
J
H
E
P
0
5
(
2
0
2
5
)
0
5
2

Published for SISSA by Springer

Received: December 27, 2024
Revised: March 24, 2025

Accepted: March 27, 2025
Published: May 7, 2025

Dark gauge-mediated supersymmetry breaking with a
massless dark photon

Brian Batell ,a Yechan Kim ,b Hye-Sung Lee b and Jiheon Lee b,c

aPittsburgh Particle Physics, Astrophysics, and Cosmology Center, Department of Physics and
Astronomy, University of Pittsburgh,
Pittsburgh, PA 15217, U.S.A.

bDepartment of Physics, Korea Advanced Institute of Science and Technology,
Daejeon 34141, Korea

cTheoretical Physics Department, CERN, 1 Esplanade des Particules,
CH-1211 Geneva 23, Switzerland

E-mail: batell@pitt.edu, cj7801@kaist.ac.kr, hyesung.lee@kaist.ac.kr,
anffl0101@kaist.ac.kr

Abstract: We study dark gauge-mediated supersymmetry breaking (dark GMSB) in a
theory with a new unbroken U(1)D local symmetry and massless dark photon. Messenger
fields charged under both Standard Model and dark gauge symmetries produce new soft
supersymmetry-breaking terms due to gauge kinetic mixing between U(1)Y hypercharge and
U(1)D. We show that large kinetic mixing induces significant distortions to the superpartner
spectra relative to conventional GMSB. Notably, shifts in the Higgs soft masses impact
the conditions for electroweak symmetry breaking, lowering the µ parameter and yielding a
relatively light Higgsino that may be accessible at the LHC. Furthermore, for very simple
messenger representations, a very light bino-dark photino mixed state is present in the
spectrum, which may be probed through exotic Higgs boson decays at future Higgs factories.
We also examine the cosmological and phenomenological consequences of the messengers, the
lightest of which is absolutely stable and carries fractional electric charge.

Keywords: Supersymmetry, New Gauge Interactions, New Light Particles

ArXiv ePrint: 2412.17777

Open Access, © The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP05(2025)052

https://orcid.org/0000-0001-5285-5535
https://orcid.org/0009-0004-5603-4549
https://orcid.org/0000-0002-7333-3741
https://orcid.org/0000-0001-7235-5423
mailto:batell@pitt.edu
mailto:cj7801@kaist.ac.kr
mailto:hyesung.lee@kaist.ac.kr
mailto:anffl0101@kaist.ac.kr
https://doi.org/10.48550/arXiv.2412.17777
https://doi.org/10.1007/JHEP05(2025)052


J
H
E
P
0
5
(
2
0
2
5
)
0
5
2

Contents

1 Introduction 1

2 Supersymmetric kinetic mixing 3

3 Dark gauge-mediated supersymmetry breaking (dark GMSB) 6

4 Scalar soft masses in the dark GMSB 9
4.1 Higgs mass and electroweak symmetry breaking 10
4.2 Scalar particle spectrum 12

5 Gaugino soft masses in the dark GMSB 15
5.1 Neutralino sector 16
5.2 Chargino sector 21

6 Particle spectra and implications for phenomenology 21

7 Cosmology 27
7.1 Relic gravitinos 27
7.2 Relic messengers 27
7.3 Relic dark photons 30

8 Summary and outlook 30

A Renormalization group beta functions 30

B Evolution gauge couplings and kinetic mixing at high scales 36
B.1 Gauge coupling unification 38

1 Introduction

Supersymmetry (SUSY) is an attractive framework for physics beyond the Standard Model
(SM), offering solutions to some of its most pressing mysteries [1]. A critical question is how
SUSY breaking is communicated to the observable sector. This communication mechanism
determines the masses and interactions of the superpartners, profoundly influencing their
experimental signatures. Gauge-mediated SUSY breaking (GMSB) offers an appealing
answer to this question [2–9]. In GMSB, SUSY breaking is transmitted via the SM gauge
interactions through messenger fields, ensuring a high degree of flavor universality in the soft
SUSY-breaking terms and safeguarding against dangerous flavor-violating effects common
in gravity-mediated scenarios.

In this work, we consider a simple extension of GMSB involving an additional unbroken
U(1)D gauge symmetry, which we term dark gauge-mediated SUSY breaking (dark GMSB).
The messenger fields are assumed to be charged under both the SM and dark gauge symmetries.
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Due to the presence of kinetic mixing between the U(1)D and U(1)Y hypercharge gauge
sectors, with strength parameterized by ϵ, additional contributions to the bino and sfermion
soft-SUSY breaking terms are generated in this scenario. The size of these new soft terms
depends on the strength of the kinetic mixing and dark gauge coupling. In particular, we
explore the implications of large kinetic mixing, 0.1 ≲ ϵ ≲ 1, on the superpartner spectrum.
Such large kinetic mixing is still phenomenologically viable for the case of an unbroken dark
gauge symmetry with a massless dark photon provided no additional light matter charged
under U(1)D is present, a condition that is satisfied in our setup.

In this first study, for concreteness we consider two scenarios for the messenger repre-
sentation: 1) a complete SU(5) GUT representation 5 + 5, and 2) a single vectorlike chiral
multiplet in a representation of the SM gauge group (i.e., an incomplete SU(5) multiplet). In
both cases, we assume that the messengers are also charged under U(1)D. The first scenario
corresponds to the messenger content of the minimal GSMB model [5–7] and, as such, provides
an interesting point of comparison for dark GSMB. The latter choice of an incomplete GUT
multiplet is somewhat non-standard, but has the novel feature of an approximate unbroken
SUSY for one linear combination of the U(1) vector multiplets, leading to a very light mixed
bino-dark photino neutralino with mass below the weak scale. This feature opens up the
possibility of an exotic decay channel of the Higgs boson into the light neutralinos, which
can be probed at future Higgs factories. Furthermore, in both scenarios, we show that large
values of kinetic mixing impact the conditions for electroweak symmetry breaking and lead to
significant modifications to the superpartner spectrum relative to conventional GMSB, with
distinctive phenomenological implications. Notably, the µ parameter required for successful
EWSB becomes smaller as the kinetic mixing increases, leading to a relatively light Higgsino
that can be searched for at the LHC. We mainly consider low-scale SUSY breaking in this
work, which can lead to distinctive collider signals from the NLSP decay to the gravitino
LSP. Finally, we consider cosmological and phenomenological consequences of the messenger
fields, which carry fractional electric charge and are absolutely stable.

The idea of extending the MSSM to include a kinetically mixed U(1) sector has been
explored in various contexts. The pioneering work of ref. [10] examined the implications of
hidden U(1) D-terms in the presence of kinetic mixing and their impact on the MSSM soft
masses, and furthermore investigated the expected size of kinetic mixings in UV theories,
including string theory. Subsequent works have discussed various implications of SUSY U(1)
extensions with kinetic mixing, including for SUSY breaking [11–22], connections to string
theory [17, 23], dark matter and dark sector physics [12–16, 18, 19, 23–31], collider searches [16,
17, 21, 24, 27, 31], and cosmology [27, 32]. Previous works on massless hidden gauge bosons
in SUSY discussed relevant phenomenology in the small kinetic mixing limit [17, 21, 27].

The structure of this paper is outlined as follows. Section 2 introduces supersymmetric
kinetic mixing between U(1)Y and U(1)D. In section 3, we detail the components of dark
GMSB and discuss how soft terms depend on kinetic mixing. The effects of large kinetic
mixing on the Higgs scalar and sfermion sectors are examined in section 4, while section 5
explores the neutralino and chargino sectors. Section 6 discusses the distinct spectra of dark
GMSB and phenomenological implications of large kinetic mixing. Finally, we discuss the
cosmology of stable relic particles, including the messengers, in section 7. Our conclusions
are summarized in section 8. Additionally, we provide two appendices. In appendix A, we
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present the renormalization group equations for the SUSY parameters at the two-loop level in
the presence of a dark U(1) gauge symmetry and kinetic mixing. Next, appendix B discusses
the evolution of the gauge couplings at high scales and explores the impact of large kinetic
mixing on gauge coupling unification.

2 Supersymmetric kinetic mixing

The kinetic mixing between U(1)Y hypercharge and U(1)D [33, 34] can be extended to a
supersymmetric framework. The supersymmetric kinetic terms for the gauge sector are
given by [10]

L ⊃
∫
d2θ

(1
4ŴBŴB + 1

4ŴXŴX + ϵ

2ŴBŴX

)
+ h.c. (2.1)

=− 1
4BµνB

µν − 1
4XµνX

µν − ϵ

2BµνX
µν

+ iB̃†σµ∂µB̃+ iX̃†σµ∂µX̃+ (iϵB̃†σµ∂µX̃+ h.c.) (2.2)

+ 1
2D

2
B + 1

2D
2
X + ϵDBDX,

where ŴB and ŴX denote the superfield strength associated with the gauge vector superfields
B̂ ⊃ (B, B̃) of U(1)Y and X̂ ⊃ (X, X̃) of U(1)D, respectively.

The component fields B, B̃, X, and X̃ correspond to the hypercharge gauge boson, bino,
dark photon, and dark photino, respectively. The gauge kinetic mixing serves as a portal for
the vector bosons (B-X mixing) and their fermionic superpartners (B̃-X̃ mixing). We adopt
the notation ϵ = ε/ cos θW , where θW represents the weak mixing angle [35]. The parameter
ε describes the familiar photon-dark photon mixing.

Additionally, there is a cross-term involving the auxiliary fields DB and DX. This
interaction can naturally lead to the generation of an effective Fayet-Iliopoulos (FI) D-
term [10, 11, 14–16, 18, 20], which provides the transfer of SUSY breaking from the dark
sector to the visible sector, or vice versa. However, in our scenario, which considers an
unbroken U(1)D, there are no additional SUSY breaking contributions from D-term mixing.

To explore the physical implications of kinetic mixing it is convenient to move to a basis
in which the kinetic terms of the gauge bosons are diagonal. The kinetic terms for each
component field can be diagonalized using a GL(2) transformation as outlined in ref. [36].
This process can also be applied at the superfield level as

(
X̂
B̂

)
=

1 − ϵ√
1− ϵ2

0 1√
1− ϵ2

(cosω − sinω
sinω cosω

)(
X̂

B̂

)
, (2.3)

where X̂ and B̂ are the physical states after the transformation.1 While any choice of ω
can diagonalize the kinetic term and is physically equivalent [39], we adopt the following

1A requirement that the kinetic terms of the gauge bosons be positive constrains the kinetic mixing to be
less than 1 [37, 38].
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basis [33, 36] for our analysis:2

(Our basis) sinω = 0, cosω = 1. (2.4)

Given that the superfield strength is defined as the chiral derivative of an Abelian vec-
tor superfield, the GL(2) transformation can be straightforwardly expressed as a linear
combination of ŴB and ŴX:

ŴB = ŴB/
√
1− ϵ2 and ŴX = ŴX − ϵŴB/

√
1− ϵ2. (2.5)

This transformation leads to the diagonalized states of the system, effectively illustrating how
kinetic mixing impacts the physical properties of the gauge bosons. In this supersymmetric
framework, component fields such as gauge bosons, gauginos, and auxiliary fields can be
coherently rotated by a unified basis transformation. We note that one can take different
rotation angle ω for each component, without changing any physical results. However, this
alignment facilitates a clear delineation of interaction terms in the Lagrangian, even after
diagonalizing the kinetic mixing terms.

In this basis, the gauge boson B can be interpreted as the physical U(1)Y gauge boson
since SM particles interact exclusively with B. The interaction terms for the gauge boson
in this basis are expressed as

L ⊃ g′Y Y J
µ
Y Bµ + gDDJ

µ
DXµ (2.6)

=
[
− gDϵ√

1− ϵ2
DJµD + gY Y J

µ
Y

]
Bµ + gDDJ

µ
DXµ, (2.7)

where gY = g′Y /
√
1− ϵ2 represents the effective U(1)Y coupling after the diagonalization,

and gD is U(1)D coupling. Y denotes the hypercharge associated with the visible current
JµY , and D represents the U(1)D charge of the dark current JµD. Therefore, this basis isolates
the specific linear combination of the gauge fields that is invisible to SM particles as the X
field, simplifying the interpretation of experimental results.

If JµY and JµD take the same form, the hypercharge is effectively modified by the con-
tribution from the dark gauge symmetry as

Yeff = Y − gD
gY

ϵ√
1− ϵ2

D. (2.8)

This suggests that within the GMSB framework, messengers that carry dark charge could
influence the generation of mass for visible superpartners. A quantitative analysis will be
provided in section 4. In general, eq. (2.7) indicates that any particles with a non-zero dark
charge will have a fractional hypercharge [33, 34]. As a result, constraints on a massless dark
photon primarily arise from the presence of milli-charged exotic particles [40–48]. Therefore,
we assume that there are no light states with a non-zero dark charge, allowing the kinetic
mixing parameter ϵ to remain largely unconstrained under these constraints.

2Although renormalization group running may change the value of ϵ, one can always take the basis of
eq. (2.4) provided that U(1)D remains unbroken.
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Similar to the treatment of gauge bosons, the gaugino kinetic terms can be diagonal-
ized using the transformation specified in eq. (2.3), following the basis in eq. (2.4). The
transformations are given by

B̃ = B̃/
√
1− ϵ2 and X̃ = X̃ − ϵB̃/

√
1− ϵ2. (2.9)

When SUSY is broken, gauginos can acquire masses. Kinetic mixing may then generate
mixing between the bino and dark photino, leading to observable effects. The extent and
nature of these effects depend heavily on the details of the SUSY breaking scenario employed.
In the following sections, we will explore the observable impacts of kinetic mixing on the
particle mass spectra, particularly in regimes of large kinetic mixing.

The presence of large kinetic mixing leads to novel phenomena not present in the small ϵ
limit. Specifically, with significant kinetic mixing, the B boson, traditionally a gauge boson of
the visible sector, can exhibit a stronger coupling to the dark current JD than to the visible
current JY . This effect is quantitatively expressed by eq. (2.7), and occurs under the condition

|gY Y | <
∣∣∣∣ gDDϵ√

1− ϵ2

∣∣∣∣ ⇔ ϵ∗ ≡
gY Y√

(gY Y )2 + (gDD)2 < ϵ. (2.10)

For example, one obtains ϵ∗ = 0.15, by taking Y = 1/6, with gD = 0.4 and D = 1. This
clearly shows that the effect of dark current could be significant in the large ϵ limit. Also,
the JD-B and JY -B couplings may cancel each other at ϵ ≈ ϵ∗.

Similarly, it is instructive to consider which gauge boson, B or X, interacts more
strongly with a matter field characterized by hypercharge Y and dark charge D, and how
this interaction varies with the value of ϵ. This analysis involves comparing the JD,Y -B
coupling to the JD-X coupling. With significant kinetic mixing, the X boson can interact
more strongly with such a matter field than the B boson. This condition can be expressed as∣∣∣∣gY Y − gDDϵ√

1− ϵ2

∣∣∣∣ < |gDD|. (2.11)

Under this scenario, the dark gauge boson X exhibits a stronger interaction with the matter
current than the B boson. This criterion becomes particularly relevant when both visible
and dark currents are present, highlighting the influence of ϵ on the interaction dynamics.

The key insight here is that large kinetic mixing induces exotic behaviors. Specifically,
with substantial kinetic mixing, the B boson exhibits a stronger coupling with the dark
current than with the visible current; similarly, the dark current may couple more strongly
with the B boson than with the X boson. These dynamics underscore the significant role of
large ϵ in the interactions between gauge bosons and currents.

Kinetic mixing can affect electroweak symmetry breaking (EWSB), as the value of the
µ parameter is determined by a combination of Higgs mass parameters to ensure EWSB.
So, at large ϵ values, the Higgs mass parameter at the low-energy scale may not satisfy the
EWSB condition. This detail is discussed in section 4 and appendix A. These aspects will be
further explored in subsequent sections to assess the impact of large ϵ. Caution is necessary
when considering large values of ϵ and gD, and, in particular, the couplings may diverge
in the ϵ → 1 limit (see eq. (2.7)) leading to a non-perturbative regime and a breakdown
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Scenario Superfield Component fields Representation

I

Ψ̂1
ˆ̄Ψ1
Ψ̂2
ˆ̄Ψ2

ψ1, ψ̃1

ψ̄1,
˜̄ψ1

ψ2, ψ̃2

ψ̄2,
˜̄ψ2

(3, 1,−1/3, DΨ)
(3̄, 1, 1/3,−DΨ)
(1,2, 1/2, DΨ)

(1,2,−1/2,−DΨ)

II
Ψ̂
ˆ̄Ψ

ψ, ψ̃

ψ̄, ˜̄ψ
(3,2, 1/6, DΨ)

(3̄,2,−1/6,−DΨ)

Table 1. Messenger representations for two distinct scenarios, which we will discuss in this paper.
We denote the representation as (SU(3)C , SU(2)L, U(1)Y , U(1)D). We assume the messenger fields
are in a vector-like representation to avoid the gauge anomaly. Scenario I employs a SU(5) complete
representation (the fundamental 5+ 5̄), whereas Scenario II utilizes a SU(5) incomplete representation.
For concreteness, we fix DΨ = 1.

of perturbative unitarity. Moreover, from the perspective of UV physics, elevated coupling
strengths could lead to the emergence of Landau poles at energy scales close to those of IR
physics, an issue addressed in appendix B. Consequently, kinetic mixing cannot be arbitrarily
large, although we demonstrate that substantial kinetic mixing remains viable.

Lastly, the large kinetic mixing can impact gauge coupling unification [49–51]. While
typical gauge coupling unification in the MSSM relies on complete messenger multiplets,
substantial kinetic mixing can enable unification even with incomplete messengers, as we
argue in appendix B.1. In the following analysis, however, we do not restrict ourselves to
the parameter space where gauge coupling unification is achieved.

3 Dark gauge-mediated supersymmetry breaking (dark GMSB)

In the gauge-mediated SUSY breaking scenario [1, 5–9] (see refs. [2–4] for earlier pioneering
studies), SUSY breaking is communicated from a SM gauge-singlet chiral superfield Ŝ ⊃ (S, S̃),
which acquires scalar and F -term vacuum expectation values, to the MSSM superpartners
through vector-like messenger chiral superfields (Ψ̂i, ˆ̄Ψi) that are charged under the SM
gauge symmetries. Note that Ŝ is also a singlet under the dark gauge symmetry, so it
does not contribute to the mass of the dark photon. In this framework, the masses of the
superpartners are generated by the gauge interactions involving these messenger fields. When
this model is extended to include a dark sector, the messengers may also carry dark charges,
allowing SUSY breaking effects to be transmitted from the dark sector to the visible sector
via kinetic mixing (dark GMSB).

We consider two scenarios for the representations of the messenger fields, as detailed
in table 1. To ensure gauge anomaly cancellation, we assume that the messenger fields are
in a vector-like representation.

In this paper, we consider only R-parity conserving terms in the superpotential W , and
the relevant terms for mediating SUSY breaking are expressed as

W ⊃ yŜ ˆ̄ΨiΨ̂i, (3.1)

– 6 –
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where the messenger mass scale is given by Mmess = y⟨S⟩, with ⟨S⟩ denoting the vacuum
expectation value (VEV) of S.

In the GMSB framework, the scale of the soft mass terms is determined by [6]

msoft ≃
g2

16π2
F

Mmess
, (3.2)

where g is the coupling constant for the gauge interactions involving the messenger fields, and
F is the VEV of the auxiliary field of Ŝ, representing the SUSY breaking scale. The soft mass
scale aligns with the electroweak (EW) scale when the ratio F/Mmess ≃ O(100)TeV. The mass
of the messenger fermions ψ and ψ̄ is given by Mmess, while the masses of the messenger scalars
ψ̃ and ˜̄ψ are split by

√
F . The requirement

√
F ≲Mmess ensures positive squared masses for

these scalars, as discussed in ref. [8]. Given that the soft mass scale should at least match the
EW scale, the condition F/Mmess ≳ O(100)TeV is necessary. Consequently, the permissible
range for the messenger mass scale is Mmess ≳ 100TeV. For subsequent discussions, we will
often set F/M2

mess = 2/3 for concreteness, corresponding to a low messenger scale.
The gravitino mass m3/2 is given by

m3/2 ≃ F0√
3MPl

, (3.3)

where F0 represents the fundamental scale of SUSY breaking, related to F by F = kF0,
with k depending on the mechanism through which SUSY breaking is transmitted to the
messenger fields [8]; we assume k ≃ 1. Generally, m3/2 is much smaller than the soft mass
msoft from GMSB when

√
F is considerably lower than MPl.

Consequently, in a standard GMSB scenario, the gravitino emerges as the lightest
supersymmetric particle (LSP). If R-parity is conserved, the LSP is stable, potentially leading
to a significant relic density. The implications of such an LSP overabundance are further
explored in section 7. Interestingly, the lightest messenger state can also be stable, as it
could be the lightest particle carrying a dark charge. Due to the fractional contribution of
the dark charge to its U(1) hypercharge [eq. (2.8)], this state would manifest as a massive
charged particle. If the reheating temperature is not too high, these messenger particles could
exist in the present universe without conflicting with observations. We provide the viable
parameter space where such a messenger could exist in section 7.

Now, let us discuss the generation of soft terms when the messenger fields possess a dark
charge. A naive expectation is the generation of soft terms in the dark sector, i.e., the dark
photino mass term. However, the effect of dark GMSB is not limited to the dark sector. If
kinetic mixing between the visible and dark sectors is present, this configuration allows the
SUSY breaking effect to permeate into the visible sector through the following steps.

Initially, SUSY breaking is transmitted from the singlet Ŝ to the messenger fields Ψ̂
and ˆ̄Ψ via the superpotential term described in eq. (3.1). Subsequently, the messenger fields
Ψ̂ and ˆ̄Ψ communicate this SUSY breaking to X̂ in the dark sector via the U(1)D gauge
interaction. Finally, the SUSY breaking effect is transferred from X̂ in the dark sector to
B̂ in the hypercharge sector via kinetic mixing. This description is based on the original
basis with eq. (2.2).

– 7 –



J
H
E
P
0
5
(
2
0
2
5
)
0
5
2

(a) (b)

Figure 1. (a) One of the diagrams for the bino mass generated by dark GMSB at the one-loop level
is described here. In this diagram, the messengers ψ and ψ̃ act as a dark current. SUSY breaking
from the singlet Ŝ is initially transferred to the dark sector (dark photino X̃), and subsequently to the
hypercharge sector (bino B̃) through kinetic mixing. As a result, the bino mass acquires ϵ dependence.
(b) One of the diagrams that gives the scalar mass. The scalar squared soft mass term is affected by
kinetic mixing. ϕ represents a scalar charged under U(1)Y , such as the Higgs scalar or a sfermion.

Figure 2. Schematic diagram for conventional GMSB and dark GMSB models. SUSY breaking
is first transferred to the messenger and then to the visible sector. In the dark GMSB model, the
messenger has a dark charge, which can provide additional contributions to the hypercharge part
U(1)Y via the kinetic mixing ϵ.

This sequence effectively generates soft masses for the bino and hypercharged scalar
superpartners through kinetic mixing, as depicted in figure 1. We term this mechanism of
SUSY breaking transfer via kinetic mixing dark gauge-mediated supersymmetry breaking.
Dark GMSB generates additional contributions to the soft terms for the bino and hypercharge
fields only, as represented in figure 2.

A distinctive feature of dark GMSB is the ϵ-dependence of the soft mass terms, which
can be quantitatively described as

msoft(gD, ϵ) ≃
g2

eff(gD, ϵ)
16π2

F

Mmess
. (3.4)

Here, geff(gD, ϵ) represents the effective coupling, which acquires ϵ-dependence following
diagonalization, as shown in eq. (2.7). In the upcoming sections, we will explore how this
kinetic mixing influences the mass scales of various SUSY particles, specifically within the
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Higgs, sfermion, neutralino, and chargino sectors. We will first discuss the scalar sectors, and
demonstrate how the µ term also depends on kinetic mixing to satisfy the EWSB condition
and then move on to the other sectors.

4 Scalar soft masses in the dark GMSB

The scalar squared soft mass terms, m2
ϕi

, are generated at the two-loop level by gauge-
mediated SUSY breaking mechanisms. The expression for the mass term arising from the
non-Abelian gauge group, Ga, is given by

m2
ϕi = 2

∑
Ψ
NGa

(
g2
a

16π2

)2 (
F

Mmess

)2
2SaCaF(x), (4.1)

where Tr[Tαa T βa ] = Saδ
αβ is defined as the trace of the generators (Tαa ) of the corresponding

gauge group representation, Ca1 =∑
α T

α
a T

α
a represents the quadratic Casimir of the scalar

under the gauge group representation associated with the coupling ga, and ∑ΨNGa is the
summation over vector-like messengers with the number of Ga multiplets. Specifically for
SU(N), Sa = 1/2, and Ca = N2−1

2N for fundamental representation. The loop function F(x)
in eq. (4.1) is [52]

F(x) = 1 + x

x2

[
ln(1 + x)− 2Li2

(
x

1 + x

)
+ 1

2Li2
( 2x
1 + x

)]
+ (x→ −x), (4.2)

where Li2(x) is the dilogarithm function. Here, x = F/M2
mess, and F ≃ 1 unless x ≳ 0.95.

We calculate the expression for the soft mass from the Abelian gauge symmetry by
taking Sa = Y 2

eff,Ψ, Ca = Y 2
ϕi

:

m2
ϕi = 2

∑
Ψ
NU(1)

(
g2
Y

16π2

)2 (
F

Mmess

)2
2Y 2

eff,ΨY
2
ϕiF(x). (4.3)

One can interpret the result that the messengers acquire fractional charges proportional to
their dark charges due to the kinetic mixing [34].

Kinetic mixing facilitates the mediation of SUSY breaking to the Higgs or sfermion
sector, as depicted in figure 1. The squared soft mass term of the Higgs, incorporating the
effective charge detailed in eq. (2.8), can be expressed as

m2
Hi(gD, ϵ) =

∑
Ψ
M̃2

mess,1

[
NSU(2)

3g4
2

8 +NU(1)g
2
Y Y

2
Hi

(
gY YΨ − gDϵDΨ√

1− ϵ2

)2
]
. (4.4)

Here, M̃2
mess,1 ≡ 4F(x)

[
xMmess

16π2

]2
. The squared soft mass can increase with the degree of

kinetic mixing. Similarly, the soft masses of the sfermions are given as

m2
q̃L
(gD, ϵ) =

∑
Ψ
M̃2

mess,1

[
NSU(3)

2g4
3

3 +NSU(2)
3g4

2
8 +NU(1)g

2
Y Y

2
q̃L

(
gY YΨ − gDϵDΨ√

1− ϵ2

)2
]
,

(4.5)

m2
ũR

(gD, ϵ) =
∑
Ψ
M̃2

mess,1

[
NSU(3)

2g4
3

3 +NU(1)g
2
Y Y

2
ũR

(
gY YΨ − gDϵDΨ√

1− ϵ2

)2
]
, (4.6)

– 9 –



J
H
E
P
0
5
(
2
0
2
5
)
0
5
2

m2
d̃R
(gD, ϵ) =

∑
Ψ
M̃2

mess,1

[
NSU(3)

2g4
3

3 +NU(1)g
2
Y Y

2
d̃R

(
gY YΨ − gDϵDΨ√

1− ϵ2

)2
]
, (4.7)

m2
ℓ̃L
(gD, ϵ) =

∑
Ψ
M̃2

mess,1

[
NSU(2)

3g4
2

8 +NU(1)g
2
Y Y

2
ℓ̃L

(
gY YΨ − gDϵDΨ√

1− ϵ2

)2
]
, (4.8)

m2
ẽR
(gD, ϵ) =

∑
Ψ
M̃2

mess,1

[
NU(1)g

2
Y Y

2
ẽR

(
gY YΨ − gDϵDΨ√

1− ϵ2

)2
]
. (4.9)

The dark GMSB effect is represented by the combination of gD and ϵ as geff ≡ gDϵ/
√
1− ϵ2.

In addition to the given soft masses, there is a mixing between the left- and right-
handed sfermions due to the trilinear A terms, D terms, and F terms. Typically, these
contributions are insignificant because the size of the mixing terms are governed by the
masses of SM particles.

4.1 Higgs mass and electroweak symmetry breaking

The scalar potential of the neutral Higgs fields is given by

V (H0
u, H

0
d) =

∑
i=u,d

(
|µ|2 +m2

Hi

)
|H0

i |2 −
(
bµH

0
uH

0
d + h.c.

)
+ 1

8(g
2
Y + g2

2)
(
|H0

u|2 − |H0
d |2
)2
. (4.10)

At the potential minimum, where ∂V/∂H0
u = ∂V/∂H0

d = 0, EWSB requires

bµ = sin(2β)
2

[
2|µ|2 +m2

Hu +m2
Hd

]
, (4.11)

|µ|2 = −m
2
Z

2 −
m2
Hu

+m2
Hd

2 +
m2
Hu

−m2
Hd

2 cos(2β) . (4.12)

The µ-term is a supersymmetric mass parameter appearing in the superpotential that couples
the two Higgs doublets, while the bµ-term is a soft supersymmetry-breaking bilinear term in
the Higgs potential. Generating µ and bµ terms required by the above relations for EWSB
without fine tuning is an acute problem in the GMSB [8]. In this paper, we do not address
this issue directly; instead, as commonly done in typical studies of GMSB, we assume that µ
and bµ can be generated to satisfy the relations in eqs. (4.11) and (4.12). In the conventional
GMSB, EWSB can occur through the renormalization group (RG) running of m2

Hu
and m2

Hd
,

which generates the hierarchy m2
Hu

< m2
Hd

at the EW scale. This is the case in dark GMSB
as well.3 A key difference in dark GMSB, however, is that the bino and mixed bino-dark
photino soft masses can contribute significantly to the running of m2

Hu
and m2

Hd
. Large values

of gD and ϵ significantly enhance these soft masses parameters, eventually preventing m2
Hu

from being driven to negative values. (See eqs. (5.6), (5.7), and appendix A.) The one-loop
beta functions of m2

Hu
and m2

Hd
receive identical negative contributions from gD and ϵ. Thus,

regardless of the value of β, large gD and ϵ drive the right-handed side of eq. (4.12) to become
negative and must therefore be constrained. On the other hand, this also implies that |µ|
could be significantly smaller than in conventional GMSB for moderate values of gD and
ϵ, which brings down the mass of the higgsino.

3In both conventional GMSB and dark GMSB, m2
Hu

= m2
Hd

at the messenger scale, and thus cannot satisfy
eq. (4.12).
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Figure 3. (a) Isocontours of |µ| in the tan β − ϵ plane for a complete SU(5) messenger multiplet
(Scenario I). Here, F/M is adjusted to consistently achieve mh0 = 125GeV, with F/M2

mess = 2/3 fixed.
The EW vacuum cannot be achieved in the gray region, which is therefore ruled out. (b) The variation
of |µ| with respect to ϵ is shown for gD = 0.3, 0.4, and 0.5. This shows that µ sharply turns imaginary
as ϵ increases, obstructing successful EWSB. We take F/Mmess = 800TeV, Mmess = 1200TeV, and
tan β = 15 — values that match our benchmark point except for gD (see table 2).

We use the public software SOFTSUSY 4.1.20 [53] to include 2-loop renormalization
group equations for evaluating EWSB conditions and calculating MSSM parameters near
the EW scale. In order to implement the dark GMSB model, we modify the relevant parts
of the code, incorporating additional degrees of freedom from dark gauge coupling, kinetic
mixing, and gaugino mass matrix. Additionally, we adjust the corresponding β-functions to
account for these parameters. The β-functions are listed in appendix A.

Figure 3 illustrates the effect of dark GMSB on |µ| in detail. Figure 3(a) shows the
values of |µ| as a function of tan β and ϵ needed to achieve EWSB and the correct Higgs
mass. Since 1/ cos(2β) diverges when tan β → 1, the contour of |µ| becomes parallel to the
constant tan β line. This figure also shows one crucial feature of dark GMSB, which is that
|µ| is affected by ϵ. The value of |µ| decreases as ϵ increases, with the variation becoming
more sensitive at larger ϵ, as shown in figure 3(b). The boundary of the gray region is where
|µ| ≃ 0. Higher-order loop corrections slightly shift the precise location of the boundary
of the gray region; however, the qualitative behavior, where |µ| steeply decreases near the
boundary is expected to remain similar. If the values of gD and ϵ lie closer to the gray region,
it makes |µ| to be small. Therefore, the spectrum of dark GMSB can contain a light higgsino,
with mass determined by |µ|, which will be demonstrated in section 5.

A crucial requirement of any supersymmetric model is the reproduction of successful
EWSB and observed Higgs mass of mh0 = 125GeV [54, 55]. It is known that the tree-level
Higgs potential in the MSSM cannot reproduce the correct SM-like Higgs mass and higher
order corrections, especially from the top and stop quark, are required to this end. For
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F/Mmess Mmess gD tan β F/M2
mess

800 TeV 1200 TeV 0.4 15 2/3

Table 2. The parameters listed in this table are utilized for illustrations unless specifically stated
otherwise. This parameters setup is fit to obtain the observed SM-like Higgs mass of mh0 = 125GeV.

instance, the corresponding one-loop correction to SM-like light Higgs mass is given by [56–59]

m2
h0 = m2

Z cos2 2β + 3m4
t

2π2v2

[
ln
(
M2
s

m2
t

)
+ X2

t

M2
s

(
1− X2

t

12M2
s

)]

≃ m2
Z cos2 2β + 3m4

t

2π2v2 ln
(
M2
s

m2
t

)
,

(4.13)

where Ms = √
mt̃1mt̃2 , and Xt = At − µ cotβ. The first term corresponds to the tree-level

mass. Due to the minimal contributions of the trilinear A-terms in the GMSB, X2
t /M

2
s ≪ 1

and Ms must be in the range of O(1−10)TeV, depending on β, to accommodate the observed
Higgs mass of mh0 = 125GeV [59, 60].

The dark gauge mediation effect can induce a small fractional change in the Higgs mass
through the change of soft stop mass, eqs. (4.5), (4.6). The effect can be explicitly written by

δm2
h0(geff) ≃

17m4
t

32π2v2

∑
Ψ
NU(1)g

2
Y geffDΨ (−2gY YΨ + geffDΨ)∑

Ψ
NSU(3)g

4
3

. (4.14)

We find that Higgs mass can only be modified by at most O(0.1)GeV when considering
the constraints on gD and ϵ from the EW symmetry breaking discussed in the following
paragraphs of this section. Therefore, once tan β is fixed, the ratio F/Mmess is determined
to ensure the correct Higgs mass.

4.2 Scalar particle spectrum

The resulting mass spectrum of the scalar particles shows dependence on the kinetic mixing ϵ,
but it differs for the two scenarios we consider. The parameters are set as follows: gD = 0.4,
F/M2

mess = 2/3, tan β = 15, and F/Mmess = 800TeV. These values are chosen to align
with the SM-like Higgs mass and the EWSB conditions discussed in the previous subsection.
The benchmark parameter values are highlighted in table 2. As an example, in figure 4 we
show the masses of ẽR and ẽL as a function of the kinetic mixing ϵ for both scenarios. In
Scenario I, the terms linear in ϵ are canceled out in eq. (4.4), leaving only terms quadratic
in ϵ. As a result, the mass spectrum increases monotonically with the magnitude of |ϵ| and
is symmetric under ϵ → −ϵ. In Scenario II, however, the soft mass contains a term linear
in ϵ, and the soft mass at the messenger scale vanishes when the effective coupling term,
gY YΨ − gDϵDΨ/

√
1− ϵ2, becomes zero for a non-zero value of ϵ. As a result, the stau could

turn tachyonic around this choice of ϵ during RG evolution, as shown in figure 4. Such points
are excluded, as they indicate the breakdown of U(1)em [61].

The mass spectrum of the sfermions is illustrated in figures 5 and 6 for sleptons and
squarks, respectively. The minimum and maximum points of the boxes for Scenario II
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Figure 4. The mass spectrum of ẽR and ẽL as a function of the kinetic mixing ϵ in both scenarios.
The parameters are set as in table 2. Since the hypercharge of ẽR is larger, it is more sensitive to the
change of ϵ. There is no EW vacuum for large enough |ϵ| (gray regions). (a): the mass spectrum is
symmetric under ϵ→ −ϵ since the soft mass terms only contain quadratic terms of ϵ. The minimum
(maximum) of the masses appears at |ϵ| = 0.0 (0.783). (b): the stau can become tachyonic in the
specific interval of ϵ where the effective coupling part in eq. (4.9) nearly vanishes. The minimum
(maximum) of the sfermion masses appears at ϵ = 0.042 (−0.576).

correspond to ϵ = 0.042, and −0.576, respectively. While the dark GMSB effects modify the
mass of all sfermions, the most drastic changes occur in the sleptons, especially right-handed
sleptons. This pronounced effect arises because the slepton masses lack contributions from
the strong interaction, and right-handed sleptons do not receive the SU(2)L interaction
contribution either. Additionally, the right-handed sleptons possess the largest hypercharge
and thus experience the largest effects. In the conventional GMSB scenarios, the left-handed
sleptons are heavier than the right-handed ones. However, this hierarchy can be reversed
when there is a large geff , which could be a distinct characteristic of the dark GMSB model.
In particular, we see that in Scenario II the sleptons can be relatively light, even below
the TeV scale.

Inside two Higgs doublets, besides the SM-like Higgs, there exist another neutral scalar,
H0, one neutral pseudo-scalar, A0, and a charged scalar, H±. (While many extensions of the
SUSY model include an extended Higgs sector [62], the dark GMSB model with a massless
dark photon does not introduce additional Higgs scalars.) The tree-level mass spectrum
for these Higgs sector components is expressed as

m2
A0 = 2|µ|2 +m2

Hu +m2
Hd
, (4.15)

m2
H0 = 1

2

[
m2
A0 +m2

Z +
√(

m2
A0 −m2

Z

)2
+ 4m2

Zm
2
A0 sin2(2β)

]
, (4.16)

m2
H± = m2

A0 +m2
W , (4.17)
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Figure 5. The mass spectrum of the sleptons for dark GMSB scenarios. The parameters are set as in
table 2. In Scenario I, the lower (upper) boundary of the mass bands correspond to |ϵ| = 0.0 (0.783).
The masses of ẽR and τ̃R are particularly sensitive to kinetic mixing due to the large hypercharge of
the sfermions. In Scenario II, the bands represent the full possible range of the mass spectrum. The
minimum (maximum) point corresponds to ϵ = 0.042 (−0.576), representing the full mass range.
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Figure 6. The mass spectrum of (a) the first/second generation squarks and (b) the third generation
squarks for dark GMSB scenarios. The parameter setup and notations are the same as in figure 5.
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Figure 7. The heavy Higgs mass spectrum for dark GMSB scenarios is depicted. The parameter
setup and notations are the same as in figure 5.

where mW is the mass of the W boson.
Figure 7 presents the heavy Higgs mass spectrum for Scenarios I and II as a function of

ϵ. The heavy Higgs spectrum depends on geff through the mild change in mt̃. An increase
in geff results in higher masses for A0, H0, and H±. These masses are nearly degenerate
because the contributions from mZ and mW are substantially smaller than those from the
soft terms. Given the range of µ, the condition mA0 ≫ mZ consistently holds. In this
regime, the tree-level mass of h0 remains relatively insensitive to changes in kinetic mixing.
Specifically, variations in the mass of h0 are limited to less than O(0.1)GeV over the entire
allowed range of kinetic mixing ϵ.

In summary, once the basic model parameters, tan β, gD, ϵ, and Mmess are chosen, other
parameters such as F/Mmess, µ and bµ are determined via the conditions on the observed
Higgs mass and EW symmetry breaking. Furthermore, we have seen that very large values of
geff are incompatible with these conditions. The mass spectrum of the Higgs and sfermion
sectors is influenced by kinetic mixing. A distinctive feature is the sensitivity of sleptons
to variations in geff . Especially right-handed sleptons have a significant dependence on geff ,
while squarks and exotic Higgs states are less sensitive to geff due to the contribution from
the strong interaction.

5 Gaugino soft masses in the dark GMSB

The inclusion of kinetic mixing affects the neutralino mass spectrum, particularly due to
effects related to the dark photino. Furthermore, as previously discussed, even though it
preserves supersymmetry the µ term obtains kinetic mixing dependence via the requirements
of successful EWSB. This causes the higgsino-dominant neutralino and chargino masses
to change with ϵ. In contrast, the wino and gluino remain unaffected, as the couplings of
messengers to these sectors do not involve kinetic mixing.
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5.1 Neutralino sector

To derive explicit formulas for these components, we start from the basis where the gaugino
kinetic terms are already diagonalized, as achieved by the transformation given in eq. (2.9).
Diagonal gaugino mass terms, denoted as Ma, are generated at the one-loop level in gauge
mediation scenarios,

Ma =
∑
Ψ
NG(a)

g2
a

16π2
F

Mmess
2SaG(x). (5.1)

Here, the loop function G(x) is

G(x) = 1
x2 [(1 + x) ln(1 + x) + (1− x) ln(1− x)] , (5.2)

where x = F/M2
mess. This function approximates to G ≃ 1 unless x ≳ 0.7.

For Abelian gauginos, Ma is expressed as

Ma =
∑
Ψ
NU(1)

g2
a

16π2
F

Mmess
2Q2

aG(x), (5.3)

where Qa is the charge of the messenger corresponding to the gauge group, i.e., Qa = Yeff,ψ
for U(1)Y , and Qa = Dψ for U(1)D. There is also an off-diagonal mass mixing term between
the bino and dark photino, which is obtained by replacing g2

aQ
2
a with gY gDYeff,ψDψ in the

above formula.
The mass sub-matrix for the dark photino and bino, considering the effects of kinetic

mixing, is given by

M2×2
Ñ

=
(
MD MK

MK M1

)
. (5.4)

The components of M2×2
Ñ

are

MD(gD) =
∑
Ψ
NU(1)g

2
DD

2
ΨM̃mess,2, (5.5)

MK(gD, ϵ) =
∑
Ψ
NU(1)gDDΨ

(
gY YΨ − gDϵDΨ√

1− ϵ2

)
M̃mess,2, (5.6)

M1(gD, ϵ) =
∑
Ψ
NU(1)

(
gY YΨ − gDϵDΨ√

1− ϵ2

)2
M̃mess,2, (5.7)

where M̃mess,2 ≡ 2G(x)xMmess/(16π2). Here, MD represents the dark photino soft mass, MK

is the dark photino-bino mass mixing term, and M1 is the bino soft mass. This expression
reflects modifications to the bino vertex due to kinetic mixing (The structure is the same
as [eq. (2.7)]). The kinetic mixing effects are encapsulated in MK and M1, indicating
their ϵ-dependence.

Figure 8 shows the dependence of these terms on kinetic mixing for Scenarios I and II.
The figure illustrates that the soft terms M1 and MK can be significantly affected by kinetic
mixing. In Scenario I, M1 is even in ϵ, while MK is odd. Although MK depends on the sign
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Figure 8. The gaugino soft terms MK and M1 as a function of kinetic mixing ϵ. We show both
Scenario I and Scenario II with parameters listed in table 2. (There are no dependencies on tan β or
µ in the plots.) The soft terms undergo substantial changes with large kinetic mixing. In Scenario
II, MK and M1 vanish at ϵ∗ = (gY /6)/

√
(gY /6)2 + g2

D ≃ 0.15 (vertical dashed line) from eq. (2.10).
Beyond this value, MK becomes negative, while M1 continues to increase.

of ϵ, we have numerically verified that the neutralino mass spectrum depends only on the
absolute value of ϵ. In Scenario II, on the other hand, MK and M1 is not symmetric in ϵ but
vanish at ϵ∗ [eq. (2.10)] due to a cancellation between U(1)Y and U(1)D contributions. This
accidental cancellation decouples the dark photino even with large kinetic mixing.

In Scenario I, the determinant of M2×2
Ñ

does not vanish. As a result, the lightest
neutralino is generally heavier than the EW scale. In Scenario II, however, the determinant
of mass matrix is detM2×2

Ñ
=MDM1 −M2

K always vanishes, a consequence of the simplicity
of the messenger representation (i.e., the messenger being in a single representation of the SM
gauge group), regardless of the values of gD, ϵ, and DΨ.4 This leads to the nearly massless
bino-dark photino mixture neutralino state at the messenger scale, before accounting for RG
running to the EW scale. Additionally, in Scenario II the ratio of each component in the
lighter neutralino within M2×2

Ñ
, denoted |N2×2

0i | (i = X,B), takes the simple form

|N2×2
0X | : |N2×2

0B | = |MK(ϵ)| : |MD| = |M1(ϵ)| : |MK(ϵ)| (5.8)

4This can be understood very simply by moving to a basis defined in eq. (2.3) by sinω =
−gDDΨ/

√
(gDDψ)2 + (gY YΨ − geffDΨ)2, cosω = (gY YΨ − geffDΨ)/

√
(gDDψ)2 + (gY YΨ − geffDΨ)2. In this

basis, the single messenger field in Scenario II only couples to one of the vector superfields, whose gaugino
component acquires mass at one-loop via GMSB. The other gaugino remains massless at one loop, i.e., there
is an approximate supersymmetry preserved in that sector. The same transformation diagonalizes the 2× 2
bino-dark photino mass matrix, eq. (5.4). In scenarios with messengers in multiple SM representations, it
is not possible in general to choose a basis which decouples all messengers from one linear combination of
vector multiplets.
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This equation indicates that N2×2
0 will be dark photino-dominant if |MK | > |MD| and bino-

dominant if |MK | < |MD|. The dominance of the dark photino or bino in the composition
thus depends on the kinetic mixing. This relationship generally holds even when considering
additional contributions from the wino and higgsino unless there is a degeneracy between
these components.

A complete analysis of the neutralino spectrum requires including higgsinos and wino in
the mass matrix. There are three types of terms contributing to the neutralino mass: gaugino
soft mass, gaugino-higgsino-Higgs coupling with VEV, and the µ term in the superpotential.
(For a comprehensive discussion on the neutralino sector across various SUSY model extensions,
see ref. [63].) In the basis ψ̃0 =

(
X̃, B̃, W̃ 3, H̃0

d , H̃
0
u

)T
, the neutralino mass terms are

LÑ = −1
2(ψ̃

0)T MÑ ψ̃
0 + h.c., (5.9)

MÑ =


MD MK 0 0 0
MK M1 0 −cβsWmZ sβsWmZ

0 0 M2 cβcWmZ −sβcWmZ

0 −cβsWmZ cβcWmZ 0 −µ
0 sβsWmZ −sβcWmZ −µ 0

 , (5.10)

where MÑ is the neutralino mass matrix. Here, M2 ≃ g2
2
2 M̃mess,2, cβ = cosβ, sβ = sin β with

tan β = vu/vd, cW = cos θW , sW = sin θW with the weak mixing angle tan θW = gY /g2, and
the Z boson mass is mZ = v

√
g2
Y + g2

2/2 where v =
√
v2
u + v2

d.
The off-diagonal term MK links the visible and dark sectors. Off-diagonal terms between

the bino and the wino/higgsino blocks are typically small compared to the soft mass terms,
resulting in negligible mixing between the wino/higgsino components and the bino or dark
photino-like states.

The mass matrix can be diagonalized by a suitable unitary transformation N as
N∗MÑN−1 = diag(mÑ0

,mÑ1
,mÑ2

,mÑ3
,mÑ4

), which orders the masses. The relation
between the neutralinos in the gauge and mass basis is then ψ0

i = NijÑj . The determinant
of MÑ is calculated as

detMÑ = (M1MD −M2
K)
[
−M2µ

2 +m2
Zµs2βc

2
W

]
+MDM2m

2
Zµs2βs

2
W . (5.11)

The first term vanishes under the condition that M2×2
Ñ

has zero determinant (Scenario II),
and the second term is maximized when β = π/4.

The mass spectrum in the dark GMSB model largely depends on the representation
of the messengers chosen in our two scenarios, as outlined in table 1. We summarize the
key features of the two scenarios in the following.

• Scenario I: the messengers belong to the (3, 1,−1/3, DΨ) and (1,2, 1/2, DΨ) represen-
tations and their conjugates (a complete 5 + 5̄ of SU(5)). This configuration leads to a
non-vanishing determinant for M2×2

Ñ
, meaning the mass of the bino/dark photino-like

neutralino is not suppressed.

• Scenario II: the messengers belong to the (3,2, 1/6, DΨ) representation and its conju-
gate. Here, the lightest neutralino is a mixture of the bino and dark photino. Since
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Figure 9. The dark GMSB neutralino mass spectrum for both Scenario I and Scenario II. The
parameter values are listed in table 2. The neutralino states Ñi denote the dominant or mixed
components of each neutralino mass eigenstate. In Scenario I, the lightest neutralino could be
predominantly a higgsino or a mixture of bino, dark photino, and higgsino, depending on the value of
ϵ. In Scenario II, a photino-bino mixture emerges as the lightest neutralino (Ñ0) with a suppressed
mass around O(10)GeV, while another becomes the heaviest (Ñ4), showing significant sensitivity to
changes in ϵ.
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Figure 10. The mass of the lightest neutralino as a function of the kinetic mixing ϵ. The parameter
values are listed in table 2. The lightest neutralino has a suppressed mass in Scenario II.
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Figure 11. Variation of the lightest neutralino components |N0i|2 (i = X,B) with kinetic mixing ϵ
in both dark GMSB Scenario I and Scenario II. The parameter values are listed in table 2.

MDM1 =M2
K at the messenger scale, the bino-dark photino mixture has a substantially

suppressed mass. However, the RG running of M1 and MK at the two-loop order breaks
the accidental cancellation of the determinant of the bino-dark photino submatrix,
determining the mass of the lightest neutralino.

Figure 9 displays the neutralino mass spectra for our benchmark scenarios with varying ϵ.
These results are obtained using SOFTSUSY 4.1.20 with suitable modifications to implement
our dark GMSB model. The parameter ϵ affects the mass of the bino-dark photino mixture
by modifying M1 and MK , while the higgsino masses are influenced by changes in |µ|.
Large values of ϵ or gD can significantly decrease |µ|, thereby lowering the higgsino masses.
Figure 10 shows the mass spectrum of the lightest neutralino states as a function of the
kinetic mixing ϵ in both scenarios.

The composition of the lightest neutralino, Ñ0, in both scenarios is illustrated in figure 11.
The value of the kinetic mixing can change the dominant component of the lightest neutralino
mass eigenstate.

A crucial distinction between the two scenarios lies in the characteristics of the bino-
dark photino mixture states. In Scenario I, the mass of the lightest neutralino bino-dark
photino state is considerably heavy, approximately MÑ0

≃ 500–1000GeV. On the other hand,
in Scenario II, the mass of the light bino-dark photino state remains low, approximately
MÑ0

≃ O(10)GeV, due to the vanishing determinant of M2×2
Ñ

at the messenger scale.
The neutralino sector within the dark GMSB framework exhibits significant dependence

on kinetic mixing. The mass of the dark photino-bino mixture is affected by changes in
ϵ. Notably, their dominant compositions can be swapped around the specific large value
of the kinetic mixing.
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Figure 12. The chargino mass spectrum for both Scenario I and Scenario II. The parameter values
are listed in table 2. The mass of each chargino state can be approximated as mH̃± ≃ |µ| and
mW̃ ± ≃M2. Thus, the lightest, mostly higgsino, chargino mass depends on ϵ through µ.

5.2 Chargino sector

The chargino mass spectrum is controlled by the wino mass M2 and higgsino mass µ, and
the latter depends on gD and ϵ. The chargino masses are given by

m2
C̃i

= 1
2

[
M2

2 + µ2 + 2m2
W ±

√
(M2

2 + µ2 + 2m2
W )2 − 4(µM2 −m2

W sin(2β))2
]
. (5.12)

In the common situation where |µ| and M2 are much larger than mW , the chargino masses
are approximately given by |µ| or M2.

Therefore, the chargino state that is mostly higgsino is influenced by gD and ϵ, while
the one that is mostly wino is largely unaffected. The chargino mass spectrum is illustrated
in figure 12, which shows that the higgsino-dominant chargino mass can be significantly
reduced for large ϵ.

6 Particle spectra and implications for phenomenology

As discussed in the previous sections, dark GMSB models with large kinetic mixing can lead
to pronounced changes in the spectra of the neutralino, sfermion, and Higgs sectors when
compared to conventional GMSB models. These effects could be drastic for some particles,
while others are less impacted. This section examines the overall spectrum in dark GMSB
and highlights some of the phenomenological implications of large kinetic mixing.

The spectra are shown in figure 13 and figure 14 for Scenarios I and II, respectively.
We note that the gravitino LSP, with mass m3/2 ≲ O(keV), is not shown in these figures.
We see that the gluino g̃ and wino W̃ -dominant neutralino/chargino masses are unaffected
by kinetic mixing, as only the SU(3)C and SU(2)L gauge interactions are relevant to these
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Figure 13. The mass spectrum in dark GMSB for Scenario I with a complete SU(5) 5 + 5̄ messenger
representation. The parameters are set as in table 2. States indicated in red exhibit changes to
their masses in comparison to conventional GMSB. The distinctive features include (1) the lightest
neutralino as a bino-dark photino mixture, (2) a relatively light Higgsino, and (3) heavier sleptons with
a reversed mass hierarchy between the left-handed and right-handed sleptons. The SM Higgs mass of
125 GeV is reproduced for our parameter choices. The gravitino LSP G̃, with sub-keV mass, and the
heaviest neutralino Ñ4, with mass around 9 to 22 TeV, depending on ϵ, are not represented here.

states, respectively. Furthermore, the colored sfermion spectra are only modestly impacted by
kinetic mixing as the dominant contribution to their masses comes from the SU(3)C strong
interaction. Instead, the color neutral sfermions, particularly the right-handed sleptons,
the bino-dark photino system, and the higgsino all experience significant changes to their
masses at large kinetic mixing. Concerning the higgsino, even though µ is a SUSY-preserving
parameter, a dependence on the kinetic mixing is introduced to µ through the EWSB condition.
Although the left panels in both figures consider a non-zero gD, the spectra approximate
those of the corresponding conventional GMSB scenarios, except for the extremely light
bino-like neutralino in Scenario II and the presence of a heavy dark photino-like neutralino
in both scenarios.5

We first discuss Scenario I with a complete SU(5) 5 + 5̄ messenger representation. For
ϵ = 0 we see that all superpartners other than the gravitino LSP are above the TeV scale,
with the NLSP bino in the TeV range followed by right-handed sleptons in the 1.5 TeV range
and all other superpartners in the multi-TeV range. This spectrum, which is essentially that
of minimal GMSB except for the addition of the heavy dark photino, is inaccessible to the
LHC but could be probed at future high energy colliders.

5For conventional GMSB with an incomplete messenger as in Scenario II, the mass of the bino-like lightest
neutralino is about 230 GeV, assuming the same parameters except for gD, ϵ → 0.
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Figure 14. The mass spectrum in dark GMSB with Scenario II for an incomplete messenger
representation. The parameters are set as in table 2. States indicated in red exhibit changes to
their masses in comparison to conventional GMSB. The distinctive features include (1) a very light
bino-dark photino mixture as the neutralino NLSP, (2) a relatively light Higgsino, and (3) significantly
heavier right-handed sleptons. The SM Higgs mass of 125 GeV is reproduced for our parameter choices.
The gravitino LSP G̃, with sub-keV mass is not represented here, while on the right panel the heaviest
neutralino Ñ4 as a bino-dark photino mixture has a mass around 17 TeV and is not shown in the plot.

The situation changes in the presence of kinetic mixing, ϵ ̸= 0. The higgsino becomes
lighter and can be below the TeV scale for large enough kinetic mixing (figure 3). Furthermore,
the bino and dark photino undergo substantial mass mixing, causing one linear combination
to become lighter (figure 10). Thus the typical spectrum of the lightest states at large ϵ
consists of a bino/dark photino NLSP and a somewhat heavier higgsino. If light enough,
these states could be within reach of the LHC. The dominant production channel is the pair
production of a chargino and a heavy neutralino. The produced chargino can then decay to a
neutralino NLSP and W boson, while the heavy neutralino can decay to a neutralino NLSP
and a Z or Higgs boson. Finally, the neutralino NLSP will subsequently decay to the gravitino
and either a dark photon, photon, Z, or h0 [64, 65], with respective partial decay widths

Γ(Ñ0 → G̃X) =
m5
Ñ0

16πF 2 |N0X̃ |
2, (6.1)

Γ(Ñ0 → G̃γ) =
m5
Ñ0

16πF 2 |N0B̃ cos θW +N0W̃ sin θW |2, (6.2)

Γ(Ñ0 → G̃Z) =
m5
Ñ0

16πF 2

(
1− m2

Z

m2
Ñ0

)4

(6.3)

×
(
|N0B̃ sin θW −N0W̃ cos θW |2 + 1

2 |N0H̃d cosβ −N0H̃u sin β|
2
)
,
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Γ(Ñ0 → G̃h0) =
m5
Ñ0

32πF 2

(
1−

m2
h0

m2
Ñ0

)4

|N0H̃d sinα−N0H̃u cosα|
2, (6.4)

where α is the mixing angle for the neutral CP -even Higgs sector, satisfying the relations
sin 2α = −(m2

H0 +m2
h0)/(m2

H0 −m2
h0) sin 2β and tan 2α = (m2

A0 +m2
Z)/(m2

A0 −m2
Z) tan 2β.

Figure 15 exhibits the ϵ-dependence of the total rate and branching ratios of the NLSP
Ñ0 decay to the gravitino G̃. For Scenario I, with mÑ0

in the 500 GeV – 1 TeV range and√
F ∼ O(103 TeV), the total decay width is O(10−2) eV, corresponding to a decay length

c τÑ0
of order 10 microns. Thus, the additional visible particles from the NLSP decays G̃γ

and G̃Z may provide an extra handle in the experimental searches at the LHC. We also see
from figure 15 that for large ϵ there is typically a sizable branching ratio for the G̃X channel.
As both the gravitino and dark photon would escape the detector, the NLSP neutralino
in this case would manifest as missing energy. Ultimately, discerning the NLSP branching
ratios, along with information about the spectrum, could provide a means of determining
ϵ and other parameters in dark GMSB.

For Scenario I, it is worth remarking that for very large ϵ, near the boundary of viable
EWSB, the µ parameter may be driven to small enough values so that the higgsino becomes
the NLSP. The typical splitting between chargino and neutralino states in this case can
be quite small, leading to a compressed spectrum with relatively softer visible particles
produced in the chargino decay to the neutralino NLSP. Still, in this case it is expected
that visible particles are produced in the NLSP decay at the last step, where now the G̃h0

mode becomes important, see figure 15.
Turning now to Scenario II with an incomplete SU(5) messenger, figure 14 illustrates the

corresponding dark GMSB spectrum. As in Scenario I, the higgsino can become relatively
light as the kinetic mixing strength increases, enhancing the prospects for its production
and detection at the LHC. The neutralino sector contains dark photino-bino mixtures,
whose masses and composition depend on ϵ (figure 8). In particular, one of the bino-dark
photino mixed states has a suppressed mass on the order of 10 GeV, making it the lightest
neutralino and NLSP. This occurs because the determinant of mass matrix for the bino-
dark photino system vanishes at the messenger scale, although it is revived through RG
running to the weak scale.

The presence of such a light neutralino NLSP opens up the interesting possibility of
producing it in a rare decay of the 125 GeV Higgs boson, h0 → Ñ0Ñ0. The corresponding
decay rate is [66–68]

Γ(h0 → Ñ0Ñ0) =
g2

2mh0

16π

(
1−

4m2
Ñ0

m2
h0

)3/2 ∣∣(N0W̃ −N0B̃ tan θW )(N0H̃u cosα+N0H̃d sinα)
∣∣2.

(6.5)

Once produced, the light neutralino NLSP will decay either via Ñ0 → G̃γ or Ñ0 → G̃X, see
figure 15. Due to the strong m5

Ñ0
dependence of ΓÑ0

, eqs. (6.1)–(6.4), for mÑ0
≲ 20GeV and

√
F ≃ O(103 TeV) as appropriate here, the lifetime of Ñ0 is at least O(10−6) seconds, which

is long enough for it to propagate outside the detector. The signature of the h0 → Ñ0Ñ0
is therefore an invisible Higgs decay.
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Figure 15. Total decay width (left) and branching ratios (right) of the NLSP Ñ0 decay to the
gravitino G̃ for Scenario I (top) and Scenario II (bottom). The parameter choices are given in table 2.
The total decay rate exhibits a steep m5

Ñ0
dependence on the neutralino mass, leading to a fast (slow)

decay for Scenario I (Scenario II). The branching ratio is governed by the composition of Ñ0. For
Scenario I, the photon and Z boson decay modes dominate for small ϵ, while the dark photon decay
mode becomes more important as ϵ is increased. For large ϵ near the boundary of viable EWSB, the
Higgs boson mode becomes dominant due to the substantial higgsino component in Ñ0. In Scenario II,
the Z boson and Higgs boson decay modes are kinematically forbidden because the neutralino NLSP
has the suppressed Ñ0 mass.
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Figure 16. The branching ratio for the decay h0 → Ñ0Ñ0 in the parameter space of tan β and ϵ in
Scenario II, which predicts a very light neutralino NLSP. Here, the value of F/M is adjusted at each
point to fit mh0 = 125GeV, while other parameters are chosen as in table 2. The brown dashed curves
with Br = 0.19% correspond to the expected sensitivities of the future Higgs factories [69].

Figure 16 shows isocontours of the branching ratio of the Higgs to the lightest neutralinos
for negative and positive ϵ (left and right panels, respectively). A sharp rise in the branching
ratio is observed near the boundary of the EW vacuum constraint, where µ decreases rapidly
and the Higgsino components of Ñ0 correspondingly increase. Furthermore, it is evident that
the branching ratio increases as tan β becomes smaller. This is because the NLSP contains a
relatively larger H̃d component, and since sinα ≃ cosβ ≃ 1/ tan β in the mH0 ≫ mh0 and
large tan β limits, the N0H̃d sinα term eq. (6.5) grows as tan β decreases. For small tan β, a
large stop mass, i.e., large F/M , is required to achieve the observed Higgs mass of 125GeV.
This also sufficiently raises the N0 mass as tan β becomes smaller than about 5–6 so that
the exotic Higgs decays may not occur because mÑ0

> mh0/2. Furthermore, the numerical
evaluation of the spectrum becomes unstable due to convergence issues below tan β ≲ 7.
Interestingly, some of the parameter space of tan β and ϵ is accessible to the future Higgs
factories such as FCC-ee [70], ILC [71], or CEPC [72] where we have taken Brinv ≃ 0.19% from
Γtot
h0 = 4.07×10−3 GeV as a projected upper bound on the invisible Higgs branching ratio [69].

The invisible decay of Z boson to the Ñ0 is also viable with the following decay rate [68]

Γ(Z → Ñ0Ñ0) =
g2

2mZ

12π

(
1−

4m2
Ñ0

m2
Z

)3/2 ∣∣∣∣ 1
2 cos θW sin θW

(
N2

0H̃u −N2
0H̃d

)∣∣∣∣2 (6.6)

However, due to the suppressed Higgsino composition in Ñ0, the LEP constraint Γ(Z →
Ñ0Ñ0) < 3MeV from the Z boson invisible decay width [73] is not relevant.

As discussed above, there are still potentially interesting prospects at the LHC for large ϵ,
where the Higgsino becomes relatively light. Nevertheless, as in conventional GMSB models,
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to fully probe the heavier superpartners in the spectrum would only be possible with a future
high energy collider. A detailed determination of the spectrum would allow for a test of the
dark GMSB scenarios relative to the corresponding conventional GMSB ones.

7 Cosmology

In this section, we discuss the cosmology and relic densities of the stable particles in dark
GMSB. The stable states include the gravitino as the LSP, the lightest messenger state,
which is the lightest of the dark-charged states and is stable due to the unbroken U(1)D
symmetry, and the massless dark photon.

7.1 Relic gravitinos

In typical GMSB models, the gravitino problem arises when the gravitino mass exceeds
approximately 1 keV, leading to an overclosure of the universe [74, 75]. Recent studies have
imposed even stricter upper limits on the gravitino mass; Lyman-alpha forest data constrain
it to around 16 eV [76], while observations of the CMB and large-scale structure further
tighten the bound to approximately 4 eV [77]. Typically, to evade these bounds one must
invoke a low reheating temperature or additional entropy production to dilute the gravitino
abundance.6 Although we do not provide a direct solution to the gravitino problem and
must also appeal to a non-standard cosmology, in the following we briefly argue our scenario
does not significantly exacerbate the existing constraints.

The NLSP can contribute to the relic gravitino density [78]. If the NLSP decouples from
the thermal plasma while still relativistic, its subsequent decay produces gravitinos whose
relic abundance can be comparable to that generated directly through thermal freeze-out.
This arises because the freeze-out densities of both the gravitino and the NLSP scale with
their masses. Such a scenario occurs when the NLSP’s thermal cross section is relatively
small, as in Scenario II, due to a light neutralino NLSP of approximately 10 GeV. By
contrast, in Scenario I, where the neutralino NLSP has a mass on the order of 1 TeV, the
NLSP decouples nonrelativistically, and its contribution to the gravitino relic density is
exponentially suppressed by the Boltzmann factor.

Consequently, in both scenarios, the additional contribution from NLSP decays amounts
to only a marginal correction to the total gravitino relic density.

7.2 Relic messengers

Due to the unbroken U(1)D gauge symmetry, the lightest messenger particle charged under
U(1)D is absolutely stable. Depending on its representation, this lightest messenger is
naturally populated through strong or EW gauge interactions within the SM thermal bath.
Messengers could easily reach thermal equilibrium with the SM thermal bath, potentially
leading to an overabundance [8]. Moreover, the messenger fields charged under U(1)D would
acquire an electric charge through kinetic mixing proportional to ϵ, making them fractionally
charged particles (FCPs).

6If R-parity is violated, the gravitino LSP can decay into SM particles. However, for a light gravitino
(m3/2 ≲ 1GeV), its lifetime is still larger than the age of the universe [78–80].

– 27 –



J
H
E
P
0
5
(
2
0
2
5
)
0
5
2

The existence of stable FCPs is severely constrained by a variety experimental searches.
Underground detectors are capable of identifying FCPs among cosmic rays carrying energies
at least on the order of hundreds of GeV [81–86], while on-orbit experiments can probe
FCPs as light as a few GeV [87, 88]. Beyond these direct detection approaches, searches
have been carried out for FCPs in bulk matter by using the levitometer techniques [89–94]
or liquid drop methods [95–99].

For order one fractional charge, the most stringent constraint comes from a search for
FCPs accumulated in sea water [100] from an experiment employing the magnetic levitation
technique: [94]

nΨ
nH

∣∣∣∣
earth

≃ 5× 10−5
(GeV
mΨ

)
ΩΨh

2 ≲ 10−27, (7.1)

by taking ΩCDM = 0.265 and H0 = 68 km/s/Mpc.
However, the relic density of the messengers could be substantially suppressed if the

reheating temperature Treh is significantly lower than mΨ. Then, the production of the
messengers is inhibited by the large Boltzmann factor, e−mΨ/Tmax .7 Even if the messengers
achieve thermal equilibrium with the thermal bath, they would decouple during reheating,
and their number density would be diluted by subsequent entropy production [101]. If
Tmax ≃ mΨ, the relic density of the messengers is given by [101]

ΩΨh
2 ≃
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−4
F
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(7.2)

where g is the number of degrees of freedom of the lightest messenger, g∗(T ) is the number
of degrees of freedom of the thermal bath at T , ΩRh2 = 2.5 × 10−5 [102], T0 = 2.7 K,
T∗ = 4mΨ/17, and the normalized s-wave coefficient As is defined as ⟨σv⟩ ≃ As/m

2
Ψ. In

the freeze-in case, messenger production predominantly occurs at T∗, so the relic density
shows no dependence on Tmax. Similarly, the freeze-out relic density is also independent of
Tmax, as the number density is determined at the freeze-out temperature. This temperature
is calculated using the following relation [101]:

xF = ln
[

3√
5π5/2

gg
1/2
∗ (Treh)
g∗(TF )

MPlT
2
reh

m3
Ψ

Asx
5/2
F

]
. (7.3)

On the other hand, if Tmax ≪ mΨ, the relic density is given by

ΩΨh
2 ≃ 9

√
5

225/2π6
g2g

3/2
∗ (Treh)
g3
∗(T∗)

B
( 2mΨ
1.3Tmax

)( 2mΨ
1.3Tmax

)9 MPlT
7
reh

m7
ΨT0

AsΩRh2 (Tmax ≪ mΨ),

(7.4)
7The maximum temperature during reheating, Tmax ∼ (HinfMPl)1/4T

1/2
reh [101], can be much higher than

Treh ∼ (ΓinfMPl)1/2, which is the temperature at the end of reheating. Here, Hinf is the Hubble scale during
the inflation, and Γinf is the decay rate of the inflaton. Once the temperature during reheating reaches Tmax,
it decreases proportionally to T ∝ Tmaxa−3/8, where a is the scale factor.
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(a) (b)

Figure 17. Constraints on the reheating temperature due to fractionally charged relic messenger
particles. (a): the solid curve represents the upper bound on Treh when Tmax = Treh, and the dotted
curve represents the case when Tmax ≃ mΨ. Any contour representing the upper bound by Tmax
between Treh and mΨ is located between these solid and dotted curves. (b): upper bound on Treh and
Tmax, for a fixed messenger mass, mΨ = 1200TeV.

where

B(x) =
∫ ∞

Ai

A19/8e−xA
3/8

dA, (7.5)

with Ai = 2.07.8 Since B(x) ∝ e−xA
3/8
i /x for x ≫ 1, the relic density is suppressed by the

large exponential factor e−2mΨ/Tmax .
Figure 17 displays the upper bound on Treh derived from constraints on FCPs. We

assume that the cross-section is governed by the EW process, As = πα2
2(1 + 1/(2c4

W ))/4 [52].
Results from the strong interaction process, characterized by As = πα2

3, provide a similar
constraint within an O(1) factor. In figure 17(a), the solid curve shows the upper bound
on Treh when Tmax = Treh (instant reheating). The constraint gets stronger for the slower
reheating scenarios, and when 4mΨ/17 < Tmax ≲ mΨ, the strongest upper bound is obtained
by the dotted curve. The constraint on our benchmark scenario is given in figure 17(b). The
result indicates that the constraint on the relic messenger can be evaded when Treh ≪ mΨ.

The constraint can be further relaxed if the electric charge of the messenger is either
close to zero or |e|, depending on its representation and the value of kinetic mixing. If
the electric charge of the messenger is much smaller than |e|, constraints on millicharged
heavy particles [47] should be considered. Alternatively, constraints on the charged stable
particles [103–107] can be applied when the electric charge of the messenger is close to |e|.
Moreover, FCPs may be depleted from the galactic disk due to supernova explosions [108].
These considerations may alleviate the upper bounds shown in figure 17.

8The variable A is the rescaled scale factor such that the reheating process begins at A = 1 [101]. Ai is
set to ensure that the temperature scaling, T ∝ A−3/8, remains a good approximation. We checked that this
choice agrees with the numerical solutions of the Boltzmann equations presented in ref. [101].
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7.3 Relic dark photons

We note that the dark photon can be isolated from the MSSM sector and interacts only
with the messengers. Therefore, its primary production channels are Compton-like scattering
and pair annihilation processes involving the messengers. Under the assumption of a low
reheating temperature, as shown in figure 17, the messenger population, and thus dark photon
production, is suppressed. As a result, the dark photon does not substantially contribute
to the effective number of neutrino species, Neff.

8 Summary and outlook

In this paper, we have explored an extension of conventional gauge-mediated SUSY breaking
by including an additional unbroken U(1)D gauge symmetry with large kinetic mixing. For
messengers charged under both SM and dark gauge symmetries, extra contributions to the
bino and sfermion soft-SUSY breaking terms appear with sizes that are governed by the
strength of the kinetic mixing and dark gauge coupling. Significant distortions to the sparticle
masses relative to conventional GMSB scenarios are possible when the kinetic mixing is
sizable, most notably for the neutralino, Higgsino, and slepton sectors, with interesting
phenomenological implications. As the kinetic mixing increases, the µ parameter required
for successful EWSB decreases, implying the presence of a light Higgsino in the spectrum.
Furthermore, for certain simple messenger representations, a light bino-dark photino is present
in the spectrum, which could be probed via exotic Higgs decays. While a full exploration
of the various phenomena in dark GMSB would only be possible at future colliders, there
may still be room for interesting signatures to show up at the LHC.

Looking ahead, it would be valuable to carry out a more detailed study of the collider
signatures and detection prospects for our scenarios, both for the LHC and for future colliders.
It would also be worthwhile to explore how different choices for the messenger representations
and messenger scales impact the spectrum of superpartners and their phenomenology, as
well as other issues such as gauge coupling unification and cosmology. Altogether, these
considerations highlight the rich phenomenological landscape opened up by dark GMSB
scenarios with large kinetic mixing, providing motivation for more detailed future studies
and dedicated searches at present and upcoming collider experiments.
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A Renormalization group beta functions

In this appendix, we compile the beta functions for various quantities in the DR scheme
below the messenger scales. The two-loop RG equations are taken from ref. [109], adopting
the substitution rules in ref. [110], which account for an additional U(1) gauge group with
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kinetic mixing. For a generic coupling X, the renormalization group (RG) equation takes
the general form

Q
d

dQ
X = 1

16π2β
(1)
X + 1

(16π2)2β
(2)
X , (A.1)

where Q is the renormalization scale, and β
(1)
X , β(2)

X correspond to the one- and two-loop
beta functions, respectively. The beta functions for the MSSM can be found in ref. [109].
Here we only present the beta functions for the newly added parameters and those that
have undergone any changes.

The beta functions for the gauge couplings remain unchanged if one uses the physical
basis for the massless dark photon [eq. (2.7)]. The beta functions for the kinetic mixing and
bino-dark photino mass mixing terms are as follows:

β(1)
ϵ = 33ϵ(1−ϵ2)g2

1
5 , (A.2)

β(2)
ϵ = ϵ(1−ϵ2)g2

1
5

{
−Tr[26Y†

uYu+14Y†
dYd+18Y†

eYe]+88g2
3+27g2

2+
199g2

1
5

}
, (A.3)

β
(1)
MK

= 33g2
1MK

5 , (A.4)

β
(2)
MK

= 2g2
1MK

5

{
44g2

3+
27
2 g

2
2+

199g2
1

10 −Tr[13Y†
uYu+7Y†

dYd+9Y†
eYe]

}
, (A.5)

where g1 ≡
√
5/3gY . The beta functions of the dark gauge coupling gD and the dark photino

mass MD vanish below the messenger scale, as there are no dark charged states.
Among the MSSM parameters, modifications occur only to the beta functions for

the sfermion and Higgs mass terms. Some useful factors in the beta functions for these
parameters are as follows [109]:

S ≡ m2
Hu −m2

Hd
+Tr[m2

Q − 2m2
u + m2

d − m2
L + m2

e], (A.6)

S ′ ≡ Tr[−(3m2
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e], (A.7)

σ1 = g2
1
5
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Hu +m2
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) + Tr[m2
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e]
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, (A.8)

σ2 = g2
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L]
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, (A.9)
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}
. (A.10)
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Then, the beta functions of the scalar soft mass terms receive additional MK contributions
compared to conventional GMSB,

β
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Hu

=6Tr[(m2
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Q)Y†
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um2
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The MSSM beta functions in ref. [109] are recovered in the gD → 0 and ϵ → 0 limit. The
absence of any states carrying dark charge below the messenger scale implies that the beta
functions for the MSSM parameters have no explicit dependence on ϵ or gD. On the other
hand, we observe that the beta functions for scalar soft masses are modified by terms involving
M2
K . We note that the RG trajectory of dark GMSB can differ significantly from that of

conventional GMSB. For instance, M1 and MK can be the dominant contributions to the beta
function for the Higgs mass parameters. This could, in turn, greatly affect the determination
of parameters related to EWSB.
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Figure 18. Examples of the running of gauge couplings and kinetic mixing. We take SU(5) complete
messenger from Scenario I, and the normalization g′

1 ≡
√

5/3g′
Y . (a): the parameters are set

according to our benchmark point, with gY (mZ) = 0.357, g2(mZ) = 0.652, g3(mZ) = 1.220 [102],
gD(mZ) = 0.400, and ϵ(mZ) = 0.777. (b): the evolution of ϵ for different values of gD is shown, while
the other parameters remain the same as in (a).

B Evolution gauge couplings and kinetic mixing at high scales

In this appendix, we discuss the evolution of the gauge coupling constants and kinetic mixing
in the dark GMSB model above the messenger scale. We highlight the qualitative impact of
a large ϵ on gauge coupling unification through one-loop RG running. In the original basis of
eqs. (2.1), (2.2), the gauge interaction of the matter fields can be expressed as

L ⊃ ψ̄γµ(g′Y YψBµ + gDDψXµ)ψ, (B.1)

where ψ carries a hypercharge Yψ and a U(1)D charge Dψ. In the canonical basis, ob-
tained through eq. (2.5), where the kinetic terms are diagonal, the interaction terms can
be rewritten as

L ⊃ ψ̄iγ
µ [(−geffDi + gY Yi)Bµ + gDDiXµ]ψi, (B.2)

where gY = g′Y /
√
1− ϵ2, and geff = gDϵ/

√
1− ϵ2.

The one-loop evolution equations for the gauge couplings are given by [111]

Q
dgD
dQ

= 1
16π2 tr[g

3
DD

2
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Q
dgY
dQ

= 1
16π2 tr[g

3
Y Y

2
i + gY g

2
effD

2
i − 2g2

Y geffYiDi],

Q
dgeff
dQ

= 1
16π2 tr[g

2
Y geffY

2
i + g3

effD
2
i + 2g2

DgeffD
2
i − 2g2

DgY YiDi − 2gY g2
effYiDi],

(B.3)

where ‘tr[ ]’ denotes the trace over the chiral supermultiplets. The beta functions of the
gauge couplings and kinetic mixing in the original basis can be expressed as [51]

βgD = 1
16π2 tr[g

3
DD

2
i ],
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Figure 19. The region of parameter space in which gD or ϵ exhibits a Landau pole below Q = 100Mmess
(gray shaded). The solid curve represents the bound for Scenario I, while the dashed curve indicates
the bound for Scenario II. Above the blue and red curves, the pole appears at the GUT and Planck
scales, respectively. Also shown are isocontours of the effective coupling geff = gDϵ/

√
(1− ϵ2).

βg′Y = 1
16π2 tr[g

′3
Y Y

2
i ],

βϵ =
1

16π2 tr[ϵ(g
′2
Y Y

2
i + g2

DD
2
i )− 2gY gDYiDi]. (B.4)

Furthermore, the beta functions for the SU(2) and SU(3) gauge couplings are given as

βg2 = g3
2

16π2 (−6 + Tr[Sa]) ,

βg3 = g3
3

16π2 (−9 + Tr[Sa]) ,
(B.5)

where the trace is taken over all chiral multiples.
One can calculate the RG evolution of the couplings using the beta functions specified

in eqs. (B.4) and (B.5), provided that appropriate boundary conditions are established.
Figure 18 illustrates an example of the running of gauge couplings in one of our scenarios.
We set the initial conditions for the gauge couplings at mZ . There are two characteristic
scales for the running: the mass scale of the SM superpartners at Q ≃ 10TeV and the mass
scale of the messengers at Q ≃ 106 GeV. Since only the messengers carry the dark charge,
there is no significant running of ϵ and gD below the messenger mass scale. However, as
shown in figure 18(b), ϵ can undergo significant changes above the messenger mass scale. A
larger gD leads to stronger running in both ϵ and gD.

In dark GMSB, heavy messengers charged under the U(1)D could induce steep running
of gD and ϵ above the messenger scale, especially in the large gD and ϵ limit. Consequently,
these quantities might exhibit Landau poles not far above the messenger mass scale. Such
divergences could indicate the presence of a new physics scale below the pole, which may
not be favorable from the perspective of effective field theory. In figure 19, we illustrate
the favored parameter space for ϵ and gD by ensuring that in which Landau poles are not
generated at least up to Q ≃ 100Mmess using the one-loop beta functions. This provides
a theoretical upper limit on the values of gD and ϵ.
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Figure 20. Examples of gauge coupling unification. Each curve, colored red, green, and orange,
represents the gauge couplings of SU(3)C , SU(2)L, and U(1)Y , respectively. The messenger represen-
tation considered is the complete 5 of SU(5) of Scenario I. Gauge coupling unification is achieved
with ϵ(mZ) = 0.14 and occurs at a scale of Q = 2.7× 1016 GeV.

B.1 Gauge coupling unification

Grand Unified Theory (GUT) aims to unify the gauge interactions at higher energy scales.
Although the running of gauge couplings in the SM roughly converges at high energy scales,
the convergence is not precise. Interestingly, significant kinetic mixing could potentially
lead to the unification of these gauge couplings [49–51]. This is due to the rescaling of the
physical U(1)Y gauge coupling, gY = g′Y /

√
1− ϵ2. Notably, unification in this scenario is

rather insensitive to the size of the dark gauge coupling.
In contrast to the SM, gauge coupling unification is achieved more naturally in the MSSM.

Consequently, messengers in GMSB models are typically assumed to form a complete GUT
multiplet to facilitate gauge coupling unification with similar precision to that obtained in the
MSSM. Although this unification is already achieved with improved accuracy compared to
the SM, introducing an appropriate value of kinetic mixing, ϵ ∼ O(0.1), may further improve
precise unification [49]. This is illustrated in figure 20 for the SU(5) complete messenger
of Scenario I. Note that the precise value of ϵ may differ depending on the sparticle mass
scale as well as threshold effects.

In general, incomplete messengers will upset gauge coupling unification. In our scenario
II, large kinetic mixing further exacerbates this issue because the hypercharge of the chosen
incomplete messenger is relatively small. As a result, the U(1)Y gauge coupling remains
smaller than the SU(2)L and SU(3)C gauge couplings near the unification scale, even in the
absence of kinetic mixing. However, there are various ways in which additional physics at an
intermediate scale could remedy this. As one example, introducing additional messengers that
carry hypercharge while being singlets under SU(2)L and SU(3)C (e.g., (1,1,1)), which could
be part of a GUT multiplet, can elevate g1, potentially restoring gauge coupling unification.
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