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One of the simplest extensions of the Standard Model is the Two-Higgs-Doublet Model (2HDM),
which can serve as a test model to explore a Higgs sector with additional neutral and charged
Higgs bosons. For specific types of the 2HDM, predictions including higher-order corrections
and, hence, also the renormalisation procedure have been discussed from different perspectives.
The renormalisation of the general 2HDM has received less attention so far. One reason is that the
general version suffers from strong experimental constraints. Our motivation to study the general
2HDM is the following: On the one hand, a general 2HDM naturally contains the specific versions
of the 2HDM so that, in principle, calculations done in the general 2HDM can easily be applied
to specific versions. On the other hand, a specific choice of parameterisation and a corresponding
renormalisation scheme may not be suitable to describe certain regions of parameter space that
can be identified with a particular version of the 2HDM. For example, singularities in the relations
between the original parameters and the parameters of the chosen parameterisation can occur.
Hence, the general 2HDM is also a good test model for different renormalisation schemes and
their overall applicability.

In these proceedings, first, the general 2HDM and our choice of input parameters will be discussed.
Inasecond step, we will discuss the choice of renormalisation conditions and apply them to physical

observables such as the partial decay width of a heavier Higgs boson decaying into lighter ones.
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1. Introduction

The Two-Higgs-Doublet Model (2HDM) [1, 2] is one of the simplest extensions of the Standard
Model (SM) containing two additional neutral and one pair of charged Higgs bosons. The general
2HDM comprises the most general renormalisable SU(2) x U(1)-invariant Higgs potential for two
Higgs doublets and a Yukawa sector where both Higgs doublets couple to all fermion species, i.e.
to up-, down- and lepton-type fermions. The well-known Z;-symmetric types of the 2HDM, which
have been extensively studied in the literature (see e.g. Ref. [2]), are embedded in the general 2HDM
as certain parameter subspaces. In addition, the 2HDM can form a low-energy-effective theory of
other models, such as for example of the Minimal Supersymmetric Standard Model with very heavy
superpartners, see e.g. Refs. [3-7].

Therefore, ideally, the renormalisation scheme of the general 2HDM and the corresponding
parameter definitions are chosen in such a way that all parameter regions, in particular also the
ones associated with additional Z, symmetries, are well-defined. If such a renormalisation scheme
was found, one could perform the next-to-leading order (NLO) calculations in the general 2HDM
and employ the result for arbitrary versions of the 2HDM by applying the appropriate limit to the
general result.

In that sense, the general 2HDM provides a good test ground for different renormalisation
schemes that we employ in this proceedings contribution.

2. The Two-Higgs-Doublet Model
The Higgs potential of the general 2HDM can be expressed as
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with the mass parameters m%l, m%z, m%z and the quartic coupling parameters A;, j = 1,...,7.
While m%] , m%z, A; with j =1,...,4 are real parameters, the mass mixing parameter m%z and As,
Ag, and A7 can be complex in general. The Higgs doublets are commonly decomposed as
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where vy, v, are the two vacuum expectation values (vev) and ¢ is a phase between these vev. The
field content comprises two charged Higgs component fields ¢7, ¢7 and the neutral fields ¢1, ¢,
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with a unitary matrix U, the Higgs potential can be written as
Vouom = nA’i%leHl + nA’i%zH;Hz — (ﬁ%zHIHz + hC)
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where rTz%l, n?fz, 171%2 and 1 j»J =1,...,7, are functions of the original parameters of the potential
in Eq. (1). The Higgs potential has kept its form under the transformation (3) and hence, describes

still the same physics as before the transformation (3).
Due to this form invariance, we can choose a particular form of U,
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without changing the physics behaviour. The special choice (5) leads to the so-called Higgs
basis [8—11]
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So far, only the Higgs potential has been considered. For a consistent calculation, the transfor-
mation to the Higgs basis has to be performed in the complete Lagrangian. While the kinetic terms
naturally do not change their form under the transformation to the Higgs basis, the Yukawa sector
needs to be treated with more care. The original Yukawa sector of the Lagrangian is given as
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where G/-" are the Yukawa coupling matrices that provide the strength of the coupling between
the nth Higgs doublet and the right-handed fermion f with f = u, d, [ for up-, down-, lepton-type
fermions and the corresponding left-handed quark and lepton doublet Q and L, respectively. The
prime denotes that these fields are given in the interaction basis and still need to be transformed
into the mass eigenbasis and @¢ = io®} are the charge conjugated Higgs doublets with o being
the second Pauli matrix. Performing the transformation (3) with (5) and using the redefinitions
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leads to the Yukawa Lagrangian in the Higgs basis, which has the same form as the original one in
Eq. (7),
2
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Since the Lagrangian is form invariant under the SU(2) transformations (3) and therefore de-
scribes the same physics before and after the transformation, we can choose the Lagrangian in the
Higgs basis as a starting point for further investigations. It should be noted however that this form
invariance does not hold for symmetry-constrained versions of the 2HDM. For the form invariance,
it is important that both Higgs doublets couple in the same way to all fermions. Starting with, for
example, a type I 2HDM where only @ appears in the Yukawa Lagrangian will lead to a Yukawa
Lagrangian involving both H; and H; after the SU(2) transformation. In order to describe the same
physics as before, the relations between the original parameters G/>! and the new parameters G/,
n = 1,2, have to be taken into account while, in the general version, the Yukawa Lagrangian after
the transformation with the new parameters G on = 1,2, covers the same parameter space as
the original Lagrangian with the original parameters, see also Ref. [12] for the investigation of a
Z>-symmetric 2HDM.

In the Higgs basis, one Higgs doublet comprises the neutral and charged Goldstone fields and a
non-vanishing vacuum expectation value v. In addition, it contains a Higgs field N that mixes with
the neutral components of the second Higgs doublet N», N3. The second Higgs doublet comprises
also a charged Higgs boson. In the case of CP conservation exploiting standard CP transformations,
the Higgs fields Ny, N, are CP-even and mix, while N3 is CP-odd and is already a mass eigenfield.

We make use of the tadpole equations in the Higgs basis,

~) 17 .3
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j =1,...,3. It should be noted that the tadpole equations do not depend on n'i%z and, hence, ﬁi%z

to replace the real parameter m*, and the complex parameter n~1f2 by the tadpole parameters 7y,
cannot be replaced by a tadpole parameter. The rotation of the Higgs fields N; into Higgs mass
eigenfields £ is performed by a mixing matrix R(61, 6>, 63) that depends on three mixing angles
gj,j: 1,...,3,

hy Ny
hy | =R(601,02,03) [ N2 |. (10)
hj N3

Demanding the mass matrix of the fields /4; to be diagonal constitutes six independent conditions,
which can be used to eliminate, for instance, the /Tk with k = 1,4, 5,6 in favour of three masses
squared M,%j and three mixing angles 6, j = 1,2, 3. The parameter n’igz can be exchanged for the
mass squared of the charged Higgs boson M%F.

In the Yukawa sector, we perform the transformation, f{ = UI{ . fg = UI{ f frfor f=u,d,l
such that the left- and right-handed fermion fields f; and fr are mass eigenfields. This way we obtain
one diagonal Yukawa matrix, which contains the corresponding fermion masses m ¢, and another
completely generic one Y/, leading to flavour-changing neutral currents (FCNC). Even though these
FCNC are experimentally strongly constrained, we keep these general Yukawa matrices for now
and assume that their entries are suppressed by another mechanism. For example, the 2HDM could
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be an effective model of another complete theory with heavy particles whose effects are embedded
in the couplings of the 2HDM. As in the SM, the UZ and U} combine to the CKM matrix yERM,
In summary, starting with the original parameters of the Lagrangian

{m%p Re[m%Z]’ Im[m%z]’ m%z, /ll, /l4a |/15|’ 90/15’ I/l6|9 ‘10/16’ /129 /139 |/17|a 90/17’ Gf’l’ Gf’za 81, g2}

—with g; and g being the U(1) and SU(2) gauge couplings, respectively — and the vev parameters
V1, V2, 0, we perform the transformation (3) with (5) into the Higgs basis, eliminating two redundant
parameters such that we are only left with v instead of v{, v, and 6. Afterwards, the fields are
transformed into mass eigenfields, resulting in the elimination of further redundant parameters, and
the tadpole parameters are rewritten as Ih; = 2k Rijtn,. The final parameter set is then

2
{th| s thza th3, M

H+,M;21],M;212,M§3,91, 02,03, 12, 13, | 171, <p;7,mf,Yf, Vekme, Mz, My}, (11)

still containing one redundant parameter, which e.g. can be removed by eliminating 63 by appro-
priate parameter definitions. Finally, as in the SM, the gauge couplings g;, g, together with v can
be replaced in favour of the gauge-boson masses, Mz and My, and the electric charge e, see e.g.
Ref. [13, 14]. The CKM matrix will not be discussed further in the following.

3. The renormalisation of the 2HDM

While the renormalisation of Z;-symmetry-constrained versions of the 2HDM has already
been discussed from several perspectives in the literature [15-23], the general 2HDM gained less
attention. We follow up on investigations of Ref. [24] and use the discussed renormalisation scheme
as a starting point of our investigations.

The renormalisation scheme in Ref. [24] defines

* masses and the corresponding fields via on-shell conditions,
* the electric charge via the Thomson limit,
« further parameters via MS conditions.

Since we employ MS conditions, the tadpole treatment can matter, in particular for the mixing
angles, which are chosen as MS parameters in the renormalisation scheme we start with.

We apply and adapt three different tadpole treatments, the Parameter-Renormalisation Tadpole
Scheme (PRTS) [13, 14], the Fleischer-Jegerlehner Tadpole Scheme (FJTS) [25], as well as the
Gauge-Invariant Vacuum expectation value Scheme (GIVS) [26]. In the PRTS, the bare tadpole
parameters 7p,;, j = 1,...,3, are replaced by renormalised tadpole parameters and corresponding
renormalisation constants. The renormalised tadpole parameters are put to zero and the renormalisa-
tion constants are fixed in such a way that no contributions linear in the Higgs fields occur in the Higgs
potential, 67,;+T; = 0, where the loop-induced tadpole contributions are denoted by 7j;. These
loop-induced tadpole contributions are in general not gauge-independent such that this procedure can
lead to gauge-dependent relations between the bare parameters and physical observables. Inthe FITS
procedure, the bare tadpole parameters are set to zero. This way, gauge dependencies between bare
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parameters and observables are avoided, however, this treatment can lead to numerically large con-
tributions spoiling the precision of the numerical result. The GIVS combines the advantages of both
approaches. Via the non-linear representation of the Higgs doublets, the gauge-independent tadpole
contributions are determined. These contributions are then treated as in the PRTS, while the gauge-
dependent pieces are treated via the FITS. This way, gauge-dependent relations between bare param-
eters and observables are avoided, while the final result in general remains numerically well-behaved.

We calculated theoretical predictions for two observables: On the one hand the decay of the
SM-like Higgs boson into bottom quarks and on the other hand the decay of the next-to-lightest
Higgs boson into two lightest Higgs bosons. The results have been compared to the results of
2HDECAY [27] in the parameter region of the type I version of the 2HDM, and, with the necessary
adaptations due to different definitions and treatments of the parameters, we found agreement.

Since, in particular, the treatment of the mixing angles as MS quantities leads to a possibly
sizeable dependence on the tadpole treatment, we also generalise the description given in Ref. [22]
for an on-shell renormalisation of the mixing angles. It should be noted, however, that we are still
treating the quartic couplings Ay, A3, 17 as MS quantities. To follow the procedure of Ref. [22] for
the mixing angle definitions, we introduce a ‘fake’ right-handed neutrino field ng, implying the
additional Lagrangian terms

Lie = ingdng — [yjxLjL(ioaHy)ng +h.c.|

with y ;i being new Yukawa couplings. The Lagrangian part L. contains the bilinear neutrino
mass terms

%
V2

giving rise to one massive neutrino field, while the two orthogonal fields are still associated with

Liake D ———=Ve,1VeL + Yu,1VuL + Y7,1V7L)0R + hoC.,

massless states. We renormalise 6; and 6, by demanding the higher-order contributions to the
following combination of form factors to vanish,

hy— v hy—vivy
FR ! FR, LO .
hy— v vy hi—viv = hy— v hi—vi7n = S1ticisy
S]FR —C1FR SlFR,LO _chR,LO

with F}’;z_”’";z, Fg 1=Y172 being the form factors of the right-handed chirality part of the processes
hy — viv2 and hy — v1v, and the short-hand notation s; = sinf;, ¢; = cosd;, j = 1,2. The
renormalisation of €3 turns out to be a bit subtle, since 03 can be removed via the final parameter re-
dundancy present in the parametrisation (11). We followed two (ultimately equivalent) treatments:
working in the redundant parametrisation (11), we simply again fixed 63 via an MS condition.
Alternatively, we eliminated 63 as a redundant parameter, in which case one has to take into account
the imaginary part of the field renormalisation constant of the charged Higgs field.

In Fig. 1, we show preliminary results for the renormalisation scale dependence of the partial
decay width of the next-to-lightest Higgs boson into two lightest Higgs bosons for the parameter
point

Mp, = 300GeV, My, =460GeV, Mpy+=460GeV,0; =15, 6,=0.03, 65=0.03,

1L =081, 13=454, 1;,=025+03i, Y/ =0, (12)
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Figure 1: Partial decay width of the second-lightest Higgs boson /%, into a pair of lightest Higgs bosons #1,
hy, — hyhy, in dependence of the renormalisation scale ug at NLO. Different renormalisation schemes for
the mixing angles have been adapted. The turquoise and the light-blue line depict the result obtained by
exploiting an MS condition for the mixing angles, while the red, green, and blue lines present the results for
on-shell conditions for the mixing angles. The employed tadpole schemes are PRTS for the results in light
blue and blue, GIVS for the results in turquoise and green, and FJTS for the results in red.

given in the renormalisation scheme using MS mixing angles and the GIVS tadpole treatment.

The results using a renormalisation scheme with MS mixing angles are shown in light blue
(exploiting PRTS) and turquoise (applying GIVS). The central scale is chosen at ug = 209.7 GeV,
which is the optimal scale choice in the MS mixing angle scheme employing also the GIVS. Optimal
is understood in the sense that the results at this scale only change minimally when varying the
renormalisation scale around the central scale. The difference between the tadpole treatments is
clearly visible but still relatively small. Not shown is the result for the renormalisation scheme with
MS-defined mixing angles but using the FITS, which has a large scale dependence. Switching to an
on-shell definition of the mixing angles by performing an appropriate scheme conversion of 6; and
6, in (12) — corresponding to the red (with FJITS), the green (with GIVS), and the blue (with PRTS)
lines — reduces the scale dependence significantly. One can still observe a slight difference between
the GIVS/PRTS and the FJTS result, which presumably originates from the MS renormalisation of
the quartic coupling parameters A,, A3, A7 in the Higgs basis. This dependence is currently being
further investigated as well as the overall performance of these renormalisation schemes.

4. Conclusion

We presented the general 2HDM and corresponding renormalisation schemes that we applied
in the calculation of two observables and discussed the partial decay width of the second lightest
Higgs boson into a pair of lightest Higgs bosons, h, — hih;. While, so far, the presented results
seem to be equally precise, further investigations of the renormalisation schemes are being carried
out to scrutinise, which renormalisation schemes might be preferable. If several renormalisation
schemes are good options, the corresponding results can be used for an estimation of a theory
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uncertainty. In addition, the behaviour of different renormalisation schemes in the smooth limit of
certain symmetry types of the 2HDM may be studied in the future.
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