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Abstract

Recently, the Higgs boson masses in the Minimal Supersymmetric Standard Model
(MSSM) and their mixing have been calculated using the complex Two-Higgs-Doublet
Model (cTHDM) as an effective field theory (EFT) of the MSSM. Here, we discuss
the implementation of this calculation, which we improve in several aspects, into the
hybrid framework of FeynHiggs by combing the cTHDM-EFT calculation with the
existing fixed-order calculation. This combination allows accurate predictions also in
the intermediate regime where some SUSY particles are relatively light, some relatively
heavy and some in between. Moreover, the implementation provides precise predictions
for the Higgs decay rates and production cross-sections.
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1 Introduction
The measurements of an increasing number of SM-like observables by the experiments at the
Large Hadron Collider (LHC) approach an accuracy that allows extensions of the Standard
Model (SM) to be probed thoroughly beyond the search of yet undiscovered particles. Par-
ticularly important in this context are the measurements of the properties of the discovered
Higgs boson: With the increased accuracy, these properties are turning into new precision
observables that permit tests of many extensions of the Standard Model, namely the ones
requiring changes in the Higgs sector. These extensions address questions that the SM can-
not answer, such as what dark matter is made up of and why there is more matter than
antimatter in the universe.

The results of the measurements performed at the LHC experiments confirm so far the
predictions of the SM and therefore constrain the parameter space of possible SM extensions
to the parts, which reproduce the SM-like behaviour.

One such model, which can, for example, provide a dark-matter candidate as well as ad-
ditional sources of CP violation needed for the explanation of the matter–antimatter asym-
metry, is the Mininmal Supersymmetric Standard Model (MSSM), built upon the concept
of Supersymmetry (SUSY). It extends the SM by adding a second Higgs doublet, turning
the SM into a Two-Higgs-Doublet Model (THDM), as well as a superpartner to each THDM
degree of freedom. The two Higgs doublets lead to five physical Higgs bosons: At tree-level,
these are the CP-even h and H bosons, the CP-odd A boson and the charged H± bosons.
Beyond the tree-level, quantum corrections lead to mixing of the tree-level mass eigenstates.
In presence of CP violation the true mass eigenstates of the neutral Higgs bosons are labelled
by h1,2,3 and are in general mixtures of CP-even as well as CP-odd states.

In the context of the MSSM, especially the Higgs boson mass measurement [1–3] is a
unique opportunity to constrain the MSSM Higgs sector. While the Higgs boson mass is a
free parameter in the SM, the mass of the MSSM SM-like Higgs boson can be predicted in
terms of the model parameters.

In order to provide a precise prediction, the calculation of higher-order corrections is
mandatory: Higher-order corrections are essential in the context of the MSSM, since they
lead to a circumvention of the upper tree-level mass bound of the lightest MSSM Higgs boson,
which is given by the Z-boson mass,MZ ≈ 91 GeV, and thereby to an experimentally allowed
Higgs-boson mass.1 These higher-order corrections can also change the coupling behaviour
of the Higgs bosons, for example by mixing CP-even and CP-odd states, and are therefore
also important for predicting partial decay widths and production cross sections.

Given the importance of these quantum corrections, much work has been invested in
calculating them. These calculations fall into three categories:

• In the fixed-order (FO) approach, contributions to the Higgs two-point-vertex functions
are calculated at a fixed-order of the couplings taking into account the complete model.
This results in corrections of the Higgs-boson masses and mixings (see [5–14] for recent
fixed-order calculations).

1The scenario where a heavy MSSM Higgs boson plays the role of the discovered one is strongly con-
strained [4].
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• In the effective field theory (EFT) approach, all heavy particles are integrated out and
the Higgs mass is then calculated in the low-energy EFT (see [15–27] for recent EFT
calculations).

• While the FO approach is precise for low but not for high SUSY-breaking mass scales
(leading to light or heavy superpartner particles, respectively), it is vice versa for
the EFT approach. To obtain a precise prediction also for intermediary scale, hybrid
approaches combining both approaches have been developed (see [15,21,25,26,28–36]).

In this paper, we will follow the hybrid approach. We combine the results of the recent
EFT calculation assuming a THDM as low-energy theory and allowing for non-vanishing
phases of the complex parameters [24, 37–40] with the fixed-order calculation provided by
FeynHiggs [41–55]. The non-vanishing phases allow for CP-violating effects. We also include
some further improvements of the EFT calculation. On the one hand, this will increase the
validity range of the prediction of the Higgs-boson mass as implemented in FeynHiggs. On
the other hand, it allows for a better prediction of the mixing of the Higgs bosons, which
is important for the calculation of partial decay widths and production cross sections, since
the THDM allows for a consistent description of the mixing of all the Higgs bosons. The
combination can improve the predictions that have been exploited when studying not only
a CP-odd admixture to the lightest Higgs boson but also the CP-violating mixing between
the heavy Higgs bosons and corresponding changes of exclusion bounds [4].

This paper is organized as follows: In Section 2 we discuss the implemented EFT calcu-
lation. The combination with the fixed-order calculation is then explained in Section 3. We
present numerical results in Section 4 and conclusions in Section 5. Explicit expressions for
threshold corrections are given in App. A.

2 EFT calculation
Our EFT calculation closely follows the one published in [24]. At the scale MSUSY, which
we choose to be the geometric mean of the stop SUSY soft-breaking mass parameters, we
integrate out all sfermions as well as the gauginos and Higgsinos (i.e., we do not take into ac-
count separate electroweakino (EWino) and gluino thresholds as in [21] for real parameters).
The resulting EFT is the complex THDM (cTHDM) with the Higgs potential,

VTHDM(Φ1,Φ2) =m2
11 Φ†1Φ1 +m2

22 Φ†2Φ2 −
(
m2

12Φ
†
1Φ2 + h.c.

)

+
1

2
λ1(Φ

†
1Φ1)

2 +
1

2
λ2(Φ

†
2Φ2)

2 + λ3(Φ
†
1Φ1)(Φ

†
2Φ2) + λ4(Φ

†
1Φ2)(Φ

†
2Φ1)

+

(
1

2
λ5(Φ

†
1Φ2)

2 + λ6(Φ
†
1Φ1)(Φ

†
1Φ2) + λ7(Φ

†
2Φ2)(Φ

†
1Φ2) + h.c.

)
, (1)

where Φ1,2 are the two Higgs doublets. The Higgs mixing parameterm2
12 as well as the quartic

couplings λ5, λ6 and λ7 are potentially complex parameters while the mass parameters m2
11,

m2
22 and the quartic couplings λ1 to λ4 are real.
The Yukawa part of the Lagrangian reads

LYuk = −htt̄R
(
−iΦT

2 σ2
)
QL − h′tt̄R

(
−iΦT

1 σ2
)
QL + h.c. (2)
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with QL being the doublet of the left-handed quarks and tR the right-handed quark singlet.
Both top-Yukawa couplings, ht and h′t, can be complex. In this case, a real top-quark mass
can be obtained by a redefinition of the right-handed top-quark field. We neglect the bottom-
Yukawa couplings (which were taken into account in [24]). In the fixed-order calculation of
FeynHiggs and thereby also in in the fixed-order part of our combined hybrid calculation, the
bottom-Yukawa coupling of the MSSM is, however, fully taken into account at the one- and
two-loop level. These two-loop fixed-order corrections are evaluated in the gaugeless limit
and interpolated for non-vanishing phases (see [56] for details). As investigated in detail
in [26] for the case of the SM as EFT, the resummation of corrections proportional to the
bottom-Yukawa coupling beyond the order of the fixed-order calculation becomes relevant
only for tan β & 25 and negative µ.2

After fixing the cTHDM parameters at MSUSY by matching to the full MSSM, we evolve
the couplings down to the scale of the non-SM Higgs bosons, which we take to be the charged
Higgs mass MH± . For this evolution, we use the renormalization group equations (RGEs)
derived in [24] following [57–63] and compared to the results of [64]. At the scale MH± , we
integrate out the heavy Higgs bosons and recover the SM as EFT.

We improve the calculation presented in [24] by the following aspects: We take into
account

• full one-loop threshold corrections between the SM and the complex THDM (i.e., for
the SM Higgs self-coupling and the top-Yukawa coupling),

• the purely electroweak contributions to the threshold corrections of the THDM Higgs
self-couplings at the SUSY scale (i.e., contributions from electroweakinos and the
change from DR, used in the MSSM, to MS, used in the THDM),

• O(αtαs) contributions to the threshold corrections of the THDM Higgs self-couplings
at the SUSY scale,

• electroweak contributions to the threshold corrections of the THDM top-Yukawa cou-
plings at the SUSY scale.

Explicit expressions for these extended threshold corrections are listed in App. A.
Moreover, for obtaining pure EFT results, we improve the extraction of the physical SM-

like Higgs mass at the electroweak scale. In [24], only the leading O(αt) SM corrections were
included. We take into account full one- as well as two-loop corrections [65] for the SM-like
Higgs boson.

As in [21, 24], we calculate all threshold corrections in the limit of degenerate sfermion
and electroweakino masses. More explicitly, we assume all sfermions and the gluino to have
masses equal to MSUSY. Moreover, we set M1 = M2 = µ (where M1 and M2 are the bino
and wino soft SUSY-breaking mass and µ is the Higgsino mass parameter). When the EFT
calculation is combined with the fixed-order calculation in the hybrid approach, the effect of
non-degenerate masses is, however, fully captured at the order of the fixed-order calculation.

2We expect very similar results for the THDM as EFT, since a large hierarchy between MH± and MSUSY
is tightly constrained by collider searches for heavy Higgses decaying to tau leptons (see e.g. [4]) for large
tanβ.
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3 Combination with fixed-order calculation
In this Section, we discuss how the EFT calculation, presented in Section 2, is combined with
the existing fixed-order calculation implemented in FeynHiggs. This fixed-order calculation
incorporates full one-loop as well as O(αtαs, αbαs, α

2
t , αtαb, α

2
b) two-loop corrections [41–55]

(αb,t = h2b,t/(4π) with hb,t being the bottom and top-Yukawa couplings in the MSSM; αs =
g23/(4π) with g3 being the strong gauge coupling). The phases of complex parameters are
fully taken into account at the one-loop level as well as at O(αtαs, α

2
t ). The remaining

two-loop corrections are interpolated in the case of non-vanishing phases.

For the combination of the EFT calculation with the fixed-order calculation, we largely
follow the procedure outlined in [21]: We first redefine the Higgs fields of the fixed-order cal-
culation in order to match the normalization of the Higgs fields in the EFT. The prescription
of [21], valid only for the case of real input parameters, was extended to the case of complex
input parameters in [33]. As a second step, we add the individual results of the EFT and
the fixed-order calculation for each specific element of the Higgs two-point-vertex-function
matrix, ΓhHA. Additional subtraction terms ensure that terms contained in the EFT as well
as the fixed-order calculation are not double-counted,3

Γ̂hHA(p2) = i


p21−



m2
h 0 0

0 m2
H 0

0 0 m2
A


+




Σ̂hybrid
hh (p2) Σ̂hybrid

hH (p2) Σ̂hybrid
hA (p2)

Σ̂hybrid
hH (p2) Σ̂hybrid

HH (p2) Σ̂hybrid
HA (p2)

Σ̂hybrid
hA (p2) Σ̂hybrid

HA (p2) Σ̂hybrid
AA (p2)




 , (3)

with

Σ̂hybrid
ij (p2) = Σ̂FO

ij (p2) + ∆EFT
ij −∆sub

ij , (4)

where the Σ̂FO
ij ’s are the fixed-order self-energies, the ∆EFT

ij ’s are the EFT results, i.e. the
elements of the corresponding THDM mass matrix, the ∆sub

ij ’s are the subtraction terms
(including tree-level and higher-order terms), and mh, mH , mA are the tree-level masses of
the light CP-even, the heavy CP-even, and the CP-odd Higgs boson, respectively. The pole
masses Mh1 , Mh2 , Mh3 with Mh1 ≤ Mh2 ≤ Mh3 are then determined by finding the poles
of this Higgs two-point-vertex-function matrix. In [21], only the logarithms in the CP-even
h,H-submatrix have been resummed in the hybrid approach.

In comparison to the real THDM (rTHDM) hybrid calculation presented in [21], we
change the treatment of the O(α2

t ) fixed-order corrections. The reason for this change is
the following: These O(α2

t ) fixed-order corrections are by default parameterized in terms
of the SM MS top-quark mass mt(Mt) evaluated at the on-shell top-quark mass Mt. They
include non-logarithmic SUSY contributions which are constant if MSUSY is varied (keeping
X̂t = Xt/MSUSY fixed where Xt is the top squark mixing parameter). For the case of the
THDM as EFT, these fixed-order corrections have no EFT counterpart, since the O(α2

t )
threshold corrections between the SM and the THDM, which have been unknown until
recently (see [27]), are not implemented in our current setup.4

3We neglect mixing with the Goldstone bosons, which is a subleading two-loop correction.
4In the scenarios discussed in Section 4, the numerical impact of the O(α2

t ) threshold corrections is
expected to be small (see [27]). The treatment of the fixed-order correction as discussed here is numerically
more relevant.
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Consequently, in [21] no corresponding non-logarithmic subtraction term was included.
This resulted into a discrepancy between the hybrid results using the THDM and the SM
as EFT for high MSUSY (∼ 100 TeV) and MA = MSUSY, where one would expect a good
agreement of the two calculations. For such a high MSUSY, the O(α2

t ) threshold correction
between the SM and the MSSM are actually negligible, since the top-Yukawa coupling shrinks
with rising MSUSY (also the O(α2

t ) matching conditions between the THDM and the MSSM
will show the same behaviour). For the combined THDM hybrid result of [21], in contrast,
the non-logarithmic O(α2

t ) fixed-order terms, employing the SM MS top-quark mass mt(Mt)
instead of the top-Yukawa coupling at the scale MSUSY, non-negligibly contribute to the final
result. This shows clearly that for very high MSUSY, the O(α2

t ) fixed-order terms should not
be included if the EFT counterpart (the O(α2

t ) threshold correction and the corresponding
subtraction term) is not available. For low MSUSY, the inclusion of the fixed-order O(α2

t ),
however, can improve the result. Since, in this paper, we are mainly interested in the low
tan β region,5 where a high MSUSY is needed to obtain Mh ' 125 GeV, we chose to subtract
the SUSY O(α2

t ) contribution to the hh Higgs self-energy.

An additional step has to be considered for the combination of the fixed-order and the
EFT result if the input parameters of the fixed-order calculation and the EFT calculation
are not renormalized in the same scheme. In this context, the stop mixing parameter, Xt, is
especially relevant. While Xt can be renormalized either in the DR or the OS scheme in case
of the fixed-order calculation, in the EFT calculation Xt is renormalized in the DR scheme.
In case of an OS input parameter, we need to convert Xt from the OS to the DR scheme.
As argued in [28,31], a conversion of Xt taking into account only large logarithmic terms is
sufficient. For the present study, we generalize the formula given in [21], which is valid in
case of a large hierarchy between the non-SM Higgs scale and the SUSY scale, to the case
of complex input parameters (see also [26]),

XDR
t (MSUSY) = XOS

t

{
1 +

[
αs
π
− 3αt

16π

(
1− |X̂t|2

)]
ln
M2

SUSY

M2
t

+
3

16π

αt
t2β

(
1− |Ŷt|2

)
ln
M2

SUSY

M2
H±

}
, (5)

where X̂t = Xt/MSUSY and Ŷt = X̂t + 2µ̂∗/s2β (with µ̂ = µ/MSUSY and µ being the Higgsino
mass parameter) and tγ ≡ tan γ and sγ ≡ sin γ are used for abbreviation.

4 Numerical results
In this Section, we numerially investigate the improved EFT calculation as well as the
combined hybrid calculation. For most of the numerical results, we consider a simple two-
scale scenario. All sfermion SUSY soft-breaking mass parameters Mf̃ as well as the gaugino
and Higgsino mass parameters, M1, M2, M3, µ, are set equal to MSUSY. As second scale,

5In the high tanβ region (i.e. tanβ & 10) a large hierarchy between the SUSY scale and the scale of the
heavy Higgs bosons is excluded due to an interplay of the SM-like Higgs mass constraint and tight constraints
from heavy Higgs searches (see e.g. [4, 66]). Since in addition Higgs mixing effects are suppressed for large
tanβ, using the SM as EFT provides a very accurate approximation of the THDM-EFT result [21].
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we allow the mass of the charged Higgs boson MH± to be different from MSUSY. We set all
SUSY-soft trilinear couplings except of At to zero. In summary,

Mf̃ = MSUSY, M1 = M2 = M3 = MSUSY, µ = MSUSY,

Af 6=t = 0, At = Xt + µ∗/tβ, (6)

where Xt is the top squark mixing parameter.
If not stated otherwise, all parameters are fixed in the DR scheme at the scale MSUSY

(apart from MH± , which we fix in the MS scheme at the scale MH± and in case of a pure
EFT calculation and in the OS scheme in case of a hybrid calculation, and tan β, which is
always fixed in the MS scheme at the scale MH±) and all phases are set to zero.

First, we assess the numerical size of taking into account the O(αtαs) threshold cor-
rections in the left plot of Fig. 1. It shows the mass of the lightest Higgs boson Mh1 in
dependence on MH± . The mass Mh1 is calculated in the pure EFT approach using three dif-
ferent EFTs: SM EFT (blue), cTHDM EFT without O(αtαs) threshold corrections (green)
and cTHDM EFT with O(αtαs) threshold corrections (red). The SM-EFT result is based
on the calculation presented in [26] including the full phase dependence in the threshold
corrections between the SM and the MSSM.

We choose MSUSY = 2 TeV, tβ = 8 and φM3 = π/4. For smaller tβ, higher MSUSY values
would be required to obtain Mh1 ∼ 125 GeV. Since the value of the strong gauge coupling,
entering the calculation evaluated atMSUSY, shrinks with risingMSUSY, the numerical impact
of the O(αtαs) threshold corrections would be even smaller.

For X̂DR
t = 0, the numerical effect of the O(αtαs) threshold corrections is completely

negligible. The THDM-EFT results with and without these corrections lie on top of each
other. For X̂DR

t =
√

6, there is a small approximately constant difference between both
curves (∼ 0.2 GeV). The shift induced by the O(αtαs) threshold corrections is relatively
small in comparison to results obtained in the literature for the case of the SM as EFT (see
e.g. [16,17,28]). This is explained by the fact that we express the O(αt) threshold correction
in terms of the MSSM top-Yukawa coupling. As discussed in [36], this choice absorbs the
numerically most significant two-loop terms (i.e., those terms including the highest powers
of Ât and µ̂).

The SM-EFT result is in good agreement with the THDM-EFT results for MH± &
300 GeV. The remaining small difference in this region is explained by the fact that we do
not include O(α2

t ) threshold corrections in the THDM EFT, which have ony been calculated
very recently [27], while the SM EFT includes the O(α2

t ) threshold correction between the
SM and the MSSM. ForMH± . 300 GeV, the SM-EFT result lies up to ∼ 1 GeV higher than
the THDM-EFT results. This is explained by sizeable Higgs-mixing effects which are taken
into account in the THDM-EFT results but not in the SM-EFT results. The numerically
effect of the Higgs mixing is stronger for lower tβ values [21].

It should be noted that low values of MH± below MH± ≈ 500 GeV are experimentally
disfavoured (see for example the phenomenological studies in [4, 66, 67]). Therefore, our
numerical investigation in the left plot of Fig. 1 can be regarded as a conservative estimate
of the expected maximal size of the effect.

To assess the sensitivity of Mh1 on the phases, we compare the different EFT predictions
in the right plot of Fig. 1 in dependence on φM3 for MH± = 200 GeV and X̂DR

t =
√

6. The
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Fi g u r e 1: L eft: M h 1 i n d e p e n d e n c e of M H ± f or X D R
t = 0 ( s oli d) a n d X D R

t =
√

6 ( d a s h e d).
T h e r e s ult o bt ai n e d u si n g a S M- E F T c al c ul ati o n ( bl u e) ar e c o m p ar e d t o r e s ult s u si n g
c T H D M- E F T c al c ul ati o n s n ot i n cl u di n g t h e O (α t α s ) t hr e s h ol d c orr e cti o n s ( gr e e n) a n d
i n cl u di n g t h e O (α t α s ) t hr e s h ol d c orr e cti o n s (r e d).  T h e y ell o w b a n d di s pl a y s t h e  Hi g g s
m a s s a s  m e a s ur e d b y  A T L A S a n d  C M S  wit hi n o n e st a n d ar d d e vi ati o n of e x p eri m e nt al
a c c ur a c y. 6 Ri g ht: S a m e a s l eft pl ot b ut M h 1 i s s h o w n i n d e p e n d e n c e of φ M 3 f or X D R

t =
√

6 .

li n e c ol ori n g is t h e s a m e as i n t h e l eft pl ot of  Fi g. 1.

All t hr e e c ur v es s h o w a q uit e si mil ar d e p e n d e n c e o n φ M 3 .  T h e S M c ur v e is s hift e d u p w ar ds
wit h r es p e ct t o t h e c T H D M c ur v es b y ∼ 1  G e V , si n c e  Hi g gs  mi xi n g e ff e cts ar e n ot i n cl u d e d.
I n cl u di n g t h e O (α t α s ) t hr es h ol d c orr e cti o ns i n t h e c T H D M c al c ul ati o n l e a ds t o a n u p w ar ds
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t |, t h e p h as e d e p e n d e n c e is si mil ar b ut of s m all er  m a g nit u d e.
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X D R
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t =
√

6 is s et.
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t = 0 , t h e  T H D M

r es ults a gr e e v er y  w ell (t h e r e d c ur v e li es o n t o p of t h e gr e e n c ur v e), si n c e t h e d e p e n d e n c e o n
φ M 3 i s v er y s m all.  F or M H ± ∼ M S U S Y , als o t h e S M r es ult a gr e es v er y  w ell  wit h t h e  T H D M
r es ults. I n c o m p aris o n t o  Fi g. 1, t h e O (α 2

t ) t hr es h ol d c orr e cti o n is n e gli gi bl e si n c e t h e t o p-
Y u k a w a c o u pli n g e nt eri n g t h e t hr es h ol d c orr e cti o ns is v er y s m all f or M S U S Y = 1 0 0  Te V . F or
M H ± M S U S Y t h er e is a si z e a bl e di ff er e n c e b et w e e n t h e S M a n d t h e  T H D M r es ults a g ai n
c a us e d b y  Hi g gs- mi xi n g e ff e cts  w hi c h b e c o m e i n cr e asi n gl y i m p ort a nt if M H ± i s l o w er e d.  N ot e
t h at vi a t h e c o m bi n ati o n of t h e  E F T a n d t h e fi x e d- or d er c al c ul ati o n i n t h e h y bri d a p pr o a c h,

6 We d o n ot i n cl u d e a b a n d f or t h e t h e or eti c al u n c ert ai nt y, si n c e a r eli a bl e u n c ert ai nt y e sti m at e r e q uir e s
f urt h er i n v e sti g ati o n s (f or t h e c a s e of t h e S M a s  E F T s e e, f or e x a m pl e,  R ef. [ 3 5]).  M or e o v er, t h e  m ai n
p ur p o s e of t h e s h o w n pl ot s i s t o i n v e sti g at e t h e d e p e n d e n ci e s of M h o n t h e  m o d el p ar a m et er s a n d n ot t o
e m pl o y M h t o c o n st r ai n t h e s e p ar a m et er s.

7 T hi s c al c ul ati o n c orr e s p o n d s t o t h e c al c ul ati o n pr e s e nt e d i n [ 2 1]  wit h t h e  m o di fi c ati o n s d et ail e d i n
S e cti o n 3.  T h e  E F T a s  w ell a s t h e t w o-l o o p fi x e d- or d er c orr e cti o n s pr o p orti o n al t o t h e b ott o m- Y u k a w a
c o u pli n g ar e i nt er p ol at e d f or n o n- v a ni s hi n g p h a s e s.
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Fi g u r e 2: L eft: M h 1 i n d e p e n d e n c e of M H ± f or X D R
t = 0 ( s oli d) a n d X D R

t =
√

6 ( d a s h e d).
T h e r e s ult o bt ai n e d u si n g t h e S M h y bri d c al c ul ati o n ( bl u e) ar e c o m p ar e d t o r e s ult s u si n g
t h e i nt er p ol at e d h y bri d  T H D M c al c ul ati o n ( gr e e n) a n d t h e h y bri d c T H D M c al c ul ati o n
(r e d).  T h e y ell o w b a n d di s pl a y s t h e  Hi g g s  m a s s a s  m e a s ur e d b y  A T L A S a n d  C M S  wit hi n
o n e st a n d ar d d e vi ati o n of e x p eri m e nt al a c c ur a c y. Ri g ht: S a m e a s l eft pl ot b ut M h 1 i s
s h o w n i n d e p e n d e n c e of tβ .

Hi g gs- mi xi n g e ff e cts ar e i n cl u d e d at t h e o n e- a n d t w o-l o o p l e v el als o f or t h e r es ult usi n g t h e
S M as  E F T.  L ar g er di ff er e n c es b et w e e n usi n g t h e S M as  E F T a n d t h e  T H D M as  E F T  w o ul d
b e f o u n d i n t h e p ur e  E F T a p pr o a c h.

T h e g e n er al b e h a vi o ur is si mil ar f or X D R
t =

√
6 .  T h e gl ui n o p h as e, φ M 3 , h as, h o w e v er, a

l ar g er n u m eri c al i m p a ct.  T his r es ults i n a n a p pr o xi m at el y c o nst a nt s hift (∼ 0 .5  G e V ) of t h e
r T H D M c ur v e ( usi n g i nt er p ol ati o n f or h a n dli n g t h e c o m pl e x i n p ut p ar a m et ers)  wit h r es p e ct
t o t h e c T H D M c ur v e.

T h e ri g ht pl ot of  Fi g. 2 is a n al o g e o us t o t h e l eft pl ot b ut  w e s h o w M h 1 i n d e p e n d e n c e of
tβ f or M H ± = 5 0 0  G e V .  T h e b e h a vi o ur of t h e di ff er e nt c ur v es is si mil ar as i n t h e l eft pl ot.
All r es ults a gr e e v er y  w ell f or tβ ∼ 1 0 .  F or l o w er tβ ,  Hi g gs- mi xi n g e ff e cts b e c o m e r el e v a nt
l e a di n g t o a di ff er e n c e b et w e e n t h e S M a n d t h e  T H D M r es ults of ∼ 2  G e V f or t a n β ∼ 3 .
T h e n o n- z er o gl ui n o p h as e is o nl y r el e v a nt f or X D R

t =
√

6 l e a di n g t o a s hift of ∼ 0 .4  G e V

b et w e e n t h e i nt er p ol at e d r T H D M r es ult a n d t h e c T H D M r es ults.  F or X D R
t = 0 , |A t | ≤ 1

si n c e |µ | = 1 is c h os e n. Si n c e i n t his c as e, t h e d e p e n d e n c e o n φ M 3 i s n ot e n h a n c e d b y p o w ers

of |A t | or |µ | (s e e e x pli cit e x pr essi o ns i n  A p p.  A) t h e r e d a n d gr e e n s oli d li n es li e o n t o p of
e a c h ot h er.

We f urt h er i n v esti g at e t h e d e p e n d e n c e o n t h e t h e p h as es i n  Fi g. 3.  T h e s a m e h y bri d
c al c ul ati o ns as i n  Fi g. 2 ar e s h o w n i n d e p e n d e n c e o n φ M 3 f or M S U S Y = 1 0 0  Te V , M H ± =

5 0 0  G e V , tβ = 3 a n d X D R
t =

√
6 .

I n t h e l eft pl ot,  w e s et φ A t = 0 .  T h e S M a n d t h e c T H D M c ur v es ar e a p pr o xi m at el y
p ar all el t o e a c h ot h er.  T h e o ff-s et b et w e e n b ot h c ur v es is c a us e d b y  Hi g gs- mi xi n g e ff e cts,
w hi c h ar e f ull y t a k e n i nt o a c c o u nt f or t h e c T H D M c ur v e  w hil e f or t h e S M  E F T r es ults t h e
Hi g gs- mi xi n g c orr e cti o ns ar e o nl y i n cl u d e d vi a t h e fi x e d- or d er c orr e cti o ns.  T h e i nt er p ol at e d
r T D H M c ur v e a gr e es as e x p e ct e d  wit h t h e c T H D M c ur v e f or φ M 3 = 0 , ± π . I n b et w e e n t h es e
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Fi g u r e 3: L eft: M h 1 i n d e p e n d e n c e of φ M 3 f or φ A t = 0 a n d X t =
√

6 .  T h e r e s ult o bt ai n e d
u si n g a t h e S M h y bri d c al c ul ati o n ( bl u e) ar e c o m p ar e d t o r e s ults u si n g t h e i nt er p ol at e d
h y bri d  T H D M c al c ul ati o n ( gr e e n) a n d t h e h y bri d c T H D M c al c ul ati o n (r e d).  T h e y ell o w
b a n d di s pl a y s t h e  Hi g g s  m a s s a s  m e a s ur e d b y  A T L A S a n d  C M S  wit hi n o n e st a n d ar d
d e vi ati o n of e x p eri m e nt al a c c ur a c y. Ri g ht: S a m e a s l eft pl ot b ut φ A t = π / 2 .

p h as e v al u es, t h e i nt er p ol ati o n of t h e  E F T p art of t h e c al c ul ati o n l e a ds t o s hifts of ∼ 0 .5  G e V .
T h e ki n k at φ M 3 = 0 ori gi n at es fr o m t h e c o m bi n ati o n of t h e f ull y p h as e d e p e n d e nt fi x e d- or d er
c al c ul ati o n a n d t h e i nt er p ol at e d r T H D M  E F T c al c ul ati o n (s e e als o [ 2 6, 5 6]).

T h e di ff er e n c e of t h e i nt er p ol at e d r T H D M a n d t h e c T H D M r es ults is e nl ar g e d if a s e c o n d
p h as e is n o n- z er o. I n t h e ri g ht pl ot of  Fi g. 3,  w e s et φ A t = π / 2 .  W hil e t h e n o n-i nt er p ol at e d
r es ults s h o w o nl y a v er y  mil d d e p e n d e n c e o n φ M 3 a s e x p e ct e d b y t h e f a ct t h at t h e str o n g
g a u g e c o u pli n g e nt eri n g t h e t hr es h ol d c orr e cti o ns at M S U S Y i s s m all f or M S U S Y = 1 0 0  Te V .
I n c o ntr ast, t h e i nt er p ol at e d r T H D M c ur v e s h o ws a str o n g d e p e n d e n c e o n φ M 3 l e a di n g t o
di ff er e n c e i n c o m p aris o n t o t h e c T H D M c ur v e of u p t o 3 .5  G e V .

F or t h e s c e n ari os of  Fi g. 3, t h e d e p e n d e n c e o n φ A t i s v er y si mil ar t o t h e o n e o n φ M 3 .

N e xt,  w e st u d y p h e n o m e n ol o gi c al a p pli c ati o ns of o ur c T H D M c al c ul ati o n. I n t h e l eft pl ot
of  Fi g. 4,  w e tr y t o ass ess t h e  m a xi m all y all o w e d C P - o d d c o m p o n e nt of t h e S M-li k e  Hi g gs
b os o ns.  F oll o wi n g [ 2 4],  w e e v al u at e t h e si z e of t h e c o m p o n e nt b y t h e ( 1, 3) e ntr y of t h e  Hi g gs
mi xi n g  m atri x s q u ar e d.  We e m pl o y a si mil ar s c e n ari o as us e d i n [ 2 4].  T h at  m e a ns  w e s et

|A t | = 3 , |µ | = 3 , φ A t = 2 π / 3 a n d φ M 3 = π / 4 .  F or e v er y p oi nt i n t h e (M H ± , tβ ) p ar a m et er
pl a n e  w e a dj ust M S U S Y s u c h t h at o ur p ur e c T H D M  E F T c al c ul ati o n yi el ds M h 1 ∼ 1 2 5  G e V .
As u p p er li mit o n M S U S Y ,  w e e m pl o y 1 0 1 6 G e V .8 Aft er fi xi n g M S U S Y ,  w e c al c ul at e t h e
C P - o d d c o m p o n e nt of t h e S M-li k e  Hi g gs b os o n as o utli n e d i n [ 2 4].

We s h o w t hr e e di ff er e nt s ets of c o nt o urs: M S U S Y c o nt o urs (r e d), M h 1 c o nt o urs ( gr e e n)
a n d t h e C P - o d d c o m p o n e nt of t h e S M-li k e  Hi g gs ( bl u e).  T h e  mi ni m al v al u e of M S U S Y i s
r e a c h e d f or hi g h tβ a n d M H ± i n t h e u p p er ri g ht c or n er of t h e pl ot.  L o w eri n g tβ a n d M H ±

i m pli es t h e n e e d t o i n cr e as e M S U S Y i n or d er t o g u ar a nt e e M h 1 ∼ 1 2 5  G e V . F or tβ ∼ 3 − 4 .5 ,
t h e  m a xi m u m M S U S Y v al u e of 1 0 1 6 G e V is r e a c h e d. I n t h e s a m e r e gi o n, M h 1 dr o ps b el o w
1 2 5  G e V.  T h e gr a y-s h a d e d r e gi o n, i n  w hi c h M h 1 i s l o w er t h a n 1 2 2  G e V, is e x cl u d e d b y

8 A si mil a r p r o c e d ur e h a s b e e n a p pli e d i n [ 6 6]
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Fi g u r e 4: L eft: T h e c o nt o ur of M S U S Y ( r e d), of M h 1 ( gr e e n) a n d, of t h e si z e of t h e C P - o d d
c o m p o n e nt of h 1 ( bl u e) i s s h o w n i n t h e M H ± − t a n β pl a n e f or |A t | = 3 , |µ | = 3 , φ A t = 2 π / 3
a n d φ M 3 = π / 4 . Ri g ht: T h e c o nt o ur s of t h e i nt erf er e n c e f a ct or η i n t h e M H ± − t a n β pl a n e
ar e c o m p ar e d a p pl yi n g t h e S M ( bl u e) or t h e c T H D M a s  E F T i n t h e h y bri d a p pr o a c h f or
t h e M 1 2 5

h ( C P V ) b e n c h m ar k s c e n ari o as d e fi n e d i n [ 4].

t h e e x p eri m e nt all y  m e as ur e d  Hi g gs  m ass ( ass u mi n g a c o ns er v ati v el y esti m at e d t h e or eti c al
u n c ert ai nt y of ∼ 3  G e V ).

T h e si z e of t h e C P - o d d c o m p o n e nt of t h e S M-li k e  Hi g gs is hi g h est f or l ar g e tβ a n d
s m all M H ± .  T his is s e e mi n gl y i n c o ntr ast t o t h e fi n di n gs i n [ 2 4],  w h er e t h e l ar g est C P -
o d d c o m p o n e nt  w as f o u n d f or l o w tβ a n d s m all M H ± ,  w h er e  Hi g gs- mi xi n g e ff e cts ar e  m ost
i m p ort a nt. I n [ 2 4], h o w e v er, a fi x e d S U S Y s c al e of 3 0  Te V  w as c o nsi d er e d.  C orr es p o n di n gl y,
M h 1 dr o p p e d b el o w 1 2 2  G e V alr e a d y f or tβ 8 − 1 0 . I n cr e asi n g t h e S U S Y s c al e i n t his
r e gi o n l e a ds t o s m all er t hr es h ol d c orr e cti o ns, si n c e t h e str o n g e g a u g e as  w ell as t h e t o p-
Y u k a w a c o u pli n g d e cr e as e  wit h risi n g M S U S Y . Si n c e t h es e t hr es h ol d c orr e cti o ns i n d u c e t h e
C P - vi ol ati o n, l ar g er M S U S Y v al u es dir e ctl y r es ult i nt o a s m all er C P - o d d c o m p o n e nt of t h e
S M-li k e  Hi g gs b os o n.

T h e c o nsi d er e d p ar a m et er s p a c e is alr e a d y ti g htl y c o nstr ai nts b y e x p eri m e nt al s e ar c h es
f or h e a v y  Hi g gs b os o ns as  w ell as c o u pli n g  m e as ur e m e nts of t h e  Hi g gs b os o n f o u n d at t h e
L H C (s e e [ 4, 6 6] f or a d et ail e d dis c ussi o n of t h e e x p eri m e nt al c o nstr ai nts i n si mil ar s c e n ar-
i os).  T his i m pli es t h at if a n o n- z er o C P - o d d c o m p o n e nt of t h e dis c o v er e d  Hi g gs b os o n is
est a blis h e d at t h e  L H C, it  w o ul d pr o b a bl y b e v er y di ffi c ult t o e x pl ai n s u c h a n o bs er v ati o n
wit hi n t h e  M S S M. 9

It s h o ul d b e n ot e d t h at t h es e ti g ht c o nstr ai nts c o m e s ol el y fr o m t h e  Hi g gs s e ct or.  M e a-
s ur e m e nts s u c h as t h e o n es of t h e el e ctri c di p ol e  m o m e nts  will r estri ct t h e all o w e d v al u es of
t h e C P - vi ol ati n g p h as es a n d  mi g ht l e a d t o e v e n l o w er v al u es of a n e x p eri m e nt all y all o w e d
C P - o d d c o m p o n e nt of t h e  Hi g gs b os o n, s e e f or e x a m pl e [ 6 9 – 7 3].

9 I n t h e hi g h t a n β r e gi o n, C P - vi ol ati n g e ff e ct s fr o m t h e s b ott o m s e ct or c a n b e c o m e i m p ort a nt.  T hi s
r e gi o n i s, h o w e v er, e v e n ti g ht er c o n str ai n e d a s t h e l o w t a n β r e gi o n ( s e e e. g. [ 4]).  A n ot h er p o s si bilit y  mi g ht
b e s c e n ari o s i n  w hi c h t h e s e c o n d li g ht e st  M S S M  Hi g g s b o s o n i s S M-li k e.  B ut al s o t h e s e s c e n ari o s ar e ti g htl y
c o n str ai nt ( s e e e. g. [ 4]).  N ot e, h o w e v er, t h at a  m or e si z e a bl e C P - o d d c o m p o n e nt of t h e S M-li k e  Hi g g s b o s o n
c a n b e o bt ai n e d i n  m o d el s b e y o n d t h e  M S S M ( s e e e. g. [ 6 8]).
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As second phenomenological application, we study the M125
h (CPV) benchmark scenario

defined in [4]. In this scenario the SUSY scale is set to 2 TeV, XOS
t = 2.8 TeV and φAt =

2π/15. The non-zero At phase leads to mixing between the heavy Higgs bosons, which are
almost mass-degenerate. Consequently, large interference effects occur in processes involving
an s-channel exchange of these Higgs bosons. Phenomenologically, the production of the
heavy Higgs bosons via b-associated production and their subsequent decay into a pair of
tau leptons is very relevant, since it leads to stringent constraints on the MSSM Higgs sector.

In [4], the interference effects in this channel were calculated using FeynHiggs ver-
sion 2.14.3, employing a hybrid calculation with the SM as EFT,10 and SusHi [74,75] with
its extension SusHiMi [76]. The interference was quantified factorizing the experimentally
measurable coherent cross-section in the form

σ(bb̄→ h1,2,3 → τ+τ−) =
3∑

a=1

σ(bb̄→ ha)(1 + ηIFa )BR(ha → τ+τ−) (7)

with

ηIF2 = ηIF3 ≡ η(bb̄→ h2,3 → τ+τ−). (8)

see [77–79] for a more details.
Here, we repeat the calculation of the interference factor η with our new hybrid calculation

using the cTHDM as EFT (implemented in FeynHiggs and linked to SusHi). Since the
release of FeynHiggs version 2.14.3, also the SM-EFT calculation has been updated. We
show here the results obtained using the SM-EFT calculation presented in [26] which includes
the full phase dependence in the threshold corrections. In the given scenario, the numerical
difference to the interpolated result used in [4] is very small.

In the right plot of Fig. 4, the results using the SM as EFT (blue) and the cTHDM as
EFT (red) are compared. As visible in the plot, only small differences between both results
are visible. The point of maximal interference is shifted slightly to lower MH± values if the
THDM is used as EFT. This is mainly due to small shifts in the heavy Higgs masses Mh2

and Mh3 . The two-loop fixed-order corrections, included in both results, already contain
the leading logarithms as well as the leading phase dependence. Due to the small hierarchy
betweenMH± andMSUSY, the resummation of higher-order logarithms appearing in the CP-
mixing self-energy is negligible. Therefore, the hybrid result using the SM as EFT is a good
approximation of the full hybrid result using the cTHDM as EFT. This shows the benefits
of the hybrid framework combining fixed-order and EFT calculations.

5 Conclusions
CP violation in BSM-Higgs sectors is one intriguing possibility to overcome the lack of CP
violation in the SM; this lack renders an explanation of the matter–antimatter asymmetry
of the Universe difficult. In this work, we discussed precision predictions in the CP-violating
MSSM using the cTHDM as EFT.

10In FeynHiggs-2.14.3 the phase dependence of the threshold corrections calculated in [26] was not yet
implemented. Instead the EFT calculation was interpolated in case of complex input parameters.
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We improved an existing cTHDM-EFT calculation of the MSSM Higgs boson masses by
calculating so far missing one-loop threshold corrections as well as by including the leading
two-loop O(αtαs) threshold corrections. We found that the resulting numerical impact on
the lightest SM-like Higgs boson mass was small (∼ 0.2 GeV), since the dominant pieces are
already absorbed into the one-loop threshold correction by parameterizing them in terms of
MSSM parameters.

As a next step, we combined this improved EFT calculation with the existing fixed-order
calculation implemented in the public code FeynHiggs. In this way, a precise prediction of
the MSSM Higgs boson masses for low, intermediary and high SUSY scales is possible. In
comparison to the already implemented rTHDM-EFT calculation, which is interpolated in
the case of non-vanishing CP-violating phases, we found shifts of several GeV if more than
one phase is non-zero.

As a further benefit, the implementation into FeynHiggs allows precise predictions for
the Higgs decay rates and production cross-sections resumming all large logarithmic con-
tributions in the Higgs self-energies. As example application, we investigate how large the
CP-odd component of the SM-like Higgs boson can become in the MSSM. Since the CP-odd
component can not exceed a few percent, a discovery of a CP-odd component at the LHC,
assuming the expected experimental reach, would most likely rule out the MSSM. As second
application, we studied the interference effect between the two heavier Higgs bosons in the
M125

h (CPV) Higgs benchmark scenario, which was defined in [4]. In comparison to using the
SM as EFT, the use of the cTHDM as EFT did not significantly shift the interference pat-
tern indicating that the two-loop fixed-order corrections already account for the bulk of the
corrections. This demonstrate the advantages of the hybrid approach combining fixed-order
and EFT calculations.

The presented calculation will become part of an upcoming FeynHiggs version.
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A Threshold corrections: explicit expressions
In this Appendix, we list all threshold corrections taken into account in addition to those
presented in [24].
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A.1 Matching the SM to the cTHDM

The SM Higgs self-coupling is obtained in terms of the λi of the THDM by

λ(MH±) =λtree + ∆λRe + ∆λIm (9)

with

λtree =λ1c
4
β + λ2s

4
β + 2(λ3 + λ4 + Reλ5)c2βs

2
β + 4Reλ6c3βsβ + 4Reλ7cβs3β, (10a)

∆Reλ =− 3k
(

(Reλ6 + Reλ7)c2β + (Reλ6 − Reλ7)c4β

−
(
λ1c

2
β − λ2s2β − (λ3 + λ4 + Reλ5)c2β

)
s2β

)2
, (10b)

∆Imλ =− 3k
(
Imλ6 + Imλ7 + (Imλ6 − Imλ7)c2β + Imλ5s2β

)2
, (10c)

where k ≡ (4π)−2. The SM top-Yukawa coupling, yt, is given in terms of the cTHDM
top-Yukawa couplings by

yt(MH±) =
∣∣htsβ + h′tcβ

∣∣
(

1− 3

8
k
∣∣htcβ − h′tsβ

∣∣2
)
. (11)

The expressions given in Eqs. (9)-(11) are only valid if the matching scale between the SM
and the cTHDM is set equal to MH± .

A.2 Matching the cTHDM to the MSSM

In addition to the calculation presented in [24], we take into account all one-loop EWino
contributions as well as the O(αtαs) correction for the matching of the THDM Higgs self-
couplings. All threshold corrections between the cTHDM and the MSSM are derived in the
limit of all sfermion masses, the gluino mass, and the matching scale Q set equal to MSUSY.
Moreover, M1 = M2 = µ is assumed.

One-loop EWino contribution

The one-loop EWino contributions to the matching of THDM Higgs self-couplings are given
by

∆EWinoλ1 = − 1

12
k

(
3g4(8 + 7 ln |µ̂|2) + 6g2g2y + 3g4y(2 + ln |µ̂|2)

+ 4g2g2y cos(φM1 − φM2)

)
, (12a)

∆EWinoλ2 = − 1

12
k

(
3g4(8 + 7 ln |µ̂|2) + 6g2g2y + 3g4y(2 + ln |µ̂|2)

+ 4g2g2y cos(φM1 − φM2)

)
, (12b)

∆EWinoλ3 = − 1

12
k

(
3g4(8 + 7 ln |µ̂|2) + 2g2g2y(4− 3 ln |µ̂|2) + g4y(8 + 9 ln |µ̂|2)

14



− 4g2g2y cos(φM1 − φM2)

)
, (12c)

∆EWinoλ4 = −1

6
k

(
3g4(1− ln |µ̂|2) + g2g2y(7 + 15 ln |µ̂|2)

+ 2g4y + 4g2g2y cos(φM1 − φM2)

)
, (12d)

∆EWinoλ5 = −1

6
ke2i(φM1

+φM2
)

(
3g4 + 2g2g2ye

2i(φµ−φM1
−φM2

) + g4y

)
, (12e)

∆EWinoλ6 = −1

3
keiφµ

(
3g4eiφM2 + g2g2y(e

iφM1 + eiφM2 ) + g4ye
iφM1

)
, (12f)

∆EWinoλ7 = −1

3
keiφµ

(
3g4eiφM2 + g2g2y(e

iφM1 + eiφM2 ) + g4ye
iφM1

)
, (12g)

where φM1 , φM2 and φµ are the phases of the SUSY soft-breaking masses M1, M2 and µ,
respectively. g is the SU(2)L gauge coupling; gy, the U(1)Y gauge coupling. In the limit of
vanishing phases, these expressions agree with the results given in [21,80].

The different contributions to the one-loop threshold corrections of the top-Yukawa cou-
plings can be categorized in the following way,

hTHDM
t (MSUSY) =ht {1 + k (∆DR↔MSht + ∆g̃ht + ∆q̃ht + ∆χ̃ht)} , (13a)

(h′t)
THDM(MSUSY) =htk (∆DR↔MSh

′
t + ∆g̃h

′
t + ∆q̃h

′
t + ∆χ̃h

′
t) , (13b)

where here ht is the the MSSM top-Yukawa coupling. The contributions arising from the
change of the regularization scheme, ∆DR↔MS, have been derived in [21] and are not modified
in the presence of complex phases. The contributions from diagrams involving gluinos, ∆g̃,
can be found in [24]. In the same work, also the contributions from diagrams involving at
least one squark (but no gluino), ∆q̃, have been derived in the limit of vanishing electroweak
gauge couplings. The full expressions, including electroweak gauge couplings, are given by

∆q̃ht = h2t

(
F5(|µ̂|)−

1

4
|Ât|2

)
+ g2F1(|µ̂|)

+ g2y

(
17

54
F5(|µ̂|)−

1

9
|Ât||µ̂|ei(φAt−φM1

)G1(|µ̂|)−
1

4
G2(|µ̂|)

)
, (14a)

∆q̃h
′
t =

1

4
h2t |Ât||µ̂|e−i(φAt+φµ) + g2e−i(φM2

+φµ)F2(|µ̂|) + g2ye
−i(φM1

+φµ)F4(|µ̂|). (14b)

The loop-functions Gi are given by

G1(|µ̂|) =
2

(1− |µ̂|2)2
(
1− |µ̂|2 + |µ̂|2 ln |µ̂|2

)
, (15a)

G2(|µ̂|) =
2

(1− |µ̂|2)2
(
−1 + |µ̂|2 − |µ̂|2(2− |µ̂|2) ln |µ̂|2

)
(15b)

with the limiting values

G1(0) = 2, G1(1) = 1, G2(0) = −2, G2(1) = 1. (16)
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The loop-functions Fi were defined in App. A.3 of Ref. [21] and are given by

F1(|µ̂|) =
3

16(1− |µ̂|2)2
[
7− 4|µ̂|2 − 3|µ̂|4 + 2|µ̂|2(8− 3|µ̂|2) ln |µ̂|2

]
, (17a)

F2(|µ̂|) =
3|µ̂|2

2(1− |µ̂|2)2
[
1− |µ̂|2 + ln |µ̂|2

]
, (17b)

F3(|µ̂|) =
1

144(1− |µ̂|2)2
[
(55− 32|Ât||µ̂|+ 51|µ̂|2)(1− |µ̂|2)

+ 2|µ̂|2(72− 16|Ât||µ̂| − 19|µ̂|2) ln |µ̂|2
]
, (17c)

F4(|µ̂|) =
|µ̂|2

18(1− |µ̂|2)2
[
13(1− |µ̂|2) + (9 + 4|µ̂|2) ln |µ̂|2

]
, (17d)

F5(|µ̂|) =
3

8(1− |µ̂|2)2
[
− 1 + 4|µ̂|2 − 3|µ̂|4 + 2|µ̂|4 ln |µ̂|2

]
. (17e)

Using the identity

17

54
F5(|µ̂|)−

1

9
|Ât||µ̂|G1(|µ̂|)−

1

4
G2(|µ̂|) = F3(|µ̂|), (18)

the expressions given in [21] are recovered if all phases are set to zero.
The contributions from diagrams involving only gauginos or Higgsinos is given by

∆χ̃ht =
1

12
(3g2 + g2y)(1 + 3 ln |µ̂|2), (19a)

∆χ̃h
′
t =

1

12
e−iφµ(3g2e−iφM2 + g2ye

−iφM1 ). (19b)

Since no vertex diagrams involving only gauginos or Higgsinos exist, these corrections arise
purely from external-leg contributions of the Higgs boson.

Two-loop O(αtαs) contribution

The O(αtαs) contributions to the matching of THDM Higgs self-couplings are given by

∆αtαsλ1 = −4

3
k2g23h

4
t |µ̂|4, (20a)

∆αtαsλ2 =
16

3
k2g23h

4
t

(
− 6|Ât| cos(φAt − φM3) + 3|Ât|2

+ |Ât|3 cos(φAt − φM3)−
1

4
|Ât|4

)
, (20b)

∆αtαs(λ3 + λ4 + Reλ5) =
4

3
k2g23h

4
t |µ̂|2

(
6 + 2|Ât|

(
2 cos(φAt − φM3) + cos(φAt + φM3 + 2φµ)

)

− |Ât|2
(
2 + cos(2φAt + 2φµ)

))
, (20c)

∆αtαsReλ6 =
4

3
k2g23h

4
t |µ̂|3

(
− cos(φM3 + φµ) + |Ât| cos(φAt + φµ)

)
, (20d)
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∆αtαsReλ7 =
4

3
k2g23h

4
t |µ̂|
(

6 cos(φM3 + φµ)− 6|Ât| cos(φAt + φµ)

− |Ât|2
(
2 cos(φM3 + φµ) + cos(2φAt − φM3 + φµ)

)

+ |Ât|3 cos(φAt + φµ)

)
. (20e)

These expressions are obtained from the O(αtαs) threshold correction between the SM and
the MSSM [26] using the strategy proposed in [19]. Since only the real parts of the λi’s enter
the tree-level matching condition between the SM and the THDM (see Eq. (10a)), it does
not allow to obtain information about the imaginary parts of the Higgs self-couplings (we
chose to set these contributions to zero). The complete O(αtαs) threshold correction have
recently been published in [27] but are not taken into account in this work. We expect the
differences to the expressions presented here to have only a very small numerical effect.

Similar results have been obtained in [40]. In there, the stop soft-SUSY-breaking param-
eters have, however, been defined in the MS scheme (see [16] for more details).
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