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ABSTRACT: Precise predictions for Higgs boson masses in the Minimal Supersymmetric
Standard Model can be obtained by combining fixed-order calculations with effective field
theory (EFT) methods for the resummation of large logarithms in case of heavy super-
partners. This hybrid approach is implemented in the computer code FeynHiggs and has
been applied in previous studies for calculating the mass of the lightest CP-even Higgs
boson for low, intermediate and high SUSY scales. In these works it was assumed that the
non-standard Higgs bosons share a common mass scale with the supersymmetric squark
particles, leaving the Standard Model as the low-energy EFT. In this article, we relax this
restriction and report on the implemention of a Two-Higgs-Doublet Model (THDM) as
effective theory below the SUSY scale into our hybrid approach. We explain in detail how
our EFT calculation is consistently combined with the fixed-order calculation within the
code FeynHiggs. In our numerical investigation we find effects on the mass of the lightest
CP-even Higgs boson h of up to 9 GeV in scenarios with low M4, low tan 5 and high SUSY
scales, when compared with previous versions of FeynHiggs. Comparisons to other pub-
licly available pure EFT codes with a THDM show good agreement. Effects on the mass of
the second lightest CP-even Higgs boson H are found to be negligible in the phenomeno-
logically interesting parameter regions where H can be traded for h as the experimentally
observed Higgs particle.
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1 Introduction

Precise measurements of the properties of the Higgs boson, discovered by the ATLAS
and CMS collaborations at the CERN Large Hadron Collider [1, 2] in 2012, are not only
crucial for testing the Standard Model (SM) but also allow to constrain physics beyond the
Standard Model. Supersymmetric extensions of the SM are theoretically well motivated,
in particular the Minimial Supersymmetric Standard Model (MSSM) with quite specific
predictions for Higgs bosons.

In the MSSM, the Higgs sector consists of two Higgs doublets, with vacuum expectation
values (vevs) v1 and ve which can be chosen real and non-negative without loss of generality.
After electroweak symmetry breaking, the two Higgs doublets accommodate five physical
Higgs states: the light and heavy CP-even h and H bosons, the CP-odd A boson, and the
pair H* of charged Higgs bosons. At the tree level, all Higgs boson masses are determined
by two parameters, conventionally chosen to be tan 8 = vy /v; and the mass of the A boson,
My. These tree-level relations, however, are affected by large higher-order corrections
resulting from the quantum effects of the MSSM.

Since no direct evidence for SUSY particles has been found so far, the range of MSSM
parameters can only be constrained indirectly. In addition to the classic set of precision
observables (Z and W boson masses, effective electroweak mixing angle, ... ), the mass of
the Higgs boson, determined by ATLAS and CMS [3] to be 125.09 & 0.24 GeV, can serve
as an additional powerful precision observable. When interpreted as the mass of a light
Higgs boson within the MSSM spectrum, it is very sensitive especially to the parameters
of the top-squark sector and can therefore be used to assess the SUSY scale. In the light of
the high level of precision reached by the experiments, an accurate and reliable theoretical
prediction is essential.

Therefore, a substantial amount of work has been dedicated to reduce the uncertainty of
the theoretical prediction. Full one-loop corrections have been calculated diagrammatically
in [4-7], dominant two-loop corrections in [8-31] and partial three-loop corrections in [32-
34]. Besides fixed-order calculations, also effective field theory (EFT) methods were applied
(see [35-40]) as an alternative strategy.

The advantage of EFT methods is a resummation of logarithms which become large if
the relevant scales are widely separated, like in the case of a high SUSY scale Msysy. Fixed-
order calculations become unreliable for such wide scale separations, since the appearance
of large logarithms can spoil the perturbative expansion. Fixed-order calculations, on
the other hand, capture all terms with inverse powers of Mgysy. Though suppressed in
case of a high scale, they can become relevant for lower Mgysy and thus are needed for
accurate predictions as well. These terms are missed in EFT calculations, at least when
no higher-dimensional operators are taken into account (see [40] for a study including
higher-dimensional operators).

In order to obtain results as accurate as possible for all SUSY scales, hybrid methods
have been developed [41-46]. In [41, 42, 45] the strategy has been pursued to incorporate
an EFT calculation on top of a fixed-order calculation. Additional subtraction terms are
introduced to avoid double counting of terms contained in both the EFT and the fixed-



order calculation. The method has been implemented in the publicly available computer
code FeynHiggs [7, 13, 47-49]. So far, the EFT calculation in that approach was restricted
to scenarios in which all non-SM particles share a common mass scale (with the only
exception of possibly light electroweakinos and/or a light gluino), leaving the SM as the low-
energy EFT.

In this paper, we report on an improvement of this method by introducing a Two-Higgs-
Doublet Model (THDM) as the effective theory below the SUSY scale, in replacement of
the SM. This setup allows to cover the possibility of light non-standard Higgs bosons in
the EFT calculation. Also scenarios with additional light electroweakinos are considered,
which are especially interesting in view of the increasingly tight constraints on colored
SUSY particles from the LHC. We give a detailed description of the steps needed to
combine the THDM EFT calculation with the fixed-order calculation and illustrate the
impact of the new hybrid version on the Higgs boson masses by numerical comparisons with
previous versions of FeynHiggs. An earlier pure EFT study [38] with an effective THDM
found potentially large effects originating from the resummation of logarithms of the SUSY
scale over M4, and observed significant differences with respect to FeynHiggs in specific
parameter regions. We will clarify this situation by a detailed comparison and explain the
current differences between [38] and our new THDM-improved hybrid calculation.

The outline of this paper is as follows: in section 2, we detail on the EFT calculation.
Subsequently, we describe the consistent combination with the fixed-order part in section 3.
In section 4, we compare our approach to that of other publicly available codes. This is
followed by a numerical analysis in section 5, with conclusions in section 6. The sections
A to E of the appendix provide additional technical information.

2 EFT calculation of Higgs-boson masses

If the SUSY particles are significantly heavier than all SM particles, they can be integrated
out. In the simplest case when all non-standard particles occur at a common mass scale,
the SUSY scale Mgysy, the remaining EFT is the SM, with the Higgs self-coupling deter-
mined via matching conditions at Mgygy. This self-coupling and all the other remaining
SM couplings are evolved from the SUSY scale down to the electroweak scale by means of
renormalization group equations (RGEs); fixing the remaining SM couplings at the elec-
troweak scale by matching to physical observables determines the input quantitites from
which the SM Higgs-boson mass can be calculated. This approach has the advantage that
large logarithmic contributions are resummed. On the other hand, terms suppressed by
Mgysy are missed unless higher-dimensional operators are included in the EFT Lagrangian.

The assumption that all non-standard particles have a common mass scale is quite
restrictive. For a better flexibility and wider applicabilty, more refined EFTs have to be
considered. In our approach, we allow for several independent mass scales where each
of them corresponds to the appearance of distinguished new phenomena. To be specific,
we take into account five mass scales in our EFT calculation: the SM scale M;, the non-
standard Higgs-boson scale M 4, the electroweakino scale M, the gluino mass scale My and
the SUSY scale Mgysy. We define the SUSY scale to be the mass scale of sfermions, which
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Figure 1. EFT towers covered in this work (gluino threshold not shown).

we assume to be approximately mass degenerate. Below Mgsysy, sleptons and squarks are
removed from the EFT; below Mj, we remove the gluino. The electroweakino scale M, is
defined by

MX NMl,MQ,,U,, (21)

where M o are the soft-breaking electroweakino mass parameters and p is the Higgsino
mass parameter. Below M, , we remove the electroweakinos from the EFT. M4 marks the
scale at which the heavy Higgs bosons are integrated out.

We assume M4 and M, to be smaller or equal to Msysy. Therefore, we have a set
of eight different EFTs: the SM, the SM plus electroweakinos, the THDM and the THDM
plus electroweakinos (plus the same with added gluino). This diversity leads to various
different hierarchies, as illustrated in figure 1.

In our EFT calculation, we take into account full one-loop threshold corrections and
full two-loop RGEs. This implies a full LL. and NLL resummation. Additionally, we include
O(asay) matching conditions for the Higgs self-couplings. O(a?) threshold corrections for
matching the THDM to the MSSM are currently not known. Moreover, three-loop RGEs
for the THDM are not yet available. Since the SM three-loop running is negligible, one
may believe that this also holds for the three-loop THDM running [38]. Nevertheless, the
resummation of NNLL contributions is incomplete.

2.1 Relevant EFTs

Here we give a brief overview of the various EFTs appearing in our calculation and specify
our notation. We will not describe EFTs with gluino, since the presence of the gluino does
not induce any effective couplings that are relevant at the order of the calculation presented
in this paper. It, however, does alter the RGEs (see [42]).



The Two-Higgs-Doublet Model. Decoupling all sfermions, gauginos and Higgsinos
from the full MSSM leads to a THDM as the remaining effective theory below the SUSY
scale. The THDM Higgs potential can be written as follows,

1 1
V&HDM(¢1¢Dg::7n%¢1¢1+4n§¢£¢244n$(¢1®24—®£¢1y+§Aﬂ¢q¢1P4—§Aﬂﬁg®2f
1
+ A(O[ 1) (@]2) + A(@]@2)(@h01) + S5 ((@]@2)? + (@h1)?)
+ 26(@]@1) (@]@2) + (}01) ) + Ar(@L02) ((@[02) + (@]@1))
(2.2)

where ®1 > denote the two doublets of scalar fields. Since we consider only the real MSSM,
all the coeflicients can be chosen as real parameters. At the minimum of the potential each
Higgs field ®; acquires a vacuum expectation value (vev),

0
<<I>l>:< ), 1=1,2 (2.3)
U
Decomposing the Higgs fields into components according to
o
P, = ! . , 2.4
! (UZ' + %((ZZ + ZXi) ( )

introducing the quantities

v =1/v} + 03, tﬂztanﬁz%?, (2.5)

and expanding the potential around the minimum yields the mass matrix of the CP-even
neutral Higgs bosons,

M3, = (_7;':52 —:;52> 402 <le a12> ’ (2.6)
12 M 12 @22
with the entries
a1 = 3M\1ch + (A3 + Aa + Xs)sh + 6Xespcs, (2.7)
a1z = 2(A3 + Ag + As)speg + 6)\60% + 6/\73%,
agy = 3Xash + (A3 + A1+ As)ch + 6A7spes, (2.9)

where the abbreviations
sy = sinvy, Cy = COs7, t, = tanvy (2.10)

for a generic angle v have been introduced.

With the minimum conditions for the Higgs potential, m? and m3 can be eliminated;
the following relations for the masses of the CP-odd neutral A boson and of the charged
H* bosons are obtained,

2

m% = 02 _ 2(9\s + Ag/ts + Artg), (2.11)
$cH
Mg+ = m124 + UZ()\E, — A1), (2.12)



and the CP-even mass matrix ./\/135(ZS can be cast into the following form,

82 —S8BC b11 b12
M3y =m? <_sﬁc A I (2.13)
BCg €3 12 b22
with
b1 = )\10% + 2)\68505 + )\58%, (2.14)
b1 = ()\3 + )\4)5305 + )\66% + )\75%, (2.15)
bog = )\28% + 2)\7sgcg + /\56%. (2.16)

The tree-level mass eigenstates h and H are obtained by a rotation,

()= () ()

with the angle o determined by

—~

2.17)

2M?
S2a = 12 : ITca<l (2.18)

\/(Mildn B M22¢2)2 +4 (M21¢>2>2

Often, it is useful to work in the Higgs basis instead of the h, H mass eigenstate basis [50].

2|3

It is obtained by rotating the original doublets ®1 2 by the angle 3,

H1 _ C3 83 (1)1
()= (5.2) @)

In this basis, only H; acquires a vev,

(Hy) = <2) with v = y/0? + 02, (2.20)

and the mass matrix (2.13) is transformed into

My =m? (0V) 4202 (102 (2.21)
01 C12 C22
with
= 4 4 2 2 3 3

C11 = A1Cg + )\28/3 + 2()\3 + A+ )\5)8ﬁ€5 + 4)\68,30/3 + 4)\78565, (2.22)

Cl2 = —)\1856% + )\QS%CB + ()\3 + M+ )\5)8565625 — )\60%(38% — C%)
+ Ars3(3ch — s3), (2.23)
co2 = (A1 + )\2)8%0% —2(A\3 + )\4)8%0% + )\5(5% + Cé) — (A6 — A7)s23C28. (2.24)

To get from the Higgs basis to the mass eigenstate basis, we have to rotate by the angle

a— (.



We also need the Yukawa part of the effective THDM Lagrangian, which is given by
Eyuk(q)l, ‘132) = — [ht ER(—Z"I)gO'Q)QL + hé t_R(—’l:(b{O'z)QL + h.C.], (2.25)

with the third-generation quark doublet @1, and the Pauli matrix o2. hy and h} are the
effective top Yukawa couplings. All other Yukawa couplings are neglected in the EFT
calculation; they are, however, fully captured through the diagrammatic calculation at the
one-loop level, in case of the bottom Yukawa coupling also at the two-loop level.

As already noted in [38], the effective THDM with the Yukawa texture as given in
eq. (2.25) is not a type II model where only ®5 couples to up-type quarks. Although the
tree-level Yukawa sector of the MSSM is that of a THDM of type II, loop corrections induce
also a coupling of ®; to the top-quark, which enters through the matching procedure in
the effective THDM. Differently from [38], we take this coupling fully into account in all
the affected RGEs and threshold corrections. Hence, we have to deal with 12 coupling
constants, consisting of three gauge couplings, seven Higgs self-couplings, and two Yukawa
couplings. We derived the RGEs for the considered THDM using the Mathematica package
SARAH [51]. The corresponding expressions are available from the authors upon request.

The Two Higgs-Doublet Model with electroweakinos. If in addition to the non-
SM Higgs bosons also light electroweak gauginos and Higgsinos (EWinos) are present, the
effective Lagrangian below the scale Mgysy is the one of the THDM described above,
extended by extra mass and interaction terms

1~ 1  ~~ o~
L =Lrapm — G MWW — S M BB — M, (iHE o9)Ha
1 1
_ i
V2
1 . T ~ NG/ ~ ~ -~ 1
- E(ZHC{ 02) (92du0'aW + glduB) Hy — ﬁ
+h.e. (2.26)

HZ (gZUUUaWa + gluu§> %u - 72 d (L@Qdddawa - gldd§> ﬁd

(_ngo-Q) <g2ud0-awa - gludé) ﬁd

for the Bino field E, the Wino fields W“, and the Higgsino fields 7—~lu7d. The associated
Higgs fields H,, 4 are related to the doublets ®1 5 in (2.4) by

H, = ®,, (2.27)
Hy = ioy®. (2.28)

The coupling constants §iyu,1dd,1ud,1du,... are effective Higgs-Higgsino-Gaugino couplings.
The numeral in the subscript refers to the attached gauge symmetry (i.e. U(1) or SU(2)),
the first letter to the involved Higgs doublet, and the second letter to the involved Hig-
gsino. Altogether, we now have 20 effective couplings in the game. Also the RGEs of
the THDM+EW:inos have been derived using SARAH. They are available from the authors
upon request.



The Standard Model with electroweakinos. If we decouple all non-standard Higgs
bosons, but keep light EWinos in the EFT, the effective Lagrangian simplifies to
1. == 1 ~~ ST 1+ /. —. =\~
£=Low = s MAWIW = SMBB = My (H] o) Ha — 50k (G2u0alV™ + 51 B) Fa
1 . . — L=\~
. ﬁ(—@gM@) (gng'aWa - gldB) Ha+ hoc. (2.29)

with ®gq\ being the SM-like Higgs doublet,

¢+
Py = (v+j§(¢+ix)>’ (2.30)

The scalar potential in the SM part of the Lagrangian is given by

)\ T 2 2
Vo (@su) = 5 | (@hy @) 2] (2.31)
J1u,1d,2u,2d are the effective Higgs-Higgsino-Gaugino couplings of the SM+EWinos, in ob-
vious notation. The number of couplings is reduced to 8. Two-loop RGEs can be found
in [35]. Below the electroweakino scale the effective model is eventually the pure SM.

2.2 Matching the EFTs

After having specified the various EFTs, we describe how they are matched to each other.
To derive the matching conditions, we have to compare physical amplitudes with external
light particles computed in the EFT valid below the matching scale and in the full model
(or the more complete EFT) valid above the matching scale. The difference between the
physical amplitudes has to be absorbed by adapting the effective couplings in the particular
EFT that is to be matched.

Terms contributing to the matching conditions arise from different vertex corrections
and from different normalizations of the external fields. The part coming from the vertex
corrections is obtained by calculating the vertex functions in the high-energy and the low-
energy theory. The difference can then directly be absorbed into the effective coupling
of the low-energy theory. At least at the one-loop level, at which we mostly work, this
procedure is straightforward. Therefore, we will not go into more details.

If all external fields are non-mixed mass eigenstates, the external leg corrections are just
given the corresponding LSZ factors, the wave-function renormalization. The difference
between the LSZ factors in the high-energy and the low-energy theory has again to be
absorbed by the low-energy effective coupling.

In case of mixing in the external fields, a more careful discussion is required. Even
when the external fields are diagonal at the tree level, loop contributions to the two-point
vertices induce mixing between the mass eigenstates at higher orders. This transition has
to be included as further external leg corrections, in addition to the LSZ factors. In the
MSSM and the THDM, the mixing between the CP-even Higgs bosons h, H is the important
issue. It is ascribed to a non-diagonal self-energy >, 5.



Conveniently, all external leg corrections can be written in form of a single matrix, the
Z-matrix (see [7] for more details). It gives the relation between the external, asymptotical-
free physical states and the tree-level mass eigenstates used for the calculation of the vertex
correction. At the one-loop level, the MSSM relation reads

S Sh (m}) ~
phys 1+ lEﬁlh (m%) T:2H_m§
)

Hrhys ihH(m%v) 15 2
mZ%,—m? 1+ §2HH(mH

where we used the symbol ~ to mark MSSM quantities. X, and Yy are the diagonal
self-energies entering the LSZ factors. The prime denotes the derivative with respect to
the external momentum. The corresponding relation in the THDM is written as follows,

s\ (14350 ) g
_ M ", (2.33)

HPhys Snm(m?) 15 2
mi—ms 1T 75 (myy)

where we used the symbol = to mark THDM quantities.
Egs. (2.32) and (2.33) yield the relation between the mass eigenstates of the MSSM
and the THDM,

A m?2
P\ (1A%, mE) S 7
H - AXp g (m?) 1 / 2 ")’ (2:34)
2 2 1+§AEHH(mH)

M =My,

where the AY,;, summarize the differences between the self-energies, for z,y € {h, H},

Il
™)

Ay () = Yay(p*) — Sy (7). (2.35)

The mass eigenstates are related to the original field components ¢; 2 via eq. (2.17),
5 ~ o ~
PY g (O) = (TS () (2.36)
H ®2 ca Sa) \92
n ~ o ~
PY g (2) = (e ca) () (2.37)
H ®2 ca Sa) \ P2

With these relations, eq. (2.34) can be transformed into a relation between the component
fields (1)172,

B\ (1 AT mE) S 3
52 - Ua AEhH(Tnfq) 1 1AZ/ 2 Ua 52 ' (238)
wt—mi 1+ gAYy (my)

In the THDM, the mixing angle & is a free parameter. We fix it at lowest order by requiring
that the THDM fields ¢1 2 are aligned with the MSSM fields ¢1 2. Consequently, the two
mixing angles & and @ are equal at the tree level. At the one-loop level we change the



tree-level basis of the THDM slightly allowing for a small misalignment between the THDM
and the MSSM fields,

Aa=a-a. (2.39)

Using this shift to replace & by @ in eq. (2.38) we obtain, expanded up to the one-loop level,

AXpg(m})

b1 14+ 345, mZmi Aa b1
o 1 va (2. (2.40)
b2 S 4 Ao 14 A, b2

2 2
My —my,

SE

Next we expand AXyy(m?;) around p? = m3,

AEhH(m%{) = AEhH(mi) + (m%( — m,%) AE;ZH + O(v/Msusy, M a/Msusy). (2.41)

All higher order derivatives of the A¥,, are suppressed by Msysy and therefore negligible

in the EFT calculation. For the same reason, we drop the specification of the external

momentum in all derivatives of AX,, in the following (which is always taken at mfb)
Using the expansion (2.41) and partly rewriting the self-energies yields

o1\ [(1+3A%) A, . (AzhH(mz) Losy Aa) 0-1\] (¥
- = — S 5  — = H — ~ .
b 1A, 14 1A%, mp —my 2 10 )| \4,

(2.42)
with the notation AX;; = A¥y,4. for 4,5 € {1,2).
The second matrix corresponds to the one-loop part of a unitary matrix and thereby

to a basis transformation by a rotation. It can be absorbed by adjusting A« according to

AY 7)1
A = AZnam) 1 (2.43)

The first matrix in eq. (2.42) is not unitary and hence cannot be removed by a basis
transformation. Therefore, there is a remaining difference between the normalization of
the ¢1 o fields in the MSSM and the THDM, given by the following relation,

o\ [(1+34%5 A%, % )
2 A, 1+1asy, ) \é2)’ '

which corresponds to the one used in [52]. As noted above, it is only valid at the one-loop
level. We have to take care of this relation whenever we match a coupling involving an
external Higgs field. This is achieved by rescaling the Higgs doublets of the THDM (or the
MSSM) according to eq. (2.44).

Since we rescale the whole doublets, a relation similar to eq. (2.44) also holds for

the vevs,

~10 -



This directly implies

~ ~ 1 ~ 1
B =0+ 3 [(AXhy — AXY)) sges + AXyeas] =B+ §AE}J1H2’ (2.46)
or
~ ~ 1 ,
tan,@ = tan,ﬁ "‘ @A2H1H2, (247)
8

respectively, with Hj 2 being the fields of the Higgs basis defined in eq. (2.19).

Following this procedure and including vertex corrections, we derived a full set of
one-loop threshold corrections for all appearing effective couplings and hierarchies. Below,
we list only the tree-level matching conditions and the dominant one-loop corrections, i.e.
those proportional to the strong gauge coupling or the top Yukawa couplings. Full one-
loop threshold corrections for all effective couplings including electroweak contributions are
listed in appendix A.

In addition to the calculation of matching conditions, we will also need eq. (2.44) for
combining the diagrammatic fixed-order calculation and the EFT calculation.

Matching the THDM to the MSSM. The Higgs self-couplings in the THDM scalar
potential are fixed at the tree level by [52]

A (Msusy) = A2(Msusy) = 3(92 +9%), (2.48)

Na(Msusy) = 1(6° — o), (2.49)

M(Msusy) = — %.927 (2.50)

As(Msusy) = Aé(Msusy) = A7(Msusy) = 0, (2.51)

where g and ¢’ are the electroweak gauge couplings.
At one-loop order these relations receive additional contributions [52],

1
AN = _57‘?’1?114 +0(g,9). (2.52)
ANy = 6khiA2 (1 — 11221%) +0(g,9), (2.53)
1. . .
AN = Sk2hA(3 — A2) + O(g. 4’ 2.55
4—2.U t( t)+ (Q»g)a ( )
1 ~
AXs = =S kR i Af + O(9,9), (2.56)
1 N
AXe = Qkhﬁﬂ?’At +0(g,9"), (2.57)
1 .
Adr = kb pA(Af —6) + O(g. o) (2.58)

- 11 -



with 4 = pu/Msysy and Ay = A, /Mgsusy. A is the stop trilinear coupling and h; the top
Yukawa coupling of the MSSM.! The factor k = (47)~2 is used to mark the loop-order.
In addition to these one-loop corrections, we also include O(asay) threshold corrections,
listed in appendix A.7.

For i = 1, the effective top Yukawa couplings are given by

4 A Loos
4 1o,
B, THDM(MSUSY) _ htk{39§ n 4h§At} +0(g,4). (2.60)

The full expressions for i # 1 are given in appendix A.
The threshold correction for tan 3 is obtained from eq. (2.47) yielding

1 A -
t5 "M (Mgusy) = 5™ (Msusy) [1 + zkh?(At — [i/tg) (A + itg) + O(g,9')| . (2.61)

Matching the THDM+EWinos to the MSSM. Neglecting the weak gauge cou-
plings, the relations for matching the THDM to the MSSM are also valid when the
THDM+EWinos is matched to the MSSM. The additional effective Higgs-Higgsino-
Gaugino couplings of the THDM+EWinos fulfill the tree-level relations

Gruu(Msusy) = Graa(Msusy) = ¢, (2.62)
G2uu(Msusy) = Goaa(Msusy) = 9, (2.63)
G1ud(Msusy) = J1au(Msusy) = Goud(Msusy) = §24u(Msusy) = 0. (2.64)

Matching the THDM to the THDM+EWinos. Matching the THDM to the
THDM+EWinos, the Higgs self-couplings, the gauge couplings, the top Yukawa couplings
and tg are not modified at the tree level. If the weak gauge couplings are neglected,
there are also no loop corrections. The full one-loop corrections including the weak gauge
couplings are listed in appendix A.

Matching the SM to the THDM. In this specific case, the characteristic scale for all
the couplings below is the mass M,. In the decoupling limit My > Mz (o — 38— 3),

which is assumed when the heavy Higgs bosons are integrated out, the Higgs self-coupling
A of the SM is obtained by

A My) =c11 + AN, (2.65)
with ¢11 from eq. (2.22), 8 = BTHPM "and the one-loop correction

AN = -3k {()\6 + )\7)025 + ()\6 — )\7)045 — ()\16% — )\28% — (/\3 + M+ )\5)025) 825}2 .
(2.66)

IFor definiteness, we now assign an explicit label for the Yukawa couplings h¢, b, introduced in (2.25)
for the THDM.
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The THDM top Yukawa couplings are related to the SM top Yukawa coupling y; via

3
yr(Ma) :(h;FHDM% + h;THDMc[g) 1— gk: (h;FHDM% — h;THDMSB)Q . (2.67)
As stated above, the SM top Yukawa coupling is extracted from the top pole mass at the
scale M;. The top Yukawa couplings of the THDM are then determined by numerically
solving the system of RGEs with the boundary conditions given in egs. (2.67), (2.59)

and (2.60) (see also egs. (A.18) and (A.19) for more general expressions).

Matching the SM+EWinos to the THDM-+EWinos. Neglecting the weak gauge
couplings, the relations for matching the SM to the THDM are also valid when the
SM+EWinos is matched to the THDM+EWinos. At the tree level, the effective Higgs-
Higgsino-Gaugino couplings of the SM+EWinos and the THDM+EW inos are related by

Jlu = gluusﬂ + glducﬁa Ggou = g2uu3,8 + §2duc,37 (268)
J1d = §1dd8 + 91udSs, 924 = §2ddCB + 92udS3- (2.69)

One-loop corrections proportional to the electroweak gauge couplings can be found in
appendix A.

Matching the SM to the SM+EWinos or the MSSM. The matching conditions of
the SM to the SM+EWinos or to the MSSM are well-known and can be found in [35, 37].

Matching EFTs without and with gluino. If the gluino is integrated out, no thresh-
old corrections arise at the one-loop level. At the two-loop level however, the matching
conditions of the scalar self-couplings between the THDM and the MSSM are modified if
a gluino is added to the THDM. Corresponding expressions are listed in appendix A.7.

2.3 Calculation of pole masses in the EFT approach

The proper way to calculate the physical masses of the CP-even Higgs bosons in the EFT
framework depends on the mass hierarchy. For M 4 > M;, the low-energy theory is the SM
(or the SM+EWinos). Therefore, the procedure described e.g. in [45] can be applied. For
M4 ~ M, though, there is no need to integrate out the non-standard Higgs bosons and the
low-energy theory is better described by a THDM (or a THDM+EWinos). In this case,
the physical masses of the CP-even Higgs bosons are obtained by finding the poles of the
propagators, i.e. the zeroes of the determinant of the inverse propagator matrix, depicted
here in the Higgs basis as a possible choice,

2 ~92 S 2 ~92 T 2
P =My H, +Eﬁ1gl(P) _mH1H2+Ef11ﬁ2(p> ) (2.70)

_iA§%<p2) - ( ~ o N 2y 2 =9 S 2
—Mi g, + 25, 7,P°) p*— M, + 25,5, (0°)
The widetilde ~ indicates, as in section 2.2, that the corresponding quantities are those of
the THDM, at the scale M 4. The quantitites 7%%11 H,; are the entries of the matrix Mgy

defined in eq. (2.21), and the various 3’s denote the corresponding self-energies of the
THDM (or the THDM+EWinos) renormalized in the MS scheme.
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In situations where M 4 is larger than My, but the separation is also not too large, e.g.
My —M,; ~ 100 GeV, it is difficult to decide if the SM should be used as low-energy theory
or the THDM might the better choice. Therefore, a smooth transition between the two
cases is beneficial. To implement such a transition, we follow a procedure similar to the
one introduced in [38]: we include the contribution of the running between M4 and M,

A(My — M) = 20% (A(My) — M(My)), (2.71)

into the HyH; element of eq. (2.70). The same contribution is in addition added to the
HH, and HyH; entries with a prefactor 1/tg and to the HyHy element with a prefac-
tor 1 /t%,2

1 L

A — A — t
—iAZL (%) = —IAZL (07) —AMa = My) | ] (2.72)

tﬁ 2

In this way both limits, M > M; and M4 ~ My, are properly recovered.?

3 Combination of fixed-order and EFT calculation

The program FeynHiggs already contains a state-of-the-art fixed-order calculation, i.e.,
it comprises full one-loop and O(atas,abas,a%,atab,ag) higher-order corrections to the
Higgs self-energies [7, 13, 18, 19, 21, 23, 26, 29, 30, 47-49]. For these corrections, a mixed
OS/DR scheme is employed (see [7] for more details), with the stop sector renormalized by
default using the OS scheme. With version 2.14.0, the possibility of using the DR scheme
for the renormalization of the stop sector was introduced [45]. Field renormalization of the
Higgs doublets and thereby the renormalization of tan 3 is always performed in the DR
scheme, independent of the renormalization of the stop sector.

Our goal is to combine the result of this diagrammatic fixed-order calculation with the
EFT calculation described in section 2. This combination is done in several steps. First,
we have to relate the quantities computed in the EFT approach, namely the entries of
the inverse propagator matrix, the two-point vertex function, to those in the fixed-order
approach. Second, proper subtraction terms have to be identified and subtracted such that
double-counting of terms appearing in the two results is avoided. Finally, differences in
input parameters resulting from different renormalization schemes have to be considered
by proper conversion of the parameters.

We choose to perform the combination in the gauge eigenstate basis. Therefore, we
need to know the relation between the two-point vertex function matrix in the full MSSM,
denoted by A(;:Sg%’ and in the effective THDM, labeled as Aq:ﬁ(% Again, as in section 2.2, the
symbol ~ is used to mark quantities in the full MSSM, and ~ to mark quantities in the
effective THDM. The two matrices have to be equal in case of Higgs fields with the same

2Corresponding to the additional factor 1/tg in the top Yukawa coupling for Ha, which is responsible
for the dominant contribution to A(Ma — M;) (see also [41]).

3Note that in addition it is necessary to ensure that logarithms of M4 over M contained in A(Ma — M)
as well as in the THDM self-energies ) [,H, are not double-counted.
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normalization in either of the models. In our case, however, the Higgs field normalization
is different, as specified by eq. (2.44), which leads to the relation

1,9 1+ 348, A%, L1 (L 3ASL 3AT,
AZL(p?) = Azl .

$$ p 1 / 1 / 1 / 1 / (3'1)

As noted in section 2.2 this formula is valid only in the decoupling limit of Msysy > M;
and at the one-loop level. Explicit formulae for the AE;j are listed in appendix B.

In the combination of the EFT and fixed-order results, it is convenient to take ac-
count of eq. (3.1) by introducing a finite shift in the field renormalization constants of
the fixed-order result. Originally, the MSSM Higgs fields are renormalized by the scale
transformation (up to two-loop order)

o) (1t 30WZ0n + AP 2 36W 21+ 5AP Z1, N\ (g 32)
P2 %5(1)212 + %A(Z)Zm 14 %5(1)222 + %A(z)Zm P2
with
1 2
Az =02 - (692)". (3.3)

The divergent pieces are fixed via the DR prescription in terms of the one- and two-loop
self-energies,

sWzy, =0, (3.4)

div

—0. (35

div

— e [iﬁ)’] L 00z

= e [ig%}’} L 00z

div

(2
div = e [251)/] div’ 5(2)222

div

= —NRe [EA]%)/} L §@ 714

iv div

5(2)211

In FeynHiggs so far, the DR definition of the field renormalization constants is employed.
We now add finite pieces to compensate for the different normalization of the MSSM and
THDM Higgs doublets, redefining

sz = 6W z,; Tt oM Z;; . (3.6)
with the proper choice, according to eq. (3.1),
Mz, = —AYY, 0 Zy, = —AYY,, M7y = —AY,. (3.7)

Since eq. (3.1) is valid only at the one-loop level, it cannot be applied for the two-loop field
counterterms (Q)Zij. These two-loop terms, however, drop out completely (see appendix C
for more details).

With the additional finite parts introduced in the field renormalization constants, the
inverse propagator matrix of the MSSM becomes equal to that of effective THDM (with
restriction to the same perturbative order). Hence, the combination of the fixed-order
(MSSM) and the EFT (THDM) approach is straightforward, which means that the MSSM
inverse propagator matrix is replaced by

Aqg(% — A;{% + AEFT (3.8)
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where APFT contains the resummed logarithms and corresponding subtraction terms,

Al

AEFT — A_l -1
logs ol

¢

. (3.9)
logs
We checked numerically that the logarithms of the EFT calculation properly recover the
logarithmic behavior of the full fixed-order result when restricted to the same perturbative
order. For more details on the calculation of the subtraction terms we refer to [42, 45].

3.1 Redefinition of tan 3

As mentioned above, in FeynHiggs by default the DR-scheme is employed for field renor-
malization of the Higgs doublets and for the renormalization of tan 5. Thus, there is a
renormalization scale entering the diagrammatic calculation. By default, it is chosen to
be equal to the pole mass M; of the top quark. This in particular means that tan 3 is
normally a MSSM DR quantity defined at the scale M;.

The redefinition of the field renormalization constants by a finite shift, as described
above, has an impact on the renormalization and hence the conceptual definition of tan .
In presence of an off-diagonal field renormalization constant, the counterterm of tan g is
given by (assuming still 6 vy /v1 = 6wy /v)

1

1
6Wts = Sts (602 — 00201 ) + 5 (1= 1) 61 2o, (3.10)

For the corresponding two-loop counterterm, see appendix C. With the finite parts of the
field renormalization constants in eq. (3.7) and switching to the Higgs basis, we find

5

1 /
tﬁ ﬁn: —@A2H1H2. (311)
Comparing this result to eq. (2.47), we realize that tan 5 by now is not a MSSM quantity
anymore, but instead a quantity of the THDM. Furthermore, the scale is changed to My,
since the THDM part in AZ'Hl 1, is evaluated at the scale M,. In conclusion, the finite
shift in the field normalization constants of the MSSM leads to the conversion

tySSM (M) — FHPM (D). (3.12)

Hence, tEHDM(M A) is the proper input parameter of the fixed-order calculation.

3.2 Conversion of input parameters

The diagrammatic calculation implemented in FeynHiggs employs either the OS or the DR
scheme for the renormalization of the stop sector. In case of an OS renormalization, this
means in particular that the stop masses and the stop mixing angle are renormalized on-
shell. For the EFT calculation however, respective DR quantities are needed. Therefore,
the parameters have to be converted. As argued in [42], one-loop conversion including
only logarithmic terms is sufficient to reproduce the diagrammatic OS expressions from
the EFT DR result. Any further terms in the conversion induce higher order contributions
which are presently not under control.
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It was noticed in [41, 42] that the conversion of the stop mass scale does not involve
large logarithms; only the stop mixing parameter X; was found to be affected by logarithmic
terms. In that previous analysis, a common scale M4 = Msysy was assumed. Here, we ex-
tend the conversion formulas to the case of M4 < Mgygy. As in the case of M4 = Msusy,
we find no large logarithms in the conversion of the stop mass scale Mg = Mgysy. For
the stop mixing parameter, however, additional large logarithms appear in the conversion
formula,

PR as 3oy - 3 oy ~
T i LR R (R o A I 1 71 M CEE)
B

using the abbreviations

M2 M2 R X R { N ~

L:]n(]\jg>7 LA:1H<S>, thit:At—ﬁ, Y%:At—f—ﬂtﬂ (314)
i

More details and full one-loop expressions for the parameter conversion are given in ap-

pendix D.

4 Comparison to other codes

There are two other publicly available codes for calculating the Higgs pole masses via a
THDM matched to the MSSM: the MhEFT package [53], based on [38], and the program
FlexibleSUSY [54] in the recent version [46], based on [55]. As pointed out in [46], agree-
ment has been found with the MhEFT results. We therefore restrict ourselves to a comparison
of FeynHiggs to MhEFT (version 1.1).

The basis of MhEFT is a pure EFT calculation. Therefore, terms suppressed by heavy
scales are absent. Apart from this obvious distinction, there are a few more differences
to FeynHiggs:

e MhEFT does not employ the DR scheme for renormalization of the SUSY parameters.
Instead, MS renormalization is used. Therefore, conversion of the input parameters
is needed for the comparison with FeynHiggs. Corresponding conversion formulas
can be found in [56].

Although, as argued in [45], this conversion will induce unwanted higher order terms,
it is currently the only way to compare the two results, since neither FeynHiggs
offers the possibility of a MS renormalization nor MhEFT the possibility of a DR
renormalization. In practice it is a viable method since the numerical impact of the
conversion is almost negligible, owing to the small numerical difference between MS
and DR parameters.

e The EFT calculations entering FeynHiggs and MhEFT differ in various aspects. MhEFT
assumes a type II THDM as the effective THDM in the evolution equations. Fur-
thermore, EWino contributions to the various threshold corrections are neglected.
Also in the RGEs, EWino contributions are neglected at the two-loop level and only
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taken into account in approximate form at the one-loop level. In addition the one-
loop threshold corrections between the SM and the THDM are neglected for the top
Yukawa coupling and approximated for the SM Higgs self-coupling (i.e., the heavy
Higgs contribution to the one-loop threshold correction between the SM and the
MSSM is used). On the other hand, MhEFT has implemented an approximation for
the O(a?) threshold corrections for the quartic couplings by including the known
O(a?) threshold correction from matching the SM to the MSSM in Mo, whereas all
other self-couplings receive no O(a?) threshold correction.

e In MhEFT, the THDM self-energies & 7, i, and 5 d,i, (see eq. (2.70)) are neglected.
Thereby, terms of O(M;/M,) are missed.

These differences should be kept in mind, when interpreting the numerical results of the
comparison presented in section 5.

5 Numerical results

In this section, we investigate the numerical impact of the implementation of an effective
THDM into FeynHiggs. This means in practice that we compare the results from the latest
version FeynHiggs?2.14.1 to those from the calculation presented in this paper, which is im-
plemented in a still private FeynHiggs version based on FeynHiggs2.14.1. In addition, we
show results from FeynHiggs2.14.0 to point out the impact of the non-degenerate O(a?)
threshold corrections [40] , which were implemented as a new feature in FeynHiggs2.14.1.
The degenerate O(a?) threshold corrections [39], used in FeynHiggs2.14.0, implicitly as-
sume M4 = Mgysy. We furthermore compare the results of the calculation presented in
this paper to those of MhEFT.

For illustration of the numerical effects, we investigate simplified scenarios with
a common mass scale Mg for all sfermions, and M, for the EWinos, setting (if not
stated otherwise)

MS = MSUSY; Mx = Ml = M2 = M, Ae,,u,T,u,d,c,s,b =0. (51)

Also the gluino mass Mj is set equal to Mgsusy.* As default values for the figures, we set
Mgysy = 100 TeV and M, = 500 GeV. In combination with low M4 and tan 3 values, this
choice maximizes the numerical impact of the effective THDM in the phenomenologically
most interesting region of Mj, ~ 125 GeV.

The numerical impact of the effective THDM can also get large for Mgysy ~ 1 TeV
and moderate values of tan 3, if u > Mgusy. This corresponds, however, to a hierarchy
which we did not cover in this paper.

For the SUSY parameters, we use the DR-scheme with the corresponding renormal-
ization scale being Msysy. The DR scheme is also used for X; (except in figure 6, where
the OS scheme is used). tan 3 is defined as tan 3THPM (M), unless stated otherwise.

“Note that our EFT calculation also allows to treat scenarios with Mj as an independent parameter.
The numerical effect of the additional threshold, however, is small since the dominant two-loop effect is
already captured by the fixed-order calculation (see also [42]).
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Figure 2. Left: M), as function of tan 8 for XP®/Msysy = 0 (solid) and XPR/Mgysy = v6
(dashed) in a scenario with a low M4 and with different definitions of tan 8: in the MSSM at the
scale M; (blue) and at the scale Mgysy (red, overlapping with blue), and in the THDM at the scale
M, (green). Right: same signature, but for M4 = Mgusy (overlapping red and green curves).

Aside from the simplified scenarios, we also study a more complicated situation, the
“low-tan §-high” scenario proposed by the LHC Higgs Cross section Working Group in [57].

5.1 Shifts from tan 3 definition

As explained in section 3, we account for the different normalization of the Higgs doublets
in the full MSSM and the effective THDM by introducing a finite shift in the field renor-
malization constants of the fixed-order calculation. This changes the definition of tan 3:
from a MSSM quantity to one of the THDM, along with a change of the renormalization
scale from M; (the default of FeynHiggs) to M4.

We analyze the numerical effect of this redefinition in figure 2. It shows results of
FeynHiggs for M), using different definitions of tan 8: tan SMSSM(M;) (default definition
in FeynHiggs), tan STHPM(A/,) (default definition in this section) and, for comparison,
tan MSSM(Mgysy) (by shifting the renormalization scale to Mgysy). Accordingly, the
meaning of the horizontal axis is not the same for the different curves.

The left panel displays a low-M, scenario. The curves for tan SM¥SM(M,) and
tan STHPM (A1) are very close to each other. This is essentially due to My ~ My, the ad-
ditional non-logarithmic threshold correction of tan 8 between the THDM and the MSSM
in eq. (2.61) has only a small numerical impact. In contrast, there is a large hierarchy
between M; (or M) and Msysy. Therefore, the third curve for tan SMSSM(Mgygy) is
shifted upwards for low tan 3, by up to ~ 2 GeV for tan 8 2 1.2. This shift shrinks for
rising tan 3, as a consequence of the decreasing dependence of M}, on tan 5. For tan 5 < 1.2
a small downwards shift of up to 2 GeV is visible.

In the right panel, the same set of curves is displayed, but now for M4 equal to Mgysy.
Therefore, the curves using tan STHPM(M/4) and tan SMSSM(Mgygy) are very close; again,
the additional non-logarithmic threshold correction of tan 5 between the THDM and the
MSSM turns out to be negligible. Due to the large scale separation between M; and Msysy
the curve using tan SM3SM(M,) is shifted downwards by up to 2 GeV between tan  ~ 1.2
and tan 8 ~ 6. For tan 8 < 1.2, a small upwards shift up to 1 GeV is visible.
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Figure 3. M), as a function of M4 for XtDiR/MSUSY = 0 (solid) and X,PiR/MSUSY =6 (dashed).
Left: tanf8 = 1. Right: tan8 = 3. The results of FeynHiggs without effective THDM — using
the degenerate O(a?) threshold correction (blue) and using the non-degenerate O(a?) threshold
correction (green) — are compared with the results of FeynHiggs with effective THDM (red).

Note that for the rest of this section, tan § is defined as tan STHPM (M) for all dis-
played results.

5.2 Impact of the effective THDM

Having investigated the numerical effect of different definitions of tan 3, we now scrutinize
the impact of the main result of this paper — the implementation of an effective THDM
into the hybrid framework of FeynHiggs.

In figure 3, we compare the results of various stages of FeynHiggs by showing M,
in dependence of M 4: the previous version without an intermediate effective THDM us-
ing degenerate O(a?) threshold corrections (corresponding to version 2.14.0) as well as
using non-degenerate O(a?) threshold corrections (corresponding to version 2.14.1), and
the new version with the effective THDM implemented. One observes that the curves of
FeynHiggs with and without effective THDM converge to each other for rising M 4. This is
expected since for M4 = Mgysy, the SM+EWinos can be matched directly to the MSSM
and no effective THDM is needed. The small remaining deviation of the THDM curve
for M4 = Mgysy and XtDiR/MSUSY = /6 is caused by the O(a?) threshold correction,
which is part of the current FeynHiggs (without effective THDM) but not available for
the THDM-modified version. For M4 < Mgsysy we observe sizeable shifts, in particular in
the left panel where tan 3 is set to 1. The step from degenerate to non-degenerate O(a?)
threshold corrections already induces a downwards shift of up to 5 GeV for vanishing stop
mixing and of up to 7GeV for XtDiR /Msusy = v/6. Implementing now the effective THDM
leads to a further shift downwards by up to 2 GeV for vanishing stop mixing and up to
3GeV for XPR/Msysy = V6.

In the right panel with tan 8 = 3, the curves show the same qualitative behavior,
i.e. for low M, the implementation of an effective THDM shifts Mj; downwards, but in
comparison to the results with tan 5 = 1, the effects are less pronounced (< 1.5 GeV).

This strong dependence on tan 3 is visualized more specifically in figure 4, where Mj, is
shown versus tan 3 for the same cases as in figure 3. In the left panel, the difference between
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Figure 4. M), as a function of tan 3 for XtDiR/MSUSY = 0 (solid) and X,PTD‘/MSUSY = /6 (dashed).
Left: M4 =200 GeV. Right: M4 =1 TeV. The results of FeynHiggs without effective THDM —
using the degenerate O(a?) threshold correction (blue) and using the non-degenerate O(a?) thresh-
old correction (green) — are compared with the results of FeynHiggs with effective THDM (red).
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Figure 5. M) as a function of XPR/Mgygy for tan 8 = 1, (solid) tan3 = 2.5 (dashed), and
tan 8 = 3.5 (dotdashed). Left: M4 = 200 GeV. Right: M4 = 1 TeV. The results of FeynHiggs
without effective THDM — using the degenerate O(a?) threshold correction (blue) and using the
non-degenerate O(a?) threshold correction (green) — are compared with the results of FeynHiggs
with effective THDM (red).

FeynHiggs with and without effective THDM is displayed for M4 = 200 GeV and in the
right panel for a larger value M4 = 1TeV. The effects of the various steps of improvement
are most pronounced for low tan 8 and shrink quickly for increasing values; for tan 5 2 5,
the shifts are negligible. Again, the use of the non-degenerate O(a?) threshold correction
brings the result without effective THDM closer to that with effective THDM. The curves
in the left and right panel behave very similar; the overall M} values are higher for larger
M 4, but the shifts remain of the same size despite the slightly reduced hierarchy between
M4 and Mgsysy.

Next, the dependence on the stop-mixing parameter X,PiR is analyzed in figure 5,
presenting Mj, versus XPT/MSUSY for two different mass scales M4 = 200 GeV (left) and
My = 1TeV (right). As one can see, the difference between M}, predicted by FeynHiggs
with and without effective THDM is only mildly dependent on XPT/MSUSy. For all
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tan 8 = 3.5 (dotdashed). Left: M4 = 200 GeV. Right: M4 = 1 TeV. The results of FeynHiggs
without effective THDM — using the degenerate O(a?) threshold correction (blue) and using the
non-degenerate O(a?) threshold correction (green) — are compared with the results of FeynHiggs
with effective THDM (red).

values, the effect of including the THDM is a downwards shift of Mj,, becoming smaller for
increasing tan 5.

From a phenomenological point of view, shifting the curves according to the various
levels of improvement is relevant for the proper determination of the parameter range that
predicts M}, compatible with the measurement. We have kept in all the figures the case
with degenerate O(a?) threshold correction in the version without THDM in order to point
out the significance of going to the non-degenerate O(a?) threshold correction (realized in
FeynHiggs2.14.1) which already accounts for a substantial part of the shift when turning
to the new version with the effective THDM.

So far, all the numerical results refer to the DR scheme for the stop-sector renormaliza-
tion. As a distinct feature of FeynHiggs, also the OS scheme can be used for renormalizing
the stop input parameters. In order to illustrate the use of OS renormalization, we include
figure 6 as the equivalent of figure 5, now in the OS scheme, displaying the M} depen-
dence on X8 /Mgysy for M4 = 200 GeV (left) and for M4 = 1 TeV (right). The overall
behavior of the results is similar to the results obtained in the DR scheme; also the shifts
when turning to the THDM case are similar in size, although slighty more pronounced in
the OS scheme.

Here, it is however important to note that the shift between FeynHiggs with and
without effective THDM depends sensitively on the Higgsino mass parameter p when the
OS scheme is used.? This is due to the needed conversion of X; between the DR and the
OS scheme, according to eq. (3.13), which involves an extra term that can become large
for M4 < Mgysy, low tan 8, 4 ~ Mgysy and XtOS/MSUSY ~ 2, inducing large differences
between XS and XtDiR. This signals that in those regions the one-loop conversion is
insufficient yielding unreliable results for Mj,, and recommends the use of the DR scheme.

The Msysy scale dependence of the effect from implementing the THDM is explicitly
shown in figure 7. In the left panel, we set tan5 = 1 and M4 = 200 GeV to maximize

®u is set to M, = 500 GeV in figure 6.
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Figure 7. M, as a function of Mgysy for XPiR/MSUSY = 0 (solid) and XtITR/MSUSY =6
(dashed). Left: tan 5 = 1 and M4 = 200 GeV. Right: tan 8 = 3 and M4 = 1 TeV. The results
of FeynHiggs without effective THDM — using the degenerate O(a?) threshold correction (blue)
and using the non-degenerate O(a?) threshold correction (green) — are compared with the results
of FeynHiggs with effective THDM (red).

the shift for illustrational purposes. Even for Mgysy ~ few TeV, a sizeable shift occurs
between the results with and without effective THDM, despite the small hierarchy between
My and Mgysy. Phenomenologically this observation is, however, of less interest since the
Higgs mass values reached are below 115 GeV over the whole considered range of Mgygy.

The configuration in the right panel of figure 7, with tan8 = 3 and M4 = 1 TeV, is
more relevant for phenomenology since M}, ~ 125 GeV can be reached for Mgygy ~ 10 TeV
(and XtDiR/MSUSY = v/6). The difference between the results from FeynHiggs with and
without effective THDM, however, is negligible for Mgsysy < 20 TeV. We conclude that in
the commonly considered scenarios with stop masses around the TeV scale, M, < Msysy
and the h boson playing the role of the SM Higgs boson the additional corrections from an
intermediate THDM are negligible.

5.3 Results for the heavier Higgs bosons

The role of the SM-like Higgs boson can not only be played by the h boson, also the
H boson is a potential candidate (see [58, 59] for recent studies) and deserves a closer
inspection. In the following, we investigate the prediction for the mass of H boson within
our hybrid approach.

In this class of scenarios M 4 is smaller than M;. In consequence, the proper EFT at the
electroweak scale is the THDM and not the SM. In the present study, we approximate the
values of the SM MS couplings (v, 91, g2, g3) at the scale M; computed in [60] as boundary
values for the EFT calculation. Thus, the EFT at the scale M; is replaced by the SM,
which is then matched to the THDM. This procedure avoids the detailed calculation of
the THDM MS couplings at the electroweak scale, but neglects THDM-specific terms (i.e.,
terms of order O(M;/My)).

In order to estimate the uncertainty arising from this approximate determination of
the boundary values, we investigate the numerical effect of the presence of extra Higgs
bosons for the determination of the MS top mass, as the parameter with the strongest
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Figure 9. Left: My as a function of M4 for tan 8 = 1. Right: My as a function of tan 3 for
M4 = 80 GeV. The results of FeynHiggs without effective THDM using the non-degenerate O(a?)
threshold correction (green) and with effective THDM (red) are compared. XP®/Mgygy = 0 (solid)
and XPR/Msysy = /6 (dashed).

impact in the Higgs-boson mass calculation. As a rule of thumb, a shift of 1 GeV in the top
mass implies a shift of the same size in the Higgs masses. As displayed in figure 8, the shift
induced by the presence of extra non-SM Higgs bosons is at most 300 MeV. This value
is reached if M4 = 80 GeV and tan 3 = 1. For larger M4 and/or larger tan 3, the shift
is quickly diminished below 100 MeV. Accordingly, we estimate the uncertainty induced
by neglecting the non-SM Higgs bosons when extracting the MS couplings to be below
0(0.5 GeV).

In figure 9, the dependence of My on My (left) and on tan 3 (right) is presented.
In contrast to the parameters in the previous figures, we set M, = Msysy = 10 TeV
to reduce the overall size of Mp. The left panel illustrates the situation for tan§ = 1,
when the differences between the various versions are sizeable. We find an approximately
constant shift between the results with and without effective THDM (employing the non-
degenerate O(a?) threshold correction), of about 1 GeV for unmixed top squarks and
4 GeV for X,PTD”/MSUSY = /6. For the range of input quantities, however, My is too large
for H playing the role of the SM Higgs boson.
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My can only be significantly decreased by raising tan 5. This possibility is analyzed
in the right plot of figure 9, where M4 is set to 80 GeV. The shift between the results with
and without effective THDM shrinks for rising tan 5, as was the case for M},. To reach the
desired value of 125 GeV for My, tan 8 has to be at least > 7. In this region, however,
the difference between the results with and without the effective THDM is completely
negligible. Also the uncertainty induced by not including contributions from non-SM Higgs
bosons in the extraction of the low-energy couplings, estimated above, is totally negligible.

In addition, we also investigated the impact of the effective THDM on the prediction
of the charged Higgs mass Mpy+. For the calculation of Mpy+ no resummation of large
logarithms was available before. Nevertheless, we only find negligible shifts below 1 GeV
in the scenarios considered above.

As noted above, the numerical impact of the effective THDM on the heavier Higgs
boson masses might be enhanced in case of y > Mgygy, which is not covered in this work.

5.4 The “low-tan 3-high” scenario

In the “low-tan 8-high” scenario, defined in [57], all soft SUSY-breaking sfermion masses,
as well as the gluino mass, are set equal to Msysy. The value of Mgysy is chosen such
that the result for M), is close to the experimentally determined mass and varies between
a few TeV (in case of large M4 or tan ) and 100 TeV (in case of small M4 or tan 3). In
its original definition, the OS scheme was employed for renormalization, with the OS stop
mixing parameter varying with tan S as follows,

2 for tan8 <2
X908 /Mgusy = £ 0.0375tan2 8 — 0.7tan 8 + 3.25 for 2 < tan 3 < 8.6 (5.2)
0 for 8.6 < tan

Owing to the problems with OS parameters in scenarios with low M4 mentioned in sec-
tion 5.2, we define all parameters as DR quantitites.® Accordingly, we modify the values
for X,

0.0375tan? 3 — 0.7tan 3+ 3.25 for tan3 < 8.6

. (5.3)
0 for 8.6 < tan

XPT{/MSUSY = {

In this way, XPR /Msysy will be close to the value which maximizes M}, when tan g = 1
is approached.
The remaining parameters are given by

p=15TeV, My=2TeV, Apcsua=2TeV. (5.4)

M, is fixed via the GUT relation M; = %tan2 Ow My ~ 0.5Ms.
The left panel of figure 10 contains M}, obtained from the FeynHiggs version includ-
ing the THDM, in dependence of tan 8 and M4. One finds that M} comes close to the

5The use of the DR scheme will be also be beneficial when comparing with MhEFT in the next subsection.
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Figure 10. Left: M}, computed with FeynHiggs including the effective THDM as a function of My4
and tan § in the low-tan S-high scenario. Right: difference between the results with and without
effective THDM (FeynHiggs2.14.0).

experimental value of 125 GeV only in the upper part of the plot where tan 5 2 6. For
lower values of tan 5, M}y drops down to the region around 105 GeV. If additionally M4
is small (~ 200 GeV), M}, is even below 102 GeV. In comparison with the results shown
in figure 3 of [57], M}, is reduced by several GeV.

The results in [57] were produced using FeynHiggs2.10.4. Since then, many addi-
tional improvements were implemented in FeynHiggs (see also the discussions in [42, 45]
of important changes that have entered the versions 2.13.0 and 2.14.0). To point out
the effect of the most recent developments since FeynHiggs?2.14.0, we show the difference
between the most topical version of FeynHiggs with effective THDM and the non-THDM
version 2.14.0 in the right panel of figure 10. The diagram shows that for the considered
scenario the M), values obtained with an effective THDM are below the values obtained
without effective THDM. For tan 8 2 3, the downwards shift is small (below 1 GeV). For
smaller tan 3, the shift increases to about 4 GeV for M4 = 500 GeV. If in addition also
M4 is small (~ 200 GeV), the difference amounts to even more than 8 GeV.

5.5 Comparison to MhEFT

After investigating the numerical impact of an effective THDM on the hybrid calculation
of FeynHiggs, we compare our results to MhEFT (version 1.1).

First, we compare the results for M}, in dependence of M4 (see left panel of figure 11).
We choose tan § = 1 to maximize the impact of the effective THDM. For vanishing stop
mixing, FeynHiggs and MhEFT are in close agreement. Also for X,PiR/MSUSY = /6, the
two codes agree within ~ 1 GeV. The remaining deviation is caused by the different
parameterization of non-logarithmic terms (see [45] for an extensive discussion). For low
M 4 this constant shift is compensated by terms of O(M;/M 4) originating from the THDM
self-energies (see eq. (2.70)) which are included in FeynHiggs but not in MhEFT.
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In the right panel of figure 11, the results are compared as a function of tan 3, setting
M4 =200 GeV. The overall good agreement is confirmed. Especially around tan § ~ 3 the
two results are very close to each other, whereas the agreement is slightly worse for smaller
or higher values of tan 5 (but still within 1 GeV). Reasons for the disagreement are again
the different parameterization of non-logarithmic terms as well as terms of O(M;/Ma4).

This behavior is also reflected in the left panel of figure 12 showing M}, as a function
of XPiR, For tan 8 = 2.5 and tan 8 = 3.5, FeynHiggs and MhEFT nearly superpose each
other. Only for |X,PiR /Msusy| > 2.5, small deviations are visible which originate from the
different parameterizations of non-logarithmic terms. These terms become large for large
|XPR /Mgysy|. For tan 8 = 1, a deviation of < 1 GeV is visible for | XPR/Mgygy| < 2.5,
which is mainly caused by O(M;/My) terms.

In the right panel of figure 12, we have another look at the “low-tan -high” scenario
using the DR scheme, as defined in section 5.4. In the whole M4-tan 3 plane the difference
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between the two codes is smaller than 2 GeV. Especially for low M4 or low tan 8 the two
codes agree very well, whereas FeynHiggs yields slightly larger results than MhEFT in the
rest of the parameter plane.

Finally, we comment on the comparison between FeynHiggs and MhEFT shown in [38]
(see figure 10 and 11 therein). The authors of [38] compared the two codes in the low-
tan S-high scenario and found deviations of up to 15GeV. According to their claim, this
discrepancy was mainly caused by the missing implementation of an effective THDM in
FeynHiggs. In our figure 10, right panel, we found, however, the effective THDM to induce
shifts of not more than 8 GeV. This raises the question for the origin of the remaining
difference of ~ 7 GeV. One reason is certainly the fact that FeynHiggs has evolved a lot
since version 2.10.2, which was taken for the comparison in [38]. A second more important
reason is the parameter conversion used for the comparison, which was done for the “low-
tan 5-high” scenario defined with OS parameters, eq. (5.2). Therefore, the OS stop mixing
parameter had to be converted to the MS scheme which is employed in MhEFT. In this
conversion, M = Mgysy was assumed. Thereby, an important logarithmic contribution
was missed (last term in eq. (3.13)), which is especially large for low tan 8 and low My,
thus exactly in the parameter region where the largest deviation between FeynHiggs and
MhEFT was observed.

6 Conclusions

In this paper, we discussed the implementation of an effective THDM into the hybrid
framework of FeynHiggs for the calculation of the MSSM Higgs boson mass spectrum.
Our new EFT calculation allows to treat the case of light non-SM Higgs bosons as well
as of light EWinos and a light gluino. Furthermore, it includes complete one-loop and
dominant two-loop threshold corrections and takes all appearing effective couplings fully
into account. In this context, we also discussed how the matching between the various
EFT versions is performed paying special attention to the different normalization of the
Higgs doublets in the MSSM and the THDM.

This difference in field normalization plays a crucial role in the combination of the
existing fixed-order calculation in FeynHiggs with the new EFT calculation for low M 4.
Our accounting of the different normalizations is done by introducing finite shifts in the field
renormalization constants of the fixed-order calculation, which affects also the conceptual
definition of tan § as an input parameter. Moreover, we investigated the effect of a low
My in the scheme conversion of the parameters for the stop sector, which is necessary if
OS input parameters are used.

In our numerical study, we compared FeynHiggs2.14.0 and FeynHiggs2.14.1, both
with the SM as the EFT, to our new computation with an effective THDM, which is
implemented in a still private FeynHiggs version based on 2.14.1. We found the switch
to an effective THDM to cause a negative shift in M} of up to 3 GeV with respect to
FeynHiggs2.14.1. This maximal value is reached when tan/ ~ 1 and the hierarchy
between the SUSY scale and M4 is large (Msusy/Ma ~ 103). The shift shrinks quickly
when tan § is increased. For tan 8 2 7, the effects resulting fom the THDM are almost
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completely negligible. Similarly, the shift decreases when M, is increased or Mgysy is
lowered. Larger shifts, up to 10 GeV, are found when comparing to FeynHiggs2.14.0. In
that version, the implemented O(a?) threshold correction implicitly assumed M, to be
equal to Mgsysy, leading to an overestimate of M}, in scenarios with M4 < Mgysy.

We also investigated predictions for the mass of the second CP-even Higgs boson H.
In the phenomenologically most interesting parameter region, where the H boson can play
the role of the SM Higgs boson, we found the shift induced by an effective THDM to
be negligible. Also the prediction of the charged Higgs boson mass is only marginally
affected. In addition, we looked at the “low-tanb-high” benchmark scenario developed by
the LHCHXSWG. For this scenario, we found corrections of up to -8 GeV for tan g < 3 with
the consequence that the updated M), prediction is too low for meeting the experimental
Higgs boson mass. Finally, we compared our results with those of the code MhEFT finding
good agreement within 1 GeV throughout the considered parameter space.

Our calculation will become publicly available as part of the code FeynHiggs in a future
version. We leave possible improvements of the present work, like the implementation
of threshold corrections valid for arbitrary masses of the decoupled particles, or O(a?)
threshold corrections, for future work.
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A Threshold corrections

In this appendix one-loop formulas for matching the various EFTs to each other are pro-
vided. All expressions are derived under the assumption that all particles that are inte-
grated out have masses equal to the matching scale. The couplings on the right hand side of
all following expressions have to be evaluated at the scale given on the left hand side of the
corresponding expressions. Couplings not listed do not receive any one-loop contributions
to the matching conditions.

In addition, two-loop O(asay) corrections for the matching of the THDM quartic
couplings to the full MSSM are given.

Expression for matching the SM to the MSSM and the SM to the SM+EWinos are
listed e.g. in [37].

A.1 Matching the SM+EWinos to the MSSM

The threshold corrections for matching the SM+EWinos to the MSSM are also known
(see e.g. [37]). We extend the known expressions for the effective Higgs-Higgsino-Gaugino
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couplings §iy,14,24,2¢ by including also terms owing to the external Higgs wave-function

renormalization, which are proportional to X}? . They have been neglected in [37], because

of | X¢| < Mgysy in the split-SUSY scenarios considered there. We split up the matching

expressions into four pieces,

J1u(Msusy) = ¢'sg + Afgru + Andiu + Apg_isdius
g2u(Msusy) = gsp + Ajgou + A gou + Apr_wsd2us
J1a(Msusy) = g'cs + Afgra + Apgia + Apg_xs91d:
92a(Msusy) = gcg + AfGaa + ArGad + Apr_xigd2d-

The sfermion contributions are given by

- 5,0 1 N
Afgra = g’ spk <—g’ + Zh?(Q — s%Xf)) ,

2

- 3 1 .
Afggu = gsgk <—92 + fhf(Q — s%Xf)) ,

2
Afgra = gc5k< g+ h? %X)

Afggd = —gcgk ( g+ h s%f(f) .

(A.2b)
(A.2¢)

(A.2d)

Note that the new wave-function renormalization contributions proportional to Xf have

been already implemented in FeynHiggs from version 2.13.0 on.

Integrating out the heavy Higgs yields

. 1
Aggiy = 169 'spk (219 cg+ g -2+ 705))

At = 5 g35k —g*(2 + 11¢3) +7g’2 2

AHgld— gcﬁk <21g 55—1—9 2+735)

AHggd_ gc/jk g 2—1—1135 —F’?g’2 2),

where we neglected terms of O(M, /Ma).

(A.3a)
(A.3b)
(A.3c)

(A.3d)

Changing the regularization scheme from DRED for @ > Msysy to DREG for

Q < Msygy gives rise to
1 ! 2 /2
ApR_¥sdiu = -39 sgk(3g” +47),
1 2
ApR_Msd2u = 24936k(239 -39,
1 /2
Apgr_,msdid = _gg 0515(39 +4),
A

1
DR_MSI2d = 24965k(239 —3¢%).

See e.g. [61] for more details on the origin of these contributions.
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A.2 Matching the SM to the THDM

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

)\(MA) :)\tree + A)\ (A5)
with
Atree = )\10% + )\gsé +2(A3+ M\ + )\5)0%8% + 4)\60255 + 4)\7055%, (A.6)
2
AN = — 3k {()\6 + )\7)025 + ()\6 — >\7)C45 — ()\16% — )\28% — ()\3 + 4+ )\5)025) 825} .
(A7)

Plugging in the tree-level expressions for the \; from the matching of the THDM to the
MSSM, we recover the heavy Higgs contribution to the matching condition of the SM Higgs
self-coupling to the full MSSM given in eq. (10) of [37].

The top Yukawa coupling of the SM y; is related to the top Yukawa couplings of the
THDM via

3
v (Ma) =(hess + Hyes) |1 = Sk (hacs — nsg)?|. (A.8)

This correction corresponds to the heavy Higgs contribution to the threshold of the top
Yukawa coupling when matching the SM to the MSSM given in eq. (24) of [37].

A.3 Matching the THDM to the MSSM

At tree level the Higgs self-couplings of the THDM are given by

AL tree (Msusy) = A2 tree(Msusy) = %(92 +g), (A.9a)

A3 tree (Msusy) = %(92 — 4%, (A.9b)

M tree(Msusy) = — %gza (A.9¢)

A5 tree (MsUSY) = A6 tree(Msusy) = A7 tree(Msusy) = 0. (A.9d)

At one-loop level corrections arise from integrating out the stops, EWinos, as well as
from the transition from DR to MS. We split up the stop contribution into one part
originating from vertex corrections and another part originating from the wave function
renormalization (WFR) of the Higgs fields,

Xi(Msusy) = Aitree + Aver.Cor. i + AWFRA: + AEWinosAi + Apg_, 35 Ni- (A.10)
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The stop contributions have originally been calculated in [52]; they are listed here for

completeness. The vertex corrections from box and triangle diagrams are given by

AVer.Cor.Al —*khfﬂ + k(g + QIQ)htH )
AVelr.Cor.A2 = 6kh?AtQ <1 - 12‘41%) - 2(92 + g/Q)h%A%7

1. X 3 o
Aver.cor s = Gk (3 = A7) = Sk(g® — g *IWP(AF — i),

8
AVerCOrM—%k: hi(3 — A7) + /<:2h2(A2 i),
Avercor Ns = — 5 P A2,
A cor. AG—%kh §PA — Sk + g PR,
Avercor Ar = bt A4 —6>+§k(g A,

whereas the WFR corrections read

AwrrA = =2(Z11 A1 + Z16),
AwrrAz = =2(Zh + Z157),
AwrrAz = — (211 + £92) A3 — £1(A6 + M),
AwrrAs = = (2 + Zho) M — Z1p (X6 + A7),
AwrrAs = — (2 + o) As — Z1a (X6 + A7),
Awerhs = — 5 (351 + S0 — 5 Bha(h + X+ a4 ),
AwrrA7 = —%( |+ 3550) A7 — %2’12(& + A3+ A1+ As),
where the f];] = (a%gflqgmj) |p2— are given by
" - SRR,
1 72
b2 = 2kht A,
Sy = —ikhffltﬂ.
The scheme change from DR to MS yields the additional contributions

Apr_wsAL2 = *k(7g +6g%9"” +3¢"%),

29" 4 3¢'%),

A s hs = —ﬁk( — 6g%g
1 2
Apg_ M = —5k92(92 +34"7),
Apgr_misrs67 =0,

which have already been calculated in [62].
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The EWino corrections can be obtained by replacing the effective Higgs-Higgsino-
Gaugino couplings §iuy,iud,.. in the expression for matching the THDM to the
THDM+EWIinos given below by their tree-level values.

Due to the wave-function renormalization, also [ receives a threshold correction,

1
BrapM = Bumssm + §A23¥1H2' (A.15)

AE’Hl 1, receives corrections from sfermions and EWinos,

Ay m,

1 p . p .
P Zkhfsw(flt — 1/tg) (A + fitg), (A.16)

1
=~ k(3¢" + g")cas. (A.17)

2/
HiHe | pyying

Only when taking into account this threshold correction, can the well known one-loop
matching condition of A (when matching the SM to the MSSM) be recovered from eq. (A.5)
considering the limit M4 — Mgsysy.

The top Yukawa couplings are obtained at the one-loop level via

4 A 1
N () hef 1+ k| 30300 - A+ 12 (F(0) - 1 42)

3 . 1
vt (R - 2) 4o (A0 - 55 ) |} @
4 5. 1. 54 . N
(hy) TP (Msusy) :htk{gggﬂ + hi A+ G Fa) + 9" Fa(i) ¢ (A.19)
Here, we implicitly assume that M; = Ms = p.
The appearing functions are given by
3
1) =———— |7 — 442 — 3p* + 242(8 — 342) In i A2
Fi(f) 16(1— )2 [7 17 = 3" 4+ 247(8 — 307) In o7 |, (A.20a)
. 31° -2 ~2
=~ |1— 1 A.20b
FQ(M) 2(1_,&2)2[ K +HM]7 ( 0 )
i) = | (55 — 3244 + 51732) (1 — %) 4 2%(72 — 16 Ay — 19/4%) In i
Fa(j1) 144(1_ﬂz)2[(55 32441+ 5107)(1 — %) + 207(72 — 1644 — 1947) In 17,
(A.20c)
Fa(f) :ﬁ‘Q[13(1 — %) + (9+4ﬂ2)lnﬂ2} (A.20d)
1801 — ) ’
3
1) =————— | — 14442 — 34* + 244 In 32 A2
Fs(f1) 8(1—/}2)2[ + 40" = 3" + 207 In i ]7 (A.20e)
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with

F1(0) = %, Fi(l) = —%, (A.21a)
Fa(0) =0, A1) =2, (A.21b)
Fi(0) = % Fy(1) = _3716(9 +4A)), (A.21¢)
Fa(0) =0, Fa(l) = 3—56, (A.21d)
F5(0) = —% F5(1) =0 (A.21e)

as limiting values.

A.4 Matching the THDM to the THDM+EWinos

We again split up the matching conditions for the Higgs self-couplings into a piece due to
vertex corrections and a piece due to wave-function renormalization,

)\ZTHDM(MX) — )\iT‘HDM+EWinos + Aver.Cor. Ai + AWFRA; - (A22)

The vertex corrections read
1 4 PS: TN 2 A9 -9 A A )
Aver.Cor. A1 = — ﬁk‘ 73104 + 1697 4091du + 20144(991au + 79240 + 892ddF2du + Gau)

+ 16g14a91du (Eﬁdu + (G2da + §2du)2> + T8 g
+ 287 4 (9340 + 802dd92du + T854,)

+ 3(§2dd + §2du)* (99540 — 202dag2du + 9?1%(1“)] , (A.23a)

1 . 3 . . . .. .
Aver.Cor. A2 = — ﬁk |:7gilud + 169?udgluu + 29%ud<99%uu + 7ggud + 892ud92uu + g%uu)

+ 16g1udg1uu (g%uu + (g2ud + gQuu)Q) + 7§iluu
+ 2g%uu (ggud =+ 8§2ud§2uu + 7g%uu)
+ 3(g2ud + g2uu)2(9ggud - 2g2ud§72uu + 9g§uu):| ; (A'23b)

1

AVer.Cor,)\?) = - Ek [g%dd(’Yg%ud + 8gludgluu + 7g%uu + 10g§ud + 8§2ud§]2uu + 4§%uu)

+ 2g1dd <2g1du(2g%ud + gludgluu + Qg%uu + 2g§ud =+ gQudQQuu + 2.@%1“;,)
- 3(g1udg2ddg2ud + gludQQdug%Lu + gluuQQddQQUU - 3gluug2dug2ud>>

+ g%du(,?g%ud + 8g1udgluu + 7g%uu + 4g§ud + 8§2ud§2uu + 10§§uu)

- 6g1du(_3g1udg2ddg2uu + gludedu.gQud+§1uug2ddg2ud+§1uu§]2du§2uu)
+ 100744054 + 89 Tuab2dadodu + 491 uadadn + 891udf1uudsad

+ 4g1ud§1uu§2dd§2du + 8§1udg1uu§gdu + 4g%uug%dd + 8g%uug2ddg2du
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+ 1087 wuB3du + 270300050 + 2403 44920ad2un + 270330030
+ 2409442du05uq — 1202ddG2dud2ud 920 + 24G2dd492duTaun

+ 27g%duggud + 24ggdu§72ud§2uu + 27g§dugguu:| ) (A23C)
A A= — k|2 (752 Iruditun + 462, — 5624 — 4Gouddoun — 202
Ver.Cor. N4 = 12 gldd( 91ud + 891ud91uu + Juu 592ud 92ud92uu g2uu)

+ 2G14dd (§1du (497 4a + 51ud01un + 40T 0n — 20300 — G2ud2uu — 2054,)
+ 3(G1ud(202dd + 92du) (202ud + G2uu)

o+ Gt (20naadna + AG2aaou — Graudoud + 2niudoun))

+ G700 (497 ud + 891uadtun + TGty — 20504 — 492udd2un — 595)

+ 6914y (glud(2§2ddg2ud — G2ddG2uu + 4G2duoud + 202duf2uu)

+ Gruu(G2dd + 2G2du) (92ud + 2§2uu)) — 5% uad5d4 — 40T uad2ddaddu

— 20%udP3du — A91udf1undbaq — 201udtuuf2ddd2d — 491udd1undday

— 20t u3da — 49T uud2dad2au — 53T wuP3au + 27530053ua

+ 2493 4a02uaf2uu + 2492d4a92duF3uq + 4202dd92dud2uad2un

+ 2402ad92du3un T 240500 2udf2un + 27§§du§§w] , (A.23d)

1

Aver.Cor.As = — Ek [A%ddwgfud + 8G1udfun — 201wy + 205uq + 4G2uad2uu — Gouu)

+ 29144 (gldu (407 ua+ 119 10d 0100+ 407 4205 wa + T92ud02uu+205,,,)
+ G1ud (924a(592ud + 202uu) + 202du(92ud + G2uu))

+ G1uu (92dd (292ud — G2un) + 2G2du(G2ud + Qzuu))>

+ 0140(—20ua + 891udGrun + T9tuu — Foua + 492uaf2uu + 253u)
+ 20140 <§1ud (20244 (92ud + G2uu) — G2du(92ud — 202uu))

+ G1uu (292dd(92ud + G2uu) + G2du(2020d + 5§2uu))) + 20Fuaf54d

+ 40Fuqd2dad2du — Truadsan + 491uad1uudsag + 1491uad1uuf2ddd2du
+ 4G1uaftunGian — Suuaa + A0tun2dadedu + 20 wuGia

+ 2705400504 + 24930a92ud02un — 63344930 + 240244924003 ua

+ 5492da92duf2udf2un + 24G2dd92du 5wy — 695au3ud

+ 24ggdug2udg2uu + 27g§dug%uu ) (A'23e)

1. . . . S S
AVer.Cor.)\G = - Ek g?dd('?glud + 4gluu) + g%dd(lzglduglud + 9gldugluu

+ 7G2d4d92ud + 492dd92uu + 492duG2ud + G2duG2un)
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+ 91dd (BQ%du(gglud + 4G1uu) + 891du(G2dd + G2du)(G2ud + G2uu)
+ (92dd + 92du) (910d(T92dd + G2du) + 491uu(G2da + deu)))

+ 33 g0 (4010 + T91uu) + G1au(G2dd02ud + 402ddd2un + 402duf2ud
+ 7G2augoun) + 91du(G2dd + J2du) (4§1ud(§2dd + G2du)

+ G1uu(92dd + 7§2du)> + 3(g2dd + G2du) (ggdd(9§2ud + 4G2uu)

+ 392da92au (92ud + G2uu) + §3qu(4G2ua + 9g2uu)):| : (A.23f)
A A ——ik . ~3 262 4 . 2 .92 A £
Ver.Cor. A7 = 12 91dd 7glud +1 9J1ud91luu + glud(ggluu + 792ud + 892ud92uu + g2uu)

49100 (s + (G20 + G20)?) )

+ G1du <4§%ud + 997 wadtun + 491ua (39% + (G2ud + G20)?)

+ G1uu(T07u + 95ua + 802uadoun + 7§guu)) + 737 uaf92da92ud

+ 437 yad2ddf2uu + 497 yad2dufzud + 9tuafd2duzun + 8G1uddiund2dadzud

+ 801ud91ung2dd92un + 891udd1uud2dud2ud + 891udd1uud2dud2un

+ 0t uud2dad2ud + 49T d2ddd2un + 407w d2dudoud + 195 wu2dud2un

+ 27G2d4050q + 3602ddG5uqG2un + 2102ddG2uddun + 120244550

+ 1200du50d + 2192du05ua02uu + 3602dud2udFrun + 27G2dudam | -

(A.23g)

The WFR corrections are identical to those listed in egs. (A.12a)—(A.12g), but with

N 1 R R N R
n= _ék [(Qldd + 91du)” + 3(Joda + gZdu)Q} (A.24a)
~ 1 N . . R
Yo = —gk [(Qmu + g1ud)2 + 3(g2uu + 92ud)2] (A.24Db)
~ 1 N R ~ R N R ~ R
32 = _ék |:(gluu + glud)(gldd + gldu) + 3(92uu + 92ud)(92dd + gZdu) (A24C)
The matching conditions of the top Yukawa coupling are purely due to wave-function
renormalization,
cos 1 & 1,
T A (A.250)
. 1. . 1 .
(Y TIPN (M) = () TION PN Lt D, (A.250)
The threshold correction of 38 reads
1
Brupm(Ma) = BTHDM+EWinos + §AE/HlH2 (A.26)
with
AEII{1H2 = SﬂCﬁ (2/22 — 2/11) + 6265]/12 (A27)
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In the limit of M, — Msysy, we cross-checked the threshold corrections of ;. 7 against
the expressions given in [62] and found agreement.

A.5 Matching the SM+EWinos to the THDM-+EW inos

Matching the SM+EWinos to the THDM-+EW:inos, the threshold corrections for the SM
Higgs self-coupling as well as the top Yukawa couplings are the same as in the case of
matching the SM to the THDM (see section A.2), since no corresponding unsuppressed
diagrams containing heavy Higgs as well as EWinos exist.

We split up the matching condition of the effective Higgs-Higgsino-Gaugino couplings
into a part due to vertex corrections and another one due to wave-function renormalization,

Gi(Ma) = Gi tree + Aver.Cor.Ji + AWFRJi- (A.28)

The vertex corrections are given by

- 1, . A S
Aver.Cor.J2u :5(g2udcﬁ - gdeSB) [(g2dd92uu - glddgluu)q%
+ (91dd91du — G1ud91uu — J2ddG2du + J2ud92uu)S5C3

+ (glduglud - deu§2ud)8/%?:| ) (AQQa)

. 1 . . P P
AVer.Cor.QQd 25(92uucﬁ - deuS,B) |:(92du92ud - glduglud)c%
+ (91dd91du — G1ud91uu — J2ddG2du + J2udJ2uu)S5C3

+ (91uufrdd — ded§2uu)5%:| ; (A.29D)

- 1, . ) . . A
AvVer.Cor.J1u :§(gludc,8 — G1ddS8) [ — (G1uugrda + 392uu92dd)0?3

+ (G1dd91du — J1uuiud — 392uuf2ud + 3G2dd92du )53

+ (glduglud + 3g2du§]2ud)5%:| ) (AZQC)

- 1 . S A
AVer.Cor.gloi :§(gluucﬁ - gldusﬁ) |: - (glduglud + 392du92ud)0%
+ (91dd91du — G1uudiud — 392uud2ud + 392ddJ2du)S5CH

+ (J1uufrda + 3§2uu§2dd)5%] : (A.29d)

The wave-function renormalization contributions read

_ 1, . . . .
A'WFRg2u = - E(QQuusﬁ + deuCﬁ) (g%uu + 2g%ud + 5g§uu)0%

— 2(g1uudidu + 2G2dd92ud + 5G2uud2du) S5

+ (9Tau + 20544 + 5954.)55 | » (A.30a)
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~ 1, . . . .
AwFRG2d = — E(gmmcﬂ + 92ud5g) |:(g%ud + 5050 + 29§uu)0%

— 2(G1dd91ud + 5G2ddG2ud + 292uuf2du)5CH

+ (9744 + 59540 + 29%@)8%} : (A.30D)
. L . .9 9 2\ 2
AVVFRglu = - E(gluusﬁ + glducﬂ) (3gluu + 2glud + 392uu)cﬁ
— 2(201dd1ud + 391uud1du + 392uud2du)S5C3
+ (20744 + 30Tau + 39%@)3,%} ; (A.30c)
_ 1. . .9 2 A2\ 9
AwFRJ1d = — E(glddcﬂ + 91ud38) | (201uu + 391ua T 392u4)C5

—2(391dd91ud + 201uud1du + 392da92ud)55C8

+ (397 aa + 2570 + 3§§dd)5%] : (A.30d)

A.6 Matching the THDM+EWinos to the MSSM

The threshold corrections for 5 and A; are obtained by taking the respective ones from the
matching of the THDM to the MSSM but removing the EWino contributions.

The matching conditions of the effective Higgs-Higgsino-Gaugino couplings, only re-
ceive corrections due to sfermions, given by the expressions (at the scale Mgygy)

. S 1 .
Afgmu =k (—29’2 + Zh§(9 — Af)) , (A.31a)
. 3, 1.,
Afg2uu = gk _59 + th (9 - At) s (ASlb)
5 (22 1o
Ajgraa = —g'k ( 59"+ Jhii” ) (A.31c)
. 3, 1,5,
Afiraa = —gk | 597+ hin” |, (A.31d)
and
. 1 P
Afgrua = g+ kb A, (A.32a)
. 1 Ao
AiGoua =9 - Zkh?z‘lm, (A.32Db)
. 1 Ao
AiGian =9 - ZkhiAtu, (A.32c)
. 1 ia
Aflodu = g - khi A (A.32d)

In the limit M4 — Mgysy, we recover the corresponding matching conditions of the
SM+EWinos to the MSSM, given in egs. (A.2a) and (A.2d) only if correctly taking into
account the threshold corrections of tan 5.
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The corrections due to the change of the regularization scheme read

ApRasdun = —ég’k(SQZ +g7), (A.33a)
ApR_Msd2uu = igk(%g2 -3¢, (A.33b)
ApR_MsLdd = églk(392 +47%), (A.33c)
ApR_3sd2dd = 214 k(2392 — 39, (A.33d)
Apr_asdide = Aproasdiud = Apgrisdedu = Apr_asd2ud = 0. (A.33¢)

A.7 Two-loop O(asat) threshold corrections

For deriving the O(asay) threshold corrections for the quartic couplings \;, we follow
the strategy outlined in [38]. As the authors of [38] pointed out, the O(ascy) threshold
corrections do not depend on tan 8. Therefore, they can be extracted from the threshold
correction for the SM quartic coupling A in the case M4 ~ Mgsysy from matching the SM
to the MSSM by selecting the coefficients of the various [-dependent terms according to
eq. (2.65) and eq. (2.22).

In contrast to the MS scheme employed in [38], we use the DR scheme. Expressing
the one-loop threshold corrections in terms of X,PiR and the MSSM DR-renormalized top
Yukawa coupling h%\/ISSM, the two-loop O(asay) threshold correction for A at Mgysy reads
as follows [37],

4 . R R .
Aq,an\ = _nggghfngt(M — 12X, — 4X7 + X}). (A.34)

Inserting X; from eq. (3.14) and selecting the terms proportional to (cé, s%, c%s%, 0‘255, 658%)

yields
4 2 214-~4
Ap.os N = —gk‘ g3hy i1”, (A.35a)
. N 1 . 1 .
Av.aydo = 16k2g§hf< —2A; + A? + §A§’ - 12A§>, (A.35D)
o 1 -
Aq,an 345 = 8k2 g2t i (1 + A — 2A§>, (A.35c¢)
Aq.a e = fk2g hii < 1+ At>, (A.35d)
N . 1 -
Ao\t = 4k2g2hE 0 (2 —24; — A2 + 3A§’>, (A.35¢)

where A345 = A3+ As + A5. These expressions are valid under assumption of Mz = Msysy.
In the case Mz < Msusy, the SM-MSSM O(a0y) threshold correction reads [37]

low Mj 8 S >
Aarey I\ = —ng g3hish (9 — 12X, + X}1). (A.36)
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Selecting again the terms proportional to (cé, s%, c%s%, c%sm 053%) yields

ow Mj 8 R

AnvellTn = — sk gshiiit, (A.37a)
low Mj 812 2,4 A2 44

N L L <9 — 1242 + At>, (A.37b)

AT N5 = 8K2 g2 (2 — A2 A

asar - A345 = ORTG3I [ i (A.37c)
ow Mj 8 P

Antor "6 = SKghi A, (A.37d)
ow o 8 N A

AlasatMg/\7 = —gkzggh;},u <6 — A?) (A.37e)

Using this method, we get only an information about the sum As45, leaving thus some
arbitrariness. We follow the arrangement in [38], assigning

Ad,aiA3 = %Aasat)\345a (A.38a)
Ac,arM = %Aasat&%, (A.38b)
Aa,aAs =0, (A.38¢)
AR = JAT N, (A.384)
Ao Ny = %Afswayg)\s%, (A.38e)
Aoy " X5 = 0. (A.38f)

Other possible distributions yield numerically very similar results.

B Difference in field normalization

In this appendix, we give explicit formulas for the difference of the field normaliza-
tion between MSSM and THDM fields. The expressions are valid up to terms of
O(M;/Msusy, Ma/Msusy, Mi/Ma).

The contribution from sfermions is given by

1 .
Al = S (B.1)
1 P
Alew = —ikh?Atﬂa (B.2)
1 N
Ay, = ikh?Af. (B.3)
The contribution from electroweakinos reads
1 M?
AT = _ék (392 + g/2> (1 +3In Q;() , (B.4)
1 2
ADy = —gk (392 +9 ) ) (B.5)
1 M?
A Yhy = — Gk (392 + 9’2) (1 +31In Q;) : (B.6)
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In addition, also all non SUSY particles, i.e. the particles of the THDM, yield a contribution
if the renormalization scales of the THDM and the MSSM are not equal,

1 2\, Q7
ArapMEY; = —5k (392 +9 ) In o (B.7)
AtapmXis = 0, (B.8)
1 A2 A2
ATHDM )y = — 5k (392 + g’2) In 22 + 3kh?In 22 (B.9)

with @ being the renormalization scale of the MSSM and @ the scale of the THDM.

C Dependence on field renormalization constants

Here, we specify in more detail how the renormalized two-loop self-energies are influenced
by field renormalization. The discussion is valid in the limit of vanishing electroweak gauge
couplings (gaugeless limit), which is the current approximation applied for the two-loop
fixed-order corrections implemented in FeynHiggs. The notation follows closely that of [30],
where also more details about the renormalization as well as the applied approximations
can be found.

Field renormalization is performed by rescaling the original MSSM Higgs fields, intro-
ducing loop-expanded renormalization constants up to the two-loop level,

~ 14+ 1MWz, + AR 7 lsWz., + LA@ 7z oy
<¢1> . ( 2 11 2 11 2 12 2 12 ?1 (Cl)

s L6 Zyy + 1A® 7z, 14 160 25y + 1A@) 79 ) \ 62
with
1 2

In extension of [30], we also allow for the possibility of non-diagonal field renormaliza-
tion terms.

Similarly, we introduce field renormalization constants in the mass eigenstate basis,

h 1+ 560 Zp + 360 Zp, - 36U Zpg + 56P Zip h
(H) — ( 150 Zgy + 16® 2, 1+§5(1)ZHH+55(2)ZHH) (H) (C.3)
These field renormalization constants are related to the ones in the gauge basis via

5O Zpp = 26W Z11 — 5906M Z1g + A6W Zos, (C.4a)

8V Zpm = —s0ca (5<1>Z11 - 5<1>222) + c2a6W Z1, (C.4b)

6V Zir = 26 Z11 + 5900W Z1y + 5260 Zay, (C.4c)

8N Zax = 5360 211 — 895010 Z15 + 361 Zos, (C.4d)

60 Zag = —spes (60211 — 6 Zns ) + 2000 215, (C.4e)
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and at the two-loop level,

5P Zp = LA Z11 — 550 AP Z1y + A AP Zyy, (C.5a)
8@ Zyir = —saca (A(l)ZH . A<2>ZQ2) F e AP 7, (C.5b)
6D Zyw = AAPD 211 + 550AP Z1g + 2 AP Zyy, (C.5¢)
8P Zps = 30D 7211 — s55AP Z15 + AAP 25y, (C.5d)
60 Zag = —spes (A 211 — AP 2, ) + 03500 21, (C.5¢)

In the following we set o = 8 — 7, according to the gaugeless limit.

Moreover, we set the external momentum p? to zero in the two-loop self-energies, as it
is the default setting for the two-loop corrections in FeynHiggs.” The renormalized two-
loop self-energies are composed of the unrenormalized self-energies and the corresponding

two-loop counterterms,

S (0) = 27(0) = 6, (C.6a)
i (0) = 345(0) — 0@ mfy, (C.6b)
S7(0) = 23,(0) = §m3, (C.6c)

The counterterms can be written in the following way,

§m, iMﬁ (5(1)ZhH)2 +6WZp 6Om2 + 6025 6VOm?2  +6@m2, (C.7a)
5<2>th % {( o+ 5(1)ZHH) 51 )m%H + 607, (5(1>m2 " 5(1>m§{)}
+ % 250 )ZHH N Zyg + MA 5 Zg + 6@ m? (C.7b)
5% — { i+ (8 >ZHH)1
+6WZyy 5<1>mH +0WZ 5 6Wm2 o+ 6@m?2,, (C.7¢)

involving field renormalization constants and mass counterterms of one-and two-loop order.
The two-loop mass counterterms are given by

2
§m2 = M3ch (a%) .
__e
2 My sw

e 2 sWy, 5O
2MWSW Cﬁ 1) tﬁ 1) H

[5(2)Th + (5(1)Th (5(1)Zw} , (C.Sa)

2

63 i = M3 0@t + 63 6Wts — Michss (605)
__e
2MWsW

§Pm?2, = s@M3. (C.8¢)

[5<2>TH + oMW1y 5<1>ZW] , (C.8b)

"For the inclusion of non-zero external momentum at the two-loop level see [63-66].
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They involve the tadpole counterterms, the counterms for tan 3, as well as the renormaliza-
tion constants of the electric charge, of the W-boson mass, and of sin fy in the combination

dWe  sWr  6Wgy,

sW 7z, — — C.9
W e My Sw (C.9)
Also required are the one-loop mass counterterms,
§Om2 = - 507 C.10
mp, 2MWSW h» ( a‘)
1),..2 2 2 ¢(1 e 1
sWm?2, = 6MM3, (C.10c)
e
At the one-loop level, the renormalization of tan 3 is given by the counterterm
1 1
6Wts = Sty (5(1>222 - 5<1>le) 5 (1-13) 81z, (C.11)

In the gaugeless limit and with the top Yukawa couplings only, the corresponding two-loop
counterterm for tan 8 reads as follows,

5015 = St (692 — 5020) + 5 (1~ 1) 6@z
1 2 2] 1
+ 5ts [3 (60711)" = (0022) ] -5 (125 — 13— 263) (60210

—~ itﬁ §Wz11 60755 — % (1—2t3) 6021, 6W 215 — %t% 0WZ136W 7. (C.12)

2

Since we work in the real MSSM, the A-boson mass is used as a renormalized input parame-
ter, with the counterterms determined by mass renormalization at one- and two-loop order,

53 = 51 (0) — M3 6 Z44, (C.13)
1 2
5@M3 =23 (0) — M3 [5(2)ZAA +2 (5(1)ZAA> }
—6WZ 44 6OMZ% — M Z 6 6MWm? . (C.14)

where the external momentum in the A-boson self-energy is set to zero according to our
approximation.

The tadpole counterterms are fixed by the requirement that the renormalized tadpoles
vanish at the one- and two-loop level,

T+ 80T =0, (C.15)
T +89T2y =0, (C.16)
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where T,%I are the i-loop unrenormalized tadpoles of the h and H fields. The two-loop

counterterms include field renormalization and are given by

1
SOTE = (6(1)Zhh sOT, + 607, 4 5<1>TH) + 6T, (C.17a)
5OTE — % (602111 60Ty + 602311 60T, ) + 5T (C.17b)

With the conditions above all renormalization constants entering the renormalized self-
energies in eq. (C.6) are determined.

The two-loop field renormalization constants appear exclusively in the Z-dependent
two-loop counterterms of eq. (C.6), either directly or through the two-loop mass, tadpole
and tan 5 counterterms. In the combinations of eq. (C.7) they completely drop out and
hence are not needed for the renormalized self-energies (C.6). This was already noted for
the diagonal field counterterms in [30] for the O(a?) corrections.

The one-loop field renormalization constants 5(1)Zij enter the two-loop renormalized
self-energies eq. (C.6) both through the counterterms and through the unrenormalized self-
energies via one-loop subrenormalization. We extract the following dependence on §(1)Z, Zij,

S 2 e 2 1

0], =200l - i (20, g00m) . s
& e 1

Z’(”z[( 0) 57 ’(“‘)1(0)’52 25w Mw <T§)’52 * QS%TI(;)(S(UZM) ’ (C-180)
20| ==Hh0| -zhol - (C.180)

The subscript §Z indicates that only terms proportional to any of the field renormalization
constants are kept. As a cross-check, we verified that adding a finite part to any (5(1)Zij
does not lead to additional divergencies. This is important for our method in section 3 to
incorporate the different normalization of the THDM fields as a finite shift in the one-loop
field renormalization constants of the MSSM.

D Scheme conversion for low M4

In this appendix, we list the formulas necessary to convert the parameters of the stop sector
from the OS to the DR scheme. Building upon the expressions given in [16, 36], we extend
those to the case of M4 # Msg.

First, we give the expression for calculating the DR top quark mass of the MSSM in
terms of the OS top quark mass,

8 2 )
<mPR> (Q)—Mf{ - Ske3 [5+31n§+an Xt]
3 y? 1 M 8 Q? M2 1 X
+pr g Gmh) + (5 i) g s}
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with Mg being the stop mass scale (M g = my, my, with m; being the stop masses). For
the conversion of this stop mass scale, we get

(M?)%@):(Mg) {1—136kgg[ “in g]

3 2 ~o M2 2 M2
1 o2 M2 ) ~ M2
o 1. M?2
2 s

2 M2

5 (atma e 0 (3-2m gy ) - a2 ma - )] |,
5% Q

(D.2)
and for the conversion of the stop mixing parameter,
_ R 4 R R R
XPRQ) = MgS{XtOS + §kgg [8 +5X; — X7 + 3XtL}
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t

The appearing loop function f4 depending on My = My /Mg is defined by

Y _Ar2
Mayd - My V4MA> _W] (D.4)

- M
fa(Ma) = — =4 | arctan _
4— N3 2 - M3

with the limiting values

fa(0)=0,  fa(l)=- (D.5)
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