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Abstract

We discuss various improvements of the prediction for the light MSSM Higgs boson
mass in the hybrid framework of the public code FeynHiggs, which combines fixed-
order and effective field theory results. First, we discuss the resummation of logarith-
mic contributions proportional to the bottom-Yukawa coupling including two-loop Ap
resummation. For large tan 3, these improvements can lead to large upward shifts of
the Higgs mass compared to the existing fixed-order calculations. Second, we improve
the implemented EFT calculation by fully taking into account the effect of CP-violating
phases. As a third improvement, we discuss the inclusion of partial N3LL resummation.
The presented improvements will be implemented into FeynHiggs.
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1 Introduction

The discovery of a Higgs boson at the LHC , was an important step towards the under-
standing of the fundamental laws of Nature. The properties of the detected particle allow
a sensitive test of the predictions of the Standard Model (SM) and of theories of physics
beyond the SM (BSM). In particular, in the Minimal Supersymmetric extension of the SM
(MSSM) [31[4], based upon the concept of supersymmetry (SUSY), the mass of the discov-
ered boson is not a free parameter, as in the SM, but is predicted in terms of the model
parameters.

While the SM-like Higgs mass in the MSSM is smaller or equal to the mass of the Z boson
at the tree-level, large quantum corrections shift it upwards towards the experimentally
measured value of M, ~ 125 GeV. In order to allow the use of the SM-like Higgs mass
as a precision constraint on the MSSM parameter space, the precise determination of these
quantum corrections is crucial .

The quantum corrections can be calculated in different frameworks. In the most direct
approach, quantum corrections to the Higgs self-energies are calculated diagrammatically in
the full theory (for recent works see [6-13]). This approach has the advantage of capturing
all corrections at a specific order in perturbation theory. If the scale of SUSY particles is,
however, much larger than the electroweak scale, large logarithms emerge in the fixed-order
corrections exacerbating the behaviour of the perturbative expansion. In such situations,
effective field theory (EFT) techniques allow the resummation of large logarithmic corrections
(for recent works see [14-21]). Without including higher-dimensional operators into the low-
energy EFT, terms suppressed by the SUSY scale are, however, missed in this approachﬂ
Therefore, the accuracy of the EFT approach can be diminished if one or more SUSY scales
are comparable to the electroweak scale. In order to obtain a precise prediction for the SM-
like Higgs boson mass for low, intermediary as well as high SUSY scales, both approaches
— the fixed-order and the EFT approach — can be combined. Such hybrid approaches have
been developed in [5[17,[22-30].

In this paper, we focus on the hybrid approach implemented in the publicly available
code FeynHiggs [22/[23][26/[31}36]. We will discuss various improvements of the incorporated
EFT calculation as well as their combination with the implemented fixed-order calculation:
resummation of large logarithms proportional to the bottom Yukawa coupling (including two-
loop A, resummation [37-39]), extension of the EFT calculation fully taking into account
the effects of complex input parameters as well as an inclusion of partial N®LL resummation.

This paper is structured as follows: In Section [2| we explain how the resummation of
logarithms proportional to the bottom Yukawa coupling is incorporated into the hybrid
framework. The extension of the EFT calculation for complex input parameters is discussed
in Section . We explain the implementation of partial N®LL resummation in Section .
Numerical results are presented in Section In Section [6] we give our conclusions. In
the Appendices, we provide more details regarding the calculation of the two-loop threshold
corrections (see App. , analytic expressions for the threshold corrections to the SM-Higgs
self coupling and to the couplings of the Split-SUSY model (see App. , more details
regarding the dependence of A, on CP-violating phases (see App. [C]), and explicit formulas
for the one- and two-loop logarithmic corrections to M) proportional to the bottom-Yukawa

'An EFT study including the dominant dimension-six operators can be found in .



coupling (see App. DJ).

2 Resummation of logarithmic bottom Yukawa contribu-
tions

In this Section, we describe the procedure for resumming logarithmic contributions con-
trolled by the bottom Yukawa coupling in our hybrid framework. We first describe the
employed fixed-order and EFT calculations separately. Then we discuss their combination.
The resummation of the bottom Yukawa coupling for large tan (3 is discussed in Section [2.4]

2.1 Fixed-order calculation

The fixed-order part of the calculation consists of the full one-loop and O(a;as, o) correc-
tions (o, = g3/(4m) with g3 being the strong gauge coupling, and o; = y?/(47) with y;
being the top Yukawa coupling) implemented into FeynHiggs [40H42]. In these corrections
C’P-violating phases are fully taken into account.

Also, two-loop corrections proportional to the bottom-Yukawa coupling have been calcu-
lated using different renormalisation schemes for the sbottom sector. In Section [5], we will
compare the results of two different schemes.

Renormalisation scheme 1

The present public version of FeynHiggs (version 2.16.1) includes the O(apas, apay, o)
corrections derived in [43,44] (o, = y2/(47) with y, being the bottom Yukawa coupling).
For these corrections the following renormalisation scheme is employed: The squark masses,

mg, and mixing angles 5, and the top quark mass are renormalised in the on-shell (OS)
scheme,

Re S0, (m2 ) + Re Y5, (m?2
5m?1~1 = Re E@qz (m?jz)7 (Se[j - ¢ S (27;22) B /an )q1q2 (mql)v
a Mg (1)

M,
OM; = =" Re [SH(MP) + £F(MP) + 257 (M)

where Yz is used to denote the respective scalar self-energy, ¥, ¥F and 7 are the
coefficients in the Lorentz decomposition of the unrenormalised top-quark self-energy,

Si(p) = pPLYy (p%) + pPrEf () + M7 (9%) + Myys S (97). (2)

Additionally, Re denotes the real part, and M; is the OS top-quark mass.

The corrections in , have been calculated assuming vanishing CP-violating phases.
Moreover, they have been derived in the large tan § limit which implies that the bottom-
quark mass my is put to zero if it is not multiplied with tan 5. In this approach, the soft
SUSY-breaking masses, the trilinear couplings of the stop and sbottom sector, as well as the
top-quark mass are independent parameters. In contrast, the bottom-quark mass is treated



as a dependent quantity and the expression for its counterterm is derived from the equation
connecting the bottom-quark mass and the sbottom mixing angleEl

2mbut5
A gy ®)
b by
where we introduced the abbreviations
sy =sinvy, ¢, =cosy, t,=tany (4)

for a generic angle . Following the discussion in Refs. , we omitted terms proportional
to ~ Ay in Eq. , since they are not enhanced by factors of tan .

Therefore, the one-loop counterterm for the bottom-quark mass in this scheme has the
following form,

dm? —om2 5 S
omy = my 22 le + 2% 8 otg | (5)
m1~)2 - mgl 52917 N

where 0y is the counterterm for the Higgsino mass parameter p. The actual bottom quark
mass, which is used in the calculation, is then given by

_— dm? —om? 5 S
mb _ mER’MSSM(Q) (1 + 22 — 2b1 + 20 . _:LL o 5t5 (6)
m1~)2 mi)l S29b ILL fin
It can be shown by explicit calculation that the renormalisation scale dependence of meiR’MSSM(Q)

is canceled out by the scale dependence contained in the combination of the counterterms
(5m§2,5m§1 and dsg, in the bracket of Eq. (@ Therefore, my is scale independent at the

one-loop level if the Higgsino mass parameter p and ¢g are renormalised in the scheme
as assumed throughout this work. In FeynHiggs, the associated renormalisation scale is by
default set equal to M;.

Due to the SU(2), gauge symmetry, the bilinear soft SUSY-breaking parameters m;,
and m;, are equal to each other at the tree level. This relation is broken at the one-loop
level. The counterterms for m;, and mj, read

5777% = cos? 0; 5771?1 + sin® 6; 5m§2 + (mf2 - mtgl) sin 2607 00; — 2 my dmy, (7a)
(5m§L = cog? o5 (5m§1 + sin? 0; (5m§2 + (mlg72 - mgl) sin 26; 66; — 2 my, dmy, (7b)

and are in general not equal to each other. In the following, we will assume that m?L is given
as an input parameter. Then the renormalised soft sbottom mass mgL is given by

m%L = me + 5mtgL - 5m§L. (8)
The trilinear soft SUSY-breaking parameter A, is fixed via the sbottom—sbottom—A-boson

vertex function (see [43,[44] for more details).

2We use a different sign convention for x in comparison to \ .
3To be more precise, these parameters are defined in the DR’ scheme . We will, however, not make
any distinction between DR and DR schemes throughout this paper except of Section



Renormalisation scheme 2

For our present study, we, however, do not make use of the O(abas,abat,af) corrections
already implemented in FeynHiggs. Instead, we employ the O(apa, apay, ) corrections
presented in [8}[10] (see also [46,47]). These also include terms subleading in tan 3, allow
for easier control of the renormalisation scheme and take CP-violating phases fully into
account. They will be part of an upcoming FeynHiggs release. For the present work, we
evaluate them, however, externally and feed the numerical result back to FeynHiggsEl In
this scheme the soft SUSY-breaking mass m; is not treated as an independent parameter
and set equal to m;, . This implies

omg = om? 9)

where 6mt2L is given by Eq. 1D The consequence of this relation is that only one of the
sbottom masses can be set on-shell. As a matter of convention, the mass of the second
sbottom is defined in the on-shell scheme,

5m§2 = Re X ;, (mi). (10)

We treat the mass of the bottom quark as an independent parameter which is renormalised
in the DR scheme,

m
omy = = Re [Sf(m}) + S (m}) + 255 (md)] |, (1

where SL, Y and 7 are defined in analogy to Eq. . The trilinear soft SUSY-breaking
parameter A, is also defined in the DR scheme,

N 1 P
DR __ 2, DR 2, *
SAT = - (om2 % = om2 PF) Uy, Uz
DR * 2, DR *
+ (5m~ meU + 5m UénUbQQ
5 DR
— (A= p tg) = Tty o PR it 615N (12)

where Uj is the mixing matrix of the sbottom sector, and

N 1 -
2,DR _ (1) 2 (1) 2 (2 2 DR
me P = 2 (=) (m2) LT m?) div) = (m2 —m?)30P~, (13a)
2,DR __ 2, DR\ "
o2 (5m512 ) . (13b)

Eqgs. (9)—(13) fix the renormalisation conditions for all parameters of the sector.

In both schemes described above it is assumed that the stop sector is renormalised using
the OS scheme. We furthermore implemented a pure DR renormalisation of the stop and
sbottom sector as an additional option.

4In practice, we use the FHAddSelf functionality (see feynhiggs.de).



2.2 EFT calculation

We build upon the existing EFT calculation in FeynHiggs [22/[23,]26,/36]. At the sfermion
mass scale, Mgygy, all sfermions as well as the non-SM-like Higgs bosons are integrated
outEl Performing the renormalisation-group running to lower scales and passing two addi-
tional independent thresholds for electroweakinos (charginos and neutralinos) and the gluino,
the SM is recovered as EFT El The currently implemented EFT calculation resums leading
and next-to-leading (LL and NLL) logarithms as well as next-to-next-to-leading logarithms
(NNLL) in the limit of vanishing electroweak gauge couplings. So far, however, all corrections
proportional to the bottom Yukawa coupling are set to zero in the EFT calculation.

For the incorporation of the bottom Yukawa contributions, our aim was to reach the same
level of accuracy as for the other corrections. For implementing LL. and NLL resummation,
we include the bottom Yukawa contributions to the one-loop matching condition of the SM
Higgs self-coupling, A [14}[16]. Also the one- and two-loop RGEs are extended by the RGE
of the bottom-Yukawa coupling and by bottom-Yukawa contributions to the RGEs of the
other couplings (see e.g. [48]).

To achieve resummation at the NNLL level, we derive the O(apas, aparg, o) threshold
corrections for A making use of the two-loop Higgs self-energy corrections obtained in ,
,. Details are given in App. . In the limit of vanishing CP-violating phases, we
find agreement with the expressions derived in [16] using the effective-potential approach.
We also add the bottom Yukawa contributions to the three-loop SM RGEs in the limit of
vanishing electroweak gauge couplings [49-53| and to the calculation of the SM MS vev at
the electroweak scale.

For the EFT calculation, all sbottom input parameters are defined in the DR scheme at
the scale Mgysy. We choose to define tan 8 in the DR scheme at the scale Mgygy.

2.3 Combination in the hybrid approach

For the combination of the fixed-order and the EFT calculation, we follow the procedure
described in [22][23][26,[28]. For the self-energy of the SM-like Higgs boson, the result of
the fixed-order calculation, 3P (p?), and the EFT result, —2X(M;)(vyg)® (with vyg being
the SM MS vev at the scale M;), are summed. Subtraction terms are used to ensure that
contributions included in both results are not counted twice,

ilﬁbrid(ﬁ) = SFO(p?) — 2X\(M,)v? — (subtraction terms). (14)

In order to ease this combination, we choose to define the sbottom input parameters in the
same scheme in the fixed-order and the EFT calculations: We fix them in the DR scheme at
the scale Mgysy. Also tan 3 and p are fixed in the DR scheme at the scale Mgygy.

A complication arises through the use of the DR bottom quark mass in the EFT as well
as the fixed-order calculation. After adding both results as shown in Eq. , the Higgs pole

°In this paper, we do not consider the FeynHiggs implementation incorporating a Two-Higgs-Doublet-
Model as EFT below the sfermion scale .

6The case of the gluino being much heavier than the rest of the MSSM spectrum requires special care.
This case was considered in \ .



masses are determined taking into account the momentum dependence of the fixed-order self-
energy. As discussed in detail in , this momentum dependence arises only from SM-type
corrections as well as contributions suppressed by the SUSY scale. In order to match the
result of a pure EFT calculation, in which the Higgs pole mass is determined in the SM, we
have to ensure that the SM-type corrections are evaluated using only SM quantities. The
DR bottom-quark mass, however, is an MSSM quantity. For this reason, we reparametrise
the SM bottom-quark contributions to the Higgs self-energies in terms of the SM MS bottom
quark mass at the scale M;.

In our implementation, this is achieved by subtracting the UV-finite O(ay) self-energy,

containing only the SM contributions and parametrised in terms of the MSSM bottom

quark ml])TR’MSSM(MSUSY), and then adding back the same quantity but parametrised via

mg/TS’SM(Mt). The explicit expression for the one-loop SM Higgs boson self-energy renor-
malised in the MS scheme with the tadpoles renormalised to zero is given by

~77S 3m?2
S,S n
Shr o (p?) = 167?21;2 (p* — 4my) BS" (p*, mj, mj), (15)

where the superscript “fin” means that in this expression we take only the finite part of the
one-loop scalar integral function By(p?, m%, m3), for which we use the definition given in [54].
Since the SM-like Higgs mass is determined via an iterative solution of the pole equation,
the same procedure has to be applied to the derivative of ihgs’SM(pz) with respect to the
external momentum. The O(ayay, ayay, o) SM self-energies computed in the gaugeless limit
are extracted from the code FlexibleSUSY [24]27//55] and Refs. [56L[57].

In order to allow for an OS definition of the stop input parameters, a conversion of
the OS parameters, used in the fixed-order calculation, to the DR scheme, used in the
EFT calculation, is necessary. As argued in ,,,, for this conversion only one-loop
logarithmic terms should be taken into account. Only in the conversion formula for the
stop mixing parameter, X;, large logarithms appear. For the present study, we extend the

formula given in by including the bottom Yukawa contributions,

DR Qs 3a X, |2
XPR(MSUSY):XPS{I—I—{—__t(l_ | X | )

T 167 M3yey
3ay, |Xb|2 MSQUSY
— 1 In —=>2>2~ 16
+167T< +M82USY ! M? 7 (16)

where X, is the sbottom mixing parameter (X, = A, — p* tan ).

2.4 Determination of the MSSM bottom quark mass and Yukawa
coupling

Here, we describe how we obtain the DR bottom quark mass used in the fixed-order calcu-
lation as well as the DR bottom Yukawa coupling used in the EFT calculation. As input,

we use the SM MS bottom Yukawa coupling, yll,\TS’SM, and the SM MS vev, vM5SM_ at the

scale M,. These are evolved to the SUSY scale. At this scale we determine the MSSM DR

bottom Yukawa coupling, h?fR’MSSM (with hycg = yp at the tree level), and the MSSM DR



vev, vﬁ’MSSM, by matching the SM to the MSSM,

(A5 ) (Msusy) = > (Msusy) (1+ Ay), (17)
pPRMSSM (7o) = oMM (Mgusy) (1 + Av), (18)

where the one-loop expression for Awv is given in Eq. below. The DR bottom quark
mass is then determined by

mDRMSSM (g ) = <hl];DR,MSSMCﬁ) (Msusy )oPMSSM (Ao, (19)

It is well-known that the relation between the DR bottom quark mass and the SM MS bottom
Yukawa coupling includes terms proportional to tan 5. For large tan 3, the leading tan -
enhanced terms can be resummed as described in [43][44][58463]. Typically, this resummation

is written in the form

R WEsm 1+e
DR,MSSM MS,SM b
mb = mb m s (20)

where A, includes tan S-enhanced terms, which are not suppressed by powers of m;/m;.

€, contains all other terms from the one-loop relation between ml])TR’MSSM and mg/TS’SM. We
employ a similar relation for the matching of the bottom Yukawa Couplingﬂ
DR S 1+e —Av
(hbDR’MSSMCﬁ> (Msusy) =y, S’SM(MSUSY)W (21)

A similar procedure for the calculation of the MSSM bottom Yukawa coupling was adopted
in . There, however, non-enhanced terms, ¢,, and the threshold correction of the vev,
Awv, were included into the definition of A,. In our approach, we separate them to re-
sum only tan 8 enhanced corrections to the bottom-Yukawa coupling in the same way as
in [43,/64]. This results only in a small numerical difference since the main contribution to

h]bDR’MSSM(MSUSY) comes from A, (see also the discussion in Section .

In our implementation, we include full one-loop corrections to A,. The quantity Av is
calculated at the one-loop level in the gaugeless limit. In addition, we include the leading
two-loop corrections to A,. These two-loop corrections are based on the results from [37-H39] [
We, however, perform an expansion of A, (at the one- and two-loop level) for large Msysy
omitting terms of higher-order in O(v?/M&;gy). In addition, we adapt the renormalisation
scheme to match our scheme. More precisely, in , the soft supersymmetry breaking
parameters in the stop and sbottom sectors as well as the gluino mass are renormalised on-
shell. Moreover, all supersymmetric particles and the top quark are decoupled from the scale
dependence of the strong coupling a,. This decoupling of the top quark and the on-shell

"There are terms proportional to mg tan® 8 in the one-loop relation between meR’MSSM and mg/IS’SM

as well as in the relation between vPRMSSM and »MS:SM - These terms are suppressed as ~ m3 tan 3/m3

compared to the top Yukawa contribution to A and, therefore, numerically irrelevant. Therefore, we will
refer to the terms in €, as “‘non-enhanced” terms in this paper.

8Similar results have been obtained in . Moreover, the authors of derived subleading two-loop
corrections, which are not taken into account in the present work.



renormalisation of the top sector induces large logarithms, log(M3,qy/M?), implying that
the formulas in [37H39] are not directly applicable in our framework. Since in our case the
low-energy model is the SM with possibly light gluinos (and electroweakinos), we do not
decouple the top quark and the gluino. Also, to be consistent with the other parts of our
EFT calculation we renormalise the gluino mass and the stop/sbottom masses in the DR
scheme at the matching scale Q).

In the limit of all involved non-SM masses having the same value, we obtain

Agl _ Ail,@(ag) +A§l,(’)(atas)’ (22)
2C
AQZ,O(&?) _ as(@) F /’L t 20 . C 6T
b 127‘(’2 MSUSY p A E i R
MQ
— (3Cy — 20 — 9Tg) log %) (23)
2(Q)Cr A M?
AZZ,O(atas) — _aS(Q)yt (Q) F t t 7 101 SUSY ) 2
b 38473 Msusy 0s Q? (24)

Here, A, is the stop trilinear coupling (A; = X; + p*/ tan ), @ is the renormalisation scale,
Cy=3,Cp= % and T = % Formulas also valid for non-degenerate masses are distributed
as ancillary files together with this paper.

3 EFT calculation for complex input parameters

In the fixed-order approach, the dependence on CP-violating phases is known at the one-
and two-loop level [35,40+42,[68]. In the EFT framework, the phase dependence has so far
only been considered in case of a low-energy Two-Higgs-Doublet-Model [20/69-72]. Here, we
work out the dependence on CP-violating phases in the case of the SM (and the SM plus
electroweakinos and/or gluinos) as EFT, for which so far only an interpolation of the result
in case of real input parameters has been available [36].

We first discuss the case of the SM as low-energy EFT. Since the SM includes no phases
(apart from the CKM phase, whose effect is negligible for the determination of the Higgs
mass), CP-violating effects in the full MSSM enter only via threshold corrections to real
parameters. At the one-loop level, the only contribution to the matching of the Higgs
self-coupling with a non-vanishing phase dependence is the electroweakino contribution. It
depends on the phases of the bino and wino soft-breaking masses, ¢y, and ¢y, as well as
of the Higgsino mass parameter, ¢, (explicit expressions are listed in App. . This implies
that at the one-loop level, there is no dependence on the phases of the squark sector (at least
if the absolute values of the squark mixing parameters, |X,|, are kept constant).

The phases of the stop and sbottom sector along with the gluino phase, ¢, however,
enter the matching of the Higgs self-coupling at the two-loop level. Based upon the fixed-
order results presented in [8}[10,41}[42], we extract the dependence of the two-loop threshold
correction on these phases at O(ay v, af, apay, ) without assumptions on the internal
masses (details are given in App. . In case of real input parameters, we find full agreement
with the results of , ,. By analysing the obtained expressions, it becomes clear
how the expressions derived in ,, can be generalised to the case of complex input
parameters:



e O(ay0s) where ¢ = t,b: The expression for zero phases is a polynomial in )A(q. To
get the expression for non-zero phases every odd power of X, has to be multiplied by
cos(¢x, — éur,), and X, has to replaced by | X,|.

° (’)(ozg) where ¢ = t,b: The expression for zero phases is a sum of monomials in the

. P 27

variables X, and Y, = X, + Lzﬁ of one of three types: the monomials which contain
sin

only even powers of )A(q, the ones which contain only even powers of }A/q and the ones

which contain both X, and Y. The latter contain only even or only odd powers of X,

and Y, at the same time. To get the expression for non-zero phases, every monomial

which contains odd powers of X, and Y; has to be multiplied by cos(¢x, — ¢y,), and

every )?q and 17;1 has to be replaced by ])?q| and |1A/q|, respectively.

The generalisation of the O(ayay) expression from the CP-conserving case to the CP-
violating case is slightly more complicated since different multiplicative factors arise.

Full explicit expressions in the limit of all sfermions having the same mass are given in
App. Fully general expressions can be found in ancillary files distributed alongside this
paper.

If the low-energy theory is the SM plus electroweakinos, effective Higgs-Higgsino—gaugino
couplings are induced. These are potentially complex-valued. An explicit matching calcula-
tion at the one-loop level, however, shows that their phase is zero even if one or more of the
electroweakino phases in the MSSM are non-zero. Correspondingly, also the RGEs of the
SM plus electroweakinos are not modified in the presence of non-zero phases. The phases,
however, enter in the threshold corrections for the bottom and top Yukawa couplings as
well as the Higgs self-coupling when integrating out the electroweakinos (full expressions are
listed in App. .

In addition to the phase dependencies discussed above, also the A, corrections (see Sec-
tion depend on ¢, ¢pr, ,, and ¢u,. The phase dependence of the one-loop correction
has been derived in [64,[74][75]. The phase dependence of the two-loop correction, which we
derived based upon the result of [37H39] (see Section , has, however, been unknown so
far. We find that this dependence is the same as for the one-loop result. Namely, Eq. (23))
has to be multiplied by cos(¢, + ¢ar,) and Eq. has to be multiplied by cos(¢, + ¢4,).

This can be understood by looking at the explicit two-loop diagrams (see App. . They
fall into three categories: either a gluon, a gluino or a sbottom quark is added to the one-
loop graph. If a gluon is added, the phase dependence of the one-loop graph is obviously
not changed, since the two additionally appearing strong gauge couplings do not include a
phase dependence. The same is true if a sbottom quark is coupled to the one-loop graph
by a four-sfermion vertex. Working in the chiral basis, it is again obvious that this coupling
does not induce an additional phase dependence. The case of adding a gluino is slightly
more complicated. The two additional gluon-gluino-sbottom couplings do depend on the
phase of the gluino mass parameter. Working again in the chiral basis, it is easy to see that
one of these two additional couplings is a left-handed coupling and the other one is a right-
handed coupling. The dependence on the gluino phase cancels between the left-handed and
the right-handed coupling. More details and all relevant two-loop diagrams can be found in

App. [0
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4 N3LL resummation

Up to now, the EFT calculation implemented in FeynHiggs was restricted to full LL and
NLL resummation as well as NNLL resummation in the limit of vanishing electroweak gauge
couplings. In this Section, we discuss the implementation of N*LL resummation at O(a;a?)
based upon the work presented in .

The following ingredients are needed in addition to the already implemented corrections
for NNLL resummation:

e SM O(a;a?) Higgs self-energy corrections,

e leading QCD corrections to the three-loop RGEs of the Higgs self-coupling, the strong
gauge coupling as well as the top Yukawa coupling,

e O(a?) extraction of the MS top Yukawa coupling at the electroweak scale,
e O(a;ya?) matching condition for the Higgs self-coupling between the SM and the MSSM.

The SM O(a;a?) corrections to the Higgs self-energy have been obtained in ; the
necessary RGEs in ,. Formulas for extracting the SM MS couplings at the three-loop
level can be found in [48]. The O(a;a?) matching condition of the Higgs self-coupling was
computed in based on the O(a?a?) fixed-order calculation performed in @,,. The
result is implemented in the publicly available code Himalaya [9[18]. As discussed in [18],
this calculation is based on an expansion of three-loop diagrams for certain mass hierarchies.
Himalaya provides an uncertainty estimate for this truncation error.

We implemented all these corrections into the EFT calculation of FeynHiggs (the link to
Himalaya has already been implemented for the work presented in ) By default, Himalaya
uses the DR’ scheme for the renormalisation of the squark input parameters . Corre-
spondingly, also the input parameters of FeynHiggs are defined in the DR’ scheme if N3LL
resummation is activated. In case of complex input parameters, we interpolate the Himalaya
result ]

The inclusion of N3LL resummation in the EFT calculation can also be used within the
hybrid approach. In this case we, however, require that also in the fixed-order calculation
the parameters entering the three-loop threshold correction are renormalised in the DR
scheme. The two-loop conversion, that would be necessary between OS parameters used in
the fixed-order calculation and DR/ parameters used in the EFT calculation, is beyond the
scope of the present paperm

5 Numerical results

In this Section, we discuss the numerical effects of the various improvements discussed above.

9 An interpolation in case of a complex M3 is not possible, since the expressions implemented in Himalaya
are not dependent on the sign of M;.
10The necessary two-loop squark self-energy corrections have already been calculated in .
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Figure 1: Predictions for M}, (left) and my (right), which denotes the bottom mass used
in the different calculations (see text), as a function of tan § for different accuracy levels
in the calculation of Ay. For this plot we consider the same MSSM scenario as in Fig. 2

of.

5.1 Resummation of logarithmic bottom Yukawa contributions

Here, we investigate the numerical effect of resumming logarithmic contributions propor-
tional to the bottom Yukawa coupling. First, we concentrate on a scenario presented in
Ref. . Namely, we assume that all soft SUSY-breaking masses are equal to Msysy =
1.5 TeV except the gluino mass which is fixed by M3 = 2.5 TeV. The stop mixing parame-
ter is set by X; = v/6Msysy, and the trilinear couplings of the third generation fermions are
equal to each other, A, = A, = A;. The Higgsino mass parameter, p, is chosen to be equal
to —1.5 TeV. Due to this choice of the signs of M3, X; and p the MSSM bottom Yukawa
coupling is enhanced by the one-loop threshold corrections proportional to the top Yukawa
coupling and the strong coupling. As in Ref. all the input parameters listed above and
tan 3 are assumed to be DR parameters at the scale MSUSY

In the left panel of Fig. [1| we present results for M} in dependence on tan 3. In addition
to showing results obtained with the calculation presented in this paper, we display results
obtained using the most recent public version of FeynHiggs (version 2.16.1). Moreover, we
show the result presented in Fig. 2 of for comparison. This result was obtained in a pure
EFT framework using a private code written by the authors of the paper which is formally
equivalent to the code HSSUSY [24,[27] at the discussed order. In the right panel of Fig. [1] we
show the bottom mass, my, which is used in the corresponding calculations. In the case of
the red dashed curve it is the “OS” bottom mass, My, defined by Eq. (@ and in case of the

blue, red, orange and green solid lines it is meR’MSSM(MSUSY) given by Eq. .

In the first step of our numerical analysis, we focus on the various EFT results in the
left panel of Fig. : the black dot-dashed line corresponds to the result obtained in [16]
(red solid line in Fig. 2 of [16]). For this curve the full LL and NLL resummation of large

"Tn the considered scenario the ratio Ms/Msysy equals 5/3. According to the analysis carried out in \\
the hierarchy between the gluino and squark masses is not so large that a resummation of the Mjs-enhanced
contributions would be required, see e.g. Fig. 1 of [21].
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logarithms is performed. In addition to that, NNLL logarithms are resummed to all orders
in the gaugeless limit (i.e., the electroweak gauge couplings are neglected in the two-loop
threshold corrections to A). One-loop A, resummation, including O(as, i) corrections, is
used in the one-loop threshold correction for the bottom Yukawa coupling. The red, blue,
green and orange solid lines correspond to the results of our EFT calculation with different
approximation levels used in the calculation of the bottom Yukawa threshold correction. We
should note here that the results presented in have been obtained using the SM MS top
Yukawa coupling extracted at the N3LO level while we by default use the NNLO value. For
a proper comparison with the results of , we adapted our calculation to use the same
level of corrections (see also the discussion in Sections ] and [5.3)). We use this determination
of the SM MS top Yukawa coupling for all curves of Fig. .

We observe a very good agreement between our EFT result using only O(as, o) correc-
tions in the calculation of A, (solid red curve), which is the same level of accuracy as used
in [16], and the result of (black dot-dashed curve). The absolute difference between the
two curves equals ~ 0.04 GeV for tg = 15 and ~ 0.7 GeV for t3 = 42 where the curves
have a very steep behavior. This difference comes mainly from the determination of the
MSSM bottom Yukawa coupling at the scale Msysy. In , the threshold correction for
the vacuum expectation value, Av, and non-enhanced terms were included in the definition
of A, while we do not include them (see Eq. (21])). If we include them into A, as in [16],
the absolute difference between our calculation and the calculation presented in [16] shrinks
down even further (~ 0.2 GeV for tz = 42).

For the green solid curve in the left plot of Fig. [T, we take into account electroweak
corrections in the calculation of Ay in addition to the O(ay, ay) corrections used for the solid
red curve. As a consequence of Eq. , this choice leads to a partial cancellation in the

calculation of A, and hence to a suppression of the MSSM bottom mass at the scale Msygy

as one can see on the right panel of Fig. [1| showing meiR’MSSM(MSUSY) in dependence of

tan #. This in turn reduces the downward shift in the Higgs mass by the one-loop threshold
corrections to the SM Higgs self-coupling, A, that is proportional to the bottom Yukawa
coupling.

The blue solid curve in the left plot of Fig. [1| shows the prediction for M}, neglecting the
electroweak one-loop contributions to Ay but including the leading two-loop QCD corrections
to Ay. For our parameter choice, these corrections increase the absolute value of A, by
approximately 5%. Correspondingly, also the MSSM bottom mass is increased as can be
seen in the right plot of Fig. [I This results in a significant change of the resulting Higgs
mass for tan 5 2 40 where the dependence on tan /3 is very pronounced. The orange curves
in the left plot of Fig. [I] correspond to the inclusion of all corrections to A, mentioned above.
For the considered parameter choice, the electroweak corrections to A, are roughly three
times larger by absolute value than the two-loop corrections to A,. This explains why the
orange and the green curves lie quite close to each other.

The orange dashed curve represents the result of the hybrid calculation of M. Namely,
we have merged the fixed-order result with the NNLL EFT calculation (see Section [2).
The orange solid and dashed curves differ essentially by the inclusion of terms which are
suppressed by the ratio v*/Mg;qy into the hybrid result. Since in our case Mgysy is chosen
above the TeV scale, the size of these terms is, as expected, quite small. Therefore, the
observed good agreement between the two methods serves as a consistency check of our
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hybrid calculation.

Finally, the red dashed curve shows the prediction for M), obtained by FeynHiggs-2.16.1
which we ran using the default flags as explained in El As only modification of this
version, we have used the N3LO instead of the NNLO SM MS top Yukawa coupling to allow
for a direct comparison to the result of . We see that the agreement between all the
seven curves is quite good for small values of tan 3, but for tan 5 2 30 the red dashed curve
shows a steep fall-off, while for the other curves the large downward shift from b/ b-sector
corrections sets in only at higher values of tan 3. The reason for this behaviour becomes
clear when looking at the right panel of Fig. [I} the red dashed curve, which corresponds
to 7y, defined in Eq. (€]), increases much more rapidly for rising tan 3 than the other four
linesH This expression for the bottom mass is inserted in the leading one-loop fixed order
result which gives rise to a large downward shift of M), [83H85],

my tan? 8
167202
This term grows rapidly in absolute value with increasing tan 3. A similar effect occurs
for all other curves but there the dependence of the bottom mass on tan 8 is much milder.
This is a consequence of our choice of the renormalisation scheme. Namely, the bottom
mass used in our setup is the DR MSSM bottom mass calculated at the scale Mgysy. All
the quantities entering the calculation of A, and €, are also DR MSSM quantities at this
scale. The most important ones are the top Yukawa coupling a; and the strong Yukawa
coupling ay (see Eq. in App. . Since their values decrease with increasing scale, E|
the A, correction calculated in our approach is smaller than the corresponding correction
in FeynHiggs-2.16.1. In this way our approach yields more stable results for large values
of tan 8 and for regions of the MSSM parameter space where the signs of the products uM;3
and pA; are negative.

(AM]f)l—loop,bottom ~ _ (25)

Next, we discuss the numerical effect induced by the resummation of logarithms pro-
portional to the bottom Yukawa coupling. First of all, to have an idea how numerically
important the effect is, it is instructive to have a look at the analytic one- and two-loop
expressions which one can find in App. [D] The bottom mass we use in our calculation, even
though being potentially enhanced by A, effects, is the smallest mass taken into account in
our EFT calculation. The only way corrections containing the bottom mass may become
sizeable is when these terms are additionally proportional to tan 5. This is the case when
my is, for example, multiplied by Xb, Yt, tg or 1/cg. We only find such enhancements in the
two-loop next-to-leading logarithmic contrlbutlons when the stop mixing parameter, Xt, is
renormalised in the OS scheme (see Egs. and . As a consequence, we expect the
effect of the resummation to be small if we renormahse Xt in the DR scheme.

This qualitative consideration turns out to be reflected in the numerical results as one can
see in the left panel of Fig. [2] The red curve corresponds to the hybrid result including the
effects of the bottom Yukawa coupling only at the one-loop level in the fixed order calculation.

12For reference, here we list the values of these input flags: mssmpart = 4, higgsmix — 2, p2approx = 4,
looplevel = 2, loglevel = 3, runningMT = 1, botResum = 1, t1CplxApprox = 0.

I3Note that the red dashed and the red solid line have the same accuracy level of Ay.

4Note that we have also included the leading two-loop QCD corrections to A, which reduces its scale
dependence.

14



My =My =—p= Msysy = 1.5 TeV, tz3 =45
T T T T T
125 Hybrid calculation including:

Mz = My = —p = Msusy, ts =45, XPR(Msysy) = V6

= —— 1L FO O(ay) with m,(Msusy)
E —— +2L FO O(apa, ey, af)
7] —— +N2LL O(y,) resummation
1 guf
7] =
1 =
115 Hybrid calculation including: J
r = 1L FO O(O{p) with mp,(]\/[susy) ]
110H —— +2L FO O(mpas, apay, af) — 115+
—— +N2LL O(y;) resummation
| I T R R R | I e 1 1 1 1 1
105= 709 101 10° -3 -2 -1 0 1 2
Msusy [GeV] XPR(Msusy) /Msusy

Figure 2: M}, as a function of Mgygy (left) and )/(\',PR(MSUsy) (right). The red lines show
the prediction of our hybrid calculation including only the one-loop fixed-order O(«y,) cor-
rection. For the blue lines, we additionally included the fixed-order O(apas, apay, a%) cor-
rections. The green lines contain additionally the resummation of logarithms proportional
to the bottom Yukawa coupling up to the NNLL level.

The used MSSM DR bottom mass, m?R’MSSM(MSUSY), contains all the corrections discussed
above (i.e. the level of accuracy corresponds to the orange curves in Fig. [1). The green curve
includes additionally the O(apa, apay, oF) fixed-order corrections from ,. Finally, the
blue curve also contains the resummation of LL, NLL and NNLL logarithms controlled by
the bottom Yukawa coupling. The same color scheme also applies to the right panel of Fig. 2]
and to both plots in Fig. Bl For these plots we have picked a MSSM scenario where all
soft-breaking masses and i are equal by absolute value to the common mass scale Mgygy-
Moreover, we set A, = 2.5Mgusy and tg = 45. The bino, wino and gluino masses are chosen
to be positive, M 23 > 0, while the Higgsino mass parameter is negative, pu < 0.

For the left plot of Fig. |2l we have chosen )?PR(MSUSY) = XPR(Mgysy)/Msusy = /6.
First, we note that the green and the blue curves agree very well with each other for low values
of Msysy. The difference between the two amounts to only ~ 0.3 GeV for Mgysy = 700 GeV.
In this region, where the scale separation is relatively small, the resummation of higher-order
logarithmic contributions is expected to be subdominantlfl However, the two curves lie quite
close to each other for the whole range of scales, even for Msygy as high as 10> GeV. This
is in line with our qualitative analysis above: the logarithms containing bottom Yukawa
coupling are numerically small if XPR(Mgysy) is used as an input parameter.

On the other hand, a large shift of about 10 GeV between the red and the green curves

15Tt is worth noting here that the different treatment of the vacuum expectation value in the fixed-order
calculation, where vg, is used, and in the EFT calculation, where UDR’MSSM(MSUSy) is used, induces
differences at order O(mia(oy 4+ ap)) which are beyond the accuracy level of our calculation and hence may
be regarded as part of the uncertainties from unknown higher-order corrections. Moreover, the different
treatment of the vacuum expectation value in the two-loop threshold corrections and in the respective pieces
of the fixed-order calculation, inducing a difference at the three-loop order, contributes to the small shift
between the result containing the two-loop fixed order result in the b/b-sector and the one including the
resummation of higher-order logarithmic contributions. A similar effect was also discussed in [26].
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in this Figure can be observed for small values of Msygy. It decreases for rising Msusy
and amounts to about 0.5 GeV for Mgygy = 10° GeV. This result indicates that for this
scenario A, by itself is not a good approximation for the higher-order effects controlled

by the bottom Yukawa coupling in the region of small Mgysy, since the MSSM bottom

mass mER MSSM(MSUSY) is large in this region due to the large and negative value of Ab

Thus, in this scenario two-loop fixed-order corrections from the b/b-sector that go beyond

the A, contribution are numerically importantm With increasing Mgsysy the bottom mass

ml])TR’MSSM(MSUSY) decreases and the three curves get close to each other.

In the plot on the right panel of Fig. [2| we fix Mgysy = 1.5 TeV and vary )A(PR. One
can see that for negative )?PR all three curves give roughly the same result. This is due
to the fact that the contributions to A, proportional to the strong coupling and to the top
Yukawa coupling partially cancel each other. Correspondingly, the bottom mass does not
acquire a significant enhancement for negative X PR The inclusion of the two-loop fixed-
order corrections as well as the resummation of the logarithms has only a small effect in this
case. On the contrary, for positive )?t the top Yukawa and strong corrections to A, add up
and enhance the bottom massEl In accordance with Eq. , this shifts the Higgs mass
downwards at the one-loop level. This effect can be seen in the shape of the red curve: while
for scenarios where contribution of the b/ b-sector is numerically small (see e.g. Fig. 9 in )
the local maximum for M), at positive values of )A(tDR is typically several GeV higher than the
one at negative values of )A(tDT{, for the red curve in the right plot of Fig. the maximum at
positive values of XPF is about 2 GeV lower than the one at negative values of XPR. Because
of the large value of mDR MSSM(MSUSY) the incorporation of the two-loop corrections in the
b/ b-sector (green curve) has a significant effect for X XDR — = /6, giving rise to an upward shift
of more than 3 GeV. Since there is only a moderate splitting between Mgysy and M;, the

effect of the resummation of higher-order logarithmic contributions remains relatively small
(blue curve). It amounts to a downward shift of less than 1 GeV for X % = /6.

In Fig. , we renormalise the stop sector in the OS scheme. In the left plot )A(tos =2 is
chosen. This plot shares the same features at low Mgsysy as the corresponding plot in Fig. [2]
However, for large Mgsysy the effect of the resummation becomes more prominent due to the
presence of logarithmic terms of O(mgm}) that are enhanced by 3 (see Eq. (83) below),

~ M3
]At] (6 — |A;]*) log —2Y5Y (26)

2L,NLL
(M, )%)ot,OS ~ 3K M?

In the considered scenario, the resummation gives rise to a downward shift of the Higgs
mass, visible as the difference between the blue curve and the green curve, by ~ 2 GeV for
Msysy = 10 TeV and by ~ 2.5 GeV for Msysy = 100 TeV. On the right panel of this Figure
we show the result of varying X8 with fixed Mgysy = 1.5 TeV. As in the case of the DR

stop input parameters the three lines are very close to each other for )A(tos < 0. The effect of

For example, for Msysy = 700 GeV it amounts to mDR MSSM (£ susy) ~ 7.5 GeV.
7Tt is worth noting that due to the parameter choices, Wthh enhance Ay, different levels of approximation
in Ay yield very different results for M), in this scenario.

18In particular, in the oon51dered scenario and for X XDR — \f the top-Yukawa and strong contributions to
the one-loop A, amount to Ab ) ~ (.33 and Ab ~ —(.41, respectively.
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Figure 3: Same as Fig. |2l but X} is renormalised in the OS scheme.

the inclusion of the two-loop O(apas, apay, o) fixed-order corrections (green curve) and the
resummation (blue curve) becomes sizeable in the region )A(tOS 2 1. Because of the moderate
value of Mgusy = 1.5 TeV the impact of the higher-order logarithmic contributions is not
significantly enhanced compared to the result expressed in terms of )?tDR shown in the right
plot of Fig. [

As a final phenomenological application of our improved calculation, we consider the
M ,125’“ ~ benchmark scenario recently defined in , accompanying the benchmark scenarios
proposed in [8788]. In this scenario the SUSY input parameters are fixed as

Mg, = My, = Mp, =1.5TeV, M, = Mg, =2 TeV,
w=-2TeV, My =1TeV, My=1TeV, Ms=2.5TeV,
X;=28TeV, A, =A,=A;.
For the SM parameters the ones recommended by the LHC-HXSWG are used:

mp® =172.5 GeV, a,(My) =0.118, Gp = 1.16637 - 1075 GeV 2,
mp(my) = 4.18 GeV, My = 91.1876 GeV, My = 80.385 GeV .

The stop SUSY soft-breaking parameters are defined in the OS scheme. In , also the
sbottom trilinear coupling is renormalised in the OS scheme. For better comparison with our
previous results, we instead choose to fix A, and the sbottom masses in the DR scheme
In addition, we define tan 3 at the scale Msygy instead of at the scale M;, which was used
in [56).

Note that for this scenario u = —2 TeV is chosen implying relatively large A, corrections
which enhance the cross section times branching ratio for the heavy Higgs bosons decaying
to a pair of bottom quarks. In addition, the A, corrections also affect the prediction for the
SM-like Higgs boson, which we will investigate here.

19The difference to the corresponding result using the OS scheme for the renormalisation of the sbottom
sector is very small.
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Figure 4: Predicted contour lines for Mj, in the Mi%’“ "~ scenario using a calculation
including only the leading corrections to Ay, corresponding to the one used in (red
dashed lines), and our improved calculation presented in this paper (green solid lines).

The stop mass scale is equal to 1.5 TeV, so we do not expect the resummation of log-
arithms controlled by the bottom Yukawa coupling to have a major numerical impact in
this case (see discussion above). On the other hand, as we have seen in F igs, large A,
corrections imply that the prediction for M), can be sensitive to the level of accuracy in the
determination of the bottom mass which is used in the fixed-order corrections at the one-
and the two-loop level.

In Fig. El we present, in the (My,tan 5) plane, the contour lines of the SM-like Higgs
boson mass ranging from 122 GeV to 125 Ge\/m We do not consider any of the experimental
constraints described in detail in [86-88| and concentrate only on the prediction for the mass
of the lightest Higgs boson of the MSSM. The red dashed and green solid lines correspond to
two different computational setups. We calculated the red contours including only the leading
one-loop corrections to Ay of O(ay, ay) and evaluated the bottom-quark mass according to
Renormalisation scheme 1 as described in Section 2] Apart from the different definition of
some of the input parameters, as mentioned above, this corresponds to the default settings of
FeynHiggs-2.16.1, which was used in for the analysis of the benchmark scenario. The
green lines show the prediction based on the improved calculation described in this paper. In
comparison to the red contours, we also include electroweak one-loop as well as the leading
two-loop corrections to A, evaluate the bottom-quark mass at the SUSY scale according to
Eq. and resum logarithms proportional to the bottom-Yukawa coupling.

We notice that in the region of small tan S both calculations agree with each other very
well since in this region the corrections from the bottom/sbottom sector are negligible. In

20Throughout the plane, Mj;, < 125 GeV. Therefore, no 125 GeV contours appear.
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this region the Higgs mass grows with increasing tan # mainly due to the growth of the tree-
level mass. With a further increase of tan 5 the Higgs mass starts to decrease due to large
A, corrections and the rapid increase of the DR bottom mass in the MSSM. This behaviour
corresponds to the one that we observed in the left plot of Fig. As discussed there, the
mass of the SM-like Higgs computed using FeynHiggs-2.16.1 falls faster with increasing
tan § than the mass computed using the calculation presented in the current paper due to the
lower accuracy level in the calculation of A, of the previous result. Consequently, the tan 3-
region in which the SM-like Higgs mass is compatible (taking into account the theoretical
uncertainties) with the experimentally measured value is enlarged. The corresponding upper
bound on tan 3 in this scenario is shifted from ~ 28 to ~ 33.

5.2 EFT calculation for complex input parameters

In this Section, we discuss the numerical effect of including the full phase dependence into
the two-loop threshold corrections to the Higgs self-coupling. First, let us briefly review the
method used in FeynHiggs to handle non-zero phases so far. The treatment of the two-loop
corrections in the presence of complex parameters is controlled by the flag t1CplxApprox.
When it equals 3, the fixed-order O(ayai, ?) corrections including the full phase dependence
are activated and combined with the fixed-order O(apas, v, ) corrections. Since the
implementation of the latter corrections up to now is based on the results of ,, that
were obtained for the case of real parameters, an interpolation in the phases is invoked for this
part of the two-loop corrections. Specifically, an interpolation is carried out in FeynHiggs
when the phases of i, M3, X; or X, are non-zero. The user can choose between interpolation
in A; or Xy, and A, or X;. In the EFT part of the code the interpolation is always carried out
in the following way. First, the RGEs are integrated numerically and the subtraction terms
are calculated for all possible combinations of +|P| and —|P| (where P € {1, X;/A;, M3}) ]
After that, linear interpolation is performed on the obtained grid. In this Section, we choose
to interpolate X; in the comparison with our new results when the phase of X; or A; is
NON-Zero.

The phases of the above-mentioned parameters enter the hybrid calculation via threshold
corrections to the Higgs self-coupling and via the subtraction terms. As we mentioned in
Section , both of them depend only on the absolute value | X;| at the one-loop level, so the
interpolation would give a correct result if only LL and NLL resummation were included
and the interpolation was performed in X;. However, the two-loop threshold corrections to
the Higgs self-coupling (and hence the two-loop non-logarithmic subtraction terms) do not
depend just on the absolute value of X;. For example, the O(a;c) threshold correction also
depends on the cosine of the phase difference, cos(¢x, — ¢z, ), and the formula for the O(a?)
threshold correction depends on |}A/t| and cos(¢x, — ¢y,). In comparison to the full formula,
the application of interpolation leads to deviations at the next-to-next-to-leading logarithmic
order. The phases also enter the expression for the two-loop threshold corrections of the
bottom Yukawa coupling and A,. First, we will, however, concentrate on MSSM scenarios
in which the effect of the bottom Yukawa coupling on the Higgs mass is negligible and so
we will not include any two-loop corrections of O(apas, apay, i) for the results that are

21 The threshold corrections in FH-2.16.1 do not depend on Xj or Ap.
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Figure 5: Left: M as a function of ¢,z setting ¢x, = ¢y; = 0 calculated using the
pure EFT calculation. The results obtained by using an interpolation of the phase and
by including the full phase dependence are compared. Right: Same as left plot, but the
results of the hybrid calculation are shown.

presented in Fig. [f] and Fig. [6]

In order to test our approach we first consider the same MSSM scenario as in Fig. 3 of :
all soft SUSY br/gzﬁing masses and p are equal to the common mass scale Mgysy = 2 TeV,
tan 8 = 10 and XP®(Mgysy) = V6. We vary the phase of the gluino mass parameter Ms in
the interval [—7, 47| and assume all the other input parameters to be real. In this way, we
test the phase dependence of the O(a;ay) threshold correction.

In the left plot of Fig. |5l we show the comparison between the pure EFT prediction of
FeynHiggs-2.16.1 (red line) and our new calculation including the full phase dependence
(green line). First, we notice that the two methods give the same answer for ¢y, = 0, +7
which is expected because in these cases Mj is a real parameter. This serves as a cross-check
for our implementation. Second, we see that the interpolation in this particular scenario
is a fairly good approximation: the absolute difference between the two curves does not
exceed ~ 0.3 GeV. The largest deviations occur for ¢, ~ +7 and ¢pz =~ :i:%’r. Since the
interpolation is only performed in one parameter, ¢,s,, the resulting curve consists of two
straight lines.

In the case of the hybrid calculation (see right plot of Fig. [5)), the phase dependence at
the two-loop level is fully included in the fixed-order part of the calculation. However, the
subtraction terms are interpolated in the same way as the EFT calculation. As a consequence
of those phase-dependent contributions in the fixed-order part and the subtraction terms,
the curve showing the interpolated hybrid calculation (red) has a different behaviour than
the interpolated EFT calculation shown in the left plot. As in the left plot of Fig. [ the
overall difference between the full hybrid and the interpolated hybrid calculation does not
exceed ~ 0.3 GeV.

Next, we proceed with a scenario which is similar to the one described above, but we
assume that Xt and Yt are purely imaginary while keeping the same absolute value for
]Xt| = /6 as before. As one can see in the left plot of Fig. |6 where again the result of the
pure EFT calculation varying the phase of M3 is shown, the trilinear interpolation procedure
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Figure 6: Left: The same as the left plot of Fig. |5| but for ¢x, = ¢y, = 7/2. Right: M),
as a function of ¢x, setting ¢y, = ¢x, and ¢, = 0. The results obtained by interpolating
the EFT calculation and by including the full phase dependence are compared.

results in a straight line that does not depend on ¢,s,. In the chosen scenario, this line
overestimates the result for the full expression for the Higgs mass for ¢y, /7 € [—0.87, —0.13]
and underestimates it for the other values of ¢,s,. The absolute difference between the two
approaches amounts to ~ 1.2 GeV for ¢y, >~ 7. The two results do not agree for ¢pz, = 0, £7
since X; and Y; are chosen purely imaginary, and therefore an interpolation is also carried
out with respect to those phases.

As a next step, we investigate the effects of the phase dependence in the O(a?) threshold
correction. To enhance the numerical value of this correction, we choose a low value for tan (3,
namely tan 5 = 3. This choice, however, suppresses the tree-level Higgs mass, so to obtain
a predicted value around 125 GeV we have to choose in this scenario a heavy SUSY scale of
Msusy = 20 TeV. In order to isolate the effects of the phase dependence in the considered
corrections, we fix the phase of the gluino mass parameter to be equal to the phase of X;.
As a consequence of this choice, the phase dependence in the O(aya) threshold correction
vanishes. We also choose the Higgsino mass parameter to be positive, ¢, = 0.

The EFT prediction, varying the phase ¢x, = ¢, is shown in the right plot of Fig. [6]
Even though we have chosen a low value of tan = 3 in order to enhance the impact of the
O(a?) threshold correction, the overall phase dependence of the full result (green) is quite
small. The difference between the Higgs mass calculated at ¢y, = 0 and ¢x, = 7 is only
~ 0.05 GeV. Lowering tan 5 even further (and pushing Mgysy higher) does not lead to a
stronger phase dependence. The behaviour of the interpolated result (red) is different. As in
the case of Fig. ol we see that the results of both methods coincide for ¢x, = 0, £ since for
these three points all parameters are real. For other values of ¢,, however, the interpolation
procedure underestimates the value of M, predicted based on the full expression by up to
~ 0.5 GeV.

This large deviation can be understood by looking at Fig. [7] showing the M, prediction
of the EFT calculation including the full phase dependence. The same scenario as in the
right plot of Fig. []is used, but ¢, and ¢y, are varied independently. As visible in the plot,
the contours are almost diagonal due to the small phase dependence of the O(a?) threshold
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Figure 7: Result of the EFT calculation using the full phase dependence. The same
scenario as in the right plot of Fig. |§| is used, but ¢x, and ¢y, are varied independently.

corrections. The parabola-like shape of the interpolated result, as visible for the red curve
in the right plot of Fig. [6] is a consequence of the bilinear interpolation in ¢y, and ¢ay,.
For ¢x, = ¢n, > 0, the Higgs mass values at (¢x,, ¢ar) = (0,0),(0,7), (7,0), (7, 7) enter
the interpolation procedure. For the values (¢x,, dar,) = (0, 7), (7, 0) the phase dependence
of the O(ayay) threshold correction is picked up resulting in the large phase dependence
observed for the red curve in the right plot of Fig.[6] In the considered case, an interpolation
in ¢y, = ¢x, rather than in ¢y, and ¢x, separately would improve the quality of the
interpolation.

It should be noted that for the hybrid result the difference between the EFT result
incorporating the full phase dependence and the one based on the interpolation, shown in
the right plot of Fig. [} is further enhanced because of the different treatment of the phase
dependence in the fixed-order contribution and the subtraction terms. As a consequence, in
this extreme scenario, the incomplete cancellation between the corresponding terms in the
fixed-order part and the subtraction terms leads to an artificial enhancement of the deviation
that can amount up to ~ 2 GeV.

As a final topic in this Section, we analyse the interplay between the resummation of the
logarithms proportional to the bottom Yukawa coupling and the inclusion of the full phase
dependence into the EFT part of our hybrid calculation. As a starting point we go back to
the scenario discussed in Section [5.1] Namely, we consider a single scale scenario, where all
soft-breaking masses as well as the mass of the charged Higgs bosorﬂ are equal to 1.5 TeV,
AbDR = 2.5Mgysy, the Higgsino mass parameter is negative, u = —Mgysy, the bino and wino
masses are chosen to be positive, M; o > 0, and )A(tOS = 2. The phase of the gluino mass
parameter is a free parameter, and we vary it in the interval from —7 to +7. We examine

22Gince we consider here the CP-violating case, M+ is chosen as an input parameter instead of M 4.
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Figure 8: Left: M), as a function of the phase of the gluino mass ¢ps,. The red, green
and blue colors on this plot mean the same as in Fig.[2] The dashed curves correspond to
tan 8 = 30 and the solid curves to tan 3 = 45. Right: meR’MSSM(MSUsy) as a function of
Ot

this scenario for tan § = 30 and tan § = 45.

The result for M}, as a function of ¢y, is shown in Fig. |8l The colors of the curves on
the left panel correspond to the same levels of accuracy as in Fig.[2] solid lines correspond to
tan 8 = 30, and dashed lines correspond to tan 8 = 45. For ¢, = £, the results displayed
by all six lines agree with each other within ~ 0.4 GeV. Here, the strong and the top
Yukawa contributions to A, partially cancel each other, and the MSSM bottom mass does
not acquire an enhancement. In fact, for the mentioned points the A, correction is positive,
so that the A, corrections lead to a suppression of the bottom mass. This is visible in the
right panel of Fig. [8] where the solid line (for which |Ay| is larger) lies below the dashed line
for ¢, >~ £

The red dashed curve resembles the cosine-shape line shown in Fig. [5. This is due to the
fact that even for ¢, = 0, where the bottom mass is maximal for tan 8 = 30, it is still too
small to have a sizeable effect on M},. Here, the shape of the line can be explained by the
phase dependence of the two-loop fixed-order corrections of O(a;ars). Adding furthermore the
two-loop fixed-order corrections of O(apas, apas, a) (blue dashed line) lifts the prediction
for the Higgs mass by ~ 0.2 GeV for ¢y, = £ and by ~ 0.7 GeV for ¢, = 0. The
inclusion of the resummation of the logarithms proportional to the bottom Yukawa coupling
(green dashed line) has a similar numerical effect.

The behaviour as a function of ¢y, is significantly different for tan 8 = 45. The red solid
curve starts to grow when ¢), increases starting from —m, resembling the red dashed line
in shape. However, it reaches a maximum value at ¢y, ~ —%. This is a consequence of the
fact that the A, correction becomes important in this region, leading to a steep increase of
the MSSM bottom mass (see right plot of Fig. . Thus, the one-loop corrections involving
the bottom mass (see Eq. ) become important, giving rise to a downward shift in Mj,.
At ¢p, = 0 the bottom mass reaches ~ 5.8 GeV, and the Higgs mass prediction has a
minimum at ~ 123 GeV. The point ¢y, = 0 in this plot corresponds to the point where

23



Msysy = 1.5 TeV in the left plot of Fig.[3] As in Fig.[3] we observe that the inclusion of the
two-loop fixed-order corrections controlled by the bottom Yukawa coupling (the difference
between the red and the green curves) has a very significant effect. The resummation of
higher-order logarithmic contributions (the difference between the blue and the green curves)
leads to a downward shift of ~ 1 GeV for ¢y, ~ % and of ~ 1.2 GeV for ¢y, = 0. The
results displayed in Fig. |8 demonstrate that the (s)bottom sector contributions can have
an important impact on the phase dependence. Similarly to Fig. we again find that
the resummation of logarithms proportional to the bottom-Yukawa coupling amount to an
O(1 GeV) effect for large tan 8 if the OS scheme is used for the renormalization of the stop
sector.

5.3 NS3LL resummation

Here, we study the numerical effects of including N*LL resummation at leading order in the
strong gauge coupling (see Section E[) into our hybrid framework. We study a simple single-
scale scenario in which all non-SM masses are set to the common scale Mgygy. Furthermore,
we set all trilinear soft SUSY-breaking couplings, except for A;, to zero. We define the stop
parameters in the DR scheme at the scale Mgygy. We set tan 5 = 10.

In Fig. [0, we compare the results obtained using three different accuracy levels to each
other: NNLL resummation with the SM top Yukawa coupling extracted at the two-loop
level, NNLL resummation with the SM top Yukawa coupling extracted at the three-loop
level and N®LL resummation, which also involves the SM top-Yukawa coupling extracted at
the three-loop level. The plots in the right part of the Figure display the difference AM,
between the curves in the left panel (see legends of the corresponding plots). In the upper
plots, the different results are shown as a function of Mgygy. In the upper left plot, the
three results (blue, red and green lines) are shown for vanishing stop mixing (solid lines)
and for X, = —/6 (dashed lines). For vanishing stop mixing, all three results are in good
agreement with each other for low Mgysy. If Msysy is raised, there is, however, an increasing
difference between the NNLL result (with the two-loop level SM top Yukawa coupling) and
the two results involving the three-loop level SM top-Yukawa coupling of up to ~ 1 GeV
for Msysy ~ 100 TeV. This shift is almost completely caused by including the three-loop
corrections to the extraction of the SM top Yukawa coupling, since the NNLL result with
the SM top Yukawa coupling extracted at the three-loop level and the N3LL result are in
very good agreement also for Mgysy ~ 100 TeV. Also for X; = —\/6, the NNLL result with
the SM top Yukawa coupling extracted at the three-loop level and the N3LL result are in
good agreement across the considered Msygy range (within ~ 0.3 GeV). This difference,
is displayed by the red curve in the upper right plot of Fig. [0] The NNLL result with
the SM top Yukawa coupling extracted at the two-loop level deviates from the other two
results by ~ 0.7 GeV, as shown by the blue curve in the top right plot of Fig. [9] In this
plot, furthermore the estimate of the uncertainty associated with the truncation error in
the calculation of the O(a;a?) threshold correction for the Higgs self-coupling, obtained by
including only partially known terms of higher-order in the hierarchy expansion (see for
more details), is shown as a green band. We find that this estimate is of the same size as
the shift induced by including the O(a;a?) threshold correction.

In the lower plots of Fig. [0 the same quantities as in the upper plots are shown, but
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Figure 9: Top left: Prediction for M} as a function of Mgygy for )?t =0 (solid lines)
and X; = —/6 (dashed lines). The results using NNLL resummation (blue), NNLL re-
summation with the SM top Yukawa coupling extracted at the three-loop level (red) and
N3LL resummation (green) are compared. Top right: Differences of the M} predictions
using N3LL and NNLL resummation (blue line) as well as using N®LL and NNLL resum-
mation with the SM top Yukawa coupling extracted at the three-loop level (red line) as a
function of Mgygy for X’t = —/6. In addition, the estimate for the uncertainty associated
with the truncation error of the O(aya?) Higgs self-coupling threshold correction is shown
(green band). Bottom left: Same as top left, but M} is shown as a function of )?t for
Mgusy = 5 TeV. Bottom right: Same as top right, but AM)}, is shown as a function of X’t
for MSUSY =5 TeV.
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Mgysy is set to 5 TeVAand )?t is V/&\Lried. The shifts between the various results are only
mildly dependent on X; (varying X, leads to shifts of up to 0.4 GeV). This dependence
would be stronger for lower Mgysy values. The estimate of Encertainty associated with the
truncation error, however, shows a strong dependence on X;. Whereas it is negligible for
—1 < X; <1, it increases to up to 0.7 GeV for |X;| ~ 3.5. As shown by the red curve in the
lower right plot of Fig. [0 the difference between the NNLL result with the SM top-Yukawa
coupling extracted at the three-loop level and the N3LL result is rather small except for large
negative values of X;. Where this difference exceeds the level of 0.2 GeV, it is smaller than
the estimated uncertainty of the truncation error.

As expected, the results for the N®LL resummation are in very good agreement with
the results of . We observe that the main part of the shift induced by including N*LL
resummation is caused by taking into account the three-loop corrections to the extraction of
the SM MS top Yukawa coupling from the measured top mass. The shift caused by including
the O(a;a?) threshold correction for the Higgs self-coupling is smaller and also associated
with a rather large uncertainty for large |X;| values. For small | X;| values, the shift induced
by including the O(a;a?) threshold correction for the Higgs self-coupling is found to be very
small. Therefore, we choose in our implementation to use the result obtained using NNLL
resummation with the SM top Yukawa coupling extracted at the three-loop level as default
result until the uncertainty in the calculation of the O(a;a?) threshold correction is further
reduced by incorporating additional higher-order contributions.

6 Conclusions

In this paper, we have presented an improved prediction for the lightest Higgs boson mass in
the MSSM in scenarios with large tan 3, complex input parameters and large Mgysy. Our
calculation builds on results that are contained in the publicly available code FeynHiggs.

The first improvement concerning scenarios with large tan 8 includes the change of the
renormalisation scheme for the bottom mass with respect to the present implementation
in FeynHiggs: instead of treating the bottom mass as a derived quantity, in the scheme
used in our calculation it is as an independent parameter, renormalised in the DR scheme
in the full MSSM at scale Msysy. The scheme that we have adopted yields numerically
more stable results and turned out to be better suited for the combination with the EFT
calculation. In the calculation of the DR bottom mass, we have taken into account higher-
order corrections enhanced by tan 8 by means of a resummation of the quantity A,. We
have incorporated full one-loop corrections to A,. Moreover, we have adapted the leading
two-loop QCD corrections to A, obtained in [3739] such that they are suitable for the
framework of our calculation. The inclusion of this correction is formally a three-loop effect.
While this correction is numerically not relevant for large parts of the parameter space, it
can become sizeable for scenarios with large tan f.

Moreover, we have included one- and two-loop threshold corrections to the SM Higgs
self-coupling proportional to the bottom Yukawa coupling well as the corresponding RGE
contributions up to the three-loop level. This allows resummation up to the next-to-next-
to-leading-order. In contrast to the resummation of the logarithms proportional to the top
Yukawa coupling or electroweak couplings, here the one- and two-loop leading logarithms are
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numerically negligible due to the smallness of the bottom mass. However, at the two-loop
level for the case where the stop sector is renormalised in the OS scheme the next-to-leading
logarithms become parametrically enhanced for large tan 5. In this case, the resummation
can become numerically relevant for large tan 5 and large Msugsy-

Secondly, we used the two-loop fixed order results presented in Refs. , to derive two-
loop threshold corrections to the SM Higgs self-coupling for the matching between the SM
and the MSSM that are valid for the general case of complex input parameters. This enabled
us to perform the EFT calculations for the case of complex parameters. We compared
the results including the full phase dependence to the results obtained by the use of the
interpolation routine that has been adopted in FeynHiggs up to now. For the pure EFT
calculation, we have found the interpolation procedure to perform well in scenarios with only
one non-zero phase. In scenarios with more than one non-zero phase, we observed deviations
in the prediction for M}, of up to 1 GeV. For the hybrid result the incorporation of the full
phase dependence of the EFT part of the calculation yields another important improvement.
Up to now the corresponding contributions in the fixed-order result (containing the full phase
dependence) and the subtraction terms (based on the interpolated EFT contributions) were
treated differently, which could lead to an incomplete cancellation between the two types
of contributions. This can lead to numerical deviations of up to 2 GeV compared to our
improved result where the treatment of the phase dependence is the same in all parts of
the calculation. We furthermore analysed the interplay between the resummation of the
logarithms proportional to the bottom Yukawa coupling and the inclusion of the full phase
dependence into the EFT part of the hybrid calculation. We have found that the impact
of phase variations on the prediction for M, can be modified very significantly through the
contributions of the b/ b sector.

Finally, we combined the publicly available code Himalaya with FeynHiggs in order
to obtain a prediction for M), including N3LL resummation at leading order in the strong
gauge coupling. A similar analysis was performed in [29], and we find a very good agreement
with the results presented in that paper. The overall effect of the N®LL resummation is
< 1 GeV, and it only weakly depends on Mgysy. We have found that employing the
extraction of the SM top Yukawa coupling at the three-loop level within the existing NNLL
hybrid calculation yields a result that approximates the N®LL resummation well in view of
the remaining theoretical uncertainties of the N®LL contribution.

The improvements described in this paper will be implemented into an upcoming version
of the public code FeynHiggs.

Acknowledegments

We thank Thomas Hahn, Sven Heinemeyer, Sebastian Pafsehr and Heidi Rzehak for use-
ful discussions, Sebastian Pafiehr for providing two-loop results, Emanuele Bagnaschi and
Pietro Slavich for providing expressions for cross-checks as well as Alexander Voigt and
Jonas Klappert for help regarding Himalaya. We acknowledge support by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) under Germany‘s Excellence
Strategy — EXC 2121 “Quantum Universe” — 390833306.

27



A Derivation of two-loop threshold corrections

In this Appendix, we derive the two-loop threshold corrections for the SM Higgs self-coupling
for the matching between the SM and the MSSM based on the fixed-order calculations
presented in [8}[10,[42]. We fully take into account the dependence on CP-violating phases.

The threshold corrections to the quartic coupling A can be obtained via the matching
of the four-point vertex function involving the SM Higgs boson as external particle. Here,
however, we follow a different approach. Since in the SM the running mass of the lightest
Higgs boson is related to its quartic coupling via

the threshold corrections to A can be obtained via the threshold correction to the running
Higgs mass mhﬂ Below we outline the method and derive the general formulas for the one-
and two-loop threshold corrections to A in the gaugeless limit. Similar methods can be found
in .

In the limit M4 > M;, the SM-like Higgs pole mass in the MSSM up to the two-loop
level is given by

SMSSM, (1 SMSSM, (2
(Mh)i/ISSM = mi — X ( )(mi) =X ( )(mi)

. - (28)
MSSM, (1 MSSM, (1
+ X ( )(mizz) Xn W /(m}%%

where my, is the MSSM tree-level mass, and the prime indicates the derivative with respect to
the external momentum squared. In the gaugeless limit and the decoupling limit (M4 > M,),
my, = 0 can be inserted. All parameters entering the self-energies ithSSM’(l) and f)thSSM’(Q) are
renormalised in the DR scheme while the tadpoles are renormalised to zero. The self-energies
entering Eq. are assumed to be expanded in the limit v/Mgsysy — 0.

Below the matching scale @, the effective field theory is the SM. We write the matching

condition for the SM running Higgs mass m3 as a loop expansion,

My = M e + (AT + (AT + .., (29)

where the ellipsis denotes three-loop terms and higher. Since m;, in Eq. equals zero in
the considered approximation, we have 7, e = 0. The pole mass in the SM can then be
obtained via the solution of the pole equation

M;; =, — S (M), (30)
where iﬁSM is the SM Higgs boson self-energy renormalised in the MS scheme with the
tadpoles renormalised to zero. Since the SM is treated as an effective field theory, its pa-
rameters are related to the corresponding parameters in the MSSM. This relation can be

23This method is not sufficient to obtain the threshold corrections for all quartic couplings if the EFT
below Mgugy is the Two-Higgs-Doublet-Model .

24In general, only the real part of each term in the sum on the right hand side of Eq. should be
considered, since the Higgs self-energies have imaginary parts arising from the contributions of the particles
which are lighter than the SM-like Higgs. Since in the MSSM the mass of the SM-like Higgs is close to the
electroweak scale, in the usually considered scenarios these imaginary parts arise only from SM particles
and, therefore, cancel out in the matching procedure.
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schematically written as follows,

where P is a coupling constant, a running quark mass, or the vacuum expectation value.

Inserting this relation into the self-energy iESM(M 2) induces a shift at one order higher in

the loop expansion,
SMS,SM & SSM, shif
Zhh&S = S Efszh i (32)
PSM_, pMSSM

The first term on the right-hand side of this equation represents the self-energy which has
the same analytic form as ithS’SM but with all MS SM coupling constants and masses being
replaced with their DR MSSM counterparts. Therefore, the two self-energies are equal at
the one-loop level (since in the present discussion we neglect electroweak corrections the
different regularisation does not lead to a different result). The difference between the two
self-energies is encoded in the quantity /X\),SLI,Y[’SMRS which is of two-loop order and higher.

The renormalised self-energy of the SM-like Higgs boson in the full MSSM can be split
into parts,

S = SR+ S (33)
where the SM part contains contributions from the diagrams with only SM particles and the
non-SM part (indicated as “n/SM”) originates from the diagrams with at least one non-SM
particle.

At the one-loop level, the following identity holds,

3SM, (1 SM, (1
Ehh W= Zhh W . (34)

PSM_, pMSSM
where in this equation the symbols “ ™" and “ ™7 are used to denote the SM part of the MSSM
Higgs self-energy renormalised in the DR scheme and the SM Higgs self-energy renormalised
in the MS scheme, respectively. This equation means that the SM contributions in the full
MSSM self-energy computed in the DR scheme, X3} have the same analytic form as the
self-energy computed in the SM in the MS scheme, E,S}f In Eq. the replacement rule
on the right-hand side, PSM — PMSSM “implies that all MS SM parameters in the SM self-
energy have to be replaced by their DR MSSM counterparts without additional shifts At
the two-loop level, a relation analogous to Eq. holds for the SM-type corrections to
the Higgs mass proportional to the Yukawa couplings, i.e. the corrections of O(a?, ayay, o)
without including any parameter shifts in the one-loop self-energy. For the mixed Yukawa-
QCD corrections of O(auas, apas), the two different choices of the regularisation scheme
(dimensional regularisation in the case of the SM and dimensional reduction in the case of
the MSSM) lead to different expressions for the SM part of the self-energy. This can already
be anticipated since the running MS and DR quark masses are not equal to each other at

the one-loop level (see e.g. ) By using TwoCalc , and the scripts described in [68]

25We assume that the self-energies on the left- and the right-hand sides of Eq. are expressed in terms
of quark masses and vacuum expectation values of the SM-like Higgs. In this parametrisation, the SM
self-energy in the full MSSM does not depend on non-SM parameters.
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we explicitly checked the following relationm

SMS ata 0 DR ata
Z%LS’SM’O( tos) + o ZMs ,SM, ( . Am MS—>DR ES}?’SM’O( t 5)’ (35)
and the analogous relation for the O(aya;) self-energies. In Eq. (35) F7]
— — a,
AmMS*}DR = 3—ﬂ_mt. (36)

As explained above, the one-loop reparametrisation of the couplings and masses in the one-
loop SM self-energy induces shifts at the two-loop order,

i:%ﬁhiﬁs Z ap MS SM )A(I)P, (37)

MSSM() MSSM()

where P are all SM parameters which enter 3J,
at zero external momentum of order O(ay, ab) reads

_ 4 _ 2

e 3 (MEM@) (M@

X = — 5 log 5 :
) A2 (UMS,SM(Q)) Q

. The one-loop expression for 3,

(38)

In this expression all masses and the vacuum expectation value (i.e., mgTS’SM(Q) and
oMSSM(Q)) are SMﬂ_S parameters evaluated at the scale ). They are related to the MSSM

parameters in the DR scheme at the scale () in the following way
UMS’SM(Q) _ UDR,MSSM(Q) (1 . A(l)v) ’

mySM@Q) = mPPNSN(Q) — AWy, g =10,

(39)

where the one-loop shift A(l)mq contains contributions of BSM particles as well as the
transition between the DR and MS schemes. This quantity can be computed from the pole
mass matching of the bottom and top masses at the one-loop level. The one-loop shift AMy
includes non-SM O(ay, ap) term while AMm, includes O(ay, oy, @vs) corrections. With
these definitions and Eq. , the two-loop terms which account for the shifts between the
SM and the MSSM quantities acquire the following form,lz_.gl

S SM,shifts SM 1 (1
SpMshifts _ W AD 4 2500 AD (40)

8

q=t,b

26Eq. (35 . holds only at zero external momenta. At non-zero momenta an additional term, not related to
the top-quark mass, appears (see . for details).

2"Here we do not specify the renormalisation scheme for the strong coupling and for the top mass since a
change of the renormalisation scheme is of three-loop order.

28Note that the one-loop shift Ay in this equation is the same quantity as Av in Eq. in Section
for @ = Msusy-

29For brevity, we will omit arguments of the self-energies in the rest of this section, implying that they
always equal zero.
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Here we have exploited the fact that in the gaugeless limit i,sj\f’(l) scales as oc 1/v2. In || it
was shown that in the heavy SUSY limit the non-SM part of the relative shift in the vacuum
expectation value can be expressed via the non-SM part of the Higgs self-energy derivative,

in/SM,(l)/<m

AWy = _hhf%)_ (41)

Using this relation, Eq. can be rewritten as follows,

i}si/[,shifts . Z am ASM 'A(l)mq E]Sll}\f (1)EH/SM() ' (42)

q=t,b

Taking into account Eq. (32), Eq. and Eq. (42)), the pole equation Eq. can be solved
iteratively up to the two-loop level in the considered approximation,

(Mh)gM _ (Amll)Q + (Am2l)2 _ ESMv(U _ ihNTSSM:@)

asM( —1 SM(l) M,(1) | A (1)
S (am? - )+ Zamq AUm, (43)

n ZSM (I)En/SM( 3

At the matching scale @), the predictions for the physical Higgs mass, M}, in the SM and
the MSSM have to be equal order by order,

(Mn)gm = (M) s (44)

By equating the one-loop pieces in Eq. and taking into account Eq. and Eq.
we get,
_ SMSSM, ( Sn/SM, (1
(Am)* = =%y, )4 SR = SN, (45)

After inserting this one-loop solution back into Eq. ., we arrive at
Y SMSSM, (1)  SMS,SM, (2
(Mh>§M = (Ami )2 - Ehh W Xhh .

aSM MSSM 1 0 ’\SM
+ 20 (1) M4 Z I -A(l)mq (46)
q=t,b

aSM n/SM, (1)
+ 2 « )Ehi/z

By equating the two-loop pieces in Eq. @) and expanding the one-loop self-energies of the
Higgs boson in the full MSSM according to Eq. (33)), we get

(AT = — ZMSSM @ ZMS SM,(2)
- Z 88 iSM A(l)m + EH/SM (I)EH/SM( ) ' (47>
m,
q=t,b q

The running Higgs-boson mass 7 can be related to the threshold corrections to the quartic
coupling A via the relation

iy = 2AM(Q) (WMSSM)?2(Q). (48)
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To express the one- and two-loop corrections in terms of the MSSM coupling constants we
have to perform the shift of the vacuum expectation value in Eq. ,

i = 2ANQ)(PMIM(Q) (14 S (49)

By solving this equation at the one- and two-loop levels, we obtain the expressions for the
matching coefficients for the quartic coupling,

in/SM,(l)
AN = — L (50a)
z(vﬁ{,MSSM)2<Q> ’
1 ~ v ~ ~
2a _ MSSM,(2)  $MS,SM,(2) n/SM,(1)3n/SM,(1)/
A)\ - 2(Uﬁ’MSSM)2<Q> <Zhh Ehh 2 Ehh Zhh
O ~
n Z - SM (1) A, ) (50D)
q=t,b

As already mentioned, in the expressions above all couplings are DR MSSM couplings at the
scale . Another option is to parametrise these threshold corrections in terms of the MS SM
couplings at (. In this work, we will use the MS top-Yukawa coupling in the SM and the DR
MSSM bottom-Yukawa coupling to parametrise the one- and two-loop threshold corrections.
To express the two-loop threshold corrections in terms of the SM MS top-Yukawa coupling
we have to reparametrise the top mass and the vacuum expectation value in the one-loop
O(ay) threshold correction. This generates the following two-loop terms,

AN o ( 0 SN AWMy, (51)
hMSSM _y S\ Q(UMS’SM)Q omy
n/SM O(at) &n/SM, (1)
oS s/ )

which has to be added to Eq. .

We have evaluated the non-SM part of the one-loop Higgs boson self-energy with the help
of FeynArts [9395] and FormCalc and then expanded in the limit m; ,m;,,m;, >
my, my. The explicit expressions for them (and their derivatives) in the gaugeless limit and
for the case m;, = m;, = my;, > my, my read

3m, M2 o X
Sn/SM,(1) _ q SUSY 2 q
o q—ztb47T2U2 <10g o T (52)
2
Sn/SML (1) mq 12
X = q§:tb 397202 | X,|" (53)

From these expressions and Eq. it is clear how the one-loop threshold corrections to
A computed in |16 . . can be generalised to the case of the MSSM with complex parame-
ters. These corrections are polynomials in the squark mixing parameter X To obtain the
expression in the MSSM with complex parameters X has to replaced by |X |.
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The two-loop self-energies were taken from ,, and expanded in the limit
Mg, Mg, Mg A, |,U|, |M3| > My, My

without any additional assumptions on the internal masses and the phases of X;, X, u and
M. The two-loop SM self-energies in the MS scheme were taken from , and extracted
from the code FlexibleSUSY ,,. Finally, the one-loop shifts AMm, and AMm,
have been computed using FeynArts and FormCalc. The resulting two-loop formulas for the
threshold corrections are presented in App. [B.2

B Threshold corrections for the case of non-vanishing
C’P-violating phases

B.1 One-loop threshold corrections

If the sfermions and heavy Higgses are integrated out from the MSSM, effective Higgs—
gaugino-Higgsino couplings, §14.14.24,24, are generated (for their exact definition see e.g. )
In principle, they can be complex. An explicit calculation of their matching conditions at
the SUSY scale Msygy = NI however, shows that they remain real if the sfermions
and heavy Higgses are integrated out. All other couplings of the EFT below the SUSY scale
are also real-valued P

The only exception are the mass parameters of the EWinos for the case of light EWinos.
The phases of these parameters become relevant if the EWinos are integrated out at the
EWino mass scale, M, = \/|M,||p|, and the SM is recovered as EFT

The threshold corrections of the top and bottom Yukawa couplings originate only from
the corrections to the external Higgs leg. They read

g (M) = gV () (14 kAwen ) (54)
s (M) = gV () (14 kA ) (55)
1.
AwrRr = ID [291u91d cos(par, + @) f(r1)
+ (~2 ~9 31 |M’2
Giu+ 91q) | 9(r1) +31n 2
X
+ 6G2uG24 cos(dar, + ¢u) f(12)
2
#3038, + 380 (a0r) + 310 ) | (56)
X
with
M M.
7’12‘—1, rzz\—Q. (57)
It I

30The CKM phase is neglected here.
31Here, we assume that the absolute values of the EWino mass parameters M;, M, and p are of the same
order of magnitude.
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In the expressions above, x = 1/(4m)? is used to indicate the loop order, and Awrr are the
one-loop corrections to the external Higgs legs. Setting the phases to zero, we recover the
result presented in Ref. [73]. The loop functions f and g are defined in the Appendix of

Ref. [73].

Similarly, also the matching condition of the Higgs self-coupling is modified,

)\SM(MX) — )\SMJrEWinos(MX) =+ A\ (58)
with
1 . . . . . . . .
(428 = S[2M (G, + 5+ 338 + 335,) — Gt — G0 — 505, — 533,
2
S s s ~ ~ ~ ~ H

~ Anadraindsd — 2+ B) e+ )] 0

X

7o 9 L

-5 (91w + Gia) f1(r1) — 1 /2(r2) (G20 + G24)
1., .

+ ST 2008(20m, + 20, ha(r1) = 11ha(ry)|
1., .

+ Egguggd [2 cos(20ns, + 2¢,) by (r2) — 9713(7“2)}

1. _ . .
+ —g1u91d92ug2d[008(¢Ml + Oaty + 2¢,) hu(r1,72)

3
— 4 cos(Pn, — Oary) fs(r1,7m2) — Ths(ry, 7"2)}

Ty

r1+ 7o

1,5 . o rir 5
- g(g%uggu + g%dggd) [2 cos(par, — ¢M2)T1 :—27‘2 fs(ri,re) + §h6(7“1, 7“2)}
1,5 9 4
+ g(gfuggd + G1ad5u) [COS(¢M1 + dary + 20,) ha(ry,m2) — fs(r1, 7’2))}
1+ To
4 L o o o IS
3 (91u92u + g1d92d) (glu.QQd + 91d92u) [7“1 . cos(on, + ¢p)
"t 7 cos(ar, + %)] fs(r1,72)
2. (=2 ~9
+ gglugld COS(¢M1 + (15#) A 2(91u + 91d> f(’ﬁ)
+ 222 08(Oa, + By) | A — 2(38, + 38) | £(r2)
1., _ _ _
+ 3AGT + 91a) 9(r1) + (G5, + 524)9(r2). (59)

The loop functions f; are defined in the Appendix of Ref. . The loop functions h; are
defined by

6 2
ha(r) = — § —rrz)s' 2= 27" + (1 +7%) Inr?], (60a)
ho(r) = m [2 +3r2 —drt — 15 (4 + 502 — 7Y In r2], (60b)
hs(r) = o1 [6+7r2 — 8r* — 508 +12(12 4+ 13r2 — %) Inr?], (60c)
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67“1’/“2

ha(ri, 12) = T =21 = 2212 — 1) [rE (1 =r3) e + (1= 17)(1 = r) (r —73)
— (1 —=7r])?*r31n rg], (60d)
6
holrira) = R = g — g LT ) el s) il =)
+ r%(l + 7"3 — 27“5) + rf‘(l + T%)(l — 7“2) Inr?
— (1 —rH2(1 + 7’2)7“2 In 7"2} (60e)
6

h6<7“1,7’2) - 5<1 _ rl) (1 _ 7’%)20"% _ T%) |:_ (1 - T%)(l - T%)(T;l - T%T;l - Tl + T%T%)

+(1- 7’%)27’? lnr% - (1- r%)Qrg lnrg}. (60f)

In the limit of r, 71,79 — 1 all of the loop functions h; approach 1. Setting all phases to zero,
we again recover the expression given in Ref. .

The corresponding expressions for the EWino contribution to the matching between
the SM and the MSSM can be obtained by replacing the effective Higgs—Higgsino—gaugino
couplings iy, 14,2024 I Eq. using their tree-level matching conditions ,7

G1a = g cos B, (61a)
Goa = 9008 B, (61b)
g1 = g'sin B, (61c)
o = gsin . (61d)

The expressions for Ay, €, and Awv entering the one-loop threshold correction of the bottom
Yukawa coupling (see Eq. (21))) read
1% ' ﬁ (]\4@3 M DB)
~ | L9
M |Ms|” | M|

(47)* Ay = Crgsts cos(Par, + du)

1 Ay Mg, My
+ —y?tgcos(pa, + ¢ F( 3 3
it cos( 2 7 lul 7 fpl
3 M| = (Mg, | Mo
— Zg*tgcos(dn, + & F( 2 )
4 /8 ( 2 ,u) ,U |,u|
9/2 MQs MD3)
Ly +
6 BCOS(¢M1 gbu ‘Ml <|M1| |]\41
Sk (M% )
ul
M M
\1 M, , (©2)
ul
M, M
4 2 :—C 2 1 1 | | F Q3 F D3
ey == Cras Lloe Sga B\ agy ) 50
b MQ3 MDs
- ’Mg COS(¢Ab ¢M3) (|M3 ’Mg
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2 2 2
Yp 3 |:u’ 3 2 MA 5 MQS 1~ MD3
— = |<log—% + == (210g——1>+F + - K
24 @z 8" Q2 “\ul )27 Uy
1 M3 M3 1~ ( My
R (21 ——1> 2(1 ——1) S (Fs
s% 1 0g —7 0’ + cﬁ og 02 + 53| log 02 +2 6 M
3l )
ul " el

3. My 3. u? (MQ ) 3~ (Mg

2 3 3
—g*|glog 5y — G log oy + F “Fy

[8 ° S Qr "\ M| lul

My ? I Mo\ | 17 (Mo
2 _1 | 1 _1 _+—F Q3 + = F s
! [ o S M, [

cos(pa, + Ppu)spcs — 1)

M,

)]

_1ﬁ(MQ3 Ml) 1}: <MD3 M1>
12 . ul
b Mg, Mp,
— |— 63
i 17| oo~ o) (i o)
e B ﬁ5(MQ3). (64)
4 MQ3MU3 My, 4 MQ3MD3 Mp,

The functions ﬁ576,879(91;) are defined in Appendix A of Ref. . (@ is the renormalisation
scale, which we set equal to Mgysy. We neglect electroweak contributions to Awv.

In addition, we give here the result for the one-loop threshold correction for the top
Yukawa coupling, which can be used to reexpress the two-loop threshold corrections of the

Higgs self-coupling in terms of the MSSM top Yukawa coupling (see Section [B.2)). It is given
by

yM(Q) = h"™Msg (1 4+ Ahy), (65)
(4m)2Ahy = %g% {1 +1In “g?;‘? + Fy (f‘f&) + Fy (y]\z\%)
[t = e (5 )
+y—;[— w+§c (2111 - )—Zs;|)?t|ﬁ5<%i:>
R () 7 6(MU3)}
2 |1l
v {1 '“‘2 3 (2 o M )—icgpmﬁf)(%ij)
A 22) 35t 28
M2 2 M (Mg, |M
. [éln% s 10 ()~ B )
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MQs |M2|) 3:|

3 |y
Gty ], Ot Oy (\ ) T8

M1‘2 W|2 Mg, 4~ ( My
+ 12 |: 1 | 1 _|_ —F 3 + —F 3
g Q2 Q AV RANA

+1§ (MQ3 !M1|) 1§ (MU3 !Ml\)
12 7 —r | 7 |

11X cos(pnr, — ¢Xt> (MQ3 MU3)

9[M] M| M|

1 | M| 1 Mg, |M] My, |M;]
+———cos(du, + D) (—F < ) — R _—

305 ] SO T W Tl Tl Tl

1
—— 66
= (66)

Setting all phases to zero, we again recover the expression given in Ref. .

B.2 Two-loop threshold corrections

Here, we list the two-loop threshold corrections to the Higgs self-coupling in the limit where
all involved non-SM particles except for EWinos and gluinos have the same mass,

- )
(im0 = s { P+ (costom, = ) (12654 16115

— 1201+ 4K) X, [P) V] + 3(3 + 16K)|17t|2>

?_3
- 2—2(7+24K

1% (2 (7+36K)| '*
5

~3(5— 8K)ess + (3207 - 12|M4)f2(|ﬂ!))>

~ 3
FIE ('4;l (19 + 96K) — 2y (28~ 253 + (6] — 87 >f2<mr>))
B

3
+ 3 (21 + 120K + 32[A* + 27% — (13 — 120K — 272)ca
olt;

(=324 301+ 8IalY) 207D + 107D | (67a)
(4m)" (AN ey, = gs,ys{g( — 120X (A1) = (1 = 7ML +2(30]") fo(|Ma])
+ X (Fu(1Mal) — (1 = 9| Mol + 4[NE|*) fo(| M)
— 6(3+ 4[M[* S| V) — [f? (6 (| VEs]) — 87(17Es )
+ %Gcosth — 0nr) | X0l ((2(8 = |VB) [ Kef? = [ Kl") Jo(| Vs
- 12(1 - FulFED) - [SEPR(TED) ) | (67h)
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8 LN — ~ —
(47) (AN, =~ 58089+ USRI TE] cos(om, = o) (=2 + 13T o )

— 12| X2 (1 + [Ma (=2 + M) fo(| Ma)))
X1+ [Ma2(—3 + 2 M3 [?) fo(| M)
+ 24X, || M| cos(px, — dar) (1 + Fi(|1M3]) — 22| Ma)))

+6!@\2((—3+2\1\73I2)ﬁ(\i\73l)+4ﬁ(lf\73!))}, (67¢)

(A7) (AN gy = yz*yz{

~ 1 ~ 0~ 1 ~ o~
2+ S X IV + 5 | XY
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B B
2 N
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- 6?(11 + 48K)| X3 |*| X * V2| + 2 cos(px, — Ox, )| Xp|| Xi]
B B

2
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B
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B
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+5 (36K + (= 6+ 72 = [A*(~15 + 6[il* + 7)) fa( )
B
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(A7) (AN) oz = yb{mcos(mb — oy, )| Xl V|2 (AR (|X 2 — 4) + | X,[* - 3)
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The listed expressions are for the case where the one-loop O(ay, a3) corrections are expressed
in terms of the SM MS top Yukawa coupling, v;, and the MSSM DR bottom Yukawa coupling,
Y. Expressions to translate them to the MSSM DR top Yukawa coupling and the SM MS
bottom Yukawa coupl respectlvely, are provided in Section (B

In the Eqgs. — f1,2,37475( ) are non-singular functions of 1 = p/Msysy or M3
M3 /Msysy. The functions .]?1’273(23) are the same as the functions fi3(z) from Ref. ,

Fit) = "B (632)
fo(z) = . —193 {1+ ——loga } : (68h)
f3(z) = (=1 (J; 2_$$;)_22$ ) {log r?log(1 — 2?) + Liy(2?) — %2 — 2% log 932] : (68c¢)
Filw) =" (log”"(f;jg —)), (65)
~ . a?loga® + Lig(1 — 2?)

f5($) = (1 — [E2)2 . (686)

with f1(0) = 0, fo(0) = 1, f3< 0) = %, f1(0) = 0, f5(0) = % and fi(1) = =1, fo(1) =
2, f(1) = -3, (1) = -4 fs(1) = 3. We use a different notation for them than in
Ref. [99], since we have already used the notation f;(x) for the functions in the threshold
correction to the quartic coupling above in Eq. E|

The constant K is

1 w/6
K=—-—— dxlog(2cosz) ~ —0.1953256. (69)
V3 Jo

Fully general expressions for the two-loop threshold corrections to the SM Higgs self-coupling
can be found in ancillary files distributed alongside this paper.

C Dependence of AY on CP-violating phases

Before deriving the phase dependence of the two-loop correction to A, we first consider the
one-loop correction. The O(ay, o) one-loop A, correction in the heavy SUSY limit can be
obtained by evaluating the diagrams in Fig. ﬁ

These diagrams include the incoming and the outgoing b quarks with different chirality.
The diagrams which involve quarks with the same chirality are subleading with respect to
their powers of tan 8 and do not contribute to A, [64]. The diagrams are drawn using the
chiral basis in which the “left” and the “right” squarks propagate and the off-diagonal mass

32We note that these functions are not independent from each other. For example, using the identities for
the Spence function Liy(z2) one can show that fs(z) = (1 — 222 — 22%) f5(2). However, we decided to stick
to the notations of Ref. . So, we expressed our result in terms of f1 2,3 and added two more functions for
better readability of the results

33 All diagrams in this Section were produced with Axodraw [100].
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g Hfg
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Figure 10: Diagrams contributing to A, at the leading order in the chiral basis.

term is interpreted as an additional interaction (denoted as (X)) which flips the chirality
quantum number of the squark. In the limit Mgsysy > v only the diagrams with a single
mass insertion contribute. This can be seen in the following way. The left diagram in Fig. [I0]

is proportional to
X Qg MMy b tg M3 Co(O O 0 m m |M3| ), (70)

where () is a Passarino-Veltman function Correspondmg to the scalar vertex function with
three external legs. If all soft SUSY-breaking masses are equal to Mgsysy, the expression in
Eq. reduces to

p Ms
Mysy
The diagram with two mass insertions, which is only possible if the two external quarks have
the same chirality, is proportional to

X oy My L = o, My L (71)

Msusy

o ag (my 1 tg)? My Do(0,0,0,0,0,0,m2 ,m2 ,m?2 [ My]?) =

tr?

= Qs (mb 2 tﬁ)Q Mgusy D0(07 0,0,0,0,0, MSUSY? MSUSY7 MSQUSYa MS2USY)7 (72)

where Dy is a Passarino-Veltman function corresponding to the scalar vertex function with
four external legs. If all soft SUSY-breaking masses are equal to Mgysy this diagrams behaves
like

w My my [ tg 1 my o tg

X Qg My, tg 5 5 my tlg X 5 .
Mgysy  Mysy Msusy  Mgusy

(73)

We see that it is suppressed by an additional factor m;,/Msysy compared to the diagram
with one insertion and is therefore subleading. This is consistent with the fact that only
diagrams with external legs of different chirality contribute to A,. Clearly, diagrams with
more insertions will be suppressed by additional factors of m,/Mgsysy. Following similar
arguments, one can show that diagrams similar to the right diagram in Fig. with more
than one mass insertion are suppressed by powers of m;/Msuysy-

The same kind of argument applies to higher-order corrections to Ay [38] as can be proven
by using the Kinoshita-Lee-Nauenberg theorem [101][102]. Namely, the diagrams contributing
to the two-loop quantity A, of order O(a?, a,a;) contain only one mass insertion.

The phases of the complex parameters A;, u and M3 enter the diagrams of Fig. [10 [10] through
the mass insertion and through (bLb 9), and (bpthH,) vertices. In particular, the mass
insertion in the left diagram in Fig. yields the phase factor oc et while both vertices

o .
contain e™~z*. The overall diagram is then o €' (®M37%x)  The result for the analogous
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2
Figure 11: The first class of two-loop diagrams contributing to Ail’o(%): a gluon is

added to the O(as) one-loop graph.

diagram with incoming by and outgoing by, leads to the phase factor oc e ®msH+u)  The
overall phase dependence is then o cos(ga + ¢,) (see Eq. in App. [B.1). The mass
insertion in the right diagram in Fig. [10| gives the phase factor oc e™®4: | while the (b, t5H;")
and (ER?LI?E ) vertices contain the entries of the chargino mixing matrices V3, and Uj,. In

the gaugeless limit, they are proportional to the phase factors o et The overall diagram
(together with its complex conjugated) is o< cos(¢a, + ¢,) (see Eq. in App. [B.1]).

The two-loop diagrams contributing to the quantity A; at O(a?) can be split into three
categories: either a gluon, a sbottom or a gluino is added to the one-loop O(ay) graph.
Examples of the corresponding diagrams are depicted in Figs. [[IHI3] The particles which
are added to the one-loop graph are highlighted with red colorﬂ

Following the argumentats given at the end of Section |3 we can conclude that in the
case of the MSSM with complex parameters the two-loop Ay of O(a?) given in Eq. has
to be multiplied by cos(¢, + ¢rr,). The same reasoning can be applied to the O(asoy) Ay
corrections: Eq. has to be multiplied by cos(¢, + ¢a,) ]

34The rightmost diagram in Fig. [12| cannot be reduced to the left diagram in Fig. This fact, however,
does not change our arguments that we present here.
35Corresponding two-loop diagrams can be found in Appendix C of .
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Figure 12: The second class of two-loop diagrams contributing to Agl’o(%): a sbottom

is added to the O(ay) one-loop graph.
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Figure 13: The third class of two-loop diagrams contributing to Ail’o(ag): a gluino is

added to the O(ay) one-loop graph.
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D Leading and next-to-leading logarithms

In this part of the Appendix we present analytic expressions for the leading (LL) and next-
to-leading (NLL) logarithms proportional to the bottom Yukawa coupling, which appear at
the one and two-loop order in the calculation of the lightest Higgs boson mass in the MSSM.
They are derived in the special case of

My = |Ms| = |u| = Mg, = My, = Mp, = Msusy- (74)

In the following expressions, k = 1/(47)?, L is the logarithm of the ratio of Mgysy and M,

M3
L =log EQSY, (75)

m; is MS SM top mass, m, = my " (my), M, is the DR MSSM bottom mass at the
scale Mgugy defined in Eq. , v is the SM Higgs vacuum expectation value v = vg, =
(2v/2Gp)~Y? ~ 174 GeV. The ratio of the vacuum expectation values of the two Higgs
doublets, tan 3, is renormalised in the DR scheme at the scale Mgysy. g5 is the strong gauge
coupling, g5 = 4ra,. We do not specify the renormalisation prescription for it, since it
appears in the expressions for M), starting at the two-loop level. Therefore, a change of the
renormalisation scheme for g3 is a three-loop effect. The parameter Xb is renormalised in
the DR scheme at the scale Mgygy, while Xt is fixed either in the OS scheme or in the DR
scheme at the scale Mgygy.

The logarithmic terms can be derived in one of the two following ways. The first method
is an approximate perturbative solution of the renormalisation group equation (RGE) for
the quartic coupling A

d\
Tog G = KBV(Q) + K2BD(Q) + - .. (76)

where () is a renormalisation scale, 5&1)’ 5/(\2) are the one- and two-loop contributions to
the beta function, and the ellipsis encodes higher-order terms. Truncating the result at the
second order, one obtains [85 @ m

A M) = A(Msusy) — 5,(\ (Msysy )<L + 6(1 b (Msysy)kL? — ﬁ§\2)(MSUSY)’€2L +..., (77)

where ﬁ(ll (Q) = dﬁ /d log @Q*. The running Higgs mass at the scale M, is obtained
from Eq. by mulitplying the result by ZUMS,

(MYSSMY2 — o\ (M), (78)
The pole Higgs mass is then calculated from the pole equation |26
(Mi)Eer = 2A (Mo — Sim3) — S50 (md) (MM — Simd) —md) + ... (79)

The second method is an iterative solution of the Higgs boson pole mass equation in the
MSSM which in the decoupling limit My > My reads [20]

(Mn)po = mi, = SpES (mi) + SRE (mp) SNPM (mi) + . (80)
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where the prime stands for the derivative of the self-energy with respect to the momentum
squared, and m? is the lightest Higgs boson mass at the tree level. We have checked analyti-
cally that the logarithmic terms are the same in (M},)%, and (M},)&pp. This is an important
cross-check of our calculation P9

At the one-loop level, we obtain the following contribution proportional to the bottom
quark mass,

i
(Mp")or = 6/@ 2 (2m — c3gmy) L (81)
At the two-loop level the leading logarithmlc terms read
2 P

" (g — mzm? +md) L + 96k 293mb B2 (82)

If )?t is renormalised in the OS scheme, the sub-leading logarithms read

—9-—4 m
(MNP g = 3/@2—7”2? (—18 + 6] X7 — [ XG2[X0 (6 — | X, [?) + 24 1og %) L
b
Qmém% 2 Y 1V 1
— 6r2 [ 14+ 4| X2 — 4| X[V cos(ox, —dvi)+ 5 | L
. 1 Ve
—18x2 0 ( 1 4+ 12log 2% 4 > L
27771 =
— 32&293 (—1 — 121og £ + 2| K| cos(¢x, — ¢M3)) L
U my
If )?t is renormalised in the DR scheme at the scale Mgygy, we obtain
2T 7
2L,NLL 2 111 v 12 my
(M, )botDR — 3K o <_18+6|Xt‘ + 24 log %b) L
2m§m? 12 AN 1
— b= 1+ 41X (" — 4] X[ |Yy] cos(¢x, —¢n)+8—2 L
6 i (84
m 1
— 182 ( 1+ 1210g 2 4 ) L
2777 =
— 392 293 (—1 —12 log @ + 2|Xb| COS(QbXb — ¢M3)) L
U my

We see that the choice of the renormalisation scheme for )?t affects only the logarithmic

: 27
terms proportional to m;m;.

36Both methods have to give the same answer also for the non-logarithmic terms in leading order of the
expansion in v/Mgygy. Imposing this condition we have derived the two-loop threshold conditions listed in

App. IEl
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