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We study and explore the low scale implications of Yukawa unification (YU) in the minimal gauge
mediated supersymmetry breaking models. We also assume nonzero nonholomorphic terms, with which
the YU solutions can be accommodated in the cases with μ > 0. These results can be considered a direct
effect from the nonholomorphic terms, but they also lead to testable low scale implications compatible with
YU. We observe abundant solutions consistent with the Higgs boson mass. This constraint leads to heavy
strongly interacting supersymmetric particles, while the electroweak sector can be relatively light and can
be probed by several experiments. We find that the chargino can be lighter than 1 TeVand it is degenerate
with the lightest neutralino in most of these solutions. Consistent solutions in this region can accommodate
charginos as light as about 120 GeV, and they will likely be tested soon by the analyses over the compressed
spectra. These solutions are also subjected in the lifetime analyses. Our analyses identify such light
charginos as decaying in about 10−2 ns. Probing such points may need a slight improvement in the
sensitivity of current analyses, and one can expect them to be tested very soon. In the same region, the stau
is found to be another light supersymmetric particle, and some of the solutions can be inconsistently lighter.
We find that it can weigh as light as about 600 GeV consistently, and it can be tested over its lifetime. We
summarize and also exemplify our findings with five benchmark scenarios. Furthermore, the benchmark
solutions also reveal that the solutions can be tested in heavy Higgs boson searches, which shape the whole
Higgs boson spectrum in models.

DOI: 10.1103/5lq8-wn6g

I. INTRODUCTION

In this study we continue exploring the impact of the
nonholomorphic (NH) terms on the Yukawa unification
(YU) within the minimal gauge mediated supersymmetry
(SUSY) breaking (mGMSB) models. We consider as a
preferred framework the boundary conditions which cannot
accommodate YU when such NH terms are absent. The
results discussed in this study are presented as a completion
of a recent study of ours [1], in which we discussed the
impact of the NH terms on YU in detail within a class of
Yukawa unified gravity mediated SUSY breaking models.
In contrast to gravity mediated SUSY breaking models,

GMSBmodels can provide a more restricted framework for
the NH terms, and one can explore their limits within which
they can still yield visible impacts on the low scale
implications. Since they are expected to modify the typical
mass spectrum compatible with YU, one can identify light
electroweakly interacting SUSY particles which can be
subject to several experimental analyses. Because mGMSB
models typically accommodate a gravitino as the lightest
supersymmetric particle (LSP) in the mass spectrum, one of
the distinct signatures for these models can be probed via
the long-lived particles [2–5].
In the usual treatments, SUSY is assumed to be broken in

a hidden sector, and its breaking is transmuted to our sector
through some messengers which are allowed to interact with
the SUSY partners of the Standard Model (SM) particles. If
the messenger fields participate in these interactions through
the gauge interactions of SM, the models can be classified in
GMSB [6–8]. Apart from ameliorating the gauge hierarchy
problem, these models are also favored by the flavor
analyses, since SUSY breaking is realized through the
flavor blind gauge interactions. In addition, the trilinear
soft SUSY breaking (SSB) terms (A-terms) are generated
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with negligible magnitudes, and it could be another advan-
tage, since the stability of the scalar potential favors low
A-terms for the third family sfermions [9]. In addition, from
a theoretical point of view, the SUSY breaking scale (MMess)
in the visible sector could be as low as about the electroweak
scale; thus, one can recover SUSY even at the scales to
which the current collider experiments can be highly
sensitive.
Despite such theoretical advantages, models in this class

have received the strongest negative impact from the
Higgs boson discovery [10–12], especially as a conse-
quence of the small A-terms. Despite their smallness, the
A-terms can be driven to relatively large values through
the renormalization group equations (RGEs); however, the
solutions with large A-terms at the low scale required by
the Higgs boson mass can be realized only when the
gluino and squarks are quite heavy and/or the SUSY
breaking occurs at a high energy scale [13]. When the
GMSB models are established in a minimal way, which
imposes one multiplet for the messenger fields [say, 5þ 5̄
of SUð5Þ], the requirement of heavy SUSY spectra also
affect the sleptons and all the gauginos.
The results summarized in the paragraph above have

been excessively explored in the absence of the NH terms.
This is because, if there is no other source to generate such
terms, they are induced through the SUSY breaking, and
their magnitudes are suppressed by the SUSY breaking
scale compared to the SSB masses of SUSY scalars
[14,15]. However, they can still be considerable when
the SUSY breaking scale is relatively small, as can happen
in GMSB models. Earlier studies have shown that the low
scale implications of the GMSB models can be drastically
changed when the contributions from NH terms are taken
into account [16–25]. One of the interesting impacts in
these cases can be observed in the Higgs boson mass. The
NH terms can significantly contribute to the Higgs boson
mass, and they can loosen the impact from the need for
heavy SUSY spectra, especially in the models with small
A-terms.
As mentioned at the beginning, we consider models in

the mGMSB class in which all of the SSB terms are
induced through interactions between the messengers from
5þ 5̄ representation of SUð5Þ and the SUSY and Higgs
fields. We impose the RGEs running above the SUSY
breaking messenger scale (MMess) in the presence of the
messenger fields to impose gauge unification and YU
within this class. In addition, we also consider the NH
terms which can be effective after SUSY breaking. The rest
of the paper is organized as follows: we first summarize the
RGEs above MMess to impose the unification of the gauge
and Yukawa couplings in Sec. II. We also briefly discuss
the NH terms and their contributions to Yukawa couplings.
After we describe the scanning procedure and experimental
constraints in our analyses in Sec. III, we discuss our results

and prospects for testing the YU implications at the current
and/or future experiments. Finally, we conclude and sum-
marize our findings in Sec. VI.

II. YUKAWA UNIFICATION IN NH mGMSB

The YU condition in the mGMSB framework can
be explored by supplementing the model with RGEs
above MMess. The superpotential above MMess involved
the messenger fields as follows [6]:

W ¼ WMSSM þ Ŝ Φ̂ ˆ̄Φ; ð2:1Þ

where WMSSM represents the usual superpotential of min-
imal supersymmetric extension of the SM (MSSM) and Ŝ
is an MSSM singlet field which breaks SUSY in the hidden
sector through its vacuum expectation values as hŜi ¼
hSi þ θ2hFi. The scales for the SSB terms can be para-
metrized with Λ≡ hFi=hSi, which splits the masses of the
scalar (Φ) and fermionic (ΨΦ) messenger fields as

mΦ ¼ MMess

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Λ

MMess

s
; mΨΦ

¼ MMess: ð2:2Þ

A. Above MMess

Since all of the SSB terms including the NH ones are
induced below MMess, the RGEs between MMess and MGUT
involve only the gauge and Yukawa couplings, as follows:

dga
dt

¼ 1

16π2
ðβð1Þa þ g3aN5Þ

þ 1

ð16π2Þ2
�
βð2Þa þ g3a

X3
b¼1

2N5B
ð2Þ
ab g

2
b

�
; ð2:3Þ

where N5 is the number of the messenger multiplets and it
is set as N5 ¼ 1 in our work. ga with a ¼ 1, 2, 3 denote the
gauge couplings of Uð1ÞY , SUð2ÞL, and SUð3ÞC, respec-
tively. The βð1;2Þa are one- and two-loop MSSM β funct-
ions [26], and

Bð2Þ
ab ¼

0
B@

7=30 9=10 16=15

3=10 7=2 0

2=15 0 17=3

1
CA ð2:4Þ

is the contribution from a single fiveplet. Note that 5 and 5̄
give the same contribution to the RGEs. The RGEs for
the Yukawa couplings above MMess can be given as
follows [26,27]:
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dyt
dt

¼ 1

16π2
βð1Þt þ 1

ð16π2Þ2
�
βð2Þt þ ytN5

�
8

3
g43 þ

3

2
g42 þ

13

30
g41

��
;

dyb
dt

¼ 1

16π2
βð1Þb þ 1

ð16π2Þ2
�
βð2Þb þ ybN5

�
8

3
g43 þ

3

2
g42 þ

7

30
g41

��
;

dyτ
dt

¼ 1

16π2
βð1Þτ þ 1

ð16π2Þ2
�
βð2Þτ þ yτN5

�
3

2
g42 þ

9

10
g41

��
: ð2:5Þ

Models in the mGMSB class can be constrained with the YU condition after calculating the Yukawa couplings atMGUT
by running the RGEs given above between MMess and MGUT. One can utilize the following parameter with a suitable
criterion to identify the solutions compatible with YU:

Rtbτ ¼
maxðyt; yb; yτÞ
minðyt; yb; yτÞ

; ð2:6Þ

in which the Yukawa couplings are considered at MGUT.

B. Below MMess

Once the masses are split between the fields in the messenger supermultiplets as given in Eq. (2.2), they induce the
following SSB Lagrangian involving the MSSM fields through loop levels:

LMSSM
soft ¼ −

1

2
ðM1B̃ B̃þM2W̃ W̃þM3g̃ g̃Þ − ðQ̃†m2

QQ̃þ L̃†m2
LL̃þ ˜̄um2

u ˜̄u† þ ˜̄dm2
d
˜̄d† þ ˜̄em2

e ˜̄e†Þ
−m2

Hu
H†

uHu −m2
Hd
H†

dHd þ ðbHdHu þ c:c:Þ − ðAuQ̄Huuþ AdQ̄Hddþ AeL̄HdeÞ
− μ0H̃u · H̃d − Q̃H†

dA
0
uŨ − Q̃H†

uA0
dD̃ − L̃H†

uA0
eẼ − H:c:; ð2:7Þ

where the first line displays the gaugino masses which are
induced at one-loop at MMess as

Mi ¼
αi
4π

Λ; ð2:8Þ

where i ¼ 1, 2, 3 corresponds to Uð1ÞY , SUð2ÞL, and
SUð3ÞC, respectively. The second and third lines involve
the SSB masses for the sfermions and MSSM Higgs
fields, respectively, and these masses are induced at two-
loop level as:

m2
ϕðMMessÞ ¼ 2N5Λ2

X3
i¼1

CiðϕÞ
�
αi
4π

�
2

; ð2:9Þ

where ϕ stands for the MSSM fields listed in the second and
third lines of Eq. (2.7). The quadratic Casimir invariants are
given by C1 ¼ ð3=5ÞðY=2Þ2, C2 ¼ 3=4, and C3 ¼ 4=3,
corresponding to the gauge groups of the SM. Note that
C1 depends on the hypercharge Y of these fields.
The fourth line in the SSB Lagrangian is the usual SSB

trilinear scalar interactions terms, and as mentioned before,
they are generated at the third-loop level. Therefore, their
magnitude is suppressed by MMess compared to the scalar
mass squares. Thus, they can be neglected at MMess. Note
that even if one sets them to zero at MMess, they can still

have considerable magnitudes at the low scale through their
RGE evolution, since the SSB mass terms are effective in
their RGEs.
Despite being strictly forbidden in a supersymmetric

model, the NH terms can be induced by higher dimensional
operators through the SUSY breaking as

1

M3

Z
d4xd4θX̂ ˆ̄X†Φ̂iΦ̂jΦ̂

†
k ¼

F 2

M3
SiSjS�k → A0SiSjS�k;

1

M3

Z
d4xd4θX̂ ˆ̄X†DαΦ̂DαΦ̂ ¼ F 2

M3
ψψ → μ0ψψ ; ð2:10Þ

which can be adapted to GMSB models by setting
M → MMess and F ¼ ΛMMess. The typical order of mag-
nitude for the NH terms is then found to be

A0; μ0 ∼
Λ2

MMess
; ð2:11Þ

which implies a relation between the scales of the SUSY
scalar masses and the NH terms as m2

0 ∼ A0
0MMess.

Therefore, the NH terms are induced at relatively small
magnitudes compared to the SUSY scalar mass-squared
terms, although Eq. (2.11) allows the NH terms to be as
large as about 200 TeV [25].
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While the operators in Eq. (2.10) establish a direct link
between the NH terms and SUSY breaking, NH mass terms
for SUSY fermions (i.e., Higgsinos and gauginos) can be
induced through independent mechanisms. For instance,
such terms can emerge in N ¼ 2, 4 SUSY gauge models
when the gauge invariant action is decomposed into N ¼ 1
fields [28–33]. Alternatively, strongly coupled SUSY gauge
dynamics can also be addressed for such NH terms [34] for
the masses of the supersymmetric fermions. Given these
possible frameworks, we do not restrict μ0 values to those
implied by the operators given in Eq. (2.10). These NH terms
are represented in the last line of Eq. (2.7), where the indices
in A0

i terms are suppressed, but the third family sfermions are
referred to as i ¼ t, b, τ.

C. NH Impact on YU

Even though it is imposed at MGUT, the YU condition is
also quite effective in shaping the low scale implications.
This is because YU cannot be compatible even with the
third family fermion masses, unless the threshold contri-
butions from the SUSY particles are considered at MSUSY,
at which the SUSY particles are assumed to decouple from
the physical spectrum. The earlier studies on YU have
revealed that especially yb should receive large negative
contributions to satisfy the YU condition consistently [35].
The leading-order threshold contributions are shown

diagrammatically in Fig. 1. Note that these diagrams
represent only the leading-order holomorphic contribu-
tions, which can be written as [36]

δHyb ≈
g23

12π2
μM3 tan β

m2
b̃

þ y2t
32π2

μAt tan β
m2

t̃

; ð2:12Þ

wherem2
b̃
¼ mb̃L

mb̃R
andm2

t̃ ¼ mt̃Lmt̃R . Models with μ > 0

need quite large negative At terms to provide large
negative threshold contributions to yb, which does not
seem possible to realize in mGMSB. This is one of the
reasons that YU prefers the models with μ < 0. Even in
those models, heavy mass spectra for strongly interacting
particles can significantly suppress these contributions. In
addition, models with μ < 0 can be problematic with the
current measurement of the muon anomalous magnetic

moment (muon g − 2) [37,38], since the dominant SUSY
contributions happen to be negative.
The NH contributions to yb can be encoded with the

terms in the last line of Eq. (2.7). These terms contribute
through the first diagram in Fig. 1 proportional to A0

byb.
With such contributions from A0

b, the overall contribution
from the first diagrams can turn out to be negative even in
the cases with μ > 0. Another dominant contribution arises
through the second diagram by enhancing the Higgsino
mass. The overall NH threshold contribution to yb can be
written as

δNHyb ≈
g23

12π2
A0
bM3 tan β
m2

b̃

þ y2t
32π2

μ0At tan β
m2

t̃

; ð2:13Þ

and the total threshold contribution becomes δyb ¼
δHyb þ δNHyb . With these NH contributions, the impact from
YU on the holomorphic contributions can be entirely
transferred to the interplay among the NH terms; thus
one can accommodate the YU solutions in models in which
they are not possible in the absence of NH terms.
Equation (2.13) clearly shows that negative values of A0

b
are favored by the YU condition, and a negative μ0 is
expected to help in a minor way. However, the enhancement
in the negative threshold corrections to yb from negative
values of the NH terms is not straightforward, since these
terms can significantly alter the low scale implications.
Indeed, their interference is highly subtle, and they can be
revealed by studying their effects through the RGEs. For
instance, assuming the heavy mass scales for the SUSY
scalars prevent them from developing nontrivial VEVs [39],
the NH terms do not participate in the electroweak symmetry
breaking (EWSB); thus, the EWSB condition remains intact,
as follows:

M2
Z

2
¼ −μ2 −

m2
Hu
tan2β −m2

Hd

tan2β − 1
; ð2:14Þ

where them2
Hu

and m2
Hd

are the SSB mass-squared terms for
the MSSM Higgs doublets. Note that in our notation, m2

Hu

and m2
Hd

include also the loop contributions. The condition
imposed by Eq. (2.14) leads to −μ2 ≃m2

Hu
, and they cancel

each other such that Eq. (2.14) yields a consistent Z-boson

FIG. 1. Threshold corrections to the b-quark Yukawa coupling.
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mass. The term with m2
Hd

is suppressed by tan β, and
therefore its contribution is negligible. In this context, the
required cancellation between μ2 and m2

Hu
leads to m2

Hu
< 0

in solutions consistent with the EWSB condition. This fact
also restricts the NH terms implicitly. Even though
Eq. (2.14) does not depend on the NH terms explicitly,
they can take part in EWSB through the RGEs as

dm2
Hu

dt
¼

�
dm2

Hu

dt

�
MSSM

þ 6

�
1

5
g21 þ g22

�
μ02

− 6y2bA
02
b − 2y2τA02

τ ; ð2:15Þ

where t ¼ logðQÞ, and the RGE is written for the run from
MMess to the electroweak scale. The usual MSSM RGE for
m2

Hu
is denoted by the first term, while the rest of the terms

reveal the NH impact on m2
Hu

through its RGE. As imposed
by the GMSBmass relations given in Eq. (2.9),m2

Hu
receives

positive values atMMess, and it has to turn out to be negative
at MZ through Eq. (2.15) as required by the EWSB
condition. In this context, despite being varied arbitrarily,
μ0 drives m2

Hu
towards the positive values, and the last two

terms with A0
b and A0

τ should dominate over μ0 to drive m2
Hu

to negative values. However, since A0
b ¼ A0

τ ¼ A0
0 ¼

�Λ2=MMess at MMess, μ0 needs to be relatively small.
Note that m2

Hu
can be as large as about 100 TeV2 at

MMess, thus the impact from the NH terms plays a crucial
role in satisfying the EWSB condition. This interplay among
the NH terms yields negative but small m2

Hu
at MZ, which

leads to a small μ-term, since the EWSB condition implies
j − μ2j ≃ jm2

Hu
j. The small values for μ are preferred by the

YU solutions, since in our setup, they lead to rather positive
threshold contributions.
The EWSB condition restricts the NH terms regardless

of their signs, but as mentioned above, the YU condition
favors negative NH terms, and sufficiently large negative
values for A0

0 might seem to provide the required negative

threshold corrections to yb at first glance. However, a
negative A0

0 is not enough to give rise to negative con-
tributions, since these terms also drive the masses of the
SUSY scalars to heavier scales [19,21,25]. In GMSB
models, the NH contributions to sbottoms and stops can
increase their masses up to about 6–10 TeV. Therefore, they
also strengthen the suppression in the threshold corrections
due tomb̃ andmt̃. Note that such effects from the NH terms
do not appear when they are effectively imposed at the low
scale regardless of their possible origins [16–24,40,41].

D. NH impact on muon g − 2
The recently confirmed agreement on the muon anoma-

lous magnetic moment (hereafter muon g − 2) between its
experimental measurements and the SM predictions [37,38]
can lead to a considerably strong impact on shaping the NH
contributions to the low scale observables. The NH terms
rather serve to suppress the supersymmetric contributions
to muon g − 2, which might be favored by the current status
of muon g − 2 in the models that typically lead to large
supersymmetric contributions to muon g − 2 [25]. Such a
suppression can be even more interesting due to the fact
that the solutions are expected to be compatible with the
YU condition in regions with negative A0 terms. In these
solutions, the muon g − 2 contributions can easily turn out
to be negative in the minimal GMSB models, since the
supersymmetric contributions to muon g − 2 are nearly
zero already without the NH terms due to the heavy mass
spectra [13,27].
The leading supersymmetric contributions to muon g − 2

can be classified in four classes which are diagrammatically
shown in Fig. 2. The cross in the top left diagram represents
the chirality flip between the left- and right-handed
smuons, while the dots in the other diagrams denote the
mixing among the MSSM neutralino species. The contri-
butions from each diagram (ordered from top left to bottom
right, respectively) can be calculated in the presence of the
NH terms as follows [42–45]:

ΔaB̃μ̃Lμ̃Rμ ≃
g21

16π2
m2

μMB̃½ðμþ A0
μÞ tan β − Aμ�

m2
μ̃L
m2

μ̃R

FN

�
m2

μ̃L

M2
B̃

;
m2

μ̃R

M2
B̃

�
; ð2:16aÞ

ΔaB̃ H̃ μ̃
μ ≃

g21
16π2

m2
μMB̃½ðμþ A0

μÞ tan β − Aμ�
�

1

m4
μ̃L

FN

�
M2

1

m2
μ̃L

;
μ2

m2
μ̃L

�
−

2

m4
μ̃R

FN

�
M2

1

m2
μ̃R

;
μ2

m2
μ̃R

��
; ð2:16bÞ

ΔaW̃ H̃ μ̃
μ ≃

g22
16π2

m2
μM2½ðμþ A0

μÞ tan β − Aμ�
m4

μ̃L

FN

�
M2

2

m2
μ̃L

;
μ2

m2
μ̃L

�
; ð2:16cÞ

ΔaW̃ H̃ ν̃
μ ≃

g22
8π2

m2
μM2½ðμþ A0

μÞ tan β − Aμ�
m4

ν̃

FC

�
M2

2

m2
ν̃

;
μ2

m2
ν̃

�
; ð2:16dÞ

where
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FNðx; yÞ ¼ xy

�
−3þ xþ yþ xy
ðx − 1Þ2ðy − 1Þ2 þ 2x logðxÞ

ðx − yÞðx − 1Þ3 −
2y logðyÞ

ðx − yÞðy − 1Þ3
�
; ð2:17aÞ

FCðx; yÞ ¼ xy

�
5 − 3ðxþ yÞ þ xy
ðx − 1Þ2ðy − 1Þ2 −

2 logðxÞ
ðx − yÞðx − 1Þ3 þ

2 logðyÞ
ðx − yÞðy − 1Þ3

�
: ð2:17bÞ

Note that the loop functions are explicitly defined such that
their arguments reflect the heavy mass limits for the
corresponding particles.
The dominant supersymmetric contributions to muon

g − 2, in general, arise from the top left diagram approxi-
mated by Eq. (2.16a), since they are induced through gauge
interactions and enhanced by the chirality flip between the
smuons. The contributions from the other diagrams involve
the Yukawa coupling between smuons and Higgsinos
(≃10−3), thus they are expected to be minor compared
to the bino-smuon loop. In the presence of the NH terms,
the sign of the dominant contributions is determined by the
factor ðμþ A0

μÞ tan β which restricts negative A0
μ values to

jA0
μj ≲ μ such that the supersymmetric muon g − 2 con-

tributions remain small and positive. Indeed, this restriction
is necessary for all the contributions to keep them positive
except for those arising from the right-handed smuon-
bino-Higgsino loop, whose magnitude is determined also by
the second loop factor in the parentheses of Eq. (2.16b).
These contributions turn out to be positive when jA0

μj≳ μ in
the regions with negative A0

μ. Furthermore, they can domi-
nate over the other contributions when the right-handed
smuon is sufficiently lighter than the left-handed smuon.
In this context, if the top left diagram is identified as

the dominant contributions, the solutions consistent with
the current measurements of muon g − 2 impose a restric-
tive impact on the YU solutions. On the other hand, it might
still be possible to realize such solutions with large and
negative A0

μ terms, if the right-handed smuon-bino-
Higgsino loop dominates over the other diagrams. In this

case, the contributions lead to different scenarios, since
they involve interactions between smuons and Higgsinos,
whose strength is determined by the Yukawa coupling
associated with the second family of leptons (yμ ∼ 10−3).
At first glance, this requires relatively light Higgsinos,
which makes the NH μ0 term also relevant in the muon
g − 2 implications. Before concluding, we should also note
that negative A0

μ terms cannot still be arbitrarily large, since
they drive the smuon masses to heavy scales [25].

III. SCANNING PROCEDURE AND
EXPERIMENTAL CONSTRAINTS

In this section, we briefly describe the fundamental
parameter space of the models in the mGMSB class, and
the scanning procedure which is optimized to generate
statistically well-distributed YU solutions. The fundamental
parameters and their ranges in our scans are the following:

103 ≤ Λ ≤ 108 GeV;

106 ≤ MMess ≤ 1016 GeV;

35 ≤ tan β ≤ 60;

− 20 ≤ μ0 ≤ 20 TeV;

sgnðA0
0Þ ¼ −1;þ1; ð3:1Þ

where Λ and MMess determine the SSB masses as discussed
in the previous section, and tan β is the usual MSSM
parameter which is defined in terms of the VEVs of the
MSSM Higgs fields as tan β≡ vu=vd. Since μ0 contributes

FIG. 2. Leading supersymmetric contributions to muon g − 2. The cross in the top left diagram represents the chirality flip between the
left- and right-handed smuons, while the dots in the other diagrams denote the mixing among the MSSM neutralino species.
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to the Higgsino mass together with μ, we set its range to
the scales comparable with μ as specified in Eq. (3.1). The
magnitude of A0

0 is determined by Λ and MMess as given in
Eq. (2.11), but we also allow that it can have relative sign due
to phase differences, and we randomly assign its sign in
our scans.
We perform random scans over the fundamental param-

eters listed above by employing the Metropolis-Hastings
algorithm [46,47]. Their randomly determined values are
inputted into SPheno-4.0.4 [48,49], which calculates the mass
spectra, mixing of the supersymmetric and Higgs fields,
branching ratios of their decays, etc. This numerical
calculation package is generated by SARAH [50,51], which
is also modified such that the NH terms are imposed at
MMess, and they are involved with the other SSB terms in the
RGEs. SPheno, by default, involves the RGEs below MMess,
but we supply it with the RGEs between MMess and MGUT,
which are given in Eqs. (2.3) and (2.5).MGUT is determined
dynamically by the condition g1 ¼ g2 ≃ g3, where g1, g2,
and g3 denote the gauge couplings of Uð1ÞY , SUð2ÞL,
and SUð3Þc, respectively. In the unification condition, we
do not require a strict equality by allowing small deviation
in g3 to take into account some unknown grand unified
theory (GUT) scale threshold corrections [52–54]. In the
RGE evolutions, the decoupling scale of the SUSY particles
is determined by MSUSY ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffimt̃Lmt̃R

p , and the threshold
contributions to the Yukawa couplings discussed in Sec. II C
are calculated and added at this scale.
In our analyses, we subsequently apply several theoretical

and experimental constraints. One of the main constraints
arises from the radiative electroweak symmetry breaking
(REWSB) condition, which restricts the values of μ and b
with the SSBmasses of the Higgs fieldsmHu

andmHd
. In our

scans, we accept only the solutions compatible with the
REWSB condition. After generating the data, we first apply
the mass bounds on the SM-like Higgs boson [10–12] and
SUSY particles [55–58], the constraints from rare decays of
B-meson [59,60]. We also constrain the muon g − 2 results,
since the current experimental [38] and theoretical [37]
analyses have revealed a significant agreement for the SM
predictions. The constraints leading to main impacts in our
analyses can be listed as

mh ¼ 123 − 127 GeV;

mg̃ ≥ 2.1 TeVð1400 GeV if it is NLSPÞ;
1.95 × 10−9 ≤ BRðBs → μþμ−Þ ≤ 3.43 × 10−9ð2σÞ;
2.99 × 10−4 ≤ BRðB → XsγÞ ≤ 3.87 × 10−4ð2σÞ;
0 ≤ Δaμ ≤ 6.6 × 10−10: ð3:2Þ

While Eq. (3.2) lists the constraints which yield a
considerable impact on the parameter space, it does not
represent the full list of constraints employed in our analyses.
We also employ the model independent constraints from the

Linear Electron-Positron (LEP) experiments on the mass
spectrum [61–63] as well as those on the decay modes of the
SM Higgs boson including its invisible decay channels [64].
In addition, we also require the solutions to be compatible
with the electroweak precision observables by bounding the
oblique parameters (S, T, U) [65] with the global fits to W
and Z boson data [66]. One of the main issues in the
theoretical calculations arises in the SM-like Higgs boson
predictions. Despite its impressively precise experimental
measurement [66], we allow about 2 GeV theoretical
uncertainty in applying the Higgs boson mass constraint.
This uncertainty of about 2 GeV arises from the top quark
mass and strong gauge coupling measurements, as well as
the mixing in the squark sector [67–72].
The constraints from rare decays of B-mesons not only

suppress the large SUSY contributions to the relevant
processes, but they also put a strict control in the Higgs
sector. The heavy CP-even (H) and CP-odd (A) Higgs
bosons mediate the Bs → μþμ− process [73,74]. The
allowed ranges for these processes are obtained from
highly sensitive analyses as given in Eq. (3.2). These
ranges can drive the Higgs bosons to heavy mass scales,
but also they provide a fit on the couplings between the
Higgs bosons and SM fermions. Similarly the B → Xsγ
receives contributions from the charged Higgs boson, and
the analyses on this process also lead to a fit for the
couplings between the Higgs bosons and quarks. It should
also be noted that we parametrize the magnitudes of NH
trilinear scalar interactions terms as T 0

i ¼ A0
iyi with i ¼ u,

d, e to keep the Cabibbo–Kobayashi–Maskawa (CKM)
matrix aligned with the rotations of the squarks.

IV. YU IN THE HOLOMORPHIC CASES

Before we proceed to discussions of the NH impact on
YU in mGMSB, we first display the current status of YU in
Rtbτ − tan β planes of Fig. 3 for the holomorphic cases with
μ > 0 (left) and μ < 0 (right). All points are consistent with
the REWSB condition. The green points are consistent with
the mass bounds and rare decays of B-mesons given in
Eq. (3.2). The horizontal dashed line represents the sol-
utions with Rtbτ ¼ 1.1, and the points underneath these
lines are identified as the YU compatible solutions. As seen
from the left panel, the holomorphic cases with μ > 0
cannot accommodate YU within their fundamental param-
eter space, and Rtbτ can only reach values as low as only
about 1.3. This is because the required negative contribu-
tions to yb need a large At term, which is typically negligible
in GMSB models. Therefore, the threshold contributions
from the second diagram in Fig. 1 also become negligible,
and yb receives mostly positive contributions from the first
diagram when μ > 0.
The second diagram still remains negligible, but one can

realize the desired negative contributions from the first
diagram in the holomorphic cases with μ < 0. The right
panel in Fig. 3 shows the results for these cases, and as can
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be seen from the results, the μ < 0 case can abundantly
accommodate the YU solutions. However, these solutions
can be problematic when they are confronted with the
current results for muon g − 2. As is well known, the
solutions with μ < 0 lead to negative SUSY contributions
to muon g − 2. Even though the heavy spectra of GMSB
can significantly suppress such contributions, the current
sensitivity of the theoretical calculations and experimental
measurements can yield a strong negative impact.
We display our results for muon g − 2 in the holomor-

phic cases with μ < 0 in Fig. 4 in the Δaμ − tan β,
Δaμ −mμ̃1 , Δaμ −mχ̃�

1
, and Δaμ −mχ̃0

1
planes. All points

are compatible with the REWSB condition. The green
points represent the solutions consistent with the mass
bounds and constraints from rare B-meson decays. The red
points form a subset of green and display the YU
compatible solutions. As is seen, all solutions are accu-
mulated in the regions of negative SUSY contributions and
the YU solutions can worsen the problem by contributing
to muon g − 2 up to about −0.8 × 10−10. Such large
negative contributions can be realized in any value of
tan β in its YU compatible range (red), while the masses of
the smuon, chargino, and neutralino play a crucial role in
alleviating the muon g − 2 problem. When these particles
are lighter than about 2 TeV, they can significantly worsen
the muon g − 2 results. As seen from the planes of Fig. 4,
one needs to constrain these particles to be quite heavier to
minimize the SUSY contributions. As seen from the mass
planes in Fig. 4, Δaμ can be nearly zero when
mμ̃ ≳ 15 TeV, mχ̃�

1
≳ 16 TeV and mχ̃0

1
≳ 12 TeV, which

are extremely far from the reach of the current and near
future collider experiments.

V. NH IMPACT ON YU IN mGMSB WITH μ > 0

As discussed in the previous section, the minimal GMSB
models can barely be compatible with the YU condition.
YU needs to be significantly broken in the μ > 0 case,
while it conflicts with the latest muon g − 2 results in
the μ < 0 case. This conflict can be ameliorated when the
SUSY mass spectrum is so heavy that it can be beyond the
sensitivity even of the future collider experiments. In this
section, we discuss the YU solutions compatible with the
experimental constraints employed within our analyses in
the fundamental parameter space of mGMSB. Note that the
green points in the plots of Sec. IV were not required to
satisfy the muon g − 2 constraint, since we discussed it
separately. However, the green points in the rest of our
discussions will be required to be consistent with the muon
g − 2 constraint as given in Eq. (3.2). After presenting
the YU compatible regions in the mGMSB framework,
we discuss the YU compatible SUSY mass spectra and
prospects to probe YU in the current and/or future collider
experiments.

A. The fundamental parameter space of YU

We first display the YU parameter Rtbτ in correlation
with various fundamental parameters in the Rtbτ − Λ,
Rtbτ −MMess, Rtbτ − tan β, and μ −MMess planes of
Fig. 5. The color coding is the same as that described

FIG. 3. Status of t − b − τ YU in Rtbτ − tan β planes for the holomorphic cases with μ > 0 (left) and μ < 0 (right). All points are
consistent with the REWSB condition. The green points are consistent with the mass bounds and rare decays of B-mesons given in
Eq. (3.2). The horizontal dashed line represents the solutions with Rtbτ ¼ 1.1, and the points underneath these lines are identified as the
YU compatible solutions.
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for Fig. 3. Note that these points are also required to be
consistent with the muon g − 2 constraint. In the μ −MMess
plane, the red points form a subset of green and represent
the YU solutions, which are compatible with the constraints
given in Eq. (3.2). The top panels show that the funda-
mental parameters Λ and MMess are restricted to narrow
ranges as 7 × 105 ≲ Λ≲ 2 × 106 GeV and 8 × 107 ≲
MMess ≲ 8 × 108 GeV (green points under the horizontal
dashed lines). On the other hand, these regions can be
identified with tan β in a range (45–60) which is relatively
wider than the YU compatible regions in the absence of NH
terms as shown in the Rtbτ − tan β plane. We also display
the possible ranges of the μ − term compatible with the

YU condition (red) in the μ −MMess plane. YU, in general,
favors large values of μ (≳3 TeV) [27], our results can
accommodate YU solutions with μ≳ 1.8 TeV.
The narrow range for Λ and MMess is a direct results of

needing to induce considerably effective NH terms as
discussed earlier. These terms become almost zero when
MMess ≳ 1010 GeV [25], and the models reduce to the usual
GMSB models, which do not involve NH terms. Figure 6
displays the ranges for these NH terms in the Rtbτ − A0

0 and
Rtbτ − μ0 planes. The color coding and dashed lines are
the same as those described for the top panels of Fig. 5. As
seen from the Rtbτ − A0

0 plane, the NH trilinear interaction
term is required to be negative and it can take values from

FIG. 4. Muon g − 2 (Δaμ results compatible with the YU condition in the case with μ < 0) in theΔaμ − tan β,Δaμ −mμ̃1 , Δaμ −mχ̃�
1
,

and Δaμ −mχ̃0
1
planes. All points are compatible with the REWSB condition. The green points represent the solutions consistent with

the mass bounds and constraints from rare B-meson decays. The red points form a subset of green and display the YU compatible
solutions.
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about −40 to −8 TeV. μ0 also helps in accommodating the
YU solutions, but the impact from YU on this NH term is
not as strong as the other parameters. Although perfect YU
solutions rather favor the regions with μ0 < 0, it is still
possible to realize the YU solutions when μ0 > 0 as shown
in the Rtbτ − μ0 plane.
The impact from YU on the NH terms can be understood

by considering the threshold contributions to yb, which are
required to be about −0.2 [35]. As discussed in Sec. I, the
mGMSB models with μ > 0 cannot provide large enough
threshold contributions to yb such that YU cannot be
realized. On the other hand, when the NH terms are
present, they can dominantly adjust the threshold contri-
butions, and the holomorphic terms can even become
totally independent on the YU condition. The plots in
the Rtbτ − δyb, δyb − μ, δyb − A0

b=mb, and δybH − δyNHb
planes of Fig. 7 display the threshold contributions to yb.

The color coding and the dashed line in the top left panel
are the same as in Fig. 3, while the other panels follow the
color coding as given for the bottom right panel of Fig. 5.
As mentioned before, the total threshold corrections should
be in the range −0.25≲ δyb ≲ −0.05 as shown in the
Rtbτ − δyb plane. Also, perfect YU solutions (Rtbτ ¼ 1) can
be realized in the range of −0.15≲ δyb ≲ −0.09. Such
large negative contributions require a large μ-term when the
NH terms are absent, but as displayed in the δyb − μ plane,
the YU solutions (red points) can be realized even when
μ≳ 1 TeV. The YU impact on A0

0 can also be seen in the
δyb − A0

b=mb plane. The NH contributions to yb domi-
nantly arise from A0

0. When A0
0 ∼ 0, δyNHb is also negligible,

and there are no YU solutions in these cases. In this context,
negative threshold corrections happen with A0

b < 0, and its
magnitude should be as large as about the sbottom mass.
The δybH − δyNHb plane also confirms that the holomorphic

FIG. 5. YU solutions in the Rtbτ − Λ, Rtbτ −MMess, Rtbτ − tan β, and μ −MMess planes. The color coding is the same as that described
for Fig. 3. In the μ −MMess plane, the red points form a subset of green and represent the YU solutions, which are compatible with the
constraints given in Eq. (3.2).
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terms can vary freely, and they can even provide positive
threshold corrections as large as about 0.3. Even such
positive contributions can be compensated with larger
negative NH contributions (δyNHb ≃ −0.5) and the solutions
can lead to YU at MGUT.

B. Mass spectrum compatible with YU

The NH terms provide significant contributions to the
Higgs boson mass as shown in Fig. 8 in the mh −MMess,
mh − Λ, mh − μ, and mh − A0

0 planes. The color coding is
the same as in the bottom right panel of Fig. 5. The red points
form a subset of green and display the YU solutions. The
Higgs boson mass constraint is not applied in these panels,
while its mass bounds are represented with the horizontal
dashed lines. In the absence of NH terms, the Higgs boson
can barely weigh about 126 GeV, and the consistent mass
scales for the Higgs boson can be realized only when the
SUSY particles are quite heavy [13]. However, as shown in
the top panels of Fig. 8, one can accommodate the Higgs
boson in the spectrum even as heavy as about 128 GeV. As is
well known, MSSM can lead to the consistent Higgs boson
mass only when it can utilize large radiative corrections to its
mass, which also require a large μ-term in GMSB models.
However, the mh − μ plane shows that a Higgs boson mass
of about 125 GeV can be realized even when μ≳ 1 TeV. In
such solutions, the required radiative contributions to the
Higgs boson mass can arise from the A0

0 term. The mh − A0
0

plane shows that the a negative larger A0
0 drives the Higgs

boson to heavier mass scales in the YU compatible region
(red points).
The ranges of the fundamental parameters compatible

with YU shown in Fig. 5 typically lead to heavy spectrum
for strongly interacting SUSY particles. Figure 9 displays

their masses in the mg̃ −mχ̃0
1
, mt̃1 −mχ̃0

1
, mb̃1

−mχ̃0
1
, and

mq̃L −mg̃ planes. The color coding is the same as in the
bottom panels of Fig. 5. The diagonal line in the mq̃L −mg̃

plane indicates the mass degeneracy between the first two-
family squarks and gluino. The top panels and bottom left
panel show that the stop, sbottom, and gluino can only be as
light as about 5 TeV when the solutions are compatible with
the YU condition (red). In addition, the spectra involve the
squarks of the first two families which are slightly heavier
(mq̃L ≳ 6 TeV), as shown in the bottom right panel. These
mass scales are obviously beyond the sensitivity of collider
experiments conducted at LHC, and they can even go beyond
the High-Luminosity LHC experiments. Our results for the
mass spectrum of these particles can potentially be probed in
the Future Circular Collider (FCC) experiments [75–77].
Despite the heavy masses of the strongly interacting

SUSY particles, Fig. 9 also reveals that the neutralinos
can be significantly light with mχ̃0

1
∼Oð100Þ GeV. This

observation can lead to testable implications in the current
experiments within the mGMSB framework. In this context,
the plots in Fig. 10 show the masses of the electroweakly
interacting particles in the mχ̃0

1
−mχ̃�

1
, ðmχ̃�

1
−mχ̃0

1
Þ −mχ̃�

1
,

mμ̃L −mμ̃R , and mτ̃L −mτ̃R planes. The color coding is the
same as in the bottom panels of Fig. 5. The diagonal lines
depict the mass degeneracy between the plotted particles.
The mχ̃0

1
−mχ̃�

1
plane shows that the lightest chargino and

neutralino can weigh from about 100 GeV to about
3.5 TeV, and they happen to be nearly degenerate when
their masses are lighter than about 1 TeV. These solutions
can be tested in the collider analyses over compressed
spectra [78] whose results are represented with the black
curve in the ðmχ̃�

1
−mχ̃0

1
Þ −mχ̃�

1
plane. In the region where

the chargino and neutralino are nearly degenerate in mass,

FIG. 6. Correlation between YU parameter and the NH terms in the Rtbτ − A0
0 and Rtbτ − μ0 planes. The color coding and dashed lines

are the same as those described for the top panels of Fig. 5.
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the mass difference can be as low as about 0.1 GeV, and
these solutions can be excluded by the current experi-
mental bounds. Even though they are only a few in our
scans, there are also solutions with ðmχ̃�

1
−mχ̃0

1
Þ ≲ 1 GeV

that are more likely to be tested in the next update from
such analyses.
We also display our results for the slepton masses in the

bottom panels of Fig. 10. The sleptons from the first two
families happen to be quite degenerate in their masses, and
the bottom left panel shows their mass scales shown in the
smuon masses. The results in this panel shows that smuons
(and selectrons since they are degenerate in mass) can only
be as light as about 1.5–2 TeV. On the other hand, the third
family sleptons—staus—can be much lighter. While the

left-handed stau is heavier than 2 TeV in the parameter
space, the right-handed stau can be as light as about
100 GeV. The solutions with mτ̃R ≲ 100 GeV are excluded
by the LEP bounds [62].
Such light charged particles can also be subjected to the

analyses for the long-lived particles. Smuons are typically
known to be long-lived particles in the GMSB models;
however, the current results [79] can probe such smuons
only up to about 600 GeV. Therefore our results need to
wait for the future experiments to probe YU through long-
lived smuons. On the other hand, the observed mass scales
for the chargino and stau can be within reach of the current
and near future collider experiments [4,5]. Figure 11 shows
the lifetimes of these charged particles in correlation with

FIG. 7. Threshold contributions to yb compatible with YU in the Rtbτ − δyb, δyb − μ, δyb − A0
b=mb, and δybH − δyNHb planes. The

color coding and the dashed line in the top left panel are the same as in Fig. 3, while the other panels follow the color coding as given for
the bottom right panel of Fig. 5.
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their masses. The analyses for the chargino can hold when
the mass difference between the chargino and neutralino is
close to the pion mass, and they can exclude some solutions
in mGMSB models as shown in the mχ̃�

1
− τχ̃�

1
plane. The

possible longest lifetime for chargino in our results is
realized to be about 10−2 ns (red points in the left side
of the curve). In this region, the chargino can be even lighter
than 200 GeV, and these solutions are expected to be tested
as the sensitivity in these analyses is being improved. On the
other hand, the staus can fly for about 107 ns, and the
solutions in which the staus can fly longer than about 103 ns
are already excluded by the analyses [4]. The solutions with
lower stau lifetime can be probed up to about 600 GeV.
The mτ̃R − ττ̃ plane displays many solutions which can
receive impacts from the lifetime analyses of the stau. These

analyses have already excluded some of such solutions,
while mGMSB models can still yield many more to be
tested in these analyses.

C. Muon g− 2 with the NH contributions

As discussed in Sec. VA, the YU solutions favor negative
A0
0 values. In this context, the results also yield a negative A

0
μ

which receives a restriction due to our constraint from the
current muon g − 2 measurements, which strictly forbids
negative muon g − 2 results in the YU compatible spectra
within the minimal GMSB framework. As realized in most
cases, the dominant supersymmetric contributions to muon
g − 2 arise from the bino-smuon loop which is represented in
the top left diagram in Fig. 2. The plots in Fig. 12 display our

FIG. 8. Higgs boson mass in themh −MMess,mh − Λ,mh − μ, andmh − A0
0 planes. The color coding is the same as in the bottom right

panel of Fig. 5. The red points form a subset of green and display the YU solutions. The Higgs boson mass constraint is not applied in
these panels, while its mass bounds are represented with the horizontal dashed lines.
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results relevant to these contributions with the plots in the

μ − A0
μ, Δa

B̃μ̃Lμ̃R
μ − A0

μ, and Δaμ −MB̃ planes. The color
coding is the same as in the bottom panels of Fig. 5. The
horizontal dashed line in the top right panel depicts the
solutions in which the muon g − 2 contributions through
the bino-smuon loop are zero. The diagonal lines in the top
left plane represent the regions with μ ¼ jA0

μj.
An interesting result directly emerges from the μ − A0

μ

plane: that all the YU solutions (red) are accumulated on the
left side of the left diagonal line in this plane. These
solutions turn the factor μþ A0

μ negative, and consequently,
all the supersymmetric contributions through the bino-
smuon loop become negative even in the solutions which
are shown around the left diagonal line, as seen in the

ΔaB̃μ̃Lμ̃Rμ − A0
μ plane. The bino-smuon loop can contribute to

muon g − 2 as large as about −0.3, and the results show that
one needs mostly a positive A0

μ (green above the horizontal
dashed line) to realize positive muon g − 2 contributions
through the bino-smuon loop, but this region is not
compatible with the YU condition. Note that, the overall
muon g − 2 constraint is applied the results in the top
panels. Therefore, the green and red solutions mean that the
overall muon g − 2 contributions can still be positive despite
the negative contributions through the bino-smuon loop.
The bottom panel shows our results for the overall muon
g − 2 contributions, and indeed, one can still realize positive
contributions as large as about 1.5 × 10−10, and in this
region, bino mass (MB̃) cannot be smaller than about 1 TeV.

FIG. 9. Masses of strongly interacting SUSY particles in themg̃ −mχ̃0
1
,mt̃1 −mχ̃0

1
,mb̃1

−mχ̃0
1
, and mq̃L −mg̃ planes. The color coding

is the same as in the bottom panels of Fig. 5. The diagonal line in the mq̃L −mg̃ plane indicates the mass degeneracy between the first
two-family squarks and gluino.
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In this context, one can arrive at the conclusion that the
SUSY spectra should be tuned such that the main super-
symmetric contributions do not originate to the bino-smuon
loop. As discussed in Sec. II D, the contributions approxi-
mated by Eqs. (2.16c) and (2.16d) are also negative due to
the negative factor μþ A0

μ. In this case, the only option that
can suppress these negative contributions and turn the
overall muon g − 2 contributions positive is the right-
handed smuon-bino-Higgsino loop, which can be calcu-
lated with the second loop factor in the parentheses of
Eq. (2.16b). Note that the left-handed smuons also con-
tribute through this diagram (the first loop factor in the
parentheses) and its contributions are also expected to be

negative. However, as shown in Fig. 10, left-handed
smuons are mostly about twice as heavy as the right-
handed smuons; the contributions involving the left-handed
smuons are more suppressed compared to those from the
right-handed smuons.
Figure 13 displays our results for the contributions from

the smuon-bino-Higgsino loop in correlation with A0
μ, the

Higgsino mass (mH̃ ≡ jμþ μ0j (top panels), and bino (MB̃)
and right-handed smuon masses (bottom left panel). We
also show the behavior of the loop factors in the bottom
right panel. The color coding is the same as in Fig. 12. The
horizontal dashed lines depict the solutions in which the
muon g − 2 contributions from the smuon-bino-Higgsino

FIG. 10. Masses of electroweakinos (top) and sleptons (bottom) in the mχ̃0
1
−mχ̃�

1
, ðmχ̃�

1
−mχ̃0

1
Þ −mχ̃�

1
, mμ̃L −mμ̃R , and mτ̃L −mτ̃R

planes. The color coding is the same as in the bottom panels of Fig. 5. The diagonal lines depict the mass degeneracy between the plotted
particles. The black curve in the top right panel represents the experimental results on the compressed spectra, which exclude the
solutions beneath it [78].
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loop are zero. The diagonal line in the bottom right panel
shows the regions where the loop factors are equal to each
other and make the relevant contributions zero. Note that
these contributions involve those from both the left-handed
and right-handed smuons. As seen from the ΔaB̃ H̃ H̃

μ − A0
μ

plane, a negative A0
μ yields positive contributions, and they

can be as large as about 1.5 × 10−10. Another interesting
result can be observed in the ΔaB̃ H̃ H̃

μ −mH̃ plane.
Sufficiently large and positive contributions can be realized
in two distinct regions. In the first region, the Higgsino mass
is lighter than about 5 TeV, and the maximum contribution to
muon g − 2 reaches about 0.7 × 10−10 when mH̃ ≲ 2 TeV.
The results in this region can partially explain the overall
positive muon g − 2 results in our analyses. Interestingly, the
largest muon g − 2 contributions through the smuon-bino-
Higgsino loop are realized in the second region where the
Higgsino mass cannot be lighter than about 10 TeV. In the
regions wheremH̃ ≫ MB̃;mμ̃, the spectrum becomes highly
fine-tuned, and in the limit of heavy Higgsinos, the loop
functions given in Eqs. (2.17a) and (2.17b) asymptotically
behave as FN ≃MB̃=mμ̃. The largest positive contribution in
this region is about 1.5 × 10−10, and it can drive the overall
muon g − 2 contributions to positive values. These values
can be realized whenMB̃=mμ̃R ≃ 0.7, as shown in the bottom
left panel of Fig. 13.
The results discussed above can be summarized by

analyzing the loop functions, which depend on the left-
handed (vertical axis) and right-handed (horizontal axis)
smuon masses in the bottom right panel. As seen from their
possible ranges, the loop function involving the right-
handed smuon yields values about 2.5 times as large as
that involving the left-handed smuon. Note that the loop
function represented on the vertical axis is suppressed

further, because mμ̃L > mμ̃R as shown in Fig. 10. In the
tuned region where mH̃ ≫ MB̃;mμ̃, this loop function
involving the right-handed smuon can be as large as about
0.23, and it yields sufficiently large and positive muon g − 2
contributions.
Before concluding, we display five benchmark points

exemplifying our findings. The points are selected to be
consistent with all the constraints employed in our analy-
ses. They are additionally required to depict the Higgs
boson mass as close as possible to its experimentally
observed value. All the parameters with mass dimension
are listed in GeV, and the lifetimes of particles are given in
ns. The boldfaced values highlight the emphasized features
of the benchmark points. Point 1 represents solutions which
lead to the perfect YU. In these solutions, the mass
difference between the chargino and neutralino is about
1 GeV, and they can be tested in the analyses of compressed
spectra in near future. Point 2 depicts a solution for the
minimal NH contributions to yb to be compatible with the
YU condition. In this solution, the holomorphic contribu-
tions are realized to be about 0.05, and they cannot unify
the Yukawa couplings without NH contributions. Point 3
displays the solutions for minimum ranges of μ-term, which
is about 1.8 TeV in our scans. Point 4 exemplifies the
solutions leading to a light chargino and neutralino
(∼120 GeV). These solutions yield a mass difference of
about 0.6 GeV between the chargino and neutralino, and
they are more likely to be tested by upcoming upgrades in
the analyses over the compressed spectra. In addition, these
solutions lead to chargino lifetime of about 1.3 × 10−2.
Such a lifetime is close to the current bounds (at the left end
of the exclusion curve) given in the left panel of Fig. 11,
and a slight improvement in the analyses can easily probe
these solutions. Finally Point 5 displays solutions which

FIG. 11. Lifetimes of the lightest chargino (left) and stau (right). The color coding is the same as that described for the bottom panels of
Fig. 5. The curves represent the results from the current analyses for chargino (left) and stau (right) lifetimes [4,5].
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can also be tested in the analyses for the long-lived particles.
In these solutions, the stau weighs about 600 GeV, and they
have relatively long lifetime. These solutions are more likely
to be tested through the stau lifetime by the next updates in
the analyses. We also observe that the solutions represented
with Point 5 yield relatively light SM-like Higgs bosons,
and Point 5 displays the heaviest possible SM-like Higgs
boson for these solutions, which is about 1 GeV lighter than
the experimentally observed mass, and it is considered
acceptable in our analyses.
All the points in Table I, except Point 4, can also be

subjected to the heavy Higgs searches. The current results

from these analyses can exclude the heavy scalar states up
to about 2 TeV, when tan β ≳ 50 [80,81]. These solutions
involve heavy Higgs bosons whose mass scales are very
close to the exclusion, and they can be tested in heavy
Higgs searches when the next updates are revealed. Note
that even though we display only the CP-odd Higgs boson
mass in color, the experimental analyses can shape the
whole Higgs spectrum.
Our results can be constrained further and/or probed by the

dark matter observations and calculations primarily focusing
on gravitino LSP scenarios. Minimally constructed GMSB
models typically accommodate a gravitino LSP, whose mass

FIG. 12. Plots in the μ − A0
μ, Δa

B̃μ̃Lμ̃R
μ − A0

μ, and Δaμ −MB̃ planes. The color coding is the same as in the bottom panels of Fig. 5. The
horizontal dashed line in the top right panel depicts the solutions in which the muon g − 2 contributions through the bino-smuon loop is
zero. The diagonal lines in the top left plane represent the regions with μ ¼ jA0

μj.

NONHOLOMORPHIC IMPACT ON t − b − τ YUKAWA … PHYS. REV. D 114, 035043 (2026)

035043-17



lies between the eV and MeV scales [6,13,27]. Due to the
weakness of its gravitational interactions, the gravitino dark
matter can be thermalized in the early Universe, and hence its
abundance can be frozen out when it is still relativistic. In this
case, the gravitino should be lighter than about 1 keVand the
required dilution in its abundance can be realized at low
reheating temperatures [82,83]. However, in this case, the
scenario becomes problematic for thermal leptogenesis,
which requires TReh ≳ 109 GeV [84,85]. Another problem
with a low reheating temperature is that the dark matter

gravitino cannot be produced at the right relic density. [86].
Indeed, this might be desirable since within this mass scale,
the gravitino can be considered to be warm dark matter,
which is allowed to form the dark matter relic density only up
to about 15% [87,88]. On the other hand, the dark matter
implications for a gravitino LSP can be drastically different
in nonstandard scenarios which may assume the presence of
axionlike particles [89] or entropy dilution [90], etc. These
scenarios can be explored through more robust and com-
prehensive analyses, which are left for a possible futurework.

FIG. 13. Supersymmetric muon g − 2 contributions through the smuon-bino-Higgsino loop in correlation with A0
μ, the Higgsino mass

(mH̃ ≡ jμþ μ0j) (top panels), and bino (MB̃) and right-handed smuon masses (bottom left panel). We also show the behavior of the loop
factors in the bottom right panel. The color coding is the same as in Fig. 12. The horizontal dashed lines depict the solutions in which the
muon g − 2 contributions from smuon-bino-Higgsino loop are zero. The diagonal line in the bottom right panel shows the regions where
the loop factors are equal to each other and make the relevant contributions zero.
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VI. CONCLUSION

We explore the low scale implications of YU in mini-
mally constructed GMSB models in the presence of NH
terms. Among these terms, we assume the Higgsino mass
receives contributions from μ0, which can be induced
through several mechanisms, while the other NH terms
are generated only through the SUSY breaking. These
models are known to receive a strong and negative impact
from the Higgs boson mass constraint. Previous studies
show that they can accommodate consistent Higgs boson
mass in the spectrum only when the SUSY particles are
quite heavy. In addition, once the YU condition is imposed
at MGUT, only the models with μ < 0 can be compatible
with the YU solutions, since the solutions with μ > 0 cannot
provide large negative threshold contributions to yb, which
are needed to realize YU solutions. On the other hand, our

analyses show that the required negative contributions to yb
can be provided by the NH terms, and YU solutions can also
be realized in models of the GMSB class even when μ > 0.
These required negative contributions can arise from

negative values of A0
b. In this case, the globally negative sign

of A0
i terms lead to negative A0

μ. Consequently, the parameter
space compatible with YU typically overlaps with regions
where the supersymmetric corrections to the muon (g − 2)
are found to be negative. However, our analyses show that
the SUSY mass spectrum in the YU compatible region is
tuned such that the muon g − 2 contributions from the right-
handed smuon-bino-Higgsino loop are sufficiently large and
positive, which suppresses the negative contributions.
We also find that the SM-like Higgs boson mass can

easily be accommodated consistently, but it still requires
the strongly interacting SUSY particles to be heavy.

TABLE I. Benchmark points exemplifying our findings. The points are selected as being consistent with all the constraints employed
in our analyses. They are additionally required to depict the Higgs boson mass as close as to its experimentally observed mass. All the
parameters with mass dimension are listed in GeV, and the lifetime of particles is given in ns. The boldfaced values highlight the
emphasized features of the benchmark points in regards to the SM-like Higgs boson, relatively light masses and lifetimes of SUSY
particles, and YU implications.

Point 1 Point 2 Point 3 Point 4 Point 5

Λ 1.5 × 106 1.6 × 106 1.5 × 106 1.8 × 106 1.1 × 106

MMess 1.7 × 108 1.1 × 109 7.6 × 108 1.8 × 108 1.3 × 108

tan β 52.7 57.2 56.1 50.4 51.6
A0
0 −13 609 −2288 −3040 −18 605 −10 136

μ0 −7142 −13 708 −13 899 −8320 −4520

μ 6707 2100 1849 8465 5216
mh 125.6 125.6 125.6 125.9 124.5
mH 2355 2265 2030 3080 2010
mA 2355 2030 2265 3080 2010
mH� 2356 2264 2029 3080 2012

mχ̃0
1
, mχ̃0

2
469.0, 471.5 2181, 4045 2115, 3927 120.3, 122.3 697.2, 700.8

mχ̃0
3
, mχ̃0

4
2129, 3968 11 592, 11 592 12 022, 12 022 2568, 4798 1579, 2967

mχ̃�
1
, mχ̃�

2
470.4, 3968 4045, 11 592 3927, 12 022 120.9, 4798 699.0, 2967

mg̃ 9617 9832 9564 11 379 7335

mũ1 , mũ2 12 457, 13 393 12 453, 13 423 12 142, 13 076 14 808, 15 960 9463, 10 155
mt̃1 , mt̃2 10 793, 11 894 12 983, 13 881 12 787, 13 642 12 575, 13 961 8089, 8931

md̃1
, md̃2

12 339, 13 394 12 311, 13 424 12 008, 13 076 14 666, 15 960 9378, 10 156
mb̃1

, mb̃2
10 762, 11 894 12 786, 13 880 12 597, 13 642 12 566, 13 961 8104, 8930

mν̃e , mν̃τ 5475, 5204 5657, 6915 5468, 6724 6613, 6082 4090, 3784
mẽ1 , mẽ2 3036, 5476 3205, 5658 3080, 5469 3664, 6614 2254, 4091
mτ̃1 , mτ̃2 1905, 5206 6466, 6916 6326, 6726 505.1, 6084 603.5, 3786

ττ̃ 3.4 × 10−17 2.4 × 10−17 2.4 × 10−17 1.3 × 10−16 1.3 × 101

τχ̃�
1

1.7 × 10−4 2.1 × 10−12 2.1 × 10−12 1.3 × 10−2 4.4 × 10−15

δybH 0.19 0.05 0.04 0.19 0.20
δybNH −0.31 −0.10 −0.11 −0.35 −0.31
Rtbτ 1.00 1.06 1.03 1.01 1.09
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The typical mass scales for these particles are found to be
about 5 TeV or higher, which is beyond the sensitivity of
current collider experiments. On the other hand, the
electroweakly interacting SUSY particles do not have to
be heavy, and such solutions can be subjected to the
analyses over these particles. We observe that the chargino
can be lighter than about 1 TeV, and it is nearly degenerate
with the lightest neutralino in these solutions. The current
experimental analyses can probe such solutions when the
chargino is lighter than about 800 GeV and the mass
difference between the chargino and the lightest neutralino
is less than about 0.2 GeV. Solutions with mχ̃0

1
≳ 120 GeV

can be realized and they are expected to be tested soon in
the analyses over the compressed SUSY spectra. They can
also be probed by lifetime analyses of the chargino and
stau. Testing such light charginos via their lifetimes is only
a matter of sensitivity in the experimental analyses, and a
slight improvement can easily probe them. In the regions
with light charginos, we also find that the stau can be light
as well. Our results show that staus of mass about 600 GeV
can be consistent with the current analyses over their

lifetimes, and they are more likely to be tested very soon
in the analyses over the final states with disappearing
tracks. We exemplify our findings with five benchmark
points, which also reveal that such solutions can be probed
soon in the heavy Higgs boson searches.
The numerical calculations reported in this paper

were partially performed at TUBITAK ULAKBIM,
High Performance and Grid Computing Center (TRUBA
resources).
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