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Abstract: We  propose  a  two-component  dark  matter  explanation  to  the  EDGES  21  cm  anomalous  signal.  The
heavier  dark  matter  component  is  long-lived,  and its  decay is  primarily  responsible  for  the  relic  abundance  of  the
lighter dark matter, which is millicharged. To evade the constraints from CMB, underground dark matter direct de-
tection, and XQC experiments, the lifetime of the heavier dark matter has to be larger than , where  is the
age of  the  universe.  Our  model  provides  a  viable  realization of  the  millicharged dark  matter  model  to  explain  the
EDGES 21 cm signal,  since  the  minimal  model  in  which  the  relic  density  is  generated  via  thermal  freeze-out  has
been ruled out by various constraints.
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I.  INTRODUCTION

ν = 78

z ≃ 17
T21

z ≃ 17

The  hyperfine  transition  of  the  cosmic  hydrogen
atom,  which  is  known  as  the  21  cm  signal,  provides  a
powerful  probe  to  the  physics  in  the  early  universe;  for
reviews, see Refs. [1-3]. Recently, the Experiment to De-
tect  the  Global  Epoch  of  Reionization  Signature
(EDGES) has reported a new measurement on the sky-av-
eraged  radio  spectrum  centered  at  MHz,  which
corresponds to the 21 cm absorption signal of the primor-
dial  hydrogen  gas  at  redshift  [4].  The  differential
brightness temperature  measured by the EDGES ex-
periment at redshift  is [4] 

T21 = −500+200
−500 mK, (1)

which is  about  a  factor  of  two  larger  than  the  value  ex-
pected  in  the  standard  cosmology  [4, 5].  This  hints  that
either  the  cosmic  microwave  background  (CMB)  could
be hotter than expected [6-9],  or the hydrogen gas could
be colder than expected [10-27].

If  the  EDGES  measurement  is  interpreted  as  caused
by a colder gas, the question is how to cool the hydrogen
gas? One simple solution is that,  if  there exist  some sort
of particle interactions between dark matter (DM) and hy-
drogen atom, the primordial hydrogen gas can be cooled

v−4 v

z ≃ 17

0.1
≲ mχ ≲ 10 10−6 ≲

Q/e ≲ 10−4

0.0115% ≲ f ≲ 0.4
Neff

by DM, which is  colder  than gas.1) However,  there  exist
very strong constraints  from the CMB measurements,  as
well  as  from other  early  universe  measurements  on  DM
interactions  with  standard  model  particles.  Millicharged
DM  is  one  of  the  leading  DM  candidates  to  explain  the
EDGES anomaly, because its interaction with baryons is
proportional to , where  is the relative velocity, thus
leading to a much smaller interaction cross section in the
early universe than that needed at  for the EDGES
interpretation so that the early universe constraints can be
significantly alleviated.  Millicharged  DM  has  been  ex-
tensively investigated for the interpretation of the EDGES
anomaly [10-15, 19-22]. The parameter space of the mil-
licharged DM is  constrained by various experiments,  in-
cluding  accelerator  experiments  [28], the  CMB  aniso-
tropy  [19, 20, 29-31],  the  SN1987A  [32],  and  the  Big
Bang  Nucleosynthesis  (BBN)  [12, 33, 34];  the  allowed
parameter space is that the millicharged DM mass is 
MeV  MeV,  the  millicharge  is 

, and the mass fraction of the millicharged DM
is %.  However,  as  pointed  out  by  Ref.
[21], such a parameter space is ruled out by the  limit
with  the  Planck  2018  data  if  the  relic  abundance  of  the
millicharged  DM  is  set  by  thermal  freeze-out.  Recently,
Ref.  [22]  proposed  a  new  millicharged  DM  model  in
which the sub-component millicharged DM has a sizable
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interaction  cross  section  with  the  other  DM components
so  that  the  millicharged  DM can  be  cooled  by  the  other
DM  components;  this  reopens  the  parameter  space  that
was previously  excluded  by  various  experimental  con-
straints.

In this paper, we propose a new DM model that con-
sists of two DM components: the lighter DM component
is  the millicharged DM, and the heavier  DM component
is unstable, which decays into the lighter DM component.
In our model, the millicharged DM is primarily produced
after  the  recombination,  so  that  the  stringent  constraints
from CMB can be alleviated. We show that such a model
can explain the 21 cm anomaly observed by EDGES and
satisfy  various  experimental  constraints.  The  rest  of  the
paper  is  organized  as  follows.  We  present  our  model  in
Sec.  II.  We compute the number density of  the two DM
components as a function of redshift in Sec. III. The tem-
perature change due to the heavier DM decays is derived
in  Sec.  IV.  We provide  the  time  evolution  equations  for
four different physics quantities in Sec. V. The results of
our numerical analysis are given in Sec. VI. We summar-
ize our findings in Sec. VII. 

II.  THE MODEL

U(1)
Xi
µ i = 1,2,3 χ

X2
µ X3

µ

U(1)

We extend the standard model (SM) by introducing a
hidden  sector  that  consists  of  three  gauge  bosons,

 ( ),  and  one  Dirac  fermion  that  is  charged
under both  and  gauge bosons. We use the Stueck-
elberg  mechanism  [35-40]  to  provide  mass  to  the  three

 gauge bosons; the new Lagrangian is given by 

∆L =−
∑

i=1,2,3

1
4

XiµνX
µν
i + χ̄(iγ

µ∂µ−mχ)χ

+gχ2 Xµ2 χ̄γ
µχ+gχ3 Xµ3 χ̄γ

µχ

− 1
2

(∂µσ1+m′1Xµ1 )2− 1
2

(∂µσ2+m1Xµ1 +m2Xµ2 )2

− 1
2

(∂µσ3+m3Xµ3 +m4Bµ)2, (2)

σ1 σ2 σ3
Bµ mχ

gχ2 gχ3
m′1 m1 m2 m3 m4

where , , and  are the axion fields in the Stueckel-
berg mechanism,  is the SM hypercharge boson,  is
the  dark  fermion  mass,  and  are the  gauge  coup-
lings,  and , , , ,  and  are  the  Stueckelberg
mass terms.  The  Stueckelberg  mechanism  can  be  com-
monly  seen  in  extra  dimension  models,  strings,  and  D
branes  [41].  The  Stueckelberg  mechanism  can  also  be
viewed as a particular limit of the abelian Higgs mechan-
ism,  in  which  the  Higgs  mass  goes  to  infinity  and  the
Higgs vacuum expectation value is kept to be fixed [42].
However, unlike in the Higgs mechanism, mass is gener-
ated below the spontaneous symmetry breaking temperat-
ure in the early universe, in the Stueckelberg mechanism

the  vector  boson  can  retain  a  mass  to  an  arbitrary  high
temperature [43].

M2

(X1,X2,X3,B,A3) A3

S U(2)L

After the spontaneous symmetry breaking in the SM,
the  mass  matrix  of  the  neutral  gauge  bosons  in  the
basis ,  where  is  the  third  component
of the  gauge bosons in the SM, is given by 



m′21 +m2
1 m1m2 0 0 0

m1m2 m2
2 0 0 0

0 0 m2
3 m3m4 0

0 0 m3m4 m2
4+g2

Yv2/4 −gYg2v2/4
0 0 0 −gYg2v2/4 g2

2v2/4


,

(3)

v
g2 gY S U(2)L U(1)Y

where  is  the  vacuum  expectation  value  of  the  SM
Higgs,  and  and  are  the  and  gauge
couplings in the SM respectively. The mass matrix has a
vanishing  determinant  such  that  there  exists  a  massless
mode  to  be  identified  as  the  SM  photon.  Because  the
mass  matrix  is  block-diagonal,  one  can  diagonalize  the
first  two  gauge  bosons  and  the  last  three  gauge  bosons
separately.

R
θ

The  mass  matrix  of  the  first  two  gauge  bosons  (the
upper-left two by two block matrix in Eq. (3)) can be di-
agonalized  via  a  rotation  matrix  which is  parameter-
ized by a single angle  

R =
(
cosθ −sinθ
sinθ cosθ

)
. (4)

Z1 Z2
Zi = R jiX j R

χ Z1 Lint =

sinθgχ2Zµ1 χ̄γ
µχ ≡ vχZ1

Zµ1 χ̄γ
µχ

θ≪ 1 Z1 ∼ X1 Z2 ∼ X2
m′1 ∼ 2mχ m2 < mχ m1≪ m2

mZ1
≃ m′1

mZ2
≃ m2 θ θ ≃

m1m2/(m′21 −m2
2)

The  mass  eigenstates,  and ,  are  related  to  the
gauge states via . The rotation matrix  leads to
an  interaction  between  and  such  that 

. We are interested in the para-
meter space where  so that  and .  In
our analysis, we take , , and  so
that  the  two  mass  eigenstates  have  masses  and

,  and  the  mixing  angle  is  given  by 
.

O
Ei = O jiG j G j = (X3,B,A3)

Ei = (Z′,Z,γ) γ

Z
Z′

OT M2
3×3O = diag(m2

Z′ ,m
2
Z ,0) M2

3×3

χ

f γ Z Z′

The  mass  matrix  of  the  last  three  gauge  bosons  (the
bottom-right  three  by  three  block  matrix  in  Eq.  (3))  can
be  diagonalized  by  an  orthogonal  matrix  such  that

,  where  are  the  gauge  states,
and  are the mass eigenstates. Here,  is the
photon,  is the neutral gauge boson in the weak interac-
tion,  and  is  the  new massive  vector  boson.  Thus,  we
have ,  where  is the  bot-
tom-right  three  by  three  block  matrix  in  Eq.  (3).  Such  a
matrix diagonalization also leads to interactions between
matter  fields  (both hidden sector  fermion  and SM fer-
mions )  and  the  three  mass  eigenstates  ( , ,  and ).
The interaction  Lagrangian  can  be  parameterized  as  fol-
lows 

Qiaodan Li, Zuowei Liu Chin. Phys. C 46, 045102 (2022)

045102-2



f̄γµ(v
f
i −γ5a f

i ) f Eµi + vχi χ̄γµχEµi , (5)

where the vector and axial-vector couplings are given by 

v f
i = (g2O3i−gYO2i)T 3

f /2+gYO2iQ f , (6)
 

a f
i = (g2O3i−gYO2i)T 3

f /2, (7)

 

vχi = gχO1i. (8)

Q f T 3
f

L

Here,  is the electric charge of the SM fermion, and 
is the quantum number of the left-hand chiral component
under SU(2) .

χThus,  the  hidden  sector  fermion  has a  vector  cur-
rent interaction with the SM photon, 

vχ3 Aµχ̄γµχ ≡ ϵeAµχ̄γµχ, (9)

ϵ χ

m3 = 100 m4/m3≪ 1
ϵ ϵ ≃ −(m4/m3)cosθW (gχ3/e)

θW
m4/m3≪ 1 ϵ ≪ 1

χ

where  we  have  defined  an  electric  charge  for  the 
particle.  In  our  analysis,  we  adopt  the  following  model
parameters:  TeV,  and .  In  this  case,
the electric charge  is given by ,
where  is  the  weak  rotation  angle  in  the  SM.  Since

 in  our  analysis,  we  have , which  is  of-
ten referred to  as  millicharge.  is  then the  millicharged
particle. 

III.  TWO DM COMPONENTS

Z1 χ
Z1

Z1
χ̄χ

Z1

There are two DM particles  in the hidden sector,  the
 boson  and  the  hidden  Dirac  fermion .  In  the  very

early universe,  is the dominant DM component, which
is  assumed  to  be  nonthermally  produced.  The  DM
component  is  long-lived  and  decays  into .  The  decay
width of the  boson is given by 

Γ(Z1→ χ̄χ) =
mZ1

12π

√√
1−4

m2
χ

m2
Z1

1+2
m2
χ

m2
Z1

 (vχZ1
)2

≃
√

mZ1
∆m

4
√

2π

(
gχ2θ

)2
, (10)

vχZ1
= gχ2 sinθ ≃ gχ2θ ∆m ≡ mZ1

−2mχ
∆m≪ mZ1

θ≪ 1
∆m≪ mZ1

Z1

where , ,  and  we  have
assumed .  In  our  analysis,  we  have  and

 so that  is long-lived with a lifetime 

τ(Z1) ≃
√

MeV
mZ1

√
meV
∆m

2.3×10−16

gχ2θ

2

τ17, (11)

τ17 ∼ 7×1015where  second is the time between the early

z = 17universe and .
∆m

χ

Z1→ χ̄χ χ

χ vχ ≃
√
∆m/mχ

Z1 ∆m≪ mχ
mχ ∼ 100 ∆m ∼ O vχ ∼ 3.2×
10−6

∆m ∼ O Z1
χ

The value of  cannot be very large,  otherwise the
DM  will  be  significantly  heated  by  the  decay  process

 so that  is unable to cool the baryons. The velo-
city of the  particle is  in the rest frame of

, under the assumption of . For the case where
 MeV  and (meV),  we  have 

.  Thus,  in  our  analysis,  we  assume  a  sufficiently
small  mass  difference, (meV),  such  that  the 
decay does not heat the  DM significantly.

χ

Z1→ χ̄χ
χ

χ

χ

χ̄χ→ γ→ f̄ f χ̄χ→ Z2Z2

σ(χ̄χ→ Z2Z2)≫ σ(χ̄χ→ f̄ f ) χ̄χ

Z2

The  DM component is mainly produced via the de-
cay process  in the universe. We assume that the
initial  number density of  is negligible.  The relic  dens-
ity  of  can  also  be  produced  via  thermal  freeze-out.
There are two processes that contribute to the  DM anni-
hilation  cross  section:  and .  In
our  analysis, .  The  anni-
hilation cross section into on-shell  bosons is given by
[44] 

⟨σv⟩(χ̄χ→ Z2Z2) ≃
(gχ2)4

16πm2
χ

(1− r2)3/2

(1− r2/2)2 , (12)

r = mZ2
/mχ gχ2 = 1 r = 1/2

mχ = 5 ⟨σv⟩(χ̄χ→ Z2Z2) ≃ 0.3
fχ ∼ 10−11

χ

where . For the case where , , and
 MeV,  one  has  barn, lead-

ing  to  a  mass  fraction  as . Thus,  the  contribu-
tion  to  the  relic  density  of  from  thermal  freeze-out  is
negligible, and the constraints imposed on thermal freeze-
out millicharged DM (e.g. Ref. [21]) are not directly ap-
plicable to our model.

Z1
t

The  total  number  of  particles  in  a  comoving
volume at time  is given by 

NZ1
(t) = NZ1

(0)e−t/τ, (13)

τ Z1 NZ1
(0)

Z1 t = 0
Z1

t = 0 z0 = 106 Z1 z0 = 106

ρZ1
(z0) ≃ ρDM,0(1+ z0)3 ρDM,0

χ t
Nχ(t) = 2NZ1

(0)−2NZ1
(t).

χ

Z1

where  is  the  lifetime  of  the  particle,  is  the
total number of  particles at time , and we have as-
sumed that  is  non-relativistic.  In  our  analysis,  we  set

 at redshift ; the abundance of  at 
is given by , where  is the cur-
rent DM density. The number of  particles at time  in a
comoving  volume  is  Thus,  the
number  density  of  is  related  to  the  number  density  of

 via 

nχ = 2(et/τ−1)nZ1
. (14)

nZ1
(nχ) Z1 (χ)

mZ1
≃ 2mχ

χ z

where  is the number density of the  particle.
In our analysis , so the mass fraction of the mil-
licharged DM  at redshift  in the total DM is given by 

fχ(z) ≃ (1− e−t(z)/τ), (15)
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t(z)
z0 = 106 z

χ z
τ

τ
∼ 3.6×1015

where  is  the time between early universe (which we
take  to  be )  and  redshift 1). Fig.  1 shows  the
mass fraction of  as a function of the redshift  for dif-
ferent lifetimes . CMB observations provide strong con-
straints on millicharged DM; only 0.4% DM can be mil-
licharged,  unless  the  millicharge  is  negligible  [19, 20,
31].  This  leads  to  a  lower  bound  on  the ,  which  is

 s.
∆m≪ mχ ρZ1

+ρχ
z ρZ1

+ρχ = ρDM,0 (1+ z)3.

χ z

Because ,  the  total  DM  density  at
redshift  is  given  by  Thus,  the
number density of  particles at redshift  is given by 

nχ(z)=
ρDM,0

mχ
(1+z)3 fχ(z)≃ ρDM,0

mχ
(1+z)3 (1−e−t(z)/τ), (16)

ρDM,0 = ΩDM ρcr,0 ρcr,0 = 1.054h2×104 −3

ΩDMh2 = 0.1186

where  and  eV cm
is  the  critical  density  [45].  In  our  analysis,  we  use

 [46]. 

IV.  DM TEMPERATURE INCREASE
GENERATED BY DECAYS

χ Z1→ χχ̄
Z1

χ

∆q χχ̄

Z1→ χχ

The  DM  is  heated  by  the  decay  process
because of the difference between the  mass and twice
of the  mass. To compute this effect, consider the kinet-
ic energy  that goes into the  final state for the de-
cay process 
 

∆q = ∆m+
3
2

kBTZ1
, (17)

3kBTZ1
/2 Z1

TZ1
Z1 kB

Z1
∆m

χ

ṄZ1
= −ΓZ1

NZ1
Ṅχ = −2ṄZ1

,

Nχ NZ1

χ Z1 ΓZ1

Z1→ χχ
χ Z1

∆q|ṄZ1
|,

χ

where  is the averaged kinetic energy of  with
 being the temperature of the  particle and  being

the Boltzmann constant2). Here, we have assumed that 
is  non-relativistic and  is  sufficiently small,  such that

 is also non-relativistic. The change in the particle num-
bers in the comoving volume per unit time due to decay is
given  by  and  where  the  dot
denotes  the  derivative  with  respect  to  time,  ( )  is
the particle number of  ( ), and  is the decay width
for the process . The total kinetic energy transfer
to the  particles per unit time from  decays is given by

 which is  equal  to  the  change  of  the  kinetic  en-
ergy of the  particles per unit time 

∆q|ṄZ1
| = d

dt

(
3
2

kBTχNχ

)
=

3
2

kB(TχṄχ+NχṪχ). (18)

χ Z1Thus,  the  temperature  change  per  unit  time  due  to 
decays is given by 

Ṫ d
χ =

nZ1

nχ

[
2

3kB
∆m+TZ1

−2Tχ

]
ΓZ1
. (19)

 

V.  TIME EVOLUTION EQUATIONS

z = 17To compute the baryon temperature at redshift ,
we numerically solve the temperature evolutions for vari-
ous quantities.

Tb

The time  evolution  equation  of  the  baryon  temperat-
ure  is given by (see e.g. [10, 47]) 

dTb

dt
= −2HTb+

2
3

dQb

dt
+ΓC(Tγ −Tb), (20)

H Tγ
Qb

ΓC

where  is  the Hubble parameter3),  is the CMB tem-
perature,  is the energy transfer term due to DM-bary-
on  scatterings,  and  is  the  Compton  scattering  rate
which describes  the  effects  due  to  CMB-baryon  interac-
tions. The Compton scattering rate is given by [10] 

ΓC =
8σTxe

3(1+ fHe)me
U (21)

σT fHe
U

σT = 6.65×10−25 2 fHe = 0.08
U = (π2/15)T 4

γ = 0.26(1+ z)4 eV/cm3

where  is  the  Thomson cross  section,  is the  Heli-
um fraction, and  is the energy density. In our analysis,
we  use  cm  [45],  [10],  and

 [48, 49].
TχThe time evolution equation of the temperature  of

 

χ

τU ≃ 4.3×1017

Fig. 1.    (color online) Mass fraction of  in the total DM as a
function of the redshift.  s is the age of the uni-
verse.
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t(z)1) The formulas to compute  are given in Appendix A.
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H3) See Appendix A for the calculation of .
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χthe lighter DM component  is given by 

dTχ
dt
= −2HTχ+

2
3

dQχ
dt
+ Ṫ d
χ , (22)

Qχ
χ Ṫ d

χ

Z1

where  is  the energy transfer  term due the interaction
between DM  and baryons, and  is given in Eq. (19).
The first two terms on the right-hand side of Eq. (22) rep-
resent the effects due to universe expansion and the DM-
baryon  scattering  respectively,  which  are  similar  to  the
first  two  terms  in  Eq.  (20).  The  third  term  on  the  right-
hand side of Eq. (22) is new and is due to the decay of the

 particle in our model, as discussed in Sec. IV.

Vχb = |V⃗χb| V⃗χb ≡ V⃗χ− V⃗b

In addition, we also solve the time evolution equation
of  the  relative  bulk  velocity  between  baryon  and  DM,

 where  [47],
 

dVχb
dt
= −HVχb−D(Vχb), (23)

xe ≡ ne/nH

and the time evolution equation of the ionization fraction
 [50] 

dxe

dt
= −C

[
nHαBxe

2−4(1− xe)βB exp
(

3E0

4Tγ

)]
. (24)

Qb Qχ D(Vχb)
We follow Ref. [50] to obtain the various coefficients in
Eq.  (24).  The  formulas  of , ,  and  for mil-
licharged DM used in our analysis are given in Appendix
B. 

VI.  RESULTS

Tb Tχ Vχb xe z = 1010
z = 10 Tb z = 1010

Tγ = T0 (1+ z)
T0 = 2.7

TZ1
= 0 Tχ = 0 z = 1010

Z1
∆m≪ mχ xe = 0.05

Vχb = 29 z = 1010

We  simultaneously  solve  the  four  time  evolution
equations for , ,  , and  from redshift 
to .  The  baryon  temperature  at  is as-
sumed to be equal to the CMB temperature 
,where  K, since these two components are tightly
coupled in the early universe.  The temperatures  for  both
DM components are assumed to be negligible in the early
universe, so we set  and  at . This is
due to the fact that in our model,  does not interact with
the SM particles and . We also set  [51]
and  km/s [10] at redshift .

ϵ mχ
Z1 τ = 2×1016

3×1017 8×1017 ∆m = 1

Tb 5.1 z = 17

Tb = 5.1
z = 17 Z1 2×1016

We scan the parameter space spanned by  and  for
three  different  decay  lifetimes  of : ,

,  and  s.  In  our  analysis,  we  fix 
meV.  In  order  to  explain  the  EDGES  data,  the  baryon
temperature  has  to  be  at  least  K  at  within
the 99% CL [22]. Fig. 2 shows the parameter space where
the  baryon  temperature  can  be  cooled  to  K  at

 for  three  different  lifetimes  of :  (blue

3×1017 8×1017

z ≃ 103 χ z = 1100
0.06 0.004 0.001

τ = 2×1016 3×1017 8×1017

fχ < 0.4

χ

z = 600 0.15 0.01 0.004
τ = 2×1016 3×1017 8×1017

dot-dashed),  (purple dashed), and  s (red
solid)1). Millicharged DM is mainly constrained by CMB
around  [61].  The mass fractions of  at 
are  about %, %,  and %  for  the  lifetimes

, ,  and  s,  respectively,  which
satisfy the CMB bound % [20].  However,  in  our
model, the  mass  fraction  of  the  millicharged  DM  in-
creases with  redshift.  Energy  injections  after  the  recom-
bination  can  further  influence  the  CMB power  spectrum
and thus, are constrained by the CMB data (see Refs. [62-
66]).  Thus,  we  compute  the  mass  fractions  of  at

,  which are  about %, %,  and % for
the lifetimes , , and  s, respect-
ively. Because the mass fractions for all the models con-

 

ϵ mχ Tb = 5
z = 17 τ = 2×1016

τ = 3×1017

τ = 8×1017

0.06 0.004 0.001
z = 1100

f = 100
f = 1 f = 0.4

∆Neff

Fig.  2.    (color  online)  Parameter  space  spanned by  the  mil-
licharge  and the DM mass . Model points in which 
K at  correspond to three different lifetimes: 
s  (blue  dot-dashed),  s  (purple  dashed),  and

 s (red  solid),  with  the  mass  fraction  of  the  mil-
licharged DM component being %, %, and % at

,  and  100%,  77%,  and  42%  today,  respectively.  The
green shaded region is excluded by various accelerator experi-
ments, including SLAC electron beam dump [28], CMS [52],
MiniBooNE  and  LSND  [53],  ArgoNeuT  [54],  milliQan
demonstrator  [55],  and  others  [56, 57]. The  gray  shaded  re-
gion indicates the parameter region excluded by the dark mat-
ter  direct  detection  (DMDD)  experiments;  above  the  DMDD
region,  millicharged  DM  is  absorbed  by  the  rocks  on  top  of
underground labs [22, 58]. The magenta region is ruled out by
the rocket experiment XQC for mass fractions: % (sol-
id)  [59], %  (solid)  [59],  and %  (solid)  [58].  The
brown shaded region is  excluded by the SN1987A data  [60].
The  black  dashed  vertical  line  indicates  the  upper  bound  on
DM mass due to  from CMB [12, 33]. The black dotted
line indicates  the  parameter  space  of  the  minimal  mil-
licharged DM model with a mass fraction of 0.4% to explain
EDGES data [22].
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T211) We note that the three curves will move towards the right direction if the magnitude of  becomes smaller.
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0.4
z > 600

χ
τ = 2×1016 3×1017 8×1017

Z1 2×1016

Z1
⩾ 2×1016

sidered in this analysis are smaller than % for redshift
, the CMB constraints are satisfied [20]1). We find

that the viable parameter in our model is much larger than
the  minimal  millicharged  DM  model2), which  is  indic-
ated  by  the  black  dotted  line  for  0.4% millicharged  DM
[22].  Various  experimental  constraints  are  considered  in
Fig. 2. These include, the underground dark matter direct
detection (DMDD) experiments [22, 58], the XQC exper-
iment [58, 59], SN1987A [60], and the accelerator experi-
ments: SLAC electron beam dump [28], CMS [52], Mini-
BooNE [53],  LSND [53],  ArgoNeuT [54],  and  milliQan
demonstrator [55]. Two benchmark model points that can
explain the 21 cm anomaly while satisfying various con-
straints  are  presented  in Table  1.  The  mass  fractions  of
the  DM at today are 100%, 77%, and 42% for the life-
times , ,  and  s,  respectively.
We find that the  lifetime  is nearly excluded by
both  the  underground  DMDD  and  the  XQC  constraints.
In order to evade the XQC constraints, the  lifetime has
to be  s. 

VII.  CONCLUSIONS

χ

Z1 χ̄χ→ Z2Z2
χ

Z1→ χ̄χ

We construct  a  new  millicharged  DM  model  to  ex-
plain the  recent  21  cm  anomaly.  In  our  model,  the  mil-
licharged DM  is a subcomponent in the early universe
and is mainly produced via decays of the other DM com-
ponent . The DM annihilation cross section 
is so strong that the relic abundance of  due to thermal
freeze-out is negligible. We compute the heating term due
to the decay process  and include it in our numer-
ical calculations of the time evolution equation of the DM
temperature.  We  find  that  the  model  can  explain  the
EDGES 21 cm anomaly while  satisfying various  experi-
mental  constraints,  including  those  from  accelerators,
XQC, underground DMDD, and CMB. 
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APPENDIX A: TIME

t(z) zThe time  at redshift  is given by 

t(z) =
∫ z0

z

dz′

H(z′)(1+ z′)
, (A1)

H z0 = 106

z
where  is the Hubble parameter. Here, we use .
We compute the Hubble parameter at redshift  via 

H(z) = H0

√
ΩR(1+ z)4+Ωm(1+ z)3+ΩΛ, (A2)

H0 ≡ 100h km s−1 Mpc−1

ΩR Ωm ΩΛ

ΩR = 2.47×10−5/h2

Ωm = 0.308 ΩΛ = 0.692 h = 0.678

where  is  the  present  Hubble
parameter, , ,  and  are  the density  of  radiation,
matter, and dark energy, respectively. In our analysis, we
adopt  the  following  values:  [67],

, , and  [46]. 

APPENDIX B: MILLICHARGED DM FORMULAS

σ0,t Qb Qχ D(Vχb)We provide the formulas of , , , and 
for millicharged DM used in our analysis.

σt = σ0,tv−4

v
σ0,t = 2πα2ϵ2ξ/µ2

χt α

ϵ µχt
χ t ξ

ξ = ln
[
9T 3

b/(4πϵ
2α3xenH)

]
.

The  scattering  cross  section  between  millicharged
DM  and  baryons  can  be  parameterized  as 
where  is the relative velocity between DM and baryons,
and  where  is the fine structure con-
stant,  is the millicharge,  is the reduced mass of DM

 and the target particle ,  and  is the Debye logarithm
[10, 68] 

The baryon heating term due to interactions with mil-
licharged DM is given by [10, 47] 

dQb

dt
=nχxe

∑
t=e,p

mtmχ
(mχ+mt)2

σ0,t

uth,t

×
√2
π

e−r2
t /2

u2
th,t

(Tχ−Tb)+mχ
F(rt)

rt

 , (B1)

u2
th ≡ Tb/mb+Tχ/mχ r ≡ Vχb/uth F(r) =

erf
(
r/
√

2
)
−
√

2πre−r2/2.

Tb

where , ,  and 
 Here,  we  assume  that  electron

and proton share a common temperature  with the hy-
drogen  atom.  The  DM  heating  term  due  to  interactions
with baryons is given by 

dQχ
dt
= nH xe

∑
t=e,p

mχmt

(mχ+mt)2

σ0,t

uth,t
 

gχ2 = gχ3 = 1Table 1.    Benchmark model points. All the masses are in unit of MeV. We take  in our analysis.

Model m′1 m1 m2 m3 m4 mχ ∆m θ ϵ τZ1/s

A 160 10−13 1.55 108 2.76×103 ∼80 10−9 6.1×10−18 8×10−5 8×1017

B 400 10−8 1.25×10−4 108 3.45×103 ∼200 10−9 7.8×10−18 1×10−4 3×1017

Qiaodan Li, Zuowei Liu Chin. Phys. C 46, 045102 (2022)

χ χ z ≃ 6001) We note that, because  in our model is smaller at larger redshift, the allowed mass fraction of  at  should be somewhat larger than 0.4%, which is ob-
tained assuming a constant mass fraction. A detailed analysis taking into account the variation of the mass fraction is beyond the scope of this study.

2) In the minimal millicharged DM model, the millicharge interaction is responsible for both DM thermal freeze-out and cooling the cosmic hydrogen atoms.
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×
√2
π

e−r2
t /2

u2
th,t

(Tb−Tχ)+mt
F(rt)

rt

 , (B2)

ne = np = nH xewhere  is assumed.
DThe  term in Eq. (23) is given by [47]

 

D(Vχb) =
ρmσ0

mχ+mb

F(r)
V2
χb

, (B3)

where we consider both electron and proton as the target
baryons.
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