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Abstract We analyze the Higgs-boson masses and mixing
matrices in the NMSSM based on an on-shell (OS) renor-
malization of the gauge-boson and Higgs-boson masses and
the parameters of the top/scalar top sector. We compare the
implementation of the OS calculations in the codes NMSSM-
CALC and NMSSM-FeynHiggs up to O(oa). We iden-
tify the sources of discrepancies at the one- and at the two-
loop level. Finally we compare the OS and DR evaluation
as implemented in NMSSMCALC. The results are important
ingredients for an estimate of the theoretical precision of
Higgs-boson mass calculations in the NMSSM.

1 Introduction

The experimental value of the mass of the discovered Higgs
boson [1],

my = 125.09 £ 0.21 (stat.) & 0.11 (syst.) GeV, (1

has an uncertainty of just a few permille so that only four
years after the discovery of the Higgs boson its mass has
become an electroweak precision observable. In order to
make full use of this high-accuracy measurement each pre-
diction for this quantity should be provided with a similar pre-
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cision. Furthermore, for a reliable calculation of the Higgs-
boson mass it is important to make a solid estimate for the
theoretical uncertainty of the available prediction. Two dif-
ferent sources for theoretical uncertainties exist in the Higgs-
boson mass predictions. One is due to the experimental errors
of the standard model (SM) input parameters (‘“parametric
uncertainties”), the other are unknown higher-order correc-
tions in the Higgs-boson mass calculation itself (“intrinsic
uncertainties”).

Supersymmetry (SUSY) is one of the most attractive solu-
tions to several shortcomings of the SM. It can solve the
hierarchy problem, provides a Dark Matter candidate and
leads to a unification of the gauge couplings, thus paving
the way to a Grand Unified Theory. The most frequently
studied realizations of SUSY are the Minimal Supersym-
metric Standard Model (MSSM) [2-5] and the Next-to-
Minimal Supersymmetric Standard Model (NMSSM) [6—
21]. In contrast to the SM, in the MSSM two Higgs dou-
blets are required. After electroweak symmetry breaking
(EWSB), this results in five physical Higgs bosons. In the
C’P-conserving case, these are two CP-even Higgs bosons,
one C'P-odd Higgs boson, and two charged Higgs bosons.
The NMSSM Higgs sector is extended by an additional com-
plex superfield leading to three CP-even, two CP-odd and
two charged Higgs bosons in the CP-conserving case. Con-
trary to the SM, the masses of the Higgs bosons can be pre-
dicted in terms of the parameters of the model. While super-
symmetric relations lead to an upper mass bound for the
light C’P-even Higgs boson below 125 GeV at tree level, the
inclusion of higher-order corrections can shift the mass to
the observed value. For the NMSSM Higgs masses the lead-
ing one-loop (s)top and (s)bottom contributions have been
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computed in [22-26]. The full one-loop corrections in the
DR scheme including all contributions of the NMSSM with-
out flavour mixing have been given in [27,28], in a mixed
DR/OS scheme in [29-31]. Two-loop corrections in the DR
scheme of O(ws(o; + «p)) for zero external momentum
were given in [27]. Furthermore, at the two-loop level pure
fermion/sfermion contributions of O((«; + o + a¢)?), and
contributions from the Higgs/higgsino sector in the gauge-
less limit of O((«;, + a,)?) as well as mixed contributions
from the latter two sectors of O (o a4, ajop) have become
available in [32]. Two-loop corrections in a mixed DR/OS
scheme of O(ws(a; + ap)) have been published in [33].
However, both in the MSSM and the NMSSM, the theoret-
ical uncertainties of the current predictions for the mass of
the SM-like Higgs boson are significantly larger than the
experimental error. For the MSSM detailed estimates for
theoretical uncertainties of the Higgs-mass predictions are
available, see e.g. [34,35]. Automated estimates of the theo-
retical uncertainties depending on the considered parameter
point within the MSSM can, e.g., be performed with Feyn-
Higgs [34,36-42].

For the NMSSM several public spectrum generators
are available that provide an automated calculation of the
Higgs-boson masses: FlexibleSUSY [43], Flexible
EFTHiggs [44], NMSSMCALC [45,46], NMSSMTools
[47-49], SOFTSUSY [50-52] and SPheno [53,54]. The
results obtained by the different codes for the same set of
input parameters can differ by several GeV [55].

A first step towards investigating the theoretical uncer-
tainties for NMSSM Higgs-mass predictions focusing on
calculations using a pure DR renormalization has been
performed in [55]. In this publication the aforementioned
tools (except for FlexibleEFTHiggs, which did not
exist then) were used to calculate NMSSM Higgs-boson
masses for six sample scenarios with different physical
properties. The sources for the differences between the
codes have been identified, and after modifying the codes
to use the same approximations they agree at the level
of O(10 MeV) (for the same set of higher-order correc-
tions). However, this technical agreement does not allow
one to draw conclusions on the remaining theoretical uncer-
tainties from unknown higher-order corrections. In par-
ticular, the comparison in [55] did not account for dif-
ferences resulting from the use of different renormaliza-
tion schemes. Among the tested tools only NMSSMCALC
offers the option to use another renormalization scheme,
namely a mixed DR/on-shell (OS) scheme. The results in
this scheme were not considered in the comparison of [55].
In the present work, we will address this issue by comparing
codes incorporating a DR/OS scheme, namely NMSSMCALC
and the NMSSM-extended version of FeynHiggs [31].
We stick here exclusively to the codes NMSSMCALC and
FeynHiggs, with the latter applying a mixed DR/OS
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renormalization scheme only. Concerning the comparison
between the DR/OS mixed scheme and the pure DR scheme,
we investigate the differences within NMSSMCALC for the
two renormalization schemes. The analysis performed in this
paper yields important ingredients for an estimate of the
remaining theoretical uncertainties from unknown higher-
order corrections for the Higgs-boson mass calculations in
the NMSSM.

The paper is organized as follows. In Sect. 2 we intro-
duce our notation for the relevant NMSSM parameters. In
Sect. 3 we describe the codes NMSSMCALC and NMSSM-
FeynHiggs together with the differences between them.
The analyzed numerical scenarios and their treatment is
described in Sect. 4. The obtained results for the masses and
mixing matrices are discussed, and their differences are ana-
lyzed in Sect. 5. The conclusions can be found in Sect. 6.
A summary of the obtained numerical results is given in
Appendix.

2 The relevant NMSSM sectors

The superpotential of the NMSSM for the third generation
fermions/sfermions reads

W = Yp(Hy - Q3)ds + Yo (Hy - L3)és — Yi(Hy - Q3)i3
~ o~ ~ 1 -
+AS(Hy - Hy) + g/<S3, 2)

with the left-handed quark and lepton superfields, 03, L3,
and the right-handed ones, i3, c?3, and é3, exemplary for all
three generations, and the Higgs superfields H, H> and §.
The SU (2)1-invariant product is denoted by a dot. Since we
will focus on the CP-conserving NMSSM in this comparison,
all the Yukawa-type couplings Y;, Y, Y7, A and « can be
chosen as real parameters. The scalar components Hy, H;
and S of the Higgs doublet and singlet superfields can be
decomposed into CP-even and CP-odd neutral scalars ¢,
and x, (x = 1,2,s), respectively, and charged states ¢l.i
(i = 1, 2). After expansion about their vacuum expectation
values (vevs) (H;) (i =1, 2) and (S), they read

by = [+ 5@ i)
+¢,

Hy = i
2T\ + S ti))

1 .
S = (S)+E(¢s+l)(s)~ 3)
The plus sign in the doublet H; refers to the convention
used in NMSSMCALC, the minus sign to the one used in
NMSSM-FeynHiggs. Due to CP-conservation the VEVs
are real. Since S transforms as a singlet, the D-terms remain
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identical to the ones from the MSSM. Compared to the CP-
conserving MSSM the superpotential of the CP-conserving
NMSSM contains additional dimensionless parameters A and
k, while the p-term is absent. This term is generated effec-
tively via the VEV of the singlet field,

Meff = A(S). “

It should be noted that there are two common conventions
for defining the vacuum expectation values, (S) = vs/~/2
and (H;) = v; /+/2, or (S) = vy and (H;) = v;, respectively.
Both are allowed by the SLHA conventions [56,57]. The
latter convention is used by FeynHiggs, while the former
is used by NMSSMCALC. As in the MSSM it is convenient to
define the ratio
v2

tan f = U_l (®)]

Soft SUSY-breaking in the NMSSM gives rise to the real
(in the CP-conserving case) trilinear soft SUSY-breaking
parameters A, and A, as well as to the soft-SUSY breaking

mass term m% of the scalar singlet field. Together with the
soft SUSY-breaking Lagrangian of the MSSM we have

2 2
Lsoft = Esoft,MSSM - ms|S|

1
— [AAAS (Hy - Hy) + ngKS3 + h.c}. (6)

The MSSM soft SUSY-breaking Lagrangian, exemplary for
the third generation, reads

Lsoft MSSM = —m%HlTHl - M%HZTHz - Mégég@
2 7 7 2~ 2 g%
— MZ3L3L3 — M;Ru§u3 — M];Rd;d3
— MZ &e3 — ([Yr Ac(H) - L3)&
+ Yy Ap(Hy - 03)d5 — Yi Ar(Ha - Q3)it}]
1 -~ - -
+ h.c.) — E(MIBB + MLoyW; W;

+ M3GG +h.c.), (7

where the tilde in the first three lines denotes the scalar

component of the corresponding superfield, m% m%, MZQ ,
3

M?R .M ;R, Mi and M%R are the soft-SUSY breaking mass
parameters for the Higgs bosons, the squarks and the slep-
tons, respectively, and A;, Ap and A, are the soft-SUSY
breaking trilinear couplings of the squarks and sleptons. The
last line summarizes the soft SUSY-breaking gaugino mass
terms for the U (1)y, SU (2)L, and SU (3). gaugino fields B,
Wi (i =1,2,3) and G with the gaugino mass parameters,
M1, M and M3. The Higgs potential Vg can be written in
powers of the fields,

Vg = =Ty 01 — Ty, 02 — T s
?1
1 1
+§(¢1,¢2,¢S)M¢¢ (05 +5(X17X27Xs)
bs
X1 o
XMy, | x2 | + (¢1_ ¢2_) Myt o+ (¢§_> 4.,
Xs

®)

where the coefficients linear and bilinear in the fields are
the tadpole parameters Ty, , Ty,, T and the mass matrices
My, My, and My 4+, respectively. The dots denote con-
stant terms and terms trilinear and quartic in the fields.

For the C’P-conserving case the mixing into the mass and
CP eigenstates can be described at lowest order by the fol-
lowing unitary transformations:

hi o1 Ay X1
hy | =Ue) | #2 |, Al =00 | x2 |-
h3 s G° Xs

H:I: ¢:|:
(£)-cnll)

The new fields correspond to the five neutral Higgs bosons
h; and A}, the charged Higgs pair H *+, and the Goldstone
bosons G° and G*. The matrices Ule,0,c)0) transform the
Higgs fields such that the mass matrices My, Mg4, and
M+ = are diagonalized at tree level,

Mhh = Ue(O)M¢¢UZ(0)’ MAA = UO(O)MXXUZ(O)’
My = UMy U . (10

3 The two codes: NMSSMCALC and FeynHiggs

In this section we will give a brief overview about the higher-
order corrections to Higgs-boson masses included in Feyn-
Higgs and NMSSMCALC, together with the different renor-
malization schemes employed. We will restrict ourselves here
and in the following to the CP-even Higgs sector.

3.1 Incorporation of higher-order contributions

The masses of the C’P-even Higgs bosons are obtained from
the complex poles of the full propagator matrix. The inverse
propagator matrix for the three CP-even Higgs bosons /;
from Eq. (9) is a 3 x 3 matrix which reads

A7) = [T — My, + S (k)] (11)

Here, by nn denotes the matrix of the renormalized self-energy
corrections of the CP-even Higgs fields. The three complex

@ Springer
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poles of the propagator in the CP-even Higgs sector are given
by the values of the external momentum k> for which the
determinant of the inverse propagator-matrix vanishes,

!
detlA™ )iy _iry a,, =0, i€ {1,231 (12)

The real parts of the three poles are identified with the square
of the Higgs-boson masses M}, in the CP-even sector, while
the imaginary parts include their total widths I'y,;. The renor-
malized self-energy matrix Shn at one-loop order is evaluated
in NMSSMCALC [29,30] and NMSSM-FeynHiggs [31] by
taking into account the full contributions from the NMSSM
without flavour mixing and including momentum depen-
dence (differences in the renormalization schemes are dis-
cussed below). At two-loop order NMSSMCALC includes
the leading (S)QCD corrections from the top/stop sector of
O(o;ag) in the NMSSM [33], while NMSSM-FeynHiggs
uses all available corrections from the MSSM, which are
included in the MSSM version of FeynHiggs [34,36-42],
as an approximation,’

~ NC
NMSSMCALC : %, (k%)

NMSSM ~(2L) NMSSM O(a; o)

(L) 2‘
=X k pX , (13
nn (K7 + Zpy o (13a)
FeynHiggs : fzzynnggs(k2)
~ (IL) NMSSM ~ (2L) O(aray)
=5 @+ | B @)
MSSM
+ O(atz, apy, A otp) + resummed logs] (13b)
k2=0

In order to facilitate the comparison between NMSSMCALC
and NMSSM-FeynHiggs attwo-loop order we only include
the MSSM corrections of O(«; o) in NMSSM-FeynHiggs,
if not stated otherwise.

The mixing-matrix elements including higher-order cor-
rections are denoted by Ufj‘.. Here and in the following we
will suppress the loop order of the mixing matrix, but spec-
ify it in the text. They are given by the unitary matrices that
diagonalize the mass-matrix at tree level, U, (), and the loop-
corrected mass matrix for zero external momentum, U,
with i denoting the loop order,

UM = U, Ue(0) (14)

where
. 2 2 2
dlag(Mh1 05 Mhz,Ov Mh%())

: N0 ;
= U ldiag(mf, . mj,. m}.) + %, (k2 = 0)]UL . . (15)

1 Updates beyond the FeynHiggs version 2.10.2 (used for this com-
parison) also take into account momentum dependent two-loop contri-
butions [58,59] and improved resummations of large logarithmic cor-
rections [41]. These updates are not relevant for the comparison between
the two codes up to O ().
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Here, mp; and th,o with j = 1, 2,3, denote the Higgs-
boson masses at tree-level and at higher order, respectively,
i.e. including up to one-loop corrections for i = 1 and
up to two-loop contributions for i = 2, with vanishing
external momentum k%> = 0. The evaluation of the mix-
ing matrices at zero external momentum ensures the unitar-
ity of the mixing matrices. The mixing matrices considered
here differ from the wave function normalization factors for
external Higgs bosons in an S-matrix element. The latter
are evaluated at the complex poles of the propagators and
form a non-unitary matrix. We found that the differences
between the two types of matrices are small for most of the
scenarios.

3.2 Renormalization scheme: Higgs- and electroweak
sectors

The independent parameters appearing in the linear and
bilinear terms of the Higgs potential in Eq. (8) have to
be renormalized for the evaluation of higher-order cor-
rections to the Higgs-boson masses. NMSSMCALC and
NMSSM-FeynHiggs offer different choices for the set
of independent parameters and the applied renormalization
schemes [29-31,33]. For the presented work the set of com-
mon independent parameters in the Higgs sector for the com-
parison of the mixed DR/OS renormalization schemes in the
two codes reads

Mz, My, My+, Tg,, . tan B, A, pefr, €, Ag, (16)

on-shell DR

with the applied renormalization scheme. In NMSSMCALC
the scheme can be varied: if My=+ is set as input parame-
ter, it will be renormalized OS, if instead the trilinear soft-
SUSY breaking parameter A, is used as input parameter it
is renormalized DR; see Sect. 5.6. The gauge-boson masses,
however, are still renormalized OS, and the tadpole coeffi-
cients are renormalized such that the renormalized tadpoles
vanish.

Using the former option, My=+ as input, up to the one-
loop level the two codes differ only by their treatment of
the renormalization of the coupling constant « in the elec-
tromagnetic sector. While for NMSSMCALC « is renormal-
ized to (Mz), NMSSM-FeynHiggs employs a dependent
renormalization scheme (employing a DR renormalization
of v) with a subsequent reparametrization [31] to the value
oG, derived from the Fermi constant G r (to match exactly
the FeynHiggs MSSM evaluation in the MSSM limit).
This difference in the treatment of the charge renormal-
ization at the one-loop level is formally an effect of elec-
troweak two-loop order. In the Higgs-boson mass calcula-
tion in the MSSM limit the charge renormalization con-
stant drops out at the discussed levels of the calculation
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Table 1 Calculational differences between the original versions of
NMSSMCALC and NMSSM-FeynHiggs as used for this comparison.
The values applied for the electromagnetic and strong coupling con-
stants are stated, where o . denotes the electromagnetic coupling con-
stant calculated from the Fermi constant

NMSSMCALC NMSSM-FeynHiggs

a(Mz) renormalized <>

PR (Qinput) -
NMSSM O(ey o) <>

1-loop oG, reparametrized
aMS (m,)
MSSM O(a;ary, o2, apars, otratp)

+ resummed logarithms

2-loop

and thus its impact is a genuine NMSSM effect. The dif-
ferences between NMSSMCALC and NMSSM-FeynHiggs
in the contributions to the Higgs-boson self-energies at the
one-loop and the two-loop level (see below) are summarized
in Table 1.

3.3 Renormalization scheme: top/stop sector

For the two-loop O(a;ay) corrections the top quark mass
and the stop parameters need to be renormalized. In NMSSM -
CALC either the OS or the DR renormalization scheme for the
top/stop sector can be used. Apart from Sect. 5.6, where we
indicate explicitly the renormalization scheme of the top/stop
sector, we employ the OS scheme in NMSSMCALC through-
out this work. In NMSSM-FeynHiggs the OS scheme is
used throughout for the parameters in the stop sector. For
the top-quark mass, either the OS or the DR renormalization
scheme can be chosen in NMSSM-FeynHiggs, and a fur-
ther option is to use a reparametrization of the OS result in
terms of the MS mass of SM QCD.

In both programs, the OS scheme is defined by apply-
ing on-shell conditions for the respective masses, i.e. the
top-quark mass m; and the top-squark masses m; and mj,.
A fourth renormalization condition fixes the mixing of the
squarks and can be identified with a condition for the stop
mixing angle. The resulting counterterms have the same form
as in the MSSM, and details can be found in Refs. [60,61].
No additional counterterms of the sbottom sector are needed
since the bottom mass is set to zero in the charged Higgs
self-energies.

NMSSMCALC uses the soft-SUSY breaking masses of
left-handed and right-handed fields, M 2 and M;,, as well
as the trilinear coupling A; and calculates counterterms
for these parameters corresponding to the above mentioned
renormalization conditions. In this way, switching from
OS to DR parameters can easily be done; see Ref. [33].
NMSSM-FeynHiggs uses the same numerical input val-
ues of the soft-SUSY breaking parameters and the same OS
conditions. Counterterms are employed in the stop sector for
the stop masses and the stop mixing angle.

3.4 Treatment of QCD corrections

In NMSSMCALC the DR-value of the strong coupling con-
stant PR is calculated at the input scale Q of the parameters
specified in the SLHA input file by applying the formulas
for the SM given in [62,63]. In NMSSM-FeynHiggs the
MS-value of the strong coupling constant oz?/ls is calculated
at the scale m;. In both codes the obtained value is subse-
quently used for the evaluation of the two-loop contributions
to the Higgs boson masses. As stressed above, NMSSMCALC
includes corrections of up to O(w;ay), and consequently
for our comparison we restrict the NMSSM-FeynHiggs
evaluation to this order as well. The treatment of the

two-loop contributions is summarized in the lower row of
Table 1.

4 Description of the scenarios
4.1 The five test-point scenarios

In Ref. [55], six test-point (TP) scenarios were proposed
for the comparison of the Higgs-mass predictions obtained
by different tools using the DR scheme. They will also be
employed here for the comparison between NMSSMCALC
and NMSSM-FeynHiggs to facilitate a later comparison
with Ref. [55]. The definitions of the TP scenarios are reca-
pitulated in Table 2, where all parameters are given at the
indicated scale, both at the high-scale Mg at which they were
originally defined, and at the scale of the top-quark on-shell
mass m;.> For completeness we repeat the different physical
features of these scenarios as given in Ref. [55]:

TP1: MSSM-like point.

TP2: MSSM-like point with large stop splitting.

TP3: Point with light singlet and A close to the perturba-
tivity limit.

TP4: Point with heavy singlet and A close to the pertur-
bativity limit.

TP5: Point with slightly lighter singlet. Additional matter
needed for perturbativity; inspired by [64].

The scenario TP6 of Ref. [55] is characterized by a very
large value of A. It will be omitted from this comparison,
since the corrections beyond the O(«;5) approximation can
be sizeable in this case [32,55]. Furthermore, this scenario
requires new physics well below the GUT scale to avoid

2 In the original definition of the scenarios in Ref. [55] tan 8 is given
by its DR-value at the scale of the Z-boson mass Mz, while in Table 2
we give the corresponding DR-value at the indicated scale, either M or
m;. The values for tan B given here are obtained with FlexibleSUSY
as described in the text.

@ Springer
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Table 2 Definition of the TP scenarios. All parameters are given as
DR parameters at the indicated scale Q. All dimensionful parameters
are given in GeV. The remaining parameters, common to all points,
are the soft SUSY-breaking parameters in the sfermion mass matri-

j=12,f=e, u 1,d,s,u,c,and the trilinear sfermion-Higgs cou-
pling Ay = 0 GeV at the high scale, Mg = 2(MQ + M;,). At the
scale Q = m; = 172.9 GeV we use the corresponding SUSY breaking
parameters but evolved to the scale Q = m;. The scenario TP2 yields

ces, MZ[ = MQ, = MfR = M};R = 1500 GeV, where i = 1,2, 3, tachyonic stop masses at the scale m;
] tan 8 A K A, A Jeff M M» M3 Ay Ap MQ; M;R
TP1 Mg 9599 0.100 0.100 —10.00 —10.00 900.0 500.0 1000 3000 3000 0 1500 1500
m; 9.903 0.098 0.100 —198.6 —9.738 886.6 478.1 979.4 3261 2154 —585.2 1907 1838
TP2 Mg 9.621 0.050 0.100 —200.0 —200.0 1500 1000 2000 2500  —2900 0 2500 500
m; - - - - - - - - - - - - -
TP3 Mg 2881 0.670 0.100  650.0 —10.00  200.0 200.0 400.0 2000 1000 1000 1000 1000
m; 2967 0.648 0.097 574.0 —43.68 1953 1924 3919 2145 619.8 691.5 1233 1211
TP4 Mg 1920 0.670 0.200  405.0 0 200.0 120.0 200.0 1500 1000 1000 750.0  750.0
m; 1.975 0.649 0.195 3443 0.195 1953 116.0 1957 1591  726.5 801.5 891.9 874.4
TP5 Mg 2864 0.670 0.200 570.0 —25.00 200.0 1350 200.0 1400 O 0 1500 1500
m; 2967 0.643 0.193 5493 —63.47 1944 128.7 1943 1526 —2348 -—-2519 1579 1546

the non-perturbative regime. All TP scenarios, using a DR
renormalization, contain a SM-like Higgs field with a mass
predicted at the two-loop level of around 125 GeV.

The measured value of the discovered Higgs boson of
~125 GeV is at the weak scale. The diagrammatic correc-
tions to the Higgs-boson self-energies in NMSSMCALC and
NMSSM-FeynHiggs are such that the full particle spec-
trum of the model is incorporated in the loop contributions.
This approach is motivated by scenarios where the SUSY
scale is relatively low, i.e. not widely separated from the
weak scale, and where there is no large hierarchy among
the SUSY particle masses. Within this context, the diagram-
matic approach yields general results for arbitrary values
of the involved parameters. In contrast, effective field the-
ory (EFT) methods are designed for the treatment of large-
scale splittings within the calculation.> Within the context
of the diagrammatic calculations, we investigate two pos-
sible treatments of the scale of the SUSY parameters. We
will perform the conversion of the DR to OS parameters
and (for the calculation in the DR scheme) the evaluation
of the Higgs-boson masses for the given scenarios both at
their original scale Mg = (M , T+ M; ) the arithmetic
mean of the two diagonal soft SUSY breaklng mass param-
eters in the scalar top mass matrix, as well as at the scale
of the OS top-quark mass m; = 172.9 GeV. In the lat-
ter case this means in particular that the parameters are
first evolved from their original scale Mg to the scale m;
with FlexibleSUSY, with renormalization group equa-
tions generated by SARAH [65—-67], before they are converted
to OS parameters.

3 As stated above, the contributions from resummed logarithms in
FeynHiggs obtained using EFT methods are not included in our com-
parison.
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The parameters at the scale m; are given in Table 2,
together with the original parameters at the scale Mg. The
scenario TP2 yields tachyonic stop masses at the scale m;.
Consequently, TP2 is evaluated only at the scale Mg. Note
that even though we perform an OS renormalization of the
parameters of the top/stop sector, we do not obtain identi-
cal OS stop masses at both scales for the same scenario. For
the OS scheme it would be preferable to define the OS stop
masses as input parameters, rather than the DR soft-SUSY
breaking parameters. Our goal is, however, to ensure compat-
ibility with Ref. [55], hence we use the DR input parameters
and convert them to OS parameters at the specific scales.

4.2 Conversion from DR to OS parameters

In NMSSMCALC it is possible to perform calculations with
either the OS or the DR renormalization scheme in the
top/stop sector. In NMSSM-FeynHiggs the OS scheme is
mandatory for the scalar top quarks, while for the top-quark
mass the OS scheme, the DR scheme and a reparametrization
of the OS result in terms of the MS mass of SM QCD can
be chosen. Both codes are capable of converting DR input
parameters at their given scale into OS parameters by using
the well-known OS shifts of the MSSM [61,68].* For our
comparison we used the routines of only one code, NMSSM-
CALC, in order to prevent effects that originate from different
implementations of these shifts. The shifts in NMSSMCALC
are computed as

X©OS) — xOR) _sxfin  with X =M~ . M-

IR?

G2 My Ar. (17)

4 Since only corrections of up to O(«;ay) are discussed in this work,
only one-loop shifts of O(ay) for the scalar top sector are necessary.
These are identical in the MSSM and the NMSSM.
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Table 3 OS parameters in the TP scenarios obtained by the routines
of NMSSMCALC. Here A?S is the trilinear soft-breaking parameter in
the stop sector, while M93 and Mgs are the soft SUSY-breaking mass

3
parameters in the stop sector for the SU (2)1. doublet and singlet, respec-

tively. M+ denotes the OS renormalized mass of the charged Higgs
boson, and m?s denotes the obtained OS masses of the two top squarks.

All parameter values are given in GeV

(0] TP1 TP2 TP3 TP4 TP5
Mg my Mg m; Mg my Mg m; Mg m;

A?S 2758 2651 —2525 - 940.6 933.4 953.0 917.2 —87.80 —25.83
Mgf 1507 1181 2542 - 1003 856.2 750.4 655.5 1547 1494
Mtfzs 1507 1055 513 - 1003 822.2 750.4 629.5 1547 1460
My=+ 2759 2755 6373 - 641.6 642.1 455.7 455.4 615.4 617.3
mgs 1355 904.3 507.0 - 939.9 761.7 667.2 547.0 1548 1469
m9S 1661 1321 2554 - 1088 940.9 859.4 764.2 1565 1504

n

FlexibleSUSY

NMSSMCALC:

Fig. 1 Steps performed to obtain predictions for the masses and mixing matrices of the C’P-even Higgs fields at the scale Q. The red dashed line
denotes the actual calculation of the Higgs masses. It is independent of the RGE evolution and the OS conversion of the input parameters

where XPR) and § X" both depend on the DR scale. The
shift § X" denotes the finite part of the respective countert-
erm obtained in the OS scheme as given in Ref. [33]. They
are computed iteratively by inserting the obtained OS param-
eters, until convergence is reached.

The current version of NMSSM-FeynHiggs requires an
OS mass for the charged Higgs boson as input. In order
to obtain this quantity from the DR parameters specified
in Table 2, we used routines implemented in NMSSM-
CALC. Those routines calculate a two-loop pole mass for
the charged Higgs boson from the given input parameters.
We use the DR option for the renormalization of the top/stop
sector for this computation. The result is treated as the OS
mass for this comparison and is used as an input value for
both codes, NMSSM-FeynHiggs and NMSSMCALC.? The
OS shifted stop-sector parameters and the resulting stop
masses as obtained with the routines of NMSSMCALC are
given in Table 3. An overview of the procedure of how the

5 The choice of using DR stop-sector parameters in the evaluation of
M = (and not the ones converted to OS) later facilitates the comparison
with a pure DR calculation.

Higgs-boson masses and mixing matrices are obtained from
the original definition of the scenarios TP1-TP5 is given
in Fig. 1. The transition between DR and OS parameters
can give rise to significant shifts in the case some of the
involved SUSY masses are heavy; see e.g. the discussion in
Refs. [68,69].

5 Predictions for masses and mixing matrices of the
C’P-even scalars

In this section we analyze the differences in the predictions
for the CP-even Higgs boson masses and mixing matri-
ces from NMSSM-FeynHiggs and NMSSMCALC. We start
by a comparison of the “out-of-the-box” results includ-
ing the corrections of up to O(x;y), where sizeable dif-
ferences show up. In order to understand the origin of
these differences we then perform a comparison at the one-
loop level, where we find that part of the differences can
be attributed to the different renormalization of the elec-
troweak sector in the two codes. This difference, which is
of the order of unknown electroweak two-loop corrections,
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Table 4 Mass predictions for the CP-even scalars for TP1-TP5 when using the indicated versions of NMSSMCALC and NMSSM-FeynHiggs as
specified in Sect. 5.1. The mass values of the SM-like scalar are written in bold fonts, those of the singlet-like scalar in italics

0] TP1 TP2 TP3 TP4 TP5
Mg mp My nm; My nm Mg m My m
hy NC OS 121.84 113.47 120.42 - 89.92 88.81 126.44 126.65 119.54 117.63
N-FH 115.70 113.20 114.12 - 89.67 89.36 126.17 126.29 11847 117.95
hy NC OS 1797 .45 1797.57 5951.36 - 126.16 125.80 143.32 142.73 124.44 123.51
N-FH 1797 45 1797.62 5951.36 - 124.55 125.02 143.11 142.68 122.93 123.10
h3 NC OS 2755.73 2752.14 6370.77 - 652.60 652.70 467.89 467.35 627.18 628.72
N-FH 2755.79 2752.25 6370.85 - 652.17 652.65 467.10 467.33 626.59 628.76

can be adjusted by an appropriate reparametrization of the
NMSSM-FeynHiggs result. We then continue with an anal-
ysis at the two-loop level, where we investigate the effect of
the strong coupling constant and the genuine NMSSM cor-
rections to the Higgs boson self-energies. Finally we com-
pare the results obtained with the OS version of NMSSM-
CALC with the DR calculation. The identification of the
various sources of differences between the different cal-
culations are important ingredients for a reliable estimate
of the intrinsic uncertainties in the Higgs-boson mass and
mixing-matrix calculations in the NMSSM. A summary of
the obtained numerical results of this section is given in
Appendix.

5.1 “Out-of-the-box” results

In the first step of our comparison the masses and mixing
matrices of the CP-even Higgs sector are evaluated for the
TP scenarios with the “out-of-the-box” versions of NMSSM-
CALC and NMSSM-FeynHiggs, restricting the two-loop
corrections in the latter code to O () (cf. Sect. 3.1). For the
results of NMSSMCALC we used the “out-of-the-box™ version
with the on-shell renormalization scheme for the top/stop
sector and the charged Higgs mass (see Sect. 4.2), labeled
“NC OS”. The OS parameters used as numerical input for
both codes have been specified in Table 3.

The obtained numerical results for the masses are given
in Table 4, the results for the mixing-matrix elements, see
Eq. (14), are given in Table 5. For all TP scenarios except for
TP5 we identify the field /#; with the largest value for |Ul.h2|
as the SM-like field, since it has the largest coupling to the
top quark. We refer to the field i; with the largest value for
IUl-h3 | as the singlet-like field. For TPS both lighter fields have
similar or sizeable values for |Ul.h2| and |U lh3 |, in particular at
the scale m;. In this case we refer to the field s, with the
mass closer to 125 GeV as SM-like and to the lighter field
h as singlet-like (for the two-loop results considered here).

In Fig. 2 the difference Am = M};© — M}""F¥ between
the mass predictions obtained with the codes “NC OS” and
“N-FH” are shown. All values are given for two input scales

@ Springer

0, the SUSY mass scale Q = Mg in lighter (green) bars and
the top-quark mass scale Q = m; = 172.9 GeV in darker
(blue) bars.

When comparing the Higgs masses obtained with
NMSSM-FeynHiggs and NMSSMCALC, we find that for
the SM-like field the difference between the mass predic-
tions of the two codes can be larger than 6 GeV for the sce-
narios TP1 and TP2 and the evaluation at the high-scale M.
These differences between the mass predictions obtained at
the two-loop level appear to be unusually large. The origin
of these differences will be addressed in the following sec-
tions. For the evaluations at the low-scale m;,, however, the
differences between the codes do not exceed 1 GeV for all
scenarios (as mentioned above, the scenario TP2 is not eval-
uated at the scale m; in our numerical analysis, as it yields
tachyonic stop masses). The difference between the masses
of the heaviest fields, which are always doublet-like in all
TP scenarios, remain rather small with less than 0.8 GeV,
which is at the permille level for the considered scenarios.
For scenarios with a singlet-like field that is heavier than the
SM-like field, i.e. TP1, TP2 and TP4, the absolute differ-
ence between the mass predictions for the singlet-like field
remains below 0.25 GeV, while for a lighter singlet-field the
differences can be as large as 1.1 GeV. The mixing-matrix
elements of the SM-like Higgs boson obtained by the two
codes agree within ~2% for the scenarios TP1-TP3. For the
singlet-like Higgs boson the differences in the mixing-matrix
elements, on the other hand, can be substantial in these sce-
narios. In case of the heavy Higgs i3 the matrix elements
differ by at most 10%. For TP4 and TP5 we find good agree-
ment for most entries, but larger differences, up to a factor of
4, can occur for matrix elements that are themselves small.
In general, we find that the differences for the mixing-matrix
elements seem to be by far larger than for the mass predic-
tions, where the relative differences never exceed 6%. This
is in particular the case for TP4 and TP5, where we have
large singlet admixtures to the SM-like Higgs field with a
mass around 125 GeV. In these scenarios the Higgs masses
and mixing matrices appear to be very sensitive to relatively
small changes of the parameters. We remark that this can
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Table 5 Absolute values for the

mixing-matrix elements of the i 0 TP1 P2 P3
CP-even scalar sector for \Wwht ok ko wh okl wlkio ok bl Uk
TP1-TP5 when using the
indicated versions of 1 Ms NCOS 0.1039 09946 0.0076 0.1034 0.9946 0.0004 0.2199 0.1994 0.9549
NMSSMCALC and N-FH 0.1039 0.9946 0.0071 0.1034 09946 0.0004 02134 0.2064 0.9549
NMSSM-FeynHiggs as m, NCOS 0.1006 09949 00073 - - - 0.2236  0.2210 0.9493
specified in the text; see
Sect. 5.1 N-FH 0.1006 0.9949 0.0071 - - - 0.2245 0.2264 0.9478
2 Mg NCOS 00075 0.0068 009999 0.0096 0.0006 1.0000 02797 09249 0.2575
N-FH  0.0071 0.0064 1.0000 0.0090 0.0005 1.0000 0.2820 0.9228 0.2625
m;, NCOS 0.0075 0.0066 09999 — — — 0.2659 09232 0.2775
N-FH 00072 0.0064 1.0000 - - - 0.2656  0.9216 0.2831
3 Mg NCOS 0.9946 0.1040 0.0068 0.9946 0.1034 0.0096 09346 0.3237 0.1476
N-FH 09946 0.1039 0.0064 0.9946 0.1034 0.009 09354 0.3253 0.1388
m; NCOS 09949 0.1006 0.0068 - - - 0.9377 03144 0.1476
N-FH 09949 0.1006 0.0065 - - - 0.9376 03153 0.1467
i 0 TP4 TP5
U U UL || U UL
1 Mg NCOS 04813 07432 04648 02845 03943  0.8738
N-FH 04873  0.8022 03448 03540  0.7764  0.5214
m; NCOS 04766  0.7886  0.3885 03393  0.6991  0.6294
N-FH 04788  0.8104 03377 03390  0.7204  0.6051
2 Mg NCOS  0.0895 04858  0.8694 02224  0.8594  0.4603
N-FH 0.0334 03775 09254  0.0564  0.5387  0.8406
m; NCOS  0.0411 04215 09059  0.0882  0.6425  0.7612
N-FH 0.0171 03761 09264  0.0819  0.6181  0.7818
3 Mg NCOS 08720 04600  0.1673 09325 03253  0.1568
N-FH 0.8726 04625  0.1571 09335 03270  0.1469
m; NCOS  0.8782  0.4477  0.1685 09365 03137  0.1564
N-FH 0.8778  0.4493  0.1662  0.9372 03146  0.1505

lead to different conclusions whether a parameter point is
excluded or not by LHC data.

In the following we will analyze the observed differences
in more detail. We will start with a discussion of the chosen
test-point TP1 and a study of the differences at the one-loop
level.

5.2 The test-point TP1

In Table 4 very large differences between the mass prediction
in the MSSM-like scenario TP1 can be found when compar-
ing the result for the SM-like C’P-even Higgs field obtained
with the same code at either the scale Mg or m;. They can be
as large as ~8.5 GeV for the SM-like scalar with NMSSM-
CALC and ~3 GeV for the heavy scalar with both codes
(it should be noted, of course, that for the heavy scalar this
amounts to a much smaller relative effect than for the SM-
like scalar). These different results at two different scales
may seem surprising since the physical situation before and

after the evolution of the parameters of the scenario should be
identical. Furthermore, we observed for TP1 that changing
the renormalization scheme from an OS renormalization to a
DR renormalization in the top/stop sector for TP1 at Q = m;,
as in Sect. 5.6, changes the mass of the lightest Higgs boson
by 8.7 GeV.° It can be seen from Table 3 that the running from
M to m;, which we have performed with FlexibleSUSY,
and the conversion from the DR to the OS scheme, which we
have carried out as described in Sect. 4.2, gives rise to large
shifts of the OS parameters of the scalar top sector in this
scenario. These large effects are induced by the large split-
ting between the gluino-mass parameter M3 = 3 TeV and
the other parts of the spectrum in this scenario (cf. Table 2).
In such a case a consistent decoupling of the heavy gluino

6 In [69] a similar effect has been observed. It was found that in case of
large gluino mass m; OS renormalization of the top/stop sector (with
the physical stop masses used as input) is advantageous over a DR
renormalization of the top/stop sector since the DR renormalization
leads to terms enhanced in mg/Mg.
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5 Q=mt- 1.5 -Q=mt
3 3
N ©
& §os
2
L 0 - | |
1 I
0 il -0.5
TP1 TP2 TP3 TP4 TP5 TP1 TP2 TP3 TP4 TP5
5 heavy Higgs
1.75 :8 - ::5
1.5 oot
% 1.25
v} 1
£ 0.75
< 0.5
0.25 I
0****”"-"”’ — —
-0.25
TP1 TP2 TP3 TP4 TP5

Fig. 2 Difference Am = M) — M}I"F" between the predicted Higgs masses of the SM-like, singlet-like and heavy Higgs at the two-loop level

calculated at the scales Mg and m,

should be performed (see the discussion in Ref. [70]), which
is beyond the scope of our present analysis. If the heavy
gluino is kept in the spectrum for the running from Mg to m;
and for the conversion from the DR to the OS scheme, the
obtained low-scale scenario corresponds to a different phys-
ical situation than the high-scale one. The comparison of the
results of the high-scale and the low-scale scenario would
therefore not describe the difference between the two calcu-
lations but rather a difference between two distinct physical
situations. We found also that the parameters obtained at m;
define a scenario that is highly sensitive to variations of the
stop parameters. This is in particular true for A, which at the
input scale My is large compared to the other soft-breaking
parameters of the scenario. For example, at the low-scale
my, changes of |[AA;| =~ 100 GeV can yield a change of
the mass of the lightest Higgs of [Amy,, | &~ 2 GeV. Since
the observed effects are independent of the Higgs-mass cal-
culation itself (see Fig. 1), we regard the scenario TP1 in
the present form as not suitable for the discussion of the-
oretical uncertainties. We will therefore omit this scenario
in the following. Note, however, that we explicitly checked
that by doing the adjustments of the codes as described in
the following sections we find very good agreement between
NMSSM-FeynHiggs and NMSSMCALC for both the low-

@ Springer

scale and the high-scale scenario of TP1. The results for the
low-scale and the high-scale scenario differ by about 3 GeV
for the SM-like Higgs in both codes after the adjustments.

5.3 Renormalization of the electromagnetic coupling
constant o

In order to disentangle the effects arising from differences in
the renormalization, the coupling constants and the higher-
order corrections, we start by comparing the one-loop results
for the Higgs-boson masses and mixing matrices. Here we
use the versions ‘NC OS’ and ‘N-FH’ as described in the
previous section, but restrict the predictions to the pure one-
loop contribution to the Higgs-boson self-energies. In this
case the only difference between the calculations stems from
the different renormalization prescription of the electromag-
netic coupling constant «, see Table 1. The corresponding
numerical results for the CP-even Higgs-boson masses are
given in Table 6.

The differences between the one-loop results applying the
different definitions for the electromagnetic coupling con-
stant, shown in Fig. 3 by light green bars, are smaller com-
pared to the observed differences at the two-loop level. They
never exceed 1.0 GeV for all masses in all scenarios. In order
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Table 6 One-loop mass

predictions for the CP-even 0 P2 TIP3 P4 TIPS
scalars for TP2-TP5 when using Mg m; Mg m; Ms m; Mg m;
the indicated versions of
NMSSMCALC and hi  NCOS 140.67 - 90.47 90.12 13248 13410 120.93 12057
NMSSM-FeynHiggs as N-FH 139.68 - 90.30 89.98 13296 13342 120.82 120.51
5pfciﬁec; iE S;;;I flf Thei mass N-FH a(Mz) 140.67 - 90.38 89.96 13273 13322 12091 120.53
" e <
vaues of fie S ke seaardte  , ncos 595136 - 13635 13825 14645 14684 13556 13827
written in bold fonts, those of
the singlet-like scalar in italics N-FH 5951.36 - 136.73  137.04 [46.82 146.05 13630  137.06
N-FHa(Mz) 5951.36 - 136.74  137.19 [46.59 14589 136.32 137.26
h3 NCOS 6370.75 - 652.80  653.13  468.63  468.32  627.34  629.19
N-FH 6370.83 - 65249  653.04 468.01 46830 626.94  629.14
N-FHa(Mz) 6370.88 - 652.62  653.18 46837  468.60 627.08  629.23
SM-like Higgs singlet-like Higgs
1.5 1
agp, Q = Mg
1 Wa(Mz), Q = Mg
0.5 I Q=m
> > 7 Ma(Mz), Q = m¢
[ S o o w
0 0 O 9
§ 05 & |
0g., Q = Mg ol M i . -
-1} Ma(Mz), Q = Mg
Lsp %G Q=M
T Ma(Mz), Q = m; 05
TP2 TP3 TP4 TP5 ' TP2 TP3 TP4 TP5
1 heavy Higgs
0g. Q = Mg
MWa(Mz), Q = Mg
aGe Q = my
% 0.5 Wa(Mz), Q = m¢
0
g 1_ 1
g
O . e l o — I — -
-0.5
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Fig. 3 One-loop difference Am = M)© — M}I"" at the scales M (green) and m; (blue) between NMSSMCALC and NMSSM-FeynHiggs with

the reparametrization to ag . (bright) and a(Mz) (dark)

to account for this well-understood difference between the
two renormalization schemes for ag, and a(Mz), which
is of the order of unknown electroweak two-loop correc-
tions and can therefore serve as an indication of the pos-
sible size of remaining theoretical uncertainties of this type,
we now employ a modification of NMSSM-FeynHiggs.
In NMSSM-FeynHiggs the treatment of « is a two-step
procedure: in the first step a DR reparametrization for the
vacuum expectation value v is applied. In the second step
this result is then reparametrized in terms of a suitably cho-

sen expression for «. For the results discussed so far, the
electric charge is expressed in terms of the Fermi constant
G r, the default value in NMSSM-FeynHiggs. As discussed
before, this is done to ensure that in NMSSM-FeynHiggs
the MSSM limit exactly reproduces the MSSM result of
FeynHiggs. For the discussed results the reparametriza-
tion of the electromagnetic coupling is only necessary up to
the one-loop level, since the two-loop corrections of O (o, ry)
have been obtained in the gauge-less limit (cf. Ref. [31]). In
the following we adjust the second step in the outlined pro-
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Table 7 One-loop

mixing-matrix elements for ! Q P2 TP3
TP2-TP5 when using the 14 1Y \UL || 12y \UL|
indicated versions of
NMSSMCALC and 1 Mg NC OS 0.1034 0.9946 0.0004 0.2048 0.1503 0.9672
NMSSM-FeynHiggs as N-FH a(Myz) 0.1034 0.9946 0.0004 0.1981 0.1443 0.9695
;I;eciiﬁseg in the text; see "y NC OS - - - 02048 01553  0.9664
N-FH a(Myz) - - - 0.2054 0.1601 0.9655
2 Mg NC OS 0.0096 0.0006 1.0000 0.2935 0.9332 0.2071
N-FH a(Myz) 0.0092 0.0005 1.0000 0.2971 0.9337 0.1997
my NC OS - - - 0.2836 0.9356 0.2104
N-FH a(Myz) - - - 0.2837 0.9344 0.2153
3 Mg NC OS 0.9946 0.1034 0.0096 0.9338 0.3263 0.1470
N-FH a(Myz) 0.9946 0.1034 0.0092 0.9341 0.3276 0.1421
m; NC OS - - - 0.9368 0.3172 0.1475
N-FH a(Myz) - - - 0.9366 0.3182 0.1466
i 0 TP4 TP5
%4 1o 1% \U | \Uh| UL
1 Mg NC OS 0.4393 0.5717 0.6929 0.2079 0.1294 0.9695
N-FH a(Myz) 0.4446 0.5948 0.6697 0.1998 0.1211 0.9723
m, NC OS 0.4422 0.6086 0.6588 0.2117 0.1484 0.9660
N-FH a(My) 0.4538 0.6467 0.6131 0.2151 0.1624 0.9630
2 Mg NC OS 0.2285 0.6749 0.7017 0.2983 0.9356 0.1889
N-FH a(Myz) 0.2188 0.6529 0.7252 0.3026 0.9362 0.1788
m, NC OS 0.1982 0.6500 0.7336 0.2832 0.9367 0.2060
N-FH a(Myz) 0.1730 0.6110 0.7725 0.2812 0.9340 0.2203
3 Mg NC OS 0.8688 0.4666 0.1658 0.9315 0.3285 0.1559
N-FH a(Myz) 0.8686 0.4689 0.1602 0.9319 0.3300 0.1504
m; NC OS 0.8747 0.4550 0.1668 0.9354 0.3172 0.1563
N-FH a(Myz) 0.8742 0.4566 0.1654 0.9352 0.3182 0.1552

cedure, where we choose to express the electric charge in
NMSSM-FeynHiggs by its value o (Mz), the default value
in NMSSMCALC. This modified version is labeled “N-FH
a(Mz)”. This modification is expected to yield a better, yet
not perfect agreement between the two codes. The remain-
ing difference between results obtained by “N-FH «(Mz)”,
where the electric charge is reparametrized to the value
a(Mz), and “NC OS”, where the electric charge is renor-
malized to the value a(Mz), consists formally also of elec-
troweak corrections of two-loop and higher orders.

The mass predictions for the version “N-FH a(Mz)” are
given in Table 6. When compared to the results of “NC OS”
at the scale My the results of the adjusted version “N-FH
o (Mz)” are in better or equally well agreement as the results
of the previous version “N-FH” without the adjustment. This
can be seen by comparing the light and dark green bars in
Fig. 3. For the comparison at Q = m,, shown as blue bars
in Fig. 3, for the SM-like Higgs boson also an improvement
is achieved by the reparametrization of « for all scenarios
except for TP4, where the agreement is slightly worse. For
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the other two Higgs bosons the result is less conclusive. In
all scenarios but TP4 the reparametrization to «(M7) yields
an improved or equally well agreement as the results of the
version “N-FH” without the adjustment at both scales. The
mentioned two-loop and higher-order effects from the charge
renormalization appear to be more important in the scenario
TP4. The mixing-matrix elements, see Table 7, obtained by
the two codes agree within ~10% with the largest differences
occurring for the scenarios TP4 and TPS. For the scenario
TP4 and the two lighter Higgs states we obtained similar,
sizeable values for |Ul.h2| and |Ul.h3| with either code at both
scales Mg and m,, making the assignment of the singlet- and
SM-like field ambiguous. We thus follow the identification
obtained with the two-loop calculation described in Sect. 5.1.
In order to verify that the observed differences between the
versions “NC OS” and “N-FH «(Mz)” are indeed explained
by two-loop and higher-order effects from the reparametriza-
tion procedure, we compared the predictions of the two ver-
sions in the MSSM limit of the TP scenarios. In the MSSM
limit, with A = « — 0, the renormalization constant of «
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Table 8 Mass predictions for the CP-even scalars for TP2-TP5 when
using modified versions of NMSSMCALC in the OS option NC OS
(denoted shortly by NC) and NMSSM-FeynHiggs (N-FH). Both
codes are modified to use an identical numerical value for «; . In
NMSSM-FeynHiggs the reparametrization to «(Mz) (N-FHa(Mz))

is used. The values correspond to the two-loop result obtained with the
OS renormalization scheme for the top/stop sectors. The mass values
for the SM-like scalar are written in bold fonts, those for the singlet-like
scalar in italics

0 TP2 TP3 TP4 TP5
Mg my Mg my Mg my Mg m;
hy NC oy mod 114.70 - 89.76 88.83 125.07 126.71 117.71 117.71
N-FH a(Mz) 114.65 - 89.72 89.31 125.56 125.74 118.31 117.77
hy NC oy mod 5951.36 - 123.90 125.87 142.96 142.74 122.88 123.60
N-FH a(Mz) 5951.36 - 124.26 124.88 142.98 142.59 12281 123.08
h3 NC oy mod 6370.76 - 652.56 652.70 467.75 467.35 627.14 628.72
N-FH a(Mz) 6370.90 - 652.29 652.81 467.43 467.61 626.73 628.84

drops out as well as the reparametrization. We found that in
the MSSM limit there is complete agreement between the
two codes at the expected level of numerical accuracy.

The reparametrizationto o« (M z) inNMSSM-FeynHiggs
overall yields a better agreement with NMSSMCALC. The
effect on the mass prediction for the SM-like Higgs, how-
ever, is much smaller than some of the large differences
observed for the two-loop mass prediction in Fig. 2. In the
subsequent sections a comparison between NMSSMCALC and
NMSSM-FeynHiggs, where in the latter code « has been
reparametrized to «(Mz), will be performed at the two-
loop level in order to identify the differences that are not
caused by the renormalization of the electromagnetic cou-
pling constant «.

5.4 Treatment of the strong coupling constant e

In the following we analyze the effects of the different treat-
ment of o in the two codes. In Table 8 the mass predic-
tions at O(a,ay) are given for the case that NMSSMCALC
is modified such that always the hard-coded MS-value of
the strong coupling at the scale m;, a?’ls (my) = 0.10697
as obtained with the routines of [62], is used. The results
of NMSSM-FeynHiggs are not affected by this procedure,
since a?ds (m;) is the standard value that is used. The modi-
fied version of NMSSMCALC is labeled “NC «y mod” in the
following. As discussed above, for NMSSM-FeynHiggs
we continue to use the version reparametrized to a(Mz).
The graphical representation of the differences is depicted
in Fig. 4. When both codes use the same numerical value of
o a better agreement with much smaller relative differences
between their mass predictions can be observed. The differ-
ences between the mass predictions never exceed 1.1 GeV,
and mostly stay below 0.5 GeV for all masses in all TP scenar-
ios. In the MSSM limit we found again complete agreement
between the two codes at the expected level of numerical
accuracy now at O (o).

We conclude that the main source of the observed dif-
ference is the different treatment of the strong coupling con-
stant o (see Table 1). Although the renormalization prescrip-
tion and scale dependence of «; represent effects formally
of three-loop order, their effects on the Higgs mass predic-
tions can be sizeable. The corresponding mixing-matrix ele-
ments are given in Table 9. In the scenarios TP2-TP4 at
both scales Mg and m, we found differences of less than 5%
for the largest matrix elements, which contain the dominant
admixture to the fields 4;. Larger differences occur for the
subleading matrix elements, e.g. in scenario TP3 differences
of up to 19% can be observed. For TP4, subleading matrix
elements can differ even by up to a factor of 3. The matrix
elements that differ so strongly between the two codes are,
however, only a few percent of the largest one. Even a change
of them by a factor of 3 results in relatively small differences
compared with the absolute size of the leading matrix ele-
ments. For the scenario TPS we observe larger differences
for the largest matrix elements. They differ by up to 20%.
The reason why the matrix elements of TP5 show larger dis-
crepancies is the large mixing between the two lightest CP-
even Higgs bosons where small changes in the parameters
can cause a large effect in the resulting mixing elements. At
the scale Mg the adapted codes show a better agreement for
the largest mixing-matrix elements when compared to their
“out-of-the-box” versions (cf. Table 5), where we found dif-
ferences of up to ~40%. At the scale m; the adapted codes
show a worse agreement with differences of up to ~20% even
for the largest matrix elements, while the corresponding dif-
ference for the “out-of-the-box” versions never exceeded 3%.
For scenario TP5 and each of the adapted codes, however,
we find that the mixing-matrix elements can differ by up to
~20% when evaluated at either the scale Mg or m;. We con-
clude that in the scenario TP5 the mixing-matrix elements
are very sensitive to small variations of the parameters due
to the large mixing between the singlet and SM-like Higgs
bosons. The results for the masses are much less sensitive to
these effects.
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Fig. 4 Difference Am = M, mod _ M}7FH between the Higgs masses of the SM-like, singlet-like and heavy Higgs at the two-loop level

calculated at the scales Mg and m;

5.5 MSSM-approximation beyond one-loop in
NMSSM-FeynHiggs

In NMSSM-FeynHiggs the NMSSM contributions beyond
one-loop are approximated by the respective corrections
from the MSSM at present. This means that at O(o;oy)
the genuine NMSSM contributions are only incorporated
in NMSSMCALC, as will be discussed below. On the other
hand, NMSSM-FeynHiggs incorporates further MSSM-
type contributions beyond O(w;ws). These contributions
consist of further leading and subleading two-loop correc-
tions [34,58,71-74] as well as the resummation of large log-
arithms to all orders for high SUSY mass scales [40,41].
In the MSSM limit it has been found that these correc-
tions can yield O(5 GeV) corrections in the OS renormal-
ization [34,40,41,58,71-74]. This, however, does not take
into account the impact of non-zero values of A, which have
not been evaluated in an OS calculation so far. A DR calcu-
lation of the MSSM-approximated O((c; + a)?) contribu-
tions in [55] for TP1-TP5 gave rise to a ~1 GeV correction
(where the corresponding O(a;a) calculation yields some-
what smaller corrections than our OS result), while the gen-
uine NMSSM contributions from the fermion/sfermion and
Higgs/Higgsino sectors in the electroweak gauge-less limit
[32] gave rise to an additional <1 GeV correction. We leave
a more detailed discussion for future work.
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At O(asa5) the genuine NMSSM two-loop corrections
incorporated in NMSSMCALC give rise to differences to
NMSSM-FeynHiggs. In order to estimate their impact we
compare the two-loop mass predictions between ‘NC oy mod’
and ‘N-FH o(Mz) given in Table 8. The effect of the
MSSM-approximation Am?PP" can be obtained by
Am®P" = Am®t — Am'", (18)
where the Am"" are the differences between the result of
NMSSMCALC and NMSSM-FeynHiggs at the n-loop order
obtained from the results given in Tables 6 (where we take
the ‘N-FH a(Mz)’ value for NMSSM-FeynHiggs) and 8.
By this construction the effects of the residual differences
arising from the different treatment of the electromagnetic
coupling constant « are separated from the effects of the
MSSM-approximation. The results of these comparisons are
shown in Fig. 5. As expected the approximation has the
largest effects for the scenarios TP3—TP5 with large values
of A. For the SM-like Higgs field Amzpp " does not exceed
+750(500) MeV at the scale Mg(m;), shown as dark green
(blue) bars. For the singlet-like Higgs boson it stays below
+750MeV for both scales, and for the heavy Higgs field
we find differences below +200 MeV. This is in accordance
with the expected impact of the approximation as described
in Ref. [31] as well as with the results of Ref. [33].
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Table 9 Two-loop

mixing-matrix elements for ! Q P2 TP3
TP2-TP5 when using the 14 1Y \UL || 12y \UL|
indicated versions of
NMSSMCALC and 1 Mg NC oy mod 0.1034 0.9946 0.0004 0.2243 0.2140 0.9507
NMSSM-FeynHiggs as N-FH a(Myz) 0.1034 0.9946 0.0004 0.2229 0.2270 0.9480
;I;eciiﬁseg in the text; see "y NC &; mod - - - 02234 02204 09495
N-FH a(Myz) - - - 0.2342 0.2610 0.9365
2 Mg NC oy mod 0.0096 0.0006 1.0000 0.2756 0.9218 0.2726
N-FH a(Myz) 0.0092 0.0005 1.0000 0.2751 0.9183 0.2846
my NC oy mod - - - 0.2660 0.9233 0.2769
N-FH a(Myz) - - - 0.2566 0.9125 0.3185
3 Mg NC oy mod 0.9946 0.1034 0.0096 0.9347 0.3232 0.1478
N-FH a(Myz) 0.9946 0.1034 0.0092 0.9352 0.3243 0.1423
m; NC oy mod - - - 0.9377 0.3144 0.1476
N-FH a(Myz) - - - 0.9377 0.3149 0.1467
i 0 TP4 TP5
%4 1o 1% \U | \Uh| UL
1 Mg NC oy mod 0.4839 0.7647 0.4255 0.1417 0.7305 0.6680
N-FH a(Myz) 0.4872 0.8045 0.3398 0.3319 0.6217 0.7094
m, NC oy mod 0.4766 0.7884 0.3900 0.3382 0.6914 0.6384
N-FH a(My) 0.4779 0.8321 0.2813 0.3476 0.7708 0.5339
2 Mg NC oy mod 0.0672 0.4524 0.8893 0.3315 0.6008 0.7274
N-FH a(Myz) 0.0270 0.3751 0.9266 0.1379 0.7120 0.6885
m, NC oy mod 0.0413 0.4219 0.9057 0.0922 0.6508 0.7536
N-FH a(Myz) 0.0122 0.3266 0.9451 0.0482 0.5540 0.8311
3 Mg NC oy mod 0.8726 0.4589 0.1675 0.9327 0.3245 0.1570
N-FH a(Myz) 0.8729 0.4606 0.1611 0.9332 0.3264 0.1506
m; NC oy mod 0.8782 0.4477 0.1685 0.9365 0.3138 0.1564
N-FH a(Myz) 0.8783 0.4482 0.1662 0.9364 0.3147 0.1554

5.6 Comparison with DR calculation in NMSSMCALC

As a final step we now compare between different renormal-
ization schemes. For all our results shown up to now we have
used an OS renormalization of the parameters in the top/stop
sector. NMSSMCALC offers, however, also the possibility to
switch between OS and DR renormalization of the top/stop
sector, which affects the O(a;a) corrections. In this section
the default value of NMSSMCALC for &, in the DR scheme
at the scale Q is used.

In Table 10 the predictions for the neutral Higgs boson
masses from NMSSMCALC with OS renormalization (first
line) and with DR renormalization (second line) of the
top/stop sector are given for TP2-TP5.” The numbers corre-
sponding to the OS renormalization of the top/stop sector in
Table 10 are identical to the NMSSMCALC results in Table 4.
The differences in the Higgs masses due to the change of the

7 Note that wherever we give values at the scale Q = m;, the numerical
value of the scale is taken to be the top pole mass, m; = 172.9 GeV.

renormalization scheme between top/stop sector are visual-
ized in Fig. 6. The values of the stop and top masses in the
DR scheme can be found in Table 11, the stop masses as
obtained in the OS scheme in Table 3.

As can be inferred from Table 10 and Fig. 6, the differ-
ent renormalization schemes lead in general to differences of
O(1 GeV) for the SM-like and singlet-like Higgs boson with
a maximum difference of 1.9 GeV for the SM-like Higgs
boson. For the heavy Higgs bosons the maximum difference
reaches up to 0.5 GeV. The effects are of similar size for
both the scale Q = Mg and Q = m; and most strongly
pronounced for the SM-like Higgs boson, which is affected
most by the corrections of the top/stop sector as it has the
largest ¢> component, the component that couples to up-
type quarks. The numerical differences between the differ-
ent renormalization schemes are indicative of the theoretical
uncertainties due to the missing higher-order corrections of
O(ay af). However, one should keep in mind that in Sect. 5.4
we found that using a different o has a larger impact on the
Higgs boson mass than the difference due to different renor-
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Fig. 5 Am®Pr = AmZ — Am': size of the effect of the MSSM-approximation employed at O («;05) in NMSSM-FeynHiggs. The used version

of NMSSM-FeynHiggs employs the reparametrization to o(Mz)

Table 10 Mass predictions for

the CP-even scalars for 0 P2 TP3 P4 TP3
TP2-TP5 when using the OS Ms m M m; Ms m; Ms m;
and DR renormalization in the
toplstop sector. The mass values ~ F1 NCOS 12042 - 89.92 8881 12644 12665 11954 117.63
of the SM-like scalar are written NC DR 118.57 - 90.17 88.94 126.15 125.90 119.86 118.56
in bold fonts, those of the h, NCOS  5951.36 - 12616 12580 14332 14273 12444 12351
singlet-like scalar in italics .
NC DR 5951.36 - 124.88 124.86 142.38 142.16 123.28 125.20
h3 NC OS 6370.77 - 652.60 652.70 467.89 467.35 627.18 628.72
NC DR 6371.21 - 652.44 652.65 467.39 467.03 626.97 628.75

malization schemes of the top/stop sector. Since the scale
choice of o is formally a higher-order effect this points to a
larger higher-order uncertainty than the one we obtain here.
The same observation, namely that, from different treatments
of ay, one obtains a less optimistic result for the theoretical
uncertainty than by a comparison between DR and OS renor-
malization scheme, was also made in Ref. [69] in the context
of the MSSM with Dirac gluinos.

In Table 12 the mixing-matrix elements for the different
options of the renormalization of the top/stop sector can be
found. For TP2 the renormalization scheme has basically
no influence on the mixing-matrix elements. For TP3 the
influence of the renormalization scheme is well below 2%,

@ Springer

whereas for TP4 and TP5 in some cases the renormaliza-
tion scheme can change the mixing-matrix elements by more
than a factor 2. These large differences occur in the smallest
mixing-matrix element of the respective Higgs boson for the
singlet-like Higgs as well as for a SM-like Higgs with size-
able singlet admixture. For most of the matrix elements the
change due to the renormalization scheme is, however, well
below 10%.

Finally, we also want to make contact with the discussion
in Ref. [55]. Contrary to our scenarios, where we used M g=
as input, in Ref. [55] A, was used as input. This corresponds
to a slightly different renormalization scheme in NMSSM-
CALC. If My= is used as input, the charged Higgs mass is
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Fig. 6 Absolute difference Am = |M,1:TC 0s _ M,Ifc ﬁ| from Table 10. For TP2 higher-order corrections to the mass of the singlet-like field are

suppressed due to the small value of A

Table 11 DR top and stop masses, given in GeV, in the TP2-TP5
scenarios obtained by the routines of NMSSMCALC. The shift from the

top-quark pole mass to the DR top-quark mass mPR is performed as

outlined in Ref. [33], taking into account QCD corrections up to O(ozsz)

] TP2 TP3 TP4 TP5

Mg m; Mg m; Mg m; Mg m;
m;)iR 136.7 - 1439 1542 1469 1558 140.0 1529
m}?ﬁR 488.4 — 940.8 1195 671.8 839.1 1503 1548
mPR 2509  — 1074 1267 8453 949.7 1509 1591

n

renormalized OS and subsequently A, is determined from
the charged Higgs mass, whereas if A, is given as input it
is renormalized DR. In Table 13 we show values where the
input is given by A, (first line) and by M+ (second line).
All values in Table 13 are given for the DR renormalization
scheme of the top/stop sector. The first line corresponds to the
“out-of-the-box” NMSSMCALC values as given in Ref. [55].
The effect of the way A, (or, respectively, M=) is renor-
malized is small. Only for the most singlet-like Higgs boson
it can exceed 1 GeV. For all the other Higgs bosons it is
always well below 1 GeV, and in particular for the SM-like
Higgs boson it is at the level of O(100 MeV). In Table 14 the

values of the mixing-matrix elements are given. Like for the
Higgs masses the differences between the input A, or My+
is small. It should finally be noted that if Mg+ is input in
NMSSMCALC the A, in the output file is determined from
Mpy= at tree level. This implies that the Aj in the output
of the computation with input M g+ will differ from the A
given in Ref. [55].

6 Conclusions

We have analyzed the predictions for the Higgs-boson masses
and mixing matrices in the NMSSM based on an OS renor-
malization of the top/scalar top sector. We compared the
implementation of the results obtained in this scheme in
the codes NMSSMCALC and NMSSM-FeynHiggs up to
O(ayorg) (omitting further MSSM-like higher-order correc-
tions implemented in NMSSM-FeynHiggs). Differences in
the calculations implemented in the two codes arise from dif-
ferent renormalization prescriptions and different treatments
of the electromagnetic and strong coupling constants, which
provide an indication of the possible size of unknown higher-
order corrections. Furthermore genuine NMSSM corrections
of O(a;ay) are implemented in NMSSMCALC, and from the
comparison with NMSSM-FeynHiggs one can infer the rel-
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Table 12 Absolute values for

the mixing-matrix elements of ! Q P2 TP3
the CP-even scalar sector for UL 1 \UL| UL 1 144
TP2-TP5 when using the OS or
the DR renormalization of the 1 Mg NC OS 0.1034 0.9946 0.0004 0.2199 0.1994 0.9549
top/stop sector within Nc DR 0.1034 0.9946 0.0004 0.2189 0.1962 0.9558
NMSSMCALC my NC OS - - - 0.2236 0.2210 0.9493
NC DR - - - 0.2237 0.2221 0.9490
2 Mg NC OS 0.0096 0.0006 1.0000 0.2797 0.9249 0.2575
NC DR 0.0095 0.0006 1.0000 0.2802 0.9257 0.2542
m; NC OS - - - 0.2659 0.9232 0.2775
NC DR - - - 0.2656 0.9230 0.2786
3 Mg NC OS 0.9946 0.1034 0.0096 0.9346 0.3237 0.1476
Nc DR 0.9946 0.1034 0.0095 0.9346 0.3235 0.1476
m; NC OS - - - 0.9377 0.3144 0.1476
NC DR - - - 0.9378 0.3144 0.1475
i 0 TP4 TP5
U 1 1% 124 1 1%
1 M NC OS 0.4813 0.7432 0.4648 0.2845 0.3943 0.8738
NC DR 0.4863 0.7790 0.3959 0.2994 0.4536 0.8394
m; NC OS 0.4766 0.7886 0.3885 0.3393 0.6991 0.6294
NC DR 0.4777 0.8098 0.3407 03114 0.5379 0.7834
2 Mg NC OS 0.0895 0.4858 0.8694 0.2224 0.8594 0.4603
NC DR 0.0515 0.4267 0.9029 0.2017 0.8298 0.5203
m; NC OS 0.0411 0.4215 0.9069 0.0882 0.6425 0.7612
NC DR 0.0162 0.3796 0.9250 0.1623 0.7822 0.6015
3 Mg NC OS 0.8720 0.4600 0.1673 0.9325 0.3253 0.1568
NC DR 0.8723 0.4595 0.1674 0.9326 0.3251 0.1569
m; NC OS 0.8782 0.4477 0.1685 0.9365 0.3137 0.1564
NC DR 0.8784 0.4474 0.1682 0.9363 0.3144 0.1563
13 Mass icti
e cPsven st for 0 TP2 TP3 TP4 TPS
TP2-TP5 when using the DR My mg Mg my Ms my Ms m
renormalization in the top/stop
sector for either A, as input or hi  NC Ay 11857 - 90.88 87.78 12637 12576  120.32  118.65
M y=. The mass values of the NC My=+ 118.57 - 90.17 88.94 126.15 125.90 119.86 118.56
SM-like scalar are written in hy  NC A, 5951.36 - 12486  124.68 14259 14128 12314 12526
fﬂg@?ﬁ’ﬁefﬁiﬁ’fﬁ}f& s NC My- 595136 - 12488 12486 14238 14206 12328 12520
hs  NC Ay 637131 - 652.48  652.64 46742  467.01  627.00  628.77
NC My 637121 - 652.44  652.65 46739  467.03 62697  628.75

evance of these corrections. As a final step, going beyond the
OS prescription in the top/sector, also a comparison with
the DR renormalization as implemented in NMSSMCALC
has been performed. Our work complements and extends
the results obtained in Ref. [55], where the Higgs-boson
mass calculations in different DR codes had been compared.
In order to make contact with this analysis, we employed
the same scenarios (TP2-TP5) as in [55]. (The scenarios
TP1 and TP6 have found not to be useful for our com-
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parison of NMSSMCALC and NMSSM-FeynHiggs.) The
scenarios are defined at the stop mass scale M. Since dia-
grammatic calculations as implemented in NMSSMCALC and
NMSSM-FeynHiggs are in general designed to evaluate the
Higgs-boson sector for SUSY scales that are not widely sep-
arated from the weak scale, we also evolved the TP scenarios
down to the scale of the top-quark mass. All Higgs mass eval-
uations have been done at these two scales. At both scales the
original DR parameters have been converted to OS parame-
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Table 14 Absolute values for

the mixing-matrix elements of ! 0 P2 P3
the CP-even scalar sector for Uf| Uf| UA| U Up| UA|
TP2-TP5 when using the DR
renormalization of the top/stop 1 Mg NC 4;, 0.1034 0.9946 0.0004 0.2177 0.1923 0.9569
sector for either A, as input or NC Mpy=+ 0.1034 0.9946 0.0004 0.2189 0.1962 0.9558
My my NC Ay - - - 0.2212 0.2142 0.9514
NC Mpy=+ - - - 0.2237 0.2221 0.9490
2 Mg NC A, 0.0095 0.0006 1.0000 0.2811 0.9265 0.2502
NC Mpy=+ 0.0095 0.0006 1.0000 0.2802 0.9257 0.2542
my NC A, - - - 0.2677 0.9248 0.2705
NC Mpy=+ - - - 0.2656 0.9230 0.2786
3 Mg NC A, 0.9946 0.1034 0.0095 0.9347 0.3234 0.1476
NC Mpy=+ 0.9946 0.1034 0.0095 0.9346 0.3235 0.1476
m; NC A, - - - 0.9378 0.3145 0.1472
NC My= - — — 0.9378 0.3144 0.1475
i Q TP4 TP5
U 1Y \UA U (U UL
1 Mg NC A, 0.4869 0.7849 0.3832 0.2967 0.4433 0.8459
NC Mpy=+ 0.4863 0.7790 0.3959 0.2994 0.4536 0.8394
m; NC Ay 0.4774 0.8045 0.3534 0.3129 0.5451 0.7778
NC Mpy= 0.4777 0.8098 0.3407 0.3114 0.5379 0.7834
2 Mg NC Ay 0.0447 0.4158 0.9084 0.2055 0.8354 0.5099
NC Mpy= 0.0515 0.4267 0.9029 0.2017 0.8298 0.5203
m; NC Ay 0.0232 0.3906 0.9203 0.1594 0.7772 0.6088
NC Mpy=+ 0.0162 0.3796 0.9250 0.1623 0.7822 0.6015
3 Mg NC Ay 0.8723 0.4594 0.1674 0.9326 0.3251 0.1568
NC Mpy=+ 0.8723 0.4595 0.1674 0.9326 0.3251 0.1569
m; NC Ay 0.8784 0.4476 0.1678 0.9363 0.3144 0.1563
NC Mpy=+ 0.8784 0.4474 0.1682 0.9363 0.3144 0.1563

ters that were subsequently used as input for NMSSMCALC
and NMSSM-FeynHiggs.

We started with an “out-of-the-box” comparison of the two
codes and found large differences of several GeV between
the two codes. In order to disentangle the origin of the
differences we first concentrated on the one-loop results.
While at the one-loop level both codes perform a com-
plete calculation, they differ in the renormalization of the
electromagnetic coupling constant «. The resulting differ-
ences are formally of electroweak two-loop order. For the
further comparison these differences, which yield an indi-
cation of the possible size of unknown higher-order cor-
rections of this type, have been adjusted by reparametriz-
ing NMSSM-FeynHiggs to the value used by NMSSM-
CALC. In a second step, in the two-loop O(w; ) correc-
tions we adjusted the strong coupling constant og in NMSSM-
CALC, where a?R(Q) is employed, to ai\/ls (m;) as used by
NMSSM-FeynHiggs. Although this difference is formally
only of three-loop order, this change improved the agree-
ment between the two codes by several GeV for the cases

where large discrepancies had been observed. The remaining
differences of O(0.5 GeV) are due to the genuine NMSSM
corrections in the O(o;a) corrections that are implemented
in NMSSMCALC, but not yet in NMSSM-FeynHiggs.
Conversely, the corrections beyond O(w;o;) implemented
in NMSSM-FeynHiggs, which are taken over from the
MSSM, have been omitted for this comparison, and their
numerical impact on the SM-like Higgs-boson mass has
briefly been discussed. In the final step we used the different
renormalization schemes of the top/stop sector that are imple-
mented in NMSSMCALC (but not in NMSSM-FeynHiggs).
We compared the results of the OS renormalization (as
obtained before) with the results using a DR renormalization
in the top/stop sector. Differences of O(1 GeV) have been
found, are indicative of the theoretical uncertainties due to
the missing higher order corrections of O(a,af). The dif-
ferences in the choice of « on the other hand (see above),
lead to a somewhat larger estimate of the theoretical uncer-
tainty due to missing higher orders. In order to make contact
with [55], we also analyzed the differences between My =+
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and A; (as used in that analysis) as DR inputs, which are
two possible input options in NMSSMCALC. Here only very
small differences for the SM-like Higgs boson have been
found.

In this paper we have identified the various sources of
differences between the presented calculations within an on-
shell scheme for the top/stop sector and between different
renormalization schemes. The analyses performed in this
paper yield a better understanding of the remaining theo-
retical uncertainties from unknown higher-order corrections
in the predictions for the Higgs-boson masses and mixing-
matrix elements in the NMSSM. These results can now be
used to endow the theoretical predictions for observables
in the NMSSM Higgs sector with reliable estimates for the
remaining uncertainties.
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7 Appendix

In the following we provide summary tables including the
mass values and mixing-matrix elements at the two-loop level
for TP2-TP5 obtained with the “out-of-the-box” and all mod-
ified versions of NMSSMCALC and NMSSM-FeynHiggs.
The mass values of the SM-like scalar are written in bold
fonts, those of the singlet-like scalar in italics.

See Tables 15, 16 and 17.

Table 15 Summary table for

.. Q TP2 TP3 TP4 TP5
the mass predictions for the
CP-even scalars when using the Msy m; Mg m; Ms m; Mg m;
indicated versions of
NMSSMCALC and hy NC OS 12042 - 89.92 88.81 126.44  126.65 119.54 117.63
NMSSM-FeynHiggs as NC «y mod 11470 - 89.76 88.83  125.07 12671 117.71 117.71
specified in Sects. 5.1 and 5.4 N-FH 11412 - 89.67  89.36 12617 12629 11847 117.95
N-FH a(Myz) 114.65 - 89.72 89.31 125.56 12574 11831 117.77
hy  NC OS 5951.36 - 126.16 12580  143.32  142.73 12444 12351
NC oy mod 5951.36 - 12390 12587 14296 142.74 122.88  123.60
N-FH 5951.36 - 12455  125.02  143.11 142.68 12293  123.10
N-FHa(Mz)  5951.36 — 12426 12488 14298 14259 12281 123.08
h3 NC OS 6370.77 - 652.60 65270  467.89  467.35  627.18  628.72
N-FH 6370.85 — 652.17  652.65 467.10  467.33  626.59  628.76
NC oy mod 6370.76 - 652.56 65270  467.75  467.35 < 627.14  628.72
N-FHa(Mz) 637090 — 652.29  652.81 46743  467.61 626.73  628.84
Table 16 Surpmary table for 0 P2 TP3 TP4 TPs
the mass predictions for the
CP-even scalars when using the Ms my Ms m; Ms m; Ms ny
OS and DR renormalization in
the top/stop sector and either A;, hy NC g 120.42 - 89.92 88.81 126.44 126.65 119.54 117.63
as input or My= as specified in NC DR 118.57 - 90.17 88.94 126.15 125.90 119.86 118.56
Sect. 5.6 NC A;, 11857 - 90.88  87.78 12637 12576 12032  118.65
hy NC OS 5951.36 - 126.16 125.80 143.32 142.73 124.44 123.51
NC DR 5951.36 - 124.88 124.86 142.38 142.16 123.28 125.20
NC A 5951.36 - 124.86 124.68 142.59 141.28 123.14 125.26
h3 NC OS 6370.77 - 652.60 652.70 467.89 467.35 627.18 628.72
NC DR 6371.21 - 652.44 652.65 467.39 467.03 626.97 628.75
NC A, 6371.31 - 652.48 652.64 467.42 467.01 627.00 628.77
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Table 17 Summary table for
the absolute values for the
mixing-matrix elements of the
C’P-even scalar sector when
using the indicated versions of
NMSSMCALC and
NMSSM-FeynHiggs as
specified in Sects. 5.1 and 5.4

0 TP2 TP3
%4 |UA) |UA] 1% 1% %%
Mg NC OS 0.1034 0.9946 0.0004 0.2199 0.1994 0.9549
NC «y mod 0.1034 0.9946 0.0004 0.2243 0.2140 0.9507
N-FH 0.1034 0.9946 0.0004 0.2134 0.2064 0.9549
N-FHa(Myz) 0.1034 0.9946 0.0004 0.2229 0.2270 0.9480
m; NC OS - - - 0.2236 0.2210 0.9493
NC «g mod - - - 0.2234 0.2204 0.9495
N-FH - - - 0.2245 0.2264 0.9478
N-FHa(Myz) - - - 0.2342 0.2610 0.9365
Mg NC OS 0.0096 0.0006 1.0000 0.2797 0.9249 0.2575
NC «g mod 0.0096 0.0006 1.0000 0.2756 0.9218 0.2726
N-FH 0.0090 0.0005 1.0000 0.2820 0.9228 0.2625
N-FHa(Myz) 0.0092 0.0005 1.0000 0.2751 0.9183 0.2846
m; NC OS — — — 0.2659 0.9232 0.2775
NC o,y mod — — — 0.2660 0.9233 0.2769
N-FH — — — 0.2656 0.9216 0.2831
N-FHa(Myz) - - - 0.2566 0.9125 0.3185
Mg NC OS 0.9946 0.1034 0.0096 0.9346 0.3237 0.1476
NC oy mod 0.9946 0.1034 0.0096 0.9347 0.3232 0.1478
N-FH 0.9946 0.1034 0.0090 0.9354 0.3253 0.1388
N-FHa(Mz) 0.9946 0.1034 0.0092 0.9352 0.3243 0.1423
m; NC OS - - - 0.9377 0.3144 0.1476
NC oy mod - - - 0.9377 0.3144 0.1476
N-FH - - - 0.9376 0.3153 0.1467
N-FHa(Mz) - - - 0.9377 0.3149 0.1467
Q TP4 TP5
\UhI 1Y 1 U 124 126Y
Mg NC OS 0.4813 0.7432 0.4648 0.2845 0.3943 0.8738
NC oy mod 0.4839 0.7647 0.4255 0.1417 0.7305 0.6680
N-FH 0.4873 0.8022 0.3448 0.3540 0.7764 0.5214
N-FHa(Mz) 0.4872 0.8045 0.3398 0.3319 0.6217 0.7094
my NC OS 0.4766 0.7886 0.3885 0.3393 0.6991 0.6294
NC oy mod 0.4766 0.7884 0.3900 0.3382 0.6914 0.6384
N-FH 0.4788 0.8104 0.3377 0.3390 0.7204 0.6051
N-FHa(Myz) 0.4779 0.8321 0.2813 0.3476 0.7708 0.5339
Mg NC OS 0.0895 0.4858 0.8694 0.2224 0.8594 0.4603
NC «g mod 0.0672 0.4524 0.8893 0.3315 0.6008 0.7274
N-FH 0.0334 0.3775 0.9254 0.0564 0.5387 0.8406
N-FHa(Myz) 0.0270 0.3751 0.9266 0.1379 0.7120 0.6885
mg NC OS 0.0411 0.4215 0.9059 0.0882 0.6425 0.7612
NC «g mod 0.0413 0.4219 0.9057 0.0922 0.6508 0.7536
N-FH 0.0171 0.3761 0.9264 0.0819 0.6181 0.7818
N-FHa(Myz) 0.0122 0.3266 0.9451 0.0482 0.5540 0.8311
Mg NC OS 0.8720 0.4600 0.1673 0.9325 0.3253 0.1568
NC oy mod 0.8726 0.4589 0.1675 0.9327 0.3245 0.1570
N-FH 0.8726 0.4625 0.1571 0.9335 0.3270 0.1469
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Table 17 continued

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
217.

28.

29.

30.

i 0 TP4 TP5
Uil Uh 1% | Uh L%
N-FHa(Mz) 0.8729 0.4606 0.1611 0.9332 0.3264 0.1506
m; NC OS 0.8782 0.4477 0.1685 0.9365 0.3137 0.1564
NC oy mod 0.8782 0.4477 0.1685 0.9365 0.3138 0.1564
N-FH 0.8778 0.4493 0.1662 0.9372 0.3146 0.1505
N-FH a(Mz) 0.8783 0.4482 0.1662 0.9364 0.3147 0.1554
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