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We study the impact of the non-holomorphic (NH) soft supersymmetry-breaking terms T 0D
33 and μ0,

which introduce additional supersymmetry-breaking effects beyond the holomorphic structure of the
superpotential, on the Higgs boson mass spectrum in the NH Minimal Supersymmetric Standard Model.
The term T 0D

33 modifies the scalar bottom-quark mass matrix and Higgs couplings, while μ0 affects the mass
matrices of charginos and neutralinos. In our analysis, we incorporate constraints from charge- and color-
breaking minima where we find that a portion of the parameter space is excluded by these constraints.
Focusing on the allowed parameter space, the NH contributions to the light CP-even Higgs boson massMh

from μ0 and T 0D
33 can reach up to 1.4 GeV and 90 MeV, respectively. For the heavy CP-even Higgs boson

massMH and the charged Higgs boson massMH� , these contributions can be substantially larger in certain
regions of the parameter space, reaching up to 44 GeV for MH and 42 GeV for MH� due to μ0 and up to
60 GeV due to T 0D

33 for both MH and MH� . These corrections are significantly larger than the expected
future experimental precision for Higgs boson masses and should therefore be considered in precision
analyses for future experiments.

DOI: 10.1103/n5tq-1h1y

I. INTRODUCTION

The Minimal Supersymmetric Standard Model
(MSSM) [1–6] is an important theoretical framework for
studying and exploring physics beyond the Standard Model
(SM). The introduction of supersymmetry (SUSY) in the
SM helps address some fundamental questions in particle
physics, such as the hierarchy problem and the nature of
dark matter. The MSSM provides natural candidates for
dark matter in the form of the lightest supersymmetric
particle, which is typically stable and weakly interacting.
The MSSM requires two Higgs doublets, leading to addi-
tional Higgs bosons compared to the SM, including two
charged Higgs bosonsH�, one CP-odd Higgs boson A, and
two neutral CP-even Higgs bosons h and H. The ratio of
the vacuum expectation values of these doublets is defined
by the parameter tan β ≔ v2=v1, where typically values
ranging from 1 to 50 are assumed. These additional Higgs

bosons offer distinctive signatures that can be explored at
particle colliders.
Despite extensive searches, the LHC has not yet

observed any direct evidence of SUSY particles nor for
any other beyond the SM particle. The LHC experiments,
particularly ATLAS and CMS, have been able to set
increasingly stringent lower limits on the masses of
SUSY particles. These mass bounds have ruled out certain
regions of parameter space and have put pressure on some
traditional MSSM scenarios. The hierarchy problem, which
pertains to the fine-tuning required in the Higgs boson
mass, motivated the introduction of SUSY. However, the
absence of sparticles detection and the lack of significant
deviations in Higgs boson properties from the SM [7] have
led researchers to reconsider the naturalness argument for
SUSY or to look for interactions beyond to the MSSM to
explain the LHC results.
The inclusion of nonholomorphic (NH) terms allows for

additional interactions and couplings in the theory [8,9],
which can have various implications for the particle
spectrum, phenomenology, and experimental observables
[10–18]. This extended model is known as the nonholo-
morphic supersymmetric standard model (NHSSM).
Previous studies [19–24], have examined the effects of
these NH terms, particularly in the context of the Higgs
boson sector. A more recent work [25] investigated the
impact of NH soft SUSY-breaking (SSB) terms on the mass
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of the lightest CP-even Higgs boson Mh. They specifically
considered the effects of these terms on the scalar top
masses, which influence the left-right mixing parameter Xt.
However, as discussed in Ref. [26], it is important to note
that changes in the holomorphic SSB terms, specifically the
trilinear Higgs-stop coupling TU

33, can emulate the observed
effects attributed to the NH terms. For a given value of T 0U

33,
the NH trilinear coupling of scalar top quark, the coupling
TU
33 can be adjusted to yield the same scalar top mass.

Consequently, an observed scalar top mass spectrum
corresponds to a continuous range of combinations of
TU
33 and T 0U

33 while keeping other SSB parameters and the
Higgs mixing parameter μ fixed. Therefore, an analysis that
solely varies T 0U

33, leading to shifts in the scalar top masses,
cannot be considered realistic.
Since the NH SSB terms also affect the couplings of the

Higgs bosons to the scalar fermions, it is crucial to consider
all potential effects simultaneously to accurately determine
the genuine impact of the NH terms. This comprehensive
approach is necessary to fully understand the implications
of NH effects within the NHSSM. In our previous
analysis [26], we investigated the impact of the parameter
T 0U
33 on the masses of the Higgs bosons while ensuring that

no effects on the scalar top masses and mixings arise. The
influence of T 0U

33 on the mass of the lightest CP-even Higgs
boson Mh was found to be relatively small, in contrast to
the claim in Ref. [25], with deviations only reaching a few
MeV. However, the effects of T 0U

33 on the heavy CP-even
Higgs boson mass MH and the charged Higgs boson mass
MH� were significant, leading to deviations of several GeV.
In the mass matrix of the scalar top sector, the coupling T 0U

33

is divided by the parameter tan β, resulting in relatively
minor effects [26]. However, in the scalar bottom sector, the
NH trilinear coupling T 0D

33 is multiplied by tan β, possibly
enhancing its effect on the Higgs boson masses, particu-
larlyMh. Additionally, the NH parameter μ0, which appears
in the neutralino and chargino mass matrices, can have
important implications for the Higgs boson phenomenol-
ogy, particularly when considering constraints related to
dark matter and low fine-tuning issue [11].
In this study, we analyze the impact of NH SSB terms,

namely, T 0D
33 and μ

0, on the mass spectra of the Higgs bosons
complementing our analysis in Ref. [26], where we focused
on T 0U

33 contributions. We calculate the corresponding one-
loop corrections to the NHSSM Higgs-boson masses in the
Feynman diagrammatic approach. The analysis of the
effects on the Higgs-boson masses was performed with
the help of SPheno [27] source code specifically designed for
the NHSSM. This source code was obtained through the
Mathematica package SARAH [28–32], which provides a
framework for generating the necessary model files and
calculations for particle physics phenomenology. In the
numerical analysis, similar to our approach in Ref. [26], we
ensured that the physical masses of the particles entering

the loop contributions are either fixed, or vary only slightly,
below possible future experimental precisions. This is
crucial for a realistic setup.
The structure of the paper is outlined as follows: initially,

we describe the key characteristics of the NHSSM in Sec. II.
The computational framework is discussed in Sec. III, and
our numerical findings are presented in Sec. IV. Lastly, our
conclusions are summarized in Sec. V.

II. MODEL SETUP

The superpotential within the MSSM is required to be
holomorphic, leading to the parametrization of the SSB
sector primarily with holomorphic operators. Nevertheless,
it is possible to extend the MSSM by incorporating
R-parity-violating and/or NH terms in the SSB sector
[8,9,15]. In its simplest form, the SSB sector of the
MSSM can include the following terms:

−LNH
soft ¼ T 0D

ij h2d̃
�
Riq̃Lj þ T 0U

ij h1ũ
�
Riq̃Lj þ T 0E

ij h2ẽ
�
Ril̃Lj

þ μ0h̃1h̃2: ð1Þ

Here, q̃Li
(l̃Li

) are the left-handed squark (slepton) doublet
fields, while ũRi

, d̃Ri
, and ẽRi

are the right-handed up-type
squark, down-type squark, and charged slepton singlet
fields, respectively, with i, j ¼ 1, 2, 3 representing the
generation index. The h1 and h2 represent two Higgs
doublets, and h̃1 and h̃2 are the fermionic components
(Higgsinos) of the down-type and up-type Higgs super-
fields, respectively. The μ0 represents the NH Higgsino
mass term. The T 0U

ij ¼ YU
ijA

0U
ij , T

0D
ij ¼ YD

ijA
0D
ij , and T 0E

ij ¼
YE
ijA

0E
ij denote the NH trilinear coupling matrices for up-

type squarks, down-type squarks, and charged sleptons,
respectively, with Yij representing the corresponding
Yukawa coupling. It is important to note that these terms
are not necessarily related to the holomorphic trilinear soft
terms. One approach is to consider a scenario where these
nonholomorphic trilinear terms are assumed to be equal to
the holomorphic trilinear couplings as a “boundary con-
dition” at the Grand Unified Theory scale, especially in
models like the Constrained MSSM. However, it is essen-
tial to acknowledge that, due to renormalization group
equation running effects, the NH trilinear terms will evolve
differently, resulting in completely different values from the
holomorphic ones, as discussed in Ref. [24]. Therefore, it is
reasonable to treat the NH trilinear terms as independent
quantities, although they are expected to be of similar
magnitudes to the usual trilinear couplings. This approach
is meaningful when comparing predictions of the NHSSM
with experimental results.
In the presence of the NH trilinear terms, the down-type

squarks mass matrix can be written as
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M2
D̃
¼
 
m2

D̃LL
m2

D̃LR

m2†
D̃LR

m2
D̃RR

!
ð2Þ

with

m2
D̃LL

¼ m2
Q̃
þM2

Z cos 2βðIf3 −Qfs2WÞ þm2
d

m2
D̃RR

¼ m2
D̃
þM2

Z cos 2βQfs2W þm2
d

m2
D̃LRii

¼ v1ffiffiffi
2

p ðTD
ii − ðμYD

ii þ T 0D
ii Þ tan βÞ: ð3Þ

Here, If3 represents the weak isospin of fermions,Qf stands
for the electromagnetic charge, and md denotes the mass of

the SM down-type quarks, whereasmQ̃ andmD̃ correspond
to the masses of the left-handed squark doublet and right-
handed down-type squark singlet. MZ and MW correspond
to the masses of the Z andW bosons, while sW is defined as
the square root of 1 − c2W , where cW ¼ MW=MZ and TD

ii
represent the holomorphic trilinear couplings correspond-
ing to down-type squarks, while μ denotes the holomorphic
Higgsino mass parameter. It should be noted that, because
of the different combination of fields, the NH trilinear
couplings T 0D

ii receive the additional factors of tan β. The
NH Higgsino mass parameter μ0 mentioned in Eq. (1)
modifies the neutralino and chargino mass matrices
given by

Y ¼

0
BBB@

M1 0 −MZsw cos β MZsw sin β

0 M2 MZcw cos β −MZcw sin β

−MZsw cos β MZcw cos β 0 −ðμþ μ0Þ
MZsw sin β −MZcw sin β −ðμþ μ0Þ 0

1
CCCA; ð4Þ

X ¼
�

M2

ffiffiffi
2

p
MW sin βffiffiffi

2
p

MW cos β ðμþ μ0Þ

�
: ð5Þ

As discussed before, the NH trilinear terms also modify the Higgs-sfermion-sfermion couplings. Here, we show the
couplings of the lightest Higgs boson h to the down-type squarks,

Cðh; d̃si ; d̃tjÞ ¼
−ieδij

6MWcWsWcβ

�
3cWmdi

�
sα
TD
ii

YD
ii
þ
�
μþ T 0D

ii

YD
ii

�
cα

�
Ud̃;i

s;1U
d̃;i
t;2 þf6sαcWm2

di
−MWMZsαþβcβð3− 2s2WÞgUd̃;i

s;1U
d̃;i
t;1

þf6sαcWm2
di
− 2MWMZsαþβcβs2WgUd̃;i

s;2U
d̃;i
t;2 þ 3cWmdi

�
sα
TD
ii

YD
ii
þ
�
μþ T 0D

ii

YD
ii

�
cα

�
Ud̃;i

s;2U
d̃;i
t;1

�
: ð6Þ

The coupling of the charged Higgs boson H− to up-type and down-type squarks is given by

CðH−; ũsi ; d̃
t
jÞ ¼

ieVCKM
ij

2MWsWsβ

�
muiU

ũ;i
s;2U

d̃;j
t;1

�
TU
ii

YU
ii
þ
�
μþ T 0U

ii

YU
ii

�
tβ

�
þmuimdjU

ũ;i
s;2U

d̃;j
t;2 ð1þ t2βÞ

þ Uũ;i
s;1U

d̃;j
t;2mdjtβ

�
TD
ii

YD
ii
tβ þ

�
μþ T 0D

ii

YD
ii

��
þ Uũ;i

s;1U
d̃;j
t;1fm2

ui − tβðM2
Ws2β −m2

dj
Þtβg

�
: ð7Þ

Here, i and j are the generation indices (we assume flavor

conservation throughout the paper), Uũ;i
s;s0 (Ud̃;j

t;t0 ) is the
2 × 2 rotation matrix for up-type (down-type) squarks that
diagonalizes the scalar top (scalar bottom) mass matrix,
and we use the shorthand notation sx, cx, and tx for sin x,
cos x, and tan x, respectively, where α is the CP-even
Higgs mixing angle. The couplings of the CP-even heavy
Higgs boson H to the down-type squarks can be obtained
by replacing cα → sα, sα → −cα, and sαþβ → −cαþβ in

Eq. (6). It is interesting to observe that the T 0D
ii enter

differently into the scalar bottom masses and into the
trilinear Higgs-scalar bottom couplings. In the mass
matrix, it appears with a factor of tan β, whereas the
holomorphic trilinear term does not include this factor.
Similarly, in the couplings, T 0D

ii is multiplied by cα,
while the trilinear term is multiplied by sα. This will be
crucial for our numerical analysis; see the discussion in
Sec. IV.
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III. HIGHER-ORDER CORRECTIONS IN THE
NHSSM HIGGS SECTOR

A. Tree-level structure and higher-order corrections

The MSSM (and thus the NHSSM) Higgs-boson sector
consists of two Higgs doublets and predicts the existence of
five physical Higgs bosons, the light and heavy CP-even h
and H, the CP-odd A, and a pair of charged Higgs bosons
H�, where we assume CP conservation throughout the
paper. At the tree level, the Higgs sector is described with
the help of two parameters: the mass of the A bosonMA and
tan β ¼ v2=v1, the ratio of the two vacuum expectation
values. The tree-level relations and in particular the tree-
level masses receive large higher-order corrections; see,
e.g., Refs. [33,34] and references therein.
The lightest MSSM Higgs boson, with mass Mh, can be

interpreted as the new state discovered at the LHC around
∼125 GeV [35]. The present experimental uncertainty at
the LHC for Mh is about [36]

δMexp;today
h ∼ 110 MeV: ð8Þ

This can possibly be reduced to the level of

δMexp;future
h ≲ 20 MeV ð9Þ

at HL-LHC [37] and future eþe− colliders (where we take
international linear collider [38,39] numbers as a concrete
example). Similarly, for the masses of the heavy neutral
HiggsMH, an uncertainty at the 1% level could be expected
at the LHC [40].
At the tree level, the masses of the CP-even Higgs

bosons are given by

m2
ðH;hÞ;tree¼

1

2

h
M2

AþM2
Z�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðM2

AþM2
ZÞ2−4M2

AM
2
Zcos2β

q i
:

ð10Þ

However, the tree-level masses receive large higher-
order corrections [33,34]. In the Feynman diagrammatic
(FD) approach employed in our current calculation,1 the
higher-order corrections are included in the matrix ΔHiggs
given by

ðΔHiggsÞ−1 ¼ −i
�p2 −m2

H;tree þ Σ̂HHðp2Þ Σ̂hHðp2Þ
Σ̂hHðp2Þ p2 −m2

h;tree þ Σ̂hhðp2Þ

�
: ð11Þ

The masses of the CP-even Higgs bosons are determined
by finding the poles of the propagator matrix for ðh;HÞ.
Determining the poles of the matrix ΔHiggs in Eq. (11) is
equivalent to solving the equation

½p2 −m2
h;tree þ Σ̂hhðp2Þ�½p2 −m2

H;tree þ Σ̂HHðp2Þ�
− ½Σ̂hHðp2Þ�2 ¼ 0: ð12Þ
Likewise, concerning the charged Higgs sector, the

charged Higgs mass is deduced from the position of the
pole in the charged Higgs propagator [41], which can be
obtained by solving the equation

p2 −m2
H�;tree þ Σ̂H−Hþðp2Þ ¼ 0: ð13Þ

The (renormalized) self-energies of the Higgs bosons as
described in Eqs. (12) and (13) can be computed at the
n-loop level through explicit FD calculations of the relevant
loop diagrams. As previously mentioned, our focus in this

FIG. 1. Generic Feynman diagrams for the Higgs boson self-energies and tadpoles. ϕ denotes any of the Higgs bosons, h,H, A, orH�;
u stand for u, c, and t; d stand for d, s, and b; and ũs;t and d̃s;t are the six mass eigenstates of up-type and down-type squarks,
respectively.

1Precise calculations of Mh go beyond the FD approach
described here [34]. However, the NHSSM corrections that are
the focus of this article are obtained at the one-loop level. Since
we are interested only in their relative effects, the restriction to the
one-loop corrections in the FD approach is sufficient.
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study will be primarily on the one-loop corrections origi-
nating from the bottom/sbottom sector and μ0. Generic
Feynman diagrams that involve NH couplings are shown in
the Fig. 1. Here, we restrict our analysis to quark/squark
contributions only, as these are the only sectors affected by
T 0D
33 or μ0. The parameter μ0 does not enter the interaction

vertices but contributes solely to the chargino and neu-
tralino mass matrices. Consequently, by fixing the combi-
nation μþ μ0 to a constant value—an approach adopted in
this analysis—the neutralino and chargino sectors remain
unaffected by variations in μ0.
The NH SSB parameters in the NHSSM play a crucial

role in the one-loop computation of the various (renormal-
ized) self-energies and tadpoles of the Higgs bosons. As
previously discussed, these parameters impact scalar fer-
mion masses as well as the Higgs-sfermion-sfermion
coupling, as depicted in Eqs. (6) and (7), which will be
particularly significant in our analysis.

B. Constraints

In general, the contributions of T 0D
33 to the Higgs masses

are anticipated to be large due to the multiplication of the
T 0D
33 coupling by tan β. In our specific setup, where we

maintain the same physical mass spectrum, the value of TD
33

could potentially become quite large due to the fixed nature
of left-right mixing parameter of the scalar bottom quarkXb

(see below for an exact definition). This large TD
33 value

may result in the violations of constraints related to charge
and color breaking minima (CCB). The CCB constraints in
the framework of NHSSM were analyzed in Refs. [13,42]
and are given as

� X
i¼d;s;b

ðTii−μyii−T 0
iiÞ
�

2

<

�
g21þg22

2
þ5
X
i

y2ii

�

×

�
1

2

X
i

ðM2
Q̃ii

þM2
D̃ii
Þþm2

Hu
þm2

Hd
þ2jμj2−2Bμ

�
: ð14Þ

Here,M2
Qii

andM2
Dii

denote the soft mass-squared terms for
the left-handed squark doublets and right-handed down-
type squarks of the ith generation, respectively. The bilinear
soft term in the Higgs potential Bμ is given by

Bμ ¼
M2

A sin 2β
2

; ð15Þ

while the up- and down-type Higgs boson mass parameters,
m2

Hu
and m2

Hd
, are calculated as

m2
Hu

¼ M2
Acos

2β þ 1
2
M2

Z cos 2β − μ2

1þ tan2β
; ð16Þ

m2
Hd

¼ M2
Asin

2β − 1
2
M2

Z cos 2β − μ2

1þ cot2β
; ð17Þ

whereMA is the pseudoscalar Higgs mass and g1 and g2 are
the gauge couplings of the Uð1Þ and SUð2Þ gauge groups,
respectively. For our numerical analysis, we wrote a private
code based on Eq. (14) to calculate the CCB constraints.

C. Computational workflow

To calculate the NH contributions to the Higgs boson
masses, we start by generating the NHSSM source code for
SPheno [27] using the SARAH package [28–32]. SARAH is a
Mathematica-based tool that automates the generation of
source code for various new physics models, including the
NHSSM. By using the NHSSM model file defined in
SARAH, we produce the required code, which is then used to
calculate the SUSY spectrum including Higgs boson
masses, and other relevant observables. For the numerical
analysis, we utilize an additional tool, SARAH Scan and Plot

(SSP) [43], where we define the input parameters. SSP

generates a SLHA file to be used by SPheno, which is then
called to calculate the particle spectrum and other observ-
ables. The output from SPheno is read by SSP, which
subsequently uses this data for plotting and further analysis.

1. T0D
33 analysis

To extract pure T 0D
33 term contributions, it is important

that the physical masses and mixing of the scalar bottom
remain the same. This can be achieved by fixing the left-
right mixing parameter Xb. Consequently, for our numeri-
cal evaluation, we fix Xb and calculate the value of TD

33 for
the given value of T 0D

33 using the expression

Xb ¼ TD
33 − ðμYD

33 þ T 0D
33Þ tan β; ð18Þ

whereT 0D
33 is taken as a free parameter in a specific range, i.e.,

−100 GeV < T 0D
33 < 100 GeV. Concerning the numerical

evaluation, for a given value of TD
33 in the MSSM and T 0D

33 in
the NHSSM, a new value of TD

33 is calculated such that

XMSSM
b ¼ TDMSSM

33 − μYD
ij tan β ð19Þ

and

XNHSSM
b ¼ TDNHSSM

33 − ðμYD
ij þ T 0D

33Þ tan β ð20Þ

are identical (yielding the samevalues for the sbottommasses
and mixings). Using TDMSSM

33 and T 0D
33, the NH contribution

to the Higgs-boson masses are calculated numerically.

2. μ0 analysis

For the μ0 contributions, we set all NH trilinear couplings
to zero (including T 0D

33) and fix μþ μ0 to the value of μ
specified in the corresponding scenario. We then vary μ0
within the range of −2000 to þ2000 GeV. It should be
noted that the parameter μ0 does not directly appear in the
couplings [see Eqs. (6) and (7)]; rather, it enters only
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through the neutralino and chargino mass matrices [see
Eqs. (4) and (5)]. The observed effects on the Higgs boson
masses arise because we impose the condition μþ μ0 ¼
constant. Varying μ0 leads to a corresponding change in μ,
which affects not only the couplings of squarks and
sleptons to the Higgs bosons but also the sfermion mass
matrices. Hence, the effects originate from the variation
in μ.
Contrary to the approach adopted for T 0D

33 analysis, two
approaches are followed for the μ0 analysis. In the first
approach, the holomorphic trilinear terms Tf

ii are kept
constant, so any change in μ leads to a corresponding
change in Xf. As a result, both the Higgs-sfermion
couplings and the sfermion masses and mixing are affected,
leading to large contributions.
In contrast, in the second approach, Xf is kept fixed, and

the change in μ is compensated by an appropriate adjustment
of the holomorphic trilinear terms Tf

ii. In this case, the
contributions arise solely from the variation in μ within the
Higgs-sfermion couplings, resulting in smaller contributions.
In the benchmark scenarios used for our analysis

(defined in the following section), the holomorphic trilinear
couplings are taken to be equal, i.e., At ¼ Ab ¼ Aτ. For
each point P1–P4 (defined in the next section), these terms
are determined from the corresponding value of Xt in that
scenario. Using the relation

Xt ¼ At −
μ

tan β
; ð21Þ

we compute the holomorphic trilinear couplings At ¼
Ab ¼ Aτ, along with the corresponding soft terms TU

33,
TD
33, and TE

33. In the first approach, these values are fixed,
while Xt, Xb, and Xτ vary with changing μ0. In the second
approach, Xt, Xb, and Xτ are initially determined for μ0 ¼ 0

based on the corresponding values of TU
33, T

D
33, and TE

33 at
that point. Subsequently, Xt, Xb, and Xτ are kept constant
by adjusting TU

33, T
D
33, and TE

33 as μ0 varies.

IV. NUMERICAL RESULTS

A. Input parameters

For our numerical analysis, we opted for three scenarios
initially introduced in Ref. [44]. These scenarios, denoted
as M125

h , M125
h ðτ̃Þ, and M125

h ðχ̃Þ, provide insight into differ-
ent aspects of Higgs boson phenomenology within the
MSSM. They are characterized by specific SSB parameters
and exhibit good agreement with experimental data from
the LHC. Each scenario features a CP-even scalar with a
mass approximately around 125 GeV, resembling the SM
Higgs boson. In these scenarios, the SSB mass Mf̃ for the
first two generations is taken as 2 TeV, while the hol-
omorphic trilinear SSB terms for these generations are set
to zero. The remaining input parameters are provided in
Table I [44].

In Table I, mQ̃3
, mŨ3

, and mD̃3
correspond to the masses

of the third-generation squark doublet, up-type squark
singlet, and down-type squark singlet, respectively.
Furthermore, mL̃3

and mẼ3
denote the masses of the third

generation left-handed slepton doublet and right-handed
slepton singlet, respectively. The parameters M1, M2, and
M3 denote the gaugino masses, while μ represents the
standard Higgs mixing parameter. Here, Aτ represent the
holomorphic trilinear coupling such that Aτ ¼ TE

33=Y
E
33. In

these scenarios, the holomorphic trilinear couplings of the
third-generation are set equal, i.e., At ¼ Ab ¼ Aτ, where
At ¼ TU

33=Y
U
33 and Ab ¼ TD

33=Y
D
33, except in the M125

h ðτ̃Þ
scenario, where Aτ ¼ 800 GeV. For each scenario, we
investigate four different combinations of MA and tan β,
taking into account the latest experimental limits for
MSSM Higgs-boson searches [45,46]

P1∶ MA ¼ 1500 GeV; tan β ¼ 7

P2∶ MA ¼ 2000 GeV; tan β ¼ 15

P3∶ MA ¼ 2500 GeV; tan β ¼ 30

P4∶ MA ¼ 2500 GeV; tan β ¼ 45

and define

δMh ≡MNHSSM
h −MMSSM

h ;

δMH ≡MNHSSM
H −MMSSM

H ;

δMH� ≡MNHSSM
H� −MMSSM

H� : ð22Þ

Here, MMSSM
h;H;H� represents the values of Mh;H;H� when NH

terms T 0D
33 and μ0 are set to zero.

B. NH contributions to the Higgs-boson masses

1. μ0 contributions

In this section, we present our results for μ0 contributions
to Higgs boson masses. As already explained, we fix μþ μ0
to the value of μ in the respective scenario. This approach

TABLE I. Selected scenarios in the MSSM parameter space,
taken from Ref. [44]. All the dimensionful quantities are in GeV.

M125
h M125

h ðτ̃Þ M125
h ðχ̃Þ

mQ̃3
; mŨ3

; mD̃3
1500 1500 1500

mL̃3
; mẼ3

2000 350 2000
μ 1000 1000 180
M1 1000 180 160
M2 1000 300 180
M3 2500 2500 2500
Xt 2800 2800 2500
Aτ At 800 At

mb̃1
; mb̃2

1339, 1662 1339, 1662 1358, 1646
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will keep the chargino and neutralino phenomenology
(masses and mixing) unchanged, which will have important
consequences for the dark matter relic abundance. For
example, we have verified thatΩCDMh2 remains unchanged
for all points in the M125

h and M125
h ðχ̃Þ scenarios. However,

it varies in the M125
h ðτ̃Þ scenario. In this case, the charged

slepton, i.e., ẽ1, becomes the next-to-lightest supersym-
metric particle, and the change arises due to variations in
the massesmẽ1;2 . These mass variations result from changes
in μ, as there is no compensating factor μ0 in the scalar
lepton mass matrix. On the other hand, in the original

definition of the benchmark planes in Ref. [44], DM was
not considered as a relevant constraint. The reason is that
the parameters affecting the DM relic density have only a
small impact on the Higgs-boson sector. Furthermore, a
small amount of R-parity violation would fully invalidate
any bounds on the DM relic density, while having a
negligible impact on the Higgs-sector phenomenology.
Furthermore, it is important to note that point P1 is ruled

out by CCB constraints, as the small value of MA at this
point causes the left-hand side of Eq. (14) to dominate.
Nevertheless, we show the contributions from P1 for

FIG. 2. δMh as a function of μ0 for M125
h (upper row), M125

h ðχ̃Þ (middle row), and M125
h ðτ̃Þ (lower row) scenarios for fixed Tf

ii (left
panel) and fixed Xf (right panel).
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completeness. Also, here, it should be noted that these
constraints were not considered in the original definition of
the benchmark planes in Ref. [44].
In Fig. 2, we present our results for the contributions of

μ0 to Mh in the M125
h (upper row), M125

h ðχ̃Þ (middle row),
and M125

h ðτ̃Þ (lower row) scenarios. In the left panel, we
show the result where Tf

ii are fixed, whereas right panel
show the results where Xf is fixed. For cases where the

holomorphic trilinear terms Tf
ii are fixed, the largest

contributions occur at lower values of MA and tan β in
M125

h . Specifically, at point P1, the contributions can reach
up to þ350 and −850 MeV, while other points exhibit
comparatively smaller contributions. In the M125

h ðχ̃Þ sce-
nario, point P1 contributions can reach up to þ150 and
−650 MeV, whereas contributions from other points
remain below 200 MeV except for the point P4, which
can reach up to −1 GeV for large values of μ0. In contrast,
the M125

h ðτ̃Þ scenario exhibits a different trend, with the

FIG. 3. δMH as a function of μ0 for M125
h (upper row), M125

h ðχ̃Þ (middle row), and M125
h ðτ̃Þ (lower row) scenarios for fixed Tf

ii (left
panel) and fixed Xf (right panel).
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largest contributions arising from point P4, reaching up to
−15 GeV, while point P3 contributes up to −13 GeV. For
point P4 (P3), values of μ0 < −400ð−1200Þ GeV are not
allowed, as they lead to negative slepton squared masses.
The apparently large contributions arise from the fixed
value of the holomorphic trilinear term Aτ in this scenario.
Moreover, due to the small values of mL̃3

and mẼ3
, the

masses of the scalar taus are significantly affected by
changes in μ, leading to large contributions. Thus, the large

effects should be viewed more as an artifact of the
definition of the benchmark scenario. Previously, we
emphasized that pure NHSSM contributions can only be
isolated if the masses and mixing angles are held constant.
However, in the current approach—where we fix Tf

ii to a
constant value while allowing Xf to vary—the physical
mass spectrum of the sfermions is affected. Although the
spectrum changes, we have explicitly verified that the
variations remain within 2% in most cases, which is well

FIG. 4. δMH� as a function of μ0 for M125
h (upper row), M125

h ðχ̃Þ (middle row), and M125
h ðτ̃Þ (lower row) scenarios for fixed Tf

ii (left
panel) and fixed Xf (right panel).
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below the expected experimental uncertainty. An exception
arises in the M125

h ðτ̃Þ scenario, where the variation in
slepton masses can be significant. This behavior, however,
should be attributed to the specific structure of the scenario,
as discussed above.
For cases where Xf is fixed, the contributions remain

small. In the M125
h scenario, point P4 exhibits the largest

contributions, reaching up to �45 MeV. Similarly, in the
M125

h ðχ̃Þ scenario, P4 again shows the largest contributions,
reaching up to −1.4 GeV, while other points showing only
minor contributions.
In the M125

h ðτ̃Þ scenario, although the left-right mixing
parameters for scalar top and scalar bottom quarks are
fixed, the trilinear holomorphic term TE

33 is also fixed due to
the scenario definition. Consequently, the left-right mixing
parameter for scalar tau lepton varies, leading to contribu-
tions similar to those observed when Xf was not fixed.
In Fig. 3, we present our results for δMH as a function of

μ0. The plot arrangement follows the same structure as in
the previous figure. For the case where the holomorphic
trilinear terms Tf

ii are fixed (left panel), the largest con-
tributions occur at point P4, reaching up to þ44 and
−26 GeV in the M125

h scenario, and up to þ20 and
−40 GeV in the M125

h ðχ̃Þ scenario. In M125
h ðτ̃Þ scenario,

the largest contributions are again for P4, where they reach
up to þ44 GeV. However, for negative values of μ0, the
contributions from P2 can reach up to −20 GeV. For the
case where Xf is fixed (right panel), the overall trend
remains the same, though the contributions in some cases
are slightly different compared to those in the fixed Tf

ii
scenario.
In Fig. 4, we show our results for δMH� as a function of

μ0, with the plot arrangement consistent with the previous
figures. In the M125

h scenario with fixed Tf
ii (left panel),

point P4 exhibits the most significant negative contribution,
reaching up to−22 GeV, while small positive contributions
of up to þ2 GeV are also observed for this point.
Contributions from other points remain within �10 GeV
or lower. Similarly, in theM125

h ðχ̃Þ scenario, P4 again shows
the largest contributions, reaching up to þ7 and −44 GeV.
TheM125

h ðτ̃Þ scenario exhibits the most pronounced effects,
with point P4 contributing up to −18 GeV. For the fixed Xf

scenario, the contributions are generally 2 to 3 GeV smaller
than those observed in the fixed Tf

ii case.

2. T0D
33 contributions

In this section, we present our findings regarding the
impact of T 0D

33 on the Higgs-boson masses Mh, MH, and
MH� . As previously discussed, in these scenarios, the
holomorphic trilinear couplings are equal by definition,
i.e., At ¼ Ab. These couplings, along with the correspond-
ing TU

33 and T
D
33, can be determined from the value of Xt. In

Table II, we show the values of the holomorphic trilinear

coupling TD
33 for the benchmark points P1 to P4 in theM125

h

and M125
h ðχ̃Þ scenarios. These values correspond to three

choices of T 0D
33: −100 GeV (min), 0 (central), and 100 GeV

(max). Since the input parameters μ and Xt are identical in
theM125

h andM125
h ðτ̃Þ scenarios, the results for the latter are

the same as those in the M125
h case and are not shown

separately.
For our numerical evaluation, we vary T 0D

33 in the range of
−100 to 100 GeV. In principle, the T 0D

33 contributions can be
substantial due to the multiplication of the T 0D

33 term by
tan β. The plots in Fig. 5 illustrates the value of δMh as a
function of T 0D

33. The left plot corresponds to the M125
h

scenario, while the right plot shows the results in the
M125

h ðχ̃Þ scenario. Since the input parameters for the scalar
quark sector are the same in M125

h and M125
h ðτ̃Þ, the results

for M125
h ðτ̃Þ align with those of M125

h and are therefore not
displayed separately. As anticipated, the most notable
effects occur in the P4, characterized by the highest
tan β value. For this point, the modifications can be as
large as 75 MeV for the M125

h scenario and up to 90 MeV
for the M125

h ðχ̃Þ scenario.
In Fig. 6, we depict δMH as a function of T 0D

33. The layout
of plots is the same as in Fig. 5. In the context of the M125

h
scenario, the most substantial contributions are observed
for the point P3 and P4, yielding negative contributions of
up to 16 GeV; however, P4 can result in negative con-
tribution of up to 38 GeV. On the other hand, in theM125

h ðχ̃Þ
scenario, the most significant impact emerges from the
point P4, resulting in a negative contribution of up
to 58 GeV.
Finally, our findings for δMH� as a function of T 0D

33 are
presented in Fig. 7. The arrangement of plots follows the
same pattern as the previous figures. Once again, the most
substantial contributions are associated with the point P4.
In the M125

h and M125
h ðχ̃Þ scenarios, these contributions can

extend up to 54 and 66 GeV, respectively.
It should be noted that if the effects arise through mass

matrices then, for T 0D
33, one would expect significant effects

on Mh due to the multiplication of the T 0D
33 term by tan β in

TABLE II. Values of TD
33 (in GeV) for points P1–P4 in theM125

h
and M125

h ðχ̃Þ scenarios, corresponding to T 0D
33 ¼ −100 GeV

(min), T 0D
33 ¼ 0 (central), and T 0D

33 ¼ 100 GeV (max). The values
for the M125

h ðτ̃Þ scenario are identical to those of the M125
h

scenario, as the input parameters μ and Xt are the same in both
cases.

M125
h M125

h ðχ̃Þ
Point Min Central Max Min Central Max

P1 −650 50 750 −747 −48 652
P2 −1451 48 1549 −1660 −160 1340
P3 −2951 48 3048 −3370 −370 2630
P4 −4452 48 4547 −5080 −579 3920
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the mass matrix. However, in our approach, where the mass
spectrum is fixed by keeping Xb constant, the situation is
reversed. In this case, the multiplication of T 0D

33 by tan β
causes TD

33 to become very large. Since this term is
multiplied by cα in the couplings of the CP-even heavy
Higgs H, the dominant contributions appear in MH.

V. CONCLUSIONS

In this paper, we have investigated the effect of non-
holomorphic soft SUSY-breaking terms to the Higgs-boson
mass predictions in the NHSSM. In a previous paper [26],
we concentrated on the effect of the NH trilinear Higgs-
scalar top coupling T 0U

33 . In this paper, we complement that

FIG. 7. δMH� as a function of T 0D
33 for M125

h (left plot) and M125
h ðχ̃Þ (right plot).

FIG. 6. δMH as a function of T 0D
33 for M125

h (left plot) and M125
h ðχ̃Þ (right plot).

FIG. 5. δMh as a function of T 0D
33 for M125

h (left plot) and M125
h ðχ̃Þ (right plot).
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work with an analysis of the NH trilinear Higgs-scalar
bottom coupling T 0D

33 and the NH Higgsino mass parameter
μ0. To perform the calculations, using the Mathematica
package SARAH, we generated a SPheno version including
the NH contributions to the Higgs-boson self-energies. This
SPheno versionwas then employed for the numerical analysis.
We took particular care to analyze the pure NH con-

tribution. The NH SSB terms enter into the respective mass
matrices, in this case the scalar bottom and the chargino/
neutralino mass matrices. The T 0D

33 term modifies both the
scalar bottom mass matrix and the Higgs-scalar bottom
couplings. In contrast, μ0 appears only in the chargino and
neutralino mass matrices but not in the couplings between
the Higgs bosons and the charginos/neutralinos. An analy-
sis simply varying the NH SSB terms thus leads to a shift in
the scalar bottom and/or chargino/neutralino masses, which
should be considered as a different physics scenario, as it is
expected that the masses and mixing angles of the con-
tributing SUSY particles are measured in the future (if
SUSY is realized). Consequently, an observed effect from a
naive variation of the NH SSB terms can be mimicked by a
change in the holomorphic SSB terms. Concretely, for each
choice of T 0D

33 , the parameter TD
33 can be adjusted to yield the

same scalar bottom masses. An observed sbottom mass
spectrum thus corresponds to a continuous set of combi-
nations of TD

33 and T
0D
33 (keeping the other SSB and μ fixed).

An analysis that simply varies T 0D
33 , resulting in shifts in the

sbottom masses and mixings, thus cannot be regarded as
realistic. Therefore, in our analysis, we required Xb to be
constant under a change of T 0D

33 by an adjustment of TD
33. In

this way, the effect of the NH contributions is shifted into
the Higgs-sbottom couplings and can readily be analyzed.
A similar strategy has been followed for μ0, where we
required that μ0 þ μ, as they appear in the chargino/
neutralino mass matrices, remains constant. However, here
another subtlety arises, as μ, but not μ0, also enters into the
scalar fermion mass matrices. Here, we used two different
options. In the first approach, the holomorphic trilinear
terms are fixed according to the values defined in the
respective scenarios. Consequently, variations in μ0, and
thereby in μ, lead to changes in the left-right mixing
parameters Xf. Although the masses and mixing angles
in this case change, we have explicitly verified that the
resulting shifts remain below 2% in the majority of cases,
staying well within the anticipated experimental uncer-
tainty. In the second approach, however, the change in μ0 is
compensated by a corresponding adjustment in the hol-
omorphic trilinear terms, keeping Xf constant.
For the numerical analysis, we chose three LHC bench-

mark scenarios [M125
h , M125

h ðτ̃Þ and M125
h ðχ̃Þ] [44]. In each

scenario, four combinations of ðMA; tan βÞ were chosen
that are allowed by current MSSMHiggs-boson searches at
the LHC, (1000 GeV, 7), (1500 GeV, 15), (2500 GeV, 30),
and (2500 GeV, 45), called P1, P2, P3, and P4, respectively.
T 0D
33 has been varied from −100 to þ100 GeV, whereas μ0

was varied from −2000 to þ2000 GeV. The relatively
small range for T 0D

33 was chosen to avoid too-large effects
in TD

33.
Concerning the numerical analysis of a variation of T 0D

33,
the results in the M125

h and the M125
h ðτ̃Þ scenario are

effectively identical due to their identical settings in the
scalar quark sector. The results in the M125

h ðχ̃Þ scenario,
however, can vary visibly from the other two scenarios. For
δMh, the NH contributions yield corrections that are in
general found to be very small, and at a similar level of the
T 0U
33 variation [26] (but contrary to previous claims in the

literature). They reach up to ∼� 60 MeV in the analyzed
parameter space, where P4 exhibits the largest corrections.
Since the corrections turn out to be very small over the
whole analyzed parameter space, we find that the NH terms
do not alleviate the fact that large SUSY masses are needed
to reach the value ofMh ∼ 125 GeV. The numerical effects
for MH and MH� were found to be mostly negative and
reached values of up to ∼− 60 GeV for MH and MH� .
Concerning the analysis of a variation of μ0, the size of

the numerical effects depend on the choice of the adjust-
ment of the holomorphic SSB terms. They can go down to
δMh ∼ −1 GeV in the M125

h and M125
h ðχ̃Þ scenarios and,

due to a specific definition of the scalar lepton sector,
down to ∼−15GeV in the M125

h ðτ̃Þ scenario. However,
those parameter points would then yield a light CP-even
Higgs-boson mass well below 125 GeV; i.e., they would be
experimentally excluded. The numerical effects on MH
range roughly between −40 andþ40 GeV, while the effects
on MH� are mostly negative, going down to ∼− 20 GeV in
theM125

h and theM125
h ðτ̃Þ scenario and down to ∼− 40 GeV

in the M125
h ðχ̃Þ scenario.

Despite the fact that the NH contributions entering via
T 0D
33 and μ

0 are mostly small forMh (the same holds for T 0U
33),

a full analysis of supersymmetric extensions of the SM
should include the possibility of NH contributions.
Consequently, we aim for an inclusion of these effects
into the code FeynHiggs [47–54], thus providing the NHSSM
mass spectrum with the highest possible precision.
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