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We present the first predictive realization, to our knowledge, of vector freeze-in dark matter from a
hidden non-Abelian SUð2Þ gauge sector spontaneously broken by a Higgs triplet to a residual Uð1Þ
symmetry with a massless dark photon mediator. A massive dark vector particle-antiparticle pair acquires
small millicharges through a dimension-4 kinetic-mixing term with an induced coefficient ϵ, generated by
an effective dimension-5 operator involved the Higgs triplet. The dark sector interactions are governed by
the hidden gauge coupling gD, providing a weak connection to the Standard Model to realize the freeze-in
dark matter production mechanism. Solving the two-temperature Boltzmann evolution including plasmon
decay, we find a wide region of parameter space consistent with the observed relic abundance while
satisfying astrophysical and cosmological constraints. This minimal framework connects non-Abelian
vector dynamics with long-range dark forces and may be probed by upcoming sub-GeV dark matter direct-
detection experiments.
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I. INTRODUCTION

The absence of dark matter (DM) candidates within the
Standard Model (SM) strongly motivates the exploration of
new particles and interactions beyond the SM. Among the
possibilities, dark sectors equipped with their own gauge
symmetries—potentially weakly coupled to the visible
sector—offer a natural framework for dark matter and
long-range interactions. In particular, hidden vector bosons
charged under non-Abelian gauge groups are well moti-
vated in ultraviolet-complete theories and may provide a
rich phenomenology.
One intriguing possibility is that hidden-sector particles

carry a small electric millicharge, allowing them to interact
feebly with SM photons. While all observed SM particles
carry charges quantized in units of e=3, millicharged
particles (MCPs) naturally arise when a hidden Uð1ÞD
mixes kinetically with the SM hypercharge Uð1ÞY . This
idea was first proposed by Holdom [1], who showed that
gauge-invariant kinetic-mixing between two Uð1Þ fields is

allowed at the renormalizable level and generically induces
small effective electric charges for otherwise neutral hidden-
sector matter.
Since then, millicharged particles have been studied

extensively, both as dark matter candidates and as probes
of hidden sectors. MCPs are often modeled as fermions
with fractional electric charge ϵe, where ϵ denotes the
charge fraction. Such a small charge may arise from kinetic
mixing between Uð1ÞY and a hidden Uð1ÞD, resulting
either in a massless dark photon [1] or a massive one via the
Stueckelberg mechanism [2,3]. Numerous experimental
efforts have searched for MCPs through collider and
beam-dump experiments, including LEP [4], SLAC [5],
ArgoNeuT [6], the MilliQan pathfinder at the LHC [7], and
various neutrino experiments [8,9]. These searches con-
strain ϵ to lie between Oð10−4Þ and Oð10−1Þ for MCP
masses in the MeV–TeV range (see [10] for a review).
In the low-mass regime (mMCP ≲ keV-GeV), MCPs are

subject to powerful constraints from astrophysical and
cosmological observations. Plasmon decay in red giants,
white dwarfs, and horizontal branch stars places tight limits
on MCPs with ϵ≲ 10−14 [11–13]. Additional bounds arise
from supernova cooling, cosmic microwave background
(CMB) anisotropies, and baryon-coupled drag effects that
modify the 21-cm signal [14–16]. Cosmic-ray production
also offers complementary constraints [17].
Most studies to date have focused on Abelian hidden

sectors, where the MCP originates from kinetic mixing

*Contact author: vqtran@phys.ncts.ntu.edu.tw
†Contact author: tcyuan@phys.sinica.edu.tw

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 114, 015041 (2026)

2470-0010=2026=114(1)=015041(20) 015041-1 Published by the American Physical Society

https://orcid.org/0000-0003-4643-4050
https://orcid.org/0000-0001-8546-5031
https://ror.org/02mh1d616
https://ror.org/03anxx281
https://ror.org/01tpvdq80
https://crossmark.crossref.org/dialog/?doi=10.1103/4plq-2xx5&domain=pdf&date_stamp=2026-07-27
https://doi.org/10.1103/4plq-2xx5
https://doi.org/10.1103/4plq-2xx5
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


between Uð1ÞY and a hidden Uð1ÞD. However, non-Abelian
dark sectors can give rise to qualitatively new effects,
particularly when spontaneously broken to an unbroken
Abelian subgroup. In such models, effective millicharges can
emerge via higher-dimensional operators, especially in the
presence of scalar fields charged under the hidden symmetry.
In addition, non-Abelian vector dark matter can be naturally
implemented as self-interacting dark matter due to its non-
Abelian nature [18,19].
In this work, we study a scenario in which dark matter

arises from a hidden SUð2ÞD gauge theory, spontaneously
broken to a residual Uð1ÞD by a real Higgs triplet. The
symmetry breaking gives rise to a massless dark gauge
boson, referred to as the dark Z.1 The extended gauge
symmetry also enables a dimension-5 effective operator
involving the hidden Higgs triplet and the field strengths
of SUð2ÞD and SM hypercharge Uð1ÞY . This dimension-5
operator further induces a dimension-4 kinetic-mixing
operator between Uð1ÞY and the neutral component of
the broken SUð2ÞD, thereby generating a small electric
millicharge for the massive dark gauge bosons, which
serves as a stable vector dark matter candidate.
Millicharged particles can contribute to the dark matter

relic density if they are stable. However, strong constraints
from CMB observations either require MCPs to decouple
from the SM plasma before recombination or limit them to
comprise only a subdominant component of the dark matter
[15,20]. In the former case, a freeze-in production mecha-
nism is necessary to generate the correct relic density
without violating cosmological bounds [21,22].
We analyze in detail the cosmological and astrophysical

implications of this framework. The relic abundance of the
vector dark matter is computed via the freeze-in mecha-
nism, incorporating a two-temperature Boltzmann evolu-
tion [23–25] for the visible and hidden sectors. We include
in-medium effects such as plasmon decay [21,26].
The remainder of this manuscript is structured as follows.

In Sec. II, we present the model under study. We develop a
simple extension of the SM by introducing a hidden SUð2ÞD
gauge group, which is spontaneously broken to a massless
Uð1ÞD via a real Higgs triplet. We explain how this setup
naturally gives rise to millicharged vector dark matter
through Abelian-non-Abelian kinetic mixing, previously
discussed in the context of Standard Model effective field
theory (SMEFT)2 and its SMEFTþ triplet extension [28]. It
is then followed by a detailed discussion of the rotation
angle independence and “millicharged basis” in Sec. III. We
discuss the freeze-in dark matter production in the model in
Sec. IV. Section V is devoted to various constraints from
astrophysics, cosmology, and direct detection experiments.

We examine stringent constraints on a massless dark photon
from the ellipticity profile of galaxy NGC720, as well as
from the effective number of relativistic species inferred
from the CMB and big bang nucleosynthesis (BBN). Our
numerical results are presented in Sec. VI, and we conclude
in Sec. VII.
Some mathematical details are deferred to the

Appendixes. Appendix A presents a simple UV completion
for the dimension-5 effective operator involving the hidden
gauge group SUð2ÞD, the hidden triplet Higgs, and the SM
hypercharge groupUð1ÞY . Appendix B derives the evolution
equation for the temperature ratio ξ ¼ Th=T between the
hidden and visible sectors. Appendix C collects the expres-
sions for the pressure, energy density, and entropy density in
both sectors. Appendix D lists the relevant source terms
entering the coupled Boltzmann equations. Appendix E
presents the coupled Boltzmann equations for the visible and
hidden sectors. Appendix F compiles the cross sections and
decay rates relevant for freeze-in production, while plasmon
decay into millicharged vector dark matter is discussed
separately in Appendix G.

II. MODEL SETUP

A. Lagrangian and Abelian-non-Abelian kinetic mixing

We consider a dark sector with an SUð2ÞD gauge sym-
metry and a real scalar triplet Σ ¼ ΣaTa

D, where T
a
D ¼ σa=2

(a ¼ 1, 2, 3) are the generators in the fundamental
representation. The Lagrangian is

L ¼ LSM þ LDS þ Lmix − ΔVðΦ;ΣÞ; ð1Þ
where LSM is the SM part,

LDS ¼ −
1

4
Wa

DμνW
aμν
D −

1

2
Tr½ðDμΣÞðDμΣÞ�; ð2Þ

DμΣ ¼ ∂μΣ − igD½Wa
DμT

a
D;Σ�; ð3Þ

and ΔVðΦ;ΣÞ (to be defined shortly) is the scalar potential
that includes the real triplet and a portal term involving
the SM Higgs Φ and Σ. Here Wa

DμðWa
DμνÞ is the gauge

field (field strength), gD its gauge coupling, and Lmix is the
kinetic-mixing term.
An Abelian-non-Abelian kinetic-mixing between

the hidden SUð2ÞD and SM Uð1ÞY arises from the
dimension-5 operator3

O5 ¼
c5gDg0

Λ
Tr½ΣWμν

D �Bμν; ð4Þ

with c5 dimensionless and g0 the hypercharge coupling.
The dimension-5 operator in (4) can be induced, for

1Owing to its masslessness, it may also be referred to as the
dark photon. Both terms, dark photon and dark Z, are used
interchangeably throughout this article.

2For a recent review on SMEFT, see, for example, [27].

3A similar operator linking the SM electroweak gauge group
SUð2ÞL × Uð1ÞY by a weak triplet Higgs of zero hypercharge was
analyzed in [28].
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example, by integrating out a heavy Dirac fermion
Ψð1; 2; yÞ, where the numbers in parentheses denote its
representations under SUð2ÞL × SUð2ÞD ×Uð1ÞY, running
in a triangle loop diagram. The explicit one-loop matching
and a brief discussion of phenomenological constraints on
the heavy fermion are provided in Appendix A.
When Σ acquires a VEV, hΣi ¼ 1

2
DiagðvΣ;−vΣÞ,

SUð2ÞD breaks to Uð1ÞD and (4) induces

Lmix ⊃ −
ϵ

2
W3μν

D Bμν; ϵ ¼ −
c5gDg0vΣ

Λ
: ð5Þ

We note that the kinetic-mixing parameter ϵ arises naturally
from the dimension-5 operator generated by heavy fermions,
with loop suppression and heavy mass scaling ensuring its
smallness.

B. Scalar potential and mixing

The triplet scalar field can be conveniently expressed as a
matrix

Σ ¼ Σa σ
a

2
¼ 1

2

 
vΣ þ Σ0

ffiffiffi
2

p
Σpffiffiffi

2
p

Σm −vΣ − Σ0

!
; ð6Þ

where σa (a ¼ 1, 2, 3) are the Pauli’s matrices, Σ0 ¼ Σ3 and
Σp;m ¼ 1ffiffi

2
p ðΣ1 ∓ iΣ2Þ are the neutral and dark charged

triplet scalar bosons, respectively.
In standard notation, the SM doubletΦ is parametrized as

Φ ¼
 

Gþ

1ffiffi
2

p ðvþ ϕþ iG0Þ

!
; ð7Þ

with v the SM Higgs VEV.
The scalar potential in the model is given by

VðΦ;ΣÞ ¼ −μ2ΦðΦ†ΦÞ þ λΦðΦ†ΦÞ2 þ ΔVðΦ;ΣÞ; ð8Þ

ΔVðΦ;ΣÞ ¼ −
1

2
μ2ΣðΣaΣaÞ þ 1

4
λΣðΣaΣaÞ2

þ 1

2
λΦΣðΦ†ΦÞðΣaΣaÞ: ð9Þ

Combining the requirements of validity of perturbative
calculations, tree-level perturbative unitarity in the scalar
sector, and bounded from below for the scalar potential
leads us to the following theoretical constraints

0 < λΦ; λΣ ≤
4π

3
; ð10Þ

−2
ffiffiffiffiffiffiffiffiffiffi
λΦλΣ

p
< λΦΣ ≤ 8π: ð11Þ

The minimization conditions, ∂VðΦ;ΣÞ=∂v ¼ 0 and
∂VðΦ;ΣÞ=∂vΣ ¼ 0, lead to

μ2Φ ¼ λΦv2 þ
1

2
λΦΣv2Σ; ð12Þ

μ2Σ ¼ λΣv2Σ þ
1

2
λΦΣv2: ð13Þ

The CP-even neutral scalar fields ðϕ;Σ0Þ mix after sym-
metry breaking. Expanding the scalar potential to quadratic
order and applying the minimization conditions (12)
and (13), the mass-squared matrix in the basis ðϕ;Σ0Þ is

M2
scalar ¼

 
2λΦv2 λΦΣvvΣ
λΦΣvvΣ 2λΣv2Σ

!
: ð14Þ

The matrix can be diagonalized by an orthogonal trans-
formation,

�
h

hD

�
¼
�
cos β − sin β

sin β cos β

��
ϕ

Σ0

�
; ð15Þ

where the mixing angle satisfies

tan 2β ¼ λΦΣvvΣ
λΦv2 − λΣv2Σ

: ð16Þ

The physical CP-even scalar masses are

m2
h;hD

¼ λΦv2 þ λΣv2Σ ∓
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðλΦv2 − λΣv2ΣÞ2 þ ðλΦΣvvΣÞ2

q
:

ð17Þ

We identify h as the Higgs boson observed at the LHC with
a mass of 125 GeV, while hD is an extra scalar. The Higgs
data measurements at the LHC constrain the mixing angle
j sin βj ≲ 0.2 [29]. On the other hand, the charged compo-
nents Σp;m acquire zero masses and serve as the unphysical
Goldstone bosons that are absorbed by the longitudinal
components Wp;m

L of the hidden gauge bosons, which
constitute the vector dark matter candidates in this model.

C. Gauge bosons

The kinetic energy Lagrangian for the gauge sector in the
model can be expressed as

Lkin ¼ −
1

4
BμνBμν −

1

4
Wa

μνWaμν

−
1

4
Wa

DμνW
aμν
D −

1

2
ϵW3μν

D Bμν: ð18Þ

To eliminate the kinetic-mixing term in Eq. (18), the
following field redefinition can be applied
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�
W3

Dμ

Bμ

�
→

� 1ffiffiffiffiffiffiffi
1−ϵ2

p 0

− ϵffiffiffiffiffiffiffi
1−ϵ2

p 1

�
·

�
cα −sα
sα cα

�
·

�
W3

Dμ

Bμ

�
;

ð19Þ

where cα ≡ cos α, sα ≡ sin α and the angle α is arbitrary.
We emphasize that, since both the photon and dark photon
are massless as we will demonstrate below, the angle α
reflects a redundancy in the choice of basis in the unbroken
Abelian subgroup Uð1ÞY × Uð1ÞD. Physical observables
must be independent of α, although intermediate quantities
such as gauge interaction vertices and therefore individual
amplitude may exhibit explicit α-dependence. We will
demonstrate this explicitly in Sec. III.
The redefinition in Eq. (19) affects the covariant deriva-

tive, which now takes the form

Dμ ¼ ∂μ · 1 − igWa
μTa − iBμ

�
g̃0Y −

sαgDffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p T3
D

�
− igDðW1

DμT
1
D þW2

DμT
2
DÞ

− iW3
Dμ

�
g̃00Y þ cαgDffiffiffiffiffiffiffiffiffiffiffiffi

1 − ϵ2
p T3

D

�
; ð20Þ

where

g̃0 ¼ g0
�
cα þ

ϵffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p sα

�
; ð21Þ

g̃00 ¼ g0
�
sα −

ϵffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p cα

�
: ð22Þ

Here Ta (Ta
D) with a ¼ 1, 2, 3 are the SUð2ÞL [SUð2ÞD]

generators, Y is the hypercharge and g0, g, and gD are gauge
couplings of the Uð1ÞY , SUð2ÞL, and SUð2ÞD, respectively.
For doublet, ðTa

ðDÞÞij ¼ ðτaÞij=2 with i, j ¼ 1, 2; while for

triplet ðTa
ðDÞÞbc ¼ −iϵabc with a, b, c ¼ 1, 2, 3.

The covariant derivatives of the SUð2ÞL doublet scalarΦ
and the SUð2ÞD triplet Σ can then be written down as

DμΦ ¼
�
∂μ · 1 − igWa

μ
τa

2
− i

1

2
g̃0Bμ − i

1

2
g̃00W3

Dμ

�
Φ;

ð23Þ

DμΣa ¼
�
δab∂μ − gDðW1

Dμϵ1ab þW2
Dμϵ2abÞ

þ gDffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p ðsαBμ − cαW3
DμÞϵ3ab

�
Σb: ð24Þ

The gauge boson mass terms come from the squares of
Eqs. (23) and (24), evaluated at the scalar fields’ VEVs.
The mass terms are then given as

Lgauge
mass ¼ 1

4
g2v2Wþ

μ W−
μ þ 1

8
v2ð−gW3

μ þ g̃0Bμ þ g̃00W3
DμÞ2

þ g2Dv
2
ΣW

p
μWm

μ ; ð25Þ

where we define W�
μ ¼ 1ffiffi

2
p ðW1

μ ∓ iW2
μÞ, Wðp;mÞ

μ ¼
1ffiffi
2

p ðW1
Dμ ∓ iW2

DμÞ and v ¼ 246 GeV. The mass of the

SM gauge boson W� remains the same as mW� ¼ gv=2,
while the dark charged vector boson Wp;m has a mass
mWp;m ≡mW0 ¼ gDvΣ.
In the basis of V ¼ ðB;W3;W3

DÞ, the second term in
Eq. (25) yields the following symmetric mass matrix for the
neutral gauge bosons:

M2
1 ¼

1

4
v2

0
B@

g̃02 −g̃0g g̃0g̃00

−g̃0g g2 −g̃00g
g̃0g̃00 −g̃00g g̃002

1
CA: ð26Þ

It is straightforward to verify that the mass matrix in
Eq. (26) has two zero eigenvalues, corresponding to the
massless photon and the massless dark photon (or dark Z),
and one nonzero eigenvalue

m2
Z ¼ 1

4
v2ðg2 þ g̃02 þ g̃002Þ ¼ 1

4
v2ðg2 þ ḡ02Þ;

with ḡ02 ¼ g̃02 þ g̃002 ¼ g02

1 − ϵ2
; ð27Þ

which corresponds to the mass of the SM Z boson. Since ḡ0
does not depend on the rotation angle α, the Z boson mass
is also independent of α.
An orthogonal transformation O can be used to rotate

the gauge basis Vi into the mass basis Ei ¼ ðA; Z; Z0Þ,
where A denotes the photon, Z is the massive neutral gauge
boson, and Z0 is the massless dark photon state. The
relation between the gauge and mass basis is given by
Vi ¼ OijEj such that OTM2

1O ¼ Diagð0; m2
Z; 0Þ with m2

Z

given by Eq. (27). The orthogonal transformation O can be
explicitly constructed as

O ¼

0
B@

c1 −s1 0

s1 c1 0

0 0 1

1
CA ·

0
B@

1 0 0

0 c2 −s2
0 s2 c2

1
CA

¼

0
B@

c1 −s1c2 s1s2
s1 c1c2 −c1s2
0 s2 c2

1
CA; ð28Þ

where
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s1 ≡ sin θ1 ¼
g̃0

gM
; c1 ≡ cos θ1 ¼

g
gM

;

s2 ≡ sin θ2 ¼ −
g̃00

ḡM
; c2 ≡ cos θ2 ¼

gM
ḡM

; ð29Þ

where gM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ g̃02

p
and ḡM ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ ḡ02

p
. While gM

depends on the rotation angle α through g̃0, ḡM is inde-
pendent of α because ḡ0 is. Diagonalization of the neutral
gauge boson mass matrix results in modifications to the
SM neutral current and introduce interactions between the
dark photon and SM fermions. These neutral current
interactions are flavor diagonal and given by

LNC ¼
X
i

X
f

f̄ γμðvfi − afi γ5ÞfEμ
i ; ð30Þ

where the vector and axial-vector couplings are given by

vfi ¼ ðgO2i − g̃0O1i − g̃00O3iÞ
T3
f

2
þ ðg̃0O1i þ g̃00O3iÞQf;

ð31Þ

afi ¼ ðgO2i − g̃0O1i − g̃00O3iÞ
T3
f

2
; ð32Þ

with T3
f denotes the quantum number of the left-handed

chiral component of f under SUð2ÞL and Qf ¼ T3
f þ Yf is

the electric charge of f.
Using the explicit expressions for the matrix elements of

O in Eq. (29), one can obtain the vector and axial-vector
couplings of the neutral gauge bosons to SM fermions as

vfA ≡ vf1 ¼ g̃0c1Qf ¼ gs1Qf;

afA ≡ af1 ¼ 0:

vfZ ≡ vf2 ¼ g
c1c2

�
T3
f

2
− ðs21c22 þ s22ÞQf

�

¼ ḡM

�
T3
f

2
−
ḡ02

ḡ2M
Qf

�
;

afZ ≡ af2 ¼
�

g
c1c2

�
T3
f

2
¼ ḡM

T3
f

2
;

vfZ0 ≡ vf3 ¼ g̃00c21c2Qf ¼
g̃00g2

gMḡM
Qf;

afZ0 ≡ af3 ¼ 0: ð33Þ

As expected, the axial-vector couplings of the photon and
massless dark photon to SM fermions vanish. We also note
that the Z-boson couplings to SM fermions, vfZ and afZ, are
independent of the rotation angle α, since they depend only
on the α-independent couplings ḡ0 and ḡ0M. In contrast, the
couplings vfA and v

f
Z0 do depend on α, but this α dependence

cancels in physical observables.
The cubic and quartic self-interactions of all physical

gauge bosons can be obtained from Lkin in Eq. (18).
Recalling that the orthogonal transformationO between the
gauge basis V ¼ ðBμ;W3

μ;W3
DμÞ and the mass basis E ¼

ðAμ; Zμ; Z0
μÞ is given by Vμi ¼ OijEμj. Define the field

strength as usual Eμν ¼ ð∂μEν − ∂νEμÞ ¼ ðFμν; Zμν; Z0
μνÞ.

The cubic term is given by

L3g ¼ igO2i

�
ðWþ

μνW−μ −W−
μνWþμÞEν

i þ
1

2
ðWþ

μ W−
ν −W−

μWþ
ν ÞEμν

i

�

þ igD

�
κiðWp

μνWmμ −Wm
μνWpμÞEν

i þ
1

2
κ0iðWp

μWm
ν −Wm

μ W
p
ν ÞEμν

i

�
; ð34Þ

where

κi ¼
1ffiffiffiffiffiffiffiffiffiffiffiffi

1 − ϵ2
p ð−sαO1i þ cαO3iÞ; ð35Þ

κ0i ¼
�
ϵcα −

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
sα
�
O1i þ

�
ϵsα þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
cα
�
O3i:

ð36Þ

From the first line of Eq. (34), the overall coupling of the
ZWþW− vertex is given by gO22 ≡ gc1c2 ¼ g2=ḡM, which
is independent of α. Similarly, the couplings associated

with the ZWpWm vertex in the second line of Eq. (34),

κ2 ¼
1ffiffiffiffiffiffiffiffiffiffiffiffi

1 − ϵ2
p ð−sαO12 þ cαO32Þ≡ ϵḡ0ffiffiffiffiffiffiffiffiffiffiffiffi

1 − ϵ2
p

ḡM
; ð37Þ

κ02 ¼
�
ϵcα −

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
sα
�
O12 þ

�
ϵsα þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
cα
�
O32

≡ 0; ð38Þ

are also independent of α.
Lastly the quartic term of the gauge boson interactions

can be written down as
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L4g ¼ −
1

2
g2½ðWþ

μ W−μÞ2 −Wþ
μ WþμW−

νW−ν

þ 2O2iO2jðWþ
μ W−μEiνEν

j − EiμWþμEjνW−νÞ�

−
1

2
g2D½ðWp

μWmμÞ2 −Wp
μWpμWm

ν Wmν

þ 2κiκjðWp
μWmμEiνEν

j − EiμWpμEjνWmνÞ�: ð39Þ

Similar to the cubic terms, the quartic vertices ZZWþW−

and ZZWpWm are also independent of α.

III. ROTATION ANGLE INDEPENDENCE AND
MILLICHARGED BASIS

In the previous section, we showed that all interactions
involving the massive neutral gauge boson Z are indepen-
dent of the rotation angle α. However, this property is not
manifest for the two massless states γ and Z0. In this

section, we demonstrate that physical observables involv-
ing γ and Z0 are also independent of α.
As discussed in Ref. [30] for Abelian kinetic-mixing with a

massless dark photon, the identification of the physical photon
and dark photon is basis dependent, as reflected by the
dependence on the rotation angle α. Consequently, individual
amplitudes generally depend on α. However, physical observ-
ables must include all contributions from the degenerate
massless gauge-boson sector. After summing over all physi-
cally equivalent initial/final or intermediate states in the
squared amplitudes, all observables become independent of
the basis choice, i.e., the α-dependence cancels. We observe
the same feature in the present Abelian-non-Abelian kinetic-
mixing scenario with a massless dark photon.
For example, the process WþW− → two real photons

receives contributions from the t- and u-channel W�
exchange diagrams and the seagull diagram for each of
the three final states γγ, γZ0, and Z0Z0, such that

X
pol:

jMj2WþW−→2photons ¼
1

2

 X
pol:

jMj2WþW−→γγ þ
X
pol:

jMj2WþW−→Z0Z0

!
þ
X
pol::

jMj2WþW−→γZ0 ð40Þ

where the factors of 1=2 account for identical particles in the final state. Extracting the overall gauge-coupling dependence,
one finds

X
pol::

jMj2WþW−→2photons ¼ g4ðO4
21 þO4

23 þ 2O2
21O

2
23Þ × F ¼ g4ð1 − c21c

2
2Þ2 × F ¼ g4ḡ04

ḡ4M
× F ¼ e4 × F ð41Þ

where F is the common invariant function of the Mandelstam variables s, t, and u, and

e ¼ g

�
ḡ0

ḡM

�
ð42Þ

defines the electric charge e, which is independent of the rotation angle α.
Similarly, one may consider the process WpWm → two real photons and obtain

X
pol:

jMj2WpWm→2photons ¼
1

2

 X
pol:

jMj2WpWm→γγ þ
X
pol:

jMj2WpWm→Z0Z0

!
þ
X
pol::

jMj2WpWm→γZ0

¼ g4D½ðκ21 þ κ23Þ2F1 þ ðκ021 þ κ023 Þ2F2 þ ðκ21 þ κ23Þðκ021 þ κ023 ÞF3 þ ðκ1κ01 þ κ3κ
0
3Þ2F4

þ ðκ21 þ κ23Þðκ1κ01 þ κ3κ
0
3ÞF5 þ ðκ021 þ κ023 Þðκ1κ01 þ κ3κ

0
3ÞF6� ð43Þ

where Fiði ¼ 1;…; 6Þ are invariant functions of the Man-
delstam variables s, t, and u. Using Eqs. (35) and (36), one
finds

κ21 þ κ23 ¼ 1þ ϵ2g2

ð1 − ϵ2Þðg2 þ ḡ02Þ ¼
g2 þ g02

g2ð1 − ϵ2Þ þ g02
;

κ021 þ κ023 ¼ 1;

κ1κ
0
1 þ κ3κ

0
3 ¼ 1; ð44Þ

which explicitly shows that the process WpWm → two real
photons is also independent of α.
Therefore, although the individual amplitudes depend on

the basis choice, the corresponding physical observables
are independent of α. We conjecture that the same con-
clusion holds for arbitrary tree-level processes involving
degenerate massless photon and dark-photon states in the
initial/final or intermediate states, provided that all relevant
contributions in the squared amplitudes are properly
summed.
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Since the parameter α corresponds to a redundant
rotation in gauge space, one may choose a convenient
basis to simplify the phenomenological analysis. Hereafter,
we adopt the “millicharged basis” defined by

sα ¼ ϵ; cα ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
; ð45Þ

for which

g̃0 ¼ ḡ0 ¼ g0ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p ; g̃00 ¼ 0: ð46Þ

In this millicharged basis, the two rotation angles in the
matrix O simplify to

s1 ¼
ḡ0ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2 þ ḡ02
p ; c1 ¼

gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2 þ ḡ02

p ;

s2 ¼ 0; c2 ¼ 1: ð47Þ

Furthermore, Eq. (33) shows that the massless dark photon
does not couple to SM fermions at tree level,4 while the
photon couplings retain exactly the same form as in the
SM with e ¼ gs1.

5 One can readily verify that the general
definition of e given in Eq. (42) also reduces to the
SM form.
Similarly, from the cubic gauge interaction in Eq. (34),

the γWþW− coupling is given by

gO21 ≡ gs1 ¼ e; ð48Þ

while the quartic γγWþW− interaction from Eq. (39) is
proportional to

g2O2
21 ¼ e2: ð49Þ

Consequently, both the cubic γWþW− and quartic
γγWþW− vertices preserve the same structure as in the
SM. On the other hand, the cubic Z0WþW− and quartic
Z0Z0WþW− interaction vertices vanish identically.
The couplings between the complex dark gauge bosons

Wðp;mÞ and the neutral massless gauge bosons also simplify
considerably. From Eqs. (35) and (36), one obtains

κ1 ¼ −
ϵc1ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p ; κ01 ¼ 0;

κ2 ¼ þ ϵs1ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p ; κ02 ¼ 0;

κ3 ¼ 1; κ03 ¼ 1: ð50Þ

Therefore, the interactions between Wðp;mÞ and the photon
are suppressed by the kinetic-mixing parameter ϵ, leading
to an effective millicharge interaction for the dark charged
vector bosons.
The millicharged dark vectorsW0 ¼ Wp;m are stable due

to the unbroken Uð1ÞD charge, making them natural dark
matter candidates based on gauge symmetry. Their self-
interactions are dominantly mediated by the long-range
massless dark photon and are controlled by the hidden
gauge coupling gD.

IV. FREEZE-IN PRODUCTION

Because the portal couplings ϵ; gD ≪ 1, the hidden sector
never thermalizes with the SM bath. Instead, dark particles
are produced gradually via freeze-in, sourced by SM anni-
hilations, decays, and in-medium processes such as plasmon
decay. As matter accumulates in the hidden sector, inter-
actions among hidden particles become relevant and proceed
concurrently with freeze-in. If kinematically allowed, hidden
states may also decay back into SM particles.
We employ a two-temperature Boltzmann framework,

with T and Th denoting the visible and hidden temper-
atures. The evolution of the ratio ξ ¼ Th=T, accounting
for feeble energy transfer, is governed by [32–35] (see
Appendix B for detailed derivations).

dξ
dT

¼ 1

T

�
−ξþ

�
3HðρhþphÞ−Jh
3HðρvþpvÞþJh

�
dρv
dT

�
dρh
dTh

�
−1
�
; ð51Þ

where H is the Hubble parameter, and ρv;h and pv;h are the
energy and pressure densities of the visible and hidden
sectors (see Appendix C for explicit forms). The source
function Jh encodes all energy-exchange processes between
the two sectors; its explicit form is given in Appendix D.
The relic abundance is obtained by solving coupled

Boltzmann equations for the comoving yields Yi ¼ ni=s,

dYi

dT
¼ −

1

s

�
dρv=dT

3Hðρv þ pvÞ þ Jh

�
RiðT; ThÞ; ð52Þ

where s is the total entropy density, ni the number density,
and RiðT; ThÞ the interaction rate producing species i,
including all three SM →hidden, hidden→ SM, and hid-
den→hidden channels. We track all three species: the dark
matter candidate with nWm ¼ nWp ≡ nW0 , the dark photon,
and the hidden Higgs. Explicit expressions for the ratesRi,
including cross sections and decay widths, are provided in
Appendixes E, F, and G. Plasmon decay (Appendix G) is
included but found to be subdominant.

V. GALAXY DYNAMICS, COSMOLOGICAL
CONSTRAINTS, AND DIRECT DETECTION

A massless dark photon mediates long-range DM self-
interactions that are strongly constrained by galactic

4Effective interactions between the massless dark photon and
ordinary matter can still be induced through higher-dimensional
operators [31].

5The electric charge takes the same form as in the SM, with the
replacement g0 → ḡ0 ¼ g0=

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − ϵ2

p
.
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dynamics. Excessively strong dark matter self-interactions
would erase the observed anisotropy of galaxies. The
observed ellipticity of halos, e.g., NGC720, requires [10,36]

mDM

�
0.01
αD

�
2=3 ≳ 300 GeV; αD ¼ g2D

4π
ð53Þ

ensuring that halo shapes remain intact.
Cosmological observations further constrain the hidden

sector. In particular, the number of additional relativistic
degrees of freedom—such as a massless dark photon or a
Goldstone boson—is tightly constrained by measurements
from the Planck Collaboration [37,38], since an excess of
such species would increase the Hubble expansion rate. A
faster expansion reduces the neutron-proton conversion
rate, leading to a larger neutron abundance at freeze-out. As
a result, the primordial helium abundance, which is
approximately twice the neutron abundance, would be
enhanced and thus become inconsistent with observations.
Light states contribute to the effective number of relativistic
degrees of freedom [35],

ΔNeffðT; ξÞ ¼
4

7
gheffðTÞ

�
11

4

�
4=3

ξ4; ð54Þ

with ξ ¼ Th=T. Current BBN and CMB analyses demand
ΔNeff < 0.18 at 95% CL [39]. In addition, the dark Higgs
must decay before nucleosynthesis to avoid disrupting
light-element abundances, typically requiring τhD ≲ 0.1 s
for 2mμ ≲mhD ≲mh=2 [40].
Finally, sub-GeV millicharged DM is subject to direct-

detection searches targeting electron recoils. The leading
limits arise from SENSEI [41], DAMIC [42], EDELWEISS
[43], SuperCDMS [44], CDEX [45], DarkSide-50 [46],
XENONnT [47], and PandaX-II [48], while OSCURA
[49,50] and novel superconducting or polar-material detec-
tors [51–54] will extend coverage. Defining μW0e ¼
mW0me=ðmW0 þmeÞ and αEM ¼ e2=4π, the constraints
are conveniently expressed in terms of the reference elastic
cross section W0e− → W0e−,

σ̄e ¼
4g2Dκ

2
1αEMμ

2
W0e

ðαEMmeÞ4
; ð55Þ

FIG. 1. Evolution of the dark sector for benchmark point BM1, defined by mZ0 ¼ 0 GeV, mW0 ¼ 0.01 GeV, mhD ¼ mW0=3,
gD ¼ 10−7; ϵ ¼ 3.8 × 10−7, and sin β ¼ 0. Top left: temperature ratio ξ ¼ Th=T between the dark and visible sectors. Top right:
comoving number densities of dark matter (solid red), dark photons (solid blue), and dark Higgs bosons (solid green). Bottom panels:
interaction rates (per unit volume per unit time) for various processes: ff̄ → WpWm (red dashed), Z-boson decay (purple dashed),
plasmon decay (orange dashed), dark matter pair annihilation into Z0Z0 (blue dashed) and hDhD (green dashed), and the inverse process
hDhD → WpWm (magenta dashed).
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which is dominated by photon exchange, with Z- and
scalar-mediated contributions being subleading.

VI. NUMERICAL RESULTS

We now present numerical results for freeze-in produc-
tion of the vector dark matter Wp;m in the Abelian-non-
Abelian kinetic-mixing model. We choose to work in the
millicharged basis defined by Eq. (45) so that the massless
dark photon does not couple to SM fermions. As our first
representative case, we define benchmark point BM1 with
mW0 ¼ 0.01 GeV;mhD ¼mW0=3; gD ¼ 10−7;ϵ¼ 3.8× 10−7;
sinβ¼ 0. In this scenario, the dark sector communicates
with the SM solely via millicharged interactions, with gD
constrained by halo-shape bounds and ϵ adjusted to repro-
duce the observed relic density, taking T0 ¼ TRH ¼ 1 TeV
and an initial temperature ratio ξ0 ¼ ðTh=TÞ0 ¼ 0.01.
Figure 1 shows the thermal history for BM1. The

hidden sector starts empty and gradually populates as
the Universe cools. Production is dominated by milli-
charged annihilation ff̄ → WpWm (red dashed), while
Z-boson and plasmon decays provide subleading contri-
butions that switch off once the plasma cools. A mild
enhancement at T ∼ 10–100 GeV arises from Z exchange,
and the kink at T ≃ 150 MeV reflects the QCD transition.
DM annihilation into dark photons or the hidden Higgs is
suppressed by the small gD, leaving Wp;m as the dominant
relic component. As the rates fall below the Hubble
expansion, all abundances freeze in, reproducing the
observed density ΩDMh2 ¼ 0.120� 0.001 [38].

We then explore deviations from BM1 by varying the
reheating temperature, initial temperature ratio ξ0, and other
model parameters. The left panel of Fig. 2 shows the viable
region in the ðmW0 ; ϵÞ plane, keeping other parameters as in

FIG. 2. Parameter space yielding the correct freeze-in dark matter abundance with reheating temperatures TRH ¼ 0.1 GeV; 10 GeV,
and 1 TeV represented by solid black, blue, and red curves, respectively. Left: projection onto the ðmW0 ; ϵÞ plane with gD ¼ 10−7. Right:
projection onto ðmW0 ; gDÞ plane with ϵ ¼ 0.5 × 10−7. All remaining parameters follow benchmark BM1, and we fix ξ0 ¼ 0.01. The
purple shaded region is excluded by halo-shape (ellipticity) constraints described in (53). The gray region is excluded by current DM
direct detection searches from SENSEI [41], DAMIC [42], EDELWEISS [43], SuperCDMS [44], CDEX [45], DarkSide-50 [46],
XENONnT [47], and PandaX-II [48]. The dashed magenta and orange lines show the projected reach of OSCURA [49,50] and
aluminum-based superconducting detectors [51,52], respectively. The dotted black, blue, and red lines indicate the parameter space
where dark-sector annihilations significantly deplete the freeze-in abundance with reheating temperatures TRH ¼ 0.1 GeV; 10 GeV, and
1 TeV, respectively. The red star point in the left panel represents the benchmark BM1.

FIG. 3. Effective number of relativistic species, ΔNeffðTBBNÞ
evaluated at the BBN, and dark matter relic density (indicated by
the color scale) as functions of the initial temperature ratio ξ0 ¼
ðTh0=T0ÞRH with T0 ¼ TRH ¼ 1 TeV. All other parameters are
fixed to the values of benchmark point BM1. The region above the
red dashed line corresponds toΔNeff > 0.18, which is excluded by
combined BBN and CMB constraints [39]. Points highlighted with
red circles indicate parameter choices that reproduce the observed
dark matter relic density within the 2σ range.
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BM1. Since the production rate from the dimension-5
operator scales as RW0 ∼ T6=Λ2, freeze-in remains efficient
up to TRH, making the relic abundance sensitive to TRH:
higher reheating temperatures increase production, requiring
larger Λ (or smaller ϵ) to match observations. For
mW0 ≳ TRH, production is Boltzmann suppressed, and only
very large ϵ could compensate—values already excluded by
collider, neutrino, and beam-dump searches [4–9]. Current
direct-detection limits already constrain part of the low-TRH
region (gray area in Fig. 2), while next-generation sub-GeV
detectors such as OSCURA (magenta dashed) and alumi-
num-based superconducting targets (orange dashed) will
probe much of the freeze-in parameter space.
The right panel of Fig. 2 displays the viable region in the

ðmW0 ; gDÞ plane for fixing ϵ ¼ 0.5 × 10−7 and keeping
other parameters as in BM1. Large gauge couplings are
restricted by dark-matter self-interaction limits (purple),
while the gray region is ruled out by current sub-GeV
direct-detection experiments. Crucially, the dotted curves
denote the boundary of dark-sector thermalization for
different reheating temperatures. Above these lines,

processes such as W0W0 → Z0Z0 and W0W0 → hDhD effi-
ciently erase the freeze-in population.
The impact of the initial hidden-to-visible temperature

ratio is illustrated in Fig. 3. Larger ξ0 enhances the hidden
radiation contribution to ΔNeffðTBBNÞ while suppressing
the DM relic abundance. Values ξ0 ≳ 0.5 are excluded by
BBN and CMB bounds (ΔNeff < 0.18 at 95% CL),
whereas ξ0 ≲ 0.03 gives a negligible contribution below
current sensitivity. Cosmology thus tightly constrains the
initial hidden-sector conditions while leaving ample param-
eter space consistent with freeze-in.
Next, we examine a second benchmark point, BM2,

defined by the parameter set mZ0 ¼ 0 GeV, mW0 ¼
0.1 GeV, mhD ¼ 0.4 GeV, gD ¼ 10−7, ϵ ¼ 1.2 × 10−6,
and sin β ¼ 10−9. The initial temperature is set to
T0 ¼ 1 TeV, with an initial temperature ratio ξ0 ¼ 0.01,
identical to the setup in BM1 shown in the main text. The
evolution of the dark sector for this benchmark is shown in
Fig. 4. Compared to BM1, the presence of nonzero Higgs
dark scalar mixing introduces an additional portal inter-
action between the dark sector and the SM.Moreover, since

FIG. 4. Evolution of the dark sector for benchmark point BM2, defined by mZ0 ¼ 0 GeV; mW0 ¼ 0.1 GeV; mhD ¼ 0.4 GeV;
gD ¼ 10−7; ϵ ¼ 1.2 × 10−6, and sin β ¼ 10−9. Top left: temperature ratio ξ ¼ Th=T between the dark and visible sectors. Top right:
comoving number densities of dark matter (solid red), dark photons (solid blue), and dark Higgs bosons (solid green). Bottom panels:
interaction and decay rates (per unit volume per unit time) for the following processes: ff̄ → WpWm (red dashed), Z-boson decay
(purple dashed), plasmon decay (orange dashed), dark matter pair annihilation into Z0Z0 (blue dashed) and hDhD (green dashed), inverse
annihilation hDhD → WpWm (magenta dashed), dark Higgs production from DM (black dotted) and SM fermion (blue dotted)
annihilation, and dark Higgs decays into DM (orange dotted) and SM fermions (green dotted).
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the dark Higgs mass exceeds twice the dark matter mass, it
can decay into a pair of vector DM, while the reverse
process DM annihilation into a dark Higgs is also kine-
matically allowed. The effects of this additional portal in
BM2 are clearly reflected by the richer features in the
evolution of ξ and the enhancement of dark Higgs boson
yield in the top left and top right panels respectively in
Fig. 4, as compared with BM1.
As shown in the bottom left panel of Fig. 4, the dark

Higgs can now be produced via annihilation of SM
fermions, with interaction rates depicted by the blue dotted
line. Additionally, as the DM number density builds up
from the millicharged freeze-in process, DM particles begin
to annihilate into dark Higgs bosons, as indicated by the
black dotted line in the bottom right panel. This results in
an increase in the dark Higgs number density just after the
reheating temperature, as shown by the green line in the top
right panel.
However, this increase halts around T ∼ 10 GeV, where

the decay rate of the dark Higgs into DM exceeds the Hubble
rate, leading to a depletion of the dark Higgs population. As
the Universe continues to cool, dark Higgs production
becomes increasingly suppressed, while its decay remains
efficient, resulting in a continued decrease in its number
density. Notably, although the dark Higgs can decay into SM
fermion pairs (green dotted line, bottom left panel), this
channel is negligible compared to its dominant decay into
DM (orange dotted line, bottom right panel). In BM2, the
lifetime of the dark Higgs is τhD ¼ 7.49 × 10−10 s, which
satisfies the BBN constraints discussed in the main text.
As in BM1, the dark photon number density remains

small due to the tiny gauge coupling gD, which suppresses
DM annihilation. Nevertheless, the observed DM relic
abundance (red line, top right panel) is successfully repro-
duced through the dominant freeze-in process ff̄ → WpWm

(red dashed line, bottom left panel).

VII. CONCLUSION

Hidden-sector millicharged vector gauge particles con-
stitute an intricate yet intriguing dark matter possibility,
particularly given that all known elementary charged
particles carry charges quantized in units of e or e=3.
In this work, we have presented a minimal freeze-in

scenario in which dark matter consists of a massive dark
vector particle-antiparticle pair arising from a hidden non-
Abelian SUð2Þ gauge sector spontaneously broken to a
residual Uð1Þ symmetry with a massless dark photon
mediator. The pair acquires tiny millicharges through a
dimension-4 kinetic-mixing term with an effective coef-
ficient ϵ, generated by a higher-dimensional dimension-5
operator.
Owing to the degeneracy between the massless dark

photon and the SM photon, the arbitrary rotation angle α,
permitted in the general linear transformation that diago-
nalizes the kinetic-mixing term, enters various interaction

vertices as well as individual amplitudes involving the two
degenerate states. We showed that this α-dependence cancels
once the equivalent squared amplitudes are summed appro-
priately in our Abelian-non-Abelian kinetic-mixing setup,
thereby generalizing previous results in the literature
obtained for purely Abelian scenarios.
The hidden gauge sector interacts feebly with the SM

through the kinetic mixing ϵ, enabling freeze-in production
from the SM plasma, while its internal interaction strength
is set by gD. For ϵ; gD ∼ 10−7, the observed relic abundance
can be reproduced through a two-temperature Boltzmann
evolution while remaining consistent with astrophysical
and cosmological constraints. Plasmon decay into the
invisible vector particle-antiparticle dark matter pair were
also included in our analysis, although their contribution
was found to be subdominant. Interestingly, the viable
freeze-in parameter space of this model lies within the
projected sensitivity of upcoming sub-GeV direct-detection
experiments.
In conclusion, this framework provides a predictive and

experimentally testable scenario linking hidden non-
Abelian dynamics, long-range dark interactions, and vector
freeze-in dark matter.
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APPENDIX A: UV COMPLETION FOR THE
DIMENSION-5 OPERATOR

A minimal ultraviolet (UV) completion that generates
the dimension-5 operator in the main text can be obtained
by introducing a vectorlike Dirac lepton Ψð1; 2; yÞ, which
is an SUð2ÞD doublet carrying hypercharge y and is a
singlet under SUð2ÞL. Its mass and interactions are
described by
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LΨ ¼ Ψ̄ði=D −MΨÞΨ − ðyΨΨ̄ΣΨþ H:c:Þ; ðA1Þ

where the covariant derivative is

DμΨ ¼ ð∂μ − igDWa
DμT

a
D − ig0yBμÞΨ; ðA2Þ

yΨ is a complex Yukawa coupling, MΨ is heavy lepton
mass and Σ ¼ ΣaTa

D. The Yukawa terms in Eq. (A1) splits
the heavy lepton doublet mass once Σ acquires a VEV.
Integrating out the heavy lepton at one loop induces a

gauge-invariant dimension-5 kinetic-mixing operator con-
necting the non-Abelian and Abelian field strengths. The
relevant triangle diagram contains one Σ insertion and two
external gauge bosonsWμν

D and Bμν. In the low-energy limit
jp2j ≪ M2

Ψ, matching the amplitude to dimension-5 oper-
ator yields [55]

c5
Λ

≃
yRe½yΨ�
12π2MΨ

: ðA3Þ

Taking y ¼ −1, yΨ ∼ 5 and MΨ ∼Oð1Þ TeV naturally
yields the kinetic-mixing parameter ϵ ∼ 10−7 for
mW0 ∼ 0.01 GeV, consistent with the value required for
successful freeze-in production. The small kinetic-mixing is
therefore technically natural, arising from loop and heavy-
mass suppression without fine-tuning. However, we note that
in regions of parameter space where vΣ ≫ Λ=c5, a certain
degree of fine-tuning is required in the UV completion to
prevent large Yukawa-induced corrections from driving the
physical fermion masses away from the bare mass scaleMΨ.
The heavy Dirac lepton carries electric charge Q ¼ ey

and can be pair-produced at colliders through Drell-Yan
processes. Current LHC searches for such heavy leptons
with unit electric charge exclude masses below about 1 TeV
for promptly decaying states [56,57].
We note that the heavy lepton also carries SUð2ÞD charge

and efficiently annihilates into dark gauge bosons before
decaying, so it does not affect cosmological evolution. No
light remnants remain, preventing contributions to ΔNeff or
other precision observables.
This simple UV completion demonstrates that the

dimension-5 operator and the resulting millicharge param-
eter ϵ arise naturally from a renormalizable, gauge-invariant
theory, with loop suppression and heavy-mass scaling that
justify the effective-field-theory treatment used in the
main text.

APPENDIX B: EVOLUTION OF THE
TEMPERATURE RATIO ξ =Th=T

In this and the subsequent three Appendixes, we follow
the formalism of Refs. [32–35] closely to review the
derivation of the evolution of the temperature ratio
ξ ¼ Th=T between the hidden and visible sectors with
temperature Th and T, respectively.

We start from the continuity equation,

dρ
dt

þ 3Hðρþ pÞ ¼ 0; ðB1Þ

where ρ ¼ ρv þ ρh is the total energy density and p ¼
pv þ ph is the total pressure.
Since the hidden and visible sectors feebly interact to

each other, one can obtain the energy density evolution
equation for each sector by

dρv
dt

þ 3Hðρv þ pvÞ ¼ −Jh; ðB2Þ

dρh
dt

þ 3Hðρh þ phÞ ¼ Jh; ðB3Þ

where the quantity Jh (−Jh) represents the source (sink)
term of the hidden (visible) sector, encompassing all freeze-
in and decay processes that mediate energy exchange
between the sectors. The explicit expression of Jh is given
in Appendix D.
Using the chain rule and together with Eqs. (B2)

and (B3), we obtain

dTh

dT
¼ A

dρv
dT

�
dρh
dTh

�
−1
; ðB4Þ

where

A≡ dρh
dt

�
dρv
dt

�
−1

¼ 3Hðρh þ phÞ − Jh
3Hðρv þ pvÞ þ Jh

: ðB5Þ

Now, together with Eq. (B4), the evolution equation of
the temperature ratio ξ respect to the visible temperature is
given by

dξ
dT

¼ 1

T

�
−ξþ dTh

dT

�
¼ 1

T

�
−ξþA

dρv
dT

�
dρh
dTh

�
−1
�
: ðB6Þ

Hence, knowing ξðTÞ as a function of the SM temperature
T allows one to compute the hidden temperature
as ThðTÞ ¼ T · ξðTÞ.

APPENDIX C: PRESSURE, ENERGY, AND
ENTROPY DENSITIES

The visible sector is described by a relativistic plasma of
all the SM particles at temperature T. The corresponding
energy density and pressure are given by

ρv ¼
π2

30
gveffT

4; pv ¼
1

3
ρv; ðC1Þ

where gveff denotes the effective number of relativistic
degrees of freedom contributing to the energy density in
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the visible sector, as obtained from the tabulated results
provided by the micrOMEGAs package [58]. For the hidden
pressure and energy density, we use temperature-dependent
integrals given in Ref. [59] to parametrize them which are
given by

ph ¼
π2

90
fheffT

4
h; fheff ¼ fW

0
eff þ fZ

0
eff þ fhDeff ; ðC2Þ

ρh ¼
π2

30
gheffT

4
h; gheff ¼ gW

0
eff þ gZ

0
eff þ ghDeff ; ðC3Þ

where

fieff ¼
15gi
π4

Z
∞

xi

ðx2 − x2i Þ3=2
ex − 1

dx; ðC4Þ

gieff ¼
15gi
π4

Z
∞

xi

x2ðx2 − x2i Þ1=2
ex − 1

dx; ðC5Þ

for i ¼ W0; Z0; hD and xi ¼ mi=Th. In the massless limit of
Z0, the Bose integral is well known

Z
∞

0

x3

ex − 1
dx ¼ π4

15
; ðC6Þ

from which we recover the familiar Stefan-Boltzmann
relation for dark radiation

pZ0 ¼ 1

3
ρZ0 with ρZ0 ¼ π2

30
gZ0T4

h: ðC7Þ

The total entropy density can be affected by the hidden
sector which is now given by

s ¼ 2π2

45
ðhveffT3 þ hheffT

3
hÞ; ðC8Þ

where hveff and hheff are entropy degrees of freedoms of the
visible and hidden sectors, respectively. Here, hveff is also
taken from tabulated results in micrOMEGAs package [58],
while hheff is calculated using the temperature-dependent
integrals given in Ref. [59],

hheff ¼ hW
0

eff þ hZ
0

eff þ hhDeff ; ðC9Þ

where

hieff ¼
15gi
π4

Z
∞

xi

ðx2 − x2i Þ1=2
ex − 1

�
x2 −

x2i
4

�
dx;

xi ¼
mi

Th
; i ¼ W0; Z0; hD; ðC10Þ

with gW0 ¼ 3, gZ0 ¼ 2, and ghD ¼ 1. In the case of a
massless Z0, using Eq. (C6), one obtains hZ

0
eff ¼ gZ0 ¼ 2.

The Hubble expansion rate is also affected by the
presence of the hidden-sector which is now given by

H2 ¼ 8πGN

3
ðρv þ ρhÞ; ðC11Þ

where GN is Newton’s gravitational constant.

APPENDIX D: THE SOURCE TERM Jh

The function Jh accounts for the source terms of the
hidden sector from all possible processes that exchange
energy between the SM and the hidden sectors which is
given by

Jh ≃
X
f

fn2f½2Jff̄→WpWmðTÞ þ Jff̄→hDðTÞ�

þ 2nZJZ→WpWmðTÞ þ 2nhJh→WpWmðTÞ
þ 2nγ�Jγ�→WpWmðTÞ − nhDJhD→ff̄ðThÞg; ðD1Þ

where ni denotes the number density of species i, and
we have also included the plasmon decay process
γ� → WpWm. The J-functions appeared on the right-hand
side in Eq. (D1) are defined by

nanbJab→cd ¼
gagbT
128π4

Z
∞

s0

dsσcd→abðsÞsðs− s0ÞK2ð
ffiffiffi
s

p
=TÞ;

ðD2Þ

n2fJff̄→hD ¼ T
32π4

Z
∞

s0

ds σff̄→hDðsÞsðs − s0ÞK2ð
ffiffiffi
s

p
=TÞ;

ðD3Þ

naJa→bc ¼ namaΓa→bc; ðD4Þ

nγ�Jγ�→WpWm ¼ nγ�lmlhΓiγ�l→WpWm þ nγ�t mthΓiγ�t→WpWm;

ðD5Þ

where s0 is the minimum square of the center-of-mass
energy. For ab→cd, s0 ¼ maxððma þmbÞ2; ðmc þmdÞ2Þ;
while for ff̄ → hD, s0 ¼ 4m2

f. For the longitudinal and
transverse plasmon decay rates in the right-hand side of
Eq. (D5), see Appendix G.

APPENDIX E: COUPLED BOLTZMANN
EQUATIONS

The number density of particles ni in the hidden sector
can be derived from the following coupled Boltzmann
equations:

dni
dt

þ 3Hni ¼ RiðT; ThÞ; i ¼ W0; Z0; hD; ðE1Þ
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where t is the evolution time and we assume nW0 ¼ nWm ¼ nWp for symmetric dark matter. In the right hand side of Eq. (E1),
RiðT; ThÞ, represents the number of interactions per unit volume per unit time that produce i with i ¼ W0; Z0 and hD,
respectively. Explicitly they are given by

RW0 ðT; ThÞ ¼
X
f∈SM

½n2fhσviff̄→WpWmðTÞ� þ nZhΓiZ→WpWmðTÞ þ nhhΓih→WpWmðTÞ

þ nγ�hΓiγ�→WpWmðTÞ þ nhDhΓihD→WpWmðThÞ þ n2hDhσvihDhD→WpWmðThÞ − n2W0 ½hσviWpWm→hDðThÞ
þ hσviWpWm→Z0Z0 ðThÞ þ hσviWpWm→hDhDðThÞ�; ðE2Þ

RZ0 ðT; ThÞ ¼ n2W0 hσviWpWm→Z0Z0 ðThÞ; ðE3Þ

RhDðT; ThÞ ¼
X
f∈SM

½n2fhσviff̄→hDðTÞ� þ n2W0 ½hσviWpWm→hDhDðThÞ þ hσviWpWm→hDðThÞ� − n2hDhσvihDhD→WpWmðThÞ

− nhD

�
hΓihD→WpWmðThÞ þ

X
f∈SM

hΓihD→ff̄ðThÞ
�
: ðE4Þ

Here, hσvi and hΓi denote the thermally averaged cross section and decay width, respectively. For computational simplicity,
one can use the principle of detailed balance to obtain the following relation for the thermally averaged cross sections:

n2fhσviff̄→WpWmðTÞ≡ ðneqW0 Þ2hσviWpWm→ff̄ðTÞ; ðE5Þ

where neqW0 is the corresponding number density of W0 in equilibrium, which is given by

neqW0 ¼ gW0

2π2
m2

W0TK2ðmW0=TÞ: ðE6Þ

Here (and below) Ki is the modified Bessel function of the second kind of degree i.
The thermally averaged cross section for a ab → cd process in Eqs. (E2)–(E4) is given by [60]

hσviab→cdðTÞ ¼
1

8cabm2
am2

bTK2ðma=TÞK2ðmb=TÞ
×
Z

∞

ðmaþmbÞ2
dsσab→cdðsÞ

1ffiffiffi
s

p ½ðs −m2
a −m2

bÞ2 − 4m2
am2

b�K1ð
ffiffiffi
s

p
=TÞ; ðE7Þ

where cab is a combinatorial factor, taking the value 2 (1) when a and b are identical (nonidentical), and s denotes the square
of the center-of-mass energy. The cross sections σðsÞ for various processes are provided in Appendix F.
The thermally averaged cross section for an aā → b process is given by

hσviaā→bðTÞ ¼
1

8m4
aTK2

2ðma=TÞ
Z

∞

4m2
a

ds σaā→bðsÞ
ffiffiffi
s

p ½s − 4m2
a�K1ð

ffiffiffi
s

p
=TÞ: ðE8Þ

The thermally averaged decay width of Z, h and hD bosons in Eqs. (E2)–(E4) is given by

hΓia→bcðTÞ ¼ Γa→bc
K1ðma=TÞ
K2ðma=TÞ

: ðE9Þ

The thermally averaged rate of plasmon decay (γ� → WpWm) in Eq. (E2) is provided in Appendix G.
For the computation of the relic density, it is more convenient to work directly with the comoving number densities

(yields) of DM and mediators, defined as YW0 ¼ nW0=s, YZ0 ¼ nZ0=s and YhD ¼ nhD=s, where s is the total entropy density
given in Appendix C.
By changing variables to the yield, the coupled Boltzmann equation in Eq. (E1), becomes

−
sdYi

dT

�
3Hðρv þ pvÞ þ Jh

dρv=dT

�
þ Yi

�
ds
dt

þ 3Hs

�
¼ RiðT; ThÞ; i ¼ W0; Z0; hD; ðE10Þ
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where we used the energy density evolution equation
in (B2) to change time to temperature, namely,

dT
dt

¼ −½3Hðρv þ pvÞ þ Jh� ×
�
dρv
dT

�
−1
: ðE11Þ

Assuming the total entropy, S ¼ a3s where a is the scale
factor of the universe, is conserved which gives the
continuity equation for entropy density

ds
dt

þ 3Hs ¼ 0; ðE12Þ

we can rewrite Eq. (E10) as

dYi

dT
¼ −

1

s

�
dρv=dT

3Hðρv þ pvÞ þ Jh

�
×RiðT; ThÞ;

i ¼ W0; Z0; hD: ðE13Þ

The system of differential equations in Eqs. (B6)
and (E13) can be solved numerically to track the evolution
of the yields of the three dark species. In particular,
integrating the DM yield to the present-day temperature
yields Y0

W0 .
The DM relic density is then determined by

ΩDMh2 ¼
mW0Y0

W0s0h2

ρc
; ðE14Þ

where ρc is the critical energy density required to close the
universe, s0 is the current entropy density, and h is the
dimensionless Hubble parameter defined as

h≡ H0

100 kms−1 Mpc−1
; ðE15Þ

with H0 being the present-day Hubble expansion rate.
According to the latest results from the Planck

Collaboration, the DM relic density is measured to be [38]

ΩDMh2 ¼ 0.120� 0.001: ðE16Þ

We will use h ¼ 0.678 in our analysis.

APPENDIX F: RELEVANT CROSS SECTIONS
AND DECAY WIDTHS

In this Appendix, we provide the relevant cross sections
and decay widths to the freeze-in mechanism.

1. WpWm → f̄ f

The annihilation of dark matter into a pair of SM fermions
via an s-channel process mediated by neutral gauge boson
(a photon and Z boson) and scalar bosons (Higgs and dark
Higgs) is illustrated in Fig. 5. The interference between the
scalar-boson-mediated and gauge-boson-mediated diagrams
is proportional to (u − t), which vanishes upon integration
over the full phase space. This cancellation arises from the
orthogonality of scalar and vector current structures, which
project onto different partial waves specifically, s-wave for
scalars and p-wave for vectors. Consequently, the interfer-
ence terms are odd under parity and integrate to zero over
symmetric angular distributions, even in the presence of
nonzero fermion masses.
The cross section from gauge-boson-mediated diagrams

is given as

σðWpWm → f̄fÞðγ;ZÞ ¼
Nfg2DβW0βf
108πm2

W0

	
e2Q2

fκ11

�
1þ 2m2

f

s

�
þ 2sðs −m2

ZÞκ12
ðs −m2

ZÞ2 þm2
ZΓ2

Z

�
eQfv

f
Z

�
1þ 2m2

f

s

��

þ s2κ22
ðs −m2

ZÞ2 þm2
ZΓ2

Z

�
jvfZj2

�
1þ 2m2

f

s

�
þ jafZj2

�
1 −

4m2
f

s

��

; ðF1Þ

where βW0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2

W0
s

q
and βf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
f

s

q
are velocities of the dark matter and fermions, respectively, s is the

Mandelstam variable representing the square of the total energy in the center-of-mass frame, mW0 ¼ mWm ¼ mWp , Nf ¼ 1

or 3 is the number of color for the fermion f, and

κij ¼ κiκj

�
1þ 3m2

W0

s

�
; ðF2Þ

where κ1 and κ2 are given by Eq. (50).

FIG. 5. Feynman diagrams for the process of dark matter
annihilation into a pair of the SM fermions.
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The cross section from scalar-boson-mediated diagrams
is given as

σðWpWm → f̄fÞðh;hDÞ

¼ Nfg2Dðm2
f=v

2Þcos2βsin2β
32πm2

W0

β3f
βW0

×
s2ðm2

h −m2
hD
Þ2

ðs −m2
hÞ2ðs −m2

hD
Þ2
�
1 −

4m2
W0

s
þ 12m4

W0

s2

�
; ðF3Þ

where v ¼ gmW=2.
The total cross section is then given by

σðWpWm → f̄fÞ ¼ σðWpWm → f̄fÞðh;hDÞ
þ σðWpWm → f̄fÞðγ;ZÞ: ðF4Þ

2. Z → WpWm

The decay rate of the SM Z → WpWm process is given as

ΓðZ → WpWmÞ ¼ g2Dκ
2
2mZ

48π

�
1 −

4m2
W0

m2
Z

�
3=2�

3þ m2
Z

m2
W0

�
:

ðF5Þ

where the coupling κ2 is given in Eq. (50).

3. WpWm → Z0Z0

The annihilation of dark matter into massless di-Z0
bosons is depicted in Fig. 6, which mimics the SM process
WþW− → γγ. The total cross section for this process is
given as

σðWpWm → Z0Z0Þ

¼ 2g4D
3πm2

W0β2W0

�
βW0

�
1

3
þm2

W0

4s
þm4

W0

s2

�

þm4
W0

s2

�
1 −

2m2
W0

s

�
log

�
1 − βW0

1þ βW0

��
: ðF6Þ

For a massless dark photon Z0, the sum over its physical
transverse polarizations introduces a dependence on an
auxiliary lightlike vector nμ

X
λ¼1;2

ϵðλÞμ ðkÞϵ�ðλÞν ðkÞ ¼ −gμν þ
kμnν þ kνnμ

k · n
ðF7Þ

where kμ is the dark photon momentum and nμ satisfies
n2 ¼ 0; k · n ≠ 0. This construction projects out the
unphysical longitudinal mode, and despite the intermediate
nμ-dependence, the final cross section in Eq. (F6) is gauge
invariant and independent of this choice.
Similar expressions can be derived for the processes

WpWm → γγ and WpWm → Z0γ. However, these contri-
butions are suppressed by the kinetic-mixing parameter ϵ
relative to the dominant WpWm → Z0Z0 channel.

4. WpWm → hDhD
We consider the process

Wpðp1; λ1ÞWmðp2; λ2Þ → hDðk1ÞhDðk2Þ; ðF8Þ

where λ1;2 ¼ 0;�1 denotes the helicity of the incoming
Wp;m. The Feynman diagrams for this process in unitary
gauge is shown in Fig. 7.
The helicity amplitude of the process is given by

Mλ1λ2
WpWm→hDhD

¼ Mλ1λ2
4pt þMλ1λ2

h þMλ1λ2
hD

þMλ1λ2
W0;t þMλ1λ2

W0;u; ðF9Þ

where

Mλ1λ2
4pt ¼ 2g2Dcos

2βϵ1 · ϵ2;

Mλ1λ2
h ¼−2gDmW0λhhDhD sin β

ϵ1 · ϵ2
ðk1þ k2Þ2−m2

h

;

Mλ1λ2
hD

¼ 2gDmW0λhDhDhD cos β
ϵ1 · ϵ2

ðk1þ k2Þ2 −m2
hD

;

Mλ1λ2
W0;t ¼ 4g2D cos

2 β
m2

W0ϵ1 · ϵ2 − ðk2 −p2Þ · ϵ1ðk2−p2Þ · ϵ2
ðk2 −p2Þ2−m2

W0
;

Mλ1λ2
W0;u ¼ 4g2D cos

2 β
m2

W0ϵ1 · ϵ2 − ðk1 −p2Þ · ϵ1ðk1−p2Þ · ϵ2
ðk1 −p2Þ2−m2

W0
;

ðF10Þ

with ϵi ¼ ϵiðpi; λiÞ; i ¼ 1, 2 are the two polarization
vectors of Wp and Wm, and

FIG. 6. Feynman diagrams for the process of dark matter annihilation into di-Z0 bosons.
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λhhDhD ¼ 6 sin β cos βðλϕv sin β − λΣvΣ cos βÞ

þ 2λΦΣ

�
v cos β

�
1

2
cos2β − sin2β

�
− vΣ sin β

�
1

2
sin2β − cos2β

��
;

λhDhDhD ¼ 3½2λϕvsin3β þ 2λΣvΣcos3β þ λΦΣ sin β cos βðv cos β þ vΣ sin βÞ�: ðF11Þ

In the center-of-mass system, the momenta are given as

pμ
1 ¼

ffiffiffi
s

p
2

ð1; 0; 0; βW0 Þ;

pμ
2 ¼

ffiffiffi
s

p
2

ð1; 0; 0;−βW0 Þ;

kμ1 ¼
ffiffiffi
s

p
2

ð1; βhD sin θcm; 0; βhD cos θcmÞ;

kμ2 ¼
ffiffiffi
s

p
2

ð1;−βhD sin θcm; 0;−βhD cos θcmÞ; ðF12Þ

where βhD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
hD
s

q
is the velocity of hD and θcm is the

angle between the momenta k⃗1 and p⃗1 in the center-of-
mass frame.
The explicit polarization vectors of Wp;m can be written

down as

ϵμ1ðp1; λ1 ¼ �1Þ ¼ 1ffiffiffi
2

p ð0; 1;�i; 0Þ;

ϵμ2ðp2; λ2 ¼ �1Þ ¼ −1ffiffiffi
2

p ð0; 1;∓ i; 0Þ;

ϵμ1ðp1; λ1 ¼ 0Þ ¼ 1

mW0

ffiffiffi
s

p
2

ðβW0 ; 0; 0; 1Þ;

ϵμ2ðp2; λ2 ¼ 0Þ ¼ 1

mW0

ffiffiffi
s

p
2

ðβW0 ; 0; 0;−1Þ: ðF13Þ

Altogether, nine helicity configurations are possible.
With the exception of λ1 ¼ λ2 ¼ 0, the other eight helicity
amplitudes satisfy the symmetry relations given below:

Mþþ
WpWm→hDhD

¼ M−−
WpWm→hDhD

;

M−þ
WpWm→hDhD

¼ Mþ−
WpWm→hDhD

;

Mþ0
WpWm→hDhD

¼ M0þ
WpWm→hDhD

¼ M−0
WpWm→hDhD

¼ M0−
WpWm→hDhD

: ðF14Þ

The differential cross section can be obtained by

dσðWpWm→ hDhDÞ
dcosθcm

¼ 1

32πs

βhD
βW0

1

2×9

X
λ1;λ2

jMλ1λ2
WpWm→hDhD

j2;

ðF15Þ

where the factors of 2 and 9 in the denominator of Eq. (F15)
account for identical particles of dark scalars in the final
state and average of Wp;m polarization in the initial state,
respectively. The explicit forms of the nine helicity ampli-
tudes in Eq. (F9) and the resulting cross section are
cumbersome and provide little additional insight. They
will be omitted here.

5. hDhD → WpWm

The cross section of hDhD → WpWm can be obtained by
its relation to WpWm → hDhD process, which is given as

σðhDhD → WpWmÞ ¼ 18

�
βW0

βhD

�
2

× σðWpWm → hDhDÞ:

ðF16Þ

6. WpWm → hD
The cross section of WpWm → hD can be given as

σWpWm→hD ¼ πg2Dm
2
hD
cos2β

9βW0s

�
−4þ 12m2

W0

m2
hD

þm2
hD

m2
W0

�

× δðs −m2
hD
Þ: ðF17Þ

7. hD → WpWm

If mhD > 2mW0 , the dark scalar hD can decay into
WpWm. The decay width of this process is given as

FIG. 7. Feynman diagrams for the process of dark matter
annihilation into a pair of dark scalar boson hD.
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ΓðhD →WpWmÞ

¼ g2DmhDcos
2β

16π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4m2
W0

m2
hD

s �
−4þ 12m2

W0

m2
hD

þm2
hD

m2
W0

�
: ðF18Þ

8. f̄ f → hD
The cross section of f̄f → hD process is given as

σðf̄f → hDÞ ¼
πm2

fm
2
hD
sin2β

2Nfv2βfs

�
1 −

4m2
f

m2
hD

�
δðs −m2

hD
Þ:

ðF19Þ

9. h → f̄ f and hD → f̄ f

If kinematically allowed, scalar bosons can decay into a
pair of SM fermions. The decay width of these processes
can be given by

Γðh → f̄fÞ ¼ Nfm2
fmhcos2β

16πv2

�
1 −

4m2
f

m2
h

�3=2

; ðF20Þ

ΓðhD → f̄fÞ ¼ Nfm2
fmhDsin

2β

16πv2

�
1 −

4m2
f

m2
hD

�3=2

: ðF21Þ

APPENDIX G: PLASMONS DECAY INTO
VECTOR DARK MATTER

The decay of photons and plasmons into neutrino pairs
was first calculated in [26] to account for the energy loss in a
stellar plasma due to the plasma process. Recently, this
calculation was extended to the fermionic millicharged DMs
in [21]. Here we extend further to the plasmon decay into
vectorial millicharged DMs. The effective matrix element for
the process γ�ðkÞ → Wmðp1ÞWpðp2Þ is given by

iMγ�→WmWp ¼ igDκ1ϵ̃μðkÞϵ�ρðp1Þϵ�σðp2Þððp1 − p2Þμgρσ
− pσ

1g
μρ þ pρ

2g
μσÞ; ðG1Þ

where the millicharge couplings κ1 are given in Eq. (50),
Kμ ¼ ðωðkÞ; k⃗Þμ is the 4-momentum of photon, pμ

1 ¼
ðE1; p⃗1Þμ is the 4-momentum of Wm and pμ

2 ¼ ðE2; p⃗2Þμ
is the 4-momentum of Wp. In Eq. (G1), ϵ�ρðp1Þ [ϵ�σðp2Þ] is
the polarization vector forWm (Wp) and ϵ̃μðkÞ is the dressed
polarization vector for the plasmon which are given by [26],

ϵ̃μLðkÞ ¼
ωlðkÞ
k

ffiffiffiffiffiffiffiffiffiffiffiffi
ZlðkÞ

p
ð1; 0⃗Þμ ðlongitudinal modeÞ;

ðG2Þ

ϵ̃μ�ðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
ZtðkÞ

p
ð0; ε⃗�Þμ ðtransverse modeÞ; ðG3Þ

with ωlðkÞ [ωtðkÞ] and ZlðkÞ [ZtðkÞ] are the dispersion
relation and the wave function renormalization factor for the
longitudinal (transverse) mode, respectively.6

Squaring the matrix element in Eq. (G1) and then
summing over the polarizations, one finds that only the
diagonal terms (LL,þþ, and −−) contribute, as one would
expect. The squared matrix element for the LL configu-
ration is given by

jMj2LL ¼ g2Dκ
2
1Zlω

2
l

k2

�
4Kl · p1 þ 12E1ðE1 − ωlÞ þ ω2

l

−
2Kl · p1

m2
W0

ðKl · p1 þ 2E1ðE1 − ωlÞÞ
�
; ðG4Þ

where m2
l ¼ ðωlðkÞ2 − k2Þ is the effective plasmon mass

for the longitudinal mode and Kl · p1 ¼ E1ωl − kp1 cos θ,
with θ is the angle between the plasmon and the DM
momenta.
In contrast, the squared matrix element for the þþ

and −− helicity configurations is given by

X
TT¼þþ;−−

jMj2TT ¼ 4g2Dκ
2
1Zt

�
−2Kt ·p1 þ 3p2

1sin
2θ

þKt ·p1

m2
W0

ðKt ·p1 −p2
1sin

2θÞ
�
; ðG5Þ

where m2
t ¼ ðωtðkÞ2 − k2Þ is the effective plasmon mass

for the transverse mode and Kt · p1 ¼ E1ωt − kp1 cos θ.
The thermally averaged decay rate can be obtained by

nγ� hΓiγ�→WpWm

¼
Z

d3k
ð2πÞ32ω

d3p1

ð2πÞ32E1

d3p2

ð2πÞ32E2

fBðωðkÞÞ

× ð2πÞ4δð4ÞðK − p1 − p2Þ
X
pol::

jMj2γ�→WmWp; ðG6Þ

where fBðωðkÞÞ ¼ 1=ðeωðkÞ=T − 1Þ is the Bose-Einstein
distribution function for the plasmon.
For the longitudinal configuration, the thermally aver-

aged decay rate is given by

nγ�lhΓiγ�l→WpWm ¼ g2Dκ
2
1

96π3

Z
kmax

0

k2dkZlðkÞωlðkÞfBðωlðkÞÞ

×
ð1 − 4xlÞ3=2ð1þ 3xlÞ

xl
; ðG7Þ

where xl ¼ m2
W0=m2

l and kmax is the maximum plasmon
momentum given by [26]

6See Ref. [26] for the expressions of ωl;tðkÞ and Zl;tðkÞ.
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kmax ¼
�
3

v2�

�
1

2v�
ln
1þ v�
1 − v�

− 1

��
1=2

ωp: ðG8Þ

In Eq. (G8), ωp is the plasma frequency, given by

ω2
p ¼ 8αEM

π

Z
∞

0

dp
p2

E

�
1 −

1

3
v2
�
fFðEÞ; ðG9Þ

where v ¼ p=E, with E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2 þm2

e

p
, is the velocity of

electrons or positrons, and fFðEÞ ¼ 1=ðeE=T þ 1Þ is the
Fermi-Dirac distribution. The parameter v� is defined as

v� ¼
ω1

ωp
; ðG10Þ

where ω1 is given by

ω2
1 ¼

8αEM
π

Z
∞

0

dp
p2

E
v2
�
5

3
− v2

�
fFðEÞ: ðG11Þ

For the transverse configuration, the thermally averaged
decay rate is given by

nγ�t hΓiγ�t→WpWm ¼ g2Dκ
2
1

48π3

Z
∞

0

k2dk
ZtðkÞm2

t fBðωtðkÞÞ
ωtðkÞ

×
ð1 − 4xtÞ3=2ð1þ 3xtÞ

xt
; ðG12Þ

where xt ¼ m2
W0=m2

t .
It may be interesting to extend the above analysis to

include the dark plasmon decay process Z0� → WpWm in the
hidden heat bath as an additional freeze-in production
channel. However, we expect this contribution to be minus-
cule due to the smallness of gD and therefore ignore it here.

[1] B. Holdom, Phys. Lett. B 166, 196 (1986).
[2] D. Feldman, Z. Liu, and P. Nath, Phys. Rev. D 75, 115001

(2007).
[3] K. Cheung and T.-C. Yuan, J. High Energy Phys. 03 (2007)

120.
[4] R. Akers et al. (OPAL Collaboration), Z. Phys. C 67, 203

(1995).
[5] A. A. Prinz et al., Phys. Rev. Lett. 81, 1175 (1998).
[6] R. Acciarri et al. (ArgoNeuT Collaboration), Phys. Rev.

Lett. 124, 131801 (2020).
[7] A. Ball et al., Phys. Rev. D 102, 032002 (2020).
[8] G. Magill, R. Plestid, M. Pospelov, and Y.-D. Tsai, Phys.

Rev. Lett. 122, 071801 (2019).
[9] G. Marocco and S. Sarkar, SciPost Phys. 10, 043 (2021).

[10] M. Fabbrichesi, E. Gabrielli, and G. Lanfranchi, The
Physics of the Dark Photon (Springer, Cham, 2020).

[11] S. Davidson, S. Hannestad, and G. Raffelt, J. High Energy
Phys. 05 (2000) 003.

[12] H. Vogel and J. Redondo, J. Cosmol. Astropart. Phys. 02
(2014) 029.

[13] G. G. Raffelt, Stars as Laboratories for Fundamental
Physics (University of Chicago Press, Chicago, 1996).

[14] S. L. Dubovsky, D. S. Gorbunov, and G. I. Rubtsov, JETP
Lett. 79, 1 (2004).

[15] S. D. McDermott, H.-B. Yu, and K.M. Zurek, Phys. Rev. D
83, 063509 (2011).

[16] E. D. Kovetz, A. Raccanelli, and M. Rahman, Phys. Rev. D
97, 123512 (2018).

[17] R. Plestid, V. Takhistov, Y.-D. Tsai, T. Bringmann, A.
Kusenko, and M. Pospelov, Phys. Rev. D 102, 115032
(2020).

[18] V. Q. Tran, T. T. Q. Nguyen, and T.-C. Yuan, J. Cosmol.
Astropart. Phys. 05 (2024) 015.

[19] P. Ko, T. Nomura, and H. Okada, Phys. Rev. D 103, 095011
(2021).

[20] A. D. Dolgov, S. L. Dubovsky, G. I. Rubtsov, and I. I.
Tkachev, Phys. Rev. D 88, 117701 (2013).

[21] C. Dvorkin, T. Lin, and K. Schutz, Phys. Rev. D 99, 115009
(2019); 105, 119901(E) (2022).

[22] S. Jana, M. Klasen, Vishnu P. K., and L. P. Wiggering,
J. Cosmol. Astropart. Phys. 02 (2025) 011.

[23] R. Foot and S. Vagnozzi, Phys. Rev. D 91, 023512 (2015).
[24] R. Foot and S. Vagnozzi, J. Cosmol. Astropart. Phys. 07

(2016) 013.
[25] T. Hambye, M. H. G. Tytgat, J. Vandecasteele, and L.

Vanderheyden, Phys. Rev. D 100, 095018 (2019).
[26] E. Braaten and D. Segel, Phys. Rev. D 48, 1478 (1993).
[27] J. Aebischer, A. J. Buras, and J. Kumar, arXiv:2507.05926.
[28] V. Q. Tran and T.-C. Yuan, Phys. Rev. D 111, 013001

(2025).
[29] G. Aad et al. (ATLAS Collaboration), Nature (London) 607,

52 (2022); 612, E24(E) (2022).
[30] J.-X. Pan, M. He, X.-G. He, and G. Li, Nucl. Phys. B 953,

114968 (2020).
[31] B. A. Dobrescu, Phys. Rev. Lett. 94, 151802 (2005).
[32] A. Aboubrahim, W.-Z. Feng, P. Nath, and Z.-Y. Wang, Phys.

Rev. D 103, 075014 (2021).
[33] A. Aboubrahim, W.-Z. Feng, P. Nath, and Z.-Y. Wang,

J. High Energy Phys. 06 (2021) 086.
[34] A. Aboubrahim, W.-Z. Feng, P. Nath, and Z.-Y. Wang, in

Snowmass 2021 (2021).
[35] J. Li and P. Nath, Phys. Rev. D 108, 115008 (2023).
[36] P. Agrawal, F.-Y. Cyr-Racine, L. Randall, and J. Scholtz,

J. Cosmol. Astropart. Phys. 05 (2017) 022.
[37] N. Aghanim et al. (Planck Collaboration), Astron.

Astrophys. 641, A5 (2020).
[38] N. Aghanim et al. (Planck Collaboration), Astron.

Astrophys. 641, A6 (2020); 652, C4(E) (2021).
[39] T.-H. Yeh, J. Shelton, K. A. Olive, and B. D. Fields,

J. Cosmol. Astropart. Phys. 10 (2022) 046.

FREEZE-IN PRODUCTION OF NON-ABELIAN MILLICHARGED … PHYS. REV. D 114, 015041 (2026)

015041-19

https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1103/PhysRevD.75.115001
https://doi.org/10.1103/PhysRevD.75.115001
https://doi.org/10.1088/1126-6708/2007/03/120
https://doi.org/10.1088/1126-6708/2007/03/120
https://doi.org/10.1007/BF01571281
https://doi.org/10.1007/BF01571281
https://doi.org/10.1103/PhysRevLett.81.1175
https://doi.org/10.1103/PhysRevLett.124.131801
https://doi.org/10.1103/PhysRevLett.124.131801
https://doi.org/10.1103/PhysRevD.102.032002
https://doi.org/10.1103/PhysRevLett.122.071801
https://doi.org/10.1103/PhysRevLett.122.071801
https://doi.org/10.21468/SciPostPhys.10.2.043
https://doi.org/10.1088/1126-6708/2000/05/003
https://doi.org/10.1088/1126-6708/2000/05/003
https://doi.org/10.1088/1475-7516/2014/02/029
https://doi.org/10.1088/1475-7516/2014/02/029
https://doi.org/10.1134/1.1675909
https://doi.org/10.1134/1.1675909
https://doi.org/10.1103/PhysRevD.83.063509
https://doi.org/10.1103/PhysRevD.83.063509
https://doi.org/10.1103/PhysRevD.97.123512
https://doi.org/10.1103/PhysRevD.97.123512
https://doi.org/10.1103/PhysRevD.102.115032
https://doi.org/10.1103/PhysRevD.102.115032
https://doi.org/10.1088/1475-7516/2024/05/015
https://doi.org/10.1088/1475-7516/2024/05/015
https://doi.org/10.1103/PhysRevD.103.095011
https://doi.org/10.1103/PhysRevD.103.095011
https://doi.org/10.1103/PhysRevD.88.117701
https://doi.org/10.1103/PhysRevD.99.115009
https://doi.org/10.1103/PhysRevD.99.115009
https://doi.org/10.1103/PhysRevD.105.119901
https://doi.org/10.1088/1475-7516/2025/02/011
https://doi.org/10.1103/PhysRevD.91.023512
https://doi.org/10.1088/1475-7516/2016/07/013
https://doi.org/10.1088/1475-7516/2016/07/013
https://doi.org/10.1103/PhysRevD.100.095018
https://doi.org/10.1103/PhysRevD.48.1478
https://arXiv.org/abs/2507.05926
https://doi.org/10.1103/PhysRevD.111.013001
https://doi.org/10.1103/PhysRevD.111.013001
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-04893-w
https://doi.org/10.1038/s41586-022-05581-5
https://doi.org/10.1016/j.nuclphysb.2020.114968
https://doi.org/10.1016/j.nuclphysb.2020.114968
https://doi.org/10.1103/PhysRevLett.94.151802
https://doi.org/10.1103/PhysRevD.103.075014
https://doi.org/10.1103/PhysRevD.103.075014
https://doi.org/10.1007/JHEP06(2021)086
https://doi.org/10.1103/PhysRevD.108.115008
https://doi.org/10.1088/1475-7516/2017/05/022
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910e
https://doi.org/10.1088/1475-7516/2022/10/046


[40] A. Fradette and M. Pospelov, Phys. Rev. D 96, 075033
(2017).

[41] L. Barak et al. (SENSEI Collaboration), Phys. Rev. Lett.
125, 171802 (2020).

[42] I. Arnquist et al. (DAMIC-M Collaboration), Phys. Rev.
Lett. 130, 171003 (2023).

[43] Q. Arnaud et al. (EDELWEISS Collaboration), Phys. Rev.
Lett. 125, 141301 (2020).

[44] R. Agnese et al. (SuperCDMS Collaboration), Phys. Rev.
Lett. 121, 051301 (2018); 122, 069901(E) (2019).

[45] Z. Y. Zhang et al. (CDEX Collaboration), Phys. Rev. Lett.
129, 221301 (2022).

[46] P. Agnes et al. (DarkSide Collaboration), Phys. Rev. Lett.
130, 101002 (2023).

[47] E. Aprile et al. (XENON Collaboration), Phys. Rev. Lett.
134, 161004 (2025).

[48] C. Cheng et al. (PandaX-II Collaboration), Phys. Rev. Lett.
126, 211803 (2021).

[49] A. Aguilar-Arevalo et al. (Oscura Collaboration), arXiv:
2202.10518.

[50] B. A. Cervantes-Vergara et al. (Oscura Collaboration),
J. Instrum. 18, P08016 (2023).

[51] Y. Hochberg, Y. Kahn, N. Kurinsky, B. V. Lehmann, T. C.
Yu, and K. K. Berggren, Phys. Rev. Lett. 127, 151802
(2021).

[52] S. Knapen, J. Kozaczuk, and T. Lin, Phys. Rev. D 104,
015031 (2021).

[53] S. Knapen, T. Lin, M. Pyle, and K. M. Zurek, Phys. Lett. B
785, 386 (2018).

[54] S. Griffin, S. Knapen, T. Lin, and K. M. Zurek, Phys. Rev. D
98, 115034 (2018).

[55] M. Ardu, M. H. Rahat, N. Valori, and O. Vives, J. High
Energy Phys. 11 (2024) 049.

[56] G. Aad et al. (ATLAS Collaboration), J. High Energy Phys.
07 (2023) 118.

[57] A. Hayrapetyan et al. (CMS Collaboration), Phys. Rep.
1115, 570 (2025).

[58] G. Bélanger, F. Boudjema, A. Goudelis, A. Pukhov, and B.
Zaldivar, Comput. Phys. Commun. 231, 173 (2018).

[59] M. Hindmarsh and O. Philipsen, Phys. Rev. D 71, 087302
(2005).

[60] X. Chu, T. Hambye, and M. H. G. Tytgat, J. Cosmol.
Astropart. Phys. 05 (2012) 034.

VAN QUE TRAN and TZU-CHIANG YUAN PHYS. REV. D 114, 015041 (2026)

015041-20

https://doi.org/10.1103/PhysRevD.96.075033
https://doi.org/10.1103/PhysRevD.96.075033
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevLett.125.171802
https://doi.org/10.1103/PhysRevLett.130.171003
https://doi.org/10.1103/PhysRevLett.130.171003
https://doi.org/10.1103/PhysRevLett.125.141301
https://doi.org/10.1103/PhysRevLett.125.141301
https://doi.org/10.1103/PhysRevLett.121.051301
https://doi.org/10.1103/PhysRevLett.121.051301
https://doi.org/10.1103/PhysRevLett.122.069901
https://doi.org/10.1103/PhysRevLett.129.221301
https://doi.org/10.1103/PhysRevLett.129.221301
https://doi.org/10.1103/PhysRevLett.130.101002
https://doi.org/10.1103/PhysRevLett.130.101002
https://doi.org/10.1103/PhysRevLett.134.161004
https://doi.org/10.1103/PhysRevLett.134.161004
https://doi.org/10.1103/PhysRevLett.126.211803
https://doi.org/10.1103/PhysRevLett.126.211803
https://arXiv.org/abs/2202.10518
https://arXiv.org/abs/2202.10518
https://doi.org/10.1088/1748-0221/18/08/P08016
https://doi.org/10.1103/PhysRevLett.127.151802
https://doi.org/10.1103/PhysRevLett.127.151802
https://doi.org/10.1103/PhysRevD.104.015031
https://doi.org/10.1103/PhysRevD.104.015031
https://doi.org/10.1016/j.physletb.2018.08.064
https://doi.org/10.1016/j.physletb.2018.08.064
https://doi.org/10.1103/PhysRevD.98.115034
https://doi.org/10.1103/PhysRevD.98.115034
https://doi.org/10.1007/JHEP11(2024)049
https://doi.org/10.1007/JHEP11(2024)049
https://doi.org/10.1007/JHEP07(2023)118
https://doi.org/10.1007/JHEP07(2023)118
https://doi.org/10.1016/j.physrep.2024.09.012
https://doi.org/10.1016/j.physrep.2024.09.012
https://doi.org/10.1016/j.cpc.2018.04.027
https://doi.org/10.1103/PhysRevD.71.087302
https://doi.org/10.1103/PhysRevD.71.087302
https://doi.org/10.1088/1475-7516/2012/05/034
https://doi.org/10.1088/1475-7516/2012/05/034

	Freeze-in production of non-Abelian millicharged vector dark matter
	I. INTRODUCTION
	II. MODEL SETUP
	A. Lagrangian and Abelian-non-Abelian kinetic mixing
	B. Scalar potential and mixing
	C. Gauge bosons

	III. ROTATION ANGLE INDEPENDENCE AND MILLICHARGED BASIS
	IV. FREEZE-IN PRODUCTION
	V. GALAXY DYNAMICS, COSMOLOGICAL CONSTRAINTS, AND DIRECT DETECTION
	VI. NUMERICAL RESULTS
	VII. CONCLUSION
	ACKNOWLEDGMENTS
	DATA AVAILABILITY
	APPENDIX A: UV COMPLETION FOR THE DIMENSION-5 OPERATOR
	APPENDIX B: EVOLUTION OF THE TEMPERATURE RATIO &xi;=Th/T
	APPENDIX C: PRESSURE, ENERGY, AND ENTROPY DENSITIES
	APPENDIX D: THE SOURCE TERM Jh
	APPENDIX E: COUPLED BOLTZMANN EQUATIONS
	APPENDIX F: RELEVANT CROSS SECTIONS AND DECAY WIDTHS
	1. WpWm&rarr;f&macr;f
	2. Z&rarr;WpWm
	3. WpWm&rarr;Z&prime;Z&prime;
	4. WpWm&rarr;hDhD
	5. hDhD&rarr;WpWm
	6. WpWm&rarr;hD
	7. hD&rarr;WpWm
	8. f&macr;f&rarr;hD
	9. h&rarr;f&macr;f and hD&rarr;f&macr;f

	APPENDIX G: PLASMONS DECAY INTO VECTOR DARK MATTER
	References


