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In this article, we study loop-induced Higgs decays into gauge bosons within the framework of radiative
natural supersymmetry. We reproduce the one-loop MSSM calculations for the Higgs partial decay widths
into a Z boson-photon pair, two photons, and two gluons, providing the corresponding analytical
expressions for the scattering amplitudes. We focus on the region of parameter space that maximizes the
rare decay width of the process h → Zγ, and analyze the correlated predictions for the remaining Higgs
decay channels. In the selected region of parameter space, the h → Zγ decay width is enhanced, reaching a
maximum value of ≃7.5 keV, while remaining compatible with the current combined ATLAS measure-
ment. At the same time, this region satisfies current Higgs constraints from the h → γγ and h → gg
channels. The diphoton mode remains close to the Standard Model expectation, with deviations at the level
of ≲5%. The gluon channel exhibits a stronger sensitivity to the considered region of parameter space,
leading to a moderate suppression of about 10% in the corresponding partial width.
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I. INTRODUCTION

The discovery of the Higgs boson at the Large Hadron
Collider (LHC) completed the particle content of the
Standard Model (SM) and marked a milestone in our
understanding of electroweak symmetry breaking. As the
last fundamental particle of the SM to be observed
experimentally, the Higgs boson plays a central role in
the consistency of the theory at the quantum level and
provides a mechanism for the generation of elementary
particle masses. For this reason, a precise determination of
its properties, such as its mass, couplings, and decay
widths, constitutes a primary goal of current and future
collider experiments. From the theoretical perspective, the
properties of the Higgs boson have been computed with
remarkable precision within the SM and its extensions. In
particular, the Higgs boson mass (Mh) has been calculated
in the Feynman diagrammatic approach reaching multiloop
precision. In the SM, state-of-the-art calculations incorpo-
rating higher-order corrections up to three-loop accuracy,
have significantly reduced the theoretical uncertainty [1–5],
allowing for a meaningful comparison with experimental
measurements where the uncertainty is approximately
100 MeV [6–8]. In supersymmetric (SUSY) extensions

of the SM, such as the Minimal Supersymmetric Standard
Model (MSSM), the Higgs mass prediction is highly
sensitive to radiative effects, implying theoretical uncer-
tainties of about one order of magnitude larger than the
experimental precision achieved at the LHC (1–5 GeV),
making precision calculations essential. Advanced multi-
loop computations of the Higgs boson mass in SUSY
models have been presented in [9,10] and references
therein, where the impact of higher-order corrections and
the associated theoretical uncertainties were analyzed in
detail.
Beyond the Higgs mass, the decay widths of the Higgs

boson provide an equally important window into its
underlying dynamics. Higgs decay rates are directly sensi-
tive to its couplings and are therefore powerful probes of
new physics effects. In the SM, both tree-level and loop-
induced Higgs decay channels have been computed with
high precision [11,12]. Extensions of the SM, including
SUSY models, can modify these decay widths through new
particles entering radiative corrections or through altered
Higgs couplings [12–14]. Experimentally, several Higgs
decay channels into gauge bosons have already been
measured at the LHC with increasing precision [15,16].
The three body decays h → WW� → Wff̄ and h →
ZZ� → Zff̄ are among the best-measured channels and
play a crucial role in Higgs coupling determinations, while
h → γγ has provided one of the cleanest discovery sig-
natures. The decay h → Zγ, although experimentally chal-
lenging due to its small branching ratio [17,18], remains an
important target for future analyses, as its loop-induced
nature makes it particularly sensitive to physics beyond the
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Standard Model (BSM). Future collider projects such as the
ILC [19] and the FCC [20] are expected to greatly improve
the precision of Higgs measurements, enabling percent-
level determinations of Higgs couplings and decay widths.
This level of accuracy will substantially enhance the
sensitivity to new physics, highlighting the need for precise
computations of Higgs properties within BSM scenarios.
Any model capable of explaining potential deviations must
remain consistent with the well-established SM predictions.
In this context, models of radiative natural supersym-

metry (RNS) [21–23] provide a well-motivated framework
for studying new physics effects in Higgs observables. RNS
can be realized within the MSSM without introducing
additional exotic matter, accommodating the observed
Higgs boson mass while avoiding a further increase in
the already sizable theoretical uncertainties associated with
it. Moreover, RNS preserves electroweak naturalness and is
consistent with current LHC constraints fromB physics and
SUSY particle searches. Particularly, a detailed study of the
h → Zγ decay was performed within the framework of
RNS in reference [24]. In that work, the corresponding
Higgs decay width (ΓZγ) was analyzed using a region of
parameter space where ΓZγ is maximized while respecting
important experimental constraints. The μ parameter was
constrained to values above 100 GeV, in accordance with
the current ATLAS and CMS lower limits on chargino
masses. Within this allowed range, small values of μ are
favored by electroweak naturalness, since they lead to a
reduced fine-tuning parameter. Furthermore, low fine-
tuning scenarios in RNS also maintain consistency with
flavor observables such as the b → sγ branching ratio.
Besides, it was shown that SUSY contributions, arising
mainly from chargino loops, can lead to deviations of about
20% with respect to the SM prediction (ΓSM

Zγ ∼ 6.2 keV).
This is consistent with the latest combined Run 2 + Run 3
ATLAS result [25], ΓATLAS

Zγ ∼ 8.1þ3.6
−3.2 keV, as well as with

the latest CMS result [26], ΓCMS
Zγ ∼ 6.8þ3.2

−3.8 keV. Both mea-
surements still exhibit large uncertainties, leaving room for
potential new physics effects in this channel. At the same
time, we emphasize that anymodification of the h → Zγ rate
must be confronted with other precision observables. In
particular, electroweak precision tests, such as the oblique
parameters S, T, U, and mW , as well as Z-pole observables
and the other Higgs signal strengths could severely constrain

new-physics effects. Having this inmind, in the present work
weextend the analysis in [24] to a comprehensive study of the
loop-inducedHiggs bosondecays into pairs of gauge bosons,
h → V1V2, within the same RNS framework. With this
analysis we determine whether the enhancement in h → Zγ
can be realized without spoiling the successful SM-like
predictions in other channels, and we obtain a coherent
picture of the impact of RNS on Higgs phenomenology.
This paper is organized as follows. In Sec. II we briefly

review the theoretical framework of RNS and summarize the
parameter space considered in our analysis. In Sec. III we
present the formalism for Higgs decays into a pair of gauge
bosons and describe the calculations of the corresponding
loop-induced decay widths at one-loop level. Numerical
results are discussed in Sec. IV. Finally, Sec. V contains our
conclusions. The main routines and data that produce the
results presented in this paper are available at [27].

II. PARAMETER SCAN IN RNS

Given that Higgs boson decay widths are sensitive to the
masses and couplings of both SM and BSM particles, it is
important to studyhow these observables vary as functions of
the relevant new-physics scales, and to quantify the size of
the resulting deviationswith respect to the SMpredictions. In
this paper, we focus on the effects of MSSM corrections,
imposing that the numerical values of the SUSY mass
spectrum and the relevant couplings entering the predictions
of Higgs decay widths are obtained through their renorm-
alization-group evolution. The running is controlled by the
renormalization-group equations (RGEs) with boundary
conditions defined in terms of a constrained set of unified
input parameters specified at the grand unification scale,
ΛGUT ¼ 1.5 × 1016 GeV,within the RNS framework. These
RNS inputs include the universal scalar mass m0, the
universal gauginomassm1=2, the universal trilinear coupling
A0, the ratio of the vacuum expectation values of the two
Higgs doublets in the MSSM, tan β ¼ vu=vd, the Higgsino
mass parameter μ, and the mass of the CP-odd Higgs boson
mA.We consider the region of parameters that maximizes the
value of the decay width for the process h → Zγ, while
preserving the Higgs mass prediction in MSSM inside the
range Mh ¼ 125� 3 GeV and a moderately large fine-
tuning parameter ΔEW ≈ 100, as was discussed in
Ref. [24]. Thus, we scan the following parameter space:

50 GeV ≤ μ ≤ 350 GeV; 600 GeV ≤ mA ≤ 1500 GeV; 500 GeV ≤ m1=2 ≤ 2500 GeV;

jA0=m0j ¼ 1.75; 2 TeV ≤ m0 ≤ 8 TeV; 3.5 TeV ≤ jA0j ≤ 14 TeV;

8 ≤ tan β ≤ 55: ð1Þ

We use the SUSY spectrum generator ISASUGRA [28],
included in the ISAJET package [29], to perform the
evolution of the MSSM parameters. The ISAJET code

integrates the RGEs of the MSSM parameters, including
the full two-loop contributions for gauge and Yukawa
couplings, together with a consistent treatment of the soft
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SUSY-breaking parameters. Within the ISAJET convention,
a commonly adopted choice for the SUSY matching scale
is the geometric mean of the stop masses, QSUSY ¼ffiffiffiffiffiffiffiffiffiffiffiffiffimt̃1mt̃2
p . The MSSM parameters are evolved from ΛGUT

down to QSUSY, at which the soft-breaking parameters and
running couplings are determined. This scale is chosen to
minimize large logarithmic corrections induced by the stop
sector. The resulting parameters are then used to construct
the physical SUSY spectrum. Internally, the running
parameters follow the standard DR=DRED renormalization
scheme [30–32] and are consistently converted into physi-
cal pole masses by including the relevant loop corrections.
Table I presents three representative benchmark points,

listing the GUT-scale input parameters together with the
relevant low-energy SUSY spectrum entering the dominant
Higgs decay amplitudes. The benchmarks are defined by
varying the universal scalar mass m0 from 2 to 8 TeV,
while maintaining the common RNS input parameters
μ ¼ 100 GeV, m1=2 ¼ 1.5 TeV, mA ¼ 600 GeV, and
tan β ¼ 30. The trilinear coupling A0 is fixed such that
jA0=m0j ¼ 1.75. With this choice, the lightest chargino
and neutralino masses remain nearly constant over the
three benchmark points, with mχ̃�

1
≃ 106–107 GeV and

mχ̃0
1
≃ 99 GeV, respectively. Similarly, the gluino mass mg̃

remains above 3.2 TeV for all benchmark points, while the
scalar sector exhibits a much stronger dependence on m0,
particularly in the stop and stau masses. The lightest stop
mass mt̃1 varies from about 1.6 to 2.1 TeV, whereas the

heavier stop (t̃2) and the lightest sbottom (b̃1) and stau (τ̃1)
masses increase substantially as m0 is raised. As a conse-
quence, the loop-inducedHiggs decaywidths are expected to
be affected predominantly by the scalar sector in this region
of parameter space.Note that all benchmark points satisfy the
Higgs boson mass requirement, while the electroweak fine-
tuning remains of order Oð100Þ, and are consistent with
current collider constraints [33]. In particular, the gluino and
third-generation sfermion masses lie well above the present
exclusion limits from ATLAS and CMS searches, while the
nearly degenerate higgsino-like chargino and neutralino
spectrum remains consistent with current LHC searches
for electroweak supersymmetric scenarios.
In the context of RNS, the requirement of natural

electroweak symmetry breaking implies that μ must lie
close to the electroweak scale, while experimental con-
straints from LEP2 and the LHC exclude charginos with
masses below approximately 103.5 GeV. Consequently,
RNS scenarios demand μ≳ 100 GeV, leading to a lightest
neutralino (the MSSM predicts a spectrum where the
lightest SUSY particle is typically the lightest neutralino
χ̃01) that is almost purely higgsino-like, assuming the limit
where gaugino mass parameters M1 (bino) and M2 (wino)
are much heavier than the Higgsino mass μ. All other
superpartners, including heavier neutralinos χ̃0j¼2;3;4, char-

ginos χ̃�i¼2, sleptons l̃j, and squarks q̃j, have significantly
larger masses. This implies that decays of the Higgs boson
into SUSY fermions, such as h → χ̃0i χ̃

0
j and h → χ̃�i χ̃

∓
j , as

well as into SUSY scalars, such as h → l̃il̃j and h → q̃iq̃j,
are kinematically forbidden. In particular mχ̃0

1
> Mh=2

preventing the decay h → χ̃01χ̃
0
1, and all other sparticles

are well above this threshold. First- and second-generation
sfermions are generally decoupled at multi-TeV scales to
comply with LHC null search results, while third-gener-
ation squarks, though possibly lighter, are still too heavy to
allow for kinematically viable decays of the 125 GeV
Higgs boson. As a consequence, by imposing the RNS
boundary conditions the Higgs boson decays only into SM
particles and the total width of the Higgs boson (Γh)
receives no direct contribution from decays into SUSY
particles. This makes the precise computation of the
radiative corrections of these Higgs partial widths particu-
larly relevant, as any deviations from the SM predictions
must arise mainly from loop-level effects, especially in the
decoupling limit [13,34] satisfied in RNS (mA ≫ MZ and
α ≈ β − π

2
) where the couplings of the light CP-even Higgs

boson (h) to SM fermions and gauge bosons approach their
SM values, up to corrections of order M2

Z=m
2
A. As a result,

detailed studies of the loop-induced processes h → γγ,
h → Zγ, and h → gg provide particularly sensitive probes
of SUSY effects, as they directly probe the presence of
superpartners in the loops. In addition, analyzing their
partial decay widths offers complementary information
beyond a purely κ-parameter-based approach, which is
commonly used in global fits. A key feature of partial decay

TABLE I. Representative benchmark points and the corre-
sponding low-energy spectrum used to evaluate the loop-induced
h → V1V2 decay amplitudes. All benchmark points reproduce
the Higgs boson mass in the range Mh ¼ 125� 3 GeV, and
satisfy the current collider constraints.

Parameter BP1 BP2 BP3

Input parameters at ΛGUT

m0 (TeV) 2.0 4.0 8.0
A0 (TeV) −3.5 −7.0 −14.0

Low-energy parameters at QSUSY

At (GeV) −3659.8 −4942.6 −7479.0
Aτ (GeV) −3600.3 −6506.1 −12357
mg̃ (GeV) 3265.8 3380.6 3553.7
mχ̃0

1
(GeV) 98.908 99.116 99.564

mχ̃�
1
(GeV) 106.11 106.42 107.27

mχ̃�
2
(GeV) 1227.2 1254.6 1293.8

mt̃1 (GeV) 1739.7 1610.6 2108.5
mt̃2 (GeV) 2663.6 3305.1 5339.9
mb̃1

(GeV) 2651.4 3316.2 5382.0
mτ̃1 (GeV) 1589.6 3259.2 6616.3

Mh (GeV) 123.78 125.69 127.72
ΔEW 50.970 48.980 204.56
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widths is the presence of interference effects among
different loop contributions in the decay amplitude.
Strong destructive interference between the W-boson and
top-quark contributions has been reported for the h → γγ
[35,36] and h → Zγ [37–40] decays at one-loop level.
Similar cancellations occur at higher orders between the
QCD and electroweak contributions [41–43]. These inter-
ference patterns imply that even small additional contri-
butions from new physics can lead to sizable effects on the
decay widths.

III. HIGGS DECAYS INTO GAUGE BOSONS

In this section we consider the decays of the Higgs boson
into pairs of gauge bosons within the MSSM. We sum-
marize the formalism and computational setup used to
evaluate the corresponding decay amplitudes and partial
widths, as well as the assumptions underlying the RNS
parameter space adopted in our analysis. Main results for
the individual decay channels are also discussed.
The decay width for the Higgs boson h decaying into a

pair of gauge bosons V1 and V2 is obtained from the
squared scattering matrix element M using the standard
two-body phase-space master formula,

Γðh → V1V2Þ ¼
1

16πMh
λ1=2

�
1;
M2

V1

M2
h

;
M2

V2

M2
h

�
jMV1V2

j2;

ð2Þ
where λðx; y; zÞ ¼ x2 þ y2 þ z2 − 2ðxyþ xzþ yzÞ is the
Källen function and

MV1V2
¼ MSM-like

V1V2
þMSUSY

V1V2
: ð3Þ

We define MSM-like
ij to include all contributions from SM-

like particles within the MSSM, while MSUSY
ij contains

only amplitudes involving superpartners. In the decoupling
limit under consideration, MSM-like

ij coincides with the SM
amplitude. The corresponding amplitudes have been exten-
sively studied in the literature. For completeness, in this
work we reproduce the calculations of the decay widths
Γðh → V1V2Þ≡ ΓV1V2

in the Rζ gauge at the one-loop
level. The Feynman diagrams and the corresponding
amplitudes contributing to MV1V2

are generated in four
dimensions using the Mathematica package FeynArts [44].
The leading-order contributions to the loop-induced proc-
esses h → gg, h → γγ, and h → Zγ arise at one-loop order,
and each corresponding amplitude M is ultraviolet finite
and does not require additional vertex renormalization.
Although one-loop diagrams for h → gγ and h → gZ can
be formally generated with FeynArts, these decays are
forbidden at the effective-field-theory level, since gauge
invariance severely restricts the possible local operators. In
particular, an operator involving a single gluon field
strength and the Higgs scalar, such as hGa

μνFμν or
hGa

μνZμν, cannot be constructed without violating the gauge

symmetry and therefore does not induce physical Higgs
decays. The resulting amplitudes are regularized in D
dimensions using dimensional regularization and manipu-
lated with the FeynCalc package [45], which is used to
perform the required algebraic operations. Through the
FeynHelpers interface [46], the outputs of FeynCalc are con-
nected to the program Package-X [47], allowing the loop
integrals to be expressed in terms of Passarino-Veltman
functions and enabling the separation of the finite and
divergent contributions of each diagram. The numerical
evaluation of the involved loop functions can be straight-
forwardly performed using LoopTools [48].

A. Dominant contributions to Higgs decay widths

In the following, we present the form factors for the
dominant contributions entering the computation of the
scattering amplitudes. By using theWard-Takahashi identity
and the transversality condition of the polarization vectors,
the scattering amplitude at one-loop level can be written as

MV1V2
≈ ελ1μ ðV1Þελ2ν ðV2Þ½Að1Þ

V1V2
gμν

þAð2Þ
V1V2

ðk1 · k2gμν − kν1k
μ
2Þ�: ð4Þ

AðjÞ
V1V2

denotes reduced form factors. The overall process-
dependent electroweak and QCD prefactors, including the
gauge couplings and color factors, are not included explicitly
in Eq. (4), they are restored in the corresponding decay-width
expressions. For all loop-induced processes, the form factor

Að1Þ
V1V2

vanishes. Although we do not reproduce here the
calculations of Higgs decays into electroweak gauge
bosons, it is worth noting that in the three-body decays

h → VV� → Vff̄, with V ¼ Z, W, the form factor Að1Þ
V1V2

provides the dominant contribution, whileAð2Þ
V1V2

is generally
subdominant.

1. h → γγ decay

The dominant contribution to Mγγ arises from the
W-boson loop, while the top-quark loop provides a sizable
destructive interference. In the MSSM, additional contri-
butions from stop and chargino loops can be relevant, with
their relative impact determined by the interplay between
stop mixing and the presence of light charginos. Light staus
can also become important, particularly in regions with
large left-right mixing or enhanced Yukawa couplings. The
relevant Feynman diagrams contributing to the calculation
of Mγγ is depicted in Fig. 1. The decay amplitude can be
written in terms of the form factor

Að2Þ
γγ ¼ ghWWF1ðτWÞþ

X
f¼l;q

NcQ2
fghffF1=2ðτfÞ

þ
X
χ̃�

ghχ̃þ χ̃−F1=2ðτχ̃�Þþ
X
f̃¼l̃;q̃

NcQ2
f̃
ghf̃ f̃F0ðτf̃Þ; ð5Þ
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where τi ¼ 4m2
i =M

2
h. The factor Nc denotes the color

multiplicity of the particle in the loop. For colored particles
such as quarks (q) and squarks (q̃), Nc ¼ 3, while for
colorless particles such as leptons (l), sleptons (l̃), and
charginos (χ�), Nc ¼ 1. The quantity Qi represents the
electric charge of the particle i in units of the proton charge.
The parameters ghXY denote the effective Higgs couplings
to the particles running in the loop and can be consulted in

the Appendix. The functions entering the form factor Að2Þ
γγ

are defined as

F0ðτÞ ¼ −τ½1 − τfðτÞ�; ð6Þ

F1=2ðτÞ ¼ 2τ½1þ ð1 − τÞfðτÞ�; ð7Þ

F1ðτÞ ¼ −½2þ 3τ þ 3τð2 − τÞfðτÞ�: ð8Þ

The function fðτÞ is given by

fðτÞ ¼

8>><
>>:

arcsin2
�

1ffiffi
τ

p
�
; τ ≥ 1;

− 1
4

h
ln
�
1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p
�
− iπ

i
2
; τ < 1:

ð9Þ

The h → γγ partial decay width is obtained from

Γγγ ¼
GFα

2M3
h

128
ffiffiffi
2

p
π3

jAð2Þ
γγ j2: ð10Þ

In the RNS regime, stop contributions toMγγ are typically
suppressed due to their relatively large masses, while stau
contributions are generally subleading unless very light
sleptons are present. Chargino contributions can become
relevant due to the light Higgsino states. However, their
impact is typically moderate, as the corresponding cou-
plings are controlled by the Higgsino-gaugino mixing,
which is limited in scenarios with heavy gauginos. As a
result, the overall amplitude remains largely dominated by
the W loop, with small corrections from fermionic
contributions.

2. h → Zγ decay

The dominant contributions in the MSSM to the scatter-
ing amplitude MZγ comes from the Feynman diagrams
drawn in Fig. 2. As in the diphoton channel, the W loop
dominates, while the top-quark contribution is suppressed

but still induces a non-negligible destructive interference.
This decay is particularly sensitive to the electroweak
particles running in the loop, making chargino contribu-
tions especially relevant in RNS. The dominant form factor
takes the form

Að2Þ
Zγ ≃ ghWWgZWWF1ðτW; λWÞ þ

X
f

ghffgZffF1=2ðτf; λfÞ

þ
X
χ̃�

ghχ̃þχ̃−gZχ̃þ χ̃−F1=2ðτχ̃� ; λχ̃�Þ

þ
X
f̃

ghf̃ f̃gZf̃ f̃F0ðτf̃ ; λf̃Þ; ð11Þ

with τi ¼ 4m2
i =M

2
h and λi ¼ 4m2

i =M
2
Z. For the h → Zγ

decay, the loop functions can be expressed in terms of the
auxiliary functions I1 and I2,

F1=2ðτ; λÞ ¼ I1ðτ; λÞ − I2ðτ; λÞ; ð12Þ

F0ðτ; λÞ ¼ I1ðτ; λÞ; ð13Þ

F1ðτ; λÞ ¼ cW

�
4ð3 − tan2θWÞI2ðτ; λÞ

þ
��

1þ 2

τ

�
tan2θW −

�
5þ 2

τ

�	
I1ðτ; λÞ



;

ð14Þ

where

I1ðτ; λÞ ¼
τλ

2ðτ − λÞ þ
τ2λ2

2ðτ − λÞ2 ½fðτÞ − fðλÞ�

þ τ2λ

ðτ − λÞ2 ½gðτÞ − gðλÞ�; ð15Þ

I2ðτ; λÞ ¼ −
τλ

2ðτ − λÞ ½fðτÞ − fðλÞ�: ð16Þ

The function gðτÞ is defined as

gðτÞ ¼

8>><
>>:

ffiffiffiffiffiffiffiffiffiffi
τ − 1

p
arcsin

�
1ffiffi
τ

p
�
; τ ≥ 1;

ffiffiffiffiffiffi
1−τ

p
2

h
ln
�
1þ ffiffiffiffiffiffi

1−τ
p

1−
ffiffiffiffiffiffi
1−τ

p
�
− iπ

i
; τ < 1:

ð17Þ

FIG. 1. Main diagrams contributing to the scattering amplitude Mγγ in the h → γγ decay. The internal wavy lines represent W�
bosons, the solid lines represent the fermionic contributions, and the internal dashed lines represent sfermion fields.
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The h → Zγ partial decay width is obtained from

ΓZγ ¼
G2

FM
2
WαM

3
h

64π4

�
1 −

M2
Z

M2
h

�
3

jAð2Þ
Zγ j2: ð18Þ

In RNS scenarios, the presence of light Higgsinos can
enhance the chargino contribution to the point where it
exceeds that of the top quark, while still remaining
subdominant with respect to the W-boson loop.
Consequently, the chargino loop typically provides the
leading supersymmetric correction to the amplitude in this
channel.

3. h → gg decay

The dominant contribution to Mgg, shown in Fig. 3,
arises from the top-quark loop, with a smaller destructive
contribution from the bottom quark. In the MSSM, scalar
contributions can significantly modify the amplitude,
especially in scenarios with light sfermions and large
mixing. The corresponding form factor is given by

Að2Þ
gg ¼

X
q

ghqqF1=2ðτqÞ þ
X
q̃

ghq̃ q̃F0ðτq̃Þ; ð19Þ

where functions F0 and F1=2 are defined as in (6) and (7)
respectively. The h → gg partial decay width is obtained
from

Γgg ¼
GFα

2
sM3

h

36
ffiffiffi
2

p
π3

jAð2Þ
gg j2: ð20Þ

In the RNS framework, stop contributions can modify the
decay width if one of the stop eigenstates is relatively light.
Depending on the stop masses and mixing parameters, the
scalar contribution may interfere constructively or destruc-
tively with the dominant top-quark loop, leading to either

enhancements or suppressions ofAð2Þ
gg . However, for typical

RNS spectra, these effects remain subleading compared to
the dominant top-quark contribution. It is worth mentioning
that the branching ratio of h → gg is not directly measured
as a final-state decay mode at the LHC, the same effective
coupling governs the dominant Higgs production mecha-
nism via gluon fusion. Therefore, precise predictions for
Γgg provide an indirect probe of Higgs production
dynamics.

IV. NUMERICAL ANALYSIS

We begin our numerical analysis by focusing on the
region of the RNS parameter space that maximizes the h →
Zγ decay width. The predictions for ΓZγ in this region are
shown in Fig. 4, where solid and dashed red curves
represent the values of ΓZγ for different choices of m0

and tan β. In particular, the solid red line corresponds to the
RNS configuration that maximizes the prediction for ΓZγ

with m0 ¼ 8 TeV, A0 ¼ −14 TeV, μ ¼ 100 GeV, and
m1=2 ¼ 1.5 TeV. For tan β ¼ 51, the prediction reaches
its maximum value of ΓZγ ¼ 7.5 keV. We include in this
plot the average SM prediction and its theoretical uncer-
tainty, estimated in Ref. [24] as ΓSM

Zγ ¼ 6.19� 0.15 keV.
The central value is shown as a gray line, while the
associated uncertainty is represented by a gray band. We
also include the latest combined RUN2 + RUN3 ATLAS
result, depicted as a green line. The ATLAS measurement

FIG. 2. Feynman diagrams contributing to the dominant part of the scattering amplitude MZγ for the decay h → Zγ.

FIG. 3. Representative Feynman diagrams for the dominant
contributions to the amplitude Mgg in the h → gg decay. Solid
(dashed) internal lines denote fermions (sfermions).

FIG. 4. h → Zγ decay width as a function of tan β for different
values of m0 in the RNS scenario. The gray band represents the
SM prediction with its theoretical uncertainty, while the green
band corresponds to the combined RUN2 + RUN3 ATLAS
measurement.
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exhibits relative uncertainties of approximately 40%–45%,
represented by a green band. Due to the large experimental
uncertainty, the current ATLAS measurement is compatible
with both the SM and RNS predictions, preventing a clear
discrimination between the two scenarios. A reduction in
the experimental uncertainty would be essential to enhance
the sensitivity to new physics effects and to test whether the
RNS scenario can be distinguished from the SM expect-
ation. To be more precise, taking the central value of the
measurement and assuming that it remains stable as the
experimental precision improves, the difference with
respect to the SM prediction is ΔΓ ≃ 1.9 keV. In order
for the SM prediction to lie outside the 1σ experimental
interval, the uncertainty would need to be reduced to
σexp ≲ 1.9 keV, corresponding to a relative uncertainty
of approximately 24%. A more stringent discrimination
at the 2σ level requires σexp ≲ 1.0 keV, i.e., a relative
uncertainty of about 12%, while a 3σ exclusion would
demand σexp ≲ 0.6 keV, corresponding to a precision better
than 8%. Such precision is expected to be achievable at
future collider experiments. At the High-Luminosity LHC,
a sensitivity at the level of ∼14% is anticipated [49]. Lepton
colliders such as the ILC [19] are expected to reach a
precision of ∼10%–20%, enabling a robust test of new
physics scenarios. Even higher precision could be achieved
at FCC-ee [20], where sensitivities at the level of
∼5%–10% are projected. These improvements would
provide a powerful probe to distinguish RNS effects from
the SM expectation.
While the current experimental sensitivity is insufficient

to distinguish between those predictions, the parameter
region that maximizes the h → Zγ decay is subject to

stringent constraints from other Higgs observables. In
particular, the h → γγ channel, which is experimentally
well measured and consistent with the SM, provides a
critical consistency check. Any viable enhancement of the
h → Zγ channel must therefore preserve agreement with
the diphoton decay observables. The numerical results
presented in Table II allow us to identify the dominant

contributions to the form factor Að2Þ
γγ for the decay h → γγ

and to understand the origin of the differences among the
three benchmark points defined in Table I. As expected, the
amplitude is dominated by the SM contributions. The W-
boson loop provides the largest contribution, with an
amplitude varying from approximately −8.28 to −8.40,
while the top-quark contribution remains close to 1.84.
These two contributions account for about 99% of the total
amplitude and interfere destructively, determining the
overall magnitude of the decay width. The bottom-quark
contribution is nearly two orders of magnitude smaller and
mainly provides the small imaginary part of the amplitude.
The supersymmetric contributions are considerably sup-
pressed. The total SUSY correction to the real part of the
amplitude remains below approximately 0.03, correspond-
ing to less than 0.5% of the total amplitude. The light stop
provides the dominant SUSY correction. Depending on the
benchmark point, its contribution ranges from approxi-
mately −0.018 to −0.009, reflecting the increase of the stop
mass from about 1.6–2.1 TeV. The heavy stop contribution
is already one order of magnitude smaller because of the
strong 1=m2

t̃ suppression entering the Higgs–squark cou-
pling. The chargino contributions are of comparable
magnitude, with the light chargino contributing about
−0.02 and the heavy chargino approximately þ0.01,

TABLE II. Individual one-loop contributions to the h → γγ decay amplitude for three representative benchmark
points. The quantities listed correspond to the main contributions entering the one-loop form factor, together with
the resulting partial decay width.

Contribution BP1 BP2 BP3

Main SM-like contributions

ghWWF1ðτWÞ −8.2822 −8.3452 −8.3975
4
3
ghttF1=2ðτtÞ 1.8336 1.8393 1.8502

1
3
ghbbF1=2ðτbÞ −0.02575þ 0.03371i −0.02475þ 0.03177i −0.02719þ 0.03122i

Main SUSY contributions

ghχ̃þ
1
χ̃−
1
F1=2ðτχ̃þ

1
Þ −0.0231 −0.0225 −0.0216

ghχ̃þ
2
χ̃−
2
F1=2ðτχ̃þ

2
Þ 0.0112 0.0109 9.95 × 10−3

4
3
ght̃1 t̃1F0ðτt̃1Þ −0.0171 −0.0180 −8.54 × 10−3

4
3
ght̃2 t̃2F0ðτt̃2Þ 0.0085 1.62 × 10−3 3.35 × 10−4

1
3
ghb̃1b̃1F0ðτb̃1Þ −5.46 × 10−5 −3.36 × 10−5 −1.27 × 10−5

ghτ̃1 τ̃1F0ðττ̃1Þ −5.43 × 10−4 1.87 × 10−4 4.54 × 10−5

Total prediction

ΓRNS
γγ 8.8059 keV 9.4589 keV 10.022 keV
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leading to a partial cancellation. Finally, the sbottom and
stau contributions are below 10−4 in the amplitude and can
be regarded as completely negligible. It should be empha-
sized that the increase of the partial decay width is mainly
driven by the Higgs-mass dependence appearing in the
overall kinematic prefactor, Γðh → γγÞ ∝ M3

hjAγγj2.
Between BP1 and BP3 the Higgs mass increases from
123.78 GeV to 127.72 GeV, producing an enhancement
of approximately 10% through the cubic dependence
on Mh. By comparison, the squared amplitude increases
by about 3%.
Figure 5(a) shows the ratio of the h → γγ decay width in

RNS to its SM prediction as a function of tan β, for different
values of m0 defined in (1), with μ ¼ 100 GeV, m1=2 ¼
1.5 TeV and mA ¼ 1 TeV. We observe that the diphoton
decay width exhibits a mild dependence on tan β, increas-
ing at low values and approaching a plateau for tan β ≳ 20.
This behavior reflects the interplay between tan β-depen-
dent Higgs couplings and the decoupling of heavy super-
partners entering the loop contributions. A more
pronounced effect is observed in the dependence on m0.
For low values of m0 ∼ 2 TeV, the diphoton rate is slightly
suppressed relative to the SM prediction, while for larger
values m0 ≳ 4 TeV, an enhancement is observed, reaching
up to ∼8% for m0 ¼ 8 TeV. This transition originates from
the interplay between heavy-stop radiative corrections and
stop mixing, which governs the Higgs-boson mass pre-
diction in the MSSM. The same interplay also affects the

stop contribution to the form factorAð2Þ
γγ , although its direct

impact on the total diphoton amplitude remains subdomi-
nant. The yellow curve, corresponding to the parameter
configuration that maximizes the h → Zγ decay width, lies
in the region where the diphoton channel is also enhanced.
This indicates a positive correlation between both decay
modes, implying that an enhancement in ΓZγ is accom-
panied by a moderate increase in the diphoton decay width.
On the other hand, Fig. 5(b) shows the corresponding
dependence of the diphoton partial decay width on the
Higgsino mass μ for several values of m1=2. The vertical
dashed red line indicates the minimum allowed value of μ
(μ ¼ 100 GeV) according to current collider constraints,
while the highlighted point corresponds to the RNS
parameter set for which ΓZγ reaches its maximum value
of 7.5 keV. The diphoton decay width exhibits only a weak
sensitivity to the μ parameter. For the benchmark value
m1=2 ¼ 1.5 TeV, the variation of ΓRNS

γγ is below about 0.4%
throughout the interval 100 GeV ≤ μ ≤ 350 GeV.
Changing the unified gaugino mass over the range
500 GeV ≤ m1=2 ≤ 2.5 TeV leads to small variations of
approximately 3%, while preserving an enhancement of
ΓRNS
γγ with respect to the SM prediction.
In Fig. 6(a), we isolate the decay contribution to the

Higgs signal strength by introducing the normalized
branching ratio,

μ̃XY ¼ BRðh → XYÞRNS
BRðh → XYÞSM

¼ μXY
σRNS=σSM

; ð21Þ

FIG. 5. Diphoton decay properties of the Higgs boson in the RNS scenario. Panel (a) shows the ratio of the diphoton decay width in
RNS to the SM prediction as a function of tan β for different values of the unified scalar massm0. Panel (b) shows the dependence of the
normalized Higgs boson decay width into diphotons on the higgsino mass parameter μ for different values of the unified gaugino mass
m1=2 in the RNS scenario.
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where μXY denotes the Higgs signal strength in the XY final
state. This definition explicitly removes the dependence on
the Higgs production cross section, allowing us to study
exclusively the effects of RNS radiative corrections on the
Higgs decay branching ratios. For the diphoton channel we
observe that μ̃γγ is consistently below unity across the
explored parameter space, even in regions where Γγγ is
enhanced. This behavior is explained by the modification
of the total Higgs decay width in RNS, which increases
when tan β and m0 increase, as can be shown in Fig. 6(b).
We have estimated ΓRNS

h using FeynHiggs 2.19.0 [50]. The
option FHDECCZERO=1 was enabled in FeynHiggs to set
numerically vanishing decay widths exactly to zero,
thereby avoiding spurious contributions from numerical
noise and mitigating the impact of numerical instabilities in
the computation of branching ratios. In this setup, the Higgs
boson decays only into SM-like particles; consequently,
SUSY effects enter exclusively through loop corrections,
resulting in a moderate variation of ΓRNS

h in the range
4.0–4.6 MeV.
As a result, the branching ratio into diphotons is reduced,

leading to a suppression of the reduced signal strength. This
effect becomes more pronounced at large tan β, where μ̃γγ
decreases monotonically. The yellow curve, corresponding
to the region that maximizes the h → Zγ decay width, lies
within the same trend, indicating that an enhancement in
ΓZγ is accompanied by a mild suppression of μ̃γγ . The
predicted values of μ̃γγ remain close to the SM expectation,
with μ̃γγ ≃ 0.95–0.97. These values lie well within current

experimental measurements, which are at the level of μ̃expγγ ∼
1.0� 0.1 [51,52], indicating that the RNS parameter region
that enhances the h → Zγ decay preserves the agreement
with the precisely measured h → γγ channel.
In addition to the diphoton channel, it is instructive to

analyze the Higgs decay into two gluons in the same region
of parameter space. Table III shows the main contributions
to ΓRNS

gg for the benchmark points listed in Table I. The
numerical evaluation of the individual loop corrections
reveals a clear hierarchy among the contributions entering
the h → gg amplitude. In all three benchmark points, the
top-quark loop provides the dominant contribution, with a
nearly constant amplitude of approximately 1.38. The
bottom-quark contribution is smaller, with a magnitude
of about 7 × 10−2 and a non-negligible imaginary part
originating from the condition τb < 1. Although this
contribution is roughly 20 times smaller than the top
amplitude, it interferes destructively with the real part of
the top loop and therefore cannot be neglected. Among the
SUSY particles, the light stop t̃1 is the only state that gives a
relevant correction to the amplitude. In the MSSM, the
Higgs-stop coupling ght̃1 t̃1 contains a mixing term propor-
tional to sinð2θt̃ÞÃt=m2

t̃1
, which can be substantially

enhanced for sufficiently large values of the effective
mixing parameter Ãt together with nearly maximal stop
mixing (sin 2θt̃ ≃ 1). In this case, ght̃1 t̃1 may become
comparable to or even larger than the Higgs-top coupling
ghtt, leading to sizeable SUSY corrections to the h → gg
decay amplitude [53]. However, the RNS benchmarks

FIG. 6. Panel (a) shows the RNS branching ratio normalized to the SM prediction, μ̃γγ , as a function of tan β for different values of the
unified scalar massm0. Panel (b) shows the total Higgs decay width in the RNS scenario as a function of tan β for different values of the
unified scalar mass m0. Only decays into SM-like particles are included in ΓRNS

h .
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considered in this work exhibit a markedly different
behavior. Although the effective mixing parameter jÃtj
increases significantly from BP1 to BP3, the stop mixing
angle decreases simultaneously, while the stop masses
remain at the TeV scale. As a consequence, the enhance-
ment expected from larger values of jÃtj is largely
compensated by the suppression associated with the
smaller factor sin 2θt̃ and the heavier stop masses. The
dominant mixing contribution therefore remains moderate,
and the light-stop correction stays at the percent level
throughout the three benchmark points. This behavior

reflects the characteristic spectrum generated by the
RNS boundary conditions, which favor a region of the
MSSM parameter space where large stop mixing and
light stops do not occur simultaneously, preventing large
enhancements. Finally, the sbottom sector is found to be
subdominant in all benchmark points. Both b̃1 and b̃2
contribute at the level of 10−4 − 10−5 to the total amplitude.
Overall, the total SUSY contribution modifies the SM-like
amplitude by about 2%, depending on the benchmark point
in the RNS scenario. It is worth noting that for BP2,
which predicts Mh ≃ 125 GeV, the RNS partial width is

TABLE III. Individual contributions to the h → gg decay amplitude for the three representative benchmark points
defined in Table I. The quantities listed correspond to the main contributions entering the one-loop form factor,
together with the resulting partial decay width.

Contribution BP1 BP2 BP3

Main SM-like contributions

ghttF1=2ðτtÞ 1.3752 1.3766 1.3799
ghbbF1=2ðτbÞ −0.0774þ 0.1029i −0.0732þ 0.0945i −0.0712þ 0.0918i

Main SUSY contributions

ght̃1 t̃1F0ðτt̃1Þ −0.0126 −0.0131 −0.0062
ght̃2 t̃2F0ðτt̃2Þ 2.737 × 10−3 1.391 × 10−3 3.22 × 10−4

ghb̃1b̃1F0ðτb̃1Þ −1.95 × 10−4 −1.18 × 10−4 −4.37 × 10−5

ghb̃2b̃2F0ðτb̃2Þ −2.57 × 10−6 −8.84 × 10−6 −4.30 × 10−6

Total prediction

ΓRNS
gg 0.2803 MeV 0.2924 MeV 0.3069 MeV

FIG. 7. (a) Ratio of the Higgs decay width into gluons in the RNS scenario to the SM prediction as a function of tan β for different
values of m0. (b) Dependence of the normalized Higgs boson decay width into gluons on the Higgsino mass parameter μ for different
values of the unified gaugino mass m1=2 in the RNS scenario.
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ΓRNS
gg ¼ 0.2924 MeV. Although the central value of the

RNS prediction corresponds to approximately 85% of the
SM prediction reported by the PDG for a Higgs boson of
the same mass, ΓSM

gg ≃ 0.34� 0.025 MeV, this fraction
varies between about 80% and 93% once the uncertainty
is taken into account. The relatively wide interval is derived
from the ∼7.2% uncertainty in the predicted branching
ratio BRðh → ggÞ, and the uncertainty in the total Higgs
width, which amounts to ∼1.37%.
Additionally, Fig. 7(a) shows the ratio of theh → gg decay

width in RNS to the SM prediction as a function of tan β for
different values of m0. The dependence on m0 reflects the
enhanced sensitivity of Γgg to the squark loop corrections,
particularly from the stop sector, which is the dominant
SUSY contribution. Using the central PDG value as a
reference, we find that the partial width is systematically
suppressed, with ΓRNS

gg =ΓSM
gg ≃ 0.78–0.88, implying a reduc-

tion of approximately 10%–20%. The purple solid line,
corresponding to the parameter configurations thatmaximize
the h → Zγ decay width, exhibit a non-negligible deviation
from the SM prediction. In particular, at the point that
maximizes ΓZγ , the deviation in Γgg is at the level of
∼10%, moderately larger than the ∼5% deviations observed
in the diphoton channel. While such deviations seem to
introduce some tension with current experimental con-
straints, it is important to note that current uncertainties in
the branching ratio BRðh → gg), as well as in the hgg
effective coupling, still allow for Oð10%Þ deviations
[33,54]. Nevertheless, these results highlight a trade-off in
the parameter space, regions that maximize the h → Zγ
decay may induce sizable deviations in other Higgs observ-
ables, providing complementary probes of the RNS scenario.
Figure 7(b) shows the ratio ΓRNS

gg =ΓSM
gg as a function of

the Higgsino mass μ for different values of the unified
gaugino mass m1=2. The vertical dashed red line indicates
again the reference value μ ¼ 100 GeV, while the high-
lighted point corresponds to the benchmark scenario where
ΓZγ is maximized. The figure shows that the gluonic partial
width exhibits only a mild dependence on μ. For the value
m1=2 ¼ 1.5 TeV, the variation of ΓRNS

gg remains below
approximately 0.2% over the phenomenologically relevant
interval 100 ≤ μ ≤ 350 GeV. Varying m1=2 between
500 GeV and 2.5 TeV produces a somewhat larger but
still moderate shift of about 2%. These results indicate that
the suppression of the gluonic decay width predicted in the
RNS scenario is stable against variations of both μ andm1=2

within the considered parameter space.
In Fig. 8, we present a global view of μ̃XY for all loop-

induced Higgs decay channels in the RNS scenario. The
bands reflect the variation of the parameter m0 in the range
2 TeV ≤ m0 ≤ 8 TeV, while tan β is varied between 8 and
51 for mA ¼ 1.5 TeV and μ ¼ 100 GeV. It is important to
note that the gluon channel (purple curve) can exhibit sizable
suppressions, with μ̃gg ≃ 0.8, corresponding to deviations of

order 20% relative to the SM prediction. However, the
effective Higgs-gluon-gluon coupling governs not only the
decay h → gg, but also the dominant Higgs production
mechanism through gluon fusion. Consequently, a direct
comparison with the experimentally measured Higgs signal
strengths requires the corresponding modifications to the
Higgs production cross sections to be taken into account,
which lies beyond the scope of this work. Nevertheless, the
predicted branching-ratio modifications provide a useful
characterization of the dependence of the gluon channel
onm0 and tan β, while allowing a direct comparisonwith the
behavior of the other loop-induced Higgs decay modes.
A common feature of the γγ, Zγ, and gg channels is their

weak dependence on tan β ≳ 20. In contrast, this channels
exhibit a more pronounced dependence at low tan β ≲ 20,
indicating that radiative corrections included in the form

factors Að2Þ
V1V2

have a strong dependence on tan β in this
regime. The width of each band reflects the dependence on
the scalar mass parameter m0. In particular, the Zγ channel
displays the largest spread, with μ̃Zγ varying approximately
from 0.85 to 1.05, corresponding to enhancements of up to
about 20% relative to the SM expectation. By contrast, the
gluon channel remains systematically suppressed, with μ̃gg
changing only slightly from about 0.78 to 0.82, corre-
sponding to a variation of roughly 5% within the scan,
while staying about 18%–22% below the SM prediction.
The diphoton channel shows an even weaker dependence
on m0, with μ̃γγ lying in the narrow interval ∼0.95–0.97,
corresponding to only a 2% variation across the scan and
deviations of at most 3%–5% from the SM value. Overall,
Fig. 8 highlights the complementary behavior of the Higgs

FIG. 8. RNS branching ratios normalized to the SM predictions
of the loop-induced Higgs decay channels h → Zγ (red band),
h → γγ (yellow band), and h → gg (purple band) in the RNS
scenario as functions of tan β for different values of m0.
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decays into gauge bosons within the RNS framework.
While the h → Zγ decay can be significantly enhanced, the
diphoton channel remains consistent with current exper-
imental constraints. The gluon channel, on the other hand,
provides a particularly sensitive probe of SUSY effects.

V. CONCLUSIONS

In this work, we have studied the loop-induced Higgs
decay channels h → Zγ, h → γγ, and h → gg within the
framework of radiative natural supersymmetry. As a first
step, we reproduced the one-loop MSSM predictions for the
corresponding partial decay widths, obtaining a consistent
analytical and numerical description of these processes in the
RNS scenario. This allowed us to perform a dedicated scan of
the parameter region where the rare decay h → Zγ is
maximized. Our analysis shows that the h → Zγ channel
receives a significant enhancement in RNS. In the preferred
region of parameter space, the decay width reaches a
maximum value of approximately 7.5 keV, compared with
the SM prediction ΓSM

Zγ ¼ 6.19� 0.15 keV, corresponding
to an increase of about 20%. This prediction remains
compatiblewith the latest combined ATLAS result, although
the present experimental uncertainty is still too large to
discriminate between the SM and the RNS scenario.We also
examined the impact of the same parameter region on the
other loop-induced Higgs decays. The diphoton channel
remains remarkably stable,with a branching ratio normalized
to the SM prediction in the range μ̃γγ ≃ 0.95–0.97, corre-
sponding to deviations below 5% from the SM expectation.
This result is particularly relevant, since the h → γγ mode is
one of the most precisely measured Higgs channels at the
LHC, and therefore provides a stringent consistency test of
the scenario. The h → gg channel exhibits a stronger
sensitivity to the SUSY corrections present in the selected
RNS parameter region. We find a suppression of the partial
decay width by about 10% relative to the SM prediction,
leading to a normalized branching ratio of approximately
μ̃gg ≃ 0.8. This behavior indicates that the effective Higgs-
gluon-gluon coupling can provide an additional indirect
probe of SUSYeffects, a fully consistent phenomenological
treatment requires the inclusion of modified gluon-fusion
production rates. The dependence of the observables on the
parameters m0 and tan β reveals characteristic correlations
among the three loop-induced channels. In particular, the Zγ
mode shows the strongest sensitivity to variations in m0,
while the diphoton channel exhibits only negligible changes
throughout the scanned m0 range. At large tan β, most
observables tend to stabilize, whereas larger variations
may appear in the low-tan β region. In summary, our results
show that RNS can enhance the rare decay h → Zγ while
preserving consistency with current constraints from the
h → γγ channel and inducing testable deviations in the
h → gg decay width. Future precision measurements of
the h → Zγ decay width at the HL-LHC and future Higgs
factories will therefore play an important role in probing this
SUSY scenario.
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APPENDIX: HIGGS COUPLINGS IN THE MSSM

In this appendix we summarize the structure of the
relevant Higgs couplings entering the decay amplitudes.
These couplings depend on the Higgs mixing angles α and
β, the weak isospin T3, the electric charge Qi, as well as on
SUSY parameters such as the Higgsino mass μ, the trilinear
soft breaking parameter Af, and the sfermion mixing
matrices. The reduced couplings of the light CP-even
Higgs boson to fermions are given by

ghuu ¼
cos α
sin β

; ðA1Þ

ghdd ¼ −
sin α
cos β

: ðA2Þ

The reduced Higgs-sfermion couplings in the sfermion
mass basis are given by

ghf̃1f̃1 ¼ −
M2

Z

m2
f̃1

κV cosð2βÞðIf3 cos2 θf̃ −Qfs2W cos 2θf̃Þ

− κf
m2

f

m2
f̃1

þ 1

2
sin 2θf̃

mfÃf

m2
f̃1

; ðA3Þ

ghf̃2f̃2 ¼ −
M2

Z

m2
f̃2

κV cosð2βÞðIf3 sin2 θf̃ þQfs2W cos 2θf̃Þ

− κf
m2

f

m2
f̃2

−
1

2
sin 2θf̃

mfÃf

m2
f̃2

; ðA4Þ

where Ãf ¼ Afκf − μκ0f and

κu ¼
cos α
sin β

; κd ¼ −
sin α
cos β

; ðA5Þ

κ0u ¼ cot β; κ0d ¼ tan β; ðA6Þ
κV ¼ sinðβ − αÞ: ðA7Þ

The Higgs couplings to charginos are given by

ghχ̃þj χ̃−j ¼ −
ffiffiffi
2

p
MW

mχ̃j

ðVj1Uj2 sin α − Vj2Uj1 cos αÞ; ðA8Þ
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where U and V are the chargino mixing matrices.
The Higgs couplings to electroweak W bosons take the
form

ghWW ¼ sinðβ − αÞ: ðA9Þ
The reduced couplings of the Z boson entering the h → Zγ
decay amplitude are given by

gZWW ¼ cW; ðA10Þ

gZff ¼ Tf
3 − 2Qfs2W

cW
; ðA11Þ

gZχþj χ−j ¼ 1

2

�
Vi1Vj1 þ

1

2
Vi2Vj2 − δijs2W þ Ui1Uj1

þ 1

2
Ui2Uj2 − δijs2W

�
; ðA12Þ

gZf̃if̃j ¼
1

cW
ðTf

3R
f̃
i1R

f̃
j1 −Qfs2WδijÞ; ðA13Þ

where Rf̃ is the sfermion mixing matrix. The full expres-
sions for these couplings, including all mixing effects and
sign conventions, are implemented in detail in FeynArts and
can be obtained directly from the MSSM model files.

[1] S. P. Martin and D. G. Robertson, Phys. Rev. D 100, 073004
(2019).

[2] S. P. Martin, Phys. Rev. D 105, 056014 (2022).
[3] S. P. Martin, Phys. Rev. D 106, 013007 (2022).
[4] S. P. Martin, Phys. Rev. D 107, 053005 (2023).
[5] E. A. Reyes R. and A. R. Fazio, Phys. Rev. D 108, 053007

(2023).
[6] G. Aad et al. (ATLAS Collaboration and CMS Collabora-

tion), J. High Energy Phys. 08 (2016) 045.
[7] G. Aad et al. (ATLAS Collaboration), Phys. Lett. B 847,

138315 (2023).
[8] A. Hayrapetyan et al. (CMS Collaboration), Phys. Rev. D

111, 092014 (2025).
[9] E. A. Reyes R. and A. R. Fazio, Particles 5, 53 (2022).

[10] P. Slavich et al., Eur. Phys. J. C 81, 450 (2021).
[11] A. Djouadi, Phys. Rep. 457, 1 (2008).
[12] M. Spira, Prog. Part. Nucl. Phys. 95, 98 (2017).
[13] A. Djouadi, Phys. Rep. 459, 1 (2008).
[14] M. Carena and H. Haber, Prog. Part. Nucl. Phys. 50, 63

(2003).
[15] G. Aad et al. (ATLAS Collaboration and CMS Collabora-

tion), J. High Energy Phys. 08 (2016) 045.
[16] CMS Collaboration, Eur. Phys. J. C 79, 421 (2019).
[17] G. Aad et al. (ATLAS Collaboration and CMS Collabora-

tion), Phys. Rev. Lett. 132, 021803 (2024).
[18] G. Aad et al. (ATLAS Collaboration), arXiv:2507.12598.
[19] D. M. Asner et al., arXiv:1310.0763.
[20] A. Abada, M. Abbrescia, S. S. Abdus Salam et al., Eur.

Phys. J. Spec. Top. 228, 261 (2019).
[21] H. Baer, V. Barger, P. Huang, A. Mustafayev, and X. Tata,

Phys. Rev. Lett. 109, 161802 (2012).
[22] H. Baer, V. Barger, P. Huang, D. Mickelson, A. Mustafayev,

and X. Tata, Phys. Rev. D 87, 115028 (2013).
[23] H. A. Baer, V. Barger, D. Martinez, and S. Salam, J. High

Energy Phys. 03 (2022) 186.
[24] E. A. Reyes R., C. A. Lopez A., O. R. Torrijo G., and D. G.

Melo P., Phys. Rev. D 112, 095012 (2025).
[25] G. Aad et al., Phys. Lett. B 876, 140313 (2026).

[26] CMS Collaboration, Search for the rare Higgs boson decay
H to Z gamma in proton-proton collisions at

ffiffiffi
s

p ¼ 13 and
13.6 TeV, Technical Report, CMS-PAS-HIG-25-010,
CERN, Geneva, 2026.

[27] E. A. Reyes R., Ancillary files for loop-induced higgs boson
decays into gauge bosons in radiative natural supersymmetry,
https://github.com/fisicateoricaUDP/HiggsDecays.git (2026).

[28] H. Baer, J. Ferrandis, S. Kraml, and W. Porod, Phys. Rev. D
73, 015010 (2006).

[29] F. E. Paige, S. D. Protopopescu, H. Baer, and X. Tata, arXiv:
hep-ph/0312045.

[30] W. Siegel, Phys. Lett. 84B, 193 (1979).
[31] D. Capper, D. Jones, and P. Van Nieuwenhuizen, Nucl.

Phys. B167, 479 (1980).
[32] D. Stöckinger, J. High Energy Phys. 03 (2005) 076.
[33] F. Takahashi et al. (Particle Data Group), Int. J. Mod. Phys.

A 41, 2630011 (2026).
[34] A. Dobado, M. J. Herrero, and S. Peñaranda, Eur. Phys. J. C

17, 487 (2000).
[35] J. R. Ellis, M. K. Gaillard, and D. V. Nanopoulos, Nucl.

Phys. B106, 292 (1976).
[36] M. Shifman, A. Vainshtein, M. B. Voloshin, and V.

Zakharov, Phys. Rev. D 85, 013015 (2012).
[37] R. N. Cahn, M. S. Chanowitz, and N. Fleishon, Phys. Lett.

82B, 113 (1979).
[38] L. Bergström and G. Hulth, Nucl. Phys. B259, 137 (1985).
[39] M. Spira, A. Djouadi, and P. Zerwas, Phys. Lett. B 276, 350

(1992).
[40] T. Gehrmann, S. Guns, and D. Kara, J. High Energy Phys.

09 (2015) 038.
[41] Z.-Q. Chen, L.-B. Chen, C.-F. Qiao, and R. Zhu, Phys. Rev.

D 110, L051301 (2024).
[42] W.-L. Sang, F. Feng, and Y. Jia, Phys. Rev. D 110, L051302

(2024).
[43] W.-L. Sang, F. Feng, and Y. Jia, arXiv:2510.25516.
[44] T. Hahn, Comput. Phys. Commun. 140, 418 (2001).
[45] V. Shtabovenko, R. Mertig, and F. Orellana, Comput. Phys.

Commun. 256, 107478 (2020).

LOOP-INDUCED HIGGS BOSON DECAYS INTO GAUGE BOSONS … PHYS. REV. D 114, 055015 (2026)

055015-13

https://doi.org/10.1103/PhysRevD.100.073004
https://doi.org/10.1103/PhysRevD.100.073004
https://doi.org/10.1103/PhysRevD.105.056014
https://doi.org/10.1103/PhysRevD.106.013007
https://doi.org/10.1103/PhysRevD.107.053005
https://doi.org/10.1103/PhysRevD.108.053007
https://doi.org/10.1103/PhysRevD.108.053007
https://doi.org/10.1007/JHEP08(2016)045
https://doi.org/10.1016/j.physletb.2023.138315
https://doi.org/10.1016/j.physletb.2023.138315
https://doi.org/10.1103/PhysRevD.111.092014
https://doi.org/10.1103/PhysRevD.111.092014
https://doi.org/10.3390/particles5010006
https://doi.org/10.1140/epjc/s10052-021-09198-2
https://doi.org/10.1016/j.physrep.2007.10.004
https://doi.org/10.1016/j.ppnp.2017.04.001
https://doi.org/10.1016/j.physrep.2007.10.005
https://doi.org/10.1016/S0146-6410(02)00177-1
https://doi.org/10.1016/S0146-6410(02)00177-1
https://doi.org/10.1007/JHEP08(2016)045
https://doi.org/10.1140/epjc/s10052-019-6909-y
https://doi.org/10.1103/PhysRevLett.132.021803
https://arXiv.org/abs/2507.12598
https://arXiv.org/abs/1310.0763
https://doi.org/10.1140/epjst/e2019-900045-4
https://doi.org/10.1140/epjst/e2019-900045-4
https://doi.org/10.1103/PhysRevLett.109.161802
https://doi.org/10.1103/PhysRevD.87.115028
https://doi.org/10.1007/JHEP03(2022)186
https://doi.org/10.1007/JHEP03(2022)186
https://doi.org/10.1103/q9j9-2zkq
https://doi.org/10.1016/j.physletb.2026.140313
https://github.com/fisicateoricaUDP/HiggsDecays.git
https://github.com/fisicateoricaUDP/HiggsDecays.git
https://github.com/fisicateoricaUDP/HiggsDecays.git
https://doi.org/10.1103/PhysRevD.73.015010
https://doi.org/10.1103/PhysRevD.73.015010
https://arXiv.org/abs/hep-ph/0312045
https://arXiv.org/abs/hep-ph/0312045
https://doi.org/10.1016/0370-2693(79)90282-X
https://doi.org/10.1016/0550-3213(80)90244-8
https://doi.org/10.1016/0550-3213(80)90244-8
https://doi.org/10.1088/1126-6708/2005/03/076
https://doi.org/10.1142/S0217751X26300115
https://doi.org/10.1142/S0217751X26300115
https://doi.org/10.1007/s100520000486
https://doi.org/10.1007/s100520000486
https://doi.org/10.1016/0550-3213(76)90184-X
https://doi.org/10.1016/0550-3213(76)90184-X
https://doi.org/10.1103/PhysRevD.85.013015
https://doi.org/10.1016/0370-2693(79)90438-6
https://doi.org/10.1016/0370-2693(79)90438-6
https://doi.org/10.1016/0550-3213(85)90302-5
https://doi.org/10.1016/0370-2693(92)90331-W
https://doi.org/10.1016/0370-2693(92)90331-W
https://doi.org/10.1007/JHEP09(2015)038
https://doi.org/10.1007/JHEP09(2015)038
https://doi.org/10.1103/PhysRevD.110.L051301
https://doi.org/10.1103/PhysRevD.110.L051301
https://doi.org/10.1103/PhysRevD.110.L051302
https://doi.org/10.1103/PhysRevD.110.L051302
https://arXiv.org/abs/2510.25516
https://doi.org/10.1016/S0010-4655(01)00290-9
https://doi.org/10.1016/j.cpc.2020.107478
https://doi.org/10.1016/j.cpc.2020.107478


[46] V. Shtabovenko, Comput. Phys. Commun. 218, 48
(2017).

[47] H. H. Patel, Comput. Phys. Commun. 197, 276 (2015).
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