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We present the first predictive realization, to our knowledge, of vector freeze-in dark matter from a
hidden non-Abelian SU(2) gauge sector spontaneously broken by a Higgs triplet to a residual U(1)
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 €, generated by

an effective dimension-5 operator involved the Higgs triplet. The dark sector interactions are governed by

the hidden gauge coupling g, 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.

DOI: 10.1103/4plg-2xx5

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 U(1),
mixes kinetically with the SM hypercharge U(1),. This
idea was first proposed by Holdom [1], who showed that
gauge-invariant kinetic-mixing between two U(1) fields is
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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 ee, where e denotes the
charge fraction. Such a small charge may arise from kinetic
mixing between U(1), and a hidden U(1),, 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 e to lie between O(107*) and O(107!) for MCP
masses in the MeV-TeV range (see [10] for a review).

In the low-mass regime (mycp S 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 e < 1074 [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
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between U(1), and a hidden U(1),,. 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 SU(2),, gauge theory, spontaneously
broken to a residual U(1), by a real Higgs triplet. The
symmetry breaking gives rise to a massless dark gauge
boson, referred to as the dark Z.' The extended gauge
symmetry also enables a dimension-5 effective operator
involving the hidden Higgs triplet and the field strengths
of SU(2),, and SM hypercharge U(1),. This dimension-5
operator further induces a dimension-4 Kkinetic-mixing
operator between U(1), and the neutral component of
the broken SU(2),, 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 SU(2),,
gauge group, which is spontaneously broken to a massless
U(1),, 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 SMEFT +- triplet extension [28]. It
is then followed by a detailed discussion of the rotation
angle independence and “millicharged basis” in Sec. I1I. 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.

'Owing 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.

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

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. VIL

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 SU(2),, the hidden triplet Higgs, and the SM
hypercharge group U(1),. Appendix B derives the evolution
equation for the temperature ratio £ = T,/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 SU(2), gauge sym-
metry and a real scalar triplet £ = X*T,, where 7%, = ¢%/2
(a=1, 2, 3) are the generators in the fundamental
representation. The Lagrangian is

L = Lsy + Lps + Lyix — AV(D,Z), (1)

where Lg) is the SM part,

1 apv 1
Eos = =g W W™ —5THDID" T (2)
D= = 0,5 — igp[W,T%.5), (3)

and AV(®, %) (to be defined shortly) is the scalar potential
that includes the real triplet and a portal term involving
the SM Higgs @ and X. Here W§, (W5,,) is the gauge
field (field strength), gp, its gauge coupling, and L, is the
kinetic-mixing term.

An  Abelian-non-Abelian  kinetic-mixing between
the hidden SU(2), 3and SM U(1), arises from the

dimension-5 operator
/
O5 = S DL T(TWE)B,. (4)

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

3A similar operator linking the SM electroweak gauge group
SU(2), x U(1), by aweak triplet Higgs of zero hypercharge was
analyzed in [28].
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example, by integrating out a heavy Dirac fermion
¥(1,2,y), where the numbers in parentheses denote its
representations under SU(2), x SU(2), x U(1)y, 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 X acquires a VEV, (%) =1Diag(vg, —vs),
SU(2),, breaks to U(1), and (4) induces

€

2

/
W%U/B €= — C59pg Uy, ) (5)

'Cmix o - ) A

We note that the kinetic-mixing parameter € 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

ﬁz; 0 ) | ©)
g —

where 6% (a = 1, 2, 3) are the Pauli’s matrices, X° = ¥ and
Tpm = \%(21 F i¥?) are the neutral and dark charged

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

G+
®:<%(v+¢+iGo)>’ )

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

)

s a0 _1[vst+2
V25

V(®D,%) = —u% (OT®) + 1o (®T®)? + AV(D,X), (8)

1 1
AV(D.%) = 3 (Z27) + Ay (202)?

+ %zq,z(qﬂcp) (Zex9). )

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

4
0 < Jo, ,125?”, (10)
—2\//1q>/12 < /1(1;.2 < 8. (11)

The minimization conditions, oV(®,X)/dv =0 and
oV(®,%)/dvy = 0, lead to

1
pHap = ApV* + 5/1q>271%, (12)

1
ps = Asv3 + Elq,zvz. (13)

The CP-even neutral scalar fields (¢, £°) 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 (¢, X°) is

M2 _ ( 2/1@’1)2 1@27]7)2>. (14)

scalar
iq)z Vvy 222 1}%

The matrix can be diagonalized by an orthogonal trans-

formation,
—sinf ¢
o ()09

< h > <cos s
hp)  \sinp
where the mixing angle satisfies

an 2 — —EVVz (16)

2 2"
/14;.1} - /12’1]2

The physical CP-even scalar masses are

m%’hb = j.q)'Uz + iz’l]% F \/(iqﬂ)z - /12’[]%)2 + (/1@21)’1]2)2.

(17)

We identify 4 as the Higgs boson observed at the LHC with
a mass of 125 GeV, while A, is an extra scalar. The Higgs
data measurements at the LHC constrain the mixing angle
| sin 8] < 0.2 [29]. On the other hand, the charged compo-
nents X7 acquire zero masses and serve as the unphysical
Goldstone bosons that are absorbed by the longitudinal
components W/™ 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

1 7y 1 a auy
Ekin - —ZB”DB —ZW”IJW
1 a apv 1 3uv
1 puwWp —§€WD B,,. (18)

To eliminate the kinetic-mixing term in Eq. (18), the
following field redefinition can be applied
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1
()= )G ()
B, 7= 1) \se e B,

(19)

where ¢, = cosa, s, = sina and the angle « is arbitrary.
We emphasize that, since both the photon and dark photon
are massless as we will demonstrate below, the angle
reflects a redundancy in the choice of basis in the unbroken
Abelian subgroup U(1), x U(1),. Physical observables
must be independent of «, although intermediate quantities
such as gauge interaction vertices and therefore individual
amplitude may exhibit explicit a-dependence. We will
demonstrate this explicitly in Sec. III.

The redefinition in Eq. (19) affects the covariant deriva-
tive, which now takes the form

Sa9D

3
V1—¢? TD)

D,=0,-1-igW;T*—-iB, (g’Y -

—iW}, (9”1/ + "1“3062 T?)), (20)
where

‘a:g/<ca +\/%S”>, (21)

.?,:.d(Sa_\/le_—éaca)‘ (22)

Here T* (T}) with a = 1, 2, 3 are the SU(2), [SU(2)p]
generators, Y is the hypercharge and ¢/, g, and g, are gauge
couplings of the U(1)y, SU(2),, and SU(2), respectively.
For doublet, (T(”D)),.j = (7);;/2 with i, j = 1, 2; while for
triplet (T?D))bc = —iege With a, b, c =1, 2, 3.

The covariant derivatives of the SU(2), doublet scalar ®
and the SU(2), triplet  can then be written down as

¢ 1 1
_ . . ~ . ~ 3
D,® = <6ﬂ -1 = lng?— 159/3" - zig”WDﬂ>(I),

(23)

D2 = [5ab0y — 90 (Why€1ap + Wh€2ap)

dp

V1=é?

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

; (5.8, — cawz,»esab} . (24)

1 1 - -
Lias = ZQZUZW;W; + gvz(—ng, +7B,+ Sf/W%)ﬂ)z

A 25)

Wi =35 (Wl F iwp). Wi =

%(W}DM F iWp,) and v =246 GeV. The mass of the

SM gauge boson W* remains the same as my- = gv/2,
while the dark charged vector boson W7 has a mass
Mypm = My = gpUs.

In the basis of V = (B, W3, W3), the second term in
Eq. (25) yields the following symmetric mass matrix for the
neutral gauge bosons:

where we define

. 7> -9 97
Mi=2v| g9 ¢ g9 (26
g/g// _g//g g//Z

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

(27)

which corresponds to the mass of the SM Z boson. Since g’
does not depend on the rotation angle «, the Z boson mass
is also independent of a.

An orthogonal transformation O can be used to rotate
the gauge basis V; into the mass basis E; = (A,Z,Z'),
where A denotes the photon, Z is the massive neutral gauge
boson, and Z' is the massless dark photon state. The
relation between the gauge and mass basis is given by
V; = O,;E; such that O"M70O = Diag(0, m%,0) with m}
given by Eq. (27). The orthogonal transformation O can be
explicitly constructed as

cg —s1 O 1 0 O
O=1s ¢ 010 ¢ -5
0O 0 1 0 s ¢
c; —S1Cy 818
=|s cc —cy5 |, (28)
0 Sy cH

where
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=/

SlESinelzi, CIECOSGIZi7
Im 9m
~I g
Sy =8inf, = ——, C2§COS92:_—M’ (29)
Im Im

where gy = \/¢> + §* and g, = \/¢> + §>. While gy,
depends on the rotation angle a through @, g, is inde-
pendent of a because g 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 = Z ZJ_C}’M(”{ - a{?’s)fEf’ (30)
i f

where the vector and axial-vector couplings are given by

T3
vl = (90y - 70, - §’03i>7f + (70 +7'03) 0y,

(31)

. T3
a{ = (90, =70y, - ?//031')7/" (32)

with T;v denotes the quantum number of the left-handed
chiral component of f under SU(2), and Q; = T} +Yyis
the electric charge of f.

Using the explicit expressions for the matrix elements of

vh =] =7c10r = 9510y,
a£ = a{ =0.
3
_ g [Ty
vy =0 = oo {7 — (s7e3 + S%)Qf:|
3 —
(TP,
2 @)
T3 T3
VA A e e |
az_a2 <C1C2> 2 gM 2 ’
. . ~/92
Ué/ = Ué = gl/C%CQQf = gMgM Qf’
al, =a} =0. (33)

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, v‘é and aé, are
independent of the rotation angle a, since they depend only
on the a-independent couplings § and gj,. In contrast, the
couplings vi; and v'; do depend on a, but this @ dependence
cancels in physical observables.

The cubic and quartic self-interactions of all physical
gauge bosons can be obtained from L,;, in Eq. (18).
Recalling that the orthogonal transformation O between the
gauge basis V = (B,, W;, W%ﬂ) and the mass basis E =

(A, Z,.Z,) is given by V,; = O,E,;. Define the field

O in Eq. (29), one can obtain the vector and axial-vector  strength as usual E,, = (9,E, —0,E,) = (F,Z,,.Z,,).
couplings of the neutral gauge bosons to SM fermions as  The cubic term is given by
|
. _ _ s ] - e v
£3g = lgOZi |:(W;;W H— WﬂyW+M)Ei + E(W;:WD - Wﬂ W;F)Eil :|
1
g W W W WPES + S WEWE - W WEE | (34)
|
where with the ZWPW™ vertex in the second line of Eq. (34),
p L (—5,04 + ¢,05) (35) L (C5.0p+e,0m)=— &7
i = Pali aY3i)s Ky = —Sq Cy = s
T 1 3 2 T 12 32 =
K = <eca -Vi- ezsa> Oy + (esa +V1- ezca> Os;. Ky = <€Ca V1= €2Sa) O, + <€Sa 1= gzca) 05,
(36) =0, (38)

From the first line of Eq. (34), the overall coupling of the
ZWHW~ vertex is given by g0, = gci¢, = g%/ Gy, Which
is independent of . Similarly, the couplings associated

are also independent of a.
Lastly the quartic term of the gauge boson interactions
can be written down as

015041-5
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1
Ly, = ) FlWIW )2 — Wi W W W

+ 2(92,-(921-(W;W_”E,¢E5 - EiﬂW“Eij_”)]
1
— S BUWEW? — Whwrew e
+ 2Kin(WﬁW’”"E,~,,E; — EiMWp”Eij’””)]. (39)

Similar to the cubic terms, the quartic vertices ZZW W~
and ZZWPW™ are also independent of a.

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 a. However, this property is not
manifest for the two massless states y and Z’. In this

|

pol. pol.

1
2 _ 2
Z|M|W+W‘—>2photon5 - 5 <Z|M|W+W_—>y}/

section, we demonstrate that physical observables involv-
ing y and Z' are also independent of a.

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 a. Consequently, individual
amplitudes generally depend on a. 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 a-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 WHW~ — two real photons
receives contributions from the #- and wu-channel W=
exchange diagrams and the seagull diagram for each of
the three final states yy, yZ’, and Z'Z’, such that

+ Z|M|%V+W_—>Z'Z’> + Z|M|%V+W_—>yz' (40)

pol. pol..

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

one finds

g4 gl 4

D IMB e nons = 9103 + O3 +203,0%) x F = ¢*(1 = 3})? x F = = x F = ¢* x F (41)

pol..

Im

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

-~

7 (“2)

Im

defines the electric charge e, which is independent of the rotation angle a.
Similarly, one may consider the process W”W" — two real photons and obtain

pol. pol. pol.

S IMR —1(Z|M|2 -3 mp )+Z|M|2
WPW™—2photons — 2 WPW"—yy WrwWn—2Z7'7' WPW™"—yZ'

pol..

= gp(cf +13)°Fy + (6 + K72 Fa + (k7 + &3) (kT + K5) F3 + (k1) + K305)*Fy
+ (kf +13) (K1} + K3K4)Fs + (€ + £5) (k1K) + K35) F (43)

where F;(i = 1, ...,6) are invariant functions of the Man-
delstam variables s, #, and u. Using Egs. (35) and (36), one
finds

— g B P+ g2
ki +i3 =1+ N2 L2 2 72
(1= +7%) F-€)+g
KPP+ =1,
KK 4 K3k =1, (44)

|
which explicitly shows that the process W W™ — two real
photons is also independent of a.

Therefore, although the individual amplitudes depend on
the basis choice, the corresponding physical observables
are independent of a. 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.

015041-6
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Since the parameter a 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

Sq =€, cg=V1-¢, (45)
for which
g/

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

g g
S :7’ :77
/92+§/2 /92+§/2
Sy = O, Cy = 1. (47)

Furthermore, Eq. (33) shows that the massless dark photon
does not couple to SM fermions at tree level,' while the
photon couplings retain exactly the same form as in the
SM with e = gsl.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 yW™ W~ coupling is given by

90y =gs| = e, (48)

while the quartic yyW*W~ interaction from Eq. (39) is
proportional to

703 = é2. (49)

Consequently, both the cubic yW™W~ and quartic
yyWTW~ vertices preserve the same structure as in the
SM. On the other hand, the cubic Z’W*W~ and quartic
7'7Z’W*T W~ interaction vertices vanish identically.

The couplings between the complex dark gauge bosons
W) and the neutral massless gauge bosons also simplify
considerably. From Egs. (35) and (36), one obtains

€Cq

K| = — , K, =0,
1 V1-¢?
€51 ,
Ky = + , K, =0,
? V1= é? :
K3 = 1, K/3 =1. (50)

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

The electric charge takes the same form as in the SM, with the
replacement ¢ — § = ¢'/V'1 — €.

Therefore, the interactions between W(”) and the photon
are suppressed by the kinetic-mixing parameter €, leading
to an effective millicharge interaction for the dark charged
vector bosons.

The millicharged dark vectors W' = W»" are stable due
to the unbroken U(1), 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 gp.

IV. FREEZE-IN PRODUCTION

Because the portal couplings €, g, < 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 T, denoting the visible and hidden temper-
atures. The evolution of the ratio £ =T, /T, accounting
for feeble energy transfer, is governed by [32-35] (see
Appendix B for detailed derivations).

dé 1 3H(pn+pn) =JIn\ dpo (dpn\ ™!
dT_T[_H <3H(pv+pv)+lh> dT (dTh> ] o

where H is the Hubble parameter, and p, , and p, ;, are the
energy and pressure densities of the visible and hidden
sectors (see Appendix C for explicit forms). The source
function J;, 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 Y; = n;/s,

vy, 1 dp,/dT
e . ’ RAT,T,), (52
dT s [3H(p,+p,) +Js .Tw). (52)

where s is the total entropy density, n; the number density,
and R;(T,T,) 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 ny» = ny» = nyr, the dark photon,
and the hidden Higgs. Explicit expressions for the rates R;,
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
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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]

%

47 (53)

0.01)\2/3
mpm (E) z 300 GCV, ap =

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],
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AN (T, &) = ggi’ff(T) <E> &,
with & = T},/T. Current BBN and CMB analyses demand
AN < 0.18 at 95% CL [39]. In addition, the dark Higgs
must decay before nucleosynthesis to avoid disrupting
light-element abundances, typically requiring z;, < O0.1s
for 2m,, < my,, < my/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 uy, =
mym,/(my +m,) and apy = e?/4x, the constraints
are conveniently expressed in terms of the reference elastic
cross section We™ — W'e™,

_ AgpKiapmmy,
6, =—r——— <, (55)
(aEMme)
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gp = 1077, =3.8 x 1077, and sin = 0. Top left: temperature ratio & = T),/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: ff — WPW" (red dashed), Z-boson decay (purple dashed),
plasmon decay (orange dashed), dark matter pair annihilation into Z’'Z’ (blue dashed) and hphp, (green dashed), and the inverse process

hphp — WPW™ (magenta dashed).
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FIG. 2. Parameter space yielding the correct freeze-in dark matter abundance with reheating temperatures Tgyy = 0.1 GeV, 10 GeV,
and 1 TeV represented by solid black, blue, and red curves, respectively. Left: projection onto the (my, €) plane with g, = 1077, Right:
projection onto (my, gp) plane with € = 0.5 x 1077, All remaining parameters follow benchmark BM1, and we fix & = 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 Tgyy = 0.1 GeV, 10 GeV, and

1 TeV, respectively. The red star point in the left panel represents the benchmark BM1.

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 W”" in the Abelian-non-

We then explore deviations from BM1 by varying the
reheating temperature, initial temperature ratio &,, and other
model parameters. The left panel of Fig. 2 shows the viable
region in the (myy, €) plane, keeping other parameters as in

101 ¢
Abelian kinetic-mixing model. We choose to work in the o
millicharged basis defined by Eq. (45) so that the massless 100;— e
dark photon does not couple to SM fermions. As our first S R R A
representative case, we define benchmark point BM1 with 107 o114
myy =0.01 GeV,my,, =my/3,gp =107, =3.8x 107, f Vy
sinff =0. In this scenario, the dark sector communicates 10_2? $ 0112

with the SM solely via millicharged interactions, with gp
constrained by halo-shape bounds and e adjusted to repro-
duce the observed relic density, taking Ty = Try = 1 TeV

AN s

0.110

10| F
¢

DM Relic Density

10-4L
and an initial temperature ratio & = (T,,/T), = 0.01. J o
Figure 1 shows the thermal history for BM1. The 10-5E 106
hidden sector starts empty and gradually populates as '
the Universe cools. Production is dominated by milli- R T A T T
charged annihilation ff — WPW™ (red dashed), while &
Z-boson and plasmon decays provide subleading contri-
butions that switch off once the plasma cools. A mild FIG. 3. Effective number of relativistic species, AN (TppN)

enhancement at 7 ~ 10-100 GeV arises from Z exchange,
and the kink at 7' ~ 150 MeV reflects the QCD transition.
DM annihilation into dark photons or the hidden Higgs is
suppressed by the small gp, leaving W7 as the dominant
relic component. As the rates fall below the Hubble
expansion, all abundances freeze in, reproducing the
observed density Qpyi% = 0.120 +0.001 [38].

evaluated at the BBN, and dark matter relic density (indicated by
the color scale) as functions of the initial temperature ratio &, =
(Tho/To)gy With To = Try = 1 TeV. All other parameters are
fixed to the values of benchmark point BM1. The region above the
red dashed line corresponds to AN > 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 2o range.
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BMI. Since the production rate from the dimension-5
operator scales as Ry ~ T/ A?, freeze-in remains efficient
up to Try, making the relic abundance sensitive to Tgry:
higher reheating temperatures increase production, requiring
larger A (or smaller €) to match observations. For
myy 2 Tryg, production is Boltzmann suppressed, and only
very large e could compensate—values already excluded by
collider, neutrino, and beam-dump searches [4-9]. Current
direct-detection limits already constrain part of the low-Try
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
(my, gp) plane for fixing € = 0.5 x 1077 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,

0.050

processes such as WW' — Z'Z" and W'W' — hphy, effi-
ciently erase the freeze-in population.

The impact of the initial hidden-to-visible temperature
ratio is illustrated in Fig. 3. Larger &, enhances the hidden
radiation contribution to AN.g(Trpy) While suppressing
the DM relic abundance. Values &, 2 0.5 are excluded by
BBN and CMB bounds (AN < 0.18 at 95% CL),
whereas &, < 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 my =0 GeV, my =
0.1 GeV, my,, =04 GeV, gp = 1077, e=1.2x1075,
and sinp = 107°. The initial temperature is set to
Ty =1 TeV, with an initial temperature ratio &, = 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
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FIG. 4. Evolution of the dark sector for benchmark point BM2, defined by m; =0 GeV,my = 0.1 GeV,m;, = 0.4 GeV,
gp = 1077, e = 1.2 x 107°, and sin # = 10~°. Top left: temperature ratio £ = T}, /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: ff — W?”W" (red dashed), Z-boson decay
(purple dashed), plasmon decay (orange dashed), dark matter pair annihilation into Z'Z’ (blue dashed) and hphp, (green dashed), inverse
annihilation hphp — WPW™ (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 £ 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 patrticles 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 7, = 7.49 x 1071% s, which
satisfies the BBN constraints discussed in the main text.

As in BMI, the dark photon number density remains
small due to the tiny gauge coupling gp, 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 ff — WP W™
(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 SU(2) gauge sector spontaneously broken to a
residual U(1) symmetry with a massless dark photon
mediator. The pair acquires tiny millicharges through a
dimension-4 kinetic-mixing term with an effective coef-
ficient €, 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 a,
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 a-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 e, enabling freeze-in production
from the SM plasma, while its internal interaction strength
is set by gp. For €, g, ~ 1077, 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 ¥(1, 2, y), which
is an SU(2), doublet carrying hypercharge y and is a
singlet under SU(2),. Its mass and interactions are
described by
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Ly =P — My)¥ — (yoPZ¥ +H.c.), (Al)
where the covariant derivative is
D”lP - (aﬂ - igDW%ﬂ f) - ig/yBﬂ>lP7 (Az)

yy 1s a complex Yukawa coupling, My is heavy lepton
mass and X = XT¢,. The Yukawa terms in Eq. (A1) splits
the heavy lepton doublet mass once X 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 X insertion and two
external gauge bosons W% and B**. In the low-energy limit
|p?| < M3, matching the amplitude to dimension-5 oper-
ator yields [55]

cs _ YRe|yy]

A - 12ﬂ'2M\p '

(A3)

Taking y = —1, yy~5 and My~ O(1) TeV naturally
yields the kinetic-mixing parameter e~ 1077 for
myy ~ 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 vy > A/cs, 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 scale M.

The heavy Dirac lepton carries electric charge Q = 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 SU(2), charge
and efficiently annihilates into dark gauge bosons before
decaying, so it does not affect cosmological evolution. No
light remnants remain, preventing contributions to AN . or
other precision observables.

This simple UV completion demonstrates that the
dimension-5 operator and the resulting millicharge param-
eter e 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 =T, /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
E=T,/T between the hidden and visible sectors with
temperature 7, and T, respectively.

We start from the continuity equation,

dp

3H -0,
ot (p+p)

(B1)
where p = p, + p,, is the total energy density and p =
P, + py 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

dp

dl‘y + 3H(p1/ + pv) = _Jh7 (Bz)
i 3y = B3
?—'— (/)h +ph> — Jh ( )

where the quantity J, (—J},) 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 J, is given
in Appendix D.

Using the chain rule and together with Eqgs. (B2)
and (B3), we obtain

ar, dp, (dpn\™!
—=A — B4
dar dr (dTh ’ (B4)
where
d dp,\-! 3H —-J
A = 9Pn (P _ (pn + i) = I . (B3
dr dr 3H(p1*+pv)+']h

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

¢ 1 dr), 1 dp, (dpy\™!
(- = |—e+ALe (L) 1 (B
dT T( ot dT) T[ SHAUr (dTh (B6)
Hence, knowing &(7') as a function of the SM temperature

T allows one to compute the hidden temperature
as T,(T) = T - &(T).

APPENDIX C: PRESSURE, ENERGY, AND
ENTROPY DENSITIES

The visible sector is described by a relativistic plasma of
all the SM particles at temperature 7. The corresponding
energy density and pressure are given by

2 1

T
— = g0 T4, R Cl1
Po = 35 %ett Py =3P (C1)

where g, 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

2
T , , N
Pn= 9_OfgffT27 (}elff = fgf/f + fesz + fetpf’ (C2)
71'2 h T4 h w / hp
Pn = %geffThv Getr = Goir + gfff + 9.ft» <C3)
where
. 15g; [ (x2 —x2)32
éff - 71.4l/ er _11 dx’ (C4)
Xi
15g; [ex(x - a1
Jett = 4 / a2 (C5)
o

fori = W', Z', hp and x; = m;/T},. In the massless limit of
Z', the Bose integral is well known

3 4
© x n
dx = —,
A et —1 15
from which we recover the familiar Stefan-Boltzmann
relation for dark radiation

(Co)

”2

30 (C7)

1 .
Pz =3Pz with  py = =g, T}.
The total entropy density can be affected by the hidden

sector which is now given by

272

a5 (hiT? + hiT)),

s = (C8)
where hlj; and h!; are entropy degrees of freedoms of the
visible and hidden sectors, respectively. Here, Al is also
taken from tabulated results in micrOMEGAs package [58],
while hi; is calculated using the temperature-dependent
integrals given in Ref. [59],

4 4 h
i = hife + hlg + he, (C9)
where
BT I A
gt ) e*—1 4 ’
xl‘ —@, l - W/,Z/, hD’ (Clo)
1),

with gy =3, g =2, and g, = 1. In the case of a
massless Z', using Eq. (C6), one obtains h%; = g, = 2.

The Hubble expansion rate is also affected by the
presence of the hidden-sector which is now given by
- 87TGN
3

H2

(pv +ph)7 (Cll)

where Gy is Newton’s gravitational constant.

APPENDIX D: THE SOURCE TERM J,

The function J, 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

Ty SR gy (T) + J 5 (T)]
f

+ 2nzJd 7 wown (T) + 203 oy (T)

+ 2,y Lwrwn (T) = 3, Iy 7 (Th) 3 (D1)
where n; denotes the number density of species i, and
we have also included the plasmon decay process
y* — WPW™, The J-functions appeared on the right-hand
side in Eq. (D1) are defined by

A
nanb'lub—wd = 128;_4/ dsacd—wzb(s)s(s - SO)K2(\/E/T)’
S0
(D2)
T 0
W e, =g | 45, (5)5(s = ) KA/
So
(D3)
na"a—>bc = namaraﬁbc’ (D4)

n},*Jy*_)Wme = ny;ml<r>y;_>w17wnx + n},;fmt<r>y’*_,wpwm,

(D5)

where s, is the minimum square of the center-of-mass
energy. For ab — cd, sy = max((m, + my)?, (m, + my)?);
while for ff — hp, sy = 4m7. 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 »; in the hidden sector
can be derived from the following coupled Boltzmann
equations:

dn.
iy 3Hn; = Ri(T, T),

- i=W.,Z hp,

(E1)
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where 7 is the evolution time and we assume ny, = ny» = ny,» for symmetric dark matter. In the right hand side of Eq. (E1),
Ri(T,T),), represents the number of interactions per unit volume per unit time that produce i with i = W', Z" and h,
respectively. Explicitly they are given by

Ry (T.T)y) = Z [15(60) 7 wown (T)] + nz(T) zwown (T) + 1 () pooym (T)
feSM

+ 1, () e s (T) + 1y (T owrwn (Th) + ”%,D (00) pny—wewn (Th) = ”%vr[<01}>w"W"'—>hD(Th)

+ (o) wownz2(Th) + (V) wownnpn, (Tn)ls (E2)
Ry(T.T,) = ”%v’ (ov)wown_zz(Th), (E3)

RhD(Ta T)) = Z [”§<0”>ff—>hD<T)] + n%v’[<GU>W”W’”—>hDhD(Th) + <0”U>W”W’"—>hD(Th)] - ”%D <0'U>hDhD—>WPwm(Th)
fesSM

i, {<r>hwwpwm<m s <r>h,ﬁf,—c<n>] . (E4)
fesSM

Here, (ov) and (I') 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:

nj2‘<61)>ff—>W”Wm(T) = (n;g’)2<av>W”W”’—>fj_c(T)’ (ES)
where n}, is the corresponding number density of W’ in equilibrium, which is given by
e 9w’
l/lvg; = 2—”27}’!%4,/71](2 (WLW//T) (E6)

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

1
B 8Cabm¢21m%;TK2(ma/T)K2<mb/T)

o0 1
X / dsaab—wd(s> = [(S - m%l - m%)z - 4m%m%]K1 (\/E/T)’ (E7)
(mn+mb)2 \/E

where ¢, 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 o(s) for various processes are provided in Appendix F.
The thermally averaged cross section for an aa — b process is given by

<O-7j>ab—>cd (T)

[So]

(Ol T) = G BT o 050l = 402K (V7). (E8)

The thermally averaged decay width of Z, & and hj bosons in Egs. (E2)—(E4) is given by

Kl (ma/T)

a—bc Kz(ma/T) . (Eg)

<F>a—>hc (T) =T

The thermally averaged rate of plasmon decay (y* — WP”W™) 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 Yy = ny/s, Yz = ny/s and Y;, = n,_ /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

_Sin 3H(,0,/ +pv) +Jh
dT dp,/dT

d
} +Y, <£ + 3Hs> =R(T.T,). i=W.Z hp. (E10)
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where we used the energy density evolution equation
in (B2) to change time to temperature, namely,

ar
dr

BH(py + py)+ 4] (d”“)_l (E11)

dTr

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

ds
— +3Hs =0, El12
;T 3Hs (E12)
we can rewrite Eq. (E10) as
dy; 1 dp,/dT
i 2 Po/ x Ri(T.T}).
ar S 3H(/)1;+pﬂ)+~]h
i=W.Z hp. (E13)

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 Y9 ,.

The DM relic density is then determined by

0 2
mW/Y /Sol’l
QDMhZ — W ,

pc (E14)

where p,. is the critical energy density required to close the
universe, S, is the current entropy density, and % is the
dimensionless Hubble parameter defined as

H,
100 kms~! Mpc~!"

h= (E15)

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

oWIW™ = FF)z) = g

§7Koo

2
ngﬁWﬂf {€2Q}K11 <1 +
W

W/rm f VHI ‘
wp f

FIG. 5. Feynman diagrams for the process of dark matter
annihilation into a pair of the SM fermions.

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

Qpyh? = 0.120 =+ 0.001. (E16)

We will use 4 = 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. Ww™ - ff

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# — ¢), 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

2
’"f) 25(s = m)K1

f 2’"?
t - m2y + mirl { Qf”'Z( +_>}

e ) g [|v-§|2<1 +2’"§> + |aé|2(1 —4'"]”)} } (F1)

4m? | 4m? .. . . .
where fyr =1/ —@ and fr=1/1 —% 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, my, = mymn = my», Ny =1

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

3mi,
Kij = K'ﬂ('j(l + mW), (F2)

where k| and «, are given by Eq. (50).
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The cross section from scalar-boson-mediated diagrams
is given as

(WPW™ = F1) hny)
B NfgzD(mj%/vz)coszﬂsinzﬂ,B_:?r
B 327wm3, Pw
s?(my —m3 )? dm3,  12ms,
L )2< -—F 4 2W>, (F3)

(s = mp)*(s = mj,

N N

where v = gmy, /2.
The total cross section is then given by

a(WPW™ = ff) =a(WW"™ = ff) i,
+o(WPW™ = ff), 2. (F4)

2.Z - wrwn
The decay rate of the SM Z — W?W"™ process is given as

2.2 4m2 )\ 3/2 2
Oz~ wowe) ~ B850z () (5 2,
z w

(F5)

where the coupling «, is given in Eq. (50).

3. wewn —» 72’7
The annihilation of dark matter into massless di-Z’
bosons is depicted in Fig. 6, which mimics the SM process
W*W~ — yy. The total cross section for this process is
given as

c(WPWm — 7'7')

24} 1 N m3, N mj,
 3am?, B, Y\3 " 4s 52

my, 2m3, 1 =By
+ 2 <1— . )10g<1+ﬂw’)} (F6)

For a massless dark photon Z’, the sum over its physical
transverse polarizations introduces a dependence on an
auxiliary lightlike vector n*

wm 7!

wr A

k,n, + k,n

A *(A v v

> e (ke (k) = =g, + L= (FT)
=12

where k* is the dark photon momentum and n* satisfies
n*>=0,k-n+#0. This construction projects out the
unphysical longitudinal mode, and despite the intermediate
n*-dependence, the final cross section in Eq. (F6) is gauge
invariant and independent of this choice.

Similar expressions can be derived for the processes
WPW™ — yy and WPW™ — Z'y. However, these contri-
butions are suppressed by the kinetic-mixing parameter €
relative to the dominant WPW" — Z'Z’ channel.

4. WPW™ — hDhD

We consider the process

WP(p1, 21)W" (P2, 42) = hp(ky)hp(ks), (F8)
where 1;, = 0, £1 denotes the helicity of the incoming
Wwr™ . The Feynman diagrams for this process in unitary
gauge is shown in Fig. 7.

The helicity amplitude of the process is given by

Mo g Moa A ,12
MW,,Wm_,hDhD = ./\/l4pt + M+ M

+ M+ MyE, (F9)
where
Mh2 =22 cos2fe, -
apt — 49D €1 €2,
A A . €y
Mhl p— —QgDmW//lthhD sSin ﬂm
1 2)" —my,
A €€
M 2 2gDmW/ﬂhDhDhD COS ﬁm,
1 2)" —my,
2
A my,€1 €~ (ky—ps)-€(ky—ps)-€
MV&/’Zt:492DCOS2ﬁ . (kz_P2)2—m2 ’
W/
2
%) my,€1 €~ (ky—pa)-€ (ki —ps)-e
M2, = 4gp cos? f— (ki —p) = ,
W/
(F10)

with €; = €;(p;,4;),i =1, 2 are the two polarization
vectors of WP and W™, and

Z/ 1% m Zl

Wwpm

A we A

FIG. 6. Feynman diagrams for the process of dark matter annihilation into di-Z’ bosons.
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Anhph, = 08in B cos f(Ayv sinf — Ayvy cos ff)

+ 2Apx [v cosﬂ< cos?f — s1n2ﬁ> — vy smﬁ(l sin?f3 — coszﬂﬂ

= 3[224vsin’f + 225 v5c08> B + Agy sin fcos f(v cos f + vy sin ).

Ahphphy

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

Ph=22(1.0.0.py).

ph=2(1.0.0.py).

K= £(1 By S Oy, 0. By, €OS O

K = %(1 By, Sin O 0. ~f;, c08Oe).  (F12)

4m?
where f, =1/1- S”D is the velocity of hp and 6, is the

angle between the momenta 1?1 and p, in the center-of-
mass frame.

The explicit polarization vectors of W”-"" can be written
down as

1
é(p1. A = £l —(0,1,+£i,0
1(171 1 )= \/f( )s
-1
ei(pr,ly = £1 —(0,1,F 1,0
5 (P2 A2 )= \/5( Fi.,0),
1
prdr =0) == (g,.0.0.1),
My
1
Apain=0)=——(p,00.-1).  (F13)
WI
W . hp wm , hp
//// h.hp
. --
W S hp wr thp
wn o wn
we T we

FIG. 7. Feynman diagrams for the process of dark matter
annihilation into a pair of dark scalar boson /.

(F11)

Altogether, nine helicity configurations are possible.
With the exception of 1; = 4, = 0, the other eight helicity
amplitudes satisfy the symmetry relations given below:

++ _
Miyrym hpny =

—+ _
WPW"hphp —

MWV W shphy —

WPW™ s hphp
Jr_
WPW™—hphp

0+ _
= Moy =

= My

-0
WPW™ = hphp
(F14)

The differential cross section can be obtained by

do(WPW™ — hphp) 1 pp, 1 )
= > Z'Mﬂlfﬁwmehl)hpp’
dcosf., 327s By 2 X 9/1] 7

(F15)

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 W”" 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 - wewm

The cross section of hphp — WP W™ can be obtained by
its relation to WPW™ — hph, process, which is given as

O'(hDhD g Wme) = 18

A 2
( W) x o(WPW™ = hphp).

hp

(F16)

6. WW™ — hy,

The cross section of WPW™ — hp can be given as

12mj, m%,L,)

2 2

2.2 2

_ mgpmj, COs /] (_
m m

hp w

Owpwm hp =
9ﬁ 1§
W

2
x 3(s —m?). (F17)
7. hy — WPW™

If my, > 2my,, the dark scalar h, can decay into
WPW™. The decay width of this process is given as
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T(hy, — WPW™)

2 m, cos? 4m?, 12m2, m;
_9p fg i W <—4+—W ”D). (F18)
T m;,

8. ff — hp
The cross section of ff — hp process is given as

_ amim? sin%p 4m?
o(ff = hp) = —L1» /<1— f>5(s—mﬁD).

2NV fys my

(F19)

9. h - ff and hy, — ff
If kinematically allowed, scalar bosons can decay into a
pair of SM fermions. The decay width of these processes
can be given by

- N m3m;,cos’s 4m3\ 32
r(h—>ff):—16m2 “) (F20)
_ N m2my, sin’f A

mgny,
I(hp = ff) = {6 - <— zf) . (F21)
2 mj

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 y*(k) = W™(p,)WP(p,) is given by

= igpki€,(k)e;(p1)es(p2)((P1 = P2)F g
- P9’ + phe'). (G1)

iM

where the millicharge couplings x; are given in Eq. (50),
K = (w(k), 12)# is the 4-momentum of photon P =

(Ey, py)¥ is the 4-momentum of W™ and p5 = (E,, p,)*
is the 4-momentum of W”. In Eq. (G1), €;(p;) [e5(p2)] is
the polarization vector for W (W?) and &, (k) is the dressed
polarization vector for the plasmon which are given by [26],

24 () = Yz, 0.0p

(longitudinal mode),
(G2)

Z,(k)(0,€4)¥ (transverse mode), (G3)

with w,(k) [w,(k)] and Z,(k) [Z,(k)] are the dispersion
relation and the wave function renormalization factor for the
longitudinal (transverse) mode, 1respectively.6

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

gDKIZfa)f

M3, = 2 4K, py+ 12E((E| — wy) + %
2K
C PR, p 2B (B —w,))|,  (G4)
I’I’lW/

where m2 = (w,(k)*> — k) is the effective plasmon mass
for the longitudinal mode and K, - p; = Eyw, — kp; cos 6,
with 6 is the angle between the plasmon and the DM
momenta.

In contrast, the squared matrix element for the ++
and —— helicity configurations is given by

Z (M7 = 4gpKiZ [ 2K, - py +3pisin®d
TT=++—-
K. -
+ t2P1
my,

<mmrﬁm%] (G3)

where m? = (w,(k)> — k?) is the effective plasmon mass
for the transverse mode and K, - p; = E @, — kp cos 6.
The thermally averaged decay rate can be obtained by

I’l},* <F>y*_)Wme
&Pk dp dp
_ k
/ (27720 () 2E, aa)2E, P @)
x (22)*6" (K — py -

(Go)

2
Y oWnwee
pol..

where fp(w(k)) = 1/(e®®/T —1) is the Bose-Einstein
distribution function for the plasmon.

For the longitudinal configuration, the thermally aver-
aged decay rate is given by

gzDK% Kmax b
1 v = 2 [ Rk, ()0, (0 0, 0)
_ 3/2
% (1 4)Cf) (l + 3x,,ﬂ) , (G7)

Xy

where x, = m%v, / m% and k., is the maximum plasmon
momentum given by [26]

%See Ref. [26] for the expressions of w,,,(k) and Z,,(k).
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3/1  1+w, 1/2
koo = |— | —1 -1 .
1 et | R

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

8 0 2 1
o =2 [Tapl (1-20)e(E). (G9)
. PE 3

T

where v = p/E, with E = \/p?> + m2, is the velocity of
electrons or positrons, and fr(E) = 1/(e®/T +1) is the
Fermi-Dirac distribution. The parameter v, is defined as

(G10)

where w; is given by

8 & 2 5
w} = aEM/ dppfv2 <§— vz)fF(E). (G11)
0

T

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

. - 9bkT /°° Kdk Z,(k)m; fg(w,(k))
TSWPW 487[3 0 Cl)t(k)
1 —4x,)32(1 + 3x,)

Xt

Ny <F>y

7t

2

: (G12)

where x, = m3, /m7.

It may be interesting to extend the above analysis to
include the dark plasmon decay process Z"* — W? W™ 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 g, and therefore ignore it here.
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