Introduction of the 2HDM

In terms of the two complex SU(2); Higgs doublets ®; and ® with hypercharge Y = +1,

¢ b3
@1:((;1]) and %:(;8)’ (2.1)

the tree-level potential of a general CP-conserving 2HDM [3, 4] reads
A 2 A 2
Varpat = m2y [@1]% + m2y |8a]? — m2, (@{@2 + h.c.) +5 (cb}@l) + 2 (q>;q>2)

\ 9 (2.2)
+ A3 (qﬂ@l) (cbgcbg) + M (@{%) (@5@1) +3 [(@{%) + h.c.] .

It is parametrized by three real mass parameters mi1, mos and mqo and five dimensionless
real couplings A1_5. The term proportional m?2, softly breaks the global discrete Zg sym-
metry under which the doublets transform as ®; — ®; and ®5 — —®5. After electroweak
symmetry breaking (EWSB), the neutral components of the Higgs doublets acquire vac-
uum expectation values (VEVs) v; and vy which in the CP-conserving case are real. The
Higgs doublets can be expanded around their VEVs in terms of the charged complex fields
wz?t and the real neutral CP-even and CP-odd fields p; and n; (i = 1,2), respectively, as

wi wy
©y = vitpit+im and &3 = v2+pating (2'3)
V2 V2
where
v? = v? 4 03 ~ (246.22 GeV)? (2.4)

is the squared SM VEV obtained from the Fermi constant Gr, v ~ 1/v/v2Gr. We
introduce the mixing angle 8 through

tan f = v2 (2.5)
U1
so that
vy =vcosf and wy=wvsinf . (2.6)

Inserting eq. (2.3) in the scalar potential in eq. (2.2) yields

1 P1 1 m 1 Wf
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where Ty and T denote the tadpole terms and M2, M 3 and Mg the mass matrices of the
charged, neutral CP-even and CP-odd fields, respectively. Requiring the VEVs of eq. (2.3)
to represent the minimum of the potential, i.e.

OVoupMm

=0, 2.8
00, (2.8)
(®5)
yields the tree-level tadpole conditions
Ty A A345
EEm%—mu +?%+T%:0 (2.9)
T A A
lzm%Q m12 +£%+ﬂ%:07 (2.10)
V2 V2 2 2
where we used the short-hand notation
A345 = A3+ Mg+ A5 . (2.11)

The tadpole equations can be solved for m?; and m3, in order to replace these two param-
eters by the tadpole parameters 77 and 7T5. The mass matrices are given by

2 T
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They are diagonalized by the rotation matrices®

R(z) = <C’” _S””> (2.15)

in terms the mixing angles o and  which rotate the field wii, p; and n; in the gauge basis

Pry — R(a <H> .
<p2> (a) . (2.16)
(") a0 ¢ o
w:l: +

(é) = R(B) (;;) . (2.18)

"Here and in the following, we use the short-hand notation s, = sin(z), ¢, = cos(z), t, = tan(z) for

to the mass basis as

convenience.



u-type d-type leptons
I Dy Dy Dy
1T b, o, b
lepton-specific ®y Dy P4
flipped Dy D 3

Table 1. The four Yukawa types of the Zs-symmetric 2HDM defined by the Higgs doublet that
couples to each kind of fermions.

Here, h and H denote the CP-even Higgs bosons with masses mjy < mpy, respectively, A
the CP-odd Higgs boson with mass m4 and H* the charged Higgs bosons with masses
my+. The massless neutral and charged Goldstone bosons are denoted by G° and G*,
respectively. In order to avoid flavor-changing neutral currents (FCNCs) at tree level, the
Zo symmetry of the Higgs potential is extended to the Yukawa sector so that each of the
up-type quarks, down-type quarks and charged leptons can only couple to one of the Higgs
doublets. Depending on the Zy charge assignments, there are four phenomenologically
different types of 2HDMs that are shown in table 1. We conclude by giving the set of inde-
pendent parameters that parametrize the tree-level potential of the CP-conserving 2HDM.
By exploiting the minimum conditions from egs. (2.9) and (2.10), the set of independent
input parameters in the mass basis is given by

2
Mp, My, MA, M+, Mg, &, tan 3, v . (219)

Alternatively, the original parametrization of the scalar potential in the interaction basis
can be used so that the set of independent parameters is given by

A1, A2, A3, A4, As, m%Q, tan 3, v . (2.20)

2.2 Introduction of the N2HDM

We consider a general CP-conserving N2HDM that is obtained from the CP-conserving
2HDM with a softly broken Zy symmetry by adding a real singlet field ®g. The phe-
nomenology of this version of the N2HDM has been extensively discussed in [6, 41, 42].
In terms of the SU(2), Higgs doublets ®; 5 and the singlet field ®g, the N2HDM potential
reads

A 2 A 2
VNouDM = m%l ’@1’2 + m%Q ‘@2’2 — m%z (@J{(I)Q -+ h.C.) + ?1 ((I)];(I’l) + ?2 <®£(I)2>
A 2
+ 2 (0@1) (@f@s) + A (@]@2) (@hey) + 3 [(@’{@) + h.c}

1 | 1 1
+ymEPE 4 Ae® + A (@{@1) 3+ s (@3%) o2, (2.21)

For the N2HDM in different phases, cf. [43]. A recent discussion of its vacuum instabilities can be found
in [44].



where the first two lines describe the 2HDM part of the N2HDM and the last line contains
the contribution of the singlet field ®g. The potential is obtained by imposing two Zo
symmetries. The first one, called Zo, under which the doublets and singlet transform as

<I>1 — (I)l R q)g — —(I)Q s (I)S — (I)S s (222)

is the trivial generalization of the usual 2HDM Zs symmetry to the N2HDM. It is softly
broken by the term involving m3, and will be extended to the Yukawa sector to avoid
FCNCs at tree level. The second symmetry, called Z5, under which the doublets and
singlet transform as

P =P, PPy, Pg— —Pg, (2.23)

is not explicitly broken. The N2HDM potential depends on four real mass parameters my1,
ma2, mi2, and mg and eight dimensionless real coupling constants \; (i = 1,...,8). After
EWSB the doublet and singlet fields can be expanded around their non-negative real VEVs
v1, v2 and vg as

Wit wi
1= vpirim | 0 P27 | wrpprin | 0 ES T VST s, (2.24)
V2 V2

where p; and pg represent three CP-even fields, n; two CP-odd fields and wii are two

charged fields (i = 1,2). The two VEVs of the doublets are again related to the SM VEV

v as v? = v} + v3, and the mixing angle 3 is introduced as before through tan 8 = vy /v;.

Inserting eq. (2.24) into the N2HDM potential eq. (2.21) yields

P1
1
Vxarpm = 5 (o1 p2 ps) MZ | po | +Tip1+Topa+Tsps + -+, (2.25)
pPs

where M, is the 3 x 3 mass matrix in the CP-even scalar sector and T}, (k = 1,2,5) are
the three tadpole terms. We demand the three VEVs to represent the minimum of the
potential by requiring (k,l = 1,2,5)

OVNeHDM

5t —0, (2.26)

(Pk)

which at tree level leads to the three tadpole conditions

T1 2 9 V2 ’U%/\l ’U%/\345 U%)w
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— = — — =0 2.28
vy = M2z T Mgy 5 5 T 79 (2.28)
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vs 8T g 2 2 (229)



These conditions can be used to replace m?;, m3, and m% in favor of the three tadpole
terms. The mass matrix of the CP-even scalar fields reads

T
m%z%f + Mvi  —miy + Asasvive Arvivg > 00
2 — 2 2 2 T
My = —miy + Asasv102 mm% + 03 Agvoug |+ 0 2 0 | . (2.30)
2 T,
/\71]11)5 )\8’02’1)5' )\G’US 0 0 ﬁ

We introduce three mixing angles a; (i = 1,2, 3) defined in the range
(2.31)

in order to diagonalize the mass matrix by means of the orthogonal matrix R, parametrized

as
Ca Cay Sa1Cas Sasg
R =1 —(caySasSas + Sa1Cas)  CaiCas — SaySasSas  CazSas | - (2.32)
“CaiSasCoas + SonSaz (Calsas + Say Sazca3) CasCas

This matrix transforms the CP-even interaction fields p; (i = 1,2, 3, p3 = pg) into the mass
eigenstates H;,

Hy p1
H|=RrR|p]| . (2.33)
Hj P3

This transformation yields the diagonalized mass matrix
Dg = RMgRT = diag (m%ﬁ,m%{ym%&) ) (2.34)
where we demand the three CP-even Higgs bosons H; to be ordered by ascending mass,
mpg, <mg, < Mg, . (2.35)

We do not show the CP-odd and charged mass matrices explicitly in eq. (2.25) as they do
not change with respect to the 2HDM. At tree level they are diagonalized by the mixing an-
gle B, yielding the CP-odd and charged Higgs bosons A and H* with masses m4 and m g+,
respectively, as well as the massless neutral and charged Goldstone bosons G° and G*.

As mentioned before, the softly broken Zs symmetry transformation shown in eq. (2.22)
is extended to the Yukawa sector in order to avoid FCNCs at tree level. This leads to the
same four types of doublet couplings to the fermion fields as in the 2HDM. At tree level,
the N2HDM potential is parametrized by twelve parameters. By exploiting the minimum
conditions in egs. (2.27) to (2.29), the set of independent parameters in the mass basis is
given by

2
MHy, MHy, MH3, MA, Mpy+, Mg, 1, 2, A3, tanﬁ, v, Vs . (236)



3 Renormalization

The ultraviolet (UV) divergences that appear in the computation of the electroweak cor-
rections to the Higgs boson decays in the 2HDM and N2HDM require the renormalization
of the parameters which are involved in the calculations. The renormalization schemes that
we apply are chosen such that they fulfil the following requirements as far as it is possible:

e We require physical OS renormalization conditions, where possible.

e The renormalization schemes are chosen such that they preserve gauge-parameter-
independent relations between the input parameters and the computed observables.

e The NLO corrections should not become unnaturally large. Throughout the paper,
we refer to this behavior of a renormalization scheme as being ‘numerically stable’.

e Finally, conditions that depend on a physical process, i.e. so-called process-dependent
renormalization schemes, are avoided, if possible.

The renormalization conditions respecting these requirements, in particular the gauge-
independent renormalization, have been introduced and extensively discussed by us for
the 2HDM in [21, 22] and for the N2HDM in [26]. Moreover, renormalization schemes
respecting some or all of these criteria were also discussed in [23-25, 28] for the 2HDM and
in [30, 31] for a generic multi-Higgs sector. In this paper we apply our renormalization con-
ditions of refs. [21, 22] for the 2HDM and of ref. [26] for the N2HDM. Additionally, we apply
the renormalization conditions developed for the 2HDM in [23-25, 28]. All these conditions
have been implemented in the codes 2HDECAY [34] and N2HDECAY [35] for the 2HDM and
N2HDM, respectively, which we use to calculate the presented loop-corrected branching
ratios. We refer to the given literature for the detailed introduction and description of the
renormalization schemes. Here, we list them only very briefly for a convenient overview.

3.1 Renormalization of the 2HDM

The renormalization schemes for the scalar mixing angles o« and 8 implemented in
2HDECAY [34] for the 2HDM are summarized in table 2. For details on these schemes
and for the complete EW one-loop renormalization of the 2HDM, we refer to [21, 22, 34].
The first column in the table gives the identifier with which the user selects the renormal-
ization scheme in the input file of 2HDECAY. The second column describes the scheme and
the third one the abbreviation that will be used for it in the presentation of the results.
The fourth column refers to the tadpole scheme that is used and the last column lists the
references where the respective renormalization scheme is introduced and described.

The standard tadpole scheme is a commonly used renormalization schemes for the tad-
poles, cf. e.g. [47] for the SM and [33, 48] for the 2HDM. They are renormalized such that the
ground state of the potential represents the minimum also at higher orders. In the standard
tadpole scheme this condition is imposed on the loop-corrected potential. As the latter is in
general gauge dependent, the counterterms (CTs) defined through this minimum, e.g. the



2HDECAY ID Scheme Abbreviation Tadpole scheme Reference
1/2 KOSY KOSY?/¢(std) standard 33]
3/4 KOSY KOSY®/* alternative FJ  [21, 33, 45]
5/6 py-pinched pi/ ¢ alternative FJ [21, 45]
7/8 OS-pinched pOs°/e alternative FJ 21, 45]
9 Process-dependent 1 procl alternative FJ  [21, 45, 46]
10 Process-dependent 2 proc2 alternative F.J [46]
11 Process-dependent 3 proc3 alternative F.J [46]
12 Physical OS 1 OS1 alternative F.J [28]
13 Physical OS 2 OS2 alternative FJ [28]
14 Physical OS 12 0S12 alternative F.J [28]
15 Rigid symmetry (BFMS) BFMS alternative F.J [28]
16 MS MS(std) standard [21, 24, 45]
17 MS MS alternative FJ  [21, 24, 45]

Table 2. Renormalization schemes of 2HDECAY [34]. For further explanations, we refer to the text.

scalar mass (matrix) CTs, become manifestly gauge-dependent themselves. In the alter-
native tadpole scheme, proposed by Fleischer and Jegerlehner (FJ) for the SM in [49] and
applied to the 2HDM for the first time in refs. [21, 45|, the VEVs are defined through the
gauge-independent tree-level potential so that they become manifestly gauge-independent
quantities and hence, also the mass (matrix) CTs become manifestly gauge-independent.

The KOSY scheme, introduced in [33] and named by us after the authors’ initials, de-
fines the CTs for the mixing angles o and 8 through off-diagonal wave-function renormal-
ization constants. As shown in [21, 45], this not only implies a gauge-dependent definition
of the mixing angle CTs but also leads to explicitly gauge-dependent decay amplitudes and
partial decay widths. Nevertheless, in 2HDECAY it has been implemented as a benchmark
scheme for comparison with other schemes, both in the standard and alternative tadpole
scheme. Due to its intricate gauge dependence, we do not recommend to use the KOSY
scheme for actual computations, however.

On the other hand, the pinched schemes lead to manifestly gauge-independent mix-
ing angle CTs [21, 45]. In these schemes, the OS-based definition of the mixing angle
counterterms for o and 8 of the KOSY scheme is kept, but instead of using the usual
gauge-dependent off-diagonal wave function renormalization counterterms (WFRCs), the
WEFRCs are defined through pinched self-energies in the alternative tadpole scheme by
applying the pinch technique (PT) [50-57]. We employ two different definitions that differ
solely by the scale at which the self-energies are evaluated. In the p,-pinched scheme they
are evaluated at the arithmetic average of the squared masses of the external particles. In
the OS-pinched scheme, OS-motivated scales are chosen for the self-energies.

~10 -



The upper indices in the KOSY and pinched schemes refer to the part of the Higgs
sector that is applied in the renormalization of 8. The angle appears both in the charged
and in the CP-odd mass matrix and its renormalization can be defined either through the
charged ('¢’) or the CP-odd ('0’) sector.

Process-dependent renormalization schemes have the advantage to lead to manifestly
gauge-independent mixing angle CTs. However, they make the renormalization conditions
dependent on a specific physical processes. In 2HDECAY, three different processes were
implemented for the renormalization of the scalar mixing angles [21, 45, 46]. In the first
process-dependent scheme ("procl’), the CT for 3, 65 is defined through the decay of the
pseudoscalar into a 7-lepton pair, A — 777, and the CT for «, do, through the decay of
the heavy scalar into a 7-lepton pair, H — 777~ . In the second process-dependent scheme
(’proc2’), 44 is again defined through A — 7177, but da is defined through the decay of
the lighter CP-even Higgs boson into a 7-lepton pair, h — 777~. In the third process-
dependent scheme (’proc3’), §3 and da are simultaneously defined through H — 777~ and
h— 777

In the physical OS schemes proposed in [28], the mixing angles CT's are defined through
ratios of processes such that they are manifestly gauge-independent, while at the same time
avoiding potentially large NLO corrections that are usually present in process-dependent
schemes. Solely for the purpose of renormalization, two right-handed fermion singlets v1r
and R are introduced which transform under an additionally introduced Zo symmetry
transformation as v1g — —vig and vwg — ogr. The singlets are coupled via Yukawa
couplings to left-handed lepton doublets of the 2HDM, giving rise to two massive Dirac
neutrinos v1 and vo. Denoting by A the decay amplitude, the three implemented OS
schemes are defined as follows. In ‘OS1’ the ratio Ap_.,5,/Ah—1,5, 1s used to define d
while A4y, 5, /AH 0,5, 18 used to define §5. In ‘OS2’ we have Ay 1,5, / An—1,5, for da
and AA—u,5, /Ao 1y5, for 5. In ‘OS12’, again the ratio Ag_u,5,/An—1,5, is used for
da and a specific combination of all possible decay amplitudes Ay g5, and Aa—u,p,
(1,7 =1,2) for ..

In the rigid symmetry scheme (BFMS), the rigid symmetry of the Lagrangian is used
to connect the renormalization of « and J to the renormalization of the WFRCs. In [28],
this scheme was worked out and applied to derive gauge-independent counterterms for the
scalar mixing angles of the 2HDM within the framework of the background field method
(BFM) [58-64].

We also apply the MS scheme for o and 63 [21, 23, 24, 45] for reference, both in the
standard and the alternative tadpole scheme, although it can typically lead to very large
corrections at NLO for many two-body decay processes [45, 65]. Note that the MS scheme
induces gauge-dependent da and §3 and hence gauge-dependent partial decay widths unless
the alternative tadpole scheme is applied.

3.2 Renormalization of the N2HDM

In table 3, we summarize the renormalization schemes that we apply for the four scalar
mixing angles in the computation of the EW-corrected NLO widths of the neutral N2HDM
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ewN2HDECAY ID Scheme Abbreviation Tadpole scheme Reference
1/2 Adapted KOSY KOSY®/“(std) standard [26, 33, 46]
3/4 Adapted KOSY  KOSYY/*¢ alternative FJ  [26, 33, 46]

5/6 py-pinched pi/ ¢ alternative FJ [26, 46]

7/8 OS-pinched pOse/e alternative FJ 26, 46]

9 MS MS(std) standard [26, 46]

10 MS MS alternative F.J [26, 46]

Table 3. Renormalization schemes of ewN2HDECAY [35]. For further explanations, we refer to the
text.

Higgs bosons. For details on these schemes and for the complete electroweak one-loop
renormalization of the N2HDM, we refer to [26, 46].

In contrast to the 2HDM, in the N2HDM three mixing angles «; (i = 1,2,3) in the
CP-even neutral Higgs sector require renormalization. Together with the mixing angle
from the CP-odd and charged Higgs sectors, in total four mixing angle CTs are required,
namely do; and §5. In [26], we generalized the renormalization schemes for the mixing
angles of the 2HDM developed in [21] to the more intricate Higgs sector of the N2HDM.
The schemes are defined in complete analogy to the 2HDM and have been implemented
in ewN2HDECAY [35]. The first column in table 3 again gives the identifier with which the
user selects the renormalization scheme in the input file of ewN2HDECAY. The corresponding
scheme is named in the second column along with its abbreviation in the third column.
The fourth column refers to the tadpole scheme that is used and the last column cites the
references where the respective renormalization scheme is introduced and described.

The adapted KOSY scheme is the generalization of the KOSY scheme [33] to the
N2HDM, both by applying the standard and the alternative tadpole scheme. Accordingly,
the p,-pinched and OS-pinched schemes are the extensions of the corresponding renormal-
ization schemes introduced in the 2HDM to the case of the N2HDM. All four schemes
provide the renormalization of the mixing angle 3 both via the charged ('¢’) and the CP-
odd ('o') Higgs sector. For reference, also the renormalization of the mixing angles via the
MS scheme has been implemented in both the standard and the alternative tadpole scheme.

4 Numerical results

In the following subsections, we give in tabular format the relative sizes of the EW correc-
tions to the BRs for the various Higgs decays in the 2HDM and in the N2HDM. In order
to define them, we first have to explain what is meant when we talk about the inclusion
of QCD and/or EW corrections in the BRs. Higher-order corrected BRs means that we
include higher-order corrections in the partial Higgs decay widths and hence also the total
widths as follows,” cf. table 4.

"For further details, cf. refs. [34, 35].
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QCD&EW QCD only EW only none
H;/A—qq (q=s,¢,b,t) H;/A— gg H; /A= (I=p,T) H;/A—~vy
HY =1 (I=v:T,vup) | Hif/A— Zy
H* = qd H,—VV (V=2W)
(q@ =u/c/t+bu/c/t+35,c/t+d) H, — AA H, — H;Hy
H,—»ZA, Hy—»W=*H¥
H;—HTH~
A—ZH;,, A-W=*HT
H* WTH, H* - WTA

Table 4. List of neutral CP-even (H;), neutral CP-odd (A) and charged (H*) Higgs on-shell decays
with the corresponding implemented corrections. The off-shell decays that are calculated below the
threshold, H; — ¢*t*, HT — t*b, H; — V*V* — 4l, H; — H; Hy, AA*, H; — Z* A, H; —» W**HT,
A— Z*H;y A— W*HT H* - W¥*H;/A do not receive any corrections. (H; = h,H, H; = h
in the 2HDM; 4, j, k = 1,2, 3 in the N2HDM.)

e All decays include the state-of-the-art higher-order QCD corrections to the OS and
off-shell Higgs boson decays where appropriate. Also the loop-induced decays into
gluonic and photonic final states include higher-order QCD corrections. The exact
description of the implemented loop-order and applied approximation in the various
decays can be found in [37, 66]. The results for the SM and MSSM, respectively,
have been translated to the 2HDM [67] and subsequently included in 2HDECAY. The
generalizaton to the N2HDM has been performed in N2HDECAY [6] and subsequently
included in ewN2HDECAY.

e The codes include off-shell decays into heavy-quark pairs, massive gauge boson pairs,
neutral Higgs pairs as well as Higgs and gauge boson final states. The EW corrections
are included only for decays into OS final states, however. Off-shell decays are com-
puted at LO or, where appropriate and available, with the inclusion of higher-order
QCD corrections.

e The loop-induced decays into gluon and photon final states as well as into Z~ do not
include any EW corrections as they are of two-loop order.

e For the combination of the QCD and EW corrections, we assume that these correc-
tions factorize.

The relative size ABR of the higher-order corrected BRs, including QCD and EW
corrections as described above, is defined as

BRQCD&EW _ BRQCD
ABR = D . (4.1)

The superscript ‘QCD&EW’ means that both QCD and EW corrections have been imple-
mented in the various partial decay widths where appropriate and/or possible as described
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above. The superscript ‘QCD’ refers to the BR where only QCD corrections are taken into
account in the various Higgs decays, where appropriate. The ABR hence quantifies the rel-
ative importance of the EW corrections in the BRs with respect to the QCD corrected BRs.

For the analysis we took points that are compatible with the relevant theoretical and
experimental constraints. Using the program ScannerS [6, 68-70], we performed a scan
in the 2HDM and N2HDM parameter space, respectively, and kept only those points that
fulfilled the following constraints. We required one of the neutral Higgs bosons to behave
SM-like and have a mass of m;, = 125.09 GeV [71]. Consistency with the Higgs exclusion
limits from LEP, Tevatron and LHC was checked with HiggsBounds5.5.0 [72-74]. With
the program HiggsSignals2.3.0 [75] we ensured the rates of the SM-like Higgs boson to
be within the 20 range of the SM. The required decay widths and branching ratios were
obtained from HDECAY [36, 37] for the 2HDM and from N2HDECAY [6, 43] for the N2HDM. We
furthermore excluded scenarios with degenerate Higgs signals and imposed a mass window
of 5 GeV between the non-SM- and SM-like Higgs bosons. With respect to the recent flavour
constraints, we tested for compatibility with Ry [76, 77] and B — Xy [77-81] in the m g+ —
tan § plane. In order to check for compatibility with the electroweak precision data we used
the oblique parameters S,T and U [82] and applied the general procedure for extended
Higgs sectors given in [83, 84]. We demanded 20 compatibility with the SM fit [85] including
the full correlations. We used ScannerS to check for boundedness from below of the tree-
level potential, and to ensure that the electroweak vacuum is the global minimum at tree
level. The latter was done for the 2HDM by using the tree-level discriminant of [86]. For the
N2HDM the global minimum was found numerically by comparing all tree-level minima.
Tree-level perturbative unitarity was checked as described in [4, 87]. For further details on
the scan (and the tree-level perturbative unitarity relations of the N2HDM), we refer to [88].

4.1 2HDM Higgs decays

We start with the results for the 2HDM. We consider two different kinds of parameter sets,
one where the lighter of the CP-even Higgs bosons, h, is the SM-like Higgs, and another
set where the heavier one, H, is SM-like. For both kinds of parameter sets, we consider all
four 2HDM types. For the case that h is SM-like, the total amount of points used for the
numerical analyses is as follows,

h is SM-like: Type I. 373517 Type II: 413377
(4.2)
Type LS: 373000 Type FL: 431540,

where we introduced the abbreviations LS for the lepton-specific 2HDM and FL for the
flipped 2HDM. In case that H is SM-like, we found less valid parameter points in our scans
that could be used for our numerical analyses,

H is SM-like: Type I. 747 Type II: 39
(4.3)
Type LS: 132 Type FL: 124 .
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As can be inferred from these numbers, this case is strongly disfavored in comparison to
the case that h is the SM-like Higgs. This also means that the statistics for our analyses
in these scenarios is very low.

4.2 SM-like 2HDM Higgs decays

We start by giving our results for the 2HDM decays of the SM-like Higgs boson before
moving on to the non-SM-like Higgs decays.

4.2.1 h is the SM-like Higgs boson

In the tables of this section we list the relative size of the EW corrections ABR to the BRs of
the SM-like Higgs boson h for the four 2HDM types I, II, LS and FL. We use subscripts for
ABR in order to refer to the corresponding decay channel. In the computation of the EW
corrections we apply various renormalization schemes presented in table 2 of section 3.1.
The comparison of the results in the different renormalization schemes gives an estimate
of the theoretical error on the BR due to the missing higher-order corrections that are not
included. Moreover, it also shows which renormalization schemes are less suitable because
they lead to very large NLO corrections. In order to keep the presentation of the higher-
order EW effects computed in the various renormalization schemes clear, we group the
results into bins quantifying the size of the relative corrections to the BRs and into subsets
of renormalization schemes that lead to similar results. The subsets of schemes are given
as superscript of ABR. The following scheme sets could be defined here:

S1 = { KOSY?, KOSY*, p?, pS, pOS®, pOS®, BFMS }
Sy = { procl, OS1 }
S3 = { proc2, proc3, OS12 }

0s2={ 082 }

MS={MS }

Let us clarify that in the generation of the numbers for a specific scheme the respective set
of input parameters is understood to be given in this scheme. This means in particular that
we did not convert an input parameter set given in one scheme to the input parameter set
for a different renormalization scheme. Therefore the numbers calculated in two different
schemes cannot be directly compared to each other in order to derive e.g. the theoretical
error due to missing higher-order corrections. Our approach is instead a large-scale analysis
for each scheme separately. This way, we cannot estimate the remaining theoretical errors,
but we can judge if schemes or sets of schemes behave similarly with respect to their
relative size of corrections. For a discussion of the remaining theoretical uncertainties, we
refer to [21, 22, 26].

In the tables of this section, the relative size of the corrections to the BRs are quantified
via a binning as

S/ 2a% (%) . (4.4)
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Figure 1. 2HDM type I: binned amount of parameter points in % for the scheme sets Sy (blue)
and MS (green) as a function of ABR in % for the decay h — bb. All points with corrections above
100% are collected into one bin.

This is to be read as “b% of all used input parameter sets lead to corrections ABR be-
low/above or approximately equal to a %”. For each renormalization scheme set, we show
two pairs of percentage values “a %” according to the format described in eq. (4.4): a lower
value where the peak of all corrections is found and a larger value where the majority of
all results lies in.® An exception to this is the case when all corrections are situated in the
lowest bin (2.5%) in which case we only show one pair of numbers. For the MS scheme
(and for some other schemes and decay channels) where the corrections are typically huge,
we show the following two pairs of values: one where the bulk of the results below 100 %
lies in and a second pair of values that corresponds to the largest bin (i.e. above 100 %).
This means for example for the first upper left entry of table 5 that in the 2HDM type
I, the relative corrections ABR%B to the BR of the SM-like Higgs boson h into the bb final
state amount to less than about 2.5% for 96% of the valid parameter sets and to less than or
roughly equal to 5% for all of them. This is exemplified in figure 1. In the plot, we present
the binned percentage of parameter points for ABR,,;; of the electroweak corrections for the
scheme sets Sy and MS. To that end, we computed the arithmetic average® of the numerical
results obtained for all renormalization schemes included in scheme set S; and MS, respec-
tively. As can be inferred from the plot, for the scheme set 81 96% of all input parameter

8The distribution of the NLO corrections of the small percentage of points that is not captured by
these two values (as seen in the following tables for some cases) is not typical for the decay, model type or
renormalization scheme so that it is not commented on further. Unless stated otherwise (and apart from a
few outliers e.g. due to small LO widths) they do not induce large relative corrections.

9We point out again that the numerical results computed for the schemes within one set are close to
each other such that the arithmetic average of the results for the scheme set does not deviate much from
the results computed for each scheme individually.
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Type |  ABRSY ABR®:, ABR®:, ABROS? ABRME
I | $25% (96%)  <5.0% (98%)  <$2.5% (90%)  <2.5% (94%)  <10.0% (50%)
<5.0% (100%)  <7.5% (99%)  <5.0% (99%)  <5.0% (99%)  2100.0% (12%)
I | <25%(99%) <2.5% (54%) <2.5% (98%) <2.5% (81%)  <40.0% (50%)
<5.0% (100%)  <7.5% (96%)  <5.0% (99%)  <5.0% (99%)  =100.0% (36%)
LS | <2.5% (96%) <2.5% (54%) <25% (75%) <25% (94%) <17.5% (50%)
<5.0% (99%)  <5.0% (97%) <5.0% (99%)  <5.0% (99%)  2100.0% (14%)
FL | <25% (96%) <25% (54%) <2.5% (15%) <2.5% (94%) <17.5% (50%)
<5.0% (99%)  <5.0% (97%) <5.0% (99%) <5.0% (99%) >100.0% (12%)
Type ABRLZY;W hZZ ABR%A, hZZ ABRng hZZ ABR(h)ss/hZZ ABRI}\IAVS'Y/hZZ
I | $5.0% (97%)  <$5.0% (90%)  <$5.0% (90%)  <5.0% (94%)  <20.0% (50%)
<ST5% (99%)  <10.0% (98%) <T.5% (99%)  <T.5% (99%)  2100.0% (21%)
I | $5.0%(99%) <5.0% (60%) <2.5% (96%) <5.0% (82%) <62.0% (50%)
<75% (99%)  <125% (96%)  <5.0% (99%)  <7.5% (97%)  2100.0% (47%)
LS | $5.0% (97%) <$5.0% (15%)  <2.5% (88%)  <5.0% (95%) <12.5% (50%)
<75% (99%)  <10.0% (99%)  <5.0% (99%)  <7.5% (99%)  2100.0% (13%)
FL | $5.0% (97%) <5.0% (75%) <2.5% (88%)  <5.0% (95%) <15.0% (50%)
ST5% (99%)  $100% (99%)  $5.0% (99%)  S75% (99%)  2100.0% (11%)
Type | ABRS, ABRY?, ABRSS, ABRS? _ ABRMS._
I | $25% (98%)  <25% (88%)  <$25% (97%)  <$25% (98%)  <7.5% (50%)
<5.0% (99%)  <$5.0% (99%)  <5.0% (99%)  <$5.0% (99%)  2100.0% (12%)
I | <5.0%(98%) <5.0% (85%) <5.0% (96%) <2.5% (57%) <35.0% (50%)
<75% (99%)  <10.0% (97%) <10.0% (99%)  <5.0% (96%)  2100.0% (34%)
LS | $5.0% (94%) <S7.5% (42%)  <5.0% (95%)  <5.0% (70%)  <90.0% (37%)
<75% (99%)  <25.0% (96%)  <T7.5% (99%)  <10.0% (98%)  2100.0% (58%)
FL | $5.0% (94%) <7.5% (42%)  <5.0% (95%)  <5.0% (70%)  <90.0% (38%)
<T5% (99%)  <$25.0% (96%)  <T7.5% (99%)  <10.0% (98%)  2100.0% (58%)

Table 5. Relative size of the EW corrections to the BRs of the 2HDM SM-like Higgs boson h in
the four 2HDM types I, II, LS and FL. For details, we refer to the text.

sets lead to corrections of 2.5% or less and 100% of all input parameter sets yield corrections
less than 5.0%, as stated above. For the MS scheme on the other hand, roughly 50% of
all parameter points yield relative corrections below 10.0% while 12% of all points lead to

corrections above 100.0%. Note that all points with corrections above 100% are collected

into one bin. The same methodology was applied for all 2HDM types and for all decays

and translated into values in the tables. For example, the lower right entry of table 5 tells
us that in the flipped 2HDM, the relative corrections ABRh . to the BR of h into 717
for 38% of the parameter points is as large as about 90%, with 58% leading to corrections

even beyond 100%. The remaining 4% of parameter points lead to corrections between 90%

and 100% and form the complement of the two preceding pairs of numbers in the table.
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In table 5, we show the results for the main discovery channels and the dominant
down-type fermion final states, i.e. for the decays into v, ZZ, bb and 777~. We have
calculated also the corrections for all other final states and provide them on demand. In
order to keep the presentation of the results clear, we stick to the most important final
states here, however. Note that the decay into Z boson pairs is off-shell for the 125 GeV
SM-like Higgs boson, whereas the decay into photons is loop-induced already at tree level.
Therefore, as described above, these decays do not include any EW corrections so that the
relative corrections of their branching ratios are the same. Inspecting the numbers of the
table, we make the following observations:

— The relative sizes ABR of the EW corrections to the BRs for the scheme set Sy for
all four 2HDM types are typically very small, with the bulk of the parameter points
resulting in corrections below 2.5 % and 5.0 %, indicating both small EW corrections
as well as numerical stability of the schemes.

— For 83, the corrections are slightly increased for the decay h — 777~ in the 2HDM
types II, LS and FL, but for the other decays in all four types, the results are com-
parable to the ones in set Sj.

— For Sa, the corrections for the decays in all 2HDM types are increased compared to
S1 and S3 and in particular in the 2HDM types LS and FL, the corrections to the
decay h — 777~ can be considerably larger.

— The results for the OS2 scheme are similar to the ones for the scheme set S, but
depending on the decay and 2HDM type, the majority of corrections are sometimes
shifted towards lower/higher bins. Nevertheless, the corrections are moderate and
the scheme is numerically stable.

— The results for the MS scheme are typically very large for all decays and 2HDM types
and hence clearly demonstrate numerical instability of the renormalization scheme.
We find that this is the case throughout all decay channels and mass hierarchies as
presented in the following subsections, both for the 2HDM and N2HDM and for all
types of the two models. We do not remark this explicitly any more when discussing
the various decays and models but only present the corresponding results in the tables.

Overall, with the exception of the MS scheme, the corrections to the SM-like decays
are of the typical size of EW corrections with values ranging between below 2.5% up to
about 25% depending on the decay, the renormalization scheme and the type of the 2HDM.

4.2.2 H is the SM-like Higgs boson

In table 6 we show the relative corrections ABR for the 2HDM parameter sets where the
heavier of the two CP-even Higgs bosons, H, is the SM-like Higgs boson. We want to
mention again that in contrast to the case where h is SM-like, we found much less valid
parameter points in the case that H is SM-like and hence, the statistics of the analysis is
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Type |  ABRS ABRS: ABR%: ABRS ABRYS,
I | S25% (95%) <25% (100%) <25% (87%)  <25% (97%)  <7.5% (50%)
<5.0% (100%) <5.0% (98%)  <5.0% (100%) >100.0% (4%)
0| $25% (15%)  <25% (100%) <15.0% (51%)  <5.0% (T4%) S 75.0% (50%)
<5.0% (99%) <30.0% (89%) $10.0% (99%) 2100.0% (13%)
LS | <25% (94%) <25% (62%) <7.5% (57%) <25% (96%) <90.0% (34%)
<5.0% (100%)  $5.0% (100%)  $20.0% (93%)  <5.0% (100%) 2100.0% (63%)
FL | $25% (62%) <40.0% (50%) $10.0% (50%)  <5.0% (50%)  <90.0% (17%)
<ST5% (98%)  2100.0% (23%)  <35.0% (91%) <15.0% (97%) 2100.0% (58%)
Type ABR}s{lw HZZ ABRSI?W HZZ ABR}s{aw HZZ ABR%}W HZZ ABR}P/}EW/HZZ
I | <5.0%(95%) <25% (100%)  <5.0% (86%)  <5.0% (97%)  <17.5% (50%)
<10.0% (100%) <10.0% (98%) <7.5% (100%)  2100.0% (6%)
0| $50% (82%)  <2.5% (100%) <225% (55%) <7.5% (56%)  <90.0% (3%)
<$7.5% (99%) <50.0% (92%)  $15.0% (99%) 2100.0% (96 %)
LS | <5.0% (T7%)  <5.0% (80%)  <5.0% (48%)  <$5.0% (66%) < 90.0% (48%)
<T.5% (100%)  S7.5% (100%)  <$20.0% (94%) <7.5% (99%) 2100.0% (51%)
FL | <5.0% (79%) <50.0% (50%) <10.0% (44%) <7.5% (52%) <90.0% (1%)
<ST5% (98%)  2100.0% (26%)  <40.0% (90%) <15.0% (98%) =100.0% (98%)
Type | ABRS, ABRS2 ABRS: | ABRS: | ABRYS, _
I | <25% (99%)  <2.5% (100%) <2.5% (89%) <25% (99%)  <7.5% (50%)
<5.0% (100%) <$5.0% (99%)  <5.0% (100%)  2100.0% (4%)
0| $25% (64%)  <25% (100%)  <100% (32%)  <7.5% (59%) S 77.5% (50%)
<$7.5% (99%) <30.0% (90%) $12.5% (99%) 2100.0% (13%)
LS | <5.0% (12%)  <2.5% (88%)  $62.5% (50%) <10.0% (43%)  <90.0% (1%)
<15.0% (98%)  $5.0% (100%)  2100.0% (36%) <25.0% (98%) 2100.0% (98%)
FL | <5.0% (99%) <45.0% (50%)  <$5.0% (48%)  <5.0% (95%) <90.0% (1%)
<7.5% (100%)  2100.0% (25%) <50.0% (92%) <10.0% (98%) 2100.0% (98%)

Table 6. Relative size of the EW corrections to the BRs of the 2HDM SM-like H in the four 2HDM
types I, II, LS and FL. For details, we refer to the text.

rather low. For a clear presentation of the results, we grouped renormalization schemes to

the following sets:

S = { KOSY?, KOSY®, py, pS, pOS?, pOS®, BFMS }
Sy = { procl, proc3 }
S3 = { proc2, OS1 }
Sy ={ 082, 0S12 }
MS={MS }
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ABR bb T utpT 85 cé g9 ~y Zy  WYW- ZZ
-1.76%  -1.59% -3.52% 2.24% -3.81% 4.34% -2.29% -0.71% 3.68% 1.61%

Table 7. Relative size of the EW corrections to the BRs of the SM Higgs boson Hgy; with mass
Mg, = 125.09 GeV.

As before, we show results for the decays into vy, ZZ, bb and 777~. The data in the
table allows us to make the following observations:

— The scheme set S1, comprising the KOSY, the pinched and the BFMS schemes,
induces the smallest EW corrections for all decays and 2HDM types.

— The process-dependent schemes, collected in the scheme sets Se to Sy, induce mod-
erate corrections but for some decays and 2HDM types, they can also lead to very
large corrections.

In principle, also decays H — h h are possible, with the heavier Higgs boson H being
SM-like. Since we did not find enough valid parameter points to reach significant statistics,
we do not show results here for this final state, however. In our scan, we did not find any
parameter points that allow for the OS decay H — ZA.

4.2.3 Comparison with the SM

We compare our results for the 2HDM with the size of the EW corrections to the decays of
the SM Higgs boson Hgy with mass mpg,, = 125.09 GeV [71]. The decays with and without
the EW corrections on top of the QCD corrections (where applicable) have been calculated
with HDECAY version 6.52 [36, 37]. By setting the flag ‘OMIT ELW’ in the input file equal
to 0 (1), the EW corrections are computed (omitted). They have been implemented for the
decay into gluons [89-93], into the fermion final states bb, 777, u*pu~, 55, and cc [66, 94],
into vy [91, 95-97] and into the massive gauge boson final states W W~ and ZZ [98-100].
Hence, in the SM also the EW corrections to the loop-induced decays into gg and v and
into the off-shell final states of massive gauge bosons are included. For the decay width into
Z~ no EW corrections are implemented. Still the BR changes because of the EW-corrected
total decay width entering the BR.

The results for the relative corrections ABR into the various final states are given in
table 7. As can be inferred from the table the relative size of the EW corrections is always
small, ranging below 5%, with the maximum value given by 4.34% for the decay into a pair
of gluons. The comparison of these results with the relative EW corrections to the 2HDM
SM-like Higgs BRs (computed with the renormalization scheme set Sy, which delivers the
most moderate corrections) shows that in the 2HDM the EW corrections are in general
somewhat more important.

4.3 Non-SM-like CP-even 2HDM Higgs decays

Next, we consider the decays of the non-SM-like CP-even Higgs bosons, again for the two
possible Higgs hierarchies, with the total amount of points that have been used for the
analysis as given in section 4.1.
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Type | H—-tt H—ZA H—-W*HY H—ZZ H— hh
I | 166444 10406 7600 186474 179777
IT | 239747 19464 12569 239759 239755
LS | 365299 14506 10898 369448 168129
FL | 419079 12388 8472 419149 289146

Table 8. Number of parameter points available for the analysis in the individual OS decay channels
of H (h is SM-like).

4.3.1 h is the SM-like Higgs boson

With h being SM-like, the non-SM-like CP-even Higgs boson corresponds to the heavier
Higgs boson H. Its important decay channels are those into t¢, but also decays into mixed
Higgs plus gauge boson final states, i.e. ZA and W*HT, can become important if they are
kinematically allowed. In contrast to the SM-like decays presented above, for the relative
corrections ABR of individual final states we now consider only the parameter points
for which the decays are OS and not loop-induced. This reduces the number of points
available for the analysis as shown in table 8 where we list the numbers for the individual
final states that are left over with the additional requirement of the decays being OS. The
relative corrections ABR for the decays into bb, tf, 777, ZA and WTHT are given in
table 9, and those for the decays into ZZ and into two light Higgs bosons hh in table 10.
For simplicity, we do not list the relative corrections to the WW final state separately here,
as they behave similarly to those of the ZZ final state.

The scheme sets with comparable sizes in the EW corrections, shown in the table, are
defined as follows:

S; = { KOSY?, KOSY*, pOS°®, pOS®, BFMS}
Se={p?, pi}

S3 = { procl, proc2, proc3, OS1 }

Sy ={ 0S2, 0OS12}

MS={MS}

From the tables, we deduce the following:

— For all renormalization schemes apart from the MS scheme, the corrections to the
decays into the fermionic final states as well as to into ZA and H*W¥ are mostly
of moderate size. Depending on the scheme and 2HDM type they can become also
significant, however, with relative corrections of up to 40%. The process-dependent
schemes summarized in the sets S3 and S; have larger maximal correction values
than the schemes of 1 and S5 which exploit the symmetries of the model.

— The corrections to the (typically dominant) decay H — tt are the most moderate
ones which is due to the relatively large BR already at tree level.
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Type ABRSL ABRS? ABRSS ABRS* ABRMS,
I | <150% (48%) <125% (52%) <12.5% (48%) <10.0% (45%)  <60.0% (50%)
<27.5% (93%)  <35.0% (89%) <40.0% (80%) <35.0% (89%) 2100.0% (40%)
I [ <100% (52%) <20.0% (48%) S10.0% (52%) <25.0% (44%)  <90.0% (14%)
$25.0% (92%)  $32.5% (93%)  $35.0% (91%) <42.5% (88%)  2100.0% (85%)
LS | £100% (52%) <10.0% (52%) <10.0% (46%) <7.5% (42%)  <45.0% (50%)
<25.0% (92%) <$25.0% (92%) <30.0% (90%) <22.5% (90%) 2100.0% (36%)
FL | <125% (52%) <10.0% (52%) <10.0% (46%) <7.5% (42%)  <45.0% (50%)
<32.5% (88%) <25.0% (92%) <30.0% (90%) <22.5% (90%) 2100.0% (36%)

Type ABRSY; ABR?; ABRS3 ABRSA . ABRY;
I | <5.0%@8%) <75% (58%) <7.5% (54%)  <5.0% (50%)  <525% (50%)
$22.5% (85%) <225% (85%) <25.0% (80%) <25.0% (88%) 2100.0% (36%)
I | <25%(60%) <25% (60%) <25% (55%) <2.5% (61%)  <37.5% (50%)
<10.0% (86%) <10.0% (86%) <12.5% (87%) <10.0% (87%) 2100.0% (33%)
LS | <5.0% (61%) <2.5% (46%)  <5.0% (54%) <2.5% (47%)  <45.0% (50%)
<15.0% (88%) <15.0% (87%) <20.0% (88%) <15.0% (88%) 2100.0% (35%)
FL | <5.0% (68%) <5.0% (68%) <5.0% (56%) <2.5% (54%)  <50.0% (50%)
S12.5% (87%)  <125% (87%)  <20.0% (87%)  <12.5% (87%)  2100.0% (39%)

Type | ABR , ABR% ABR® | ABR%* ABRMS, _

I | <150% (49%) <15.0% (51%) <15.0% (48%) <15.0% (55%)  <60.0% (50%)
<35.0% (88%) <35.0% (88%) <35.0% (T7%) <35.0% (88%) 2100.0% (40%)
I | <15.0% (54%) <20.0% (53%) <10.0% (51%) <25.0% (47%) <85.0% (14%)
$25.0% (91%)  <30.0% (90%) <35.0% (90%) <40.0% (86%) 2100.0% (84%)
LS | <15.0% (54%) <17.5% (48%) <T.5% (46%) <25.0% (46%) <77.5% (15%)
<27.5% (90%) <30.0% (88%) <30.0% (88%) <40.0% (85%) 2100.0% (81%)
FL | <15.0% (55%) <17.5% (48%) <7.5% (46%) <25.0% (46%) <77.5% (15%)
<27.5% (90%)  <30.0% (88%) <30.0% (88%) <40.0% (85%) 2100.0% (81%)

Type ABR3L, , ABR32, , ABRSS, , ABR4, ABRYS 4
I | £50%(G1%)  <50% (51%) <10.0% (46%) <10.0% (53%)  <80.0% (26%)
<15.0% (80%) <15.0% (80%) <30.0% (80%) <22.5% (83%) 2100.0% (52%)
I | <50% (68%) <50% (69%) <10.0% (50%) <7.5% (73%)  <85.0% (20%)
<$10.0% (91%)  <12.5% (94%)  <25.0% (81%) <10.0% (90%)  2100.0% (56%)
LS | £5.0% (65%) <5.0% (65%) <10.0% (48%) <7.5% (41%)  <85.0% (29%)
<10.0% (86%)  <10.0% (86%) <27.5% (80%) <15.0% (90%)  2100.0% (44%)
FL | <50% (65%)  <5.0% (63%) <10.0% (53%) <7.5% (51%)  <82.5% (20%)
<$10.0% (88%) <10.0% (88%) <15.0% (83%) <10.0% (84%) 2100.0% (30%)

Type | ABRSY ., .  ABR® . .  ABR . .  ABR™ ., .  ABRMS , .

I | $5.0%(6%) <50% (55%) <10.0% (49%) <10.0% (57%) <70.0% (25%)
S17.5% (81%) <17.5% (81%)  <30.0% (78%) <25.0% (82%) 2100.0% (52%)
I | <50% (60%) <5.0% (59%) <125% (49%) <5.0% (55%)  <82.5% (18%)
<$10.0% (87%)  <10.0% (85%) <30.0% (81%) <10.0% (94%) 2100.0% (50%)
LS | $5.0% (71%)  <5.0% (10%) <125% (52%) <7.5% (57%)  <75.0% (26%)
ST5% (84%)  S75% (84%)  <27.5% (81%)  <125% (85%)  2100.0% (45%)
FL | <50% (67%) <5.0% (62%) <7.5% (48%) <5.0% (53%) <82.5% (19%)
ST5% (85%)  S7.5% (84%)  <15.0% (87%)  <10.0% (95%) 2100.0% (36%)

Table 9. Relative size of the EW corrections to the BRs for the non-SM-like 2HDM Higgs boson
H decays into bb, tt, 777~ ZA, WEHT in the four 2HDM types I, II, LS and FL (h is SM-like).
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Type

ABRZ%}, ,

ABR%2,,

ABR?3,

ABR?%:

ABRMS

<47.5% (50%)
>100.0% (29%)

<45.0% (50%)
>100.0% (29%)

<90.0% (48%)
>100.0% (49 %)

<52.5% (50%)
>100.0% (32%)

<80.0% (44%)
>100.0% (50%)

II

<62.5% (50%)
>100.0% (39%)

<60.0% (50%)
>100.0% (39%)

<90.0% (22%)
>100.0% (76 %)

<82.5% (35%)
>100.0% (59%)

<82.5% (34%)
>100.0% (61%)

LS

<67.5% (50%)
>100.0% (38%)

<65.0% (50%)
>100.0% (37%)

<90.0% (30%)
>100.0% (68%)

<80.0% (50%)
>100.0% (43%)

<80.0% (38%)
>100.0% (56%)

FL

<90.0% (40%)
>100.0% (57%)

<90.0% (40%)
>100.0% (57%)

<90.0% (30%)
>100.0% (68%)

<82.5% (35%)
>100.0% (60%)

<80.0% (38%)
>100.0% (56 %)

Type

s
ABRZY

s
ABRZ,

s
ABRZR

s
ABRZ

ABRMS,

<90.0% (28%)
>100.0% (70%)

<90.0% (28%)
>100.0% (70%)

<90.0% (25%)
>100.0% (73%)

<82.5% (27%)
>100.0% (69%)

<85.0% (44%)
>100.0% (53%)

II

<90.0% (10%)
>100.0% (89%)

<90.0% (10%)
>100.0% (89%)

<90.0% (8%)
>100.0% (91%)

<85.0% (10%)
>100.0% (88%)

<87.5% (35%)
>100.0% (63%)

LS

<90.0% (20%)
>100.0% (78%)

<90.0% (21%)
>100.0% (78%)

<85.0% (15%)
>100.0% (83%)

<85.0% (20%)
>100.0% (77%)

<85.0% (40%)
>100.0% (57%)

FL

<90.0% (14%)
>100.0% (84%)

<90.0% (14%)
>100.0% (85%)

<85.0% (8%)
>100.0% (90%)

<90.0% (14%)
>100.0% (84%)

<85.0% (38%)
>100.0% (59%)

Table 10. Relative size of the EW corrections to the BRs for the non-SM-like 2HDM Higgs boson
H decays into ZZ, and hh, in the four 2HDM types I, I, LS and FL (h is SM-like).

— The decays H — Z Z and H — hh typically feature huge EW corrections. For the

decay into ZZ, this is mostly due to the smallness of the tree-level width which is
proportional to 0%7 o As h behaves SM-like, its coupling to massive gauge bosons,
proportional to s%f o> 18 close to one, so that the branching ratio for the decay of H
into ZZ/WW is almost zero.'? Therefore, the relative EW corrections become large.
Another reason for the large corrections can be parametrically enhanced counterterm
contributions that arise due to small coupling constants (due to the sum rules) in the
denominator that are multiplied by the counterterms, or the counterterms themselves
become large.

For the decay into hh, the dominant effect that enhances the EW corrections are non-
decoupling effects, inducing parametrically enhanced EW corrections to the Higgs-
to-Higgs decays. This has been discussed in detail in [22, 26, 33]. Such enhanced
corrections call for the resummation of all orders of perturbation theory, which is
beyond the phenomenological investigation performed here. Recently, the two-loop
corrections to the Higgs trilinear couplings in extended scalar sectors have been cal-
culated in [101-103]. The authors of [102, 103] find that they remain smaller than the
one-loop corrections so that the large deviations predicted at one-loop level do not

10We note that in the computation of the EW-corrected decay width we only include one-loop terms
proportional to the product of the tree-level and the one-loop amplitude. We do not include terms pro-
portional to the squared one-loop amplitude, as might be considered if the tree-level decay width is small.

These terms are formally of two-loop order so that we chose not to include them.
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change significantly. In [22] where we investigated in detail the non-decoupling ef-
fects in the EW corrections to the Higgs-to-Higgs decays we also provided parameter
scenarios where we are truly in the decoupling limit and find decent EW corrections.
Finding such scenarios required a dedicated scan. On the other hand, for this work
we performed a scan without demanding special parameter features and hence our
sample of valid points does not contain such specific parameter configurations. For
an exemplary analysis in the decoupling regime, we therefore refer to ref. [22].

Note, finally, that these huge corrections also indirectly affect the ABR of the other
decay channels through the total width, namely the decays with smaller BRs. This
also explains their larger values of ABR in some cases.

4.3.2 H is the SM-like Higgs boson

In case that the lighter CP-even Higgs boson h is the non-SM-like Higgs boson many decay
channels are kinematically closed. In table 11 we show the relative corrections ABR for
the OS decays into bb and 777~. The schemes that are grouped together in scheme sets
are as follows:

S1 = { KOSY?, KOSY, p?, pS, pOS?, pOS®, BFMS }
Sy = { procl, proc3 }

S3 = { proc2, OS1 }

Sy={ 082, 0s12 }

MS={MS }

From the table, we read off:

— For the renormalization schemes exploiting the symmetries of the Lagrangian,
grouped together in S, the EW corrections are of moderate size, not exceeding
20%.

— The process-dependent renormalization schemes, cf. sets Sg, S3, and Sy, in general
also lead to moderate corrections. For some decays and 2HDM types, however, the
corrections become very large. Note, however, that these claims are based on the
very low statistics stemming from the low amount of input parameter sets used.

4.4 Pseudoscalar 2HDM decays
4.4.1 h is the SM-like Higgs boson

We turn to the decays of the pseudoscalar Higgs boson A for the input parameter sets
where h is SM-like. Besides the usual fermionic decays, A can also decay into a mixed
gauge boson plus Higgs boson final state. Electroweak corrections are computed only for
OS decays so that the number of available parameter points reduces as shown in table 12.
In table 13, the relative corrections ABR for the pseudoscalar decays into bb, 7H7~ and tt
as well as in the gauge boson plus Higgs boson final states Zh and ZH are given for the
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Type ABRSL ABR??, ABRSS, ABRSY, ABRMS
I | $25% (91%)  <5.0% (61%)  <2.5% (91%)  <25% (91%)  <10.0% (50%)
<10.0% (96%)  <40.0% (90%)  <15.0% (97%) <15.0% (98%)  2100.0% (12%)
I | $25% (100%) <2.5% (100%) <25% (100%) <2.5% (100%)  <2.5% (17%)
>100.0% (3%)
LS | £10.0% (67%) <7.5% (63%)  <50.0% (50%) <17.5% (49%)  <$90.0% (18%)
<20.0% (99%)  $20.0% (98%)  <90.0% (69%) <30.0% (97%)  2100.0% (79%)
FL | $25% (100%)  <2.5% (96%) <25% (100%)  <$2.5% (100%)  <2.5% (13%)
<7.5% (99%) >100.0% (3 %)
Type | ABRSY, _ ABR®2, _ ABR®s, ABR®*, ABRMS, _
I | S75%(93%)  <5.0% (51%)  <5.0% (83%)  <5.0% (86%)  <12.5% (63%)
<20.0% (98%)  <35.0% (87%) <15.0% (98%) <10.0% (97%)  2100.0% (12%)
I | $25% (100%) <25% (100%) <2.5% (100%)  <2.5% (96%)  <2.5% (14%)
<5.0% (100%)  2100.0% (3%)
LS | $25% (94%)  <25% (91%)  <2.5% (83%)  <2.5% (88%)  <S2.5% (64%)
<7.5% (100%)  <10.0% (98%)  <15.0% (97%) <10.0% (97%)  2100.0% (13%)
FL | <5.0% (96%) <77.5% (50%) <35.0% (52%) <15.0% (49%)  <90.0% (24%)
<10.0% (98%) 2100.0% (43%) <60.0% (98%) <30.0% (100%) =100.0% (73%)

Table 11. Relative size of the EW corrections to the BRs for the non-SM-like 2HDM Higgs boson
h decays into bb and 7777, in the four 2HDM types I, II, LS and FL (H is SM-like).

Type | A—tt A—Zh A—ZH
I 176 057 183927 101 561
II 239750 239756 87004
LS 238520 239122 95863
FL | 219123 219146 108 082

Table 12. Number of parameter points available for the analysis in the individual OS decay
channels of the pseudoscalar Higgs boson A (h is SM-like).

case that h is SM-like, for all four 2HDM types. The scheme sets shown in the table are

defined as follows:

S; = { KOSY?, KOSY“, pOS®, pOs® }
Sy ={pZ, pi}
S3 = { procl, proc2, proc3, OS1, OS2 }
0812 = { 0S12 }
BFMS = { BFMS }
MS = { M5 )

With A being above the ¢t threshold, the decay A — tt is in general the dominant decay
channel and consequently also the EW corrections are the most moderate ones compared
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Type

s
ABRTL;

S
ABR7?;

s
ABR®;

OS12
ABRZy;

BFMS
ABRZ;;

MS
ABR;;

<7.5% (53%)
<17.5% (95%)

<7.5% (55%)
<17.5% (94%)

<5.0% (40%)
<17.5% (86%)

<5.0% (40%)
<17.5% (86%)

<7.5% (46%)
<20.0% (96%)

<37.5% (50%)
>100.0% (36%)

II

<10.0% (45%)
<22.5% (96%)

<17.5% (50%)
<30.0% (94%)

<12.5% (47%)
<30.0% (82%)

<15.0% (44%)
<27.5% (89%)

<7.5% (37%)
<25.0% (97%)

<50.0% (2%)
>100.0% (95%)

<10.0% (84%)

)
<2.5% (57%)
<7.5% (83%)

<20.0% (81%)

)
56 %)
<7.5% (86%)

<15.0% (86%)

LS | <7.5% (49%) <7.5% (54%)  <S75% (48%)  S7.5% (48%)  S7.5% (46%)  <32.5% (50%)
S17.5% (94%)  <S17.5% (95%)  <25.0% (95%) <25.0% (95%) <20.0% (96%) >100.0% (30%)
FL | <10.0% (45%) <17.5% (50%) <30.0% (50%) <17.5% (44%) <7.5% (50%)  <55.0% (2%)
<$225% (96%)  <30.0% (94%) <50.0% (89%) <30.0% (94%) <20.0% (98%) =100.0% (94%)
Type ABRSL, ABR%2, ABRS3, ABRGS!? ABREFMS ABRMS.
I | <25% 87%) <25% (90%) <2.5% (60%) <2.5% (83%) <2.5% (83%) <45.0% (50%)
<5.0% (95%) <5.0% (95%) S10.0% (85%)  S5.0% (92%) <5.0% (90%)  2100.0% (35%)
M| <25% (96%) <25% (97%)  <25% (82%)  <25% (94%)  <25% (95%)  <17.5% (50%)
<B5.0% (99%)  <5.0% (99%) <7.5% (93%) <25% (98%)  <5.0% (98%) >100.0% (20%)
LS | $25% (93%) <25% (95%) <25% (712%)  <25% (92%) <2.5% (91%)  <35.0% (50%)
<5.0% (98%)  <5.0% (98%) <10.0% (90%)  <5.0% (97%)  <5.0% (96%) 2100.0% (30%)
FL | <25% (93%) <25% (95%) <25% (76%)  <2.5% (92%)  <25% (91%)  <40.0% (50%)
<5.0% (98%)  <5.0% (98%)  S75% (90%)  S5.0% (96%)  <5.0% (96%)  2100.0% (31%)
Type| ABRS, ABR%? ABR% , ABRS$3Y? ABREFMS ABRYMS, _
I | £100% (50%) <10.0% (55%) <7.5% (45%)  <10.0% (64%) <10.0% (45%) <47.5% (50%)
<20.0% (97%)  <$20.0% (97%) <17.5% (93%) <17.5% (93%)  <25.0% (97%) =>100.0% (36%)
I | <10.0% (45%) <17.5% (56%) <12.5% (38%) <15.0% (50%) <7.5% (40%)  <50.0% (3%)
<$20.0% (97%)  <30.0% (97%) <30.0% (87%) <27.5% (95%) <25.0% (97%) =100.0% (95%)
LS | $10.0% (53%) <15.0% (55%) <10.0% (40%) <17.5% (46%) <7.5% (55%)  <50.0% (5%)
<20.0% (97%) <$27.5% (98%) <27.5% (93%)  <30.0% (96%)  <20.0% (98%) =100.0% (85%)
FL | £10.0% (51%) <10.0% (53%) <10.0% (70%) <10.0% (61%) <10.0% (49%) <40.0% (50%)
<20.0% (97%)  <$20.0% (98%) <17.5% (97%) <17.5% (96%)  <25.0% (97%) =>100.0% (31%)
Type ABRS,, ABR3Z,, ABRS,, ABRSS1? ABREEMS ABRYS,
I | <150% (51%) <17.5% (51%) <85.0% (45%) <30.0% (50%) <10.0% (46%) <90.0% (38%)
>100.0% (12%) >100.0% (13%) >100.0% (50%) >100.0% (22%) >100.0% (8%) =100.0% (60%)
I | <30.0% (51%) <27.5% (51%) <80.0% (27%) <90.0% (42%) <10.0% (46%) <90.0% (27%)
>100.0% (22%) >100.0% (21%) >100.0% (67%) >100.0% (55%) =100.0% (10%) =100.0% (70%)
LS | $225% (50%) <25.0% (50%) <90.0% (40%) <50.0% (50%) <12.5% (49%) <90.0% (36%)
>100.0% (17%) =100.0% (18%) >100.0% (57%) >100.0% (32%) =100.0% (10%) =100.0% (64%)
FL | <35.0% (50%) <37.5% (50%) <90.0% (25%) <77.5% (50%) <12.5% (51%) <90.0% (30%)
>100.0% (28%) >100.0% (28%) >100.0% (73%) >100.0% (43%) >100.0% (9%) =100.0% (67 %)
Type| ABRSL, ABR%2, ABR%, ABRSSY2 ABREBEMS ABRMS
I | <25% (61%) <25% (69%) <7.5% (55%)  <2.5% (69%)  <25% (49%)  <90.0% (37%)
<75% (84%)  <5.0% (82%)  S17.5% (83%)  S5.0% (85%)  <125% (87%) 2100.0% (50%)
I | <5.0% (59%) <2.5% (54%)  <15.0% (40%)  <5.0% (65%) <5.0% (55%) <90.0% (22%)
<10.0% (82%)  <7.5% (83%)  <32.5% (70%) <10.0% (84%) <12.5% (83%) >100.0% (52%)
LS | $25% (52%) <2.5% (66%) <15.0% (56%) <5.0% (82%) <5.0% (61%) <90.0% (33%)
<75% (81%)  S75% (87T%)  <$325% (80%)  S75% (89%)  212.5% (86%) 2100.0% (49%)
FL | <5.0% (62%) <10.0% (48%)  <2.5% ( <5.0% (50%)  <90.0% (23%)
( (

>100.0% (52%)

Table 13. Relative size of the EW corrections to the BRs for the pseudoscalar 2HDM Higgs boson
A decays into bb, 7777, tf, Zh, and ZH, in the four 2HDM types I, IT, LS and FL (h is SM-like).
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Type | A—tt A—Zh A— ZH
I 291 558 124
11 39 14 12
LS 84 114 107
FL 124 124 114

Table 14. Number of parameter points available for the analysis in the individual OS decay
channels of the pseudoscalar Higgs boson A (H is SM-like).

to the other final states. The corrections to bb and 777~ are larger, but still of moderate
size for the renormalization scheme sets S; and BFMS. These two scheme sets show the
smallest corrections throughout all decays and 2HDM types. This implies a good numerical
stability through large parts of the parameter space and for all considered decay channels.
The decay A — Z h features relatively large electroweak corrections for all 2HDM
types and scheme sets, with a lot of points leading to corrections above £100 %. Again, sev-
eral effects may be responsible for this behaviour. The decay width is proportional to 0257 o
which is very small in case that h is SM-like since then, sg_,, is close to 1. The tree-level BR
of A — Z h is hence very small, so that the relative EW corrections blow up. Moreover,
the corrections can also be parametrically enhanced in this corner of the parameter space
and the counterterms themselves can become large. The BR of the decay A — ZH on the
other hand can become important so that here the EW corrections are of moderate size.

4.4.2 H is the SM-like Higgs boson

As mentioned before, the amount of parameter points available reduces considerably in
case that the SM-like Higgs boson corresponds to H, cf. eq. (4.3), and hence the statistics
for these scenarios is rather low. The amount of available parameter points is even further
reduced by the requirement of the decays to be OS. The correponding number of scenarios
that we can use in the individual channels are listed in table 14. The relative corrections
ABR are given in table 15. The scheme sets shown in the table have been combined

according to:

81 = { KOSY®, KOSY®, pOS°, pOS®, p?, p¢, BFMS}
Sy = { procl, proc2 }
S3={ 0S2, 0S12 }
proc3 = { proc3 }
OS1={ Os1 }
MS = { NS }

As can be inferred from table 15, the results for the proc3 and OS1 schemes are typically
very large for all decays and hence indicate numerical instability of these renormalization
schemes and for the considered decay channels. The results computed within the other
schemes are typically of medium size in the fermionic final states. The BRs into Zh are
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Type

5
ABR7};

5
ABR:;

S
ABR};

oc3
ABRE‘Ibb

Os
ABRY

ABRMS

<7.5% (73%)
<17.5% (98%)

<7.5% (93%)
<10.0% (99%)

<5.0% (97 %)
<10.0% (100%)

<90.0% (39%)
>100.0% (58%)

<50.0% (50%)
>100.0% (29 %)

<90.0% (22%)
>100.0% (77 %)

II

<12.5% (76%)
<15.0% (98%)

<7.5% (59%)
<10.0% (100 %)

<20.0% (46 %)
<30.0% (96 %)

<25% (82%)
<7.5% (100%

<62.5% (50%)
>100.0% (31%)

<90.0% (2%)
>100.0% (97 %)

LS

<7.5% (57%)
<17.5% (98%)

<20.0% (58%)
<30.0% (98%

<5.0% (76%)
<15.0% (100%)

<20.0% (67%
<25.0% (98%

<77.5% (50%)
>100.0% (42%)

>100.0% (97 %)

FL

<12.5% (76%)
<15.0% (98%)

)
<30.0% (60%)
<35.0% (98%)

<22.5% (54%)
<32.5% (99%)

NPl NDENGD N

<75.0% (50%
>100.0% (27%)

<77.5% (50%)
>100.0% (32%)

(

(
<$90.0% (2%)

(

(

<90.0% (2%)
>100.0% (97%)

Type ABRSL, ABR%2, ABRS3; ABRE ABRS3 ABRY>
| S75% (82%)  S15.0% (46%) <$125% (54%)  <90.0% (50%)  <37.5% (50%)  $90.0% (17%)
S125% (99%) $27.5% (97%) $22.5% (97%) 2100.0% (47%) 2100.0% (24%) 2100.0% (82%)
I | $100% (84%) <$10.0% (87%) <17.5% (51%)  <$5.0% (82%)  <60.0% (50%)  <90.0% (12%)
S125% (99%) $12.5% (100%) <$25.0% (97%) $10.0% (100%)  2100.0% (31%) 2100.0% (87%)
LS | $10.0% (91%) <10.0% (85%) <15.0% (65%) <5.0% (55%)  <60.0% (50%)  <95.0% (7%)
$125% (99%) $15.0% (97%) <25.0% (98%) <15.0% (98%)  2100.0% (20%) 2100.0% (89 %)
FL | $10.0% (86%) <25.0% (49%) <20.0% (61%) <67.5% (50%)  <75.0% (50%)  <90.0% (7%)
<125% (99%)  $30.0% (98%) <25.0% (97%) 2100.0% (25%) 2100.0% (31%) 2100.0% (92%)
Type| ABRS, ABR%2, ABRS?, ABRPP ABRSS, _ ABRMS, _

<10.0% (62%)
<25.0% (99%)

<5.0% (94%)
<7.5% (99%)

<5.0% (92%)
<12.5% (100%)

<90.0% (40%)
>100.0% (57 %)

<50.0% (50%)
>100.0% (29%)

<90.0% (22%)
>100.0% (77%)

II

<125% (T1%)
<17.5% (100%)

<7.5% (83%)

<22.5% (53%)
<35.0% (100%)

<25% (82%)
<5.0% (100%)

<62.5% (50%)
>100.0% (31%)

<90.0% (2%)
>100.0% (97 %)

LS

<10.0% (53%)
<17.5% (100%)

<5.0% (74%)
<12.5% (100%)

<17.5% (50%)
<30.0% (97 %)

<2.5% (82%)
<7.5% (99%)

<60.0% (50%)
>100.0% (34%)

<90.0% (21%)
>100.0% (78%)

FL

<12.5% (67%)
<$20.0% (98%)

(

(
<10.0% (100%)

(

(

(

<5.0% (50%)
<12.5% (100%)

<5.0% (64%)
<10.0% (100%)

<90.0% (77%)
>100.0% (22%)

<90.0% (46 %)
>100.0% (44%)

<90.0% (8%)
>100.0% (91%)

Type

AB R’ilZ h

ABR3Z,,

ABRS3,,

ABRPSS3

ABRY3Y

ABRMS,

<2.5% (100%)

<2.5% (95%)
<5.0% (97%)

<2.5% (99%)
<5.0% (100%)

<2.5% (79%)
<5.0% (97%)

<2.5% (95%)
<5.0% (100%)

<90.0% (33%)
>100.0% (65%)

II

<2.5% (100%)

<2.5% (100%)

<2.5% (95%)
<5.0% (100%)

<2.5% (100%)

<25% (37%)
<5.0% (100%)

<90.0% (4%)
>100.0% (95%)

LS

<2.5% (96%)
<$5.0% (98%)

<2.5% (100%)

<2.5% (92%)
<5.0% (97%)

<2.5% (100%)

<2.5% (50%)
<10.0% (90%)

<90.0% (10%)
>100.0% (83%)

FL

<2.5% (100%)

<2.5% (92%)
<5.0% (99%)

<2.5% (97 %)
<5.0% (100%)

<2.5% (48%)
<5.0% (98%)

<2.5% (40%)
<5.0% (98%)

<90.0% (6%)
2 100.0% (92%)

Type

5
ABRYYL

5
ABR%% 4

5
ABRZE,

3
ABREZ

ABRSSY,

ABRAZH

<10.0% (53%)
>100.0% (6%)

<35.0% (30%)
>100.0% (54%)

<27.5% (48%)
>100.0% (15%)

<82.5% (3%)
>100.0% (96 %)

<47.5% (20%)
>100.0% (68%)

<90.0% (5%)
>100.0% (94%)

II

<25.0% (51%)
>100.0% (22%)

<57.5% (10%)
>100.0% (74%)

<22.5% (10%)
>100.0% (52%)

<72.5% (40%)
>100.0% (48%)

>100.0,% (100%)

<90.0% (10%)
>100.0% (89%)

LS

<30.0% (36%)
>100.0% (34%)

<67.5% (10%)
>100.0% (79%)

<70.0% (21%)
>100.0% (69 %)

<57.5% (12%)
>100.0% (61%)

<95.0% (5%)
>100.0% (94%)

<90.0% (1%)

FL

<27.5% (49%)
>100.0% (16%)

<75.0% (2%)
>100.0% (94%)

<72.5% (30%)
>100.0% (62%)

>100.0% (100%)

>100.0% (100%)

<925% (7%)

(1
>100.0% (98 %)
(
>100.0% (92%)

Table 15. Relative size of the EW corrections to the BRs for the pseudoscalar 2HDM Higgs boson
A decays into bb, 7H77, tt, Zh, and ZH, in the four 2HDM types I, II, LS and FL (H is SM-like).
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more important now. Since H is SM-like, we typically have cs_, close to 1 so that the decay
into Zh, whose EW corrections are proportional to c%_ o 18 not suppressed, while the BR
for the decay into ZH is typically very small. This is reflected in the relative corrections
of the BRs which for the Zh final state are the smallest among all decays whereas for the
decay into Z H, they become very large. In the case the decay into Zh is the dominant one,
the LO branching ratio into ¢t is reduced so that the relative corrections here can become
more important than in the previous case where h is SM-like.

4.5 N2HDM Higgs decays

In the N2HDM, all three CP-even Higgs bosons can in principle be SM-like. Although the
case where the heaviest one, Hs, is SM-like is not completely excluded yet, it is strongly
disfavored. For type I we only found 25 valid parameter points, and for the other three
types none.'! As the statistics would be very low, we decided not to present the results for
this case. Instead, we focus on the scenarios where H; or Hy are SM-like. In the former
case the number of valid scenarios are as follows:

Type I: 262332 Type II: 299 959

(4.5)
Type LS: 283234  Type FL: 292634 .

In case that Hs is SM-like, the total amount of points that can be used for the analysis is

given by:
Type I. 8540 Type II: 2381
(4.6)
Type LS: 3303 Type FL: 1562 .
The scheme sets shown in the following in all tables for the N2HDM are defined as:
S; = { KOSY?, KOSY*, pOS®, pOS‘ } (4.7)
Sa={pl, i}
MS={MS }

4.6 SM-like N2HDM Higgs decays

We again start with the presentation of the SM-like Higgs boson results before moving on
to the corrections to the BRs of the non-SM-like CP-even and CP-odd Higgs bosons.

4.6.1 H,; is the SM-like Higgs boson

In table 16, the relative corrections ABR for the decays of the SM-like Higgs boson Hy into
bb, 777, vy and ZZ final states are shown. The number of points used for the analysis has
been given in eq. (4.5). Note, however, that the decays into ZZ are always off-shell while
the process Hi — 77 is loop-induced already at tree level. Therefore, as in the 2HDM, no
EW corrections to H; — ZZ and H; — v are included and the relative corrections to the
BRs are the same for both decay channels.

1This does not necessarily mean that this case is excluded, but it would require a dedicated scan to find
valid scenarios.
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Type | ABRJ! . ABRS ABRMS

I | S25% (99%) <25% (99%) < 17.5% (50%)
>100.0% (21 %)
0| $25% (99%) <25% (99%)  <90.0% (50%)
>100.0% (42 %)
LS | $25% (99%) <25% (99%) <25.0% (22%)
2 100.0% (%)
FL | S25% (99%) <25% (99%)  <90.0% (45%)
>100.0% (52 %)
Type | ABRG sz ABRE sz ABRI w7z
I | S25% (1% $25%B%  <35.0% (50%)
<5.0% (99%)  <5.0% (99%) 2 100.0% (33%)
I | $25% (66%) <25% (46%) < 90.0% (34%)
<5.0% (99%)  <5.0% (99%) = 100.0% (65%)
LS | S25% (%) S$25%(1%)  <32.5% (50%)
<5.0% (99%)  <5.0% (99%) 2 100.0% (30%)
FL | $25% (60%) <25% (40%) <90.0% (38%)
<5.0% (99%)  <5.0% (99%) 2 100.0% (61%)

Type | ABR3} .~ ABRY . _ ABRYS ,
I | S25%(99%) <25% (99%) <17.5% (50%)
>100.0% (21%)
I | $25% (98%) <25% (93%)  <90.0% (50 %)
<5.0% (99%)  <2.5% (99%) 2 100.0% (45%)
LS | $25% (94%) <25% (73%) < 90.0% (37%)
<5.0% (99%) <T7.5% (99%) 2 100.0% (61%)
FL | $25% (82%) <25% (93%)  <90.0% (47%)
<5.0% (99%)  <5.0% (99%) 2 100.0% (49%)

Table 16. Relative size of the EW corrections to the BRs of the N2HDM SM-like H; in the four

N2HDM types I, II, LS and FL.
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Type| ABR3 ABR?? ABRYS; | ABRJL .y, ABRP2. ..., ABRYS ...,
I [<25% (97%) <2.5% (98%) <32.5% (50%) | <5.0% (9T%) <5.0% (98%) <70.0% (50%)
<5.0% (99%) <5.0% (99%) 2100.0% (7%) | <7.5% (99%) <7.5% (99%) =>100.0% (26%)
I |<25% (97%) <2.5% (9T%) <37.5% (50%) | <2.5% (65%) <2.5% (42%) <75.0% (50%)
<T5% (99%) <7.5% (99%) >100.0% (10%)| <7.5% (99%) <7.5% (99%) =>100.0% (14%)
LS |<25% (9T%) <2.5% (96%) <27.5% (51%) | <5.0% (96%) <5.0% (96%) <47.5% (50%)
<T5% (99%) <5.0% (98%) >100.0% (18%)| <7.5% (98%) <10.0% (98%) =100.0% (13%)
FL [<25% (95%) <25% (95%) <37.5% (51%) | <2.5% (61%) <25% (31%) <72.5% (49%)
S75% (98%) <7.5% (98%) 2100.0% (10%)| <5.0% (97%) <5.0% (97%) =>100.0% (10%)
Type| ABRSL , _ ABRJ? . = ABRYS . ABRZL 4.1, ABR 4 4, ABRMS, .
I |<25% (98%) <2.5% (98%) <32.5% (50%) | <82.5% (39%) <77.5% (40%)  <85.0% (4%)
<5.0% (99%) <5.0% (99%) >100.0% (7%) | >100.0% (60%) >100.0% (59%) >100.0% (95%)
I [<25% (93%) <2.5% (83%) <37.5% (50%) | <85.0% (35%) <90.0% (35%)  <90.0% (1%)
<5.0% (98%) <5.0% (98%) >100.0% (10%)|>100.0% (64%) >100.0% (64%) >100.0% (98%)
LS [<25% (67%) <5.0% (79%) <92.5% (50%) | <87.5% (40%) <77.5% (40%)  <87.5% (2%)
<T5% (94%) <10.0% (94%) >100.0% (48%)|>100.0% (57%) >100.0% (54%) >100.0% (97 %)
FL |<25% (67%) <2.5% (86%) <50.0% (50%) | <85.0% (35%) <87.5% (37%) =100.0% (100%)
<T5% (98%) <5.0% (97%) >100.0% (26%)|>100.0% (60%) =>100.0% (60%)
Table 17. Relative size of the EW corrections to the BRs of the N2HDM SM-like Hs in the four

N2HDM types I, II, L.S and FL.

From the table we read off that the ABR for both scheme sets S; and Ss for all four
N2HDM types are typically very small, with the bulk of points resulting in corrections
below 2.5 % and 5.0 %, indicating both small EW corrections as well as numerical stability
of the schemes.

4.6.2 H> is the SM-like Higgs boson

For the case that Ho is SM-like, we display in table 17 the relative EW corrections to

the BRs into bb, 777,

vy, ZZ as well as into HjH; since this channel can be OS in

these scenarios. However, the additional OS condition mpg, > 2mpg, reduces the number
of parameters points available for this particular channel as follows:

Type I:

204

Type LS: 181

From the table, we read off the following:

Type II:

146

Type FL: 133 .

— The ABR for Hy — vy and Hy — ZZ are again the same as they do not receive EW
corrections, since the former is loop-induced and the latter off-shell.

— The ABR for both scheme sets Sy and S for the fermionic decays for all four N2HDM
types are typically very small, with the bulk of points resulting in corrections below
2.5 % and 5.0 %, indicating both small electroweak corrections as well as numerical
stability of the schemes.
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Type | Hy > tt Hy — ZA Hy, —-W*HT H, —7ZZ H,— HH H,— AA
I 210527 1970 2558 250074 237558 488
IT 280113 942 893 296 615 292134 33420
LS | 255075 498 592 277968 271130 134
FL | 278944 211 452 290381 287446 0

Table 18. Number of parameter points available for the analysis in the individual OS decay
channels of the non-SM-like Higgs boson Hs (H; is SM-like).

— For Sa, the corrections are slightly increased compared to S1, i.e. the bulk of points
is slightly shifted towards larger corrections. Overall, the corrections are still very
moderate, however.

— For the decays into vy and ZZ, the relative corrections are slightly increased com-
pared to the case where Hj is SM-like. But since they do not receive electroweak cor-
rections, this is an indirect effect through the corrections of the other decay channels.

— The relative corrections to the Higgs-to-Higgs decay Ho — HyH; are very large.
On the one hand this is due to non-decoupling effects in scenarios where the quartic
couplings of the potential and hence the trilinear Higgs self-couplings become large.
For a detailed dicussion, see [22, 26, 32, 33, 102, 103]. The other reason for the large
relative corrections are very small tree-level BRs. Due to the LHC constraints on
the SM Higgs rates BR(Ha — H;H;) must be small so that the Hy BRs into the
other SM final states remain SM-like.

4.7 Non-SM-like CP-even N2HDM Higgs decays

We continue with the analysis of the relative EW corrections to the BRs of the N2HDM
non-SM-like CP-even Higgs bosons. Due to the extended Higgs sector we now have two
non-SM-like CP-even Higgs bosons to be analysed in contrast to just one as in the 2HDM.

4.7.1 H; is the SM-like Higgs boson

We start with the case where H; is SM-like and investigate the decays of the non-SM-like
Higgs bosons Hy and Hs.

Hy decays. We only show results for OS decays as only for these the EW corrections are
computed. Additional OS conditions reduce the number of available parameter points, cf.
eq. (4.5), in the individual decay channels as shown in table 18. The relative corrections
ABR for the non-SM-like CP-even Hs are displayed in table 19. From the table, we observe:

— The ABR for the scheme sets S; and Sp for all four N2HDM types typically range
between moderate and significant corrections of up to 35%. However, they can also
become very large in the Higgs plus gauge boson and di-Higgs final states. For most
of the channels and types, the scheme set Sy produces smaller corrections than Ss.

~32 -



Type

ABRS:

Hobb

ABR%?

Hobb

MS
ABRy

ABRS:

Hott

ABR?>?

Hott

ABRYS,;

<7.5% (48%)
<30.0% (87%)

<7.5% (49%)
<35.0% (89%)

<90.0% (50%)
>100.0% (48 %)

<5.0% (48%)
<25.0% (86%)

<7.5% (59%)
<25.0% (86%)

<90.0% (50%)
>100.0% (48 %)

I | S7.5% (46%)  <125% (51%) <90.0% (29%) | <5.0% (57%)  <5.0% (57%)  <95.0% (50%)
<25.0% (90%) <27.5% (90%) 2100.0% (69%) | <25.0% (89%) <27.5% (90%) 2100.0% (49%)
LS | <$5.0% (45%) <7.5% (59%)  <80.0% (50%) | <5.0% (57%)  <5.0% (57%)  <85.0% (50%)
<$22.5% (90%) <$22.5% (90%) 2100.0% (46%) | $20.0% (90%) <20.0% (90%) 2100.0% (47%)
FL | <7.5% (50%) <125% (60%) <90.0% (25%) | <5.0% (52%)  <5.0% (52%)  <95.0% (50%)
<30.0% (90%) <30.0% (90%) 2100.0% (72%) | $30.0% (89%) <25.0% (87%) =100.0% (49%)
Type| ABR;: .~ ABRy2 , = ABRYS . ABRSE , 4 ABR$2 , ABRYS, ,
I [ S100% (51%) <10.0% (52%) <92.5% (50%) | $125% (50%) <12.5% (50%) < 90.0% (41%)
<35.0% (87%) <32.5% (86%) 2100.0% (48%) | 2100.0% (25%) =100.0% (25%) =100.0% (47%)
I | S75% (50%) <12.5% (55%) <90.0% (28%) | $5.0% (T1%)  <5.0% (46%)  <$90.0% (20%)
<$25.0% (90%) <27.5% (90%) 2>100.0% (69%) | $15.0% (94%) < 17.5% (95%) =100.0% (57%)
LS | $10.0% (62%) <10.0% (44%) <90.0% (31%) | <5.0% (57%)  <5.0% (54%)  <90.0% (38%)
<225% (90%) <25.0% (90%) =100.0% (65%) | <20.0% (83%) <25.0% (85%) =100.0% (47%)
FL | £10.0% (58%) <7.5% (4T%) <92.5% (50%) | <10.0% (55%) <7.5% (52%)  <90.0% (20%)
<$30.0% (86%) <30.0% (86%) =100.0% (48%) |>100.0% (16%) =100.0% (16%) =100.0% (45%)
Type| ABRS: oye  ABRS Lo ABRYS . e ABR3} ,, ABR$? ,, ABRYS,,
I [ <125% (41%) <10.0% (38%) <90.0% (34%) | <7.5% (42%)  <10.0% (43%) <50.0% (62.5%)
>100.0% (33%) 2100.0% (33%) =100.0% (57%)| $22.5% (71%) <30.0% (72%) 2100.0% (42%)
I | S75% (59%)  <$5.0% (58%) <$90.0% (27%) | S7.5% (47%)  <$10.0% (48%) < 75.0% (50%)
>100.0% (19%) 2100.0% (18%) =100.0% (49%)| $25.0% (81%) <30.0% (80%) 2100.0% (45%)
LS | $5.0% (51%) $5.0% (57%)  $90.0% (41%) | S7.5% (47%)  <10.0% (48%)  <70.0% (50%)
<$20.0% (83%) <15.0% (80%) 2100.0% (50%) | $27.5% (81%) <35.0% (79%) 2100.0% (44%)
FL | <15.0% (21%) <15.0% (23%) <90.0% (18%) | <7.5% (48%) <7.5% (44%) <57.5% (50%)
>100.0% (55%) =100.0% (54%) =100.0% (63%)| $25.0% (81%) <30.0% (81%) =100.0% (40%)
Type| ABRL ;7 i, ABR? 1. i1, ABRMS, . ABRSE 4 4 ABR}? , 4 ABRYMS, ,
I | <50.0% (50%) <47.5% (50%) $90.0% (41%) | S125% (52%) <125% (52%)  <25.0% (50%)
>100.0% (37%) >100.0% (34%) =100.0% (57%)|>100.0% (25%) =100.0% (25%) =100.0% (28%)
II | <40.0% (50%) <40.0% (51%) <90.0% (31%) | <5.0% (64%)  <5.0% (67%)  <90.0% (21%)
>100.0% (31%) >100.0% (30%) >100.0% (67%) | <$20.0% (87%) <20.0% (88%) =100.0% (40%)
LS | $45.0% (50%) <45.0% (50%) <90.0% (35%) | <7.5% (56%)  <7.5% (58%) < 15.0% (52%)
>100.0% (32%) 2100.0% (32%) 2100.0% (63%)|>100.0% (17%) =100.0% (17%) 2100.0% (19%)
FL | $37.5% (50%) <37.5% (50%) <90.0% (34%) — — —

>100.0% (29%)

>100.0% (29%)

>100.0% (64%)

Table 19. Relative size of the EW corrections to the BRs of the non-SM-like N2HDM Higgs boson
H, into bb, 777~, ZA, WrHT, ZZ, H H,, and AA for the four N2HDM types I, II, LS and FL
(H; is SM-like).
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Type | Hs —tt Hs—ZA Hs—W*THT Hs—ZZ Hs— H(Hy Hs— HiHy Hs— HyHy, Hs— AA
I 254113 120280 137260 262051 260531 185847 53558 25033
II 299959 118359 133277 299959 299959 215367 31552 4055
LS |281975 121501 138894 283221 283037 202202 44160 15533

FL | 292634 116923 133182 292634 292634 208005 24927 4519

Table 20. Number of parameter points available for the analysis in the individual OS decay
channels of the non-SM-like Higgs boson Hj (H; is SM-like).

— The enhanced relative EW corrections to the BRs of the decay channels Hy — ZA
and Hy — W*HT computed with the scheme sets S; and Sp are due to a very small
BR at leading order which is due to a small phase space. Hence, this does not indicate
the numerical instability of the two scheme sets but rather demonstrates artificially
large electroweak corrections due to the small LO BRs.

For the Higgs-to-Higgs decays Hy — HyHy and Ho — AA, the corrections are typ-
ically large for all schemes. This is either due to very small LO BRs or due to
parametrically enhanced Higgs-to-Higgs decays in certain regions of the N2HDM pa-
rameter space.

We remark that the huge corrections indirectly affect through the total width the
other decay channels into fermion and ZZ'? final states so that their corrections can
become significant in particular if the LO BR is not large.

Hj decays. As before, we restrict the analysis to OS decays which reduces the number of
available parameter points in the individual channels as shown in table 20.!3 The relative
corrections ABR are given in table 21 from which we conclude the following:

— The corrections for the renormalization scheme sets S1 and Sa are of similar size.

— Considering the decay channels, the smallest corrections are found for the decays into
tt, WEHT, ZA, and ZZ'" and range from below 7.5% up to 40% at most. Note that
a heavy non-SM-like Higgs boson Hj3 can have important BRs not only into ¢ but
also into gauge plus Higgs final states. The relative corrections to the BRs into bb
and 777~ are slightly larger.

— The relative corrections to the Higgs-to-Higgs decays H3 — H;H; (i, = 1,2) and
Hs; — AA on the other hand can become again very large which is due to either

12Note, that although H; behaves SM-like, the couplings of H to ZZ need not necessarily be suppressed,
as we would expect from sum rules. The N2HDM with its larger number of parameters allows for a Higgs
boson that behaves SM-like although its individual couplings to SM particles are not very close to the SM
values. Since it is the rates that decide about the SM-like behaviour, the interplay of production and decay
can still lead to very SM-like signatures. This leaves room for the couplings of the other Higgs bosons to
the ZZ bosons to be non-zero. Additionally, the singlet admixture influences the Higgs couplings.

13 A comparison with eq. (4.5) shows that the amount of available parameter points is not reduced for all
N2HDM types and final states, actually.

14The same argument as given in footnote 12 for Hy also applies here for Hs.
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Type ABR‘E}SbB ABR?? ABRYS,; ABR}} ¢ ABR?2 ; ABRMS,,
I [ <125% (53%) <125% (53%) <70.0% (50%) | <7.5% (45%) <7.5% (45%) <67.5% (50%)
<40.0% (80%) <40.0% (80%) 2100.0% (42%)| <25.0% (72%) <30.0% (75%) 2100.0% (41%)
I [ <125% (51%) <17.5% (55%) <90.0% (28%) | <5.0% (46%) <7.5% (54%) <75.0% (50%)
<35.0% (81%) <32.5% (80%) 2100.0% (69%)| <30.0% (78%) <35.0% (79%) 2100.0% (44%)
LS [ 100% (49%) <10.0% (49%) <65.0% (50%) | <7.5% (49%) <7.5% (49%) <65.0% (50%)
<37.5% (80%)  <37.5% (80%) 2100.0% (41%) | <35.0% (78%) <30.0% (76%) 2100.0% (41%)
FL [ <125% (50%) <15.0% (50%) <90.0% (27%) | <7.5% (51%) <7.5% (50%) <77.5% (50%)
<42.5% (80%)  <40.0% (80%) 2100.0% (70%) | <35.0% (78%) <30.0% (75%) 2100.0% (44%)
Type| ABRJI . = ABRY? . ABR}S . ABR3}, ;4 ABR3? 4 ABRMS,
I | S125% (50%) <125% (51%) <70.0% (50%) | <7.5% (35%) <7.5% (34%)  <90.0% (44%)
<40.0% (80%) <32.5% (T7%) 2100.0% (42%) | <25.0% (65%) <32.5% (70%) 2100.0% (52%)
I [ <100% (49%) <12.5% (41%) <90.0% (28%) | <10.0% (36%) <10.0% (39%) <90.0% (39%)
<275% (80%) <25.0% (77%) 2100.0% (69%) | <30.0% (64%) <35.0% (70%) 2100.0% (55%)
LS | £125% (55%) <10.0% (33%) <80.0% (35%) | <10.0% (41%) <10.0% (41%) <90.0% (47%)
<325% (80%)  <30.0% (T9%) 2100.0% (60%) | <35.0% (T0%) <35.0% (70%) 2100.0% (49%)
FL | £10.0% (48%) <10.0% (48%) <77.5% (50%) | £10.0% (36%) <10.0% (39%) <90.0% (38%)
<40.0% (80%)  <$35.0% (T9%) 2100.0% (44%) | $35.0% (66%) <35.0% (67%) 2100.0% (57%)
Type| ABRS! ... ABRY? . . ABRMS ... | ABRJ,, ABR?, ABRYS,,
I | <75% (36%) <T.5% (35%)  <90.0% (44%) | <7.5% (43%)  <7.5% (39%)  <52.5% (50%)
<30.0% (69%)  <30.0% (68%) 2100.0% (52%) | <30.0% (73%) <30.0% (70%) 2100.0% (38%)
I [ <75% (30%) <10.0% (40%) <90.0% (38%) | <7.5% (41%) <10.0% (43%) <70.0% (50%)
<35.0% (68%) <35.0% (69%) 2100.0% (56%)| <30.0% (72%) <32.5% (70%) 2100.0% (42%)
LS | S75% (34%) <75% (34%) <90.0% (47%) | <7.5% (43%) <10.0% (46%) <47.5% (50%)
<$35.0% (70%)  $35.0% (70%) 2100.0% (51%) | $32.5% (74%) <30.0% (70%) 2100.0% (36 %)
FL | $10.0% (36%) <10.0% (38%) <95.0% (38%) | <7.5% (44%) <7.5% (41%) <42.5% (50%)
<40.0% (69%) <40.0% (70%) 2100.0% (58%) | <25.0% (70%) <27.5% (70%) 2100.0% (34%)
Type| ABR{Lyu  ABRZ .y ABRWS, u | ABRYL,m,  ABRZ, ., ABRWS, 4
I | <35.0% (50%) <37.5% (50%) <85.0% (45%) | <35.0% (21%) <32.5% (20%) <AT.5% (20%)
2100.0% (32%) 2100.0% (32%) 2100.0% (52%) |2 100.0% (62%) =100.0% (62%) 2100.0% (68%)
I [ <575% (50%) <57.5% (50%) <87.5% (37%) | <50.0% (10%) <50.0% (10%) <35.0% (10%)
2100.0% (41%) 2100.0% (41%) 2100.0% (60%) | 2100.0% (81%) 2100.0% (81%) 2100.0% (76 %)
LS | <37.5% (50%) <37.5% (50%) <85.0% (44%) | <50.0% (20%) <50.0% (20%) <10.0% (20%)
2100.0% (33%) 2100.0% (33%) 2100.0% (53%)|2100.0% (69%) 2100.0% (68%) 2100.0% (69%)
FL | <425% (50%) <425% (50%) <80.0% (40%) | £10.0% (10%) <47.5% (10%) <30.0% (11%)
>100.0% (36%) 2100.0% (36%) 100.0% (56%) | >100.0% (81%) =100.0% (81%) 2100.0% (73%)
Type| ABRZ g, ABRP g ABRMS,, .. ABR3 44 ABR3? 44 ABRYS, ,
I | <35.0% (40%) <20.0% (31%) <27.5% (20%) | <7.6% (43%)  <7.5% (43%) <27.5% (30%)
2100.0% (42%) 2100.0% (43%) 2100.0% (63%) | <30.0% (75%) <30.0% (76%) 2100.0% (41%)
I [ <375% (10%) <35.0% (10%) <32.5% (10%) | <25.0% (42%) <25.0% (46%) <20.0% (30%)
2100.0% (81%) 2100.0% (80%) 2100.0% (79%) |2 100.0% (21%) 2100.0% (19%) 2100.0% (44%)
LS | <37.5% (30%) <20.0% (21%) <25.0% (20%) | <10.0% (40%) <10.0% (43%) <25.0% (37%)
2100.0% (52%) 2100.0% (53%) 2100.0% (62%) | <30.0% (70%) <325% (74%) 2100.0% (36%)
FL | £30.0% (10%) <30.0% (10%) <225% (10%) | <30.0% (42%) <225% (40%) <35.0% (37%)
2100.0% (77%) 2100.0% (77%) 2100.0% (72%)|2100.0% (27%) 2100.0% (26%) 2100.0% (45%)

Table 21. Relative size of the EW corrections to the BRs of the non-SM-like N2HDM Higgs boson
Hjs (H, is SM-like) into bb, tt, 7H7~, ZA, W*HT ZZ, HyH,, H Hs, HyHy, and AA for the four
N2HDM types I, II, LS and FL.
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Type| ABRS! . ABRP? ABRYS,; ABRJ .~ ABRJ? , . ABRY® .

I | $25% (85%) <25% (85%) <15.0% (T1%) | $25% (13%) <2.5% (71%)  <15.0% (70%)
<$10.0% (94%) <10.0% (93%) 2100.0% (6%) | <10.0% (92%) $10.0% (91%) 2100.0% (6%)
I | <25% (95%) <25% (93%) <20.0% (60%) | <2.5% (93%) <2.5% (94%) <37.5% (70%)
ST5% (9T%)  ST5% (96%) 2100.0% (18%) | S7.5% (98%) <S7.5% (97%) 2100.0% (18%)
LS | $25% (7TT%) $25% (14%) <45.0% (50%) | $25% (70%) <2.5% (60%) <85.0% (50%)
$10.0% (92%) <10.0% (92%) 2100.0% (35%) | $10.0% (92%) $10.0% (92%) 2100.0% (47%)
FL | $25% (93%) <$2.5% (92%) <17.5% (60%) | S2.5% (76%) <2.5% (67%) <80.0% (35%)
$10.0% (97%) $10.0% (96%) 2100.0% (20%) | S7.5% (98%) <7.5% (97%) 2100.0% (61%)

Table 22. Relative size of the EW corrections to the BRs of the non-SM-like N2HDM Higgs boson
H, into bb and 7+7~, for the four N2HDM types I, I, LS and FL (H is SM-like).

small LO BRs (see next item) or parametrically enhanced corrections. This again
indirectly affects through the total width the decay channels with typically more
moderate corrections, inducing more significant ABR then.

— We remark that the scheme sets 81 and Ss, independently of the N2HDM type, typi-
cally feature corrections larger than 100 % for roughly 10 % to 13 % of the parameter
points for all decay channels (of course, for the Higgs-to-Higgs decays, the amount of
parameter points leading to large corrections is even larger).'® This is not a sign of
numerical instability of the renormalization schemes though but instead this stems
from small LO BRs and hence from a large sensitivity on the higher-order correc-
tions. Moreover, BRs containing mixing angle CTs and off-diagonal scalar WFRCs
become numerically enhanced in certain corners of parameter space and hence, ABR
blows up there. Additionally, the counterterms are multiplied with coefficients con-
taining couplings in the denominator that become small here and thereby lead to
parametrically enhanced counterterm contributions.

4.7.2 H; is the SM-like Higgs boson

We turn to the case where Hs is SM-like so that we have an additional light CP-even Higgs
boson in the spectrum, and investigate the decays of the non-SM-like Higgs bosons H; and
Hs. For this scenario the number of parameter points compatible with all constraints, and
hence the statistics of the analysis, is significantly reduced, cf. eq. (4.6).

H, decays. Since the Higgs boson H; is rather light for this mass hierarchy, the only
decay channels with important BRs (which are not loop-induced) are those into bb and
77~ for which we show the relative EW corrections to the BRs in table 22. The table
shows that the relative corrections are small to moderate for the majority of all input
parameter points for the two scheme sets 1 and S in all four N2HDM types.

H3 decays. For the heaviest Higgs boson Hs, many more decay channels are kinemati-
cally open. Still, the requirement of OS decays reduces the original number of parameter

15This is not shown in the table in order not to blow up the presentation.
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Table 23.

Type | Hs — tt Hy —-ZA Hy—W*HT H - 7ZZ
I 5856 2612 3330 8302
II 2381 74 28 2381
LS 2923 157 310 3203
FL 1562 12 8 1562
Type | Hy — H1Hy Hs— H{Hs Hs— HyHy Hs— AA
I 8205 7976 7609 1448
II 2381 2381 2381 0
LS 3065 2807 2173 66
FL 1562 1562 1562 0

Number of parameter points available for the analysis in the individual OS decay

channels of the non-SM-like Higgs boson Hg (Hz is SM-like).

points available, (cf. eq. (4.6)), for the individual OS channels to the values listed in ta-
ble 23.16 Note, in particular, that the statistics for the FL type in the ZA and W+HT
final states becomes very low in this scenario. The relative corrections ABR for the decays

of Hz are summarized in table 24. We observe:

— The relative corrections for the Higgs-to-Higgs decays are very large for all N2HDM

types and scheme sets. The reasons are small LO BRs and/or non-decoupling effects.

— For the scheme sets S7 and 83, the relative corrections to the other decays of Hj

are more moderate, but larger than for the scenarios where H; is the SM-like Higgs

boson. Scenarios where Hy is SM-like instead of Hj are typically less close to the

alignment limit. This affects the decay widths and counterterms such that the EW

corrections for the scenarios with Hy being SM-like are somewhat larger.

— For the N2HDM types I and LS, all decay channels typically feature huge corrections

for a considerable amount of input parameters. This might stem from

*

*

*

small LO BRs;
relatively large EW corrections (also indirectly) in these two N2HDM types;

parametrical enhancement of the mixing angle CTs and off-diagonal WFRCs for
these two N2HDM types (since the CTs and WFRCs come in combination with
the Yukawa couplings, their contribution strongly depends on the N2HDM type);
enhanced uncanceled contributions from the singlet (through the off-diagonal
WEFRCs connected to Hz and the mixing angle CTs dag and dag).

— For the decays H3 — ZA, WHHT and ZZ, the corrections can become very large.

The reasons are small LO branching ratios due to suppressed couplings, counterterm

contributions that are parametrically enhanced or large counterterms themselves.

16 Comparison with eq. (4.6) shows that again some of the numbers are actually not reduced.
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Type

ABRS:

Habb

S
ABRY? -

MS
ABRH3 b5

ABRS!

Hgtt

ABR>?

Hatt

ABRYS;

<15.0% (40%)
>100.0% (21%)

<17.5% (43%)
>100.0% (22%)

<80.0% (35%)
>100.0% (59%)

<15.0% (43%)
>100.0% (23%)

<15.0% (42%)
>100.0% (24%)

<82.5% (40%)
>100.0% (55%)

II

<125% (57%
<20.0% (91%

<17.5% (54%
<25.0% (91%

<85.0% (15%)
>100.0% (83%)

<25% (54%)
<12.5% (92%)

<2.5% (54%)
<10.0% (90%)

<75.0% (40%)
>100.0% (55%)

) )
) )
LS | £10.0% (51%) <10.0% (51%) <77.5% (30%) | S12.5% (70%) <12.5% (70%) <80.0% (33%)
>100.0% (9%) 2100.0% (9%) 2100.0% (65%)| 2100.0% (8%) =100.0% (8%) =100.0% (62%)
FL | S100% (45%) <15.0% (53%) <85.0% (22%) | <2.5% (44%) <2.5% (44%) <87.5% (30%)
<$20.0% (86%) <27.5% (88%) =100.0% (75%) | $20.0% (87%) <15.0% (85%) =100.0% (67%)
Type| ABRJI . = ABRY2 . = ABRyS. ABRSE ;4 ABR{2 , ABRMS,,
I [ S175% (42%) <20.0% (45%) <80.0% (35%) | <20.0% (42%) <15.0% (35%) <77.5% (30%)
>100.0% (20%) 2100.0% (21%) =100.0% (59%) | >100.0% (31%) >100.0% (31%) 2 100.0% (62%)
I [ <10.0% (45%) <15.0% (42%) <85.0% (15%) | <5.0% (80%) <5.0% (49%) <90.0% (34%)
S17.5% (89%)  <22.5% (89%) =100.0% (83%) | $10.0% (93%) <12.5% (93%) >100.0% (38%)
LS | S15.0% (58%) <15.0% (47%) <80.0% (30%) | S12.5% (30%) <15.0% (30%) <90.0% (32%)
>100.0% (9%) >100.0% (9%) >100.0% (63%)|>100.0% (47%) >100.0% (43%) >100.0% (61%)
FL | £10.0% (47%) <10.0% (49%) <87.5% (30%) | <5.0% (58%) <7.5% (58%) <82.5% (25%)
<$25.0% (88%) <20.0% (86%) =100.0% (67%)|>100.0% (33%) >100.0% (33%) 2= 100.0% (58%)
Type| ABR§L ... ABRJ ., ABRYS, ... ABR3}, ABR??, ABRMS,
I | S175% (37%) <15.0% (33%) <75.0% (30%) | $15.0% (30%) <20.0% (30%) <60.0% (30%)
>100.0% (32%) >100.0% (33%) >100.0% (61%)|>100.0% (26%) >100.0% (29%) =100.0% (58%)
I | $25% (41%)  <25% (50%)  <80.0% (29%) | S12.5% (39%) <12.5% (29%) <65.0% (30%)
<$10.0% (93%)  <12.5% (93%) =100.0% (36%) | >100.0% (12%) >100.0% (19%) >100.0% (60%)
LS | £225% (29%) <225% (30%) S<725% (30%) | S15.0% (31%) <20.0% (28%) <70.0% (30%)
>100.0% (41%) >100.0% (40%) >100.0% (58%) | >100.0% (18%) >100.0% (25%) >100.0% (60%)
FL | <5.0% (13%) <25% (125%) <95.0% (25%) | <12.5% (32%) <20.0% (37%) <67.5% (30%)
>100.0% (50%) >100.0% (50%) >100.0% (63%)|>100.0% (17%) >100.0% (20%) >100.0% (57 %)
Type| ABRF .y  ABRR, . ABRYS, . ABRS oy ABRZ . .. ABRYS, .
I [ S175% (30%) <20.0% (31%) <57.5% (10%) | <37.5% (30%) <37.5% (30%) <85.0% (8%)
>100.0% (44%) >100.0% (44%) >100.0% (85%)|>100.0% (50%) >100.0% (50%) =100.0% (91%)
I | $40.0% (10%) <40.0% (10%) <95.0% (2%) | <62.5% (10%) <60.0% (10%) <90.0% (1%)
>100.0% (78%) >100.0% (77%) =100.0% (97%) | >100.0% (85%) =100.0% (84%) =100.0% (98%)
LS | $27.5% (25%) <37.5% (30%) <80.0% (8%) | <67.5% (30%) <40.0% (20%) <87.5% (6%)
>100.0% (53%) >100.0% (52%) >100.0% (90%) | >100.0% (62%) >100.0% (62%) >100.0% (93%)
FL | $325% (10%) <32.5% (10%) <90.0% (3%) | <47.5% (10%) <45.0% (10%) <82.5% (2%)
>100.0% (75%) >100.0% (74%) >100.0% (96%) | >100.0% (81%) >100.0% (80%) =100.0% (97 %)
Type| ABRZ g, ABRP . g ABRMS,, .. ABR3L 44 ABR3? 44 ABRYS, ,
I [ <325% (30%) <20.0% (20%) <67.5% (10%) | <10.0% (43%) <12.5% (45%) <30.0% (20%)
>100.0% (43%) >100.0% (44%) >100.0% (87%)|>100.0% (22%) >100.0% (23%) =100.0% (56 %)
I | <45.0% (10%) <425% (10%) <90.0% (4%) — — —
>100.0% (79%) >100.0% (80%) =100.0% (95%) — — —
LS | $325% (21%) <37.5% (21%) <92.5% (10%) | <7.5% (44%) <10.0% (44%) <32.5% (30%)
>100.0% (52%) >100.0% (54%) >100.0% (89%)|>100.0% (30%) >100.0% (30%) >100.0% (47 %)
FL | <37.5% (10%) <40.0% (10%) <90.0% (4%) — — —

>100.0% (71%)

>100.0% (72%)

>100.0% (95%)

Table 24. Relative size of the EW corrections to the BRs of the non-SM-like N2HDM Higgs boson
Hs into bb, tt, 777~ ZA, W*HT, ZZ, H H,, H Ho, HyH,, and AA, for the four N2HDM types
I, I, LS and FL (H, is SM-like).
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Type | A—tt A—ZH, A— ZHy A— ZHj3
I 245233 257182 127677 17786
11 299959 299959 155270 14149
LS 281965 282998 145633 18419
FL 292634 292634 150051 14481

Table 25. Number of parameter points available for the analysis in the individual OS decay
channels of A (H; is SM-like).

4.8 Pseudoscalar N2HDM decays

We finally turn to the decays of the pseudoscalar Higgs boson A in the N2HDM and again
investigate the two cases where either H; or Hs is the SM-like Higgs boson.

4.8.1 H,; is the SM-like Higgs boson

The requirement of the pseudoscalar Higgs boson decays to be OS reduces the originally
available parameter points to those given in table 25 for the individual channels.!” In
table 26, we display the relative EW corrections to the BRs of the pseudoscalar Higgs
boson for the case where H; is SM-like. The table allows for the following observations:

— The corrections for the decay A — tt (which is typically the dominant one if it
is kinematically allowed) are typically very small for the scheme sets S; and Sa,
indicating both low corrections for this decay in these schemes and numerical stability
of the two scheme sets.

— For the other fermionic decay channels as well as for A — Z Hs, the corrections in the
two schemesets S1 and Sa are small to moderate for all four types of the N2HDM.

— On the other hand, the decay channels A — ZH; and A — ZHj3 typically feature
very large EW corrections for all N2HDM types and for all scheme sets. This is
due to suppressed BRs at leading order. For an SM-like H; the coupling AZ H; is
very suppressed due to sum rules. The coupling of the Hs, which is rather singlet-
like, is also suppressed but less strongly, so that the resulting decays widths and
BRs for A — ZH; become very small and also those for A — ZHs, which are
less suppressed however. Apart from small coupling constants, also parametrically
enhanced counterterm contributions or uncanceled counterterms that blow up in this
parameter region can be responsible for the large corrections. The coupling AZ Hs
on the other hand is close to its maximum value so that the decay A — ZHy can

become significant, resulting in small relative corrections.

4.8.2 H> is the SM-like Higgs boson

In case that Hs is the SM-like Higgs boson, the additional OS requirement for all pseu-
doscalar Higgs decays to be OS reduces the amount of available parameter points in some

17 As before, the amount of available input parameters for some N2HDM types is actually not reduced.
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Type

ABRS!

Abb

ABRS2

Abb

MS
ABRMS

ABRS!

Att

ABRS?

Att

ABRMS

<5.0% (52%)
<12.5% (96%)

<5.0% (96 %)
<12.5% (97%)

<35.0% (50%)
>100.0% (29%)

<25% (94%
<7.5% (99%

<2.5% (95%
<7.5% (99%

<32.5% (50%)
>100.0% (27%)

II

<7.5% (49%)
<17.5% (94%)

<12.5% (43%)
<22.5% (94%)

<90.0% (8%)
>100.0% (90%)

<2.5% (98%
<5.0% (99%

<2.5% (98%
<5.0% (99%

<12.5% (50%)
>100.0% (12%)

LS

<5.0% (52%)
<12.5% (97%)

<5.0% (56%)
<10.0% (93%)

<27.5% (50%)
>100.0% (24%)

<2.5% (98%
<5.0% (99%

<2.5% (98%
<5.0% (99%

<25.0% (50%)
>100.0% (24%)

FL

<7.5% (56%)
<17.5% (96 %)

<12.5% (60%)
<20.0% (94%)

<90.0% (10%)
>100.0% (89%)

<2.5% (98%
<5.0% (99%

NNl NN NNl N

<2.5% (98%
<5.0% (99%

NNl NN NNl NN

<22.5% (50%)
>100.0% (19%)

Type

S
ABRAIT*’T*

S:
ABR’AzT‘*’T*

ABRMS,

s
ABRYY, 1,

S
ABRYY 1,

ABRME

<7.5% (49%)
<15.0% (98%)

<7.5% (54%)
<12.5% (95%

<37.5% (50%)
>100.0% (29%)

<12.5% (48%)
>100.0% (10%)

<12.5% (51%)
>100.0% (9%)

<85.0% (25%)
>100.0% (73%)

II

<7.5% (57%)
<15.0% (97%)

<12.5% (49%

<90.0% (8%)
>100.0% (90%)

<17.5% (48%)
>100.0% (14%)

<12.5% (47%)
>100.0% (10%)

<82.5% (16%)
>100.0% (31%)

LS

<7.5% (55%)
<15.0% (98%)

<12.5% (61%

)
)
<20.0% (96 %)
)
<17.5% (95%)

<90.0% (15%)
>100.0% (82%)

<17.5% (47%)
>100.0% (13%)

<15.0% (49%)
2100.0% (11%)

<T77.5% (18%)
>100.0% (79%)

FL

<7.5% (61%)
<125% (94%)

<7.5% (66%)
<12.5% (96%)

<25.0% (50%)
>100.0% (19%)

<15.0% (47%)
>100.0% (13%)

<15.0% (52%)
>100.0% (12%)

<90.0% (19%)
>100.0% (80%)

Type

s
ABRYY 5,

S
ABRYY .

ABRMS 4,

s
ABRYY .,

s
ABRY .

ABRMS 4,

<2.5% (60%)
<10.0% (97%)

<2.5% (70%)
<7.5% (95%)

<92.5% (30%)
>100.0% (67%)

<20.0% (7%)
<70.0% (42%)

<27.5% (11%
<60.0% (33%

<75.0% (10%)
>100.0% (53%)

II

<2.5% (52%)
<10.0% (96%)

<2.5% (55%)
<10.0% (97%)

<90.0% (23%)
>100.0% (72%)

<22.5% (10%)
<50.0% (63%)

<25.0% (11%
<55.0% (77%

<75.0% (10%)
>100.0% (70%)

LS

<2.5% (58%)
<10.0% (96%)

X

<2.5% (69%)

X

<85.0% (25%)
>100.0% (69%)

<225% (9%)
<67.5% (50%)

<25.0% (10%
<67.5% (50%

<75.0% (10%)
>100.0% (57%)

FL

<2.5% (56%)
<10.0% (96%)

(
<7.5% (96%)
<2.5% (67%)
<7.5% (96%)

<87.5% (25%)
>100.0% (69%)

<22.5% (12%)
<60.0% (70%)

<22.5% (10%
<60.0% (69%

NN NN NN NN

<80.0% (10%)
>100.0% (73%)

Table 26. Relative size of the EW corrections to the BRs of the pseudoscalar A into bb, tf, 7H7~,

ZH,y, ZH5, and ZHs, for the four N2HDM types I, II, LS and FL (H; is SM-like).

Type | A—tt A—ZH, A— ZHy A — ZH;
I 4737 7566 7040 1632
11 2381 2381 2381 342
LS 3122 3303 3203 961
FL 1562 1562 1562 304

Table 27. Number of parameter points available for the analysis in the individual OS decay
channels of A (Hy is SM-like).
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Type|  ABRSL ABR%2, ABRMS, ABRSL; ABR%2; ABRMS
I | <$50% (47%) <$5.0% (51%)  <80.0% (50%) | $2.5% (74%) <2.5% (73%) <67.5% (50%)
<15.0% (90%) <15.0% (90%) >100.0% (43%) | S15.0% (91%) <12.5% (91%) =100.0% (41%)
1| <10.0% (64%) <15.0% (53%) <82.5% (5%) | <2.5% (98%) <2.5% (98%) <77.5% (50%)
S17.5% (92%)  <22.5% (90%) =100.0% (94%) | <5.0% (99%) <5.0% (99%) =100.0% (44%)
LS | S75% (75%)  <5.0% (46%) <75.0% (50%) | $2.5% (90%) <2.5% (90%) <$70.0% (50%)
<$125% (95%)  <12.5% (96%) =100.0% (44%) | S7.5% (96%)  <5.0% (95%) =100.0% (58%)
FL | S7.5% (48%) <125% (51%)  <92.5% (8%) | $2.5% (97%) <2.5% (97%)  <77.5% (40%)
S17.5% (94%)  <20.0% (91%) =100.0% (91%) | S7.5% (99%) <5.0% (98%) =100.0% (55%)
Type| ABRS', _ ABR%2, ABRMS, ABRSY . ABRS . ABRME
I | <7.5% (43%)  S7.5% (48%)  <80.0% (50%) | $2.5% (73%) <2.5% (T1%)  <92.5% (25%)
<15.0% (89%) <15.0% (90%) >100.0% (43%)|<10.0% (93%) <7.5% (91%) 2100.0% (74%)
| <7.5% (45%)  <$15.0% (60%)  <80.0% (5%) | <5.0% (56%) <5.0% (47%) <90.0% (3%)
<$15.0% (95%)  <20.0% (93%) 2100.0% (94%) | S17.5% (89%) <15.0% (91%) =100.0% (96%)
LS | $10.0% (67%) <12.5% (61%) <87.5% (16%) | $2.5% (53%) <2.5% (47%) <87.5% (11%)
<$15.0% (95%)  S17.5% (93%) 2100.0% (82%) | <15.0% (92%) <12.5% (92%) 2100.0% (88%)
FL | <7.5% (46%) <7.5% (52%) <77.5% (40%) | $2.5% (42%) <5.0% (57%) <90.0% (3%)
<$15.0% (97%)  <15.0% (98%) 2100.0% (55%) | <15.0% (89%) <15.0% (91%) =100.0% (96%)
Type| ABRSL,, ABRS%, . ABRMS ABRSY, ;. ABRS%, . ABRMS .
I | S15.0% (49%) <125% (47T%)  <85.0% (10%) | <50.0% (10%) <50.0% (10%) <82.5% (10%)
>100.0% (13%) =100.0% (13%) =100.0% (89%) | <95.0% (53%) <90.0% (40%) 2100.0% (49%)
I | S17.5% (41%) <15.0% (50%)  <90.0% (3%) [<27.5% (20%) $35.0% (30%) <92.5% (20%)
>100.0% (15%) 2100.0% (10%) =100.0% (96%) | <55.0% (78%) <57.5% (81%) 2100.0% (65%)
LS | £20.0% (38%) <15.0% (38%) <87.5% (%) |<35.0% (10%) <60.0% (21%) <85.0% (10%)
>100.0% (20%) =100.0% (18%) =100.0% (92%) | <80.0% (39%) <90.0% (51%) 2100.0% (58%)
FL | $20.0% (49%) <15.0% (48%) <85.0% (3%) |<37.5% (32%) <37.5% (29%) <85.0% (10%)
>100.0% (15%) 2100.0% (13%) =100.0% (96%) | <67.5% (81%) <72.5% (88%) 2100.0% (77%)

Table 28. Relative size of the EW corrections to the BRs of the pseudoscalar A into bb, tf, 7H7~,
ZHy, ZH5, and ZHs, for the four N2HDM types I, II, LS and FL (H> is SM-like).

channels as shown in table 27.'® The results for the relative corrections ABR of the pseu-
doscalar decays for the scenarios where Hy is SM-like are displayed in table 28. We make
the following observations:

— The corrections for the fermionic decays and for A — ZH; are typically small to
moderate for the scheme sets S; and S and for all N2HDM types, indicating again
both moderate corrections for these channels in these schemes and numerical stability
of the two scheme sets. As observed in section 4.7.2, again the corrections are overall
slightly larger than in the case where H;p is SM-like.

— On the other hand, the decay channels A — ZHs and A — Z Hs typically feature very
large EW corrections for all N2HDM types and for all scheme sets. Again the reason
are suppressed tree-level decays and BRs. With Hsy being SM-like, the sum rules lead

18 As before, some of the numbers are actually not reduced.
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to suppressed AZ Hy and AZ H3 couplings with the former being more suppressed so
that the LO decays for A — ZH> 3 are very small, with A — ZH3 in general being a
bit less suppressed. Again, also parametrically enhanced counterterm contributions
or large uncanceled counterterms themselves can lead to large EW corrections in this
corner or the parameter space. The coupling involving the singlet-like Hy, AZH{, on
the other hand is not suppressed, apart from the singlet admixture suppression, so
that the LO BR for the decay A — ZH; can be moderate to large, inducing small
relative corrections.

5 Conclusions

In this paper, we presented an overview over the size of the EW corrections to the decays
of the neutral Higgs bosons of the 2HDM and the N2HDM for different renormalization
schemes. Our aim was to quantify the EW corrections that typically appear in beyond-the-
SM models with non-minimal Higgs sectors, to identify decays and parameter regions that
lead to large corrections and require further treatment, and finally to classify renormaliza-
tion schemes with respect to the size of EW corrections they produce in order to filter for
suitable renormalization schemes that do not induce unnaturally large corrections. For our
analysis, we only considered parameter scenarios that fulfill theoretical and experimental
constraints and that are obtained from a scan in the parameter ranges of the two considered
models. Furthermore, EW corrections were only computed for OS and non-loop induced
decays.

Our thus obtained results show that the corrections are in general well-behaved for
renormalization schemes that are not process-dependent. For these schemes, the relative
corrections to the SM-like Higgs bosons into SM final states are typically small, with the
bulk of the corrections being situated below 5%. For some scenarios, they can go up to 7.5%.
For the case in the N2HDM where the second-lightest Higgs boson H» is SM-like, also decays
into a lighter H1 H; pair are possible, and the corrections to these decays can become very
large for some parameter scenarios. This is due to small tree-level BRs or non-decoupling
effects. For the decays of the non-SM-like Higgs bosons, the corrections are in general more
important and can become significant. Also here, some parameter scenarios feature very
large corrections which can be traced back to suppressed tree-level decays, parametrically
enhanced corrections or uncancelled large counterterm contributions. Large counterterms
can appear e.g. in certain regions of the parameter space with small parameter values
(namely small couplings because of sum rule constraints) in the denominator. The large cor-
rections require further investigation and call for an improvement of the fixed-order calcula-
tion, such as inclusion of higher-orders or the resummation of the corrections to all orders.

Concerning the renormalization schemes, we found that the process-dependent schemes
typically lead to larger corrections that can even become unphysically large with correc-
tions beyond 100% that may also be negative. The MS scheme throughout leads to huge
corrections in the decays and hence turns out to be unsuitable.
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