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Abstract In a supersymmetric theory, large mass hierar-
chies can lead to large uncertainties in fixed-order calcula-
tions of the Standard Model (SM)-like Higgs mass. A reliable
prediction is then obtained by performing the calculation in
an effective field theory (EFT) framework, involving a match-
ing to the full supersymmetric theory at the high scale to
include contributions from the heavy particles, and a subse-
quent renormalisation-group running down to the low scale.
We report on the prediction of the SM-like Higgs mass within
the CP-violating next-to-minimal supersymmetric extension
of the SM (NMSSM) in a scenario where all non-SM parti-
cles feature TeV-scale masses. The matching conditions are
calculated at full one-loop order using two approaches. These
are the matching of the quartic Higgs couplings as well as
of the SM-like Higgs pole masses of the low- and high-scale
theory. A comparison between the two methods allows us to
estimate the size of terms suppressed by the heavy mass scale
that are neglected in a pure EFT calculation as given by the
quartic-coupling matching. Furthermore, we study the differ-
ent sources of uncertainty which enter our calculation as well
as the effect of CP-violating phases on the Higgs mass pre-
diction. The matching calculation is implemented in a new
version of the public program package NMSSMCALC.

Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . .
2 The high-scale NMSSM at tree-level . . . . . . . . .

a e-mail: christoph.borschensky@kit.edu
b e-mail: nhung.daothi@phenikaa-uni.edu.vn (corresponding author)
c e-mail: martin.gabelmann@desy.de
d e-mail: margarete.muehlleitner@kit.edu
e e-mail: heidi.rzehak@physik.uni-freiburg.de

3 The loop-corrected Higgs mass in the EFT approach .
3.1 Quartic-coupling matching conditions . . . . . .

3.1.1 Tree level . . . . . . . . . . . . . . . . . .
3.1.2 One loop . . . . . . . . . . . . . . . . . .

3.2 Pole-mass matching conditions . . . . . . . . . .
3.2.1 Tree level . . . . . . . . . . . . . . . . . .
3.2.2 One loop . . . . . . . . . . . . . . . . . .

3.3 Uncertainty estimate . . . . . . . . . . . . . . .
4 Numerical results . . . . . . . . . . . . . . . . . . . .

4.1 Setup and applied constraints . . . . . . . . . . .
4.2 Uncertainties . . . . . . . . . . . . . . . . . . .
4.3 Numerical validation and comparison with pre-

vious works . . . . . . . . . . . . . . . . . . . .
4.4 The case of a light singlet . . . . . . . . . . . . .
4.5 CP-violating effects in the EFT calculations . . .

4.5.1 Loop-induced CP-violation . . . . . . . . .
4.5.2 Tree-level CP-violation . . . . . . . . . . .

5 Conclusions . . . . . . . . . . . . . . . . . . . . . .
A Expansion of the one-loop tadpoles to O(v) . . . . . .
B New implementation in NMSSMCALC . . . . . . . . .
References . . . . . . . . . . . . . . . . . . . . . . . . .

1 Introduction

Since the discovery of the Standard Model Higgs boson with
a mass of about 125 GeV by the ATLAS [1] and the CMS col-
laboration [2] at the large hadron collider (LHC) at CERN,
there has been no clear indication of new degrees of freedom
in the range of the weak scale (which can be identified with
energy scales around the mass of the W boson, ∼ MW ) to
a few TeV scale. Taking into account the constraints from
the Higgs data and experimental searches for new degrees
of freedom, the parameter space of each Standard Model
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extension (SM) should be reinvestigated in terms of whether
these models can still satisfy the experimental constraints and
give possibly detectable new physics signals. Among them,
the minimal supersymmetric extension of the SM (MSSM)
is one of the most studied ones. By imposing a symmetry
between bosonic and fermionic degrees of freedom, the par-
ticle content is more than doubled with respect to the SM.
An interesting feature of this model is related to the Higgs
sector. It contains two Higgs doublets due to the require-
ment of the cancellation of gauge anomalies on the one hand
as well as for the generation of non-vanishing masses for
all quarks on the other hand. Furthermore, the quartic cou-
plings in the Higgs sector are completely determined by the
gauge and Yukawa couplings. As a consequence, the Higgs
boson masses can be predicted and one of the Higgs boson
masses has an upper limit of about 140 GeV including higher-
order corrections [3]. This Higgs boson can be identified with
the discovered scalar particle. Similar features occur also in
the next-to-MSSM (NMSSM), an extension of the MSSM
that includes an extra Higgs singlet superfield. However, the
upper mass bound can be shifted to higher values due to extra
contributions from the Higgs singlet-doublet coupling [4–8].

Three approaches for the computation of the Higgs boson
masses including higher-order corrections have been used.
These are the fixed-order (FO), the effective field theory
(EFT), and the hybrid technique. For the first one, we have
to compute Higgs boson self-energies at fixed loop order and
diagonalize the loop-corrected Higgs mass matrix. This cal-
culation involves the full particle spectrum and couplings in
the broken phase of the electroweak (EW) symmetry of the
model. The corrections will contain terms which are propor-
tional to ln M̃2

x /M
2
x [3], where Mx and M̃x are a masses of an

SM particle x and its superpartner, respectively. These terms
are particularly important for the top/stop sector, since the top
Yukawa coupling is the largest Yukawa coupling. Therefore,
if there is large hierarchy between the stop and the top mass
the FO calculation breaks down. In such a case, one needs
to resum these large logarithms to obtain reliable results. In
the EFT calculation, the couplings of the high-energy exten-
sion of the SM are matched to the corresponding ones in the
effective low-energy field theory such that at the matching
scale the physics described by the two models is the same.
If only the SM-like particles of the SM extension are light
and all the Beyond-SM (BSM) particles are heavy, then the
SM is a suitable EFT. In this case, the loop-corrected SM
quartic Higgs coupling at the matching scale can be iden-
tified with a loop-corrected BSM quartic Higgs coupling at
the same scale. All SM-type contributions proportional to
powers of ln Q2

match/M
2
x are cancelled out, where Qmatch

is the matching scale. The running SM quartic Higgs cou-
pling is now defined from the BSM quartic Higgs coupling
which contains logarithmic terms of the form ln M̃2

x /Q
2
match.

Then the logarithmic terms become small when M̃x is close
to Qmatch. The remaining dependence on ln Q2

match/M
2
x can

be resummed with the help of the SM renormalisation group
equations (RGEs) for the quartic Higgs coupling. In the liter-
ature, there exist two ways to match the loop-corrected BSM
quartic Higgs coupling. The first one is called quartic cou-
pling matching which is based on the computation of loop
corrections to the four-point vertex using the spectrum and
couplings in the limit of the unbroken EW symmetry, v → 0,
with v being the vacuum expectation value. The second one
is called pole-mass matching which is based on the assump-
tion that also in the BSM theory the SM-like quartic Higgs
coupling has a relation with the SM-like Higgs pole mass.
By computing the BSM contribution to the SM-like Higgs
mass, we can extract information on the quartic Higgs cou-
pling. The computation needs to be done in the broken EW
symmetry phase and leads to contributions of O(v2/M̃2

x ).
The third approach is called the hybrid technique which com-
bines fixed-order calculations with the EFT approach where
the leading and next-to-leading logarithms are resummed and
care is taken that no double counting occurs. The gain is
two-fold. On the one hand, the theory uncertainty at high
supersymmetric (SUSY) masses is reduced in comparison to
a pure fixed-order result [3]. On the other hand, O(v2/M̃2

x )

effects are taken into account in comparison to the pure EFT
approach, where they are integrated out.

A lot of effort has been devoted to the precise calculation
of the Higgs boson masses in the NMSSM using fixed-order
calculations. Leading one-loop, full one-loop and leading
two-loop contributions were presented in [9–27] where the
DR renormalisation scheme was applied, except for [19],
which also applied a mixed DR-on-shell (OS) renormalisa-
tion scheme. At two-loop level, all contributions have been
computed in the gaugeless limit and using the zero external
momentum approximation. The QCD corrections have been
discussed in [17] and O((αλ + ακ + αt )

2) corrections in
[28]. Our group has also contributed to the progress of pre-
cision predictions for the masses. The full one-loop correc-
tions with momentum dependence were presented in [29,30]
and the two-loop corrections of O(αtαs) in [31], of O(α2

t )

in [32], and of O((αt + αλ + ακ)2) in [33] for both the
CP-conserving and the CP-violating NMSSM. We were the
first ones to apply a mixed DR-OS scheme in the NMSSM
with the possibility to choose between either DR or OS con-
ditions in the renormalisation scheme for the top/stop sec-
tor. We implemented our FO calculations at one-loop and
two-loop O(αtαs), O(α2

t ), and O((αt + αλ + ακ)2) level
in the program package NMSSMCALC [34] which also com-
putes the Higgs boson decay widths and branching ratios
both for the CP-conserving and CP-violating case. The code
furthermore includes the computation of the loop-corrected
trilinear Higgs self-couplings at one-loop [35] and at two-
loop O(αtαs) [36] and O(α2

t ) [37] as well as the loop cor-
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rections to the ρ parameter and the W boson mass [38].
There are also other public codes such as NMSSMTools
[39,40], SARAH/SPheno [41–46], SOFTSUSY [47,48],
FlexibleSUSY [49,50] which are dedicated to the com-
putation of the NMSSM spectrum, decay widths and other
observables.

There have been much less activities regarding the EFT
approach in the precision Higgs mass calculation in the
NMSSM. A discussion of EFT in generic SUSY models
including also the NMSSM has been presented in [51]. There
the loop-corrected quartic Higgs coupling is obtained from
the loop-corrected mass of the lightest Higgs boson after
subtracting the corresponding part of the SM. This matching
condition has been implemented in FlexibleEFTHiggs
and later in SARAH/SPheno [52]. In Ref. [53], the authors
have used the matching condition where the loop-corrected
quartic Higgs coupling is obtained from the loop-corrected
four-point vertex. They have combined a full one-loop com-
putation with the QCD two-loop contributions for the quartic
Higgs coupling. This computation has been performed in the
limit of the unbroken EW symmetry where the Higgs dou-
blet vacuum expectation values vu, vd → 0 while the singlet
vacuum expectation value vs is kept non-vanishing and large
so that the singlet Higgs masses are very heavy and can then
be integrated out.

Our purpose in this paper is threefold. First, we implement
both matching conditions discussed in Refs. [51] and [53].
For the pole-mass matching condition we make use of our
FO computations of the full one-loop corrections to the Higgs
boson masses, which have been implemented in our computer
code NMSSMCALC. For this, we modify the renormalisation
scheme from the mixed OS-DR to a pure DR scheme for all
parameters except the tadpoles for which we still make use of
OS-like conditions as in the previously used mixed OS-DR
scheme. Using DR/MS quantities conveniently enables us to
make use of higher-order results in the renormalisation group
evolution from the literature. For the four-point vertex match-
ing condition, we compute the full one-loop corrections in
the limit of the unbroken phase of the EW symmetry in the
DR scheme and discuss subtleties related to the v → 0 limit
and finite tadpole corrections. We then compare the effect of
the two matching methods on the Higgs mass prediction in
a large region of the parameter space where the scale of the
SUSY particle masses ranges from TeV to hundred TeV. We
also compare the EFT approach and the FO calculation in
the mixed OS-DR scheme being available in NMSSMCALC
where the renormalisation scale is chosen to be the matching
scale in the EFT approach. Second, we discuss the effect of
the CP-violating phases in the EFT approach which has not
been done in the previous publications. Third, we provide an
updated version of NMSSMCALC that gives a better treatment
in the case where a large mass hierarchy between BSM and
SM-like particles occurs.

The paper is organized as follows. In Sect. 2 we intro-
duce the NMSSM, set up the notation and derive expressions
for the tree-level mass matrices and transformations into the
mass basis in the limit of a vanishing electroweak VEV. Sec-
tion 3 discusses the general ingredients for a Higgs mass cal-
culation using an EFT approach. In the first two subsections
the quartic-coupling and pole-mass matching approaches are
explained in detail while the third subsection describes the
estimate of theoretical uncertainties. Section 4 is dedicated
to the numerical analysis which validates our results numeri-
cally with results from the literature and studies the different
EFT approaches and their uncertainties as well as compares
to the FO calculation. We conclude in Sect. 5. The appendix
contains the derivation of the tadpole-expansion around a
small VEV and details on the implementation in the program
NMSSMCALC.

2 The high-scale NMSSM at tree-level

We briefly review the basic ingredients of the complex
NMSSM to set up our notation for later use. The model is
specified by a scale invariant superpotential WNMSSM,

WNMSSM =
[
ye Ĥd · L̂ Êc + yd Ĥd · Q̂ D̂c − yu Ĥu Q̂Û c

]

− λŜ Ĥd · Ĥu + 1

3
κ Ŝ3 , (2.1)

where Ĥd and Ĥu are the Higgs doublet superfields, Ŝ the
Higgs singlet superfield and L̂ , Q̂, as well as Ê , D̂, and Û the
left-handed lepton and quark doublet superfields as well as
the right-handed lepton, down-type, and up-type quark sin-
glet superfields, respectively. In the following, we will denote
the scalar part of the Higgs superfields and the fermion part of
the lepton and quark superfields with the same letter without
a hat. The lepton, down-type, and up-type quark Yukawa cou-
plings are ye, yd , yu which are 3×3 matrices that we assume
to be diagonal. The summation over generation indices is
implicit. The coupling between the Higgs doublet and Higgs
singlet superfields is governed by λ and the Higgs singlet
superfield self-coupling is κ . Both λ, κ are considered to
be complex parameters with corresponding phases ϕλ, ϕκ .
All Yukawas couplings are taken to be real by rephasing the
left- and right-handed Weyl-spinor fields accordingly. The
soft-SUSY breaking Lagrangian comprises the soft-SUSY
breaking parameters,

Lsoft, NMSSM = −m2
Hd

H†
d Hd − m2

Hu
H†
u Hu − m2

Q̃
Q̃† Q̃

−m2
L̃
L̃† L̃ − m2

ũ R
ũ∗
RũR − m2

d̃R
d̃∗
Rd̃R

−m2
ẽR
ẽ∗
RẽR − (εi j [ye AeH

i
d L̃

j ẽ∗
R + yd Ad H

i
d Q̃

j d̃∗
R

−yu AuH
i
u Q̃

j ũ∗
R] + h.c.)
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−1

2
(M1 B̃ B̃ + M2W̃i W̃i + M3G̃G̃ + h.c.)

−m2
S|S|2 + (εi jλAλSH

i
d H

j
u − 1

3
κAκ S

3 + h.c.), (2.2)

where B̃, W̃i , G̃ are the fermionic U (1) bino, SU (2) wino
and SU (3) gluino fields and Ae, Ad , Au are the soft-SUSY-
breaking trilinear couplings, which are 3 × 3 matrices and
assumed to be diagonal in this paper; again, the summation
over the generation indices is implicit here. The soft-SUSY-
breaking mass parameters of the sfermions and Higgs fields,
m2

Q̃
, m2

L̃
, m2

ũ R
, m2

d̃R
, m2

ẽR
, m2

Hd
, m2

Hu
, and m2

S are real and

positive while the gaugino masses M1, M2, M3 and the soft
SUSY breaking trilinear couplings are complex in general.
The scalar Higgs potential is obtained from the superpotential
in (2.1), the soft-SUSY breaking part of the Lagrangian (2.2)
and the D terms originating from the gauge sector of the
Lagrangian. Requiring the scalar potential to be minimal at
non-vanishing vacuum expectation values (VEVs) of the two
Higgs doublets leads to spontaneous breaking of the EW
gauge symmetry. Allowing also for the possibility of a singlet
VEV, the three Higgs boson fields can be expanded about
their VEVs vu , vd , and vs , respectively, as

Hd =
(

vd+hd+iad√
2

h−
d

)
, Hu = eiϕu

(
h+
u

vu+hu+iau√
2

)
,

S = eiϕs√
2

(vs + hs + ias) , (2.3)

with the CP-violating phases ϕu,s .
For a more comprehensive introduction of the model and

its mass spectrum of all sectors at tree-level in the broken
phase we refer the reader to our paper [54]. We follow the
same convention as in [54].

Since for the quartic coupling matching we need expres-
sions for masses and mixings in the unbroken phase of the
EW symmetry, in the following, we present the spectrum of
the model in the limit vu, vd → 0 but with a fixed ratio of
the two VEVs,

tan β = vu

vd
, (2.4)

and a non-vanishing singlet VEV vs . We denote the SM-like
VEV as v, which is related to the two Higgs doublet VEVs
as

v2 = v2
u + v2

d . (2.5)

Higgs Bosons In the limit v → 0 the mass matrices of the
CP-violating NMSSM take a particularly simple form which
allows for an analytical diagonalisation. First, we solve the
tadpole equations of thu , thd , ths and tad , tas for the soft-
SUSY breaking squared massesm2

Hu
,m2

Hd
,m2

S and the imag-
inary parts of the parameters Aλ, Aκ , see e.g. Ref. [32]. This
is done without taking the limit v → 0 since the solution

to the tadpoles may contain terms O(v−n) which are multi-
plied with terms O(v+m) when inserting them into the mass
matrices.1

Using the tree-level tadpole solutions in the tree-level mass
matrices and then performing the limit v → 0, we obtain the
following: The squared mass matrix of the charged Higgs
boson has one vanishing eigenvalue corresponding to the
Goldstone boson and one non-zero eigenvalue corresponding
to the physical charged Higgs boson,2

m2
G± = 0 (2.6a)

m2
H± = |λ|(1 + tan2 β)vs

2 tan β cos(ϕw − ϕy)

(√
2ReAλ + |κ|vs cos ϕw

)
,

(2.6b)

where

ϕw = 3ϕs + ϕκ (2.7)

ϕy = 2ϕs + ϕκ − ϕλ − ϕu . (2.8)

Thus, we can trade ReAλ for m2
H± . The squared mass matrix

for the neutral Higgs bosons takes a block-diagonal form
where, after the use of the tadpole solutions, neither the CP-
even and the CP-odd components nor the doublet and sin-
glet components mix. The mixing matrix which diagonal-
izes the neutral Higgs mass matrix transforming the basis
(hd , hu, hs, ad , au, as)T to the basis (h, H, S,G0, A, As),
reads

R(β) =
(RH (β) 0

0 RG(β)

)
(2.9)

with

RH (β) =
⎛
⎝

cβ sβ 0
−sβ cβ 0

0 0 1

⎞
⎠ , RG(β) =

⎛
⎝

−cβ sβ 0
sβ cβ 0
0 0 1

⎞
⎠ ,

(2.10)

Diagonalizing the neutral Higgs mass matrix with the help of
the mixing matrix in (2.9) results in a diagonal matrix with
the entries

m2
h(= m2

hu ) =0 (2.11a)

m2
H (= m2

hd ) =m2
H± (2.11b)

m2
Hs

(= m2
hs ) =|κ|vs(4|κ|vs + √

2 ReAκ

cos ϕw
)

2
(2.11c)

1 Note that this procedure differs from the one discussed in e.g. [53,55]
which only relies on the use of tadpole equations for the singlet BSM
fields. We, however, have found very good agreement with [53] in the
CP-conserving case, cf. Sect. 4.3 and also the discussion in Sect. 3.1.2.
This suggests that while the intermediate results differ, the final finite
result of the matching condition remains unchanged.
2 We use small letters m to denote tree-level masses and capital letters
M to denote loop-corrected or on-shell input masses.
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m2
G0(= m2

au ) =0 (2.11d)

m2
A(= m2

ad ) =m2
H± (2.11e)

m2
As

(= m2
as ) = − 3|κ|ReAκvs√

2 cos ϕw

. (2.11f)

The masses in parenthesis denote the dominant gauge-
eigenstates masses. It turns out that for the parameter points
that are compatible with all applied constraints and that we
discuss in our numerical analysis, the h (H ) is mostly hu-
like (hd -like) and the A (G0) is mostly ad -like (au-like). The
two vanishing eigenvalues correspond to the neutral Gold-
stone boson and the SM-like Higgs boson mass. These are
the only two neutral scalar states that belong to the EFT,
and all remaining heavy neutral Higgs bosons are integrated
out. The third eigenvalue m2

Hs
corresponds to the mass of

the scalar singlet. The second and fifth eigenvalues, m2
H and

m2
A, are degenerate and coincide with the mass of the charged

Higgs boson, m2
H± . The last eigenvalue, m2

As
, corresponds to

the pseudoscalar singlet.

Fermions Using the approximation v → 0 the top quark
as well as all other SM fermions are massless and do not
mix with each other. Considering the fermionic supersym-
metric partner particles and assuming the Weyl basis ψ0 =
(B̃, W̃3, H̃0

d , H̃0
u , S̃)T and ψ− = (W̃−, H̃−

u )T where H̃0
d ,

H̃0
u , H̃−

u , S̃ are the neutral and charged doublet Higgsino and
singlino fields, respectively, for the neutral and the charged
fields results in the following neutralino and chargino mass
matrices,

MN =

⎛
⎜⎜⎜⎜⎜⎝

M1 0 0 0 0
0 M2 0 0 0
0 0 0 −λ vs√

2
eiϕs 0

0 0 −λ vs√
2
eiϕs 0 0

0 0 0 0
√

2κvseiϕs

⎞
⎟⎟⎟⎟⎟⎠

MC =
(
M2 0
0 λ vs√

2
eiϕs

)
. (2.12)

The neutralinos and charginos have a non-zero mass. Their
mass-matrices can be diagonalized analytically. We find the
following mass eigenvalues:

mχ0
1

= |M1| (2.13a)

mχ0
2

= |M2| (2.13b)

mχ0
3

= mχ±
2

(2.13c)

mχ0
4

= mχ±
2

(2.13d)

mχ0
5

=
√

m2
As/3 + m2

Hs
(2.13e)

mχ±
1

= |M2| (2.13f)

mχ±
2

= |λ|
|κ|

√
m2

As/3 + m2
Hs

2
, (2.13g)

where all complex phases have been absorbed into the rota-
tion matrices and vs is replaced by

vs =
√

m2
As/3 + m2

Hs√
2|κ| . (2.14)

Sfermions In the limit v → 0 the squared sfermion mass
matrices are only given in terms of the soft-SUSY breaking
parameters, and the mixing between left- and right-handed
scalars vanishes. Thus their interaction eigenstates coincide
with the mass eigenstates,

m2
X̃

=
(
m2

X̃ L
0

0 m2
X̃ R

)
, X = u, d, l , (2.15)

assuming minimal flavour violation (i.e. diagonal m2
X̃ L

,

m2
X̃ R

). The above diagonal mass matrix has two eigenstates

X̃1,2 with massesmX̃1,2
= {mX̃L

,mX̃R
} for the superpartners

of each SM fermion generation. Note that only the 3rd gen-
eration of quarks and leptons has significant effects on the
Higgs boson masses.

3 The loop-corrected Higgs mass in the EFT approach

In the scenario that we are considering in this paper, all
the soft-SUSY-breaking mass parameters of the sfermions
and gauginos, m2

Q̃
, m2

L̃
, m2

ũ R
, m2

d̃R
, m2

ẽR
, and M1, M2, M3,

together with mHs ,mAs ,mH± are much larger than the SM
EW scale. These masses are similar to ∼ MSUSY where
MSUSY � v. Since all SM-like particles have a mass
mSM ∝ v, this means MSUSY � mSM.

In such a scenario, a fixed-order approach will lead to large
logarithms of ln(v2/M2

SUSY) which will destroy the pertur-
bative expansion and hence a precise prediction. Therefore,
we follow the EFT approach where we match the NMSSM
to the effective field theory (that we identify with the SM in
this paper) at the scale MSUSY in such a way that at MSUSY

both theories lead to the same physical predictions. The con-
tributions containing large logarithms of ln(v2/M2

SUSY) will
be resummed through the SM renormalisation group equa-
tions (RGE). In the NMSSM calculation, we will denote the
SM-like Higgs that is matched to the Higgs boson of the
EFT as the one which is predominantly made up of the hu
component of (2.3).

For the matching procedure, we are following two match-
ing condition schemes which allow us to relate the effective
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quartic Higgs coupling λSM
h in the SM3 to the one in the

NMSSM. For the quartic interaction term we use the nor-
malisation −λSM

h |H |4, with the neutral component of the
SM Higgs doublet H given by H0 = 1√

2
(vSM + h + iG0).

• In the first scheme, we directly require the four-point
functions, i.e. matrix elements, with four external Higgs
bosons in the SM and the SM-like Higgs bosons in the
NMSSM to be the same at the matching scale. We can
then calculate loop corrections to the quartic Higgs cou-
pling within the NMSSM, λNMSSM

h , that we then identify
with the loop-corrected SM one λSM

h . In the following, we
will refer to this scheme as quartic-coupling matching.

• In the second scheme, we demand that the pole masses
of the Higgs boson in the SM and the SM-like Higgs
boson in the NMSSM are equal at the matching scale.
The SM MS mass at the matching scale is then computed
from this matching condition. Here, it has to be ensured
that all large logarithms of ln(v2/M2

SUSY) are canceled
by applying a proper expansion. The extraction of the
effective quartic Higgs coupling via (3.29) is discussed
in Sect. 3.2 in more detail. We will refer to this scheme
as pole-mass matching.

The major difference between the two matching schemes
consists in the diagrams to be evaluated (cf. [56] for a detailed
discussion): While the quartic-coupling matching requires
four-point functions to be calculated in the limit of v → 0,
the pole-mass matching requires at most only two-point func-
tions, i.e. self energies, to be evaluated, at the expense of hav-
ing to carry out the calculation in the EW-broken phase and
then expanding systematically in v2/M2

SUSY. In both match-
ing schemes, we obtain a value for the effective quartic Higgs
coupling of the SM, capturing the effects of the heavy par-
ticles with masses ∼ MSUSY and resumming all large log-
arithms ln(v2/M2

SUSY) consistently via RGEs. Before pre-
senting the calculation of the effective quartic Higgs cou-
plings in the two matching schemes, we show in Fig. 1 our
procedure for the computation of the loop-corrected Higgs
mass in the EFT approach, implemented in the new version
of NMSSMCALC, and describe it in detail in the following.

We start with the six SM input parameters (box 1a of
Fig. 1) which can be either

GF , αS(MZ ), Mt , MW , MZ , Mh (3.1)

or

α(MZ ), αS(MZ ), Mt , MW , MZ , Mh, (3.2)

where all masses are considered to be the pole masses. We
call the choice of input parameters of (3.1) the “GF scheme”,

3 Note that we explicitly distinguish between λ, which is the NMSSM
superpotential parameter, and the quartic Higgs coupling in the SM,
λSM
h .

while we denote the choice of (3.2) as the “αMZ scheme”.
We then have to convert all OS input parameters to their
corresponding MS parameters at the scale Mt . For the αMZ

scheme we use the conversion formulae which are already
available in NMSSMCALC. These conversion formulae have
been given in the appendix D of [32], but we use them now
at the scale Mt instead of MZ . For the GF scheme, we use
the conversion formulae at the scale Mt , presented in [57].
Although [57] provides the full two-loop corrections to the
conversion formulae, we took into account only one-loop
EW corrections for all parameters and two- and three-loop
QCD corrections for the conversion of Mt . In addition, we

converted between Mh and λ
SM,MS
h at O(αt (αt + αs)). This

is the same level of approximation as in the αMZ scheme.
As running MS parameters in the SM, we choose (box 2)

gSM, MS
1 , gSM, MS

2 , gSM, MS
3 , Y SM, MS

t , vSM, MS, λ
SM, MS
h .

(3.3)

As usual, we denote by g1, g2, g3 the three gauge couplings
of the corresponding three gauge symmetry groups U (1)Y ,
SU (2)L and SU (3)C , while Yt is the top Yukawa coupling.
After obtaining these MS parameters at Mt , we apply the SM
RGEs4 including full two-loop and partial three- and four-
loop contributions [42,58–60] to run up to the matching scale
which is denoted by Qmatch with Qmatch � Mt .

For the NMSSM calculation at the high-energy scale Qinp

(box 1b), we have the following input parameters:

vs, tan β, mQ̃3
, mũR3

, M1, M2, M3, λ, κ, At , ReAλ,

ReAκ , ϕu, ϕs (3.4)

as well as the corresponding parameters of (3.3) in the DR
scheme with the exception of the quartic Higgs coupling
λh , which is not an input parameter in the NMSSM. We
remind that the M1,2,3 and At are complex, their phases
are included in the running from Qinp to Qmatch, while the
imaginary parts of Aλ and Aκ are eliminated through the
tadpole equations at Qmatch. The phases of the other com-
plex parameters, i.e. λ and κ , do not run since their UV-
counterterms vanish [33]. Note, that for the sfermion con-
tributions we only take into account corrections from the
stops, i.e. the top-quark Yukawa coupling is the only non-
zero Yukawa coupling. The first five parameters in box 1b),

gNMSSM,DR
i , YNMSSM,DR

t and vNMSSM,DR, are not fixed as
(user) input parameters but actually depend on the values of
the running SM-parameters in box 3). To solve this two-scale
problem, the full set of running SUSY parameters is deter-
mined by an iterative RGE running between Qinp and Qmatch

with XNMSSM,DR(Qinp) = XSM,DR(Qmatch) (X = gi , Yt , v)
as a first guess, which is symbolised by the double-arrow in

4 We employ for g1 the GUT normalisation gGUT
1 = √

5/3g1 com-
monly used in SM RGEs.
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Fig. 1 Schematic procedure for the computation of the loop-corrected Higgs mass in the EFT approach implemented in NMSSMCALC

Fig. 1. The MS → DR conversion formulae for g1, g2 and g3

between high-scale and low-scale parameters at 1-loop level
are given by

gNMSSM,DR
i = gSM,MS

i + δgreg
i + δgthr

i , (3.5)

where the δgreg
i denote MS–DR shifts related to the difference

in the regularization schemes [61],

δgreg
1 = 0, δgreg

2 = g3
2

48π2 , δgreg
3 = g3

3

32π2 , (3.6)

and the δgthr
i are the threshold corrections5 for v → 0 includ-

ing the effects of the heavy particles which are integrated out
in the EFT [55]. They read

5 The threshold corrections for the gauge couplings can e.g. be obtained
from matching the Z and W± boson pole masses as well as the running
electromagnetic and strong couplings [50,62].

δgthr
1 = − g3

1

512π2

⎡
⎣12 ln

∣∣μ2
eff

∣∣
Q2 + 3 ln

m2
H±
Q2

+
∑
i=3

⎛
⎝3 ln

m2
L̃i

Q2 + 6 ln
m2

ẽR,i

Q2

⎞
⎠

+
3∑

i=1

⎛
⎝ln

m2
Q̃i

Q2 + 8 ln
m2

ũ R,i

Q2 + 2 ln
m2

d̃R,i

Q2

⎞
⎠
⎤
⎦ ,

(3.7)

δgthr
2 = − g3

2

192π2

⎡
⎣8 ln

M2
2

Q2 + 4 ln

∣∣μ2
eff

∣∣
Q2 + ln

m2
H±
Q2

+
∑
i=3

⎛
⎝ln

m2
L̃i

Q2 + 3 ln
m2

Q̃i

Q2

⎞
⎠
⎤
⎦ , (3.8)
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δgthr
3 = − g3

3

192π2

⎡
⎣12 ln

M2
3

Q2

+
3∑

i=1

⎛
⎝2 ln

m2
Q̃i

Q2 + ln
m2

ũ R,i

Q2 + ln
m2

d̃R,i

Q2

⎞
⎠
⎤
⎦ , (3.9)

where Q = Qmatch, and we introduced the effective μ param-
eter,

μeff = λ
vs√

2
eiϕs , (3.10)

and m2
H± is given in (2.6). For the top Yukawa coupling, we

only require the matching relation at tree level for a consistent
calculation of the effective quartic Higgs coupling at 1-loop
order,

YNMSSM,DR
t = Y SM,MS

t / sin β. (3.11)

The matching of the VEV will be discussed in Sect. 3.2, as it is
not needed for the quartic coupling matching in the unbroken
phase, but for the pole mass matching. With the NMSSM

DR parameters gNMSSM,DR
i , YNMSSM,DR

i , expressed through
their low-scale MS counterparts, and the other SUSY input
parameters of (3.4) at the scale Qmatch ∼ MSUSY (box 3), we
can then compute the loop corrections in the NMSSM to the

quartic Higgs coupling λ
NMSSM,MS
h (Qmatch) of the hu-like

Higgs boson,6 or to the pole mass of the hu-like Higgs boson,
subtracting the SM corrections consistently and keeping only
the pure NMSSM contributions (box 4).

Note that in our implementation, we allow the match-
ing scale Qmatch to be different from the input scale Qinp at
which the SUSY parameters of (3.4) are given. In the case of
Qmatch �= Qinp, we use the two-loop NMSSM RGEs as cal-
culated by SARAH [41–44,63–67] to run the SUSY parame-
ters from Qinp to Qmatch. As the Yukawa and gauge couplings
are given at Qmatch (and not Qinp) via their low-scale inputs,
we thus have to implement the running of the SUSY param-
eters via an iterative procedure until all parameters converge
at the matching scale. We note that due to the RGE running, a
CP-violating phase of one of the soft-SUSY-breaking param-
eters typically induces CP-violating phases also for the other
SUSY parameters, so that the CP-violating effects cannot be
limited to only one sector of the model.

The obtained loop-corrected λ
NMSSM,MS
h (Qmatch) is then

compared to the quartic Higgs coupling of the SM

λ
SM,MS
h (Qmatch) of (3.3) at the scale Qmatch (box 5). If the

absolute value of the relative difference between the two
quartic couplings, 
λ ≡ (λSM,MS−λNMSSM,MS)/λSM,MS, is

6 By writing λ
NMSSM,MS
h , we mean that, while the SUSY calculation

is performed in the DR scheme, we express the Yukawa and gauge
parameters via the low-scale MS quantities.

larger than ε = 10−5, we change the SM input Mh and, start-
ing again from the top of Fig. 1, iterate the procedure until the
precision goal |
λ| < ε is reached.7 In order to efficiently
scan over different values of Mh , we use the bisection method
for which the procedure converges in logarithmic time. The
found value of Mh for which the SM and NMSSM quartic
Higgs couplings have the same value at the matching scale
Qmatch (within the precision goal) and at the considered loop
order is then identified with our predicted loop-corrected SM-
like on-shell Higgs mass in the EFT approach (box 6).

To compare the two approaches for the matching condi-
tions, in the numerical discussion in Sect. 4, we will denote
the obtained values for the SM-like on-shell Higgs mass
by M IV

h for the quartic-coupling matching and by M II
h for

the pole-mass matching, i.e. the Roman superscript specifies
which scalar n-point function was used in the matching.

3.1 Quartic-coupling matching conditions

We present here our computation of the effective quartic
Higgs coupling at the tree and one-loop level after subtracting
the SM contributions, i.e. the contributions from all particles
which appear in the SM EFT Lagrangian. To improve our pre-
diction, we have included two-loop QCD and mixed QCD-
EW corrections as well as the O(α2

t ) corrections in the limit
of the CP-conserving MSSM which are available inSUSYHD

[68] and Ref. [69], respectively.8 Our λ
NMSSM,MS
h (Qmatch)

can then be written as the sum of the tree-level, one-loop,
and MSSM two-loop parts,

λ
NMSSM,MS
h (Qmatch) = λ

NMSSM,tree
h + 
λ

NMSSM,1l
h

+
λ
MSSM,2l
h . (3.12)

Note, that 
λ
MSSM,2l
h is not sensitive to the CP-violating

phases entering λ
NMSSM,tree
h and 
λ

NMSSM,1l
h .

3.1.1 Tree level

At the tree-level the four-h vertex receives contributions from
the Feynman diagrams sketched in Fig. 2. Taking into account

7 Note that our iterative procedure is slightly different from the one used

in [51,52] where in the fifth step, the authors have set λSM,MS
h (Qmatch) =

λ
NMSSM,MS
h (Qmatch) and then use the SM RGEs to run λ

SM,MS
h down

to the EW scale, where they compare to their input value for the quartic
Higgs coupling. Our procedure is, however, quite similar to the one used
in [53].
8 Note that the MSSM results in [68] assume a normalisation of the

quartic interaction term in the SM Lagrangian of − λSM
h
2 |H |4, so that

we have to multiply all MSSM terms by a factor of 1
2 for our choice of

normalisation.
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Fig. 2 Exemplary tree-level diagrams which contribute to the tree-
level quartic-coupling matching. Thick (thin) lines denote heavy (light)
particles which are (not) integrated out in the EFT. The dashed external
lines correspond to the SM-like Higgs eigenstate h. The second and

third diagrams exhibiting a heavy CP-even (S) or CP-odd (As ) singlet
in the propagator have to be taken into account also for t- and u-channel
propagators. Note that the third diagram with the As exchange is absent
in the CP-conserving case

all tree-level contributions to the effective quartic Higgs cou-
pling, we get the following expression,

λ
NMSSM,tree
h = 1

8
(g2

1 + g2
2) cos2 2β

︸ ︷︷ ︸
MSSM D-terms

+ 1

4
|λ|2 sin2 2β

︸ ︷︷ ︸
NMSSM F-terms

(3.13a)

− 1

48|κ|2m2
Hs

(3m2
Hs

+ m2
As

)

(
3|κ|2m2

H± (1 − cos 4β)

+ (3m2
Hs

+ m2
As )

(
|κ||λ| cos ϕy sin 2β − 2|λ|2

))2

︸ ︷︷ ︸
s/t/u− channel S

(3.13b)

− 3

16m2
As

|λ|2(3m2
Hs

+ m2
As

) sin2 2β sin2 ϕy

︸ ︷︷ ︸
s/t/u− channel As

, (3.13c)

where the origin of each term is explained by the corre-
sponding text underneath. While the two contributions of
(3.13a) directly originate from the scalar potential in the
NMSSM, the terms of Eqs. (3.13b) and (3.13c) arise when the
heavy CP-even and CP-odd singlets, appearing as intermedi-
ate states in the s-, t-, and u-channels, are integrated out. For
simplicity of the expressions in Eqs. (3.13b) and (3.13c) we
have used the masses m2

Hs
,m2

As
,m2

H± instead of vs, ReAκ

and ReAλ. Compared to the CP-conserving case presented
in [53], there are additional contributions from the CP-odd
singlet field As , corresponding to the term in (3.13c). This
term will vanish if sin ϕy = 0, i.e. if there is no CP-violation
at tree-level in the Higgs sector.

3.1.2 One loop

At the one-loop level, the matching condition of the quartic
Higgs coupling receives corrections from diagrams involving
at least one heavy SUSY particle. In Fig. 3 we show example
diagrams, where thick lines correspond to heavy SUSY par-
ticles and thin lines to light SM fields. We divide the one-loop
corrections into the following six pieces,


λ
NMSSM,1l
h = 
λ� + 
λ
 + 
λSE + 
λCT

+
λreg + 
λgauge-thr. (3.14)

The first four terms correspond to the box, vertex correction,
self-energy and counterterm contributions, respectively. The
last two terms correspond to the shift induced by the differ-
ent regularization schemes used in the NMSSM and the SM
calculations and the contributions from the matching of the
gauge couplings. In all above contributions, diagrams with
only SM particles (light states) in the internal lines are dis-
carded, since they belong to the SM contributions and would
cancel in the matching condition. All diagrams which con-
tain at least one SUSY particles (heavy state) in the inter-
nal lines are kept. Since the momenta of the external Higgs
bosons are set to be zero, all four-, three- and two-point one-
loop integrals can be reduced to vacuum integrals. For the
calculation of the diagrams we make use of the mass- and
mixing-matrices of the NMSSM in the unbroken phase of
the EW symmetry as specified in Sect. 2.

Box diagrams such as shown in Fig. 3a–d are of simi-
lar structure as those which are encountered in the MSSM
with the difference that the additional NMSSM degrees-of-
freedom are present in the loop. They constitute a sepa-
rately UV-finite subset. An entirely new type of correction
arises in the (complex) NMSSM due to the presence of the
non-local contributions at tree-level, cf. Fig. 2 second and
third diagrams. At the one-loop level, these diagrams receive
vertex corrections 
λ
, propagator corrections 
λSE, and
corresponding counterterm corrections 
λCT shown exem-
plary in Fig. 3e–h. The vertex corrections originate from the
exchanges of a CP-even or a CP-odd singlet which can be
written as


λ
 = −ghhS
m2

Hs


ghhS − ghhAs

m2
As


ghhAs (3.15)

where 
ghhS,
ghhAs are genuine one-loop contributions to
the triple Higgs vertices h−h−S and h−h−As , respectively,
and the trilinear couplings ghhS, ghhAs are given in (3.19a)
and (3.19b), respectively. The propagator corrections come
from the one-loop self-energy diagrams of the heavy CP-even
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Fig. 3 Selection of one-loop diagrams contributing to the one-loop
quartic-coupling matching. Thick (thin) lines denote heavy (light) par-
ticles which are (not) integrated out in the EFT. The diagrams a–e, g

Show exemplary box, vertex correction and self-energy diagrams, while
the diagrams f, h represent the vertex and mass counterterm diagrams,
which implicitly contain contributions from tadpoles

and CP-odd singlet states. They can be expressed as


λSE = −1

2

(
ghhS
m2

Hs

)2

�SS(0)−1

2

(
ghhAs

m2
As

)2

�As As (0)

−ghhAs ghhS
m2

As
m2

Hs

�SAs (0) (3.16)

where �xy(0) (x, y = S, As) are the self-energies of the
transitions x → y evaluated at zero external momentum
in the limit v → 0. For the counterterm contributions, we
note that all parameters appearing explicitly in the tree-level
expression in (3.13a) to (3.13c) are renormalised in the DR
scheme. For the tadpoles, we instead use OS-like renormal-
isation conditions, such that the minimum of the scalar tree-
level potential is identical to the loop-corrected one. At the
same time, this choice removes all heavy-light mixing con-
tributions on the external legs of Fig. 2. In the case of the h-H
mixing, this is equivalent to working directly in the unbro-
ken phase and using an OS-like counterterm for tan β for
the removal of the heavy-light mixing (cf. [55]). In the CP-
violating case, one also has to deal with h-A mixing which
is removed via an OS-like condition for the tad tadpole. As
a consequence, the counterterm of λNMSSM

h gets UV-finite
contributions only from the diagonal wave-function renor-
malisation constant of the external Higgs fields, the singlet
tadpoles and the tadpole of the field ad . The latter enters via
the counterterm of Im(Aλ). We can express 
λCT as


λCT = 2λ
NMSSM,tree
h δ(1)Zh − δ(1)ths

2vs

(
g2
hhS

m4
Hs

+
g2
hhAs

m4
As

)

+ δ(1)tas
2vs

(
3
g2
hhAs

m4
As

tan ϕw − 4
ghhAs ghhS

m2
As
m2
Hs

− g2
hhS

m4
Hs

tan ϕw

)

+δ(1)Im(Aλ)

(
ghhAs
m2

As

∂ghhAs
∂Im(Aλ)

+ ghhS
m2
Hs

∂ghhS
∂Im(Aλ)

)∣∣∣∣∣
min

(3.17)

where the tadpole counterterms δ(1)ths ,as originate from
mass-counterterm inserted diagrams, Fig. 3h, and δ(1)ImAλ

from the vertex-counterterm inserted diagrams in Fig. 3f. The
subscript ’min’ indicates that the expression is evaluated at
the minimum of the potential (where Im(Aλ) is no input any-
more), i.e. using the solutions for the tadpole equations. The
Higgs field wave-function renormalisation constant at one-
loop order is given by

δ(1)Zh = −d�hh

dp2

∣∣∣∣
p2=0

(3.18)

and the trilinear Higgs couplings related to the singlet states
as well as their partial derivatives w.r.t. to Im(Aλ) are

ghhS = 1

2vs

(
|κ||λ|v2

s sin(2β) cos ϕy − 2|λ|2v2
s

+m2
H± sin2(2β)

)
, (3.19a)

ghhAS = −3

2
|κ||λ|vs sin(2β) sin ϕy , (3.19b)

∂ghhS
∂Im(Aλ)

= − |λ|√
2

sin(2β) sin(ϕw − ϕy) , (3.19c)

∂ghhAS

∂Im(Aλ)
= − |λ|√

2
sin(2β) cos(ϕw − ϕy) . (3.19d)

All other counterterm diagrams are of O(v2/M2
SUSY) or

higher and neglected in the quartic coupling matching. Note,
that the couplings in Eqs. (3.19a)–(3.19d) are given at the
minimum of the tree-level potential while the derivatives of
the couplings have to be evaluated before using the tadpole
solutions. Finally, the counterterm of Im(Aλ) is related to
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the counterterm of the ad -tadpole via the tree-level tadpole
solution as

δ(1)Im(Aλ) =
√

2

|λ|vs cos(ϕw − ϕy) sin β

δ(1)tad
v

. (3.20)

The above contributions have been obtained by two inde-
pendent calculations. One calculation relies on SARAH [70]
to compute the expression for the effective quartic Higgs
self-coupling and the other one uses FeynArts-3.11
[71,72] and FeynCalc-9.3 [73–75]. Note that in [53],
the authors found that in the old version of SARAH, a term
related to the singlet tadpole was missing. After implement-
ing generic tadpoles into a private version of SARAH and
computing the singlet tadpole contributions, the results from
the two calculations were found to agree. In addition, we
performed a non-trivial check of the scale dependence of
λ

NMSSM,tree
h + δλ

NMSSM,1 l
h . We tested that the slope of its

scale dependence is the same as the slope of the scale depen-
dence of the SM quartic coupling at one-loop level.

At the beginning of this section, we discussed that the
quartic-coupling matching is performed in the limit of the
unbroken phase, v → 0. This is also the general strategy
employed in [62,70]. However, from Eq. (3.20) we can see,
that the actual limit v → 0 has to be taken with care in
the CP-violating case and requires the expansion of tad-
poles up to O(v). The explicit expansion of δ(1)tad /v up
to O((v2/M2

SUSY)0) is derived in Appendix A. It should be
stressed, that this situation was not encountered before in e.g.
calculations within the CP-violating MSSM: In the MSSM
all diagrams that contain δ(1)ti/v-terms are suppressed by
additional powers of v. Therefore, the crucial difference to
the pure CP-conserving case is that, in the CP-violating case,
the effects of the h-Amixing cannot be entirely removed from
the matching condition via the introduction of a finite coun-
terterm. In the language of Ref. [55] this means, while contri-
butions from the counterterm of tan β exactly cancel the h-H
mixing in all diagrams (no δ tan β is left over), the countert-
erm contributions from the mixing angle that describes the
h-A mixing have a left-over finite effect on the matching
condition via vertex counterterms as in Fig. 3f.

Finally, we have to take into account the shift due to the
NMSSM calculation being done in the DR scheme and the
SM contributions being calculated in the MS scheme,


λreg = 1

64π2

[
g4

2

3
cos2 2β − 1

2

(
g4

1 + 2g2
1g

2
2 + 3g4

2

)]
.

(3.21)

There are two contributions to this shift: The first term in
(3.21) accounts for the DR–MS conversion of the gauge cou-
plings given in (3.6), since we express all gauge and Yukawa
parameters in the threshold corrections to the quartic cou-
pling in (3.14) by their MS values of the low-energy EFT.

An additional contribution arises due to diagrams involving
quartic couplings between two Higgs and two gauge bosons
[70]. As explained above, we discard all diagrams contain-
ing only SM-fields i.e. we implicitly subtract these pieces in
the DR scheme. However, the subtraction-term strictly would
need to be computed in the MS scheme using dimensional
regularization rather than dimensional reduction. The sec-
ond term of (3.21) remedies this mismatch between the two
schemes in the subtracted SM contributions.

In addition to the regularisation-scheme shift to the gauge
couplings, we also take into account the one-loop gauge
thresholds from the matching of the gauge couplings between
the NMSSM and the SM,


λgauge-thr = λ
NMSSM,tree
h (gi → gi + δgthr

i ) − λ
NMSSM,tree
h (gi )

= 1

4

(
g1δgthr

1 + g2δgthr
2

)
cos2 2β + O((δgi )

2),

(3.22)

that arise when integrating out all heavy degrees of free-
dom of the NMSSM. The δgthr

i are defined in Eqs. (3.7) and
(3.8). As the singlet states in the NMSSM do not influence
the gauge couplings, the shifts of Eqs. (3.21) and (3.22) are
identical to the ones of the MSSM [55].

3.2 Pole-mass matching conditions

The pole-mass matching scheme is defined by the condition
that the pole-mass of the SM-like Higgs mass eigenstate in
the NMSSM9 is equal to the SM one,

(MSM
h )2 != (MNMSSM

h )2. (3.23)

The defining equation for the pole-mass in the SM reads

0 = p2 − (mSM
h )2 + Re�̂SM

h (p2 = (MSM
h )2). (3.24)

Here, mSM
h denotes the running MS mass of the SM Higgs

boson, i.e. the tree-level mass expressed through MS parame-
ters, and �̂SM

h is the renormalised one-loop self-energy calcu-
lated at a fixed order in the MS renormalisation scheme. The
solution p2 = (MSM

h )2, which fulfills Eq. (3.24) in general
has to be found iteratively. The calculation of the pole mass
of the SM-like Higgs boson in the NMSSM on the right-hand
side of (3.23) is more complicated due to the appearance of
multiple Higgs states and their mixing. In general, the pole
masses of the Higgs bosons in the NMSSM are the eigenval-
ues of the loop-corrected Higgs mass matrix MH ,10

(MH
)
i j = (mNMSSM

hi )2δi j − Re�̂NMSSM
i j (p2)

9 We remind that we consider the Higgs state to be SM-like if it is
predominantly made up of the hu component.
10 Here and above for the SM, we use the same sign convention for the
self-energy corrections as in [29–33].
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for i, j = 1, . . . , 5, (3.25)

where mNMSSM
hi

is the tree-level mass of hi (expressed

through the running DR parameters). In NMSSMCALC, the
squared tree-level masses are obtained after factorising the
Goldstone boson and then diagonalizing the tree-level mass
matrix. The eigenvalues are the squared masses that are
ordered by ascending mass values. The �̂NMSSM

i j (p2) in

(3.25) denote the DR-renormalised self-energies of the tran-
sitions hi → h j at the momentum squared p2. Simi-
larly to the SM, we take only the real part of the renor-
malised self-energy for our following discussions. The i th
loop-corrected pole mass, (MNMSSM

hi
)2, is then obtained

by iteratively diagonalizing the mass matrix MH until p2

approaches (MNMSSM
hi

)2. However, both the diagonalisation
of the loop-corrected mass matrix and the iterative procedure
mix different orders of perturbation theory. This mixing can
spoil the cancellation of large logarithms by inducing higher
powers of ln(v2/M2

SUSY)-terms. Thus, an iterative procedure
may induce a large theory uncertainty.

In order to obtain a consistent one-loop expansion which
is free of any powers of ln(v2/M2

SUSY), we approximate the
loop-corrected SM-like Higgs pole mass: We work in the
tree-level mass basis as in (3.25). In the following, we assume
that the SM-like Higgs state always corresponds to h1 with
the tree-level mass mNMSSM

h ≡ mNMSSM
h1

,

(MNMSSM
h )2 ≡ (MH

)
11 = (mNMSSM

h )2 − Re�̂NMSSM
11

(
p2),

(3.26)

i.e. we consider only the diagonal element corresponding to
the lightest state.11 At the one-loop level, it is consistent to
ignore all mixing self-energy contributions since the diago-
nalisation of the loop-corrected mass matrix only involves
terms proportional to the product of two or more one-loop
self-energies.12 In order to avoid further mixing of orders in
the iteration, we take only the first iteration of the pole-mass
equation where the momentum squared is set to be equal to
the tree-level mass squared, (MX

h )2 = (mX
h )2 −Re�̂X

h (p2 =
(mX

h )2) for X = {SM, NMSSM}. The matching of the pole-
masses in the two theories, Eqs. (3.24) and (3.26), is then
performed successively: We first evaluate the matching con-
dition at the tree-level which yields (mSM

h )2 = (mNMSSM
h )2.

Using this in the one-loop matching condition, Eq. (3.23),
we find

(mSM
h )2 − Re�̂SM

h

(
(mNMSSM

h )2) != (mNMSSM
h )2

11 For the pole-mass matching implemented in NMSSMCALC the SM-
like Higgs is not required to be the lightest Higgs state (h1), but could
also be a heavier state. However, in such scenarios our EFT approach
may not be valid any more and the result has to be taken with care.
12 It can be seen that, when diagonalizing (3.25) and then expanding
in the self-energies, the off-diagonal self-energy corrections with i �= j
only contribute at two-loop order or higher.

−Re�̂NMSSM
h

(
(mNMSSM

h )2), (3.27)

where we write �̂NMSSM
h ≡ �̂NMSSM

11 to simplify the nota-
tion. For a consistent expansion of the matching condition in
v2/M2

SUSY, the real part of the self-energies can furthermore
be expanded around small arguments,

Re�̂X
h

(
(mNMSSM

h )2) = �̂X
h (0) + (mNMSSM

h )2 �̂X ′
h (0)

+O((mNMSSM
h )4). (3.28)

Using the expansion of Eq. (3.28) in (3.27), the large loga-
rithms ln(MSUSY/v) at the matching scale Qmatch ∼ MSUSY

are the same on the left- and right-hand sides, and the match-
ing condition as a whole is thus free of these logarithms. We
finally note that, contrary to e.g. [51], no explicit tadpole con-
tributions are appearing in (3.27), as we define the minimum
of our scalar potential to correspond to the tree-level one at all
orders (“on-shell tadpole scheme”). Thus, the tadpole contri-
butions are taken into account implicitly via the mass-matrix
counterterm included in the renormalised self-energies (see
e.g. Appendix G of [32], with all counterterms, other than the
ones for the tadpoles, set to zero due to the MS/DR scheme
used in our calculation).

The tree-level relation between the MS mass mSM
h and the

quartic coupling parameter of the SM Lagrangian in the MS
scheme reads

(mSM
h )2 = 2(vSM)2 λ

SM, II
h , (3.29)

where vSM is the VEV of the SM in the MS scheme.13 Using
this relation, (3.27) implicitly defines a matching condition
for the quartic coupling and therefore allows to extract a pre-
diction for the effective quartic coupling of the SM-like Higgs
in the NMSSM at the matching scale, which we will denote

for consistency with the above notation as λ
NMSSM,MS, II
h .

Contrary to the quartic-coupling matching, the appearance
of the VEV in (3.29) prevents us from setting v → 0 right
from the beginning. The pole-mass matching thus requires a
double expansion in the loop order as well as in v2/M2

SUSY.
Solving (3.27) for the quartic coupling appearing in (3.29),
the pole-mass matching condition can then be cast in a similar
form as the quartic-coupling matching:

λ
NMSSM,MS, II
h = λ

NMSSM,tree, II
h + 
λ

NMSSM,1l, II
h + 
λ

MSSM,2l
h ,

(3.30)

where we again improve our result by adding the two-loop
MSSM corrections of [68,69] as in the case of the quartic-
coupling matching in (3.12). We introduce the additional

13 The vSM is gauge dependent, which, however, we have not investi-
gated in this study. We work in the ’t Hooft-Feynman gauge throughout
all parts of the calculation. Some discussions and investigations of the
gauge dependence can be found in [76,77].
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superscript II in order to distinguish the effective quartic cou-
pling obtained via approach from the corresponding one of
the quartic-coupling matching approach in (3.12), since the
former includes also partial v2/M2

SUSY terms.
The pole mass obtained in the NMSSM depends on the

VEV as defined in the high-energy theory, vNMSSM. As we
want to express the matching condition only in terms of either
vNMSSM or vSM, it is thus also required to match the VEV
and take into account the shift between the two,

(vSM)2 = (vNMSSM)2 + δv2 = (vNMSSM)2
(

1 + δv2

v2

)
.

(3.31)

In the last term of (3.31), we do not distinguish between vSM

and vNMSSM, as the difference is of higher order. The thresh-
old correction δv2 can be obtained from matching e.g. the
Z -boson pole mass at one loop in the SM and the NMSSM,
which can futhermore be related through Ward identities to
the wave-function renormalisation of the Higgs boson [62],

δv2

v2 =
[
�̂NMSSM′

h (0) − �̂SM′
h (0)

]
+ O(v2/M2

SUSY),

(3.32)

where �̂X ′
h denotes the first derivative of the self energy with

respect to the four-momentum squared.
Analogously to the quartic-coupling matching, we express

the gauge and Yukawa couplings entering the NMSSM self-
energies in terms of the MS quantities of the low-energy
effective theory. Thus, we use a tree-level matching of the
Yukawa couplings due to their appearance only starting from
one loop, and the one-loop matching for the gauge couplings
of (3.5). If we were to simply plug (3.5) into the tree-level
mass term (mNMSSM

h )2 of (3.27), we would induce partial
two-loop contributions and higher (possibly spoiling the can-
cellation of large logarithms). In order to include the gauge
shifts consistently at the one-loop order, we expand the tree-
level mass in δgi = δgreg

i + δgthr
i (i = 1, 2) to first order

(
mNMSSM

h

)2 ≡
(
mNMSSM

h (gNMSSM,DR
i → gSM,MS

i + δgi )
)2

=
(
mNMSSM,tree

h (gSM,MS
i )

)2 + δgaugem2
h + O((δgi )

2)

(3.33)

The pole-mass matching involves a rotation into the mass
basis,

δgaugem2
h =

(
RH (v)δgaugeMHRHT

(v)
)

11
, (3.34)

where RH (v) are the rotation matrices that diagonalise the
squared neutral Higgs mass matrix, RH (v)MHRHT

(v) =

(mNMSSM
hi

)2δi j , in the broken phase (i.e. not as in Eq. (2.10)
but for the case of non-zero v) and

δgaugeMH

=
∑
i=1,2

(δgthr
i + δg

reg
i )

∂

∂gNMSSM,DR
i

MH

∣∣∣∣∣∣
gNMSSM,DR
i →gSM,MS

i

.

(3.35)

With this treatment we guarantee that all logarithms of the
form ln v/Qmatch appearing in the electroweak corrections
can cancel in the pole-mass matching while we still correctly
take into account the leading corrections from the DR − MS
conversion. However, in the numerical analysis we found that
these effect are numerically small compared to e.g. the stop
contributions.

3.2.1 Tree level

Keeping only the lowest-order terms of (3.27) and setting
the self-energy corrections to zero, we obtain together with
(3.29) the condition

(mSM
h )2 = 2(vSM)2 λ

SM, II
h

!= (mNMSSM
h )2. (3.36)

At lowest order, we do not have to take into account the
threshold corrections to the VEV, so we can set vSM =
vNMSSM with δv2 = 0. Furthermore, the right-hand side of
(3.36) is expressed via the SUSY and the low-energy MS
gauge parameters only, so that we also set δm2

h,gauge of (3.34)
to zero. Equation (3.36) thus becomes the tree-level matching
relation for the effective quartic coupling:

λ
SM, II
h

!= (mNMSSM
h )2

2(vNMSSM)2 ≡ λ
NMSSM,tree, II
h . (3.37)

We have checked that, by analytically diagonalizing the tree-
level Higgs mass matrix in the NMSSM with full VEV
dependence to obtain mNMSSM

h and then expanding (3.37) in
v2/M2

SUSY, the same expression as in Eqs. (3.13a)–(3.13c)
is obtained at the lowest order O((v2/M2

SUSY)0).

3.2.2 One loop

At one-loop order, we take into account the one-loop self
energies in (3.27), and obtain after plugging in (3.29):

2(vSM)2 λ
SM, II
h − �̂SM

h

(
(mNMSSM

h )2) != (mNMSSM
h )2

−�̂NMSSM
h

(
(mNMSSM

h )2), (3.38)
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which results in the expression for the effective quartic cou-
pling:

λ
SM, II
h

!= 1

2(vSM)2

[
(mNMSSM

h )2 − �̂NMSSM
h

(
(mNMSSM

h )2)

+�̂SM
h

(
(mNMSSM

h )2)]

≡ λ
NMSSM,tree, II
h + 
λ

NMSSM,1l, II
h .

(3.39)

To extract the leading terms in the expansion of v2/M2
SUSY,

we replace vSM by vNMSSM according to Eqs. (3.31) and
(3.32), and we expand the self-energies according to (3.28),
so that eventually, we obtain for the one-loop contribution to
the matching condition:


λ
NMSSM,1l, II
h = − 1

2(vNMSSM)2

[

�̂h + 2(mNMSSM

h )2
�̂′
h

]
,

(3.40)

where we have introduced the abbreviation 
�̂
(′)
h ≡

�̂
NMSSM(′)
h (0) − �̂

SM(′)
h (0). The last term of (3.40) can for

v → 0 immediately be identified with the first term of (3.17),
corresponding to the wave-function-renormalisation contri-
bution. In the tree-level piece of (3.39), given via (3.37), we
apply the replacement of (3.34) in order to take into account
the DR-MS and gauge threshold shifts consistently at the
one-loop order. Then, (3.39) is again expressed through the
SUSY input parameters as well as the MS parameters of the
low-energy theory only.

The self-energies and wave-function renormalisation con-
tributions required for the calculation of the pole-mass
matching at one loop are identical to the ones used for fixed-
order calculations of the pole masses, and we can therefore
reuse the available expressions in the NMSSMCALC code
after modifying the counterterms such that the self-energies,
which are given in the code in a mixed on-shell–DR scheme,
are renormalised purely in the DR scheme.14

As the pole-mass matching procedure depends non-
trivially on the value of the VEV due to the tree-level
mass diagonalisation, and relies on numerical cancellations
between different terms, the VEV cannot be set to zero
exactly, and the suppressed v2/M2

SUSY terms are thus always
included.15 As a cross check of the consistent one-loop
implementation of the pole-mass matching procedure, we
have numerically evaluated the matching procedure for an
artificially small value of v ∼ 1 GeV to decrease the size

14 We note that this procedure thus requires the use of Re Aλ as a DR
input parameter instead of the on-shell input for the charged Higgs mass
mH±
15 We want to note that we include the dominant v2/M2

SUSY terms,
neglect, however, some numerically small v2/M2

SUSY contributions
arising from e.g. the matching of the gauge couplings, which we do
for an exactly vanishing VEV v → 0.

of the v2/M2
SUSY terms, and found in general very good

agreement with the quartic-coupling matching approach of
Sect. 3.1, see the discussion in Sect. 4.5.2.

Finally, we also include two-loop MSSM corrections [68,
69] to the matching condition, see (3.30). However, unlike
the one-loop results obtained with the pole-mass matching,
the two-loop results are not sensitive to v2/M2

SUSY terms or
CP-violating phases.

3.3 Uncertainty estimate

In this section we describe the method used to estimate differ-
ent theoretical uncertainties entering the Higgs mass predic-
tion. For a review of commonly considered uncertainties see
e.g. Ref. [8]. It is useful to distinguish between two sources
of uncertainty which originate in relations used at the low-
energy electroweak scale (SM uncertainty) and at the high-
energy matching scale (SUSY uncertainty).

SM uncertainties: The uncertainty originating from rela-
tions at the low-energy scale contains different components:

• Missing electroweak corrections in the extraction of SM
MS parameters are estimated by choosing either the
Fermi constant GF or the fine structure constant αMZ

as an input and adapting the renormalisation of the elec-
troweak sector accordingly using either the GF -scheme
[38] or the αMZ -scheme [33]. Note that we treat the level
a We denote the difference in the Higgs mass prediction
between the two renormalisation schemes by


SM
GF/αMZ

=
∣∣∣MGF

h − M
αMZ
h

∣∣∣ . (3.41)

• To estimate missing higher-order corrections in the rela-
tion between λSM, MS and the Higgs pole-mass beyond
the gauge-less limit, we take the MS parameters (obtained
in step 2 of Fig. 1), run them to QEW = Mt/2 and 2Mt ,
respectively, using SM RGEs and compute the Higgs
pole-mass at the two-loop order in the MS scheme by
solving

0 = p2 − 2λ
SM,MS
h (QEW)v2(QEW)

+Re�h(p
2, QEW)|UV−fin (3.42)

iteratively for p2 = MMS,pole
h (QEW). In Eq. (3.42) we

evaluate the UV-finite part of the Higgs self-energy in
the MS scheme at the full one-loop level and take into
account the leading two-loop O(αt (αt + αs)) correc-
tions, obtained with FeynCalc and TARCER. As a ref-
erence point we use the OS Higgs pole-mass from step
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1a and estimate the uncertainty as


SM
QEW

= max

{ ∣∣∣MOS
h − MMS,pole

h (2Mt )

∣∣∣ ,
∣∣∣MOS

h − MMS,pole
h (Mt/2)

∣∣∣
}
. (3.43)

Since these shifts are not symmetric around Mt , we take
the maximum of the two differences. The estimate is per-
formed for a fixed electroweak scheme which can be cho-
sen in the SLHA input file (αMZ or GF ).

• The third component computes the Higgs boson mass
while adding/removing three-loop (and higher-order)
corrections to the MS top quark Yukawa coupling:


SM
Yt = Mh(Y

O(α2
s )

t ) − Mh(Y
O(α3

s )
t ). (3.44)

This shift has been obtained numerically using the code
mr for mh = 125.1 GeV and Mt = 172.76 GeV.
The three-loop shift is negative and typically causes a
decrease of the effective SM Higgs mass of about ∼
800 MeV.

It should be noted that the three types of uncertainties are
not completely independent from each other with the excep-
tion of 
SM

GF/αMZ
and 
SM

Yt
, which can be considered to be

independent.

SUSY uncertainties: For the estimate of the high-scale
uncertainty, we generated the two-loop RGEs for the CP-
violating NMSSM using SARAH and implemented them in
NMSSMCALC. As stated before, the matching scale and the
SUSY scale (defining the scale of the SUSY DR input param-
eters) do not need to be the same. We change the match-
ing scale in the range of [MSUSY/2, 2MSUSY], and then
compare to the result obtained with Qmatch = MSUSY. It
should be noted that these shifts are not symmetric around
Qmatch = MSUSY and therefore we take the maximum of the
two differences as


SUSY
Qmatch

= max{
∣∣∣MMSUSY/2

h − M
MSUSY
h

∣∣∣ ,
∣∣∣M2MSUSY

h − M
MSUSY
h

∣∣∣}.
(3.45)

To estimate the uncertainty of missing higher-order cor-
rections to the matching condition which are not scale-
dependent, one typically changes the definition of the top-
quark Yukawa coupling entering the matching condition. The
structure of the NMSSM-specific component of this type of
uncertainty was already discussed in Ref. [53]. Since we plan
to include exactly this type of missing higher-order correc-
tions via a pole-mass matching using the results of Ref. [33]
in the near future, we also leave the corresponding uncer-
tainty estimate for future work.

Combined uncertainty: The total uncertainty is computed
by assuming independent individual uncertainties,


M II
h =

[(

SM

GF /αMZ

)2 +
(

SM

QEW

)2 +
(

SM

Yt

)2 +
(

SUSY

Qmatch

)2
] 1

2

.

(3.46)

As stated above, not all uncertainties are independent of
each other. Therefore, the total uncertainty computed by
NMSSMCALC is a rather conservative estimate. Equation
(3.46) is used to estimate the uncertainty of the Higgs mass
prediction if the pole-mass matching was chosen in theSLHA
input. If the quartic coupling matching was chosen, the uncer-
tainty is given by


M IV
h =

[ (

M II

h

)2 + (M II
h − M IV

h︸ ︷︷ ︸
≡
SUSY

v2/M2
SUSY

)2
] 1

2
, (3.47)

which takes the missing v2/M2
SUSY-terms into account and

is labeled as a third uncertainty16, the EFT uncertainty

SUSY

v2/M2
SUSY

, in Ref. [8].

4 Numerical results

In this section we investigate the results for the SM-like Higgs
boson mass prediction numerically using the implementation
in NMSSMCALC. We first perform a numerical cross-check
of our result by comparing with the findings of Ref. [53].
Furthermore, we investigate the size of the v2/M2

SUSY correc-
tions in different corners of the parameter space by com-
paring results obtained with either the pole-mass or quartic-
coupling matching and investigate the size of the individual
uncertainty components. Finally we also discuss the effects
of CP-violating phases on the Higgs mass prediction.

4.1 Setup and applied constraints

The physical SM input parameters used in step 1a of Fig. 1
are

GF = 1.1663788 × 10−5 GeV−2, α(MZ ) = 1/127.955,

αs (MZ ) = 0.1181, Mt = 172.69 GeV,

mMS
b = 4.18 GeV, Mτ = 1.77682 GeV,

MW = 80.377 GeV, MZ = 91.1876 GeV,

(4.1)

16 Note that, M II
h , M IV

h are both computed at the same order of approx-
imation. In an abuse of language we call the difference between them
“uncertainty” to address the missing v2/M2

SUSY effect of the quartic
coupling matching result.
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where either GF or αMZ is used as an input depending on the
renormalisation scheme choice, cf. Sect. 3.17

In order to investigate the difference between the two
matching procedures and the FO calculation (in the DR
scheme) and to assess the reliability of each calculation in dif-
ferent corners of the NMSSM parameter space, we have per-
formed a parameter scan varying the NMSSM input param-
eters uniformly in the following ranges,

100 GeV ≤ M1, M2 ≤ 1.5 TeV, 100 GeV ≤ μeff ≤ 1.5 TeV,

1 TeV ≤ mQ̃L3
,mt̃R3

≤ 2.5 TeV, MSUSY = √
mQ̃L3

mt̃R3
,

M3 = max{MSUSY, 2.3 TeV}, −2.5 TeV ≤ Aκ ≤ 100 GeV,

−2.5 TeV ≤ Aλ ≤ 2.5 TeV, −√
6 ≤ X̂t ≤ √

6,

1 ≤ tan β ≤ 20, 0.05 ≤ λ, κ ≤ 1.0 .

(4.2)

All soft-SUSY-breaking trilinear couplings are set equal to
Ai = X̂t MSUSY + μeff/tan β, whereas all left- and right-
handed soft-SUSY-breaking sfermion masses are set equal
to mQ̃L3

and mt̃R3
, respectively. The input scale is set to

Qinp = MSUSY. In order to simplify the scan we set all
CP-violating phases to zero and instead study the influence
of CP-violation for individual parameter points in Sect. 4.5.
Note that within this scan, we do not restrict the masses of the
SUSY particles to be very heavy such that parameter regions
suitable for a fixed-order as well as for the EFT calculation
(and intermediate regions) are contained in the sample. How-
ever, we put a lower bound on the masses of SUSY particles
according to the null search results at LEP and LHC [78] as
follows:

Mχ0,χ± > 200 GeV, Mt̃1 > 1310 GeV,

Mg̃ > 2300 GeV, MH+ > 500 GeV. (4.3)

The constraints on all other sfermion masses are automati-
cally fulfilled since the sfermions are approximately mass-
degenerate in the chosen parametrisation. We demand that the
lightest neutral CP-even Higgs boson is the SM-like Higgs
boson (by requiring an hu component of at least 50%). Its
mass is required to lie in the range

122 GeV ≤ M II
h ≤ 128 GeV. (4.4)

It should be noted that scenarios where the SM-like Higgs
boson is not the lightest scalar state are not excluded by cur-
rent measurements. However, in these scenarios the SM is
not the right EFT (rather a singlet-extended SM needs to
be considered) and therefore we exclude them from the scan.
We useHiggsTools [79], which containsHiggsBounds
[80], to check if the parameter points pass all the exclusion
limits from the searches at LEP, Tevatron and the LHC, and
HiggsSignals [81] to check if the points are consistent

17 The bottom and τ masses are needed in the fixed-order calculations.

with the LHC data for a 125 GeV Higgs boson within 2σ . We

do so by requiring 
χ2 =
∣∣∣χ2

MSUSY→∞ − χ2
i

∣∣∣ < 6.18, where

χ2
i is the χ2-value computed by HiggsSignals (assum-

ing a fix mass-uncertainty of ±3 GeV for all Higgs boson
masses) for the specific parameter point and χ2

MSUSY→∞ is a

SM-reference point obtained in the decoupling limit.18 We
furthermore require that λ2 + κ2 ≤ 1, which slightly relaxes
the requirement of perturbative unitarity below the GUT-
scale [82].

Concerning the concrete setup in NMSSMCALC we chose
to apply the constraints on the spectrum computed with the
pole-mass matching since this method promises to give pre-
cise results for both low and high SUSY masses. In addition,
NMSSMCALC computes and provides individual results for
Mh using the quartic-coupling matching and the old fixed-
order calculation, cf. Appendix B.

In the following we also discuss three individual parameter
pointsBP{1,2,3}. We list their input parameters in Table 1
and a subset of the resulting mass spectra in Tables 2 and 3.
The benchmark points BP1 and BP2 are taken from Refs.
[53] and [8] and have a BSM mass spectrum which is at or
above 2.5 TeV. The parameter point BP3 is part of the scan
sample described above and features a rather light singlet-
light state, Mh2 ≈ 300 GeV, which mixes to approximately
4% with the SM-like Higgs boson. BP1 and BP3 feature
relatively large λ and κ while BP2 is given in the MSSM-
limit. This choice of parameters enables us to compare with
the literature as well as to study NMSSM-specific scenarios
in the EFT-context not considered before.

4.2 Uncertainties

In Table 4 we list the individual uncertainties contributing
to the total uncertainty as defined in Sect. 3.3 for the bench-
mark points BP{1,2,3}. The two dominant sources are
the SUSY scale-uncertainty and missing higher-orders in the
extraction of the SM top-quark coupling followed by the SM
scale-uncertainty which are all between about 200–800 MeV
(in absolute values). The SUSY scale-uncertainty is particu-
larly large for the point BP3 which is due to its BSM mass
spectrum being spread across both the electroweak and the
TeV-scale. The uncertainty due to the scheme choice between
αMZ and GF , 
SM

GF/αMZ
, is always smaller than 100 MeV

indicating that the missing two-loop electroweak corrections
in the SM-part of NMSSMCALC are rather small.

If the quartic-coupling matching is considered, the miss-
ing v2/M2

SUSY corrections, 
SUSY
v2/M2

SUSY
, also contribute to the

total uncertainty 
M IV
h . These corrections are particularly

18 With the current HiggsSignals dataset we find χ2
MSUSY→∞ ≈

152.1, which is reasonably close to χ2 ≈ 152.5 found with the built-in
reference model SMHiggsEW of HiggsTools.
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Table 1 The most relevant input parameters for the Higgs boson mass
prediction chosen for three benchmark points considered in this work
(rounded to two digits). All parameters with mass dimension one are
given in units of TeV. BP3 is part of the scan sample obtained in this

work, BP1 was taken from Ref. [53], Fig. 2 and BP2 from Ref. [8], Fig.
5. The complete set of input parameters can be found on the webpage
of the program

tan β λ κ M1 M2 M3 At Aλ Aκ μeff mQ̃L3
mt̃R3

References

BP1 3.0 0.6 0.6 1.0 2.0 2.5 12.75 0.3 − 2.0 1.5 5.0 5.0 [53]

BP2 20.0 0.05 0.05 4.5 4.5 4.5 − 10.79 − 4.28 − 1.5 4.5 4.5 4.5 [8]

BP3 1.27 0.73 0.62 0.24 1.18 2.3 − 0.39 0.06 − 1.44 0.49 1.79 1.51 This work

Table 2 Neutral and charged Higgs boson masses derived from the
input parameters in Table 1 using NMSSMCALC. All values are given
in units of GeV. For neutral CP-even/odd Higgs bosons we indicate the
dominant gauge-eigenstate admixture in brackets. The lightest neutral

Higgs boson was computed using the pole-mass (M II
h ) and quartic-

coupling (M IV
h ) matching approaches. All other BSM Higgs boson

masses are computed in the DR scheme with the highest-available but
fixed order in NMSSMCALC

M II
h M IV

h Mh2 Mh3 MA1 MA2 MH+

BP1 124.29 (hu) 124.31 (hu) 2407.6 (hs ) 2971.8 (hd ) 2905.7 (a) 3000.2 (as ) 2967.1

BP2 125.15 (hu) 125.15 (hu) 4486.6 (hd ) 8616.7 (hs ) 4510.9 (as ) 4984.0 (a) 4995.0

BP3 127.16 (hu) 129.46 (hu) 305.5 (hs ) 659.5 (hd ) 663.8 (a) 1308.7 (as ) 658.4

Table 3 Excerpt of the SUSY
mass spectrum derived from the
input parameters in Table 1
using NMSSMCALC. All values
are given in units of GeV

mt̃1 mt̃2 mχ0
1

mχ0
2

mχ0
3

mχ0
4

mχ0
5

mχ+
1

mχ+
2

BP1 4829.6 5168.2 997.2 1491.5 1502.4 2010.5 3003.3 1490.2 2010.5

BP2 4335.2 4662.4 4432.6 4500.0 4500.0 4567.8 9000.0 4407.2 4559.9

BP3 1514.2 1799.1 232.8 484.1 498.2 835.4 1192.7 477.3 1192.6

important for the parameter point BP3 as it features a rather
light singlet. We find that the total uncertainty of BP3 is
shifted fromO(900 MeV) to aboutO(2 GeV) when using the
quartic-coupling matching instead of the pole-mass match-
ing. The effect of the light singlet and the interplay with the
v2/M2

SUSY corrections is studied in Sect. 4.4 in more detail.

4.3 Numerical validation and comparison with previous
works

In this section we numerically validate the calculation
and implementation of the two matching procedures in
NMSSMCALC. The one-loop matching condition for the quar-
tic coupling has previously been computed in e.g. Ref. [53]
and combined with the tool mr [83] which performs an OS-
MS conversion and RGE running of all SM parameters incor-
porating all state-of-the-art higher-order corrections [84–89]
(see also [90–93], where the OS-MS conversion formulae
for the SM Higgs, top Yukawa, and gauge couplings have
been computed at O(ααs)). In contrast, NMSSMCALC imple-
ments only the full one-loop and leading two-loop correc-
tions in the extraction of the SM MS parameters. Therefore,
we implemented an optional link of NMSSMCALC to the pro-
gram mr which replaces the in-house calculations performed
in steps 1a) to 3) in Fig. 1 with the predictions of mr. This

ensures that we use the very same running SM MS parame-
ters as Ref. [53] at a given scale Qmatch for a given set of SM
input parameters. Alternatively, we provide a similar link to
the tool SMDR [94] which uses a different treatment of the
Higgs tadpole and works in the MS scheme but goes similarly
beyond the corrections computed byNMSSMCALC [95–102].
It should be noted that both, mr and SMDR, increase the run-
time of NMSSMCALC significantly such that their use within
a parameter scan effectively becomes unviable. However, in
[103], the authors provide interpolation formulae based on
SMDR covering a 5σ range of the SM input parameters. We
implemented these interpolation formulae in NMSSMCALC
as an alternative approach to extract the SM MS parameters,
see Appendix B.

In Fig. 4 (left) we show the Higgs mass prediction apply-
ing the quartic coupling matching for M IV

h for the parame-
ter point BP1 as a function of λ. The parameter κ = λ is
varied simultaneously. The brown-solid line is a reprint the
one-loop curve found in Ref. [53] (Fig. 1) while the orange-
dashed, green-dotted and blue-solid lines are obtained with
NMSSMCALC when using mr, SMDR or the in-built SM cal-
culation, respectively. The blue band shows the uncertainty
estimate (cf. Sect. 3.3) of the pure NMSSMCALC result as
defined in Eq. (3.47). In the lower panel we plot the dif-
ference 
 = M IV

h

∣∣
[53] − M IV

h

∣∣
NMSSMCALC for each indi-
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Table 4 Individual (first five columns) and total (last two columns)
uncertainty estimate of the SM-like Higgs boson mass prediction for
the three parameter points defined in Table 1. All values are given in

units of MeV. The uncertainty 
SUSY
v2/M2

SUSY
only contributes to the total

uncertainty of the quartic coupling matching, i.e. to 
M IV
h


SM
Yt


SM
QEW


SM
GF /αMZ


SUSY
Qmatch


SUSY
v2/M2

SUSY

M II

h 
M IV
h

BP1 −738 208 −19 376 −21 854 836

BP2 −685 208 −69 189 −5 743 743

BP3 −401 198 20 694 −2294 826 2415

vidual NMSSMCALC result. We find very good agreement
between NMSSMCALC and Ref. [53] within the numerical
accuracy ifmr is used for the SM calculation (orange-dashed)
which is a strong numerical cross-check of our quartic cou-
pling matching. If we use SMDR instead of mr, the Higgs
mass prediction is moved downwards by ∼ 100 MeV. The
NMSSMCALC result differs by ∼ 500 − 600 MeV through-
out the shown range of λ but is in agreement with the other
three results within the estimated uncertainty. Since the SM
RGEs in NMSSMCALC are of the same order as in mr (full
two-loop and leading three- and four-loop), the difference
between the NMSSMCALC and mr result is mainly caused by
missing higher-order corrections in the OS−MS conversion
performed by NMSSMCALC.

Furthermore, the availability of the pole-mass matching
also enables us to perform another cross-check. The pole-
mass and quartic-coupling matching only differ by terms of
O(v2/M2

SUSY) and consequently should converge to each other
for large MSUSY if all large logs appearing in the pole-mass
calculation are cancelled properly. The two parameter points
BP1 and BP2 are suitable for such a comparison as the BSM
particle spectrum is of the order of the TeV-scale. In partic-
ular the stop masses, which control the numerically largest
loop corrections, are above 2.5 TeV and hence the related
uncertainties 
SUSY

v2/M2
SUSY

∼ O(10 Mev) (cf. Table 4). This

behaviour is demonstrated in Fig. 4 (right) for the parameter
point BP2 where all SUSY particle masses are varied simul-
taneously with MSUSY. The blue-solid line shows the Higgs
mass prediction obtained using the quartic-coupling match-
ing, M IV

h , while the red-dashed lines shows the result when
using the pole-mass matching, M II

h . In addition, we show the
fixed-order result (black-solid) obtained in the DR scheme
at O(αt (αt + αs)).19 The lower panel in Fig. 4 (right) shows
the difference 
 = M IV

h − Mi
h between the quartic cou-

pling matching and the other two results. For large MSUSY,
starting from MSUSY > 2 TeV, we find perfect agreement
between the pole-mass and quartic-coupling matching while
for low MSUSY they can differ by several GeV. The blue
uncertainty-band for M IV

h also includes the differences to the
pole-mass matching result, thereby demonstrating the impor-

19 Since BP2 is in the MSSM limit, this is the most precise 2-loop order
available in NMSSMCALC.

tance of the v2/M2
SUSY corrections in this regime. On the other

hand, the fixed-order result and the pole-mass matching show
better agreement for small MSUSY while for larger MSUSY

the fixed-order line features a different shape. One might
naively expect better agreement between the result obtained
in the pole-mass matching and the fixed-order calculation if
MSUSY < 1 TeV (see e.g. [8]). However, the two-loop cor-
rections to the matching condition taken from the literature
do not contain any v2/M2

SUSY terms while the two-loop fixed-
order calculation has the full dependence on the electroweak
VEV. Thus, the discrepancy between the two approaches for
very small MSUSY can be explained by the missing v2/M2

SUSY-
terms in the two-loop part of the EFT calculation. Indeed
we verified numerically, that the fixed-order and EFT-pole-
mass predictions agree better at low scales if only one-loop
corrections are taken into account. Therefore, the pole-mass
matching procedure implemented in NMSSMCALC possesses
features of a hybrid approach taking into account resummed
logs as well as pieces of v2/M2

SUSY as the hybrid approaches
in FlexibleEFTHiggs [49–51,104] and FeynHiggs
[3,105–108]. This method gives precise predictions for Mh

across a large range of MSUSY (see [8] for a complete list of
references). However, parameter points like BP2 which are
rather MSSM-like, often can only pass experimental con-
straints from stop searches, as well as the theoretical con-
straint of predicting Mh ≈ 125 GeV, by having MSUSY larger
than a few TeV and are therefore often saturated in the energy
regime where a quartic coupling matching is sufficient. In the
next section we show that this is not the case for the NMSSM,
as it can predict a light singlet, which can greatly benefit from
a pole-mass matching.

4.4 The case of a light singlet

We now consider the scenario of a rather light singlet which
is realised by the parameter point BP3. Note that due to
the appearance of a light state, we do not expect the SM
to be the correct EFT parametrisation for this parameter
point (and instead, the SM extended by a singlet scalar
should be used), but we nonetheless want to study its fea-
tures and compare how well the two matching approaches
perform. In Fig. 5 (left) we show the Higgs boson mass
prediction using the quartic-coupling matching (blue-solid),
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Fig. 4 Left: Higgs mass prediction for the parameter point BP1 as a
function of λ using the quartic coupling matching. Shown are the results
for M IV

h and its uncertainty estimate defined in Eq. (3.47), obtained with
NMSSMCALC (blue solid) or with a modified NMSSMCALC which uses
mr (orange dashed) or SMDR (green dotted) for the SM OS-MS conver-
sion and SM RGE-running. In brown we re-print the result taken from
Fig. 1 of Ref. [53]. The lower panel shows the differences of the result

found in Ref. [53] and the results obtained with NMSSMCALC. Right:
Higgs mass prediction for BP2 using the fixed-order (black), quartic
coupling matching (blue), pole-mass matching (red dashed) calcula-
tion of NMSSMCALC. The blue band is the uncertainty of the quartic-
coupling matching defined in Eq. (3.47). The lower panel shows the
differences with the result obtained in the quartic-coupling matching

Fig. 5 Left: The SM-like Higgs boson mass computed using the
quartic-coupling matching (blue), pole-mass matching (red dashed),
fixed-order O(αt (αt + αs)) (black dashed) and the fixed-order
O(αtαs + (αt + αλ + ακ)2) (black solid) calculation as a function of
λ for the parameter point BP3. The green line (to be read on the right
axis), shows the mass-prediction of the singlet-like state obtained at

fixed order Oαtαs + (αt + αλ + ακ)2. The red band is the uncertainty
obtained for the pole-mass matching result, as defined in Eq. (3.46).
Right: Size of the v2/M2

SUSY-type corrections as a function of the
second-lightest Higgs mass for all parameter points with a h2 featur-
ing at least 50% singlet admixture obtained in the random scan. Each
hexagonal bin shows the minimum value of

√
λ2 + κ2 found in that bin

the pole-mass matching approach (red-dashed, including the
red uncertainty band, applying Eq. (3.46)) and the fixed-
order calculation at O(αt (αt + αs)) (black dashed) and
O(αtαs + (αt + αλ + ακ)2) (black solid) as a function of
λ. The green line (to be read on the right axis) shows the
fixed-order prediction for the mass mHs of the singlet-like
state. We scale the other NMSSM-parameters according to

κ = λ · κBP3/λBP3, Aκ = ABP3κ · (3 − λBP3/λ)/2. This
parametrisation allows us to vary λ throughout a large range
while maintaining a decreasing singlet mass with increas-
ing λ and it furthermore avoids the presence of tachyonic
tree-level masses. For λ = λBP3 we recover the original
parameter point. For small λ ≈ 0.4 the singlet-like mass is
about 500 GeV while for large λ ≈ 0.9 it can be as light
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as 250 GeV. The SM-Higgs boson mass varies between 100
and 131 GeV within the considered λ range. In the small-λ
(and large mHs ) region we observe good agreement between
all four methods. However, as λ increases (mHs decreases)
the quartic-coupling matching result starts to deviate, reach-
ing a difference w.r.t. the other results of up to ∼ 15 GeV.
It should be stressed that the stop masses are always above
1.5 TeV for this parameter point. Therefore, all v2/M2

SUSY con-
tributions from the stop sector are negligible compared to
those originating in the singlet sector.

It remains the question whether missing higher-order cor-
rections to the matching condition proportional to λ and κ can
become significant for large λ. While the two-loop correc-
tions of this type to the matching condition are not available
in NMSSMCALC, they, however, have been included in the
NMSSMCALC fixed-order prediction [33]. This allows us to
estimate the importance of NMSSM-specific corrections by
comparing the three results. In Fig. 5 (left) we observe, that
the relative size of the NMSSM-specific higher-order correc-
tions in the fixed-order calculation is always much smaller
than the relative size of the missing v2/M2

SUSY contributions
in the EFT-approach. Therefore, the v2/M2

SUSY corrections
in the one-loop matching condition of the quartic-coupling
approach are numerically more significant than the missing
NMSSM-specific higher-order corrections to the matching
condition. Regarding the pole-mass matching the evaluation
of the importance of the missing two-loop corrections is left
for future work.

The region in Fig. 5 (left) that features very large

SUSY

v2/M2
SUSY

is clearly not in agreement with the Higgs

boson mass measurement. It is interesting to ask how large

SUSY

v2/M2
SUSY

can be for parameter points satisfying the con-

traint. In Fig. 5 (right) we therefore study the size of the
v2/M2

SUSY terms by plotting the absolute value of 
SUSY
v2/M2

SUSY
for

all parameter points found in the random scan, which fulfill
all applied constraints and feature a second-lightest singlet-
like scalar, as a function of the singlet mass mHs . The param-
eter points are grouped in hexagonal bins whereas the color
of each bin indicates the minimum value of

√
λ2 + κ2 found

in that bin. We observe that 
SUSY
v2/M2

SUSY
tends to decrease

for increasing mHs and therefore shows a similar behaviour
as the stop sector (note that e.g. the neutralinos could still
be lighter than the singlet and also cause v2/M2

SUSY contribu-
tions). However, the size of 
SUSY

v2/M2
SUSY

is also strongly influ-

enced by the size of λ and κ . For
√

λ2 + κ2 � 0.2 we find

SUSY

v2/M2
SUSY

� 1 GeV which is similar to what we obtain in

the MSSM with the present exclusion limits on the stops. It
is remarkable that the two matching approaches agree with
each other reasonably well for small λ and κ even if the sin-
glet is as light as 200 GeV (cf. dark blue points in the plot).
However, for

√
λ2 + κ2 � 0.3 the quartic-coupling match-

ing would suffer from large missing v2/M2
SUSY corrections,

which can reach up to O(5 GeV) for
√

λ2 + κ2 � 0.9.

4.5 CP-violating effects in the EFT calculations

In the following we study the effect of non-vanishing CP-
violating phases onto the Higgs mass prediction at the exam-
ple of the parameter points BP1 and BP3. We distinguish
two scenarios: (i) CP in the Higgs sector is conserved at the
tree-level but broken by loop effects from the SUSY fermions
and scalars and (ii) CP is already broken at the tree-level.

4.5.1 Loop-induced CP-violation

In Fig. 6 we show the Higgs mass prediction for BP1
(left) and BP3 (right) for individually varied phases of M1

(blue), M2 (black) and At (red). The lower panels show
the prediction for the electric dipole moment of the elec-
tron (eEDM) obtained with NMSSMCALC normalised to the
current experimental upper bound [109]. The solid lines
show the Higgs mass prediction obtained with the pole-
mass matching while the dashed lines are obtained with
the quartic-coupling matching. In addition, the results of
the quartic-coupling matching have been shifted by the con-

stant difference 
SUSY
v2/M2

SUSY

∣∣∣∣
ϕi=0

from Table 4 such that the

dashed and solid lines overlap for ϕ = 0. Therefore, one
can directly read-off additional v2/M2

SUSY-effects caused by
the CP-violating phases. For both parameter points we find
that ϕAt is not constrained by the eEDM while still having
an effect on Mh of O(1 GeV). The phases ϕM1,2 can have a
similar effect on Mh but are strongly constrained when var-
ied individually. It should be noted, however, that for some
choices of ϕM1 �= ϕM2 �= 0 the EDM constraints can be
avoided while still achieving non-negligible effects on Mh .

The v2/M2
SUSY effects caused by the CP-violating phases

are negligible for the parameter point BP1 since all SUSY
particles are heavy in this scenario. This is not the case
for BP3, which has a rather light Higgsino and a large
mixing between wino and Higgsino, and therefore a large


SUSY
v2/M2

SUSY

∣∣∣∣
ϕM2 �=0

contribution.

4.5.2 Tree-level CP-violation

Considering Eq. (3.13c) any phase-combination ϕy = 2ϕs +
ϕκ − ϕλ − ϕu �= 0 will immediately introduce CP-violating
effects in the Higgs sector thereby having a strong impact on
the EDM prediction. In the following we focus on ϕλ and ϕκ

which were found to have the smallest impact on the eEDM
for the considered parameter points.

In Fig. 7 we show the same quantities as in Fig. 6 but
as a function of ϕκ (red) and ϕλ (blue). We find that for
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Fig. 6 The dependence of the Higgs mass prediction using the pole-
mass matching (solid) and quartic-coupling matching (dashed) on the
CP-violating phases of M1 (blue), M2 (black) and At (red). The quartic-
coupling matching results have been shifted by the constant values


SUSY
v2/M2

SUSY

∣∣∣∣
ϕi=0

from Table 4. Note that the phases in the plots are

defined relative to the phases, i.e. signs, of the CP-conserving reference
points, such that the benchmark scenarios in Table 1 are recovered for
ϕi = 0

BP1 |ϕλ| � 0.05 (|ϕκ | � 0.15) and for BP3 |ϕλ| � 0.01
(|ϕκ | � 0.03) is excluded by the eEDM. However, even
in these small ranges the Higgs mass prediction depends
strongly on the CP-violating phases. Concerning the size of
the v2/M2

SUSY contributions, the picture is similar to the loop-
induced CP-case i.e. only BP3 shows a significant difference
between pole-mass and quartic-coupling matching.

As an additional cross-check we verified that pole-mass
and quartic-coupling matching (i.e. solid and dashed lines of
the same color) are in agreement for all values considered in
Figs. 6 and 7 once we set the running VEV v(Qmatch) at the
matching scale to a numerically small value in the pole-mass
matching which effectively turns-off all v2/M2

SUSY corrections.
However, for very large values of |λ|, |κ| and ϕy ∼ O(1) one
may loop-induce sizeable mixing between CP-even and CP-
odd Higgs fields (such that the SM is no longer the right EFT)
even for v → 0. Thus, CP-violating cases with very large
CP-even/odd mixing have to be considered with caution. The
matching to appropriate EFTs that are not the SM but include
more light degrees of freedom is left for future work.

5 Conclusions

In this paper, we presented our new computation of the
higher-order corrections to the SM-like Higgs boson of
the CP-violating NSSM for large mass hierarchies. In this
case, fixed-order computations become unreliable due to the
involved logarithms of large mass hierarchies, requiring the
application of an EFT framework. We chose a scenario where
all non-SM particles are very heavy, so that the low-energy
EFT is given by the SM. The matching of the full NMSSM

to the SM at the high-scale is performed at full one-loop
order in the NMSSM, including two-loop corrections in the
MSSM limit. We applied two matching approaches given by
the quartic coupling matching in the unbroken theory and the
pole mass matching after EWSB. The latter includes terms of
the order v2/M2

SUSY, so that the comparison between the two
methods allowed us to estimate the importance of these terms
that are neglected in the former approach. We additionally
provided an estimate of the different sources of uncertainty.
Our new computation has been implemented in the public
program package NMSSMCALC and can be downloaded from
the url:

https://www.itp.kit.edu/~maggie/NMSSMCALC/

For our numerical analysis, we performed a scan in the
NMSSM parameter space and only kept points that are in
agreement with the Higgs signal data and exclusion con-
straints on additional Higgs bosons and supersymmetric par-
ticles. We validated our calculation and implementation of
the two matching procedures in NMSSMCALC against exist-
ing results in the literature and found good agreement for
the tested parameter point. We subsequently investigated the
case of a light singlet-like Higgs boson in the NMSSM spec-
trum. As expected, the EFT approach applying the pole-
mass matching shows good agreement with the fixed-order
result (including partly resummation in the top/stop sector
by applying DR renormalisation [32]) within the theoret-
ical uncertainty, while the quartic coupling matching starts
more and more deviating with decreasing singlet mass due to
the missing O(v2/M2

SUSY) terms. The behavior is confirmed
by the analysis of our entire found parameter sample. With
increasing values of the specific NMSSM coupling parame-
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Fig. 7 The dependence of the Higgs mass prediction using the pole-mass matching (solid) and quartic-coupling matching (dashed) on the CP-

violating phases of λ (blue) and κ (red). The quartic-coupling matching results have been shifted by the constant values 
SUSY
v2/M2

SUSY

∣∣∣∣
ϕi=0

from

Table 4

ters λ and κ , the singlet-like Higgs boson mass decreases, and
the v2/M2

SUSY effects beome increasingly important, dete-
riorating the description by the quartic coupling matching.
Within the uncertainty band of the pole-mass matching, the
two matching approached nevertheless can agree with each
other even if the singlet mass is as light as 200 GeV pro-
vided that

√
λ2 + κ2 � 0.2. We studied for the first time the

effects of CP violation in the EFT approach in the NMSSM.
From a conceptual point of view, we found that care has to
be taken in the derivation of the quartic-coupling matching
in order not to miss finite contributions that do not appear
in the CP-conserving case nor the CP-violating MSSM. This
requires the expansion of the tadpoles up to O(v × M2

SUSY).
Both for loop-induced and tree-level CP violation, we find
the v2/M2

SUSY contributions to the matching condition to
become important for our benchmark point BP3 which fea-
tures a light singlet Higgs boson.

In summary, we find good agreement between the pole-
mass and the quartic-coupling matching approaches within
theoretical uncertainties and our EFT implementation reli-
ably describes NMSSM scenarios with a heavy non-SM mass
spectrum. Scenarios with light singlet-like states (i.e. lighter
than 125 GeV) require the extension of the approach beyond
the SM as effective low-energy description. This is left for
future work.
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A Expansion of the one-loop tadpoles toO(v)

In this appendix we derive the leading terms of δ(1)tad /v
which are not suppressed by inverse powers of MSUSY. The
tadpole counterterm δ(1)tad can be expanded toO(v×M2

SUSY)

in two equivalent ways. The first method involves consider-
ations about the dependence of couplings, mixing matrices
and mass eigenvalues on the SM VEV. The second method
relies on a systematic expansion in v.
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Method (i): The couplings entering the Feynman diagrams
of δ(1)tad in general consist of a linear combination of v-
independent factors, which correspond to couplings defined
in the gauge-basis (or unbroken EW phase) and of v-
dependent mixing-matrices. The lowest dependence of the
mass eigenvalues on v is of O(v2) in the tadpole diagrams.
The only linear dependence on v arises in the mixing matri-
ces that hence need to be expanded to O(v). The expansion
of the mixing matrices can be performed by using the solu-
tions of the rotation matrices that have been obtained analyt-
ically for the case v = 0 as an ansatz and introducing O(v)-
terms on the off-diagonal elements. These elements can be
determined by requiring unitarity of the mixing matrix up to
O(v2/M2

SUSY) and by requiring that the mass matrix with
the full v-dependence is diagonalised up to O(v2/M2

SUSY).
For the example of the stop-mixing matrix Ũ we find at
O(v/MSUSY):

Ũii = 1,

Ũ12 = −
(
Ũ21

)∗ = v

2

√
2ei(ϕw−ϕy+ϕAt )|At | − |λ|vs cot β

m2
Q̃3

− m2
ŨR,3

eϕλ+ϕs ,

whereas the squared mass-eigenvalues do not receive addi-
tional corrections atO(v/MSUSY) but only atO(v2/M2

SUSY).
The resulting stop-contribution to the counterterm reads

δ(1)tad = v
3|λ||At |vsY 2

t

16π2
√

2 sin β
B(mQ̃3

,mŨR,3
) sin(ϕw − ϕy + ϕAt ) ,

(A.1)

with

B(x, y) = A(x) − A(y)

x2 − y2 ,

B(x, x) = ln
μ2

x2 ,

A(x) = x2
(

1 + ln
μ2

x2

)
,

A(0) = 0 .

Method (ii): A systematic way of computing the tadpole
without performing an explicit expansion of mixing matrix
elements can be performed by considering the Taylor expan-
sion of the tadpole counter-term around v = 0:

δ(1)tad = v · ∂tad
∂v

∣∣∣∣
v=0

+ O(v2). (A.2)

The tadpole itself can be written as the derivative of the one-
loop effective potential V (1) w.r.t. the field ad , i.e. δ(1)tad =
∂V (1)/∂ad . The derivative of the potential w.r.t. the SM-like

Higgs VEV v can be replaced by the derivative w.r.t. the
Higgs field itself. Thus, we find

δ(1)tad = v · ∂2V (h, ad , . . . )

∂ad∂h

∣∣∣∣∣
h=ad=0;v=0

+ O(v2) (A.3a)

= v · �h→ad (p2 = 0)

∣∣∣
v=0

+ O(v2) (A.3b)

= v ·
(
− cos β�h→G (p2 = 0)+ sin β�h→A(p2 = 0)

)∣∣∣
v=0

+ O(v2) ,

(A.3c)

where in the second line we used that the second deriva-
tive of the effective potential is equivalent to the self-energy
evaluated at vanishing external momentum. In the last line
we rotated the second index of the i → j self-energy from
the gauge-basis into the mass-basis using Eq. (2.10). Note
that the self-energy is again computed in the unbroken phase
and can be conveniently generated with e.g. SARAH. Using
this result we find full agreement with the stop contribu-
tion derived above. Furthermore, we also computed the full
result including contributions from electroweakinos as well
as the neutral and charged Higgses and found full agree-
ment (within the numerical accuracy) with the result obtained
when evaluating δ(1)tad /v numerically for v = 1 GeV.

B New implementation in NMSSMCALC

In this appendix we describe how the new and old Higgs
mass prediction inNMSSMCALC is controlled using theSLHA
interface, and discuss examples of in- and output files.

The SLHA NMSSM input parameters are interpreted as
DR parameters at the scale Qinp. (cf. Fig. 1 box 1b)). The
fixed-order calculation implemented in NMSSMCALC allows
to renormalise the charged Higgs boson mass mOS

H± on-shell
or to alternatively compute the charged Higgs boson mass
at two-loop order and use ReADR

λ as input. Furthermore,
NMSSMCALC has two options for the renormalisation scheme
for the top/stop sector: on-shell and DR. In contrast, the newly
implemented EFT calculation currently only takes SUSY
contributions in the DR scheme into account. Thus, we rec-
ommend to use the DR scheme in combination with the EFT
calculation. However, it is in principle still possible to choose
a different (the OS) scheme in the precision fixed-order pre-
diction of the BSM masses by using the flags 7 and 8 in the
MODSEL block, cf. Fig. 8. With flag 6, the user chooses the
loop-order of the fixed-order calculation. These flags only
concern the fixed-order calculations which are written out
into the MASS block. In addition, there are three new flags,
15, 16 and 17, to control the calculation of the SM-like Higgs
boson mass. If the EFT calculation was chosen by setting the
flag 15 to a value larger than 10, the entry of the SM-like
Higgs boson mass is overwritten with the EFT result while
all other MASS entries are those obtained with the fixed-order
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Fig. 8 Example of all new and
old flags available in the
MODSEL-block of the SLHA
input-file

Fig. 9 Example of the DMASS
block in the SLHA output-file.
The numerical values
correspond to the output
obtained for the benchmark
point BP3 using the pole-mass
matching (MODSEL 15=14)
and the GF -scheme (MODSEL
16=22)

calculation (flags 6, 7, 8). For scenarios, where the SM-like
Higgs is the lightest of the neutral Higgs bosons, this would
be the entry of “MASS 25”. If, however, the dominantly hu-
like Higgs boson is not the lightest neutral Higgs boson, the
entry of the heavier neutral Higgs state corresponding to the
SM-like Higgs is overwritten with the EFT result. In this
case, however, the EFT approach is not valid any more as it
assumes all other Higgs bosons to be heavy. The NMHMIXC
block, containing the numerical values of the neutral Higgs
mixing matrix, corresponds to the matrix that diagonalises
the loop-corrected mass matrix if the fixed-order calculation

was chosen by the user. If the EFT calculation is chosen,
NMHMIXC corresponds to the tree-level mixing matrix. Set-
ting flag 15 to -2, the program decides whether the fixed-order
or the EFT calculation is performed, for scenarios where
the size of the SUSY input scale (given in “EXTPAR 0”) is
larger than 1.5 TeV.20 The input scale, if not specified by the
user, by default is set to Qinp = √

mQ̃3
mũR3

, which indicates
the size of the stop masses. Scenarios with e.g. a light singlet,

20 Note that the applied criterion is only a rough estimator for the valid-
ity of the EFT/fixed-order calculation.
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where the EFT approach might be questionable, are therefore
not recognised by this estimate. If flag 15 is set to −1, the
program always uses the fixed-order rather than the EFT cal-
culation. For flag 15 being between 11 and 24, the first digit
(1 or 2) determines the EFT approach (pole-mass or quartic-
coupling matching) and the second digit turns on various
higher-order corrections in the EFT calculation, cf. Fig. 8.
These are the full NMSSM one-loop corrections including
CP-violating effects computed in this work and the 2-loop
corrections in the MSSM limit at O(αsαt ) with full mass
dependence [68], O(α2

t ) in the case of degenerate masses
[68], and O(αsαEW) [69]. Setting flag 16 to 12 or 22 chooses
the αMZ or the GF -scheme in the extraction of the SM MS
parameters. Alternatively, we implemented the SMDR inter-
polation formulae [103] for the extraction of the SM MS
parameters as discussed in Sect. 4.3, which can be enabled
by setting flag 16 to 49. Flag 17 controls the uncertainty
estimate of the EFT calculation. In Fig. 9 we show the new
DMASS block, which contains the theoretical uncertainty of
the EFT result, obtained for the parameter point BP3 with
the settings given in Fig. 8. In addition to the total uncer-
tainty (“DMASS 25”, corresponding to Eq. (3.46)), it also
lists the individual uncertainties as well as the difference to
the fixed-order result obtained with the MODSEL flags 6, 7
and 8. The mass uncertainty of the BSM Higgs masses is
set to the commonly chosen fixed value of 3 GeV. This is
often larger than the overall size of the loop-corrections to
the scalar BSM masses and therefore a rather conservative
estimate.
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