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The self-interacting dark matter (SIDM) paradigm offers a potential solution to the small-scale structure
problems faced by collisionless cold dark matter. This framework incorporates self-interactions among
dark matter particles, typically mediated by a particle with a MeV-scale mass. Recent evidences of nano-
Hertz gravitational waves from pulsar timing arrays (PTAs) such as NANOGrav, CPTA, EPTA, and PPTA
suggest the occurrence of a first-order phase transition (FOPT) at a MeV-scale temperature. Considering the
close proximity between these two scales, we propose that the mediator mass in the SIDMmodel originates
from the spontaneous breaking of a Uð1Þ0 symmetry, which is driven by the FOPT indicated by PTA data.
Consequently, the alignment of these two scales is believed to be deeply connected by the same underlying
physics. By extensively exploring the parameter space, remarkably, we find that the parameter space
favored by SIDM just provides an explanation for the PTA data.
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I. INTRODUCTION

The widely accepted cold dark matter (CDM) model
successfully explains the Universe’s structure and evolution.
However, it faces challenges when addressing small-scale
structure problems [1–8]. These difficulties arise in under-
standing the behavior and distribution of dark matter (DM)
within galaxies and galaxy clusters. To address these
challenges, the self-interacting darkmatter (SIDM)paradigm
has emerged. It suggests that dark matter particles can
interact through short-range forces mediated by a new
particle called “dark photon” or “dark mediator,” typically
with amass at theMeV range.Validating theSIDMparadigm
requires crucial searches for evidence of the existence of the
dark sector.
Recently, the NANOGrav, CPTA, EPTA, and PPTA

collaborations have presented new observations of stochastic

gravitationalwaves (GWs) using pulsar timing arrays (PTAs)
[9–12]. In particular, the NANOGrav [9] and CPTA [10]
collaborations report a signal significance ∼4σ for the
Hellings-Downs correlation curve. These observations pro-
vide compelling evidence for the presence of stochasticGWs
with a peak frequency around 10−8 Hz. While the standard
interpretation has been inspiraling supermassive black hole
binaries (SMBHBs), alternative explanations such as a first-
order phase transition (FOPT) remain viable. It is known that
a GW signal at 10−8 Hz implies a FOPT at the MeV scale,
and a Bayesian analysis of the NANOGrav data even favors
the FOPT model over the baseline SMBHB model [13].
Therefore, this observation potentially shows the first evi-
dence of signals from the earlyUniverse prior to the big bang
nucleosynthesis (BBN) and cosmic microwave background
(CMB). Studies on the theoretical models to explain the
previous NANOGrav data can be found in Refs. [14–34].
The remarkable proximity between the scale of mediat-

ing DM self-interaction and that of the FOPT indicated by
the PTA data suggests a profound connection between
them. We propose that the SIDM mediator mass originates
from the spontaneous symmetry breaking of a new gauge
sector, which occurs through a strong FOPT in the early
Universe. Consequently, the alignment of these two scales
signifies the presence of a unified underlying physics that
governs the dynamics within the dark sector.
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In this work, we present a concise and comprehensive
model within the framework of SIDM to explain the
recently reported PTA data, specifically focusing on the
NANOGrav and CPTA observations. By thoroughly inves-
tigating our proposed model, we explore and identify a
parameter space that can successfully account for the
observed GW signals while addressing the small-scale
structure problems. This model holds promise for exper-
imental testing in the near future.
The article is organized as follows: Sec. II provides an

introduction to our model and explores the physics asso-
ciated with SIDM. Section III focuses on the calculation of
the FOPTand the corresponding GW signals. In Sec. IV, we
present our numerical results, showcasing the viable
parameter space, and engage in further discussions.
Finally, we conclude in Sec. V.

II. SELF-INTERACTING DARK MATTER

Small-scale problems are series of discrepancies between
astrophysical observations and the simulation of collision-
less CDM at the scale smaller than Oð1Þ Mpc. For
example, the diversity of inner rotation curves of spiral
galaxies is difficult to be explained by CDM [4]. However,
if there is an elastic scattering process between DM
particles, the inner region of DM halo will be heated up
and avoid being too dense due to thermalization, then the
diversity problem can be alleviated [35–37].
Overall, for dwarf galaxies or galaxies with a DM

average velocity hvi around 10–200 km=s, the cross
section σ=mDM needs to be within the range Oð1Þ −
Oð10Þ cm2=g [38,39]. However, for galaxy clusters where
hvi ∼ 2000 km=s, current fit result favors σ=mDM ∼
0.2 cm2=g [40]. It has been shown that a velocity-
dependent σ=mDM can solve small-scale problems at
different systems [38–61]. Such a velocity-dependent
cross section can be easily induced via a light mediator
between DM particles [50].
In thiswork,we propose amodel that themediatorA0 is the

gauge boson of a spontaneous broken darkUð1Þ0 symmetry.
The breaking of this Uð1Þ0 is through a FOPT in the elarly
Universe, which generates the 10−8 Hz GWs, as we will
show later. The correspondingLagrangian for the dark sector
is given by

LUð1Þ0 ¼ χ̄ðiD −mχÞχ −
1

4
F0
μνF0μν

þ ðDμSÞ†DμS − VðSÞ; ð1Þ

where χ is the Dirac DM candidate, and S ¼ ðϕþ iηÞ= ffiffiffi
2

p
is

the dark Higgs field whose potential is

VðSÞ ¼ −μ2S†Sþ λðS†SÞ2: ð2Þ

Dμ ≡ ∂μ þ iQig0A0
μ with g0 being the dark gauge coupling.

For Uð1Þ0 charge assignment we choose fQχ ; QSg ¼
fþ3=2;þ1g.1 The Mexican hat shape of potential (2)
generates a nonzero vacuum expectation value
vs ¼ μ=

ffiffiffi
λ

p
, breaking the Uð1Þ0 spontaneously, resulting

in a massive A0 with mA0 ¼ g0vs and dark Higgs boson ϕ
with mϕ ¼ ffiffiffi

2
p

μ. We emphasize that the simple Lagrangian
wepresented here is primarily focusedon the phase transition
and dark matter self-interaction. However, to avoid the limit
of the BBN and CMB, an extension of the model is needed
and we will give the details in the appendices.
Previous studies show that a DM candidate with a mass

mχ ∼Oð10Þ GeV and a mediator with a mass mA0 ∼
Oð10Þ MeV can well fit the DM data from dwarf galaxies
to galaxy clusters [62–80]. In our model, for vs∼
Oð10Þ MeV and g0 ∼Oð1Þ, a mediator mass mA0 around
10MeV can be easily generated. On the other hand, the scale
of vs also indicates the phase transition occurs at a temper-
ature around MeV.
To fit the small-scale data, one needs to calculate the

thermal averaged DM scattering cross section σ̄ [81]. Here
σ̄ is given by

σ̄ ≡ hσVv3reli
24

ffiffiffi
π

p
v30

; σV ≡
Z

dΩsin2θ
dσ
dΩ

; ð3Þ

where σV is the viscosity cross section [75,82,83] and v0 is
the velocity dispersion. Analytic formulas of DM scattering
cross section at different parameter regions corresponding
to different coupling strength and kinetic energy have been
given in the literature [63,75,81,84–89], and implemented
in public package CLASSICS [81], which is used in our
calculation. The fit result will be given in Sec. IV.
It should be pointed out that the A0-induced Sommerfeld

effect [90] will largely enhance the χχ̄ annihilation during
the recombination period, leading to severe constraints
from CMB [91–93]. However, such limit can be easily
evaded in the asymmetric DM scenario in which the dark
sector has a nonzero YΔχ ¼ ðnχ − nχ̄Þ=s, similar to the
baryon asymmetry in the visible sector [80,80,94–102].
The detail of the generation of the dark asymmetry and
correct dark matter relic can be found in supplemental
material Sec. II. Here we also assume the chemical
potential in the dark sector is small enough to not affect
the FOPT of the dark sector.

III. FIRST-ORDER PHASE TRANSITION
FROM DARK SECTOR

Shortly after the inflationary reheating, the Universe
enters the radiation era with high temperature and density.
We assume the dark and visible sectors are in thermal

1The reason for such a charge assignment will be given in the
supplemental material.
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equilibrium (see Sec. IV). The scalar potential receives
thermal corrections and becomes temperature dependent.
The one-loop finite temperature potential reads

VTðϕ; TÞ ¼ V0ðϕÞ þ V1ðϕÞ þ δVðϕÞ
þ VT1ðϕ; TÞ þ Vdaisyðϕ; TÞ; ð4Þ

where V0 is Eq. (2) with S → ϕ=
ffiffiffi
2

p
, V1 is the Coleman-

Weinberg potential, δV is the counter term, VT1 is the
thermal correction, and Vdaisy is the daisy resummation.
The complete form of VTðϕ; TÞ is given in supplemental
material Sec. I with the comparison with Ref. [103].
At zero temperature, theUð1Þ0 symmetry is spontaneously

broken. However, at high temperatures in the early Universe,
thermal corrections can restore the Uð1Þ0 symmetry. This is
evident from VTðϕ; TÞ ≈ ð−μ2 þ g02T2=4Þϕ2=2 at ϕ ∼ 0,
where a positive mass square term arises due to sufficiently
high temperatures [104]. Initially the Universe is at ϕ ¼ 0.
As it cools down and the potential shape changes, it
transitions to the vacuum state ϕ ≠ 0. This transition can
occur smoothly through the rollingof theϕ field.However, in
certain parameter ranges, a potential barrier induced by theA0
field separates the two vacua, leading to a discontinuous
quantum tunneling process known as a FOPT that proceeds
via vacuum bubble nucleation and expansion.
To quantitatively calculate the FOPT dynamics, one

needs to solve the Oð3Þ symmetric bounce solution for
VT and derive the classical action S3, and decay probability
per unit volume is then [105]

ΓðTÞ ≈ T4

�
S3
2πT

�
3=2

e−S3=T: ð5Þ

The nucleation of bubbles containing the true vacuum
occurs at a temperature Tn when the decay probability
within a Hubble volume and a Hubble time, given by
ΓðTnÞH−4ðTnÞ, reaches Oð1Þ. Note that bubble nucleation
itself does not guarantee the successful completion of a
FOPT. A more rigorous criterion of FOPT is the existence
of percolation temperature Tp at which the true vacuum
bubbles form an infinite connected cluster, and the volume
of space occupied by the true vacuum keeps increasing
[106]. However, for a mild FOPT (as considered here),
which ensures completion once nucleation occurs, we
adopt the nucleation condition as a practical criterion
and rewrite it as

S3
Tn

≈ 4 log

 
1

4π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
45

πg�ðTnÞ

s
MPl

Tn

!
; ð6Þ

where MPl ¼ 1.22 × 1019 GeV is the Planck scale, and g�
is the number of relativistic degrees of freedom. We focus
on Tn ∼MeV, where g� ¼ 10.75 and the right-hand-side of
Eq. (6) is around 190.

During a FOPT, the collision of bubbles, the motion of
sound waves and turbulence in the plasma generate stochas-
tic GWs [107]. Typically, the bubble walls reach a terminal
velocity due to the friction force exerted by the plasma
particles, and most of the released vacuum energy goes to
surrounding plasma. As a consequence, the main GW
sources are sound wave and turbulence, and the former
usually dominates [108]. TheGWspectrum today, defined as

ΩGWðfÞ ¼
1

ρc

dρGW
d log f

; ð7Þ

with ρGW and ρc being the GWand current Universe energy
density, respectively, can bewritten as numerical functions of
the FOPTparametersfα; β=H�; T�; vwg [109],whereα is the
ratio of latent heat to the radiation energy density, β=H� is the
inverse ratio of the FOPT duration to the Hubble timescale,
T� is the temperature andvw is the bubblevelocity. The sound
wave contribution is [110]

ΩswðfÞh2 ¼ 5.71 × 10−8vw

�
κVα

1þ α

�
2
�
β=H�
100

�
−1

×

�
g�
10

�
−1=3

�
f
fsw

�
3
�

7

4þ 3ðf=fswÞ2
�

7=2
;

ð8Þ

where κV is the fraction of vacuum energy that is released to
bulk motion, and

fsw ¼ 1.3 × 10−8 Hz

×
1

vw

�
β=H�
100

��
T�

MeV

��
g�
10

�
1=6

; ð9Þ

is the peak frequency, which implies fsw ∼ 10−8 Hz for
T� ∼MeV.
To obtain the GW spectrum, we use the package COSMO

TRANSITIONS [111] to resolve the bounce equation and
derive S3=T and hence derive Tn via Eq. (6), and analyze
the hydrodynamic motion of the plasma using the bag
model to determine the FOPT energy budget [112].
Numerical simulations from previous studies are then
utilized to calculate ΩGWðfÞh2 contributions from sound
waves and turbulence, where T� ¼ Tn andH� ¼ HðTnÞ are
adopted. According to Eq. (8), the GW signal strength has a
mild positive correlation with the bubble expansion veloc-
ity vw. The velocity is determined by the competition
between the outward vacuum pressure and the friction force
induced by the particles interacting with the bubble wall,
and numerical simulations show that the electroweak
FOPTs in the singlet scalar extended SM typically exhibit
a wall velocity of vw ≳ 0.6 [113,114]. In our scenario, the
dark Uð1Þ0 FOPT only features the friction force from the
A0 boson, thus we expect vw can be larger. As a benchmark,
we plot the envelop of GW spectra for vw ∈ ½0.6; 1�.
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We account for the finite lifetime of sound waves through
an additional suppression factor Hτsw ≤ 1 [115]. While
turbulence usually has a subleading contribution, it modi-
fies the tail of the sound wave GW signal, thus we include
its effect in our analysis using results from Ref. [116].

IV. RESULTS AND DISCUSSION

Using the established framework, we conducted numeri-
cal calculations to determine the parameter space necessary
to address both the small-scale problems and explain the PTA
data. By systematically exploring this parameter space, we
identified specific benchmark points (BPs) that simultane-
ously reconcile the PTA data and resolve the small-scale
problems, as summarized in Table I. In the left and right
panels of Fig. 1, we present the velocity-dependent elastic
cross sections of DM particles and the corresponding GW
spectra derived from the BPs, respectively. As we explained
in Sec. II, in thevelocity region 10–200 km=s, we require the
cross section σ̄=mχ to bewithin rangeOð1Þ −Oð10Þ cm2=g
[38,39]. For galaxy groups where hvi ≈ 1150 km=s and
galaxy clusters where hvi ≈ 1900 km=s, we use the result
given in [40] which requires σ̄=mχ ¼ 0.5� 0.2 cm2=g and
σ̄=mχ ¼ 0.19� 0.09 cm2=g, respectively. The NANOGrav
data are from the collaboration result [9], while the CPTA
data point is converted from the best fit point of f ¼ 14 nHz
and lgA ¼ −14.4þ1.0

−2.8 [10]. Remarkably, we find that the
identified BPs not only satisfy the required cross section
values to explain the small-scale problems but also accom-
modate the observational data from NANOGrav and CPTA.

Since the FOPT temperature is relatively low, a few
discussions on other cosmological constraints are in order.
As Tn ≳ 3 MeV, the CMB and BBN constraints can be
satisfied; for example, the effective number of neutrinos
(Neff ) is essentially not affected by the FOPT reheating
[117,118]. The constraint from ultra-compact minihalo
(UCMH) abundance is rather severe [119,120], but this
issue can be relaxed by choosing a conservative value of the
red shift of the last formation of UCHM at zc ¼ 1000.
We further require the lifetime of ϕ to be short enough to

avoid energy injection to the visible sector during the BBN
period. For particles with mass larger than about 4 MeVand
an eþe− decay final state, the lifetime should be shorter
than 0.1 s, assuming the dark sector number of degrees of
freedom at MeV is 1 [121,122]. In our model, the decay
width of ϕ is suppressed by its tiny mixing angle with the
SM Higgs boson, which is constrained to be jθj≲ 10−5 by
the Higgs exotic decay [123], making the lifetime exceed
10 s. However, this bound can be avoided by extending the
Higgs sector with an additional Higgs doublet, whose
mixing with the ϕ can enhance the ϕe−eþ coupling,
leading to a safely fast-decaying ϕ. We give a detail of
the model in supplemental material.

V. CONCLUSION

In this study, we established that a FOPT at the MeV
scale, as inferred from the PTA data, provides a compelling
mechanism for generating a mediator mass within the MeV
range, which is crucial in addressing the small-scale
problem within the framework of the SIDM. By

FIG. 1. Velocity-dependent DM elastic scattering cross sections (left) and GW spectra (right) for our benchmark points. See the text
for details.

TABLE I. Relevant parameters for the benchmark points of our model.

Benchmark point mχ [GeV] mA0 [MeV] mϕ [MeV] g0 Tn [MeV] β=Hn α

BP1 32.0 21.7 4.40 0.960 5.81 15.8 0.326
BP2 36.0 19.8 4.01 0.985 5.00 20.0 0.356
BP3 31.0 22.1 4.10 0.921 4.72 12.0 0.542
BP4 32.0 22.3 4.51 0.990 5.56 28.8 0.363
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considering various constraints, we identified the parameter
space where the small-scale structure problem can be
effectively resolved while simultaneously fitting the
PTA data.
Our model has rich phenomenology. Direct detection

experiments (χN → χN mediated by A0) like PandaX-II
[124] constrain the kinetic mixing between A0 and photons
to ϵ≲ 10−11 for mχ ∼Oð10Þ GeV and mA0 ∼Oð10Þ MeV.
We note that the introduction of the additional Higgs would
loop-induced kinetic mixing of the visible photon and dark
photon. However, it has been found that the loop induced
kineticmixing of thevisible photon anddark photon is highly
suppressed [125], which appears at five loops in our model.
The combination of loop factors and coupling suppression
provides sufficient suppression to maintain consistency with
current limits. Furthermore, the very distinct gravothermal
evolution of SIDM halo, which start with core formation-
expansion and followed by core collapse [61,83,126–137],
leave imprint on star formation history [138–141] and
supermassive black holes seeding [142–144].
In summary, the PTA data can help us better reveal the

properties of SIDM by combing with those astronomy
observations and shed light on the nature of DM. The
upcoming experiments have the potential to detect various
signals from our model, providing a complementary inves-
tigation of the new physics associatedwith nano-HertzGWs.
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APPENDIX A: DETAILED EXPRESSIONS OF
THERMAL POTENTIAL

In this appendix we list the concrete expression of each
term in Eq. (4). The Coleman-Weinberg potential can be
derived using the field-dependent mass as

V1ðϕÞ ¼
M4

ϕðϕÞ
64π2

�
log

M2
ϕðϕÞ
μ2R

−
3

2

�

þ 3
M4

A0 ðϕÞ
64π2

�
log

M2
A0 ðϕÞ
μ2R

−
5

6

�
; ðA1Þ

where M2
ϕðϕÞ¼−μ2þ3λϕ2, M2

ηðϕÞ¼−μ2þλϕ2, MA0 ðϕÞ¼
g0ϕ, and μR is the renormalization scale which is adopted as

10 MeV. We have dropped the contribution from the
Goldstone η to avoid IR divergence [145]. The counterterm

δVðϕÞ ¼ −
δμ2

2
ϕ2 þ δλ

4
ϕ4; ðA2Þ

is derived by the conditions

∂ðV1 þ δVÞ
∂ϕ

����
ϕ¼vs

¼ 0;
∂
2ðV1 þ δVÞ

∂ϕ2

����
ϕ¼vs

¼ 0; ðA3Þ

such that the zero temperature tree-level relations between
ðμ2; λÞ and ðvs; mA0 ; mϕÞ still hold.
The one-loop thermal correction is

VT1ðϕ; TÞ ¼
X

i¼ϕ;η;A0

niT4

2π2
JB

�
M2

i ðϕÞ
T2

�
; ðA4Þ

where nϕ;η ¼ 1 and nA0 ¼ 3, and the Bose thermal integral
is defined as

JBðyÞ ¼
Z

∞

0

x2dx logð1 − e−
ffiffiffiffiffiffiffiffi
x2þy

p
Þ: ðA5Þ

Finally, the daisy resummation term is

Vdaisyðϕ; TÞ ¼ −
g03T
12π

ððϕ2 þ T2Þ3=2 − ϕ3Þ; ðA6Þ

where we only consider the dominant A0 contribution, as
the parameter space of interest always has g02 ≫ λ. The
above discussions define our finite temperature potential
VTðϕ; TÞ in Eq. (4).
The potential of BP1 described in the main text are

plotted in Fig. 2, where the left panel represents VT at
critical temperature Tc at which two degenerate vacua exist,
while the right panel represents VT at nucleation temper-
ature at which the bubbles start to emerge. The solid,
dashed, and dotted lines represent the complete one-loop,
low temperature and high temperature expansions, respec-
tively. We obtain vs=Tn ∼ 5 for the BPs, as the observed
GW signal requires a strong FOPT. This also implies that
the low- or high-temperature expansions are not suited in

FIG. 2. The potential plots of BP1 at critical temperature Tc
(left) and nucleation temperature Tn (right). The solid, dashed
and dotted lines represent the complete one-loop, low temper-
ature and high temperature expansions, respectively.
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this scenario, although they are good approximations at ϕ ∼
vs and small-ϕ limits, respectively [103], as illustrated in
Fig. 2. Therefore, we include the complete one-loop
expression to calculate the FOPT. The two-loop thermal
correction is subdominant since we are considering the
parameter space of g0 ∼ 1 and λ ∼ 0.01, which does not
satisfy g04 ≪ λ ≪ g02 [146].

APPENDIX B: GENERATION OF DM
ASYMMETRY AND CMB BOUND

In this appendix we detail how to generate the asym-
metry in the dark sector, and how this asymmetry helps to
escape the stringent limit from CMB. Similar analysis can
be found in our previous study [80] and references therein.
Firstly, an easy method to generate DM asymmetry is the

CP violated and out-of-equilibrium decay of some heavy
particle. Similar to the vanilla leptogenesis mechanism, we
introduce two flavors of neutral right handed neutrinos, N1

and N2, as the source of asymmetry. Corresponding
Lagrangian is given by:

LRHN ¼ 1

2

X
i¼1;2

N̄iði∂ −MNi
ÞNC

i

−
X
i¼1;2

ðyiN̄iχζ
† þ H:c:Þ; ðB1Þ

N1 and N2 can certainly couple to the SM leptons and
generate the asymmetry in the visible sector. Here we
assume couplings between Ni, SM leptons, and SM Higgs
are negligible small and thus we can focus on the dark
sector. We also introduce another dark scalar ζ with Uð1Þ0
charge þ3=2 to realize the darkgenesis. The new scalar ζ
should have vanishing vacuum to avoid the Majorana mass
for the dark matter through the seesaw mechanism. If ζ has
a mass much lighter than the dark matter mass, for example,
0.1 GeV, then the ζ becomes stable and becomes one of
dark matter candidate. Since the relic number density of the
ζ is same as the dark matter χ, its abundance is much
smaller than the fermion dark matter which contributes less
than one percent of dark matter (this number can be reduced
if the mass of ζ becomes even smaller). We do not expect it
affect the dynamics of the main component of the dark
matter and the discussion of the dark matter part would
safely ignore it.
We choose N1 to be the lighter one between N1 and N2.

In the case where parameters yi have complex phases, the
CP asymmetry generated in N1 decay is given by:

ϵ≡ ΓðN1 → χζ†Þ − ΓðN1 → χ̄ζÞ
ΓðN1 → χζ†Þ þ ΓðN1 → χ̄ζÞ

≃ −
1

16π

MN1

MN2

Im½ðy�2y1Þ2�
jy1j2

: ðB2Þ

To simplify expression, in the second line we con-
sider MN2

≫ MN1
.

We assume N1 is originally in the thermal bath with the
standard model sector and dark matter sector. When the
decay of N1 is sufficiently out-of-equilibrium, the yield of
DMasymmetryYΔχ (defined asYΔχ ≡ Yχ − Y χ̄) is given by:

YΔχ ¼ YN1
× ϵ × η ≃ −

YN1

16π

MN1

MN2

Im½ðy�2y1Þ2�
jy1j2

; ðB3Þ

where YN1
¼ nN1

s ≃ 0.004 is the yield ofN1 before it decays,
and wash-out factor η can be around 1 depending on the
parameters.
Current DM relic density is

Ωχh2 ≈mχYΔχs0=ρcr ≈ YΔχ

�
mχ

GeV

�
× 2.72 × 108: ðB4Þ

The correct value, i.e., Ωχh2 ≈ 0.12, can always be
achieved via a combined tuning of parameters in
Eq. (B3). For example, if mχ ¼ 40 GeV, then setting:

MN1
¼ 106 GeV; MN2

¼ 107 GeV;

y2 ¼ 0.05þ i1.38 × 10−5; y1 ¼ 10−6; ðB5Þ

gives the correct relic density.
It should be noticed that, after the out-of-equilibrium and

CP broken decay of N1, the asymmetry of ζ is also
generated (i.e., YΔζ ¼ −YΔχ). Due to the Uð1Þ0 charge
assignment, only ðζ†ζÞ2 and ðζ†ζÞðS†SÞ are allowed
operators. Thus, in addition to χ, ζ is also stable dark
matter. Here we simply set ζ mass mζ to be around
Oð0.1Þ GeV scale. In this case, relic density is still
dominated by χ. Oð0.1Þ GeV scale ζ will not affect
BBN and Neff , because ζζ† → A0A0 annihilation will be
negligible when the universe temperature is below MeV.
The existence of ζ will not affect the discussion of DM
small-scale structure in the main text, this is because the
rate of momentum-changing inside DM halo is dominated
by χ [96]. Furthermore, dark atom composed by χ − ζ†

cannot form due the MeV scale dark photon [96]. Thus we
can conclude that in the following discussion of χ, we can
safely ignore the impact from ζ.
Nextwe turn to theCMBbound. For later convenience,we

label the ratio of DM and anti-DM number densities by r:

r ¼ Y χ̄

Yχ
; ðB6Þ

r is certainly a function of time. Compared with the
symmetric case, the DM anti-DM annihilation cross section
will be suppressed by the small value of r during CMB
period.
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After freeze-out, the evolution of r is approximately
described by following differential equation [147]:

dr
dx

≃ −
mχMPl

x2

ffiffiffiffiffiffiffi
πg�
45

r
hσannviYΔχr; ðB7Þ

withMPl the Planck scale, x≡mχ=T, hσannvi the thermally
averaged annihilation cross section, and g� the effective
degree of freedom. In Fig. 3 we present the value of r
during CMB period (labeled by r∞) as functions of Uð1Þ0
coupling strength g0, for two benchmark spectrum favored
by small-scale data. It shows that r∞ decrease rapidly as g0
growing.
During the CMB period, DM become very nonrelativistic

and thus the nonperturbative effective, i.e., Sommerfeld
enhancement, tends to be important. The annihilation
cross section during CMB period can be expressed as
following [148]:

ðσannvÞ ¼ SðvÞ × ðσannvÞ0; ðB8Þ

with ðσannvÞ0 ¼ ð3
2
g0Þ4=16πm2

χ the tree-level annihilation
cross section. Sommerfeld enhancement factor SðvÞ is given
by:

SðvÞ ¼ π

AðvÞ
sinhð2πAðvÞBÞ

coshð2πAðvÞBÞ − cosð2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B − ðAðvÞBÞ2

p
Þ ;

ðB9Þ

with:

AðvÞ ¼ 8πv
9g02

; B ¼ 27g02mχ

8π3mA0
: ðB10Þ

It can be seen that the value of SðvÞ can be very large when
v ≪ 1 and mA0 ≪ mχ . This is why, for the symmetric DM
scenario, the SIDMmodelwithMeV scalemediator is highly
constrained by CMB limit on DM annihilation cross sec-
tion [93].

But for our asymmetric DM scenario, the situation is
completely different. For the asymmetric DM scenario,
annihilation can only happen between DM and anti-DM
(which has a very small number density), and the annihi-
lation cross section changes as:

hσannvi ⇒ hσannvi ×
2r∞

ð1þ r∞Þ2
:

symmetric case asymmetric case ðB11Þ
Thus the CMB limit on the asymmetric DM scenario is
given by [149]:

2r∞
ð1þ r∞Þ2

hσannvi
mχ

≲ 5 × 10−28 cm3 s−1GeV−1: ðB12Þ

It is easy to see that since the number density of anti-DM is
much smaller than the number density of DM during CMB
period (i.e., r∞ is very small), the limit on asymmetric DM
model are greatly weakened.
In Fig. 4 we present annihilation cross section as

functions of g0, for two benchmark spectrum favored by
small-scale data. It shows that CMB limit can be easily
escaped when g0 ≳ 0.20. To solve the small-scale problems,
g0 generally need to be much larger than 0.2, thus our model
is safe from CMB bound.

APPENDIX C: SHORTENING THE LIFETIME
OF ϕ BY TYPE-X 2HDM

Our dark Higgs sector is charged under a Uð1Þ0 and thus
the lightest particle, i.e., ϕ, can only decay to SM fermion
pairs via coupling λS†SΦ†Φ (Φ is the SM Higgs doublet).
However, due to the limit from Higgs invisible decay,
parameter λ cannot be large enough to make the lifetime of
ϕ to be shorter than 0.1 sec [150].
To overcome this problem, here we consider a simple

extension of the SM Higgs sector, the type-X two-
Higgs-doublet-model (2HDM) [151]. The Higgs potential
of type-X 2HDM with softly-broken Z2 symmetry is

FIG. 3. r∞ as functions of g0 for different benchmark spectrum
favored by small-scale data. FIG. 4. Annihilation cross section as functions of g0 for

different benchmark spectrum. Region below red line is allowed
by current CMB data.
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V2HDM ¼ −m2
11Φ

†
1Φ1 −m2

22Φ
†
2Φ2 − ½m2

12Φ
†
1Φ2 þ H:c:�

þ 1

2
λ1ðΦ†

1Φ1Þ2 þ
1

2
λ2ðΦ†

2Φ2Þ2

þ λ3ðΦ†
1Φ1ÞðΦ†

2Φ2Þ þ λ4ðΦ†
1Φ2ÞðΦ†

2Φ1Þ

þ
�
1

2
λ5ðΦ†

1Φ2Þ2 þ H:c:

�
; ðC1Þ

where Φ1 and Φ2 are two Higgs doublets with the same
quantum number. In type-X 2HDM, Φ1 only couples to
leptons and Φ2 only couples to quarks. Yukawa couplings
is given by:

LYukawa ¼ −Yuq̄Lðiσ2Φ�
2ÞuR − Ydq̄LΦ2dR

− Yel̄LΦ1eR þ H:c: ðC2Þ

After electroweak symmetry breaking, these two Higgs
doublets are expanded as:

Φ1 ¼
 

Hþ
1

1ffiffi
2

p ðv1 þ h1 þ ia1Þ

!
;

Φ2 ¼
 

Hþ
2

1ffiffi
2

p ðv2 þ h2 þ ia2Þ

!
: ðC3Þ

Parameter tan β is the ratio of two VEVs, tan β ¼ v2=v1.
The observed 125 GeV SM-like Higgs boson, to be labeled
as h, is the mixing of h1 and h2:

�
H

h

�
¼
�

cos α sin α

− sin α cos α

��
h1
h2

�
; ðC4Þ

with H the CP-even Higgs in addition to h.
To be consistent with current measurement of 125 GeV

Higgs, we consider the so-called alignment limit where
sinðβ − αÞ ¼ 1 [152]. In the alignment limit, it is conven-
ient to consider the Higgs basis, where:

�ΦH

Φh

�
¼
�
sin β − cos β

cos β sin β

��Φ1

Φ2

�
; ðC5Þ

whereΦh can be considered as the SM doublet which takes
responsibility for electroweak symmetry breaking, and ΦH
will have no VEV. The coupling between h and SM
fermions are the same as their SM value and thus to be
consistent with current Higgs data. While the coupling
between H and fermions depend on tan β:

Leven
Yukawa ¼ −

mu

vEW

�
hūu −

1

tan β
Hūu

�

−
md

vEW

�
hd̄d −

1

tan β
Hd̄d

�

−
ml

vEW
ðhl̄lþ tan βHl̄lÞ: ðC6Þ

So it is possible to make MeV scale dark Higgs ϕ short-
lived via the mixing between ϕ and H, provided tan β is
large enough.
Next, we consider the portal terms between dark sector

and visible sector:

Vportal ¼ λ̄1S†SðΦ†
hΦH þ H:c:Þ þ λ̄2S†SðΦ†

hΦhÞ
þ λ̄3S†SðΦ†

HΦHÞ; ðC7Þ
where we assume λ̄2 and λ̄3 to be negligible small. After
electroweak and Uð1Þ0 symmetry breaking, mixing term
λ̄1vsvEWϕH is induced. Because H is much heavier than ϕ,
thus the mixing angle θ is approximately given by:

θ ≈ λ̄1
vsvEW
m2

H
; ðC8Þ

so the Yukawa coupling between s and electron pair is

Yϕe ≈ λ̄1
vsvEW
m2

H

me

vEW
tan β; ðC9Þ

To get rid of the limit fromΔNeff from BBN, we need the
thermalization of visible sector and dark sector [122] at
least at a temperature T ¼ mϕ, which requires

Γ ¼ Y2
ϕe

mϕ

8π2
> HðT ¼ mϕÞ ¼ 1.66

ffiffiffi
g

p T2

mpl
; ðC10Þ

which set a limit that,

λ̄1
vsvEW
m2

H
tan β > 1.5 × 10−4: ðC11Þ

Note that this term could be taken as an effective mixing
sin θ in the scenario which smixes with the standard model
Higgs. From the Fig. 12 of [122], it clearly shows that
sin θ ¼ 10−4 cannot make the dark sector thermalize with
visable sector but pretty close, therefore our calculation is
consistent with the result with [122]. The obstacle of
thermalzation in only SM Higgs scenario mainly from
the limit of Higgs invisible decay which sets sin θ < 10−5.
In our case, the new Higgs boson only has very weak
coupling with quarks, then its production rate is very small
at the LHC, therefore current limit on it is very weak and it
is even allowed to be low as tens of GeV [153]. As an
conservative estimation, we can set mH ¼ 200 GeV,
λ̄1 ∼ 1, with vs ∼ 20 MeV, we find tan β > 1.5 enough

HAN, XIE, YANG, and ZHANG PHYS. REV. D 109, 115025 (2024)

115025-8



to satisfy above limit. A larger tan β can further enhance
such coupling.
On the other hand, the lifetime of ϕ is

τϕ ¼ 1

Γ
≈

8π2m4
H

λ̄21v
2
sm2

etan2βmϕ
: ðC12Þ

When mH ¼ 200 GeV, λ̄1 ∼ 1, vs ∼ 20 MeV, and
mϕ ∼ 4 MeV, the lifetime of ϕ is about 0.2

tan2 β sec. So it

is easy to make ϕ short-lived.

We note that the introduction of the additional Higgs
would loop-induced kinetic mixing of the visible photon
and dark photon, which is highly constrained by dark
matter direct detection. However, it has been found that the
loop induced kinetic mixing of the visible photon and dark
photon is highly suppressed [125], which appears at five
loops in our model. The combination of loop factors and
coupling suppression provides sufficient suppression to
maintain consistency with current limits.
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