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The five-dimensional minimal supersymmetric standard model (5D MSSM) provides an attractive
framework in which power-law renormalization group evolution naturally generates a sizeable trilinear stop
coupling, allowing the observed Higgs boson mass to be reproduced without requiring too heavy a
supersymmetric spectra. In this work we present a comprehensive two-loop analysis of the SD MSSM,
deriving the complete renormalization group equations governing the gauge, Yukawa and soft super-
symmetry-breaking sectors and examining the perturbative consistency of the theory. Particular attention is
given to the ultraviolet behavior of the model, where we demonstrate that the potentially dangerous leading
two-loop contributions cancel as a consequence of the underlying N' = 2 supersymmetry, leaving a
well-behaved perturbative expansion. Building upon this framework, we compute the radiatively corrected
Higgs effective potential including the complete Kaluza-Klein (KK) contributions through KK
resummation, and investigate the resulting implications for the Higgs sector. The phenomenological
viability of the model is subsequently explored through detailed numerical studies of the Higgs boson mass,
electroweak precision observables, Higgs coupling modifiers and signal strengths, allowing constraints on
the compactification scale and supersymmetric parameter space to be established. We find that the inclusion
of the two-loop corrections preserves the characteristic power-law behavior of the five-dimensional theory
while yielding a phenomenologically viable parameter space consistent with current collider and precision
measurements. Furthermore, as the KK tower provides the dominant correction to the Higgs quartic coupling,
raising m;, to 125 GeV, over the viable parameter space, the effective Higgs couplings remain close to their

Standard Model values, showing a strong decoupling of the heavy KK modes.
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I. INTRODUCTION
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Collaborations represents one of the most significant
achievements of the Large Hadron Collider (LHC), com-
pleting the particle content of the Standard Model (SM)
while simultaneously providing an exceptionally sensitive
probe of physics beyond the Standard Model (BSM) [1,2].
Since its discovery, increasingly precise measurements of
the Higgs boson’s production mechanisms, decay channels,
and couplings have shown remarkable agreement with SM
predictions, whilst still allowing room for small deviations
arising from new physics at higher energy scales [3].
Consequently, any viable extension of the SM must
simultaneously reproduce the observed Higgs mass and
show consistency with the growing body of precision Higgs
measurements. From a theoretical perspective based on
symmetries, supersymmetry (SUSY) remains one of the
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most compelling frameworks for physics BSM, providing a
natural mechanism for stabilizing the electroweak scale
while offering a rich phenomenology accessible at the
LHC. The absence to date of direct evidence for super-
partners, together with increasingly stringent constraints
from Higgs physics and searches for strongly and electro-
weakly produced sparticles, has nevertheless placed
significant restrictions on the viable supersymmetric
parameter space. In particular, searches for third-generation
squarks have established stringent lower bounds on stop
masses over broad regions of parameter space, with the
precise limits depending upon the assumed decay modes
and supersymmetry-breaking scenario [4]. These con-
straints, together with the observed Higgs boson mass
and increasingly precise Higgs measurements, provide
important benchmarks for assessing the viability of super-
symmetric extensions of the SM.

Within this context, the minimal supersymmetric stan-
dard model (MSSM) and its extensions continue to provide
a canonical framework for investigating low-energy SUSY,
even if the available parameter space is in most cases
constrained because the simplest weak-scale SUSY models
are bounded by the LHC, Higgs physics, flavor, and dark-
matter data; see for example [5—-10]. Moreover, despite
decades of study, the mechanism responsible for SUSY
breaking remains one of the principal unresolved questions
in supersymmetric model building [11,12]. Considerable
effort has therefore been devoted to constructing extensions
of the MSSM attempting to simultaneously address the
hierarchy problem, the supersymmetric flavor problem, and
the origin of the soft SUSY-breaking sector. Higher-dimen-
sional theories and in particular large compact extra
dimensions [13—15] provide an attractive alternative frame-
work in which SUSY breaking and flavor may be addressed
from a geometrical perspective; see for example [16-18]
for a recent review. Note however that special care is
necessary when dealing with Scherk-Schwarz supersym-
metry breaking [19]. The simplest realizations involve a
single compact extra spatial dimension, leading to a five-
dimensional (5D) supersymmetric model whose low-
energy description corresponds to an effective four-dimen-
sional (4D) field theory below a finite ultraviolet cutoff.
Owing to their nonrenormalizable nature, gauge couplings,
Yukawa couplings and soft SUSY-breaking parameters
acquire an explicit dependence upon this cutoff scale,
while the appearance of Kaluza-Klein (KK) excitations
fundamentally modifies the renormalization group evolu-
tion of the theory [20-22].

One of the most attractive phenomenological features of
the five-dimensional minimal supersymmetric standard
model (5D MSSM) is the emergence of power-law renorm-
alization group evolution above the compactification scale
[23-26]. For sufficiently small compactification radii, this
linear running naturally generates a sizeable trilinear soft-
breaking parameter A,, thereby enhancing the radiative

corrections to the light CP-even Higgs boson, allowing
the experimentally observed Higgs mass to be reproduced
without requiring excessively heavy stop squarks [21]. This
feature considerably improves the naturalness of the super-
symmetric spectrum and provides a motivation for studying
the higher-order radiative corrections within the 5D frame-
work. However, despite these attractive features, the pertur-
bative consistency of higher-dimensional supersymmetric
theories requires careful examination. In particular, the linear
dependence of the one-loop corrections upon the ultraviolet
cutoff, proportional to AR, naturally raises the question of
whether potentially dangerous contributions proportional to
(AR)? emerge at two-loop order. Demonstrating that such
enhanced corrections remain under theoretical control is
therefore essential if the phenomenological predictions of the
5D MSSM are to be regarded as reliable [27].

The principal objective of the present work is, therefore,
to derive the complete two-loop renormalization group
equations for the 5D MSSM and to investigate their
phenomenological implications for the Higgs sector. In
particular, we examine the stability of the perturbative
expansion, determine the evolution of the gauge, Yukawa
and soft supersymmetry-breaking parameters, and assess
the resulting predictions for the Higgs boson mass, the
electroweak precision observables and the Higgs signal
strengths. Throughout this work, emphasis is placed on
establishing that the higher-dimensional theory remains
both theoretically consistent and phenomenologically via-
ble once the two-loop corrections are included. As such, the
remainder of this paper is organised as follows: Sec. II
introduces the 5D MSSM, describing its field content,
compactification on an S'/Z, orbifold, the resulting KK
spectrum, and the boundary conditions adopted throughout
the analysis. Section III presents the complete two-loop
renormalization group formalism, including the derivation
of the renormalization group equations, the effective Higgs
potential, KK resummation, and wave-function renormal-
ization. In Sec. IV we compute the oblique parameters S, 7T,
and U using KK-resummed vacuum polarizations, and
compare them with electroweak precision constraints. In
Sec. V we analyze the Higgs couplings and signal
strengths, comparing our results with the existing literature
and deriving constraints on the compactification scale.
Section VI presents the numerical results, and finally, we
give our conclusions in Sec. VII.

II. FIVE-DIMENSIONAL MSSM

A. Model construction

In the following we consider the five-dimensional 5D
MSSM compactified on the orbifold S'/Z, with compac-
tification radius R. Orbifold compactifications provide one
of the simplest and most phenomenologically attractive
realizations of higher-dimensional supersymmetric theo-
ries, allowing the underlying 5D theory to reproduce the
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chiral particle content of the 4D MSSM while preserving
the 4D gauge symmetry of the SM. The fifth-dimensional
coordinate satisfies the orbifold identification y ~ —y, with

y €[-nR, zR],

such that fields may be assigned definite Z, parities under
the orbifold symmetry. Fields with even parity possess
massless zero modes that are identified with the standard
MSSM particles, whereas odd fields contain only massive
KK excitations.

The gauge and Higgs multiplets are bulk fields in this
model and propagate throughout the 5D space-time, while
the chiral fermions are localized on the orbifold fixed points
(brane). These brane-localized interactions generate the
supersymmetric x4 term together with the Yukawa inter-
actions responsible for the observed fermion masses after
electroweak symmetry breaking. The theory reduces to the
MSSM below the compactification scale, whereas above this
scale the complete KK spectrum becomes dynamically
relevant and fundamentally modifies the renormalization
group evolution of the theory. The field content, orbifold
parities and zero modes of the theory are indicated in Table 1.

B. Kaluza-Klein decomposition
From a 4D perspective, every bulk 5D field can be seen
as an infinite tower of 4D KK states. For a bulk field with
mass M, the corresponding KK spectrum is given by

n2

2 _ Af2
mn_M +F7

ne”z. (1)
The zero mode (n = 0) is identified with the corresponding
MSSM field, while the excited KK modes possess masses
proportional to the compactification scale 1/R. As the
renormalization scale increases beyond this threshold,
progressively larger numbers of KK states contribute to

TABLE I. The matter content for all superfields of chiral
fermions on the brane alongside Higgs and gauge vector super-
fields in the bulk. The superscript f = 1, 2, 3 denotes the family
index.

Superfields ~ Brane Bulk  U(l), SU(2), SU(3),
g’ v 1/6 2 3
@ v 1/3 1 3
il v -2/3 1 3
4 v ~1/2 2 1
5 v o | 1 1
H, o v -1/2 2 1
i, v 1/2 2 1
By v 0 1 1
Wy v 0 3 1
Gy v 0 1 8

loop corrections. This behavior gives rise to the character-
istic power-law evolution that distinguishes higher-dimen-
sional supersymmetric theories from their 4D counterparts
and underpins many of their distinctive phenomenological
features.

Figure 1 illustrates one of the defining characteristics of
the 5D MSSM; below the compactification scale, the gauge
couplings evolve logarithmically according to standard 4D
MSSM renormalization group equations (RGEs), but once
the KK threshold is crossed (Q > M), the successive
excitation of higher KK levels modifies the running of the
gauge couplings, both for the gauge coupling unification
scale and the evolution of the soft SUSY-breaking param-
eters. Since 5D gauge couplings are dimensionful, the
perturbative expansion in the presence of Ngg = Q/M omp
modes is controlled by the dimensionless effective
coupling  7(Q) = g,(Q)\/O/Memy lor equivalently
@;(Q) = ;(Q)(Q/Mcomp)]. Plotting these rescaled cou-
plings highlights the UV behavior and determines the
natural perturbative cutoff scale Q.,of Of the effective
field theory, where & ~ O(1). As will be discussed in the
following sections, this enhanced running plays a central
role in generating the large trilinear soft-breaking parameter
A, required to reproduce the observed Higgs boson mass.

C. Boundary conditions

Fermions and sfermions localized on the orbifold fixed
points do not possess KK masses and therefore contribute
only through their 4D zero modes. In contrast, every field
propagating in the bulk is accompanied by an infinite tower
of KK states whose collective contributions become
important once the renormalization scale exceeds the
compactification threshold, Q > 1/R.

The mechanism responsible for SUSY breaking is not
specified within the effective framework adopted here. One
particularly attractive possibility is gauge-mediated super-
symmetry breaking (GMSB), several realizations of which
have previously been investigated in higher-dimensional
models [11]. Owing to the approximate universality of the
scalar soft masses, phenomenologically viable spectra
containing comparatively light squarks remain possible,
even in the gaugino-mediated limit [28,29]. Since the
principal objective of the present work is to investigate
the perturbative consistency and phenomenological
implications of the complete two-loop 5D theory, we
deliberately remain agnostic regarding the origin of super-
symmetry breaking. Note though, an important conse-
quence of the renormalization group evolution in five
dimensions is the natural generation of a sizeable trilinear
stop coupling, A,, at low energies. The enhanced stop
mixing substantially increases the dominant radiative
corrections to the light CP-even Higgs boson, thereby
allowing the experimentally observed Higgs boson mass to
be reproduced without requiring excessively heavy stop
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Left panel: RGE evolution of the gauge couplings g; (purple), g, (green), and g5 (red) as functions of x = Q/M . Standard

logarithmic running below x = 1 transitions to rapid power-law evolution above the threshold due to the cumulative KK contributions,
bringing the couplings toward unification near x ~ 30. Right panel: corresponding evolution of the fine-structure constants a; = g7 /4x
on a logarithmic scale, highlighting the power-law acceleration and unification behavior at high energy scales x > 1.

squarks [21]. This feature constitutes one of the principal
phenomenological motivations for studying supersymmet-
ric models formulated in five dimensions.

For the RGE calculation, we take into account that the
SM matter superfields are localized on the brane while
the gauge and Higgs superfields propagate in the bulk. For
the Higgs-mass calculation, we instead assume the all-
bulk realization introduced in the first scenario, since
this provides the KK states necessary for a consistent
evaluation of the five-dimensional effective potential. In
this realization, the excited KK states provide the extra five-
dimensional contribution while the zero-mode top/stop
contribution reflects the standard four-dimensional top/stop
correction. Therefore, the all-bulk realization utilized in
the effective-potential calculation is not the same as the
localization assumption used in the RGE analysis; rather,
it is a conscious decision related to the Higgs-mass
calculation.

Throughout this work we assume that SUSY breaking is
specified at the gauge-coupling unification scale, defined
by the condition g; = g, = g3. Because of the presence of
the KK spectrum, this unification scale is considerably
lower than the typical one encountered in the conventional
4D MSSM, reducing the energy interval over which the soft
SUSY-breaking parameters evolve. Since the subsequent
low-energy phenomenology is governed primarily by the
renormalization group evolution rather than the detailed
mechanism of SUSY breaking itself, the results presented
here remain applicable to a broad class of SUSY-breaking
scenarios. We nevertheless impose a minimal set of
phenomenologically motivated boundary conditions:

(i) We use the Yukawa and gauge couplings at the

SUSY scale (1 TeV) as inputs.

(i) We specify the value of the gluino mass, Ms,

at 1 TeV.

(iii) We take the trilinear soft breaking terms, A, /4., as
vanishing at the unification scale. (see Fig. 2).
(iv) We specify p, B, and the sfermion soft masses
at 1 TeV.
These assumptions define the boundary conditions from
which the complete supersymmetric particle spectrum is
determined through the coupled two-loop RGEs derived in
the following section. Although deliberately simple, they
capture the dominant features responsible for the low-
energy phenomenology of the 5D MSSM while avoiding
assumptions that depend on the particular ultraviolet
completion of the theory.

15001

10001

10! 100 10!

X = Q/Mcomp

FIG. 2. The RGE evolution of the trilinear scalar couplings A,
(blue), A, (green), A, (red), and the gluino mass parameter M3
(black) as a function of x = Q/M .y, Solid lines depict the one-
loop 5D running, while dashed lines correspond to the two-loop
5D results. All parameters are evolved from the compactification
scale at logy(Q/GeV) ~5.55, where the trilinear couplings
vanish.
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Left panel: RGEs of the third-generation Yukawa couplings ¥, (blue), Y, (green), and Y, (red) as a function of x = Q/M ;o

Solid lines denote one-loop 5D running; dashed lines denote two-loop 5D running. Right panel: RGE of the KK-enhanced combinations
Y,\/x (solid blue), Y,,1/x (dashed green), and Y,+/x (dash-dotted orange) versus x. The vertical dotted line indicates the compactification

scale at x = 1.

The evolution of the third-generation Yukawa couplings,
shown in Fig. 3 both as effective 4D couplings Y ,(Q)
(left panel) and as rescaled 5D couplings ¥,(Q) =

Y(Q)\/Q/Mcomp (right panel), is of particular phenom-
enological importance. Above the compactification scale
(x = Q/Momp > 1), the active KK modes accelerate the
RGE running, while the 4D Yukawa couplings Y(Q)
appear to decrease at higher scales due to standard negative
beta-function contributions. The effective couplings
Y,(Q), which govern loop expansions and physical inter-
actions in the 5D theory, grow rapidly with energy due to
the KK mode density scaling as /x. This KK-enhanced
running of the top Yukawa coupling directly drives the
evolution of the soft supersymmetry-breaking sector via the
coupled RGEs, naturally generating a sizeable trilinear
coupling A, over a relatively short energy range compared
to standard 4D logarithmic running. Because the dominant
loop corrections to the light CP-even Higgs boson mass are
driven by stop masses and mixing (X, =% A, — py cot j3), this
accelerated growth provides a mechanism through which
the 5D MSSM accommodates the observed 125 GeV Higgs
boson mass without requiring ultraheavy stops, thereby
preserving a comparatively natural supersymmetric spec-
trum up to the nonperturbative cutoft scale.

III. TWO-LOOP RENORMALIZATION GROUP
EVOLUTION

A. Renormalization group equations

A precise determination of the light CP-even Higgs
boson mass requires the consistent treatment of radiative
corrections over a wide range of energy scales. In super-
symmetric theories this is particularly important owing to
the hierarchy that generally exists between the electroweak

scale and the characteristic SUSY-breaking scale, Mgygy-
Fixed-order perturbative calculations therefore contain
large logarithmic corrections involving ratios of these
scales, together with the masses of the heavy supersym-
metric particles, which can significantly reduce the con-
vergence of the perturbative expansion if left unresolved.
Within an effective field theory framework these logarith-
mically enhanced contributions are systematically
resummed by integrating out the heavy supersymmetric
degrees of freedom at the matching scale Mgqygy and
subsequently evolving the effective couplings to the
electroweak scale through the RGEs. The resulting low-
energy parameters are then employed in the calculation of
the Higgs boson mass, including the appropriate threshold
corrections and radiative effects [30].

For the SD MSSM this procedure acquires additional
importance because the renormalization group evolution
above the compactification scale is fundamentally modified
by the appearance of the KK spectrum. Consequently,
establishing the perturbative stability of the theory beyond
leading order becomes an essential prerequisite for any
reliable phenomenological analysis. The principal objective
of this section is therefore to derive the complete set of two-
loop RGEs relevant to the SD MSSM and to demonstrate
that the perturbative expansion remains well behaved
despite the enhanced ultraviolet sensitivity associated with
higher-dimensional theories. Particular attention is devoted
to the cancellation of the leading two-loop contributions
and to the subleading terms that determine the phenom-
enologically relevant evolution of the supersymmetric
parameters.

The dominant two-loop contributions to the gauge sector
are proportional to (2u/M_)? and arise exclusively from
two-point diagrams involving the exchange of heavy KK
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states [27]. At first sight such terms might be expected to
threaten the perturbative consistency of the effective theory
owing to their enhanced ultraviolet behavior. Remarkably,
however, the underlying A/ =2 SUSY of the 5D bulk
enforces nontrivial cancellations amongst the leading con-
tributions, substantially improving the ultraviolet behavior
of the theory. The relevant relations are

Pl =Pl =0,

and P, =27(T(H) + C(Z)ory = 2 00rsi (2)

here r = 6,4, denotes the dimension of the gauge group,

while P and PZ; represent the Higgs self-energies. The

relations above imply that the leading contribution to

,Bg) vanishes identically. This cancellation is a direct|

consequence of the extended N =2 SUSY present in
the bulk theory, which ensures that the one-loop counter-
terms are sufficient to remove the ultraviolet divergences
associated with higher-order perturbative corrections.
Consequently, the potentially dangerous leading two-loop
contributions cancel, leaving only subleading corrections.
These subleading two-loop corrections proportional to
2u/M, originate from interactions that explicitly break
the extended SUSY of the bulk, most notably the brane-
localized Yukawa interactions required to generate the
observed fermion masses. They therefore -constitute
the dominant genuine two-loop corrections governing
the renormalization group evolution of the 5D MSSM
and play a central role in establishing the perturbative
consistency of the theory. Following Ref. [27], the corre-
sponding two-loop contribution to the gauge beta function
may be written as

B = 27 C(V){3T(H) + T(H')] + T(f) + C(2) - 9C(V)}

~2¢°r"'C(H) (4 - 6)g*C(H)d(H) + %yﬂff’yﬁfff +(H < Hﬂ

-2 CE2FRT(H) - €)= 20 €7 [y - 25Ul o)

Here d(®) denotes the dimension of the representation
associated with the field ®@, while f collectively denotes the
chiral fermion multiplets. The various contributions in
Eq. (3) may be understood directly in terms of the
corresponding classes of Feynman diagrams. The first line
receives contributions from diagrams containing gauge and
Higgs supermultiplet particles propagating in the bulk. The
overall factor of 3 originates from the three independent
assignments of KK momentum flowing through the inter-
nal propagators, reflecting the additional combinatorial
structure introduced by the compactified fifth dimension.
By contrast, diagrams containing chiral fermions together
with gauge supermultiplets, or gauge and adjoint super-
multiplets, admit only a single KK momentum assignment
and therefore do not acquire the same multiplicity factor
[24,31]. This distinction between bulk and brane inter-
actions is one of the characteristic features of orbifold
compactifications and ultimately determines the structure
of the surviving two-loop corrections.

For diagrams involving chiral fermions, the correspond-
ing anomalous dimension assumes the generic form

7P = —I2Pl — 28 C(f)P} + 24*C(f)
x [2T(H) + C(2) = 3C(V)]. “)

Equation (4) illustrates the interplay between the Yukawa
and gauge sectors at two-loop order. The first term

|

represents the Yukawa-induced contribution to the anoma-
lous dimension, while the remaining terms encode the
corresponding gauge corrections weighted by the appro-
priate group-theoretical factors. Although these corrections
are formally subleading, their cumulative effect on the
running of the soft SUSY-breaking parameters becomes
phenomenologically significant owing to the enhanced
evolution associated with the KK spectrum.

In particular, the evolution of the trilinear soft-breaking
parameters and scalar masses depends sensitively upon
these anomalous dimensions. Consequently, a consistent
determination of the supersymmetric particle spectrum and
the Higgs sector requires the complete set of coupled two-
loop RGEs rather than isolated corrections to individual
couplings. For completeness, the entire set of two-loop
renormalization group equations governing the gauge
couplings, Yukawa couplings, gaugino masses, anomalous
dimensions, trilinear soft-breaking parameters and scalar
soft masses are collected in the Appendix. As such,
throughout the main text we concentrate on the physical
interpretation of the resulting evolution, while the full
expressions required for numerical implementation and
independent verification are provided in the Appendix.

B. Effective potential

Having established the complete two-loop renormal-
ization group evolution, we now turn to the calculation
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of the Higgs effective potential. The effective potential
provides a particularly powerful framework for incor-
porating radiative corrections into the Higgs sector,
since it resums the dominant quantum effects arising
from particles whose masses depend upon the Higgs
vacuum expectation value. Within supersymmetric the-
ories these radiative corrections are essential for
obtaining a realistic prediction of the light CP-even
Higgs boson mass, which receives substantial contribu-
tions from the top-stop sector. At one-loop order the
effective potential is given by the Coleman-Weinberg
expression [32]

Vew(H 64;;2Z 1) gim )[m (sz<§{>> - C’}’
(5)

where s; denotes the particle spin, ¢, counts the
corresponding degrees of freedom, Q is the renormal-
ization scale, and the constants c¢; depend upon the
particle species and renormalization scheme. The alter-
nating factor (—1)% ensures the correct relative sign
between bosonic and fermionic quantum fluctuations,
reflecting the underlying supersymmetric structure of
the theory.

In the 5D MSSM every KK excitation contributes an
analogous Coleman-Weinberg term, requiring a summation
over the complete KK spectrum [24,33-38]. The resulting
KK resummation plays an important role in determining the
radiative corrections to the Higgs sector. The total effective
potential for the neutral CP-even Higgs field HY may

therefore be written as
)+ ZVKK(H
fields

Veir (H) = Viree (H) + Vsoft(H

where the summation extends over all particle species
whose masses depend upon the Higgs background field,
including the top quark, stop squarks, electroweak gauge
bosons, Higgs bosons, Higgsinos and their associated KK
excitations. In the 5D theory the contribution of each field
is replaced by the corresponding KK-resummed expres-
sion, ensuring that the radiative effects of the complete
tower of massive states are consistently incorporated into
the effective potential.

The tree-level contribution originates from the super-
symmetric D-term scalar potential and is given by

91+92

Viee(H) = = cos*(26)(H? = v* cos® B)*,  (7)

while the soft SUSY-breaking contribution takes the form

2

my
Vsoft(H) = TUHz (8)

We present the explicit calculation of Vg (H) for the stop
sector, including the H expansion and KK sum with all
couplings and mass dependence in the Appendix. With
the proper substitutions, the sbottom, stau, and other
sectors follow in an identical manner. We use the stop
sector as the benchmark because it dominates the Higgs-
mass correction.
The electroweak vacuum expectation value,

v = (H) = 246.22 GeV,

is determined by requiring that the effective potential be
stationary at the physical vacuum. This minimization
condition, commonly referred to as the tadpole condition,
fixes the Higgs soft mass parameter and ensures that
electroweak symmetry breaking occurs at the correct scale.
Explicitly,

dV gt
dH H=v

=0, 9)

thereby determining m%{ self-consistently once the com-
plete radiative corrections have been included.

Radiative corrections also modify the couplings of the
light CP-even Higgs boson to SM particles through the
mixing angle a in the neutral CP-even Higgs sector. It is
convenient to parametrize these deviations in terms of the
coupling modifiers x;, defined as the ratio of the corre-
sponding Higgs coupling to its SM value. At tree level
these are given by

Ky = sin(f — a),

cosa
Ky = ———
" sing’
sina
K, = — . 10
ey (10)

These coupling modifiers provide a direct connection
between the theoretical predictions of the model and
experimental measurements of Higgs production and decay
rates. They therefore play an important role in the phe-
nomenological analysis presented in Sec. VL.

C. KK resummation

The dominant radiative corrections to the Higgs sector
originate from the top-stop system. In the 5D MSSM these
corrections receive contributions from the complete tower
of stop KK excitations and must therefore be resummed
consistently. Expanding the KK contribution to the effec-
tive potential to fourth order in the Higgs field yields the
KK-resummed correction to the quartic Higgs coupling
[32,35,39]. Following Refs. [24,33,35,40], the result may
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be expressed in terms of three universal KK-resummation

functions'
sinh(za)
F =log( ——— 11
o(a) = g (27 (1)

racoth(za) — 1

mcoth(ra) m’csch®(za) 1
Fy(a) = il T a2 (13)

where the dimensionless parameter
a=M stopR

measures the stop mass in units of the compactifica-
tion scale.

The functions F,, Fy, and F, govern the KK contribu-
tions to the effective potential. In the limit @ — 0, they
decouple, reproducing the 4D MSSM result. For finite a,
they resum the full tower and enter the Higgs mass through
the curvature of the Coleman-Weinberg potential. The
transition near a ~ 1 (Fig. 4) marks the onset of 5D effects
in the stop sector:

3yt X12 X?

Al F —F -
KK = J6.2 0()+M§ 1(a) 12M?

Fy(a)|, (14)

where Mg denotes the characteristic stop mass scale, X, =
A, — u/ tan f is the stop-mixing parameter, and y, is the top
Yukawa coupling. Equation (14) reveals how the KK
towers enhance the stop radiative corrections, directly
shifting the Higgs quartic coupling. Since m7 o Av?, these
KK induced shifts are precisely what lift the Higgs mass
into the 125 GeV range, making them the primary
phenomenological signature of the 5D MSSM.

D. Wave-function renormalization

We determine the Higgs boson mass at zero external
momentum via the derivative of the effective potential
evaluated at its minimum. However, a precise extraction of
the physical pole mass requires incorporating momentum-
dependent radiative corrections entering through the Higgs
self-energies [41,42]. These contributions are convention-
ally accounted for in the wave-function renormalization
(WFR) and constitute an essential component of precision
Higgs mass computations in supersymmetric extensions of
the SM [43-45]. In this work, we consistently integrate the
dominant WFR corrections alongside the two-loop renorm-
alization group evolution outlined in the preceding sub-
section. This matching improves the perturbative stability of

'Further details of the derivation are presented in Sec. V of the
Appendix.

the Higgs mass prediction and significantly suppresses the
residual renormalization-scale dependence. Specifically, the
Higgs WEFR stems from the external momentum dependence
of the one-loop self-energy, ensuring the canonical normali-
zation of the kinetic terms in the effective Lagrangian and
yielding a gauge and scale-consistent physical pole mass
[46]. To this end, the relation between the bare fields hgo) and
the renormalized fields 4; is defined as

0 _ 1

where the field renormalization constants 6Z;; are evaluated
at zero momentum transfer,

oIL;(p?)
ap

8Z; = —

ij p?=0. (16)

Here, the total self-energy II;;(p*) decomposes into the
standard 4D contribution and the KK threshold corrections:
0

I;(p?) = 117 (p?) + TEK (). (17)
The zero-mode contribution is evaluated in terms of standard
Passarino-Veltman functions, whereas the infinite KK tower is
summed analytically via Poisson resummation. Upon per-
forming the KK summation, the complete set of threshold

corrections reduces to a combination of four universal
functions. In particular, the tadpole contribution takes the form

®(a) = 21 Lip(e24) + L [Lir(e) ~ (). (18)
The remaining contributions are encoded in the threshold
functions F ; ,, whose explicit definitions and asymptotic
properties (see Fig. 4) are discussed in Sec. III C. These four
functions constitute the foundation for all KK threshold
corrections, allowing the total KK contribution to the

Higgs self-energy to be expressed in a compact closed form:

167 ZZNX[

+C?§-'1F1(ax) +Cij’ Fz(ax)]v (19)

HKK aX +C F()(Clx>

where X denotes the field propagating in the loop and Ny

accounts for its multiplicity factor. The coefficients ’ng. and
cXo.12 entering the master self-energy expression are col-

lected in Table II. For fermionic contributions, the chiral
coupling combinations are

CHE =ThTE + PRTR, (20)

CLR FL*FR + FR*FL (21)
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FIG. 4. KK threshold functions as a function of the dimensionless parameter a = M ¢R. Left panel: the infrared-subtracted functions
F\(a) — z*/6 and F,(a) — z*/90. Right panel: the same functions together with F,y(a) (secondary axis). The cyan region corresponds
to the infrared (low-energy) regime a < 1, where all threshold corrections vanish and 4D physics is recovered. The orange region
corresponds to the ultraviolet (high-energy) regime a > 1, where F, and F, approach the continuum values —z>/6 and —z* /90, while

F, grows linearly as wa. The vertical dotted line marks the transition scale a ~ 1

= L img- (25)

For scalar, gauge boson, Goldstone boson, and ghost loops, G,

the couplings depend solely on the product of the two

interacting vertices, . . . .
& The quartic scalar interaction that enters the tadpole contri-

bution is given by

S F/SSFzSSa (22)
Tij = Tijss. (26)
Vij= F;VVFWV’ (23) . e
We calculate the WFR by differentiating the master self-
§ energy from the external momentum squared. The threshold
Pij =Tjsclice (24) " functions ®(a), Fy(a), Fi(a), and F,(a) depend solely on
TABLEIIL. Coefficients of the universal KK threshold functions 7~ f‘] and Cf-;'” (n =0, 1, 2) for various field sectors
X X,0 X.1 X2
Sector T3 Cij Cij Ci
Tadpole =T 0 0 0
Scalar 0 S;j Ry’ ¢ ZRp g
6mg “ij 60m2 “iJ
Fermion 0 2m3CLR - ”—Rp oy CHR - —”ZRZ” : CLR
2p2 — 2\CLL 2R2 4
+(2p° — 8m3)Cy; _;gl’e: (p? —2m2 )CLL _ﬂ3§ml; ( —2m?> )CLL
. zR ~R*p*
Gauge boson 0 Vi 6mpv Vi 60mﬁ Vi
Rp ZRZ 4
Ghost 0 Gl] ﬂﬁnﬁq Gij 60ml-7 G
Goldstone 0 P;; R p 2R2p4 P;;
6mg ~ U 60m'
Chargino 0 21;1)2(i C’-j-’i _an m CLR _ ,[-Rz " CiLjR
_ LL ”2 2 74
+(2p 8m}ri)ci/' ’3’51 (p - 2m )CiLjL - 301;5i (- Zszfz)CiLjL
Neutralino 0 2m§0 Cit _ ﬂRP mo ey Ly _ZRp* CLR
202 — 8m2 CLL - ©Rp* 2 2 \LL
+(2p mxn) ij _%( _ me(’)cfiL - 30m§] (p* - ZmZ(J)Cij
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the dimensionless combination a = mR; therefore, they are
independent of p?. As such, the derivative acts only on the
coefficient functions that multiply the universal threshold
kernels. This characteristic greatly simplifies the KK con-
tribution to the Higgs WFR and allows all particle sectors to be
handled in a single analytic framework. The decoupling of the
KK states is ensured since all terms disappear as R — 0. Thus,
we can rewrite Eq. (10) as

_sin(f—a)
Ky = W N (27)
cosa 1
Ku - Sinﬁ \/Z—h E) (28)
sina 1
YN (29)

where «a is the mixing angle of the CP-even Higgs sector in
the MSSM.

IV. ELECTROWEAK PRECISION CONSTRAINTS

A. Oblique parameters

Although the Higgs sector provides one of the most
stringent probes of the SD MSSM, precision electroweak
observables offer an independent and highly complemen-
tary test of the model. New particles propagating in loops
modify the vacuum polarization amplitudes of the electro-
weak gauge bosons, leading to corrections that may be
parametrized in terms of the oblique parameters S, T, and
U. Since these quantities are constrained experimentally
with high precision, they provide an important consistency
check on any proposed extension of the SM. In the present
framework, the complete KK tower contributes to the
electroweak vacuum polarizations; consequently, the
oblique parameters provide a direct probe of the compac-
tification scale and furnish complementary constraints to
those obtained from the Higgs sector and direct collider
searches.

We estimate the impact of the 5D MSSM on electroweak
precision observables, and evaluate the oblique parameters
S, T, and U in terms of the transverse gauge boson vacuum
polarization functions which are given in Refs. [47,48].

Following the techniques developed in Ref. [49], the
cumulative effect of the bulk field’s KK towers can be
written as

[Se] [Se] [Se]

U=> U". (30)

n=1 n=1 n=1

The one-loop vacuum polarization induced by a bulk field
with a zero-mode mass m; can be evaluated in closed form
via Poisson resummation (see Sec. VI of the Appendix). To
determine the oblique parameters, only the vacuum

polarizations and their first derivatives evaluated at
g*> = 0 are required:

CxY
H%Y(O): : :

R
— coth(zRm;), (31)

cxY
Iy (0) = Z 16l7r2 log[sinh?(zRm;)] + const,  (32)

where the additive constant cancels the differences that
characterize T. The expressions above capture the full 5D
contribution, including that of the zero modes. The corre-
sponding gauge and flavor quantum numbers are encoded
in the coefficients CX¥ (Table 111):

CXY = Nex; Y (TH)(TY), (33)

helicities

with k; = 1 for fermions, x; = % for complex scalars (under
SUSY normalization), and N, denoting the color factor
(N. =3 for quarks, N. =1 for leptons). Here, 1 corre-
sponds to the charged W boson (75 = +1/2), 3 to the
neutral Z boson component (73), and Q to the electro-
magnetic current. The indices X, Y run over {1,3,0}. A
detailed derivation of the KK-resummed formulas is
provided in Sec. VI of the Appendix.

For fields present in the SM, namely the fermions, gauge
bosons, and Higgs doublet, the zero modes (n = 0) are
identified with the SM particles themselves. Consequently,
new physics contributions from the extra dimension arise
exclusively from the non-zero KK excitations (n > 1).
Subtracting the SM zero-mode contribution yields

X

HS(Y(O)I’ICW = HS(Y(O)SD - W ’ (34)
X

My (0)pew = Mxy(0)sp — 1617[2 log(m%). (35)

For new supersymmetric states without SM counterparts,
such as neutralinos, charginos, and sfermions, the full SD
contribution, including the zero mode, represents entirely
new physics. Accordingly, no SM zero-mode subtraction is
performed for these fields.

These functions provide a convenient representation of
the zero-mode subtraction,

inh
G(x) = xcothx—1,  H(x) :10g<sm x), (36)
X

which arise naturally from taking the difference between
the 5D summation and the 4D zero mode:
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TABLE III. The coefficients CX¥ entering the KK-resummed vacuum polarizations, where the superscripts
X,Ye{l1,3,0} correspond to the W boson, Z boson, and photon, respectively.
Particle c' c* c3e cee
SM fermions
. 1 1 1 4
u, c,t 3.? 3.? 3.51 3.?
d,s, b 3? 3? 3-(=3) 3.3
e, U, T 1.¥ 1.¥ 1-(-1) 1-1
l/g,l/ﬂ,l/f IZ IZ 0 0
Sfermions (each generation)
Stop (1,) B 3 '%Zi,j R;iT?;T?;'
| ¢
Sbotton (b,) 3. ?Zi‘j R?iTl)';Ti)_lj
Stau (%,) 1-550 RETETY
Higgs sector
n°, HO 0 ky(cosaly + sin (ITH{I)Z 0 0
Hj: Kh'2 Kh-2~C%V/S%V Kh'Z'Cw/SW Kh'z
Gauge bosons
w* 2 0 0 0
Z 0 W 0 0
y 0 0 1
Charginos
)?l:lt |Ual|2 ‘U(/zllz+ ‘val|2 |U(/zl|2 |Val|2
Neutralinos
7o 0 L1 INGP(T5) 1 INGPT50; 1 INGIP07
cxy 1
!/ — i .
My Ok = D g7 GleRmy), (37) T=— (I(0)yey — Ms3(0)ey). (40)
i 1 aemmZ
X U= 167[(H/11(0)new - H/33(O)new)’ (41)

C
Iy (0)gx = ZﬁH(ﬂle) +const.  (38)

i

The relevant coefficients CXY for each particle sector
are summarized in Table III. Here, R/ denotes the
sfermion mixing matrices, U and V diagonalize the
chargino mass matrix, and N diagonalizes the neutralino
mass matrix.” The Higgs sector mixing is parametrized
by the angle a.

The KK resummed self energies, with zero-mode sub-
traction implemented for the SM fields, are inserted into the
definitions above to yield the renormalized oblique param-
eters (representing the new physics contribution relative to
the SM evaluated at a reference Higgs mass):

S = 167(IT4 (0) (39)

new new) ’

—IT3,(0)

“The real scalar normalizations set k, = 1 after the Goldstone
mode is absorbed by the gauge sector. The weak isospin quantum
numbers for the Higgs doublets are T3 = +1/2 for H, and T =
—1/2 for H,.

where a.,, = 1/127.9.

V. HIGGS PHENOMENOLOGY
A. Higgs couplings

The discovery of a Higgs boson and the precise
measurements performed at the LHC, have allowed the
Higgs coupling measurements to become precision probes
of new physics. Even when the masses of additional
particles lie beyond the direct reach of collider experiments,
their virtual effects may modify the effective Higgs
couplings through radiative corrections. Consequently,
the Higgs coupling modifiers provide one of the most
sensitive tests of the SD MSSM considered in this work.

In the 4D MSSM, Higgs couplings are fully determined
at tree level by the mixing angles a and f, with loop-
induced processes such as gg — h and h — yy receiving
well-known radiative corrections. In contrast, the situation
in 5D models is more fragmented with several works
having analyzed Higgs properties in 5D SUSY or warped
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scenarios. For instance, early studies of supersymmetric
Higgs sectors in orbifold constructions demonstrated that
the tree-level structure of the Higgs sector remains MSSM-
like, with modifications arising primarily at the loop level
[33]. More recent studies have focused on Higgs couplings
in generic extra-dimensional setups. In warped extra
dimension models, the contributions of KK fermions to
the gluon fusion and diphoton amplitudes were computed,
showing that the dominant corrections scale is

2
v
Kggs Kyy ~ ZW’ (42)

n

where M,, denotes the KK mass scale [50,51]. These works
demonstrated that Higgs signal strengths can deviate at the
level of a few to tens of percentages for KK scales in
the multi-TeV range. Moreover, effective field theory
approaches have been developed to study Higgs couplings
in higher-dimensional theories. These formulations express
loop-induced amplitudes in terms of 5D propagators and
overlap integrals, capturing the nontrivial dependence on
the geometry of the extra dimension [52]. However, an
important limitation of the existing literature is that differ-
ent sectors are typically treated separately. While KK
fermion contributions are well understood and MSSM loop
effects (such as stops and charginos) are extensively studied
in four dimensions, a complete framework combining all
relevant contributions in a 5D supersymmetric setting is not
fully developed.

With that in mind then, in our model, the on shell Higgs
couplings are generated from the renormalized one-particle
irreducible vertices. The KK tower contribution includes
Higgs WFR and vertex corrections. That is,

1

ren = (1
= (143

5Z,1> (IPM 4 AKK), (43)

And therefore, the coupling modifiers can be written as

ren
_ Fi

Ki_l"lsiM’ lzg’}’ (44)

In the following subsections, we explicitly evaluate the
loop functions for each contributing sector, perform the
regularized summation over the KK modes, and analyze
the resulting deviations in the Higgs signal strengths across
the 5D MSSM parameter space.

B. Signal strengths

The modified Higgs couplings derived above may be
translated directly into predictions for the experimentally
measured signal strengths. Since these observables com-
bine production cross sections and branching fractions,
they provide a convenient means to compare theoretical
predictions with the latest ATLAS and CMS measurements
[53-56]. Throughout this analysis, we assume the narrow-
width approximation and evaluate the signal strengths
consistently using the radiatively corrected Higgs cou-
plings obtained within the 5D MSSM (see Table IV).

At the LHC, the signal strengths are heavily dominated
by the gluon-gluon fusion (ggF) channel, followed by
vector-boson fusion (VBF) and associated production with
vector bosons (V H) or top-quark pairs (1H). Within the 5D
MSSM framework, these channels exhibit a high degree of
sensitivity to the compactification scale R~'. Furthermore,
the loop-induced ggF production cross section, much like
the H — yy decay amplitude, is also exceptionally sensitive
to R™'. This strong sensitivity arises because the entire

TABLE IV. SM vs Supersymmetric Higgs Parameter Profiles, Couplings (x), and Extra-Dimensional Geometrical Scales.

Physics vector Parameter

Bound/Value (95% CL/10)

arXiv/Ref.

Higgs sector Mass peak (m,)

Higgs couplings ~ Vector Gauge (ky, kz)

125.11 £ 0.11 GeV (ATLAS comb. yy/4¢)
125.38 £ 0.14 GeV (CMS comb. legacy)

kw = 1.01 £ 0.06, k; = 1.02 £ 0.06. SM expected value:
ky = 1.00. SUSY scales via alignment limit:

arXiv:1507.06712
arXiv:2207.00043

arXiv:2207.00043
arXiv:2602.23991

ky = sin(f — a) — 1.00.

Higgs couplings Up-fermion (x,)

k; = 0.98 £ 0.07. SM expected value: x, = 1.00. SUSY MSSM

arXiv:2207.00043

scaling modifier parameter: x, = cos a/ sin j.

Higgs couplings ~ Down-fermion (k;, x,)  k, =0.93 £0.13, x, = 1.01 £0.11. SM: x = 1.00. SUSY MSSM arXiv:2207.00043
parametric enhancement: k;, = —sina/ cos # & tan f3.
SUSY Higgs Heavy Neutral (m,, my) Pseudoscalar m, 2 1.2-2.0 TeV excluded depending on arXiv:2507.16400
tan f via 7z decay searches.
SUSY Higgs Charged states (m+) mpy= 2 800 GeV bounded uniformly across top-quark arXiv:2506.06839
association channels (thH™*).
Extra-dim scale Flat radius (R) Compactification scale R™! > 1.5 TeV (MUED models). Spatial radius WorldSci:23500021

R < 0.1 mm for n = 2 (ADD models).

10P:17:033015
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TABLE V. Normalization factors and universal heavy-mass
expansion coefficients for the triangular form-factor contributing
to hgg and hyy.

Sector (¢) cg c‘,/’ c;ﬁ Ny (Gluon) N, (Photon)
Fermion (f) 4 & 58 N Gnry N.Q39nss
Scalar (S) L 2 4o 9nss N Q3ss
Vector (V) =7 -1l 1 0 N Q% gy

infinite tower of KK excitations of bulk fields (most notably
the third-generation quarks and squarks) runs in the loop,
providing a collective modification to the effective Hgg
coupling that scales with the size of the extra dimension. In
contrast, tree-level production processes like VBF and VH
are primarily modified through the mixing of standard
gauge bosons with their heavy KK counterparts, leading to
corrections that scale more moderately as O(v?R?).
Consequently, the ggF channel serves as the primary probe
of the compactification scale in our numerical scans, while
the VBF and VH channels provide complementary, cleaner
channels to break degeneracies in the coupling fits.

As such, the signal strength (normalized to the SM)is
defined in this work as

2
ﬂgg = L’ (45)

where Kg and K, encode the relative corrections to the

production and decay amplitudes.

C. h-gg and h-yy couplings

For all particle spectrums, the unified formula for the on
shell KK threshold contribution can be structured as

2
o

4
m
i ettin). o

ATRE = NNl F 4 of
hXX %: ¢|Cofo +c 16
where ¢ and X = g, y span the particle sectors. Table V
summarizes the universal spin-dependent coefficients and
normalization factors N.
The coupling modifiers are, therefore, given by

KK

1 Athg
Ky =1+-08Z, +—gi (47)
2 thy

and

1 ALY
KY:1+§5Z"+FTN}I/J/' (48)
hyy

For the vector bosons, the tree-level coupling is affected by
the Higgs WFR as follows:

Ky = <1 + %52,1> sin(f — a), (49)

where in the decoupling limit sin(f —a)~1. The «,4
couplings will receive both wave-function and vertex
corrections:

1 cosa
=(14+=6Z, | — + A¥. 1ex» 50
Ky < + D) h> sinﬂ + vertex ( )

1 sin a
=(1+=6Z - Ay, 51
Ky < + 5 h> ( cosﬂ) + 4, (51)

where A, includes contributions from gluino-sbottom,
chargino-stop, and KK towers.

VI. NUMERICAL RESULTS

Turning now to the numerical results, we begin by fixing
tanf = 10, X, = 2.1, and Mg = 1.5 TeV, then scan over
R~! from 1 to 50 TeV. Recall that the Higgs mass consists
of the tree-level quartic coupling, a one-loop stop correc-
tion, and KK threshold corrections from Eq. (14), along
with the dominant two-loop QCD and electroweak con-
tributions:

Aiotat = Alree + D + AZGY + Ao + Ay, (52)

where m;, = \/2AAv- The KK threshold functions F,
F, and F, (defined in Sec. Il C; see Fig. 4) enter the Higgs
mass, WFR, the Higgs coupling modifiers, and the oblique
parameters. Their dependence on a, that is Fy~ za for
a > 1, and the constant continuum limit for F, F,, along
with all threshold corrections vanishing in the infrared
ensures a smooth return to the 4D MSSM for a <« 1.

To quantify the impact on each observable, we examine
the high scale behavior of the extra-dimensional contribu-
tions. To begin, we evaluate the decoupling of the
Higgs WFR correction 6Z;, as a function of the compacti-
fication scale R~! in the left panel of Fig. 5. The benchmark
scenario is fixed as described above (tang = 10,
Mg=15TeV, X,=15TeV) with u =500 GeV.
As illustrated, the full 5D KK contribution to 6Z,
remains strictly negative throughout the scanned
range R~! €1, 10] TeV. At low compactification scales
(R™! <2 TeV), the infinite sum over heavy KK modes
yields a sizeable correction, reaching 6Z, ~ —2.44 x 1073
near R~! = 1 TeV. However, as R~! increases, the KK
states become heavy and systematically decoupled, leading
to a rapid power law suppression of the wave function
correction. Beyond R™' % 6 TeV, the correction asymp-
totically approaches zero, cleanly restoring the decoupling
limit and recovering the standard 4D effective field theory
framework.
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Left panel: decoupling behavior of the Higgs WFR correction 6Z,, as a function of the compactification scale 1/R in the 5D

MSSM. The curve is evaluated for tan f# = 10, Mg = 1.5 TeV, X, = 1.5 TeV, and Higgsino mass parameter 4 = 500 GeV. The solid
blue line denotes the full 5D KK contribution, while the red dashed horizontal line represents the zero baseline (6Z;, = 0). As 1/R — oo,
the wave-function correction exhibits rapid power-law suppression and vanishes smoothly, recovering the 4D effective field theory limit.
Right panel: the electroweak oblique parameters S (blue) and T (red) as a function of the compactification scale 1/R (in units of TeV).
The curves illustrate the expected decoupling behavior of the SD MSSM KK excitations, where both parameters asymptotically

approach zero as the compactification scale increases.

For the S and T parameters at one-loop order, we include
the complete stop and sbottom mass matrices with mixing,
the full Higgs sector (h,H,A, HF), the charginos and
neutralinos (in the higgsino approximation), and the
resummed KK towers of all these fields together with
the electroweak gauge bosons. When calculating the
infinite KK sums we use the exact soft-cutoff functions.
By adding the resulting expressions to the experimental
central values, and comparing to the global electroweak fit
via a y* constructed from the S, T covariance matrix, we
obtain the electroweak oblique parameters values as a
function of the compactification scale (see the right panel
of Fig. 5). In this figure the KK contributions decrease
monotonically as R™! increases, vanishing in the decom-
pactification limit where the 4D MSSM is recovered. The T
parameter is more sensitive at low scales (R™' <3 TeV)
due to KK contributions to custodial symmetry breaking,
reaching ~0.044 at R=! = 2 TeV. The S parameter shows a
gentler slope, remaining below 0.03 across the plotted
range. For R™! > 4 TeV, both parameters fall below 0.015,
well within the current electroweak precision bounds
(AS, AT £0.05). This confirms that the KK corrections
decouple sufficiently fast to avoid tension with precision
measurements.

To further assess the compatibility of the model with
precision electroweak data, we examine the oblique param-
eters S and T in Fig. 6, which shows the parameter space
predictions of the 5D MSSM projected onto the S-7 plane,
alongside the experimental 68% CL (1, solid blue ellipse)
and 95% CL (20, dashed red ellipse) contours derived from
global electroweak fits. The parameter points are color
coded according to the compactification scale R~! spanning

from 1 TeV to 10 TeV. At lower compactification scales
(R~!' ~ 2 TeV) the KK excitations induce noticeable cor-
rections to the gauge boson self-energies, shifting the
predictions toward slightly larger values of 7" and S. As

10
ces%cL = \
1771 95% CL L i
O R-1=2Tev e ! 9
0.31 O R-1=4Tev o /
O R-1=6TeV s /I
O R-1=10TeV L / 8
0.24 Best fit //
/ 7
/
, —
>
0.14 6 '9
[ =
57
0.0 / @
/ 4
/
/
_0 14 /,
' II ,/ 3
/ i
II // 2
—0.2{1 -
Nl
: : . . . 1
-0.2 -0.1 0.0 0.1 0.2

FIG. 6. Constraints on the S-T plane within the 5D MSSM
framework. The solid blue and dashed red ellipses represent the
68% CL (1o) and 95% CL (20) regions from global electroweak
fits, respectively. The predictions of the SD MSSM are depicted
as scatter points color-coded by the compactification scale 1/R
(in TeV), with specific benchmark scales (1/R = 2,4, 6, 10 TeV)
explicitly indicated. All model predictions lie comfortably inside
the 68% CL region, approaching the origin (S, T) ~ (0,0) as 1/R
increases.

075032-14



TWO-LOOP RENORMALIZATION AND HIGGS PHENOMENOLOGY ...

PHYS. REV. D 114, 075032 (2026)

Xt =1.8 TeV
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Xe=2.1TeV
Xe=2.2TeV
128} mp (125.22 = 0.11 GeV)
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FIG. 7. Higgs boson mass m;, as a function of the compacti-
fication scale R™! in the 5D MSSM, evaluated for stop mixing
values X, €[500,3000] GeV at fixed Mg= 1.5 TeV and
tan f = 10. The colored solid curves denote different choices
of X,, while the red dashed horizontal line represents the
measured Higgs mass m{® = 125.22 GeV with its 1 GeV
theoretical uncertainty band shaded in gray. As R~! increases,
the KK threshold corrections decouple as O((1/R)7?),
smoothly recovering the 4D MSSM asymptotic limit for
R™'>10 TeV.

R~ increases, the heavy KK modes progressively
decouple, leading to a smooth convergence of the model
predictions toward the SM limit (S, 7T) = (0, 0). Crucially,
across the entire scanned range of R~! €[1,10] TeV, all
generated points remain comfortably within the 68% CL
region, demonstrating that the 5D MSSM easily evades
current electroweak precision constraints without requiring
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- e
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—— R 1=3Tev
121 -== R 1=4Tev

------ 4D limit
120

mp (125.22 + 0.11 GeV)
10 20 30 40 50
tanpf

FIG. 8.

fine tuned cancellations. Note that for the electroweakino
sector, we include the complete chargino (U, V) and
neutralino (N) mixing matrices, capturing the full
MSSM mixing structure. The remaining contributions
are computed at leading one-loop order, with KK correc-
tions modeled via effective decoupling functions as in
Ref. [57]. This approach illustrates the magnitude and
decoupling of extra-dimensional effects without perform-
ing a full on shell calculation, where a complete treatment
with Passarino-Veltman self-energies and on shell renorm-
alization is deferred to a future work.

At high a the F; is dominated by a linear growth in a,
while F; and F, provide subleading shifts. At
R~!' =2 TeV, the KK correction reaches ~2 GeV, lifting
my, to 125 GeV. Figure 7 shows the KK correction to m,, as
a function of R~! = 1 TeV, where the shift reaches 6 GeV.
This then drops to 25 MeV at R~! = 10 TeV and below
1 MeV at R~! = 50 TeV. This rapid decoupling confirms
that the 5D framework reduces smoothly to the 4D MSSM
at high compactification scales.

In Fig. 8 we show how the KK correction shifts the entire
my,(tan ) and m;,(X,) curve upward by ~2 GeV, while the
shape continues to be MSSM-like, with a steep rise below
tanff ~5 and a plateau above 10. Figure 8 shows the
expected behavior similar to MSSM, that is, m, rises
steeply at low tan f and plateaus at moderate values, then
peaks near the maximal mixing (X,/Mg ~ 6X,). The KK
correction shifts the entire curve upward, allowing m;, =
125 GeV with a smaller X, than in the 4D MSSM.

Across the R~! > 1 TeV range, KK loop contributions to
Kg» Ky, and p, induce deviations below ~1%, preserving a
smooth decoupling limit fully consistent with current and

sol — R 1=2Tev
—— R 1=3Tev
—— R 1=4Tev
ol e 4D limit
— mp (125.22 + 0.11 GeV)
=
8 130}
K-
€ 120

110}

100

] H H H il
—2000 0 2000 4000 6000

Xt [GeV]

6000 —4000

Left panel: Higgs boson mass m,, as a function of tan f for a fixed SUSY scale My = 1.5 TeV. The dashed red curve denotes

the standard 4D MSSM result, while the solid blue, orange, and green curves represent the SD MSSM results for compactification scales
R™'=2TeV, 3 TeV, and 4 TeV, respectively. The dashed gray horizontal line indicates the observed experimental value

obs

my> = 125.22 GeV, with the gray shaded band corresponding to a &1 GeV theoretical uncertainty. Right panel: Higgs boson mass
m;, as a function of the stop mixing parameter X, for a fixed SUSY scale Mg = 1.5 TeV and ratio of vacuum expectation values
tan # = 10. The line styles and color coding for the 4D MSSM and 5D MSSM models, as well as the experimental line and theoretical

uncertainty band, are identical to those in the left panel.
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TABLE VI. Phenomenologically viable SD MSSM Higgs sector observables as a function of the compactification scale R~!.
R7! (TeV) my, (GeV) 0Z,, Kg K Ky Ky Ky Kp Hyy
1.0 131.06 —2.44 x 1073 0.99878 1.00429 0.99878 0.99878 0.99878 0.99756 1.01106
2.0 125.85 —1.45x 1073 0.99927 1.00507 0.99928 0.99928 0.99928 0.99855 1.01162
3.0 125.08 —1.26 x 1073 0.99937 1.00494 0.99937 0.99937 0.99937 0.99874 1.01118
4.0 124.87 -1.19 x 1073 0.99940 1.00479 0.99941 0.99941 0.99941 0.99881 1.01080
5.0 124.78 —1.16 x 1073 0.99942 1.00467 0.99942 0.99942 0.99942 0.99884 1.01052
7.0 124.72 —1.13x 1073 0.99943 1.00450 0.99944 0.99944 0.99944 0.99887 1.01015
10.0 124.69 —1.11x 1073 0.99944 1.00435 0.99944 0.99944 0.99944 0.99889 1.00984
50.0 124.66 -1.10 x 1073 0.99944 1.00400 0.99945 0.99945 0.99945 0.99890 1.00990

HL-LHC precision bounds [58—60]. By combining the
constraints from the oblique parameters S and 7', the Higgs
WER, the signal-strength modifiers x, k,, and y,,, and the
lightest CP-even Higgs mass, the compactification scale
must satisfy M, = 5-6 TeV (summarized in Table VI).

VII. CONCLUSION

In this paper we have derived the complete two-loop
RGEs for all gauge, Yukawa, and soft SUSY breaking
parameters in the 5D MSSM compactified on an S'/Z,
orbifold. The KK tower drives power-law running, natu-
rally generating A, 2 2 TeV even from vanishing trilinear
boundary conditions at the unification scale. We have also
verified that all couplings remain perturbative up to the
cutoff. This behavior is qualitatively consistent with the
observation [27] that KK-enhanced two-loop effects can
become important in the Yukawa sector. In particular
Ref. [27] found corrections of order ~30% in its unifica-
tion-oriented analysis. Our ~18% shifts are of comparable
qualitative magnitude, although the two calculations cor-
respond to different frameworks and boundary conditions
and cannot be closely compared. The size of the effect
depends on the KK spectrum, the beta-function coeffi-
cients, the Yukawa couplings, and the range over which the
KK-enhanced running is active. In the present analysis,
Ohigh/ M =~ 34.7, whereas our purpose is not to impose
conventional gauge-coupling unification. Instead, we use
Ohigh = 3.47 X 10° GeV as the scale at which the gauge
couplings are closest to one another and use this scale as the
upper boundary for the downward RGE evolution. Thus,
while the two-loop evolution changes the high-scale top
Yukawa boundary value by approximately 18%, the result-
ing low-energy trilinear coupling changes by only about
3.2%. This demonstrates that the enhanced two-loop effects
are particularly pronounced in the Yukawa sector, while the
final radiatively generated trilinear coupling remains com-
paratively stable for this benchmark.

For the Higgs mass, we expanded the one loop KK
Coleman-Weinberg potential up to O(h*) for the stop
sector, using analytical Poisson resummation to handle
the infinite tower. By including the dominant two-loop
QCD and electroweak corrections, the KK threshold

correction to the quartic coupling, AAgg, lifts m; to
125 GeV without the multi-TeV stops required in the
4D MSSM.

We have also assessed the model against electroweak
precision data using a phenomenological estimate of the
oblique parameters S and T'. The electroweakino sector is
evaluated with the complete chargino (U, V) and neutralino
(N) mixing matrices, while the remaining contributions and
KK corrections are computed via leading one loop expres-
sions and effective decoupling functions. This approach
illustrates the magnitude and decoupling behavior of the
extra-dimensional effects. We find that S and 7" decouple
rapidly with increasing R~!, remaining within the current
68% CL global fit contours for R~! > 1.5 TeV. A complete
calculation with Passarino-Veltman self-energies is left for
future work. Finally, the Higgs coupling modifiers x,, k,,
Ky, K, Kg stay within 0.5% of their SM values across most
of the viable parameter space. Hence, mj is the most
sensitive probe of the compactification scale, while cou-
pling deviations will require the precision of the HL-LHC
to be detected.

However, a natural extension to this work would be to
include two loop electroweak threshold corrections to the
Higgs potential, which could shift m;, by up to 2 GeV and
potentially close the lower end of the R~! window. As such,
overall, the 5D MSSM with TeV scale KK towers remains a
compelling and testable extension of the SM, one that will
be decisively constrained at the HL-LHC.
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APPENDIX: RENORMALIZATION
GROUP EQUATIONS FOR THE
FIVE-DIMENSIONAL MSSM

For completeness, we collect in this appendix the
complete set of two-loop renormalization group equations
employed throughout the numerical analysis presented in
the main text. While only the principal features of the
renormalization group evolution are discussed in Sec. III,
the explicit expressions required for independent numerical
implementation are given here. As discussed in Sec. III, one
of the defining characteristics of the SD MSSM is the
underlying A/ = 2 supersymmetry of the bulk theory. This
additional supersymmetry leads to nontrivial cancellations
amongst the leading two-loop contributions, ensuring that
the perturbative expansion remains well behaved despite
the power-law renormalization group evolution induced by
the KK spectrum. We therefore begin by summarizing these
cancellations before presenting the complete set of two-
loop beta functions.

1. Gauge couplings in 5D at two loop

We first present the complete two-loop beta functions
governing the evolution of the gauge couplings. These

expressions constitute the foundation of the subsequent|

running of the Yukawa couplings and soft supersymmetry-
breaking parameters and reproduce the characteristic
power-law behavior associated with the five-dimensional
MSSM:

2 199 , 27 2 26, 14, 18_,
= S (R c P €
ba (25 s 92 5 5 5

(A1)
3
By =g (59? + g3 + 2495 — 6Y; — 6Y5 — ZYE) (A2)

11
Ay = g3 <5 g1 +9g5 — 4095 — 4Y3 —4Y§>- (A3)

2. Gaugino mass parameters in 5D at two loop

The corresponding two-loop evolution equations for the
gaugino mass parameters are given below. Owing to
supersymmetry, these beta functions closely mirror the
structure of the gauge coupling evolution while incorpo-
rating the additional contributions arising from the trilinear
soft-breaking parameters:

i =27 (e M+ M+ M+ B+ R
- %6 Yo(=Au + M,Y,) 15—4 Yy(=Ag+ M, Y,) - 15—8 Y.(=A, + M, m) (A4)
A =205 @Q%Mz +2¢3M5 + 242M, + gg%Ml +243M;5 — 6Y ,(=A, + M,Y )
—6Y (=A, + MyY,) —2Y, (A, +M2Ye)> (AS)
A =243 (% GiM5 +995M5 — 80g3M 5 + %Q?M 1 +9g3M,
— 4V (A, + M3Y,) — 4Y (A, + M, Yd)> . (A6)

3. Anomalous dimensions in 5D at two loop

Furthermore, we present the corresponding two-loop evolution equations for the matter superfield anomalous
dimensions. Governed by supersymmetry, these equations closely mirror the gauge coupling evolution while incorporating
two-loop wave function renormalization effects from both gauge and Yukawa interactions:

) 8 1 31, 9 80 , 1
7y —ﬁ(Eg% +Eg%> + o009t ~ 79 857 — 5 A+ YLy,

3
EQ%YT u

1.
— oYY Yy, = 2viy, YiY, + — @Yy, —

GRYI = BV, (A7)
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128 184 , 80
I == R ooz — 5 g = 2V Y IYE 2v, Y LY YD 4 Y3k - o) (A8)
45 2257179
2y 32 34, 80 o o ) 1
7y = SRt o5s 0t~ 0~ 2V AYIYIY] 2V VY IY] VY] (363 — 2 h (A9)
@_1 39 4 24 2 oyiy 3 op iy yt
( g2 RYIY, -2 @Yiy, —2viy,YiY, A10
6 , 9
Y = S50t SRV, 4 3GYIY, ~2YIY VLY. (A1)

4. Trilinear soft-breaking parameters in 5D

The corresponding renormalization group evolution equations for the 5D trilinear soft-breaking parameters are detailed
below. Reflecting the underlying supersymmetry, their beta functions share the gauge structure of the higher-dimensional
theory while explicitly capturing the mixing contributions from the bulk scalar masses and gaugino soft terms:

s 167 , 9, 160 , 1 8
e =1, (% Gi=39% 5 %+ 1g9i9% +g9ig+ 89293>

334 18 4 320 1
-Y, 900 giM, —IgzMz— 9 93M3+59192(M1 + M,)
16 » 1 op i ) g
+ 99 13 (M 4+ M3) + 16g363(M, + M5) +§ngdYMYu_§glM1YdYMYu

3
ngdY Y +giY,T,Y,

3 am vy 132 t
_EngdYMYu +§.92M2YdYuYu - 10

1 9 3
glM YdY Yd+2g2TdY Yd 592M2Ydy Yd—3g%YdeYd—2OTdY YdY Yd

10
— 2T Y LY, YiY, —8Y, T, Y, YiY, — 6T Y Y, YiY, —4T, Y, Y YV, (A12)
2 767 , 9, 160 1 136
py =T, <9009‘1‘ — 19 g B+ g9+ 45 9% + 855
1352 18 320
_Yu<900 giM, — 1 93M2—79§M3 +§9%9%(M1+M2)
272, , 5 5 3 o i 1, t
+ EQ%93(M1 + M3) + 169595(M, + M3) | — EnguYMYu + EglM]YuYMYM
9 2r yiy _3 ; 1 ty 212
+592TuYMY EgzMzYuYuY +10 TquYd"'gg]YquYd
1 iy 3 ty LS oy oyt > ty pt
~ 159 @MY, Yy, - 2ng Yo¥a+50Y.YeYa=3G3Y,TaYq = 20T, YiY, V.Y,
— 2T, Y Y Y Y, —8Y, T Y, Y Yy — 6T, YiY, YV, — 4T, Y, Y, YY, (A13)

303, 9, 9 606 18 18
ﬁ%—n(mg‘]‘—zg%ﬁg?g%)— ( giMy = M + 15 9%(M1+M2)>

1007 4 107
27 9 9 3
o Yy, - ToeMIY. YiY, +5 0T YV, — — S BMLY, YiY, —20T,Y}Y,YiY,. (A14)
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5. One-loop KK contribution
to the Higgs quartic coupling

The KK contribution is calculated in a procedure that
roughly resembles the conventional MSSM stop calcula-
tion. The main distinction is that each stop’s KK excitation
results in its own Coleman Weinberg potential. For the n'"
KK level, the SUSY mass is

n2

(A15)

where Mg denotes the zero-mode soft stop mass and R is
the compactification radius.
The field-dependent stop mass matrix reads as

X,H
T ) (ale)
M, +yiH

Introducing a = y?H?, and b = y,X,H the eigenvalues are

M2

tLn

[ MG+ yiH?
v X:H

my =M, +atbh. (A17)

The one-loop Coleman Weinberg potential from the com-
plete KK tower is

(A18)

3 . lmi’i 3
VKK_32”2;;mn,j: n Q2 _E :

To expand around the electroweak vacuum, we define

axb
m%l.i = M%(l + 5n.i)v Opt = W, (A19)
and let
M2
L,= lnj. (A20)
The logarithm is expanded as
” & 5
In(14+8)=6-—=+—-—-—+0(), (A21)
2 3 4
while
(1468)?2=1+25+68 (A22)

‘We then obtain

5 &5 &
1 21A -t = ——
(1+9) { to-—+3 4]
3 , 1 3 1 4 5
=A+ A+ 1)+ [A+=)6*+=68 ——=5 + OF).
2 3 12
(A23)
Hence,
3M 3
vV, = n A 2A + 1)6 A+= )8
n 327[2;[ +( + )n.:l:+< +2> n,t+
+153 L st (A24)
3 n,t+ 12 nt |-

Here A=1L, —%, where only terms proportional to H*
contribute to the quartic Higgs coupling.

The required symmetric combinations are

2(a* + b?)
P+ = A (A25)
243 + 6ab?
RS (A26)
2a* +12a°b* + 2b*
468t = o : (A27)
Gathering every quartic term,
(H) 3 » 2ab? bt
Vi ' '=—=|2L, -—. A28
2 |2 e e (A%
Substituting
a=yH?, b=yX,H, (A29)

therefore, summing over the complete KK tower gives

dyya 2 2 4
(H*) 3yiH M;  X; X;
Vik = —+t———— A30
T {HQZJFM% oy (30
with
2 s
M = M5+ 5. (A31)
The infinite KK sum replaces the single MSSM
logarithm by
n2
M=) "I (M§+F>, (A32)

and similarly for the stop-mixing contributions,
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X? X?

e i A— A33

M= 2T R (A33)
x4 X}
D I L — A34
Mé ;(M§+n2/R2)2 ( )

These KK sums need to be regularized because they are
ultraviolet divergent. Following Poisson resummation, the
compact result can be obtained by expressing them in terms
of finite threshold functions F(a), F(a), and F,(a) with

a:Ms/R_l.
3y# X? x4
AR = L Fo(a) +5F (a) —— 5 F,(a)|, (A35)
" 162’ M3 12M%

which is the expression implemented throughout this work.

6. Poisson resummation of the KK tower

The propagator of a 5D field with zero-mode mass
m, compactified on a circle of radius R (coordinate
y€[0,2zR]) is

1

- ne”z. (A36)
pT+my %
The sum over all KK modes is
2 . 1
W= & (A37)
R

n=-—00 p + mO

Using the Poisson resummation formula

i f(n) = i f(k) F(k) = /_: Flx) ek gy,

n=-—oo k=—00
(A38)
with f(x) = (p? + m§ + x*/R*)~", its Fourier transform is
jp(k) — 7R e—2n’|k|R\ /p2+mg' <A39)

Summing the geometric series gives the closed form

R
S(p?) = %coth (71'R\/p2 + m%) (A40)
p-+mg

7. Application to one-loop vacuum polarization

The one-loop vacuum polarization from a particle of
mass m; is proportional to the 4D integral

Al dxlog(m? — x(1 - x)q). (A41)

In 5D with a KK tower, the propagator sum appears in the
loop, so we replace
571 (q%)).

log(m? — x(1 — x)¢*) — log( (A42)

where S(g?) is the sum with p?> - —x(1 —x)g> (Wick
rotated). Using the Poisson-resummed form, we obtain
CXY
yy(q?) = dxlog
167r

smh(nR m; —x(l—x)qz) 2
X

aR\/m? —x(1 —x)q* (A43)

Dropping an irrelevant additive constant (which cancels
any physical differences), this simplifies to the exact
expression

CXY
ny( / d.x IOg

x [smh 2<7rR m? — x(1 —x)qz)] + const.

(A44)

No ultraviolet cutoff appears because the divergences
cancel in the combinations that define the oblique
parameters.

8. Derivative at g> =0 (full 5D contribution)

For S and U we need IT}, (0). Differentiating under the
integral and setting ¢*> = 0 yields

cxr —ﬂRx(l — x) coth(zRm; )
H;(Y 0)= Z 167[ m;

(A45)

Using fol x(1 —x)dx = 1/6, we obtain the full 5D result
(including the zero mode):

XY

C* R
Ty (0)sp = Z 967 m,

(zRm;).  (A46)

9. Log term at ¢g*> =0 (full 5D contribution)

For the T parameter we need Piyy(0). Setting ¢g> = 0 in
the integrand gives
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cxr
[yy(0)sp = Z 16lﬂ'2 log[sinh?(zRm;)] + const. ~ (A47)
Subtracting the 4D zero-mode contribution IC;; log(m?)

yields the KK-only part for SM fields:

yy (0)kx = Z

i

cxy sinh?(zRm;
16l7r2 1og{ 151”2 >] +const.  (A48)

1

After a little algebra we may write

cxr
= E 5 H(zRm;) + const.,
8

i

My (0)kk (A49)

where (H(x) = log(snx)).
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