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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 calcu-
lation, 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 interme-
diate 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 Col-
lider (LHC) approach an accuracy that allows extensions of
the Standard Model (SM) to be probed thoroughly beyond
the search of yet undiscovered particles. Particularly impor-
tant 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 cannot answer, such
as what dark matter is made up of and why there is more mat-
ter 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 exten-
sions to the parts, which reproduce the SM-like behaviour.

One such model, which can, for example, provide a dark-
matter candidate as well as additional sources of C/P 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 C'P violation the true mass eigen-
states of the neutral Higgs bosons are labelled by /12 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
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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 correc-
tions 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-
bosonmass, Mz = 91 GeV, and thereby to an experimentally
allowed Higgs-boson mass.! 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 calcula-
tions fall into three categories:

e 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 com-
plete model. This results in corrections of the Higgs-
boson masses and mixings (see [5—14] for recent fixed-
order calculations).

e 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).

e 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 com-
bine 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 predic-
tion 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

! The scenario where a heavy MSSM Higgs boson plays the role of the
discovered one is strongly constrained [4].
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improve the predictions that have been exploited when study-
ing not only a CP-odd admixture to the lightest Higgs boson
but also the C’P-violating mixing between the heavy Higgs
bosons and corresponding changes of exclusion bounds [4].

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

2 EFT calculation

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

VIHDM (@1, ®2) =ty @] D1 +m3, 10 — (I, 0] @2 +hec.)
[P S SUDC R
+5)»1(<D1<1>1) +§)»2(<D2<1>2)
+3(D] 1) (D5 B2) + Aa(D] D) (DI D))
L (@1 )? 4 2@ 0@ 0
+ 25(12)+6(11)(12)
+a (0] B (@] 0y) + h.c.) , (1)

where &, are the two Higgs doublets. The Higgs mixing

parameter m%z as well as the quartic couplings 15, Ag and A7

are potentially complex parameters while the mass parame-

ters m%l, m%z and the quartic couplings A to A4 are real.
The Yukawa part of the Lagrangian reads

Lyuk = —hitr (—iq)gdz> o1 — h;fR (—i(DlT(Tz) Or +he.
2

with Q1 being the doublet of the left-handed quarks and 7z
the right-handed quark singlet. Both top-Yukawa couplings,
h; and h}, 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 calcula-
tion 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 inter-
polated for non-vanishing phases (see [56] for details). As
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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 calcu-

lation becomes relevant only for tan § 2> 25 and negative

2

After fixing the cTHDM parameters at Msysy by match-
ing 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 Mpy=. For this evolution, we use the
renormalization group equations (RGEs) derived in [24] fol-
lowing [57-63] and compared to the results of [64]. At the
scale Mg+, we integrate out the heavy Higgs bosons and
recover the SM as EFT.

We improve the calculation presented in [24] by the fol-
lowing aspects: we take into account

e 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),

e the purely electroweak contributions to the threshold cor-
rections 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 O(a;ay) contributions to the threshold corrections of the
THDM Higgs self-couplings at the SUSY scale,

e clectroweak contributions to the threshold corrections of
the THDM top-Yukawa couplings at the SUSY scale.

Explicit expressions for these extended threshold corrections
are listed in Appendix A.

Moreover, for obtaining pure EFT results, we improve the
extraction of the physical SM-like Higgs mass at the elec-
troweak scale. In [24], only the leading O(«t;) SM correc-
tions 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 Msysy. Moreover, we set M| = My =
i (where M; and M, are the bino and wino soft SUSY-
breaking mass and p is the Higgsino mass parameter). When
the EFT calculation is combined with the fixed-order calcu-
lation in the hybrid approach, the effect of non-degenerate
masses is, however, fully captured at the order of the fixed-
order calculation.

2 We expect very similar results for the THDM as EFT, since a large
hierarchy between Mpy+ and Msysy is tightly constrained by collider
searches for heavy Higgses decaying to tau leptons (see e.g. [4]) for
large tan .

3 Combination with fixed-order calculation

In this Section, we discuss how the EFT calculation, pre-
sented in Sect. 2, is combined with the existing fixed-
order calculation implemented in FeynHiggs. This fixed-
order calculation incorporates full one-loop as well as
O(a,as,abas,af,a,ab,ag) two-loop corrections [41-55]
(ap; = hlzm/(4n) with hp; being the bottom and top-
Yukawa couplings in the MSSM; oy = g%/ (4mr) 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(a;oy, atz). The remaining two-loop correc-
tions 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
calculation 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, I', 7 4. Additional subtraction terms
ensure that terms contained in the EFT as well as the fixed-
order calculation are not double-counted,’

i:hybrid P2 ﬁ:hybrid P2 ihybrid 2

hh h h
+ 2;1ybrid (172 ﬁglyl.{glrid (pz) iléIyArid P2 , (3)
o hybrid o hybrid o hybrid
Sia () Zaa (P7) 2 (P)
with
&hybrid 2 SFO 2 EFT b
S () = £E0 (p?) + AET - ann, @)

where the f)iFjO’s are the fixed-order self-energies, the A%FT’S
are the EFT results, i.e. the elements of the corresponding
THDM mass matrix, the A?‘.‘b’s are the subtraction terms
(including tree-level and higher-order terms), and mj,, my,
m 4 are the tree-level masses of the light CP-even, the heavy
CP-even, and the CP-odd Higgs boson, respectively. The pole
masses My, My,, My, with M, < My, < My, are then
determined by finding the poles of this Higgs two-point-
vertex-function matrix. In [21], only the logarithms in the
C’P-even h, H-submatrix have been resummed in the hybrid
approach.

In comparison to the real THDM (‘THDM) hybrid cal-
culation presented in [21], we change the treatment of the

3 We neglect mixing with the Goldstone bosons, which is a subleading
two-loop correction.

@ Springer
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(’)(atz) fixed-order corrections. The reason for this change
is the following: these (’)(oz,z) fixed-order corrections are by
default parameterized in terms of the SM MS top-quark mass
m;(M;) evaluated at the on-shell top-quark mass M;. They
include non-logarithmic SUSY contributions which are con-
stant if Mgsysy is varied (keeping )?, = X,/Msysy fixed
where X; 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(alz) threshold corrections
between the SM and the THDM, which have been unknown
until recently (see [27]), are not implemented in our current
setup.4

Consequently, in [21] no corresponding non-logarithmic
subtraction term was included. This resulted into a discrep-
ancy between the hybrid results using the THDM and the SM
as EFT for high MSUSY (’\' 100 TCV) and MA = MSUSY,
where one would expect a good agreement of the two cal-
culations. For such a high Msysy, the O(alz) threshold cor-
rection between the SM and the MSSM are actually neg-
ligible, since the top-Yukawa coupling shrinks with rising
Msysy (also the (’)(oztz) 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(atz) fixed-order terms, employing the SM
MS top-quark mass 771; (M;) instead of the top-Yukawa cou-
pling at the scale Mgysy, non-negligibly contribute to the
final result. This shows clearly that for very high Msysy, the
(’)(af) fixed-order terms should not be included if the EFT
counterpart (the (’)(oz,z) threshold correction and the corre-
sponding subtraction term) is not available. For low Mgsysy,
the inclusion of the fixed-order O(af), however, can improve
the result. Since, in this paper, we are mainly interested in the
low tan 8 region,5 where a high Mgysy is needed to obtain
M, >~ 125 GeV, we chose to subtract the SUSY (’)(oz,z) con-
tribution to the hh Higgs self-energy.

An additional step has to be considered for the combina-
tion of the fixed-order and the EFT result if the input param-
eters of the fixed-order calculation and the EFT calculation
are not renormalized in the same scheme. In this context,
the stop mixing parameter, X;, is especially relevant. While
X, can be renormalized either in the DR or the OS scheme
in case of the fixed-order calculation, in the EFT calcula-
tion X, is renormalized in the DR scheme. In case of an OS

4 In the scenarios discussed in Sect. 4, the numerical impact of the
O(atz) threshold corrections is expected to be small (see [27]). The
treatment of the fixed-order correction as discussed here is numerically
more relevant.

5 Inthe high tan f region (i.e. tan 8 2 10) alarge 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 tan §, using the SM as EFT
provides a very accurate approximation of the THDM-EFT result [21].

@ Springer

input parameter, we need to convert X, from the OS to the
DR scheme. As argued in [28,31], a conversion of X; 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]),

DR o, 3a N M2
XPR(Msusy) = xP8 {1 + [; -2 (1- |xt|2)] In %
t

&)

where X, = X;/Msysy and Y, =X, + 2% /s2g (with i =
/Msusy and p being the Higgsino mass parameter) and
t, =tany and s, = sin y 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
M ; as well as the gaugino and Higgsino mass parameters,
My, M, M3, i, are set equal to Msysy. As second scale, we
allow the mass of the charged Higgs boson Mg+ to be dif-
ferent from Msysy. We set all SUSY-soft trilinear couplings
except of A; to zero. In summary,

M; = Msysy, My = My = M3 = Msusy, n= Msusy,
Apsr =0, A =X, +pu*/tp, (6)

where X; is the top squark mixing parameter.

If not stated otherwise, all parameters are fixed in the DR
scheme at the scale Msysy (apart from M y=, which we fix
in the MS scheme at the scale M= and in case of a pure EFT
calculation and in the OS scheme in case of a hybrid calcu-
lation, and tan 8, which is always fixed in the MS scheme at
the scale My +) and all phases are set to zero.

First, we assess the numerical size of taking into account
the O(a;ay) threshold corrections in the left plot of Fig. 1.
It shows the mass of the lightest Higgs boson M}, in depen-
dence on Mpy+. The mass My, is calculated in the pure
EFT approach using three different EFTs: SM EFT (blue),

6 We do not include a band for the theoretical uncertainty, since a reli-
able uncertainty estimate requires further investigations (for the case of
the SM as EFT see, for example, Ref. [35]). Moreover, the main pur-
pose of the shown plots is to investigate the dependencies of M}, on the
model parameters and not to employ M), to constrain these parameters.
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Mgsusy =2 TeV, tg =8, ¢uy=7/4
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Fig. 1 Left: M;, in dependence of My= for X\PT{ = 0 (solid) and

}’(\}TR = /6 (dashed). The result obtained using a SM-EFT calcula-
tion (blue) are compared to results using cTHDM-EFT calculations
not including the O(w;or5) threshold corrections (green) and includ-

c¢THDM EFT without O (o, «y) threshold corrections (green)
and cTHDM EFT with O(a;«;) 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 Msysy = 2 TeV, 15 = 8 and ¢y, = /4. For
smaller 7g, higher Msysy values would be required to obtain
My, ~ 125 GeV. Since the value of the strong gauge cou-
pling, entering the calculation evaluated at Msysy, shrinks
with rising Msuysy, the numerical impact of the O(w; o)
threshold corrections would be even smaller.

For X PR = 0, the numerical effect of the O(«; ;) thresh-
old corrections is completely negligible. The THDM-EFT
results with and without these corrections lie on top of each
other. For X\PR = /6, there is a small approximately con-
stant difference between both curves (~ 0.2 GeV). The shift
induced by the O(w; ) 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(«;) 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 A; and 7).

The SM-EFT result is in good agreement with the THDM-
EFT results for M+ = 300 GeV. The remaining small dif-
ference in this region is explained by the fact that we do
not include (’)(atz) threshold corrections in the THDM EFT,
which have only been calculated very recently [27], while the
SM EFT includes the O(alz) threshold correction between
the SM and the MSSM. For M+ < 300 GeV, the SM-EFT
resultliesupto~ 1 GeV higher than the THDM-EFT results.
This is explained by sizeable Higgs-mixing effects which are

A[SUSY =2 TBV7 A{[[: =200 GeV, tﬁ =8
EATLAS/C‘MS +lo ! ' T ' ! '

125.0F

125.5

124.5F
124.0F
123.5F
123.0F

My, [GeV]

122.5F
122.0F

SM EFT
¢THDM EFT w/o O(aasy)
¢THDM EFT w/ O(ao)

[ E 1 1 L
1205175 ~05

121.5E

IRE REE | T PR | AR SRS FERES SRRNE FAN N

121405—

L 1 L

1
0.0 0.5
Py [7]

—

ing the O(a;ay) threshold corrections (red). The yellow band displays
the Higgs mass as measured by ATLAS and CMS within one standard
deviation of experimental accuracy. Right: same as left plot but M, is

shown in dependence of ¢y, for 5(\?7‘? =6

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 7 values [21].

It should be noted that low values of Mg+ below My+ &
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 maxi-
mal size of the effect.

To assess the sensitivity of My, on the phases, we compare
the different EFT predictions in the right plot of Fig. 1 in
dependence on ¢y, for Mg+ = 200 GeV and )?PR = /6.
The line coloring is the same as in the left plot of Fig. 1.

All three curves show a quite similar dependence on ¢y,
The SM curve is shifted upwards with respect to the cTHDM
curves by ~ 1 GeV, since Higgs mixing effects are not
included. Including the O (o, ;) threshold corrections in the
cTHDM calculation leads to an upwards shift of ~ 0.2 GeV
but does not introduce any sizeable new phase dependence.
For smaller values of |X DR |, the phase dependence is similar
but of smaller magnitude.

In Fig. 2, we compare the results of hybrid calculations
using the SM (blue), the real THDM interpolated in the case
of complex input parameters (green)7 and the cTHDM (red)
as EFTs. For both plots, we set Msysy = 100 TeV and
¢u1, = /4. For the solid lines, XPR = 0 is chosen, while

for the dashed lines )/(\PiR = /6 is set.

7 This calculation corresponds to the calculation presented in [21] with
the modifications detailed in Sect. 3. The EFT as well as the two-loop
fixed-order corrections proportional to the bottom-Yukawa coupling are
interpolated for non-vanishing phases.

@ Springer
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Mgusy = 100 TeV, tg = 3, ¢ur, = 7/4
T T T T

T T
135 pybrid SM
[ —— hybrid rTHDM (interpolated) 1
130 —— hybrid cTHDM i

My, [GeV]

M| ]

| P
10° 101 10°
M, HE [GeV]

10—

Fig. 2 Left: Mj, in dependence of My« for ?PfR = 0 (solid) and

X PT = /6 (dashed). The result obtained using the SM hybrid calcula-
tion (blue) are compared to results using the interpolated hybrid THDM

In the left plot, we show M}, in dependence on M+ for
tg = 3. For X PR = 0, the THDM results agree very well (the
red curve lies on top of the green curve), since the dependence
on ¢y, is very small. For M+ ~ Msysy, also the SM result
agrees very well with the THDM results. In comparison to
Fig. 1, the O(atz) threshold correction is negligible since
the top-Yukawa coupling entering the threshold corrections
is very small for Msysy = 100 TeV. For My+ <« Msysy
there is a sizeable difference between the SM and the THDM
results again caused by Higgs-mixing effects which become
increasingly important if My= is lowered. Note that via the
combination of the EFT and the fixed-order calculation in
the hybrid approach, Higgs-mixing effects are included at
the one- and two-loop level also for the result using the SM
as EFT. Larger differences between using the SM as EFT and
the THDM as EFT would be found in the pure EFT approach.

The general behaviour is similar for XPR = /6. The
gluino phase, ¢y, has, however, a larger numerical impact.
This results in an approximately constant shift (~ 0.5 GeV)
of the rTHDM curve (using interpolation for handling the
complex input parameters) with respect to the cTHDM curve.

The right plot of Fig. 2 is analogeous to the left plot but
we show My, in dependence of tg for My+ = 500 GeV.
The behaviour of the different curves is similar as in the left
plot. All results agree very well for tg ~ 10. For lower g,
Higgs-mixing effects become relevant leading to a differ-
ence between the SM and the THDM results of ~ 2 GeV
for tan 8 ~ 3. The non-zero gluino phase is only relevant
for XPR = /6 leading to a shift of ~ 0.4 GeV between
the interpolated rTHDM result and the cTHDM results. For
)?PR =0, |X,| < 1 since |t| = 1 is chosen. Since in this
case, the dependence on ¢y, is not enhanced by powers of

@ Springer
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calculation (green) and the hybrid cTHDM calculation (red). The yel-
low band displays the Higgs mass as measured by ATLAS and CMS
within one standard deviation of experimental accuracy. Right: same as
left plot but M}, is shown in dependence of g

|Xt| or |71| (see explicit expressions in Appendix A) the red
and green solid lines lie on top of each other.

We further investigate the dependence on the the phases
in Fig. 3. The same hybrid calculations as in Fig. 2 are
shown in dependence on ¢y, for Msysy = 100 TeV,
Mp+ = 500 GeV, 15 = 3 and XPR = /6.

In the left plot, we set ¢4, = 0. The SM and the cTHDM
curves are approximately parallel to each other. The off-
set between both curves is caused by Higgs-mixing effects,
which are fully taken into account for the cTHDM curve
while for the SM EFT results the Higgs-mixing corrections
are only included via the fixed-order corrections. The inter-
polated rTDHM curve agrees as expected with the cTHDM
curve for ¢y, = 0, L. In between these phase values, the
interpolation of the EFT part of the calculation leads to shifts
of ~ 0.5 GeV. The kink at ¢p;; = 0 originates from the
combination of the fully phase dependent fixed-order calcu-
lation and the interpolated rTHDM EFT calculation (see also
[26,56]).

The difference of the interpolated rTHDM and the
cTHDM results is enlarged if a second phase is non-zero.
In the right plot of Fig. 3, we set ¢4, = /2. While the
non-interpolated results show only a very mild dependence
on ¢y, as expected by the fact that the strong gauge cou-
pling entering the threshold corrections at Msysy is small
for Msuysy = 100 TeV. In contrast, the interpolated rTHDM
curve shows a strong dependence on ¢y, leading to differ-
ence in comparison to the cTHDM curve of up to 3.5 GeV.

For the scenarios of Fig. 3, the dependence on ¢4, is very
similar to the one on ¢y, .

Next, we study phenomenological applications of our
cTHDM calculation. In the left plot of Fig. 4, we try to
assess the maximally allowed CP-odd component of the
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MSUSY =100 TeV MHi = 500 GeV tﬁ = 3 d?At =0

T T T T T
128 — thrld SM 7]
| —— hybrid rTHDM (interpolated)
—— hybrid cTHDM

127+

122 .
121 .
1201 .
1 1 1 1 1 1 1
-1.0 0.5 0.0 0.5 1.0
by [7]

Fig. 3 Left: M}, independence of ¢y, for ¢4, = 0and X, : = +/6.The
result obtained using a the SM hybrid calculation (blue) are compared to
results using the interpolated hybrid THDM calculation (green) and the

2 Msusy [GeV] My, [GeV]  hy(CP—odd) [%)
T T T T T T T T
18+ l \
6= o = o
Lo = = o

tan

N ST TN S T T Y N '

%00 220 240 260 280 300

My [GeV]

Fig. 4 Left: the contour of Msysy (red), of My, (green) and, of the size
of the CP-()Eid component of & (blue) is shown in the My+ — tan 8
plane for |A;| = 3, || = 3, ¢a, = 27/3 and ¢y, = 7w/4. Right:

SM-like Higgs bosons. Following [24], we evaluate the size
of the component by the (1, 3) entry of the Higgs mixing
matrix squared. We employ a similar scenario as used in [24].
That means we set |X,| = 3, |ul = 3, ¢4, = 27/3 and
¢m; = m/4. For every point in the (My=, tg) parameter
plane we adjust Msysy such that our pure cTHDM EFT cal-
culation yields My, ~ 125 GeV. As upper limit on Msysy,
we employ 1016 GeV.8 After fixing Msysy, we calculate the
CP-odd component of the SM-like Higgs boson as outlined
in [24].

We show three different sets of contours: Msysy con-
tours (red), My, contours (green) and the CP-odd compo-
nent of the SM-like Higgs (blue). The minimal value of

8 A similar procedure has been applied in [66].

Mgysy = 100 To\/ My = 500 GeV, ¢ i= 3,64, = /2
T T T

128F — hvbnd SM
127k hybrid rTHDM (interpolated)
hybrid cTHDM

L ATLAS/CMS +1o

M, [GeV]

1 1
—-0.5 0.0
duy []

hybrid cTHDM calculation (red). The yellow band displays the Higgs
mass as measured by ATLAS and CMS within one standard deviation
of experimental accuracy. Right: same as left plot but ¢4, = 7/2

M}®(CPV), n(bb — hyz — T+T )
20 ,
[ \ o 2\ \ B
°f \01\
o [ |
=]
210 =
5L ]
I —— hybrid SM .
[ —— hybrid cTHDM i
n 1 n 1 n 1 n 1 n 1 n 1 n 1 n 1 n
100 200 300 400 500 600 700 800 900 1000

My [GeV]

The contours of the interference factor n in the M y+ — tan 8 plane are
compared applying the SM (blue) or the cTHDM as EFT in the hybrid
approach for the M iz 23 (CPV) benchmark scenario as defined in [4]

Msusy is reached for high 7g and M= in the upper right
corner of the plot. Lowering g and Mp+ implies the need
to increase Msysy in order to guarantee My, ~ 125 GeV.
For tg ~ 3 — 4.5, the maximum Msysy value of 10'6 Gev
is reached. In the same region, M), drops below 125 GeV.
The gray-shaded region, in which M, is lower than 122
GeV, is excluded by the experimentally measured Higgs mass
(assuming a conservatively estimated theoretical uncertainty
of ~ 3 GeV).

The size of the CP-odd component of the SM-like Higgs
is highest for large g and small M y+. This is seemingly in
contrast to the findings in [24], where the largest CP-odd
component was found for low #g and small My=, where
Higgs-mixing effects are most important. In [24], however,
a fixed SUSY scale of 30 TeV was considered. Correspond-
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ingly, M}, dropped below 122 GeV already forzg < 8 — 10.
Increasing the SUSY scale in this region leads to smaller
threshold corrections, since the stronge gauge as well as
the top-Yukawa coupling decrease with rising Mgysy. Since
these threshold corrections induce the CP-violation, larger
Msysy values directly result into a smaller CP-odd compo-
nent of the SM-like Higgs boson.

The considered parameter space is already tightly con-
straints by experimental searches for heavy Higgs bosons as
well as coupling measurements of the Higgs boson found at
the LHC (see [4,66] for a detailed discussion of the experi-
mental constraints in similar scenarios). This implies that if a
non-zero C’P-odd component of the discovered Higgs boson
is established at the LHC, it would probably be very difficult
to explain such an observation within the MSSM.?

It should be noted that these tight constraints come solely
from the Higgs sector. Measurements such as the ones of the
electric dipole moments will restrict the allowed values of the
C’P-violating phases and might lead to even lower values of
an experimentally allowed CP-odd component of the Higgs
boson, see for example [69-73].

As second phenomenological application, we study the
M }125 (CPV) benchmark scenario defined in [4]. In this sce-
nario the SUSY scale is set to 2 TeV, XtOS = 2.8 TeV
and ¢4, = 2m/15. The non-zero A; 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 subse-
quent 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 cal-
culated using FeynHiggs version 2 .14 . 3, employing a
hybrid calculation with the SM as EFT,'? and SusH1 [74,75]
with its extension SusHiMi [76]. The interference was
quantified factorizing the experimentally measurable coher-
ent cross-section in the form

o (bl; — h1’2,3 — 'L’+‘L'_)

3
=0 (bh— ha) (14 0fF) BR (hy > T¥77) ()

a=1

9 In the high tan 8 region, CP-violating effects from the sbottom sector
can become important. This region is, however, even tighter constrained
as the low tan § region (see e.g. [4]). Another possibility might be sce-
narios in which the second lightest MSSM Higgs boson is SM-like. But
also these scenarios are tightly constraint (see e.g. [4]). Note, however,
that a more sizeable CP-odd component of the SM-like Higgs boson
can be obtained in models beyond the MSSM (see e.g. [68]).

10 1n 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.

@ Springer

with
néF = r;éF =y (bl; — hy3 — 1,'+‘E7). (8)

see [77-79] for a more details.

Here, we repeat the calculation of the interference factor
n 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 Mg+ values if the THDM is used as EFT. This is
mainly due to small shifts in the heavy Higgs masses M,
and My, . 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
between M+ and Msysy, the resummation of higher-order
logarithms appearing in the CP-mixing self-energy is neg-
ligible. 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 frame-
work combining fixed-order and EFT calculations.

5 Conclusions

C’P violation in BSM-Higgs sectors is one intriguing possi-
bility to overcome the lack of C'P violation in the SM; this
lack renders an explanation of the matter—antimatter asym-
metry of the Universe difficult. In this work, we discussed
precision predictions in the CP-violating MSSM using the
cTHDM as EFT.

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(w;ay) threshold corrections. We found
that the resulting numerical impact on the lightest SM-like
Higgs boson mass was small (~ 0.2 GeV), since the domi-
nant pieces are already absorbed into the one-loop threshold
correction by parameterizing them in terms of MSSM param-
eters.

As a next step, we combined this improved EFT calcu-
lation with the existing fixed-order calculation implemented
in the public code FeynHiggs. In this way, a precise pre-
diction of the MSSM Higgs boson masses for low, interme-
diary and high SUSY scales is possible. In comparison to
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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 pro-
duction 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 M }}25 (CPV)
Higgs benchmark scenario, which was defined in [4]. In com-
parison to using the SM as EFT, the use of the cTHDM as EFT
did not significantly shift the interference pattern 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 cal-
culations.

The presented calculation will become part of an upcom-
ing 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].

A.1 Matching the SM to the cTHDM

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

A(Mp+) = Ayree + AARe + Alm 9)
with

Atree = )»162 + )»252 + 2 (A3 + Aq + Relds) C%S%
+ 4R€)\.6C2Sﬁ + 4Rek7c/3sg,
Ager = — 3k ((Reks + Rerr) cap
+ (Redg — Rer7) cap

(10a)

2
- (MC% - ?»2S§ — (A3 + A4 + Rels) CZﬁ) Sz,s) ,
(10b)
AimA = — 3k (ImAg + ImAy

+ (Img — TmA7) c2p + Tmhssag)” (10¢)

where k = (47)~2. The SM top-Yukawa coupling, y;, is
given in terms of the cTHDM top-Yukawa couplings by

3
Ve (My+) = |hesg + hieg| (1 - gk|htcﬁ _ h;sﬂ|2> .3

The expressions given in Eqgs. (9)—(11) are only valid if the
matching scale between the SM and the cTHDM is set equal
to M HE-

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(a;as) correction for the matching of the THDM
Higgs self-couplings. All threshold corrections between the
¢THDM and the MSSM are derived in the limit of all
sfermion masses, the gluino mass, and the matching scale Q
set equal to Msysy. Moreover, M| = M, = u is assumed.

One-loop EWino contribution

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

1 ~
AEWinoA1 = _Ek <3g4 (8 +7In |M|2)
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+6g%¢2 +3g! (2 +In |ﬁ|2>

+4g7g5 cos (pu, — ¢M2)> , (12a)
1 A .
AEWinoA2 = _Ek <3g (8 + 71n |7z )
+6g%g2 + 3¢+ (2 +1In |ﬁ|2>
+4g% g5 cos (pu, — ¢M2)> : (12b)

1 —~
AEWinoA3 = —Ek <3g4 (8 +7In |p,|2)

+26%] (4 —3hn |ﬁ|2) +gt (8 +9In |ﬁ|2)

—4g%g3 cos (¢, — ¢M2)> : (12¢)
AEWinoA4 = —ék (3g4 (1 —1In |ZZ|2>

+ %2 (7+15In12)

+2g +4g7 gy cos (du, — ¢M2)> , (12d)
AEWinors = —ékezi(‘PMl +ouy) (Sg4

+2g2g2eH (Bt =) 1 g¥) (12¢)
AEWinoAe = —%kei‘j’“ <3g4ei‘7’M2

+o'e; (e""’Mn + ei¢M2) + g;‘el’%) .26
AEwinoh7 = —%kei‘f’“ <3g4ei¢M2

+g2%2 (M ) 4 gl ) (12g)

where ¢y, dm, and ¢, are the phases of the SUSY soft-
breaking masses M1, M»> and u, respectively. g isthe SU (2),
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 cor-
rections of the top-Yukawa couplings can be categorized in
the following way,

R TPM (Msusy) = he {1+ k (Apgosishe + Agh

+Agh + Aghi)}, (13a)
(h;)THDM (Msusy) =h:k (Apgossh, + Agh,
+Ahy + Azhy). (13b)

where here &, is the the MSSM top-Yukawa coupling. The
contributions arising from the change of the regularization
scheme, Agg 35, have been derived in [21] and are not mod-
ified in the presence of complex phases. The contributions
from diagrams involving gluinos, Az, can be found in [24]. In
the same work, also the contributions from diagrams involv-

@ Springer

ing at least one squark (but no gluino), Az, have been derived
in the limit of vanishing electroweak gauge couplings. The
full expressions, including electroweak gauge couplings, are
given by

1 N
Agh, = h? <5""5(|,u|) - Z|At|2) + g2 F1(R)
17 o~ ~
+8y <§5’:5(|M|) N (1)
1,
—ngw)) : (14a)

Lom » _
Aghy = ZI7|Ar|le™ Oat0) 4 g2 i b0 7 )

+ g2e 7 O Fy()). (14b)
The loop-functions G; are given by
2
G1(ah = ——— (1 - 7P + 1P ), (15a)
(1—1aP)° ( )
~ 2 ~2 2 ~ 2 1 2
G(uh) = ——— (— 1+ &l — 17 (2 — |17 In 1]
(] _ |ﬁ|2)2 ( ( ) )
(15b)
with the limiting values
Gi1(0)=2, G =1, GO)=-2, G()=1
(16)

The loop-functions F; were defined in App. A.3 of Ref. [21]
and are given by

N 3 T
Al = ———— 71— 4l - 3@’
16 (1 — |zzl?)
+2|A1*(8 = 3|721*) In |ﬁ|2] , (17a)
~ 3|7l .

Fa () =——— [1 - [P

2(1— )

+1In Iﬁlz] : (17b)
Fz(ul) = [(55 — 32/ A2

144 (1 — |a12)?
+511712) (1-171)

2|72 (72 — 16| A, ||72] — 19|72)) In |ﬁ|2],

(17¢)
Fa(p)) =————— |13 (1 — |1
4 18(1—|ﬁ|2)2 [ ( )
+ (9 +4|ﬁ|2) In |ﬁ|2], (17d)
Fs (R = —1 44/

3
8(1—1aP)° |
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3 + 20 n |7 (17e)

Using the identity

17 Py I~ - 1 ~ _~
575 (kD = §|Azllulgl (D) = Zg2 (I = F3 (Il
(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

1 2 2 ~2

Aghy = E(3g +gy) (1+3ln|u| ) (19a)
1 . .

Aghy = e (3g2e—’¢Mz +g§e—””M1) . (19b)

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

Two-loop O(a;a) contribution

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

4 ~
Agaghl = _gkzg%hﬁllﬁ, (20a)

16 —~
Agsasha = §k2g§h§‘ (—61A¢| cos (ba, — duy)
3141 + 1A P cos (pa, — dmy)
1~y
——|A ,
4| ¢l )
4.9 2.4~
Ag,a, (A3 + A4 +Reds) = gk g3ht [~ (6

+2|As| (2cos (pa, — duss)
+cos (P4, + dumy + 20u))

1A P 2+ cos (204, +26,)))

(20b)

(20c)
4 Py
A, Rerg = gk2g§h;‘|p,|3 (—cos (pu; + dp)
A cos (pa, + du)) . (20d)
4 .
Aga,Red7 = gkzgghﬁm (6cos (¢, + bp)
— 6| A;|cos (da, + dp)
— A (2c0s (ars + dp)
+cos (204, — dm; + du))
+|A;]3 cos (¢At + ¢,L)) . (20e)

These expressions are obtained from the O(o; ;) threshold
correction between the SM and the MSSM [26] using the
strategy proposed in [19]. Since only the real parts of the

A;’s enter the tree-level matching condition between the SM
and the THDM (see (10a)), it does not allow to obtain infor-
mation about the imaginary parts of the Higgs self-couplings
(we chose to set these contributions to zero). The complete
O(ayay) 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 parameters have, however, been
defined in the MS scheme (see [16] for more details).
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