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ABSTRACT: The portal connecting the invisible and visible sectors is one of the most
natural explanations of the dark world. However, the early-time dark matter production
via the portal faces extremely stringent late-time constraints. To solve such tension, we
construct the scalar-controlled kinetic mixing varying with the ultralight CP-even scalar’s
cosmological evolution. To realize this and eliminate the constant mixing, we couple the

0733eV < mg < eV with the heavy doubly charged messengers

ultralight scalar within 1
and impose the Zy symmetry under the dark charge conjugation. Via the varying mixing,
the keV — MeV dark photon dark matter is produced through the early-time freeze-in when
the scalar is misaligned from the origin and free from the late-time exclusions when the
scalar does the damped oscillation and dynamically sets the kinetic mixing. We also find
that the scalar-photon coupling emerges from the underlying physics, which changes the
cosmological history and provides the experimental targets based on the fine-structure
constant variation and the equivalence principle violation. To ensure the scalar naturalness,
we discretely re-establish the broken shift symmetry by embedding the minimal model
into the Zn-protected model. When N ~ 10, the scalar’s mass quantum correction can be

suppressed much below 10733eV.
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1 Introduction

We know that dark matter exists, but we do not know the dark matter’s particle nature.
Even so, we can naturally imagine that the dark matter stays in the invisible sector, and
the invisible and visible sectors are connected by the portal. Through the portal, the
energy flow from the visible sector to the invisible sector, which is known as freeze-in [1], or
vice versa, which is known as freeze-out. Hence, the dark matter reaches Qpyh? ~ 0.12,
being compatible with the CMB anisotropy [2, 3]. The kinetic mixing [2], one of the three
major portals [2, 4-13], connects the photon and the dark photon as £ D eF,, F'* /2.



In the last few decades, the research on time-independent kinetic mixing has boosted
on both the experimental and theoretical sides [14-26], with only a few discussions on
the spacetime-varying scenarios [27-30]. In the meantime, other varying constants are
extensively discussed [31-60]. Moreover, extremely strong tensions exist between the early-
time dark matter production through the portal and the late-time constraints on the portal,
such as the dark photon dark matter freeze-in through the kinetic mixing portal [61-63],
the sterile neutrino dark matter freeze-in through the neutrino portal [64, 65], and the dark
matter freeze-out through the Higgs portal [66]. To solve such tension in the simplest way,
we allow the portal evolve during the universe’s expansion. However, there is no free lunch
to evade the constraints without consequences. To be more specific, controlling the portal
leaves significant imprints in our universe, which changes the early cosmological history and
can be detected by experiments designed for general relativity testing and ultralight dark
matter detection.

In this work, we study the scalar-controlled kinetic mixing by meticulously exploring
the top-down and bottom-up theories, cosmological history, keV — MeV dark photon dark
matter production, and experimental signals from both the dark photon dark matter
and the nonrelativistic ultralight scalar relic. To vary the kinetic mixing, we couple the
ultralight scalar ¢, the CP-even degree of freedom predicted by the string theory [67-73],
to the heavy fermionic messengers doubly charged under the standard model U(1) and
dark U(1). Here, the constant kinetic mixing is eliminated when the Zs symmetry under
the dark charge conjugation is imposed. Given this, in the low energy limit, the varying-
mixing operator ¢FF' emerges, along with the scalar-photon coupling, such as ¢F? or
¢2F?. Initially, ¢ has the early misalignment opening the portal for the dark photon dark
matter production with the kinetic mixing epy ~ 10712, which stems from the early-time
Zo-breaking of the system. Afterward, ¢’s damped oscillation gradually and partially closes
the portal, which stems from the late-time Zso-restoration. Through the evolution during
the cosmological expansion, ¢ sets the benchmark kinetic mixing of the dark photon dark
matter, which is free from stringent late-time constraints, such as stellar energy loss [74-77],
direct detection [63, 78-83], and late-time decay bounds [61, 62, 84-86]. At the same
time, via the scalar-photon coupling, the ultralight scalar as the nonrelativistic relic in the
mass range 10733eV < mg < eV changes the fine-structure constant, and the scalar as the
mediator contributes to the extra force between two objects. Therefore, the experiments
such as the equivalence principle (EP) violation test [87-89], clock comparison [90-94],
resonant-mass detector [95], PTA [96], CMB [97, 98], and BBN [97, 99, 100] can be used to
test the scalar-controlled kinetic mixing, and the experimental targets are set by the dark
photon freeze-in. If the signals from the dark photon dark matter and the ultralight scalar
experiments appear consistently, we can confidently declare the verification of our model. In
addition, given the scalar-photon coupling in the strong region, the scalar’s high-temperature
evolution is affected by the standard model plasma, which sets the early displacement,
modifies the start of oscillation, and enhances the scalar’s signal. To understand the whole
setup classified under the exactness of the Zo symmetry, one can refer to figure 1.

To protect the CP-even scalar’s naturalness caused by the heavy messengers and inspired
by the former works on the discrete symmetries [101-109], we embed the varying kinetic
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Figure 1. Left: the schematic diagram of the cosmologically varying kinetic mixing. The dark and
standard model sectors are connected through the kinetic mixing controlled by the CP-even scalar ¢,
the subcomponent of the dark matter in the late universe. Based on this model, the energy flows from
the dark sector to the standard model sector in the early universe for the dark matter production
with the portal opened. In the late universe, with the portal partially closed, the dark matter is safe
from stringent constraints. Right: the UV and IR theories. UV theory contains heavy messengers
¥ and ¥’ carrying the same electromagnetic charge but the opposite dark charge. ¥ and ¥’ are
coupled with the scalar ® via the Yukawa couplings y and 3. To eliminate the time-independent
kinetic mixing, we impose the Zs-protected mass degeneracy between ¥ and ¥’. In the IR theory,
integrating out the heavy messengers induces the varying kinetic mixing and the scalar-photon
couplings simultaneously. These scalar-photon interactions lead to nontrivial cosmological history
caused by the thermal effect and the signals from the cep, variation and the equivalence principle
violation. Based on the relation of the scalar-messenger Yukawas, we classify the theory into two
types with different phenomenologies: the type-A model (y # 0,y = 0) with the linear scalar-photon
coupling and the type-B model (y' = —y) with the quadratic scalar-photon coupling.

mixing into N copies of the universes, where the Zy symmetry rebuilds the global U(1)
shift symmetry in the discrete form. In such Zy-protected model, the scalar’s lowest order
mass term becomes &V / AN=% which reveals the exponential suppression of the quantum
correction. For example, we only need N ~ 10 to suppress the scalar mass correction all
the way down to 10733eV. Furthermore, to understand the additional cancellation from
the exact Zo symmetry and gain an accurate analytical result, we expand the Zy-invariant
Coleman-Weinberg formally calculated to the leading order in [102, 106] to the arbitrary
orders with two different methods, i.e., the Fourier transformation and the cosine sum
rules. Other topics of the varying kinetic mixing from the supersymmetric Dirac gaugino
model and the dark matter models via other cosmologically varying portals are preliminarily
discussed in our work.

The remainder of this paper is organized as follows. In section 2, we build the minimal
model for the scalar-controlled kinetic mixing and show that the scalar-photon coupling
appears simultaneously. Based on whether the scalar-messenger couplings are Zs-invariant,
we categorize the theory into the type-A model with the linear scalar-photon coupling
and the type-B model with the quadratic scalar-photon coupling. In section 3, for the
type-A and the type-B models, we do the systematic classification of the scalar evolution
jointly affected by the thermal effect, bare potential effect, and cosmological expansion. In
section 4, we discuss the dark photon dark matter freeze-in via the varying kinetic mixing.
We also discuss the detection of the dark photon dark matter with the experimental targets
set by the scalar mass and the experiments of the non-relativistic ultralight scalar relic with
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targets set by the dark photon dark matter freeze-in. In section 5, we build the Zy model
to protect the scalar’s naturalness from the heavy messengers, discuss the extra cancellation
from the exact Zso, and calculate the Z y-invariant Coleman-Weinberg potential. In section 6,
we generate the varying kinetic mixing and the dark axion portal simultaneously from the
Dirac gaugino model. In section 7, we preliminarily explore the dark matter models via
other cosmologically varying portals and their experimental signals. Finally, in section 8,
we summarize our results. We also provide a series of appendices containing the details of
the calculation, such as the analytical solutions of the high-temperature scalar evolution in
appendix A, the freeze-in of the dark photon dark matter in appendix B, and the exact
expansion of the Z y-invariant Coleman-Weinberg potential using the Fourier transformation
and cosine sum rules in appendix C.

2 Minimal model

Extensive research has delved into the time-independent kinetic mixing between U(1)y and

U(1)q4, described by
€ v
SEIVE,. (2.1)

Nevertheless, exploring time-varying kinetic mixing presents compelling motivations. From
the perspective of the UV theory of the vector portal, the concept of the time-varying kinetic
mixing offers a new UV realization, given that most of the current studies focus on the
time-independent kinetic mixing [16-26]. From the perspective of dark matter models, the
freeze-in of the keV —MeV dark photon dark matter (epy ~ 10712) is excluded by the current
constraints [61-63]. Making the kinetic mixing time-varying is one of the minimal solutions
to open the dark photon parameter space and set a benchmark for dark photon detection.
From the perspective of experiments, the varying kinetic mixing driven by the ultralight
scalar is accompanied by scalar-photon coupling, which induces intriguing new signals due
to the variation of the fine-structure constant and the violation of the equivalence principle.
In this section, we will build the framework of the time-varying kinetic mixing through the
minimal model and establish the connection between the varying kinetic mixing and the
scalar-photon coupling.

To begin with, we recall the UV model of the time-independent kinetic mixing. This
can be generated at the one-loop level by the fermions ¥ and ¥’ charged as (e,e’) and
(e,—€') under U(1)y x U(1)g4 [2]. In the low energy limit, the constant kinetic mixing is
= 6—6, lo M
" 6n2 S M
where M and M’ are the masses of ¥ and ¥, respectively. To build the varying kinetic

€

(2.2)

mixing, we eliminate the time-independent kinetic by imposing the mass degeneracy M = M’
and promote € to a dynamical variable by imposing the Zs symmetry under the dark charge
conjugation, i.e.,

Cqg: A" — —A, e— —c (2.3)

Given this, the time-independent kinetic mixing is forbidden because FF’ is not invariant
under Cy, whereas varying kinetic mixing is permitted.



To realize this from the top-down theory, we introduce the Lagrangian
_ _ _ _ f2 2
Lyy D y®UV + 4/ W' ¥ + h.c. — M(VT + U'T) — ) <]<I>|2 - 2) , (2.4)

where ® is a complex scalar, y(’ ) is the Yukawa coupling, M is the heavy messenger mass, A is
the self-coupling of the Complex scalar, and f is the decay constant. After the spontaneous
breaking of the global U(1) symmetry, we have ® = i fe'?// /\/2, where ¢ is a CP-even real
scalar.! Given this, we define the dark charge conjugation in the UV theory as

Ci: A=A A = -A, ¢p— —0¢, V&V, (2.5)

Considering either 3y’ = y = 0 or the more general case of ' = —y, both with M’ = M, the
Lagrangian is invariant under Cy. Given that |y)| < 1 in our model, we regard Cy as an
approximate symmetry.
We will see from the later discussion that as long as ¢ has a nonzero vacuum expectation
value (VEV), the dynamical kinetic mixing can be generated. Here, ¥)’s effective mass is
MO (¢) =M [1 + ") sin ﬂ , where ) = 7\/§y(’)f' (2.6)
f M
In eq. (2.6) and the rest part of this paper, we use “(/)” to denote the physical quantities in
the SM sector (without “/”) and the dark sector (with “/”). After integrating out (), the
Lagrangian of the effective kinetic mixing becomes

V2ee (y—y)
6m2M

fsin ? (2.7)

f

Lir D %FWF’W, where € =
When ¢ < f, the kinetic mixing in eq. (2.7) can be linearized as
6m2 M
~ ,  where Axyj = —————.
Axn V2ee(y—y)

Therefore, in our model, the kinetic mixing varies with ¢’s cosmological evolution. Other than

e~y ——

(2.8)

eq. (2.7), another term invariant under Cy-transformation is the tadpole term expressed as

iméf
Loy D ——2P +he, 2.9
uv ﬁ C ( )
which arises as the potential
Vi = m2 £2 ¢
o =msf" |1 —cos 7))l (2.10)

More generically, we define & = %ei(d’/ I+ with the arbitrary phase ¢, known as the Coleman-Callan-
Wess-Zumino construction. Knowing that the transformation ¢ — —¢— (2¢ — m) f is equivalent to ® — —of,
under which the Yukawa interactions in eq. (2.4) flip signs, we choose ¢ = 7/2 to fix the phase factor
throughout the paper. Conversely, providing that the system is invariant under C4 in eq. (2.5), Vo has to be
the even function of ¢, while € is the odd function of ¢. Given this, the phase difference between e and Vj is
(n+1/2)m. Therefore, under the protection of the Zy symmetry of Cq, the potential’s minima are necessarily
aligned with the zeros of the kinetic mixing.



During the cosmological evolution, ¢ initially stays at the nonzero displacement, so the portal
is opened. As the universe expands, ¢ begins the damped oscillation around zero, so the
portal is partially closed. In today’s universe, ¢ consists of the nonrelativistic ultralight relic
in the mass range 10733eV < mg < eV, so the kinetic mixing has a nonzero residual. More
fundamentally, this can be understood as the inverse Zo-breaking, as discussed in [110-113].

As shown in eq. (2.5), when y' = —y, the Zs symmetry of C4 is strictly preserved.

When 3y’ # —y, the Zs symmetry is mildly broken but still approximate because ‘y(’) < 1.2
Based on this consideration, we classify our models into two types:
Type-A: y # 0, 3y = 0, Approximate Zs. Type-B: 3/ = —y, Exact Zs. (2.11)

Due to ¢-U() interaction, the scalar-photon coupling emerges from UV physics. At the
one-loop level, the coupling between the CP-even scalar ¢ and the photon can be written as

Lir O i (Aaem> Fl (2.12)
where
Adem g / V2e? +y)f . (¢ Y P a9
Ozm :—;?[logM(d))—HogM (9)] D 67:; b ]\Z) sin <f)+(y\[2y]\/[)281n2 (f)]

(2.13)
Utilizing the classification in eq. (2.11), we have

JANG - QemyYP Type-B: I Adem N aem92¢2
aem M ) y * y y7 aem M2 )
(2.14)

where the type-A and type-B models have linear and quadratic scalar-photon couplings,

Type-A: y #0, y' =0,

respectively. To compare with the experiments testing the fine-structure constant vari-
ation and the equivalence principle violation, we define the dimensionless constants
dy,i (i =1,2) through

Adem (JEqﬁ)’dm (i=1.2) (2.15)

Qlem mp] )

where the indices “i = 1”7 and “i = 2” denote the type-A and type-B models, respectively.
Comparing eq. (2.15) with eq. (2.14), we have

dw-w( "tpl )l (i=1,2). (2.16)

e/AKM

%
v,
In eq. (2.16), we find that with a fixed ¢ FF’ operator inducing the effective kinetic mixing,

Some literature uses the notation Aciem/aem = ¢'/A? ;, from which we have Ay ~ e Aku.

smaller ¢’ leads to larger y() such that the aep-variation signals get stronger. Such small

*When ¢’ # —y, the Zy symmetry is mildly broken, which induces the two-loop constant kinetic mixing
and the one-loop tadpole of ¢. Here, the small Yukawas highly suppress the two-loop constant mixing
expressed as ¢ ~ (M/Axm)?/ee’. The cancellation of the ¢-tadpole may need fine-tuning, which can be
realized in the Zy-protected model in section 5. Therefore, the y' # —y case still has the approximate
Zs symmetry.



dark gauge coupling can be naturally generated in the large volume scenario in string
compactification [18, 114, 115].

To understand our model intuitively, one can refer to figure 1. The left panel shows
that when Zs symmetry is imposed, the constant kinetic mixing is canceled, but the
scalar-controlled kinetic mixing survives. In this case, as ¢ evolves during the cosmological
evolution, the kinetic mixing becomes time-dependent. This provides a novel mechanism to
generate a small but non-zero kinetic mixing. The right panel reveals that the scalar-photon
couping is also generated as the byproduct when UV physics is considered. Based on
the exactness of the Zo symmetry, the theory can be classified as the type-A model with
the linear scalar-photon couping and the type-B model with the quadratic scalar-photon
couping. We will see from the later discussion that such scalar-photon couplings affect ¢’s
evolution via the thermal effect from the SM plasma. They also change the fine-structure
constant and violate the equivalence principle, which provides essential prospects for the
experimental tests.

3 Cosmological history

In this section, we discuss the ultralight scalar’s cosmological evolution, which is affected by
the scalar bare potential, thermal effect, and cosmological expansion. According to [106, 116],
the lowest order thermal contribution containing .y, is at the two-loop level, and the free
energy coming from that is

1 (T 2 me)
N5ﬂ2iq@2a ‘

F
T 72

emT? x S(T), where S(T) = (3.1)

18 e ot
53 T2
+

(T < me)

In eq. (3.1), the suppression factor S(T') is 1 when e™ are relativistic but decreases expo-
nentially after e* becomes non-relativistic. The factor 3", ¢? (¢; is the electric charge of the
particle “¢”) quantifies the thermal contribution to the total free energy from the relativistic
electric charged particles. As we have shown in eq. (2.13), when ¢ has nonzero VEV, the
fine structure constant is modified, based on which ¢’s thermal potential can be obtained
by replacing aem in eq. (3.1) by @em(¢). Combining eq. (2.13) and eq. (3.1), we have (r is
defined in eq. (2.6))

T2
Type-A: Vp ~ —m%f2 sin ?, where % ~ Oéemrl/27
TvoeB: Vi © 2 2 29 tere T ™ (3:2)
ype-b: T imT sin ?, where m aemTT

Here, T}, is much smaller than M, so ¥’s contribution to the thermal potential is
exponentially suppressed. In addition, because there is no dark electron, the thermal effect
from the dark sector is also negligible. Figure 3 shows how the scalar potential and the
scalar field evolve with the temperature under different circumstances. From yellow to dark
red, mp/mo =5,4,3,2,1,0. For the thermal potential, the local minimums of the type-A
and type-B models are (n € N)

. ¢min _ m% .
Type-A: —— =arctan | —5 | +2nm, Type-B:
! my

Pmin _ {W (mr >mo) ' (3.3)

f

2nm (mp <my)
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Figure 2. The cosmological evolution of my (red), mq (blue) and H (orange) shown in the log scale.
The ms and H are parallel with each other when T > m,, because H,mp o< T?. Left: n < 1.
The thermal effect is negligible, therefore ¢’s evolution obeys the standard misalignment. ¢ stays
constant and then starts oscillation at Ty, ~ (mompl)l/2 obeying |¢| T3/2 .Right: n> 1. The
thermal effect is dominant. At Ty, mp = mg. At “Q”7, H ~ mp. When T > T,, ¢ converges to
the thermal minimum obeying |¢ — ¢min| o< T'/2. For the type-A model, when T > m,, ¢ follows
Gmin = farctan(m?./m2). When T < me, ¢ cannot follow ¢, but begins to oscillate. For the
type-B model, we focus on the case with ¢ being inside the wrong initial vacuum. When T > T, ¢ is
trapped inside ¢min = 7f. When T < T, ¢ begins oscillating obeying |¢| oc T%/2. If T\, < T|35=mq»
¢’s oscillation is postponed. This means ¢ does the trapped misalignment.

In the following discussion, we focus on the range —27f < ¢ < 2« f without loss of generality.
For the type-A model, because mp > my in the early epoch, ¢min ~ 7f/2. When mp < my,
Pmin continuously shifts to zero. For the type-B model, when mp > mg, within the 27 f
periodicity there are three local minimums, i.e., ¢pmin = 0,£7f. When msr < mg, only
@min = 0 is the true minimum. During the entire process, ¢ keeps the classical motion
without the tunneling from ~ 7w f to 0 because f’s largeness makes the tunneling rate much
smaller than H [117-123].
Because mp, H o< T? when T > m,, we define a dimensionless quantity

2mp Mpl ri/? (Type-A)

N= apa ~ Cem— X (3.4)
SHH o lr (TypeB)

to classify ¢’s evolution. The motion of ¢ is underdamped if 7 > 1, because the thermal effect

dominates over the universe’s expansion; in contrast, if n < 1, ¢’s motion is overdamped

under the Hubble friction. n = 1 denotes the critical case. To relate n with experimental

observables quantified by d,; (i = 1,2), we write 1 as

aemd'y,lmpl

f

D=

1
2
Type-A: n ~ ( ) , Type-B: n ~ (qtemd,,2)?. (3.5)

Because we compare my and mg to determine whether the thermal effect dominates
over the bare potential effect, we define the temperature T, at which my = mgp. Combining



eq. (3.2) and eq. (3.4), we have

1/2
mp =mg: Ty ~ max lO.lme, <m07;np1) ] . (3.6)

For mp to be smaller than mg, we only need one of the following two conditions to be
satisfied: 1.7 < m,. Here mr is exponentially suppressed. 2. The unsuppressed part of ¢’s
thermal mass, i.e., mT/Sl/2, is smaller than my.

Based upon the comparison between the thermal and bare potential effects, we classify
the scalar evolution as

Standard Misalignment: n < 1, Thermal Misalignment: n > 1. (3.7)

When 1 < 1, the thermal effect is negligible. When n 2 1, the thermal effect is important,
and one should consider it alongside the bare potential and the universe expansion.

3.1 Standard misalignment: n < 1

In this case, when 3H 2 myg, ¢ obeys

6 uin < T'F (3.8)

which means ¢ is frozen in the early universe. To have an overall picture, one could refer to
the left panel of figure 2: the H-line is higher than the myp-line during the whole process,
meaning that the thermal effect is negligible. Therefore, one only needs to focus on the
H-line and mq-line. After the crossing of H-line and mg-line, the scalar begins the damped
oscillation whose amplitude obeys |¢| oc T%/2. The upper left and upper right panels of
figure 3 show how ¢ moves for the type-A and type-B models separately when n < 1: from
I to II, ¢ remains the same. This means that the initial field displacement determines ¢’s
starting amplitude |¢| ... Here, we focus on the model with the natural initial condition,
ie., @],/ f ~ O(1). Afterwards, ¢ begins to oscillate at the temperature

(mo =107 286V))

B
TOSC:T|3H:mONfewxlﬂfle\/x(winfgev) T, where S =

W NN =

(10723eV Smo S 107 %eV)
(3.9)
pr in eq. (3.9) and later mentioned 4 in eq. (3.10) are determined by H’s power law of T,
which is 7?2 in the radiation-dominated universe and 7°/2 in the matter-dominated universe.
For mg ~ 10728V, the scalar starts oscillation at the matter-radiation equality (T ~ eV).
Because the inflation smears out the field anisotropy, ¢ does spatially homogeneous
oscillation, which is

o(t) ~ |¢| cos (mot), where |p| = 7””3/)(]5 o T3/ (3.10)
0

From [124, 125] one knows that ¢ satisfies pg o< T3 and Wy = Py/pgy =~ 0, s0 ¢ is part of
the dark matter with the fraction F = Q4/Qqm. Without loss of generality, we choose
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Figure 3. Scalar evolution in the early universe. From yellow to dark red, mr/mo = 5,4,3,2,1,0.
Upper left and right: standard misalignment. Because 11 < 1, the thermal effects are negligible. At the
early stage (I — II), ¢ is frozen. When 3H =~ my (II), ¢ begins to oscillate with |¢| oc T3/2 (IT — III)
and converges to zero (III). Lower left: Type-A model with 7 > 1. When the temperature is high, ¢
oscillates and converges to wf/2. When T' 2 m,, the variation of the thermal potential is adiabatic,
S0 ¢ tracks the potential minimum ¢,,;, = f arctan (m% / m%) (I — II). When T' < me, the adiabatic
condition is violated, ¢ cannot follow ¢, and starts to oscillate obeying |¢| oc T3/2, which is not
shown here. Lower right: for the type-B model with 2 1 and ¢ initially trapped inside the wrong
vacuum, ¢ obeys |¢ — 7f| oc T'/? at high temperatures. As the universe cools down, ¢ follows
|p| o< T3/ (I — 1I).

F = 1072 as a benchmark value, such that ¢’s parameter space is not excluded by Lyman-«
forest [126-131], CMB/LSS [132, 133], galaxy rotational curves [134-138], and ultra-faint
dwarf galaxies [139]. After substituting eq. (3.9) into eq. (3.10), one can get the starting
oscillation amplitude

F )1/ 2 (1028ev (mo 2107 *%V)

|¢|osc ~ few x 1016GQVX (10_3

o B

By
- > ,  where B4 =
0 (10%eV Smp S107%%eV)

(3.11)
In the case where mg > 10725 eV, ¢’s de Broglie wavelength is much smaller than the scale

~10 -



Type-A Type-B

3
3m 2 |
! o |6/ f — | o< T'/? my ~ my
e ‘O/}l — 7/2‘ X Tl’z é”]'/ ~ my s
5 2

¢ =~ const

— [
/ ',m)\l\z\mv = Il

0
k‘_‘_m‘

mgy

\
=
A
-

|| o T3/

3H

Figure 4. ¢’s cosmological evolution. We define T = T/T|3m=m,- The red, green, and blue lines
represent the n > 1, n ~ 1, and n < 1 cases, respectively. Both green and blue lines start oscillation
at T ~ 1, but they are different in the sources of the displacement: the green line’s displacement is
thermally determined to be |¢]| ..
on the initial conditions. Left: the type-A model. For the red line, when mz > mg, ¢ obeys
|p —7f/2| x T'/2. As the temperature decreases, ¢ ~ farctan(m3./m) until T ~ m.. After
that, ¢ cannot follow the potential minimum but oscillates obeying |¢| o T73/2. For the green line,
when T > 1, ¢ gradually slides to the thermal minimum = f/2 following eq. (3.14). When T ~ 1,
¢ obeys |¢| x T3/2. The blue line represents the standard misalignment where the thermal effect
is negligible. When T < 1, |¢] x T3/2, Right: the type-B model. The red line represents the
situation where n > 1 and 7f/2 < ¢un < 37f/2. When mp 2 mo, ¢ obeys |¢p — wf| x T/2. When
mr < mo, V| g—rs <0, 50 ¢ rolls down from 7 f and oscillates following |¢| oc T3/2. The red line
starts oscillation later than T ~ 1, which is classified as the trapped misalignment. The green line
represents the situation where n ~ 1 and 7f/2 < ¢, S 37f/2. When T > 1, ¢ gradually slides to
the thermal minimum 7 f obeying eq. (3.14). When T<1, || o T3/2.

™~ |dmin|, Whereas the blue lines’ oscillation amplitude depends

of the Milky Way halo, so ¢ behaves like a point-like particle similar to other cold DM
particles. For this reason, ¢’s local density is pg1ocal = F plocal, Where piocal ~ 0.4 GeV/ cm?®
is DM’s local density near earth. By effectively adding an enhancement factor

1/2
£ = (’)k"*“) ~ 6 x 102 (3.12)

Paverage

where paverage = pcfdpm >~ 1.3 keV /cm? on |¢| in eq. (3.10), we get ¢’s amplitude today near
the earth, which is |¢|, ~ (2F plocal)l/ 2/mg. Here, |¢|, denotes ¢’s local oscillation amplitude
today. If mo < 10~%°eV, oppositely, ¢ cannot be trapped inside the Milky Way halo’s
gravitational potential well. In this case, today’s ¢ field is homogeneous, so the enhancement
factor in eq. (3.12) should not be included, from which we have |¢|, = (2F paverage) /% /mo.
¢’s oscillation amplitude in the middle mass range needs numerical simulation, which is left
for future exploration.
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3.2 Thermal misalignment: n 2> 1

In this case, the thermal effect from the SM plasma plays a decisive role in ¢’s evolution in
the early universe. To have a full picture, one can refer to the right panel of figure 2: at
the early stage, since mp and H are both proportional to 72, their lines are approximately
parallel in the plot with the log scale. In the plot, we label the cross point of mp-line and
mo-line with “T,”, which is already defined in eq. (3.6). When T' < T, the effect from the
bare potential dominates over the effect from the thermal potential. When T < m,, the

—me/T

myp-line drops fast following e and crosses the H-line. We label the cross point of the

mp-line and the H-line as “Q)”, and we have
T ~me/logn,  Hg ~1071%/log?n eV. (3.13)

As we will see in the rest of this section, comparing my and Hy is vital in determining the
temperature at which ¢ starts the late-time oscillation.
Let us first discuss ¢’s movement in the stage T > T, during which the bare potential

can be omitted in the high-temperature environment. In appendix A, we solve the scalar

. . . . . L 1+v/1-192
evolution for this situation. Because ¢ — ¢y is the linear combination of 77 2 | to

describe the thermal convergence more quantitatively, we need the specific value of 1. We
recall that the potential minimums are ¢, = 7f/2 for the type-A model and ¢y = 0, £7 f
for the type-B model. Given the initial condition ¢y, ~ 0, we approximately have
L Vi
T (n<1)
¢ — Pmin X 1

Tz cos [\/n2—110g(T/Trh) /2} (n>1) ’

where 1 = 1 is the critical value determining how ¢ evolves towards the local minimum.

(3.14)

If n <1 (but not too small), ¢ gradually slides to ¢min, as shown in the green lines
in the left and right panels of figure 4. Incidentally, in the limit 7 < 1, we come back to

eq. (3.8) where ¢ is nearly frozen in the early universe, which is related to the blue lines
14192

in both panels of figure 4. Here, the T 2 term is negligible because it describes the
movement with non-zero ¢y,. If n > 1, ¢’s movement towards ¢, is oscillating because
Tlﬂfm — T1/2eki/nP—110gT/2, Obeying the power law T2, ¢’s oscillation amplitude
decreases as the temperature goes down. This can be explained more intuitively: when
T 2 m,, the adiabatic condition of the WKB approximation is satisfied (1 /m2 ~ 1/n < 1),
so there is no particle creation or depletion for ¢, or equivalently speaking, its number density
is conserved. For this reason, ¢’s oscillation amplitude obeys |¢ — ¢min| = \/2ng/mr T3,
Eq. (3.14) reveals an interesting phenomenon: as long as there is a hierarchy between Ty,
and m., which is natural in most of the inflation models, ¢ converges to the local minimum
of the thermal potential. For example, in n 2 1 case, given that Ty, ~ 10GeV, when
the universe temperature drops to 1" ~ m,, the field deviation from the local minimum
becomes |¢ — dmin|/Pmin ~ 10~2. Higher T}y, leads to even smaller field displacement from
the thermal minimum. Such determination of scalar’s misalignment through the thermal
effect is named the thermal misalignment in several recent works [106, 140-142]. Other
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mechanisms setting the scalar’s nonzero initial displacement can be found in [143-145].
Based on eq. (3.7), we use the term thermal misalignment throughout the paper for the
cases satisfying n 2 1 to distinguish them from the standard misalignment in which the
thermal effect does not play a role. We use such a definition because when this condition
is satisfied, the thermal effect from the SM bath washes out ¢’s sensitivity of the initial
condition and dynamically sets the field displacement.

When T' < T, the bare potential becomes important in ¢’s evolution. In the mo < Hg
case, the ultralight scalar’s evolution is simply the combination of the damped oscillation
in the early-time wrong vacuum and the damped oscillation in the late-time true vacuum
around zero with

TOSC ~ T’-?)H:mOJ ’(z)‘osc =~ |¢m1n‘7 (3‘15)

where ¢nin = 7f/2 for the type-A model and ¢y, = +7f for the type-B model with ¢
initially in the wrong vacuum. We do not put more words on that because this kind of
thermal misalignment can be treated as the standard misalignment with the thermally
determined initial condition. Now, we shift our focus to the mgy 2 H¢ case in the rest of
this section. Since the total potentials of the type-A and type-B models have different
shapes depending on the exactness of the Zo symmetry, and the scalar evolution depends
on the numerical value of 7, let us describe the scalar evolution case by case:

e Type-A, n> 1.

When T > T, ¢ does the damped oscillation, which converges to 7w f/2. Afterward,
when T' ~ T, or equivalently speaking, mp ~ mg, the potential minimum begins to
shift from 7f/2 to 0, obeying ¢ = farctan(m?/mg) as shown in eq. (3.3). When
the universe temperature is much higher than m., the adiabatic condition is satisfied
because 1y /m2 ~ 1/ < 1. We show the movement of ¢ in the lower left panel of
figure 3 and the red line in the left panel of figure 4. However, as the temperature
drops below m., because /m%p ~ eme/ T/n > 1, ¢ is not able to respond to the
sudden variation of the potential minimum anymore and begins the oscillation. Here,
the oscillation temperature and the starting amplitude can be written as

Tose ~ To, 0lose ~ [ (To/T)%, (3.16)

where Ty ~ me/logn as defined in eq. (3.13). Given f < mpy, the hierarchy between
T, and T strongly suppresses ¢’s late-time oscillation amplitude, leading to ¢’s
minuscule relic abundance. Even though this phase does not appear in the following
context of the dark photon dark matter freeze-in in section 4, we still discuss this
phase in this section for completeness.

o Type-A, n~1.

In the early time when T > T'|3f—m,, ¢ slides to the thermal minimum 7 f/2. When
T ~ T|3=m,, the scalar begins the late-time damped oscillation obeying |¢| oc T%/2
with the starting temperature and amplitude

TOSC ~ T|3H:m0) |¢’030 = 7-‘-.](‘/2 (317)
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In figure 3, we do not list such a case because, even though categorized as the thermal
misalignment, it can be decomposed into the standard misalignment (upper left panel
of figure 3) plus the determined initial amplitude. In the left panel of figure 4, the
green line describes such a situation: when T 2 1, the green line gradually slides
to the wf/2. When T ~ 1, the green line begins the damped oscillation with the
amplitude scaled as |¢| oc T3/2.

Type-B, n > 1.

Unlike the type-A model, there is no continuous shift of the potential minimum during
the cosmological evolution. Therefore, we only need to focus on the moment when the
local minimum flips. Here, we mainly focus on the case in which ¢’s initial condition
satisfies mf/2 < ¢ < 37f /2. In this case, because of the thermal effect when 7' > T,
¢ converges to the local minimum = f inside the wrong vacuum. When T < T, at
the point ¢ = 7 f, the second order derivative becomes nonpositive, i.e., V"|4—rs < 0,
thereafter ¢ begins the oscillation around zero. From eq. (3.6), we have

Tose ~ Tk, |@loge = 7S (3.18)

1/2

According to eq. (3.6), we recall that Th ~ T|3g—m,/n"/? ~ (momp1/n)'/? when

mo 2 nHg, and T, ~ 0.1m, when Hg S mo S nHg.

For the > 1 case, one could look at the red line in the right panel of figure 4. Here,
¢ oscillates around the thermal minimum 7 f with the power law |¢ — 7 f| TY/?
when T > T,. Afterward, when T ~ T, alternatively speaking, mr ~ mg, ¢ begins
the oscillation following |¢| o T3/2. The plot shows the apparent postponement of
the scalar oscillation for the red line compared with the other two lines. Because the
CP-even scalar ¢’s oscillation is postponed, the evolution of ¢ can be classified as
the trapped misalignment, which is formally investigated in axion models [146, 147].

In this case, ¢’s relic abundance is enhanced given the same |¢| .. or f. We can

0OSC
also think about such characteristics inversely: for ¢ to reach the same abundance

quantified by F, one only needs smaller |¢| . or f. To be more quantitative, one can

osc
write the misalignment at the beginning of the oscillation as

|¢|osc = |¢|osc,std (T*/T|3H:m0)3/2 ’ (319)

where ‘¢|osc,st
in eq. (3.11). From eq. (3.19), one can see that the necessary early misalignment |¢|

4 denotes the starting amplitude for the standard misalignment as shown

0osc

is rescaled by a factor of (T./T|3m=m,)*?, which shows that |¢|... is much smaller

compared with [¢| .. q When F is determined.
For the n ~ 1 case, one could refer to the green line in the right panel of figure 4.

In the early stage, i.e., T 2 T|3g—m,, ¢ slowly moves to mf obeying |¢p — 7 f] x

112
T2 . When T ~ T|3f=m,, ¢ begins the damped oscillation with the power

law |$| o< T%/2. From the discussion above, we can find that the 5 ~ 1 case has the
thermal determination of the initial condition but does not have the postponement of
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the oscillation. Therefore, ¢ is in the phase of the thermal misalignment but not in
the phase of the trapped misalignment.

Finally, let us briefly discuss the case where —7mf/2 < ¢, < 7f /2. Here we have that
¢ oscillates obeying |@| o« /2 when T > T, and then oscillates obeying |¢| oc T3/
when T' < T,,. Because the late-time amplitude is suppressed by a factor of (T}, /T%)"/2,
given the nonnegligible fraction of ¢ among the dark matter (For example, F ~ 1073),
f depends on T};, and may be larger than my,). Therefore, this paper focuses on the

case where ¢ is initially localized inside the wrong vacuum.

4 Dark photon dark matter

In this section, we discuss the freeze-in of the keV —MeV dark photon dark matter via varying
kinetic mixing. As shown in [61-63], the dark photon freeze-in through the time-independent
kinetic mixing (ep; ~ 107'2) is excluded by the dark matter direct detection, stellar energy
loss, the CMB energy injection, and the galactic photon spectrum. Alternative dark photon
dark matter production mechanisms include misalignment [125, 148-150], gravitational
production [151-156], the radiation of the cosmic string network [157, 158], and axion
tachyonic instability [159-163]. Realizing that all the aforementioned mechanisms do not
rely on kinetic mixing, which is indispensable for dark photon detection, we provide a
minimal extension of the dark photon dark matter freeze-in where the ultralight scalar’s
evolution dynamically sets the kinetic mixing’s experimental benchmarks. In addition,
we want to stress the significance of detecting the ultralight scalar ¢ in the whole mass
range, i.e., 10733eV < my < eV: even though ¢ cannot be 100% dark matter when mgy <
10~17eV according to the fuzzy dark matter bounds [126-131, 139] and the superradiance
constraints [164-167], tiny amount of ¢’s relic can still open the gate for the main component
dark matter’s production.

Here, we briefly introduce our setup. The dark photon dark matter is produced through
the operator £ D ¢F,, F'" /2Axn whose effective kinetic mixing is supported by ¢’s non-
zero VEV in the early universe. Thereafter, when T" ~ Teg., ¢ begins the damped oscillation
following |¢| o< (T'/ TOSC)3/ 2. Because most of the constraints are imposed when 7' < Thsc,
the dark photon’s parameter space can be vastly extended, and the ratio Ty/Ths. determines
today’s local kinetic mixing for future dark matter detection. In addition, because the ¢F>
or $?F? operator is induced simultaneously from the UV theory as discussed in section 2,
testing the fine-structure constant variation and the equivalence principle violation through
the ground-based experiments [87, 88, 91-95, 168-172], satellite-based experiments [89, 173~
175], astrophysics [96, 176], and cosmology [97-100, 176] open a new window for the dark
matter experiments.

4.1 Dark photon production

In this section, we do the back-of-envelope calculation of the dark photon freeze-in through
the kinetic mixing. To simplify the discussion, we focus on the region where the dark photon
is produced before the scalar oscillation. Detailed calculations can be found in appendix B.
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Dark Photon Dark Matter: Constant Kinetic Mixing

101
ma [Me\/]

Figure 5. The parameter space of the dark photon dark matter with the time-independent kinetic
mixing e. The yellow line labeled with “ep;” is the dark photon freeze-in line with Q4/h% = 0.12.
The purple region represents the stellar energy loss constraints of red giants, horizontal branches,
and the sun [61-63, 74-77]. The shaded red region denotes the dark matter direct detection (DD)
constraints [63, 78-83]. The dashed red line is the projection of the LZ experiment [177]. The blue
region denotes the dark photon dark matter decay constraints from CMB and late time, which are
comparable with each other when € is a constant [61-63, 178]. For the dark photon, its dominant
channel is A’ — 3y when my4 < 2m,, or A’ — e~e™ when my4 > 2m,. From the plot, one can see
that dark photon dark matter freeze-in via the constant e is ruled out.

When m 4 < 2m,, the Boltzmann equation is

6277’7//1_1/

5(m2 —m3)). (4.1)

nar +3Hnya ~n (Iy ), where (I'y ) ~ ,y

n~ and n 4/ are the photon and dark photon number densities, m,, is the plasmon mass, and
(Ty—ar) is the thermally-averaged v — A’ transition rate. From eq. (4.1), we know v — A’
oscillation happens when m, ~ my,. Because I'y» < H in the experimentally allowed
region, the dark photon decay does not affect its abundance. Plugging mgy ~ 2T aemT?/3
into eq. (4.1), we have

3/2 Mpl

2
T’y—)A’ ~ 8mA’7 QA’,"/—)A' ~ € aem ’
Teq

(4.2)
where T',_, 4/ is the resonant temperature, Ty, is matter-radiation equality temperature, and
Q7,44 is the corresponding dark photon abundance. Given eq. (4.2) and Q4 h? ~0.12,
we have

epr ~ 10712, (4.3)

which describes the horizontal behavior of the yellow line in figure 5. In the region m 4 < m,

~ — A’ happens when T' < m,, m%

as compensation. From appendix B, we have epy o< m;,?’/ 2, which explains the yellow line’s

is exponentially suppressed, so epr needs to be larger

slope when m 4/ is small.
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When mar > 2m,, e e™ — A’ dominates over v — A’. The Boltzmann equation is

. 5/2 _
nar+3Hna ~ng-ng+ (Op—ct_ar),  Where ng-—ng+ (Oo— et _ar) ~ 62aemmA/, T3/2e=mar/ T,

(4.4)
Inside eq. (4.4)’s right-hand side, the factor e~ma'/T guppresses the dark photon production
when T' < m . From eq. (4.4), we know the dark photon’s production temperature and
the relic abundance are

2 mpl
To—et a0 ~ma, QA’,e*eJr—>A’ ~ € Qlem T (4.5)
eq

From eq. (4.5), we find that 4/ -+, 4/ is similar to Q4/ 4, 4 but different by an aér/f

factor. Therefore, epr in m4 > 2me is slightly smaller than epy in ma < 2me, which
explains the lowering of the yellow line when m 4/ > 2me..

Being different from the time-independent kinetic mixing, our model has extra UV
freeze-in channels, such as v — A’¢ and e"et — A’¢. However, these channels are
subdominant. Here, we have

Quyoag  maTm

QAl77_>A/ ‘ ¢’c2>sc

<1, (4.6)

where Q4,4 is the dark photon abundance from v — A’¢. For the ultralight ¢, because
a smaller mass leads to a larger scalar amplitude, it is easy to realize |¢|%. > ma/Tip.
Therefore, most of the dark photon comes from v — A’, because v — A’¢ are highly
suppressed by the large Aky;, while v — A’ is compensated with large |¢| Similar

osc”
discussions can be applied to other UV freeze-in channels, such as e”e™ — A’¢.

4.2 Signatures and constraints

For our model, the experiments can be categorized into two types: 1. The dark photon dark
matter detection. This relies on the varying kinetic mixing between the visible and dark
sectors. 2. The ultralight scalar detection. This is based on the scalar-photon couplings,
which vary the fine-structure constant and violate the equivalence principle.

4.2.1 Detection of the dark photon dark matter

Here, we discuss the phenomenology of the dark photon dark matter based on nonzero
kinetic mixing. Prior to the discussion, it is important to note that in our model the
kinetic mixing varies during the universe’s evolution. Namely, when T 2 Ty, ¢ is at rest
with the nonzero field displacement. Afterward, ¢ begins the damped oscillation. Hence,
the experimental detectability depends on the universe’s epoch. From section 3, we write
today’s local kinetic mixing €y as

32 (1 < 1075V
€0 "~ €F] < TO ) X { (mo ¢ ) (4.7)

Tosc E (mo Z 107256\/)’

where today’s universe temperature is Ty ~ 1073eV, the enhancement factor from the
structure formation is £ ~ 600, and the kinetic mixing for the dark photon dark matter to
freeze-in is ep; ~ 10712, Based on eq. (4.7), we divide the discussion into two parts: the
mo < 1072%eV case and the mg > 10725V case.
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Varying Kinetic Mixing: mg < 10~eV Varying Kinetic Mixing: mg > 10%eV

my ~ 1072y
€0 1072%

my ~ 10717y

A’ Decay: CMB :
—24
10 My >~ 10136y, ]
BBN
10-26
107! 1073 1072 107! 10° 10!
my [MeV] my [MeV]

Figure 6. The parameter space of the dark photon dark matter frozen-in through the time-varying
mixing. €p is today’s local kinetic mixing near the earth. The direct detection (DD) constraints
are shown as the red-shaded region. The red-dashed line denotes the projection of LZ. The stellar
energy loss constraints are shown as the purple-shaded region. The constraints from the dark photon
decay during late time, CMB and BBN are shown as the dark blue, light blue, and green regions,
respectively. Left: mg < 1072%eV. We choose mg ~ 1073°,1072%,10726 ¢V as the benchmark values
for the freeze-in lines of the dark photon dark matter with varying mixing. They are shown as the
black lines. Right: mgy 2> 10~2°eV. We choose mg ~ 10725,10721,10717, 10~ 3 eV as the benchmark
values for the dark photon freeze-in. The light gray region denotes the parameter space where
Tosc 2 Tr1. In this region, our calculation is not applicable.

The dark photon parameter space of the my < 1072%eV case is shown in the left panel
of figure 6. One can see that the most relevant constraints come from the dark matter
direct detection (red), the stellar energy loss (purple), the dark photon decay at CMB (light
blue), and the dark photon decay at the late time (blue). In the plot, the yellow line is
the dark photon dark matter’s freeze-in line with the constant kinetic mixing, which is
already covered by the current constraints. In contrast, the varying kinetic mixing model
opens the parameter space and provides the benchmark values determined by mg. Here,
we choose mg ~ 10730, 1072%,10726 ¢V to plot the freeze-in lines on the m — €y plane.
Because Thge ~ (mompl)l/ 2, larger mg makes ¢ oscillate earlier, therefore ¢g is smaller.

In the mass range m s < 0.1 MeV, the most relevant constraints are the dark matter
direct detection and the stellar energy loss, as shown in the left panel of figure 6. For
direct detection, the most strict constraint within keV to MeV mass range comes from
XENONNT [83]. LUX-ZEPLIN (LZ), represented by the dashed red line in the plot, can
test smaller kinetic mixing by a half order of magnitude [177]. We can also expect that
future direct detection experiments, such as DarkSide-20k [179] and DARWIN [180], with
larger detectors and lower backgrounds, can have better detection capabilities. In this mass
range, our model is also constrained by the stellar energy loss via v — A’ [61-63, 74-77].
The direct detection of the non-relativistic dark photons produced by the sun (solar basin)
can also impose comparable constraints [181].
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In the mass range m 4 2 0.1 MeV, our model is constrained by the dark photon dark
matter decay. When my < 2m,, because the two-photon channel is forbidden by the
Landau-Yang theorem [182, 183], the dark photon decays through A" — 3+ induced by the
electron loop. When m 4 > 2me, the dominant channel is A’ — e~e™. These two channels
are constrained by the CMB and the late-time photon background, which give comparable
constraints in the constant kinetic mixing scenario. From [62, 63, 84-86], we know that
Tarsy S1079Hp and T gy ot
the CMB and the late-time photon background are different for the varying kinetic mixing

< 107"Hj for m ~ MeV. However, the constraints from
model, because these two physical processes happen in different stages of the universe:
galactic photons are emitted in today’s universe, while the CMB epoch (recombination) is
much earlier. From the discussion of ¢’s evolution in section 3, we know that the kinetic
mixing in the CMB epoch is

. 3/2
mln(TCMBa Tosc) /

ECMB ™~ €0 X T , (4.8)

where Ty ~ (mompl)l/ 2. Based on eq. (4.8), we recast the CMB constraint to the m — ¢
diagram. When mq < 10728 eV, T
photon mass region m 4 = 0.1 MeV is excluded by CMB, which explains CMB bound’s
cutting off at m 4 ~ 0.1 MeV in the left panel of figure 6. When mg > 10728 eV, Toge = ToMmB,
so the kinetic mixing at T' ~ Tcymp is ecmB ~ €0 (TomB /Tg)3/ 2 which explains why the

< TeMB, SO €cMB =~ €pr. For this reason, the dark

~

CMB constraint is stronger than the late-time photon constraints if m 4, = 0.1MeV.

0~2%eV case shown in the right panel of figure 6. The most

Now we discuss the mg 2 1
relevant constraints come from the dark photon dark matter decay during CMB (light blue)
and BBN (green). To recast the constraints in the early universe to the m 4 — ¢y plane, we

use the formula?®

(4.9)

TCMBF/2 1 . [min(Toy, Tose) ]2 1
L €BBN "~ €0 -

T() & TO

During the BBN, egpn ranges from 107'2 to 107, which leads to the light elements’

disintegration caused by A’ — e~et. Based on this, the BBN constraint on the dark

€ECMB "~ €0 X [

photon freeze-in is imposed [184, 185]. However, if m4, < 5MeV, the dark photon decay
cannot change the light element abundance, because the injected energy is smaller than the
deuterium binding energy, which is the smallest among all the relevant light elements (except
"Be whose abundance does not affect the main BBN observables). In the right panel of
figure 6, there is a gray region in the lower left corner, the parameter space where the
calculations of the freeze-in lines break because the dark photon freeze-in happens after
¢ starts oscillation. At the end of this paragraph, we point out one interesting character:
through the varying kinetic mixing, the dark photon heavier than 1 MeV can be frozen-in
and free from A’ — e~e™ constraints, because the kinetic mixing portal is closed right after
the dark photon production.

3From the discussion in subsection 3.2, we know that thermal effect may change Tosc for the type-B
model when the scalar is heavier than 107'%/log?7eV. Even though the type-B model does not cause
qualitative differences, to simplify the discussion, we only discuss the type-A model where Tosc ~ (mompl)l/ 2
as an example.
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Figure 7. The parameter space of the scalar-photon couplings with F ~ 1072. The black lines
are the experimental targets determined by the dark photon dark matter freeze-in (Q4/h? ~ 0.12)
with different e’s. Left: the type-A model (y' = 0). The thick dashed magenta line is the n ~ 1
contour, upon which the scalar’s early displacement is set to be 7f/2 by the thermal misalignment.
The gray region denotes the constraints from the EP tests [87-89]. The blue region represents
constraints from the clock comparisons [90-92, 94, 168, 190]. Here, most of the model’s parameter
space (¢ < 1) is inside the projections of the proposed experiments, such as Lyman-« UVES [176],
the clock comparison (optical-optical, optical-nuclear) [90], the cold-atom interferometer (AEDGE,
AION-km, MAGIS-km) [171, 172, 174, 191], and the resonant-mass oscillator (DUAL) [95]. Right:
the type-B model (y = —y) beginning with the wrong vacuum (7f/2 < ¢, < 37f/2). In the
region beyond the magenta n ~ 1 contour, the scalar acquires 7 f via the thermal misalignment.
The Tosc =~ T|3H=m, contour is the thick dashed cyan line, and it envelopes the region where the
thermal effect postpones the oscillation. This is the region where ¢ does the trapped misalignment.
Given the scalar abundance, since the trapped misalignment needs a smaller oscillation amplitude,
as discussed in eq. (3.19), the power law of the black lines is changed within the upper right corner
enveloped by the thick dashed cyan line. In the plot, the constraints from the cosmology (CMB,
BBN) [97-100] are comparable with the constraints from clocks and EP tests.

In the end, we want to discuss the warm dark matter bound. Because the dark photon
is produced through v — A’ with the initial momentum p4 ~ T, it washes out the
dark matter substructure in the late universe [186-189]. To avoid this, we need ma 2
few x 10keV. Detailed analysis based on the dark matter phase space distribution is left for
future work.

4.2.2 Detection of the ultralight scalar

In section 2, we reveal that scalar-photon interaction originates from UV physics. Given
this foundation, our model can be tested through the observations of the ultralight scalar
¢. Eq. (2.8) and eq. (2.16) indicate that d,; and d, 2, the dimensionless scalar-photon
couplings, are determined by ¢’ and ep;. For the freeze-in model of the dark photon dark
matter, there is epr ~ 10712, This sets the experimental targets of the ultralight scalar
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experiments. To be more quantitative, we have

% 7
Mp] €F1 mo €r1 .
doyi~ | =2 x | ———= i=1,2), 4.10
b <6/ |¢|osc> <€, .7:1/2 T(?S/g) ( ) ( )

where “i = 1”7 and “i = 2” denote the type-A and type-B models, respectively. From

eq. (4.10), we know that with epy determined, the smaller €’ is, the larger d,; is, so our
model with small €’ is more detectable. The reason is that from the UV model in section 2,
to maintain a determined kinetic mixing, y and 3’ should be smaller when ¢’ is larger.
Therefore, d,; gets larger correspondingly. Since the phenomenologies for the linear and
quadratic scalar-photon couplings are quite different, we discuss them separately.

Type-A Model. Let us first discuss the type-A model shown in the left panel of figure 7.
To illustrate how the experimental sensitivities vary with €', we plot the d,; lines in
black choosing €/ = 1,1073,107% as the benchmark values. From eq. (3.9) we know that
Tosc X m(2)/3 when mg < 10728eV, and Tpe m(l)/z when mg > 10728¢V. Given this, we
have the analytical form of the black line, which is

(4.11)

1 { m(l]/4 (mo = 10728eV)
d%l X

— X :
e/ F1/2 const  (10733eV < mg < 10728eV)

In figure 7, the thick dashed magenta line is the contour of n ~ 1. In the upper right corner
beyond the dashed magenta line, n = O(1), the thermal effect makes ¢ converge to 7w f/2
in the early time according to section 3.2. Because f ~ |¢| .., combining eq. (3.5) and
eq. (3.11) we know that the thick dashed magenta line obeys d- 1 m61/4. In the region
below this thick dashed magenta line, n < 1, so ¢ does the standard misalignment.

One of the strongest constraints for the type-A model comes from the equivalence
principle experiments testing the acceleration difference of two objects made by different
materials attracted by the same heavy object. In the left panel of figure 7, such a constraint
is shown as the shaded gray region. Until now, the most stringent constraint is imposed by
MICROSCOPE [89] and Eot-Wash [87, 88], giving d,1 < 1074, The clock comparisons of
Dy /Dy [91], Rb/Cs [92], and Al* /Hg" [94] give stringent constraints based on testing the
time-varying cen. These constraints are shown as the shaded blue region.

There are several experiments proposed to go beyond the current constraints. For
future clock comparison experiments [90], the projection of the improved optical-optical
clock comparison is shown as the pink line, and the projection of the optical-nuclear clock
comparison is shown as the red line. For these projections, the dashed parts denote the
projection of the ay oscillation testing, and the dotted parts denote the projection of the
Qemy drift testing. According to [90], the projection has the optimistic assumption that
the measurement takes place when the scalar is swiping through the zero such that dey, is
independent of mg. Following this, we extrapolate the projections of the optical-optical and

0~33eV, considering the homogeneity of the ultralight scalar

optical-nuclear experiments to 1
when the scalar’s de Broglie wavelength is much larger than the size of the Milky Way
halo. The cold-atom interferometer experiments such as AEDGE [174], AION [171], and
MAGIS [172] have strong detection capability in the mass range 10~%eV < my < 10712eV.

In the plot, the projections of AEDGE (broadband, resonant mode), AION-km, and
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MAGIS-km are shown in the dashed dark green, dashed green, and dashed light green lines,
respectively. The region of the thermal misalignment located in the upper right corner
of the left panel of figure 7 can be tested by the proposed resonant-mass detectors, such
as DUAL shown in the dashed orange line [95]. The CP-even scalar in the mass range
10733V < mg < 107286V can be tested via the Lyman-a UVES observation [176] shown in
the dashed purple line.

For the EP tests, because they test the Yukawa interaction mediated by ¢, the cor-
responding constraints are independent of the scalar fraction F. For the aep-variation

1/2 We know from

tests, because Aaem X dy1|¢|, the d, 1 sensitivities are all scaled by F~
eq. (4.11) that, for the non-EP experiments, the relative position between the experimental
targets (black lines) and the constraints/projections remains the same as F varies. From
figure 7, we find that most of the targets are within the detection capabilities of the proposed

experiments because e/ < O(1).

Type-B Model. Now we discuss the type-B model shown in the right panel of figure 7.
Here, we discuss the case where ¢ has the initial wrong vacuum (7f/2 < ¢ S 37f/2)
as the example. In the plot, the thick dashed magenta line is the contour obeying 1 ~ 1.
In the region upon (below) this line, the ultralight scalar does the thermal (standard)
misalignment. From eq. (3.5) we have 7 ~ (qemd~,2)'/2. Thus, the thick dashed magenta
line obeys dy 2 ~ 10%. As discussed in subsection 3.2, the thermal effect makes ¢ converge
to 7 f in the early universe in the parameter space upon the thick dashed magenta line.
The thick dashed cyan line denotes the contour satisfying Tosc ~ T'|3g—m,. In the region
enveloped by the thick dashed cyan line, Tose < T'|3H=m,, meaning that the thermal effect
postpones ¢’s oscillation. This represents the phase of trapped misalignment.

In the plot, the thick dashed cyan line is horizontal when mg > 1071%eV. This is
because mp ~ mg happens when e* are relativistic, which leads to mp ~ nH. If n > 1,
when H ~ mg, there is mp > mg, which prevents ¢ from rolling to the bare minimum,
therefore ¢’s oscillation is postponed by the thermal effect. We also find that the thick
dashed cyan line becomes vertical when mg becomes smaller, because my ~ mg happens

when e+

are non-relativistic. Along the vertical part of the cyan line, T'|3g—=m, ~ M, We
have mg ~ m2/my,.
The experimental benchmarks are shown as the black lines in mg — d, 2 plane. In the

region of the standard misalignment (7 < 1), the black lines obey

dyo X —5—= % : (4.12)
! e?F const  (10733eV < mp < 10728eV)

1 { m(l)/2 (107 2eV < mo < my)
where m, is the black and the thick dashed cyan lines’ cross point coordinate. To understand
dy2 in eq. (4.12), we refer to eq. (3.9) which shows that T o mg/?’ when mg < 1072eV,
and Tyge o< m(l)/2 when mqg > 10728V, After plugging Ty into eq. (4.10), we have eq. (4.12).

Now let us discuss the behaviors of the black lines in the scalar mass range mgy 2
ms. If the black line intersects with the thick dashed cyan line on its vertical side, i.e.,
ms < 1076V, we have Toge ~ me. If the black line crosses with the thick dashed cyan

~

line on its horizontal side, i.e., m, 2 107166V, we have Tpse ~ T|3H:m0/771/2 x m(l)/z/d}y{;.
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Substituting Tyee into eq. (4.10), we have

1
dyoox ——=xmd if m, <1071%V, dy 2 ¢

2 . ~16
2T xmg ifm,2107eV  (mg 2 m.).

(4.13)
This explains the black lines’ tilting up in the region enclosed by the thick dashed cyan line.

1
/8 F4

Such enhancement of the signal comes from the postponement of the oscillation, the typical
feature of the trapped misalignment [146, 147].

Similar to the type-A model, the type-B model can be tested through terrestrial
experiments. In the plot, the current constraints based on clock comparison [91, 92, 94,
168, 169] are shown as the shaded blue region, and the constraints from the equivalence
principle tests [89, 168, 169] are shown as the shaded gray region. The projections of the
proposed optical-optical and optical-nuclear clock comparisons are shown in orange and
red, respectively [90, 169]. Here, the dashed and dotted parts of the projections denote
the detection capabilities of the ey, oscillation and the ey, drift, respectively. Our model
can also be tested by the cold-atom interferometers. The projection of AEDGE [174] and
AION-km [171] are shown in the dashed dark green and dashed green lines, respectively.
One may find that the constraints and projections from the ground-based and low-altitude
experiments get weakened or cut off in the strong coupling region. This is caused by the
scalar’s matter effect sourced by the earth, one of the characteristics of the quadratic
scalar-SM coupling. Following [168, 169], we have

2
dy 2.crit, = m ~ few x 1011, (4.14)

DD
where d 2 orit is the scalar’s critical value for the matter effect to appear, R® ~ 6 x 103km
is the earth’s radius, MEB ~ 6 x 10%*kg is the earth’s mass, and Q’Yv@ ~ 1073 is the earth’s
dilaton charge. When d- 2 2 d. 2 cit, the scalar’s Compton wavelength is smaller than the
earth’s radius. In this situation, the scalar easily overcomes the spatial gradient and is
pulled toward the origin, so its near-ground and underground oscillation amplitudes are
highly suppressed. Even so, if the experiments are carried out in space with altitudes
comparable with the earth’s radius (for example, AEDGE), the screen effect sourced by the
earth can be largely alleviated.

Unlike the type-A model, the type-B model has strong constraints from the early
universe processes, such as CMB and BBN, which are comparable with the terrestrial
constraints. The reason for this character is that when tracing back to the early universe
with the ¢’s abundance determined, Acep, increases much more for the type-B model than
the type-A model [97, 99, 100]. Considering the thermal effect in subsection 3.2, we impose
the constraints on the type-B scalar’s parameter space using the current cosmological
constraints on Acem /aem, which are [97-100]*

(Attem/em)omB < 2 x 1073, (At /em)BBN S 6 X 1073, (4.15)

“The results in [99, 100] cannot be recast to our model directly because these works constrain the
coupling ¢>F? which can be classified into the case where ¢ starts in the range —7f/2 < ¢m S 7f/2.
We are discussing the case of the initial wrong vacuum where 7f/2 < ¢vn < 37f/2. To impose the BBN
constraint for our model, we reproduce the CMB and BBN constraints in [97] by using the former CMB
bound Adem/@em < 1072 [97] and by only including the bare potential effect during BBN. Then we impose

the CMB and BBN constraints on the right panel of figure 7 using eq. (4.15) with the consideration of the
scalar’s thermal effect as discussed in subsection 3.2.
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In the right panel of figure 7, the CMB constraint is shown as the shaded orange region,
and the BBN constraint is shown as the shaded purple region.

Based on the left panel of figure 7, let us discuss the tests of the dark photon dark
matter freeze-in given different F’s. Given the scalar fraction F ~ 1073, for the model to be
tested by the proposed experiments but not excluded by the current constraints, the dark
gauge coupling needs to be within 10719 < ¢/ < 1076, When F varies, the relative position
between the black lines and the non-EP experiments does not change qualitatively because
all these constraints come from Aaem d%2|¢]2. In this case, their positions are rescaled by
F~ 1. Differently, what the equivalence principle experiments are testing is the acceleration
difference of the objects A and B, which obeys |aa — ap|/|aa + ap| < d2 5 9|V | according
to [168, 169]. From this, we know that the constraints on d. » from the equivalence principle

/2 When F < 1078, the equivalence principle constraints are

test are rescaled by F~
stronger than the current CMB, BBN, and clock constraints.

In the end, we comment on the constraints from the black hole superradiance. For the
F =~ 1 case, the current constraints from the supermassive black holes exclude the region
1072%V < mo < 10717V [164-167, 192], and the constraints from the solar mass black
holes exclude the region 10~3eV < mqg < 10~ 1eV [193]. However, since ¢'’s self-interaction
is Ay ~ mi/f?, smaller F leads to smaller f, which increases \y. From [167, 193] we know
that, for the scalar as the subfraction of the dark matter, the superradiance constraints are

alleviated by the scalar’s large attractive self-interaction.

5 Zn-protected scalar naturalness

Because the Yukawa interaction in eq. (2.4) breaks ®’s global U(1) symmetry, the scalar ¢
has quantum correction. Taking the type-B model in section 2 as an example, we have the
mass correction Amg ~ yM, and its benchmark value

15 R M \?[10'GeV (1)
Amg ~ 10 eV<10_12> <1OOGeV> ( . o) (5.1)

which could be larger than the ¢’s bare mass in part of the parameter space. For the type-A

model, the situation is similar. Even so, by imposing an extra Zy symmetry [101, 102], the
global U(1) symmetry can be approximately restored, therefore ¢’s quantum correction is
exponentially suppressed. To realize this, we introduce N copies of the worlds containing
the standard model sector (SMy), the dark sector (DSy), and the portal (Opj) where

k =0,1,...,N — 1. Because of the Zy symmetry, the system is invariant under the
transformation
2
d — Dexp (2]\7;> , (SM+ Op +DS), — (SM + Op + DS)js1 (5.2)

so the lowest order effective operator is

(I)N
EW = const X W —+ h.C., (53)

which is invariant under the Zy transformation but not invariant under the U(1) transfor-
mation. Such a dimension-N operator shows that even though the global U(1) symmetry is
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Figure 8. The schematic diagram of the Zy-invariant UV model. The messenger particles
\I/,(C/) (k=0,1,--- ,N — 1) are all coupled with the complex scalar ®, where “k” labels the kth world.
Here, k = 0 is our world which experienced the reheating. Because of y and y'’s suppression, kth and
jth universes (k # j) do not talk with each other. Here, the Zy rotation ® — ® exp(i 27 /N), ¥ (/)
\I/,(cl)+1 is labeled by the gray arrowed circles. The Zs symmetry protecting the mass degeneracy
between ¥y, and ), eliminates the time-independent part of the kinetic mixing.

broken, providing that the symmetry under the discrete subgroup Zy still exists, the quan-
tum correction is suppressed with the form Ami x fN_Q/AiV*ZL.5 As long as Amg5 < md,

the scalar’s bare mass mg protected by the Zy symmetry can be naturally small.

5.1 Zpn-protected model

To build a concrete varying kinetic mixing model within the Zy framework, we embed the
minimal model described by eq. (2.4) into the Lagrangian (See figure 8)

N_1 N-1 2\ 2
j2mk < j2mk < = =
Lyv D Z (ye NP, Uy +y et N @xp;q};+h.c.)—M I;)(\Iquzﬁxp;\y;c)—A (,q,|2_2) ’
(5.4)
which is invariant under the Zy transformation ® — ® exp (z%), \Ifl(;) — \Il,(glzrl, A() — A,(grl

Here, ¥}, and ¥}, are doubly charged messengers in the k-th universe carrying the same
kth-hypercharge but the opposite kth-dark charge. Being similar to section 2, we introduce
the Zy symmetry to protect the mass degeneracy between ¥y, and ¥}, therefore the allowed
bare potential is eq. (2.10). Given this, the kinetic mixing portal is closed in the late time.
Representing the complex scalar as ® =1 feid’/ f / V2, we write \Il,g)’s effective masses as

”
Mé/)(gb) =M {1 + ") sin (? + 2;(?)} , where r) = \/%\Zf (5.5)

In the low energy limit, ¥; and \Ifl(;) are integrated out, so the IR Lagrangian is

v 1 /A v
EIR 2 Z [ EkaJMl/ /M + 1 ( aem) Fk,u,Z/F]:L :| ’ (56)
k

aem

°If N is an odd number and the exact Z» symmetry under Cgq (& — —®T) is imposed, the lowest order
effective operator is <I>2N/A§N_4, so the mass quantum correction is f2N72/A§N_4. Here, we use “I” for the
effective scale in £ D const x @'~ /AN =* 4 h.c.. From eq. (5.10), we have A; ~ M /yN/(IN=4),
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where

€k

6m2 M TN

_ V2elly=)f (5+%) (5.7)

and

~ 62 M TN Ve iTN

<Aaem> ¢’ l V2(y+y)f <<z> m) W+ <<z> mﬂ
———————sIn + sin .

Qem /

(5.8)
From eq. (5.6), eq. (5.7) and eq. (5.8), we know that the IR Lagrangian is invariant under
the Zy transformation ¢ — ¢ + 2%, A,(;) — A,(C'_)H. We find that eq. (5.7) and eq. (5.8)
contain eq. (2.7) and eq. (2.13) when k = 0, meaning that the minimal model discussed
in section 2 is the k£ = 0 branch of the Zy model. Here, (SM + Op + DS)g is our universe
which experiences the reheating, while the other universes are not reheated. When mg < H,
¢ does the damped oscillation, so the kinetic mixing between SMy and DSy gradually

decreases, as discussed in section 2 and section 3.

5.2 Quantum correction of ¢

For the ultralight scalar ¢ in eq. (5.4), the leading order quantum correction is described by
the one-loop Coleman-Weinberg potential

1 = M2(¢)\ 3
e 2 i) s (M) -

which has the contributions from N universes with destructive interference. According to

chw((;s) ==

+ (M), — M}), (5.9)

the calculations in appendix C, we express the Coleman-Weinberg potential as

Vew(9) =~ M4N{ (TN +7"N+---> G(N) cos {N <¢ + F)}

82 o2
(5.10)
f2
In eq. (5.10), “--- ”s in the brackets are r and r’s higher order terms, and G(n) is defined as

1 &[4\ (—1) 3(n—5)!
= ()= e .11

To derive eq. (5.10) from eq. (5.9), we can apply the cosine function sum rules

N onky A 1
kz::lcos (H—i—N) = 12:;) Cimn cos (INO)+D,,, where ClmN|m:lN:W’ (5.12)

From eq. (5.5) we know that M}, contains cos(¢/f + n/2 + 2wk/N). Therefore, we can
expand eq. (5.9) as a polynomial function of the cosine function. From eq. (5.12), we know
that only when the cosine function’s power in the effective potential is greater than N,
the non-constant terms emerge. Since the cosine function appearing in the potential is
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always accompanied by 7, based on the cosine sum rules, we find that the lowest order Zy
potential is proportional to rV if there is no further cancellation. For the exact calculation
of eq. (5.9) to all orders, readers can refer to appendix C containing two different but
equivalent derivations, including the cosine sum rules discussed in this section and the
Fourier transformation. The lowest order calculation can be found in [102, 106], but
the exact calculations listed in appendix C are obtained for the first time as far as we
have known.

Because V., receives contributions from both 7 and 7/, there is a possible extra
cancellation. For even N, from eq. (5.10) we find that the leading order correction starts
from rY. For odd N, if r and ' have opposite signs, the quantum correction from 7V + 7'V
is reduced. When 7 = —7/, (1 +r"V) cos[N(¢/ f + 7/2)] has the exact cancellation, thus
the leading order correction starts from (r*V +7"2V) cos[2N(¢/ f +m/2)]. Such cancellation
happens in all orders because the coefficients of cos[N(¢/f + 7/2)] are the series of r()N+2i
according to eq. (C.1).

Given that r < 1, the factor 7V G(N) in eq. (5.10) indicates that the quantum correction
of mi is suppressed by the (r/2)N=%2 factor in the type-A model, and (r/2)N~2 factor in
the type-B model. For the freeze-in of dark photon dark matter, r’s benchmark value is

P~ 10710 (1522) (2/) (d) _ (5.13)

In such a case, for ¢/ ~ O(1), as long as N = 7, the mass quantum correction is negligible in

the whole mass range of ¢. For smaller ¢/, as long as e/ > 107'° which is in the permitted
region of the current constraints, we have r < 1. Therefore, the Zy scenario suppressing
¢’s quantum correction always works.

6 Varying kinetic mixing from Dirac Gaugino

Motivated by stabilizing the hierarchy between the light scalars and the heavy fermions, we
discuss one of the possible supersymmetric extensions of the varying kinetic mixing in the
Dirac gaugino model [194, 195] with the superpotential

IRAAYY

6.1
oy (6.1)

In eq. (6.1), W; is the gauge field strength of the SM gauge group Gsm,; where the label
j = 1,2,3 denotes the SM gauge groups U(1)y, SU(2);, and SU(3)., respectively, W' is
the gauge field strength of U(1)4, and A; is the chiral multiplet. The operator in eq. (6.1)
in hidden sector models was firstly introduced by [196] and further understood by [194]
afterward as the supersoft operator such that it provides the Dirac gaugino masses and does
not give logarithmic divergent radiative contributions to other soft parameters. Writing A;,
W; and W' in terms of the Taylor expansion of the Grassmann variable 6, we have 4; D
(Sj+iP;) /V2 +V20a;, W DX + FI'"(0,,0)* + D 6%, and W/, D F},,(0/0)a + (D)4
Plugging these expanded fields into eq. (6.1), and doing the integration over #? firstly and
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then the auxiliary fields, we have the effective Lagrangian

Lo —A;jtr (S;F1") By~ A;jtr (PFI™) By=mp jagh;—2mb 3+, (6.2)
where S;j(P;) is the CP-even (CP-odd) scalar, \; is the gaugino, and mp; = (D')/Ap ;
is the gaugino’s Dirac mass given by the scale of SUSY breaking. One should note that
in eq. (6.2), S;’s mass term £ D —2m%’jS]2 comes from integrating out the D-term (On
the contrary, P; has no extra mass contribution). It is because the supersymmetry is
protected that the mass of S; is correlated with the mass of the gaugino A;. Consequently,
S; is pushed to the heavier mass range given that the gaugino mass is highly constrained:
according to [197-200], the LHC has already excluded the electroweakinos and the gluinos
masses below O(100GeV) and O(TeV) respectively. Unlike the previous discussion, in the
Dirac gaugino model, S; cannot be the ultralight scalar where the misalignment mechanism
provides a natural way to open the portal in the early time but gradually close it in
the late time. Even so, it is still possible to realize the temporary period of (S;) # 0
in the early universe through the two-step phase transition, also referred to as the VEV
Flip-Flop in some specific dark matter models [40-42]. The concrete model building and
the phenomenology are beyond the scope of this paper.

In the j = 1 case, the first term in eq. (6.2) containing the CP-even scalar S; corresponds
to the kinetic mixing portal between U(1)y and U(1); which is determined by S;’s VEV.
The second term in eq. (6.2) containing P; (axion) leads to the dark axion portal which is
investigated in [201-213]. There are several major differences between the kinetic mixing
portal £ D —SlF“”F/’W/ADJ and the dark axion portal £ D —PlF“VF'liV/AD71: 1. In
the Dirac gaugino model, S;’s mass is correlated with the A\{ mass which is pushed to
O(100GeV) scale by LHC, while P;’s shift symmetry protests its arbitrarily small bare mass.
2. The VEV of P; does not play a direct physical role because it only contributes to the
total derivative term in the Lagrangian (P;’s time or spatial derivative still has nontrivial
physical effects nonetheless).

In the j = 2,3 cases, if (S]) # 0, the first term in eq. (6.2) would mix the non-Abelian
gauge field with the dark photon such that the non-Abelian gauge symmetry is broken.
Being referred to as the non-Abelian kinetic mixing [21, 214-219], the constant mixing
models are highly constrained by the collider experiments. However, in the high-temperature
environment of the early Universe, the large non-Abelian kinetic mixing can possibly be
realized for the non-Abelian vector dark matter production and other intriguing phenomena.
We leave the detailed discussion in future work.

7 Other cosmologically varying portals

Let us begin with the general form of the cosmologically varying portals through which the
dark and the visible sectors are connected. To be more generic, we write them as

LD % OpsOsm, where d = dgy + dps + 1. (7.1)
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In eq. (7.1), Ospm and Opg are the operators of the visible sector and the dark sector,
respectively, dsy and dpg denote the dimensions of these two operators, and d is the
dimension of the time-varying portal. To simplify the notation of eq. (7.1), we drop the
(spacetime, spin, flavor, ...) indices of Ogy and Opg whose contraction makes the varying
portal to be a singlet. For simplicity, we only keep the linear form of the CP-even scalar ¢,
even though in the UV theory, the non-linearity may appear, as we have seen in eq. (2.7).
Based on the EFT, we know that when the effective operator eq. (7.1) is introduced, the
operators merely containing ¢ and Ogy also appear because the symmetry does not forbid
them. The co-appearance of the effective operator shown in eq. (7.1) and the scalar-SM
coupling provides an excellent chance to test these kinds of models from the experiments
detecting the portal itself and the ones measuring the scalar-SM coupling. In the rest of
this section, we will give some specific examples of the varying portals and show how these
minimal extensions illuminate the dark matter model building.

Let us briefly review the varying kinetic mixing portal in the EFT language. Af-
ter choosing

OSM,;LV = F,uz/ and ODS,;LV = F'LII,V’ (72)

eq. (7.1) goes back to the operator £ D ¢ F,, F'* /A discussed before. Through this
operator, the dark photon dark matter can be produced without violating the stringent
constraints as shown in section 4. Since the spacetime indices of F},, need to be contracted,
the lowest order operator of the scalar-SM coupling is ¢ F},, F'*¥. If there is an exact Zs
symmetry invariant under the dark charge conjugation ¢ — —¢, F/W — —Fl’w, OF,, FH is
forbidden, so the lowest order operator of the scalar-SM coupling becomes ¢? F, w P . The
experiments testing the aepy-variation and the equivalence principle violation can be used
to test ¢F),, F'* or qbQFWFW, as discussed in subsection 4.2.

In other situations where Ogy is invariant under arbitrary global and gauge trans-
formations, there are no more indices to contract, so the lowest order operator of the
scalar-SM coupling is ¢ Ogy or ¢? Osy; depending on whether the exact Zy symmetry, i.e.,
the invariance under ¢ — —¢, Ops — —Opg transformation, exists or not. One typical
example is that

Osm = |H\2 and Opg = s°, (7.3)

where s is a scalar singlet in the dark sector. Here, £ D A\;OpsOsy = Ass%|H |2 is well-
known as the singlet-scalar Higgs portal (SHP) through which the dark matter s reaches
today’s relic abundance (The dominant channels are ss — f~f*, W-"W™*, ZZ hh,---. f
refers to the SM fermions.) [10-12]. Besides, because this Lagrangian is invariant under
the Zo transformation s — —s, s is stable. Although SHP provides a simple way to
< 1TeV, most of its parameter space except

~

realize Q,h? ~ 0.12, in the mass range m
the narrow window of the resonance (ms ~ my/2) is excluded by the Higgs invisible decay
h — ss [220, 221], the dark matter direct detection, and the indirect detection (AMS,
Fermi) [66, 222-224]. By introducing the time-varying SHP

LD %32\1{\2, (7.4)
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the parameter space is widely extended. Here, ¢’s misalignment supports s’s freezeout at

the early universe and then starts the damped oscillation such that (ov)ss oc (T/Tosc)® when

T < Tose. For this model, there are two types of experiments: 1. The future direct detection

relying on today’s SHP. 2. The experiments testing (;5|H|2 or <j>2|H|2 [141, 191, 225, 226].
Another example of the model with singlet Ogyy is

Osm = QHqr or LHer and Opg = 3. (7.5)

5 is the scalar mediator interacting with the dark matter x via the CP-odd coupling
L D iy, §Xy°x. Given the constant portal £ D OpsOsm/A = yf§ff where y; = v/ V24,
x reaches today’s relic abundance through the freezeout channel xy~x* — f~fT with
(ov)ss ~ yj%yf(mi/mé Here, vy, is the Higgs VEV, and A is the effective scale of the
constant portal. Since x~x* — f7fT is s-wave, the region m, < 10GeV is excluded by
CMB [3]. To produce lighter but CMB-friendly dark matter, we introduce the operator

D %51_/[{63 or %EQHqR. (7.6)

L
Through the ¢-dependent Yukawa coupling £ O y¢(¢)3 ff where yr(¢) = ¢v/v2A% and
the aforementioned CP-odd Yukawa coupling £ O iy, §Y7°X, the dark matter lighter than
10 GeV can reach today’s relic abundance without violating CMB annihilation bound as
long as ¢’s starts damped oscillation earlier than Tcyp ~ €V. For this model, there are
two kinds of experiments: 1.Direct and indirect detection, such as the next-generation
CMB observation [227-231]. 2. The tests of the SM fermion mass variations with ¢ff or
H>ff [90, 92, 95, 96, 168, 169, 190, 191].

8 Conclusion

In this work, we study the time-dependent kinetic mixing controlled by the ultralight CP-
even scalar’s cosmological evolution for three reasons: first, to provide a new UV realization
of the kinetic mixing. Second, to open the parameter space of the dark photon dark matter
freeze-in with epy ~ 10712, which is experimentally excluded in the time-independent kinetic
mixing scenario, as shown in figure 5. Third, to provide the experimental benchmarks for
the ultralight scalar experiments. To realize the model, we introduce the heavy doubly
charged messengers coupled with the scalar. To eliminate the time-independent part of
the kinetic mixing, we impose the Zo symmetry, which is invariant under the dark charge
conjugation. Importantly, the scalar-photon coupling also emerges from the UV theory.
To categorize the models, we designate the theory with the approximate Zs as the type-A
model, and the theory with the exact Zs as the type-B model. Consequently, the type-A
model has the linear scalar-photon coupling, whereas the type-B model has the quadratic
scalar-photon coupling.

Through the varying kinetic mixing, the dark photon dark matter ranging from keV to
MeV is frozen-in, free from the late-universe constraints, with the kinetic mixing determined
by the scalar mass. Therefore, the target values of the kinetic mixing for keV — MeV
dark photon dark matter experiments are set, as shown in figure 6. In the meantime,
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the existence of the nonrelativistic scalar relic with the scalar-photon coupling affects
the universe’s thermal history, leads to the scalar’s thermal misalignment, varies the fine-
structure constant, and violates the equivalence principle. These phenomena provide
excellent targets to test our model via the ultralight scalar experiments in the mass range
10733eV < mg < eV, as shown in figure 7.

We also study the Zy-protection of the scalar naturalness in the varying kinetic mixing
model. We embed the minimal model into the Zxy model so that the U(1) shift symmetry
is discretely restored. Given that N ~ 10, the scalar mass quantum correction can be

0~33eV. Moreover, we provide the analytical methods to expand the

much lighter than 1
Zy Coleman-Weinberg potential to all orders. Finally, we briefly discuss the Dirac gaugino
realization of the varying mixing and the dark matter models via other varying portals.
More generally, the portal controlled by the ultralight scalar can offer a minimal solution.
This solves the tension between the portal dark matter’s early-time production and late-time

constraints.
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A Scalar’s analytical EOM solutions: high-T

In this section, we solve ¢’s movement analytically in the high-temperature universe where
the bare potential’s effect is inferior. Taking the joint effects of the thermal mass and the
universe’s expansion into consideration, we write the equation of motion as

8¢+ 3HOp ~ —m2¢,  where 6¢ = ¢ — duin. (A1)

In eq. (A.1), Pmin is the minimum of the thermal potential, i.e., V in eq. (3.2), and d¢
is the field displacement from such a thermal minimum. As we know in eq. (3.3), within
the 27 f periodicity, ¢min = 7f/2 for the type-A model, and ¢pin = 0, £7f for the type-B
model. In eq. (A.1), we use the linear approximation, because as long as ¢ is initially
away from the hilltop of the thermal potential, the effect of the nonlinearity is negligible.
Applying the equation % ~ HT%, eq. (A.1) can be rewritten as
2 d*9 ¢ 772

T a7 = —15(;5, (A.2)

which is well-known as the homogeneous linear equation. Utilizing the power-law ansatz,

we obtain two independent solutions of eq. (A.2), which are

_n2 i 2_
Sox T3 (n<1),  66oT3,Tlog(T/T) (n=1), ¢xT 2 (5>1)

(A.3)
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Scalar’s High-T" Evolution: Numerical vs Analytical

661/ f

10~ 107° 1074 1073 1072 107!
1T

Figure 9. This plot describes the ultralight scalar’s evolution in the high-temperature environment
and compares the numerical (solid lines) and analytical (dotted dark lines) results listed in eq. (A.4),
eq. (A.5), and eq. (A.6). In the plot, similar to figure 4, T is defined as T := T/T|3t=my- |00]
represents the absolute value of the deviation from the thermal potential’s minimum. Without loss
of generality, we choose the type-A model as an example in this plot, and the discussion of the
type-B model is quite similar. Here, the red, green, and blue colors represent the n > 1, n =1, and
1 < 1 cases, respectively, and one can find that the numerical and analytical results for each case
match magnificently well. We find that the red and green lines have approximately the same power
law, i.e., |0¢] x T1/2, whose slight deviation can be explained by the log term in eq. (A.5). We can
also find that the red line’s oscillation period appears the same in the plot with the log-scaled 1/ T
axis. This is because the only temperature-dependence in eq. (A.6) comes from log T , Or, more
intuitively, is caused by the same temperature power law of my and H.

for each case separately. Given the initial condition $en = 0, one can determine the unknown
coefficients and write the solution as

Y VI—pZ—1\ TV
S x T2 x 1—<:> <Th> (n<1), (A.4)
) 1 T
0p x T2 X [1—2log (ﬂhﬂ (n=1), (A.5)
and
\ 2 1log A Vn? —1log -
5¢O<T2cos<\/iOgTrh>x[1_\/7%‘5%1( i zogT““ﬂ (n>1).
(A.6)

Let us briefly explain the solution for each case individually. In the n < 1 case, whose

solution is eq. (A.4), ¢ begins with the initial staticity after the reheating and then slowly

slides to the thermal minimum, whose sliding velocity is suppressed by the small 5. In the
2

limit n < 1, one can have ¢ TUT, meaning that ¢ is approximately static. The reason for

¢’s motionlessness is that the thermal effect is too weak to drive ¢ to move under the large
112
Hubble friction. From eq. (A.4), we can also find the front coefficient of T 2  dominates
14112
over the one of T2 , because for small 7, the latter solution contributes to the nonzero
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initial velocity, while the former one does not. The 1 = 1 case is the critical point in the
parameter space which separates the sliding and oscillating phases. In this case, the scalar
moves toward the thermal minimum obeying the relation 8¢ < T"/2 approximately. When
71 goes beyond the critical value, i.e., in the case where 1 > 1, the scalar’s evolution is in the
oscillating phase whose amplitude dwindles like |d¢| oc T/2 as the universe expands. From
eq. (A.6), we can find that the front coefficient of the cosine function dominates over the
sine function as the result of the initial condition gﬁrh = 0. Another feature of the oscillating
solution for the 7 > 1 case worthwhile to be discussed is that the T-dependent part is the
log function. Such a log term comes from the imaginary part of 7’s power, or, in other
words, is the feature of the homogeneous linear equation, which takes its form because mp
and H have the same temperature power law.

Those who are curious about comparing the analytical and numerical solutions can
refer to figure 9, where the solid lines represent the numerical solutions, and the dotted dark
lines denote the analytical solutions, as shown in eq. (A.4), eq. (A.5), and eq. (A.6), in the
linear approximation. The red, green, and blue colors are related to the n > 1, n =1, and
1 < 1 cases, respectively. Since the type-A and the type-B models have similar behaviors
when moving toward the thermal minimum in the high-temperature universe, we take the
type-A model as an example to draw the plot, and the numerical-analytical comparison for
the type-B model can be identically transplanted. In figure 9, one can easily see that the
analytical solutions listed in eq. (A.4), eq. (A.5), and eq. (A.6) are perfectly consistent with
the numerical results.

B Dark photon freeze-in

As long as the kinetic mixing is nonzero and the amount of the initial dark photon is
negligible, the dark photons are always produced in the late universe through the energy
transfer from the visible sector, known as the freeze-in production. Following [61, 62], we
give a pedagogical introduction in this appendix, which is divided into two parts: m 4 < 2m,
and my > 2m.. When my < 2m,, the dark photon production is dominated by the
resonant transition v — A’. When my > 2m,, the dark photon mainly comes from the
inverse decay e"e™ — A’. Here, we focus on the transverse dark photon, because the
longitudinal dark photon production is subdominant [75].

B.1 ma < 2me

Knowing that the dominant contribution comes from the resonant transition of the transverse
photon when mys < 2me, we write down the Boltzmann equation

7T3 ezmi/

ﬁA/ + 3HHA/ ~ n7<F7_>A/), where <P'y—>A’> ~ T(?)) T

(5(m,2y —m?) (B.1)

is the thermally-averaged v — A’ transition rate and n, = 2¢ (3)T3 /=2 is the transverse

photon number density. The delta function in (I',_, 4/) reveals the feature of the resonant

2

production: most of the dark photons below the electron mass are produced when m124, ~ms.
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Figure 10. The plot showing how T}.s and |dlog m,zy /dlogT |reS change in terms of m4/. Here, Tyeg
represented by the red line is the temperature in which the resonant transition v — A’ happens.
Its numerical value can be read from the red vertical axis on the left-hand side of the plot. The
dimensionless quantity |dlog m% /dlog T|res represents how fast the plasmon mass changes in terms
of the temperature at which the resonant transition happens. Readers can refer to the blue axis
on the right-hand side for its numerical value. In the mass range m, 2 10%6V, Thes x m 4, and
% o T? when electrons are relativistic. When ma: < 1072eV,
Tres < m%?’ and |dlogm?/ dlogT|rCS ~ 3, as a result of the plasmon mass power law m?
when the symmetric e~e™ annihilate away but the asymmetric e~ remains. In the middle mass range
where 1072eV < m 4 < 10%eV, the v — A’ resonance happens when the plasmon mass experiences

an exponential drop as the universe temperature goes below the electron mass. In this case, Ties is

|d10gm3//dlogT{res ~ 2 because m

X Ng— o< T3

in the range 10~2m, — m. and insensitive to the value of m 4. The semi-analytical estimations of
Ties and |dlogm? /dlog T|rCS in such a case can be found in eq. (B.5).

Doing the time integration of the Boltzmann equation, we get today’s dark photon relic
abundance

32.53/2 ezmi,mplso
23 . 75/2. g*,sgim Tﬂdlogm%/dlogT

QA/ ~ (BQ)

Pc

res

where “res” means all the temperature-dependent quantities in eq. (B.2) are chosen to be
the ones when the plasmon mass and the dark photon mass match with each other. In

eq. (B.2), sq is today’s universe entropy, p. is the critical density, and ‘dlog mg /dlogT

Y
res

an order 1 — 10 factor, represents how fast m?y passes through the vicinity of m124,. The
numerical values of Tyes and ‘dlog m% /dlog T’ are shown in figure 10.
res

For m 4 2 10%eV, the resonant transition happens when electrons are relativistic. At
this time, the plasmon mass is m% ~ ¢2T? /6, based on which we have

dlog m?Y

dlog T o~ 2. (B.3)

Tres >~ 8m 4 and ‘

res
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Here Ties is Ty, 4 in eq. (4.2). We use the lower index “res” to emphasize the character of
the resonance transition for v — A’. In eq. (B.2), m3, and T3, cancel with each other, so
for fixed dark photon relic abundance, € is the constant of m 4. If all the dark matter is
comprised of the dark photon, the needed kinetic mixing is

o\ 1/2
epp ~ 10712 (QA'h ) . (B.4)

0.12

For 1072eV < ma < 10%eV, the resonant transition happens when 10keV < T < me. In
this epoch, the plasmon mass is mg ~ e%ne/me, where n, ~ ge(meT/27r)3/26_me/T. By
solving the resonant condition, we have

21/2 e2p, - dlog mg
TI‘es ~ Me [10g (71_3/2 A and W

3
~ — B.5
5+ (B.5)

res

. . . . . : -3/2
Since Tyeg is insensitive to m 4/’s changing, given the dark photon relic abundance, € oc m A,/ .
More quantitative representation for the € — m s relation is given as

N\ —3/2 h2\ /2
epp ~ 10711 <mA> (QA h ) . (B.6)

1keV 0.12

For my < 1072eV, v — A’ takes place at the temperature 7' < 10keV. Since the symmetric
e~ e annihilates away, the plasmon mass comes from the asymmetric e~ whose number
density is conserved. In this case, the plasmon mass is scaled as m, o< ne o< T' 3/2 and

2/3

the resonant temperature is scaled as Tres o< m)y,”. The concrete formulas for Ties and

‘dlogmg/dlogT are

res

;O\ 2/3 dlog m?2
Tresz15ke\/><< mA ) n | 8 My

10—2eV dlogT

res

Given the dark photon relic abundance, the kinetic mixing is

Lo\ -1/2 52\ /2
eFI~1o—4( ma ) (QAh> , (B.8)

10—2eV 0.12

Even though the warm dark matter bounds exclude the 100% dark photon dark matter via
freeze-in when m 4, 2 few x 10keV, the subcomponent dark photon dark matter can still be
produced. One can rescale epy by 9114//2.

B.2 m oy Z 2me

For the heavy dark photon which satisfies m 4 > 2m,, the inverse decay channel e"e™ — A’
opens up and dominates over the v — A’ channel. In such a case, the Boltzmann equation is

na +3Hng ~n-ng+ <Ue—e+—>A’U>’ (Bg)
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where the collision term is

APpo— Ppo+
Ne—Te+ <0—e*e+—>A’v> = Ge—Get / ﬁﬁf@* fe*ae*e+—>A’UM(Zﬁl~ (BlO)

Then, after calculating the e~e™ — A’ cross section (We correct o, o+_, 4/ in [62])

1 -+ 2m2/m2/
Oe—et— Al = ﬂ(66)2 < 4 5(3 - m?él/)v (B.ll)
/1 —4m2Z/m?,

substituting it into eq. (B.10), using the Maxwell-Boltzmann distribution to approximate

the electron/positron phase space, and doing the phase space integration as shown in [232],

we have
_(ee)® 4 (1 2m? 4m2K ma B.12
Ne—Te+ <Ue—e+—>A’v> — S?mA’ + mii/ 1- m124/ 1 T . ( : )

Finally, after using the approximation Kj(ma//T) ~ (7rT/2mA/)1/2 e~"a'/T in the low-
temperature limit 7" < m 4/ and solving the Boltzmann equation eq. (B.9), we get the dark
photon relic abundance

4 £5/2 2 2 2
O 3*-5 (€e)® mp1so (1 n 2me> 1 4m€‘ (B.13)

= 17/2 , ~11/2 1/2 2 2
2 / T / g*Sg*/ pC mA/ mA/

From eq. (B.13), we know that the € to reach dark matter’s relic abundance when m 4 > 2m,
is nearly the constant of m 4/, which is similar to eq. (B.4) but a bit smaller.

C Zpn-invariant Coleman-Weinberg potential

In this section, we do the calculation to expand eq. (5.9) to all orders. We list the complete
form of the 1-loop Zy Coleman-Weinberg potential as (N > 4)

MAN XX - IN +2;
Vcw(e):WZ[ZTWH]GUN*'ZY')( ;—‘7 +(r—7")| cos(IN§)-+const, 0::? gv
=1 |j=0

(C.1)
where G(n) is defined in eq. (5.11). In eq. (C.1), we find that for the term with cos(IN#),
the Fourier coefficient is proportional to v, which reveals the exponential suppression in
the effective operator £ O const x (1Y + @TlN)/AfN*‘l. For the type-A model, the lowest
order term is £ O const x (®V + CI’TN)/A]lV_4. For the type-B model, r = —7’/, so eq. (5.4)
is invariant under the dark charge conjugation Cy : (A, A’, ¢, V) +> (A, —A',—¢,¥'). If N is
an odd number, the cos(IN0) terms exactly cancel with each other, but the cos(2N6) terms
still exist, so the lowest order effective operators are £ D const x (®2V + ®T2N) JANTA T
the rest of this appendix, we derive the equation eq. (C.1) in two different methods: 1. The
Fourier transformation. 2. The cosine sum rules.
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C.1 Fourier transformation

According to [107], the Fourier series of the scalar potential respecting the Zy symmetry
only receives contributions from [/Nth modes (I is a positive integer number) so that the
Coleman-Weinberg potential can be written as

Vew(#) = N i Vew (EN) cos ((NO) . (C.2)
(=1

In eq. (C.2), Vew ((N) denotes the Fourier coefficient of the single-world Coleman-Weinberg
potential, and the prefactor N comes from N worlds which have the equal contribution to
the Fourier coefficient.

Beginning with eq. (5.9), we write the Fourier coefficient as

~ M4 m
Vew (IN) = ——3/ cos(IN)(1 — rcos0)*log(1 — rcos§)df + (1 — 7). (C.3)
™ Jo
After expanding (1 —rcosf)*log(1 — rcosf) in eq. (C.3) in terms of the r powers, we write
it as
MA X
Vew(IN) Z M2 G (m / df cos(INO)cos™ 0 + (r — ). (C.4)

Applying the trigonometric identity

cos(nf) cos™ 0 = 2171 Z (T;L) cos [(n — m + 2j)6], (C.5)
7=0

we find that for the terms in eq. (C.4), only the ones satisfying [N = m — 2j are picked out.
After writing the summation in the Fourier coefficient Ve (IN) as

+oo m

DD Ominez = D (C.6)

m=1 j=0 m=IN+2j
G=0,1,-

and plugging YN/CW(ZN) into eq. (C.2), we get the equation eq. (C.1).
We can also derive eq. (C.1) by only expanding the polynomial (1 — 7 cosf)* and
carrying the integration over 6 using the equation (See [233])

/07r log[1 — 7 cos(#)] cos(nd)df = —%[X(r)]”, where X (r) = 1_:_73 (C.7)

After doing this, Vay (IN) with N > 4 can be written as

; . IN—j+2m
(—1) ryWN+2m (1112 ,
VenlIN) = 4”2;);0 <4 jj—m m> IN—j+2m (2) r2j2 +r—=r).
(C.8)
Expanding eq. (C.8) in terms of r, and plugging it into eq. (C.2), we can also have eq. (C.1).
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C.2 Cosine sum rules

To calculate the Coleman-Weinberg potential in the #-space directly, we use the cosine

sum rules
[m/N]

1 2
3 2 cos” (64 2X5) = Sl cos(BIN) + Dy, (C.9)
k=0 =1

where

2m

1 m
Dm = 27m (m/2> 5m mod 2,0

The cosine sum rules mentioned above can be derived by expanding the Cosine functions

1 m
ClmN = om—1 <m+lN> (51 mod 2,0 5m mod 2,0 + 5l mod 2,1 5(m+N) mod 2, 0)
2 (C.10)

in terms of the exponential functions and applying the formula % Zk 0 €xp ( 2nnk ) =
dn mod N,0- After plugging eq. (C.9) into

Vew(0) = S?m_lrmzm LG (m Z cos™ (9 + ;) +(r— 1), (C.11)
and reshuffling the summation as
[m/N] 400
Z Z = Z Z (Even N)
m0:12j I=1 =1 m=IN+27,
Jj=0,1,- Jj=0,1,-
, C.12
[m/N] [m/N] 400 ( )
IIEDIEID D MDD (Odd N)
m=2j+1 I=1 m=2j I=1 =1 m=IN+2j,
j=0,1,-- oddl  j=0,1,- evenl j=0,1,---

we can also derive the equation eq. (C.1).
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Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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