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1. Introduction



Dark matter

Properties of dark matter

➢ it is hard to explain the rotation curve of the galaxy without dark matter 
➢ gravitational lens effect of galaxy clusters indicates dark matter
➢ observation of the bullet cluster
➢ large scaler structure formation
➢ WMAP, Planck

➢ Neutral under SU(3)C x U(1)EM
➢ Stable/long-lived
➢ Weakly/Feebly interacting

We empirically know the existence of dark matter:

Dark matter is not a part of the standard model
To identify the dark matter is one of the most important tasks 
in modern particle physics

LSP, LKP, sterile neutrino, axion, dark photon, …
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Axion dark matter

- Axion is not only a solution for the strong CP problem, but also a good 
candidate of dark matter; the coherent oscillation of the axion field

- Right after the PQ symmetry breaking, axion is massless, and the energy 
density of the axion oscillation depends on the misalignment angle at the 
QCD phase transition, θi

~ θi fa

V V

a a

T ~ ΛQCD



Axion dark matter

- Axion is not only a solution for the strong CP problem, but also a good 
candidate of dark matter; the coherent oscillation of the axion field

- Right after the PQ symmetry breaking, axion is massless, and the energy 
density of the axion oscillation depends on the misalignment angle at the 
QCD phase transition, θi

~ θi fa

V V

a a

T ~ ΛQCD

- If the PQ symmetry breaking occurs after the end of inflation, the 
misalignment angle is given by the spatial average of θi = [-π/2, π/2]

- Axionic string can form after the symmetry breaking, and may decay into 
axion dark matter

Ωa
strh2 ! 0.11× Δ fa

2 ×1011GeV
⎛
⎝⎜

⎞
⎠⎟
1.18

Δ ~ O(1)

[Harai & Sikivie, ’87, Battye & Shelard, ’94, Yamaguchi, Kawasaki & Yokoyama, ‘99]

Ωah
2 ! 0.11× fa

2 ×1011GeV
⎛
⎝⎜

⎞
⎠⎟
1.19

[Turner, ’86] [Bae, Huh & Kim, ’08] [Visinelli & Gondolo, ’09]



Axion dark matter

- If PQ symmetry breaks before/during inflation and is never restored, the 
misalignment angle θi takes a certain single value, and thus the axion 
number density is given by

Ωah
2 ! 0.11×θi

2 fa
5 ×1011GeV

⎛
⎝⎜

⎞
⎠⎟
1.19

[Turner, ’86] [Bae, Huh & Kim, ’08] [Visinelli & Gondolo, ’09]
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axion decay constant (~ PQ symmetry breaking scale)

Ωah2 > 0.12

- We will see that even for fa < 1011 GeV, dark photon may compensate the 
deficit through a new portal coupling between axion and dark photon, 
which appears in a very simple setup.

- For fa < 1011 GeV, axion alone can not compose the whole amount of 
dark matter [Smaller fa will be tested in next decades (e.g. ADMX).]

– 11–
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Figure 2: Exclusion ranges as described in the
text. The intervals in the bottom row are the ap-
proximate ADMX, CASPEr, CAST, and IAXO
search ranges, with green regions indicating the
projected reach. Limits on coupling strengths
are translated into limits on mA and fA us-
ing z = 0.56 and the KSVZ values for the
coupling strengths, if not indicated otherwise.
The “Beam Dump” bar is a rough represen-
tation of the exclusion range for standard or
variant axions. The limits for the axion-electron
coupling are determined for the DFSZ model
with an axion-electron coupling corresponding
to cos2 β′ = 1/2.

We translate the conservative constraint, Equation 12, on

GAγγ to fA > 3.4 × 107 GeV (mA < 0.2 eV), using z = 0.56

and E/N = 0 as in the KSVZ model, and show the excluded

range in Figure 2. For the DFSZ model with E/N = 8/3,

the corresponding limits are slightly less restrictive, fA >

1.3 × 107 GeV (mA < 0.5 eV). The weak indication of an

extra energy loss points to a range 76 meV <∼ mA <∼ 150 meV

(0.21 eV <∼ mA <∼ 0.41 eV) for the KSVZ (DFSZ) model. The

exact high-mass end of the exclusion range has not been

October 1, 2016 19:58

[PDG ’16]



Dark photon

- Additional U(1) gauge symmetries do not serve as a solution for any 
issues of the SM, such as the strong CP problem, but they are ubiquitous 
if the SM gauge group is embedded into higher rank symmetry.

- For instance, in SO(10) GUT, U(1)B-L can appear at some scale

SO(10)

SU(3)C x SU(2)L x SU(2)R x U(1)B-L

SU(3)C x SU(2)L x U(1)Y

45 , 54

126 , 126

- In the bottom-up approach perspective, probing the existence of 
additional U(1) gauge boson (dark photon) may not only reveal more 
fundamental symmetry, but also implies the extended Higgs sector



Kinetic mixing (vector portal coupling)

- In the following, we do not consider possible UV completions of 
additional U(1) gauge symmetry

- Instead, let us suppose just SU(3)C x U(1)em x U(1)D
- By constructing gauge invariant Lagrangian, we generically get a gauge 

kinetic mixing term
Lmix ~ ε Fμν Z’μν

photon dark photon

- ε is a free parameter at the tree level, and may change by loop 
contributions if there is U(1)D charged particles

- For instance, when fermions ψ1 and ψ2 have U(1)em and U(1)D charges 
(+1,+1) and (+1,-1), respectively, ε can be induced at 1-loop level

γ γ’
ψ1, ψ2 ε ! ee'

6π 2 log
m2

m1
~ O(10-3) (e = e’ ~ 0.3)

- Note that the resultant ε can be freely suppressed at the cost of fine-
tuning, e.g. εtree + εinduced ~ 0 or εtree ~ 0 & m1 ~ m2



Kinetic mixing (vector portal coupling)

- The mixing parameter ε is strongly constrained by lots of experiments 
[Soffer, ‘15]

- For such light dark photon case, ε should be somehow suppressed anyway



- On the other hand, in the case of (extremely) small ε, dark photon can 
be a dark matter candidate

Dark photon as a dark matter

1. mγ’ > 2me

2. mγ’ << me

Γ
γ '→e+e− !

1
2
αε 2mγ ' τγ ' / τU ∼

10 −20

ε
⎛
⎝⎜

⎞
⎠⎟

2
GeV
mγ '

⎛

⎝⎜
⎞

⎠⎟

(τU ~ 1017 sec: the age of the universe)

Γγ '→γγγ !
17α 4ε 2

11664000π 3

mγ '
9

me
8 τγ ' / τU ∼

10 −8

ε
⎛
⎝⎜

⎞
⎠⎟

2
0.1MeV
mγ '

⎛

⎝⎜
⎞

⎠⎟

9

- For ε << 1, dark photon never thermalizes, and can be produced by the 
freeze-in mechanism

- Main production channels: eγ → eγ’, e+e- → γγ’, e+e- → γ’

(Compton-like production) (pair annihilation) (inverse decay)
e e e

e e

e

γ γ’ γ

γ’

γ’



Dark photon as a dark matter
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Figure 1: Differential production rate of hidden photons for three different masses. For µ = 10me

(right) the low temperature production through electron-positron coalescence dominates the final
abundance, the resonance not being extremely peaked. Coalescence happens only for T ! 3µ
because for higher temperatures the electron thermal mass is too high. Production of HPs of
higher masses proceeds very much in the same way. For µ = me (center) coalescence is never
possible, and the low temperature production suffers a O(α) decrease since it is now dominated by
Compton scattering and pair annihilation. The resonance is more peaked, dominating production.
Finally for µ = me/3 (left) the resonance has grown very large with respect to the low temperature
production; the production rate is suppressed by the lack of ambient electrons.

allows coalescence. Writting m2
e(T ) = m2

e,0 + παT 2l with l ∼ O(1) we find

Tc =

√

µ2 − 4m2
e,0

4παl
(14)

which approaches the limit Tc ≃ 3.3µ when µ ≫ me,0. Above this temperature no coalescence is
possible (this feature is visible in Fig. 1). Only in the limit T → Tc is there a significant phase
space suppression making the square root in (12) small. Since Tc is much higher than Td, the
temperature that dominates production, and since the thermal electron mass decreases as T 2, we
do not expect any significant deviation from the RHS of (13) (unless, of course, µ ∼ 2me,0 itself).

As we mentioned before, resonant production happens at Tr " µ/
√

α which is always higher
than Tc. Therefore coalescence is absent during the resonance. Since at the resonance µ = mγ

this is of course just another way of saying that the photon thermal mass never exceeds twice
the temperature-dependent electron mass in a thermal plasma, and photon decay is kinematically
forbidden [33].

3.2 The resonant region (µ < 2me)

In the small mass regime with µ < 2me electron positron coalescence is kinematically forbidden,
and thus the biggest contribution to the incoherent production abruptly disappears. For such small

8

- ε has actually the temperature dependence, since photon gets the 
thermal mass mγ ~ eT

ε(T ) ∼
mγ '

mγ ' −mγ (T )
ε0

- For mγ’ < 2me, γ’ is dominantly produced at the resonant region
- For mγ’ > 2me, γ’ is dominantly produced via e+e- → γ’

[Redondo & Postma, ’08]



Dark photon as a dark matter
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Figure 3: Bounds on hidden photons in the mass-mixing plane. HPs that reproduce the right
amount of DM lie on the line Ω2h2 = 0.1 and the region above is excluded by overproduction.
Above the thin dashed line HPs will interact strongly enough to reach thermal equilibrium with
the standard bath. The regions labeled Sun and HB are excluded by an excessive HP luminosity
in the sun respectively in horizontal branch stars in globular clusters. In the region labeled IDPB
the HP decay products exceed the intergalactic diffuse photon background. This bound assumes
that the HP relic density is created through the kinetic mixing as discussed in this paper. If
one assumes other production mechanisms that lead to Ω2h2 = 0.1 independently of χ the bound
extends all down to the light yellow region. We find no bounds above µ > 2me ≃ 1 MeV. Also
shown are regions where the HP decay could influence different cosmological epochs: pre-BBN
(τ < 1 sec), BBN (1 sec< τ < 3 min) and post BBN (3 min< τ < 106 sec), CMB-unprotected (106

sec< τ < 1012 sec), CMB decoupled until now (1012 sec< τ < 4.3 × 1017 sec ). See the text for
details.
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[Redondo & Postma, ’08]

- Several observations (horizontal 
branch stars, intergalactic diffuse 
photon background,…) give 
stringent bounds on the Ωγ’h2 ~ 0.1 
region. 

- Dark photon alone can not explain 
the whole amount of dark matter (if 
it is produced only through the 
kinetic mixing).

- What could happen if U(1)Dark and 
U(1)PQ coexist?

- Interestingly, we will see that in 
such a setup, new portal coupling 
emerges, which is not just a 
combination of the two.

ε



2. Dark axion portal and the model



Dark KSVZ model (KSVZ axion with U(1)Dark)

- A simple realization of the dark axion portal based on the KSVZ-type axion model 3

Field SU(3)C SU(2)L U(1)Y U(1)Dark U(1)PQ

ψ 3 1 Qψ Dψ PQψ

ψc 3̄ 1 −Qψ −Dψ PQψc

ΦPQ 1 1 0 0 PQΦ

ΦD 1 1 0 DΦ 0

TABLE I. New fields and their charge assignments in the dark
KSVZ model. Qψ (Dψ) is the electromagnetic (dark) charge
of the exotic colored fermion ψ.

IV. DARK AXION PORTAL

Now let us consider the framework in which the axion
and dark photon co-exist. The axion portal to the SM
gauge fields is given by

Laxion portal =
Gagg

4
aGµνG̃

µν +
Gaγγ

4
aFµν F̃

µν + · · ·(4)

where Gµν and Fµν are the field strength of the gluon and
photon, respectively, and the tilde represents the dual of
the field strength. In addition, a new portal coupling,
the dark axion portal [8], can emerge by introducing the
dark photon, which is given by

Ldark axion portal =
Gaγ′γ′

4
aZ ′

µνZ̃
′µν +

Gaγγ′

2
aFµνZ̃

′µν(5)

where Fµν (Z ′
µν) is the field strength of the photon (dark

photon). Hereafter we denote the dark photon as γ′ in
the basis obtained by eliminating the kinetic mixing.

A simple realization of the dark axion portal is the
dark KSVZ model considered in Ref. [8]. The new fields
and their charges in this model are described in Table I,
where ψ and ψc are introduced as vector-like colored
fermions, and ΦPQ and ΦD are singlet scalar fields which
spontaneously break the U(1)PQ and U(1)Dark by devel-
oping non-zero vacuum expectation value, respectively.
Throughout this paper, we discuss dark matter produc-
tion and relevant phenomenology by taking this setup as
an example. Above the QCD scale, both the axion and

Case Gagg Gaγγ Gaγγ′ Gaγ′γ′

(i) Qψ = 0, Dψ = 3 g2S 0 0 e′2(54)

(ii) Qψ = − 1
3 , Dψ = 3 g2S e2(2/3) ee′(−6) e′2(54)

TABLE II. The relevant axion portal couplings and dark ax-
ion portal couplings. For all terms, a common factor 1

8π2
PQΦ
fa

is omitted.

dark axion portals are given by

Gagg =
g2S
8π2

PQΦ

fa
, (6)

Gaγγ =
e2

8π2

PQΦ

fa

[
2NCQ

2
ψ

]
, (7)

Gaγγ′ =
ee′

8π2

PQΦ

fa

[
2NCDψQψ

]
+ εGaγγ , (8)

Gaγ′γ′ =
e′2

8π2

PQΦ

fa

[
2NCD

2
ψ

]
+ 2εGaγγ′ , (9)

at the leading order with respect to ε, where NC = 3 is
the color factor, gS is the SU(3)C gauge coupling, and
e′ is the U(1)Dark gauge coupling. Here, we define f2

a =
2PQ2

Φ⟨ΦPQ⟩2 and in the following discussion we will take
PQΦ = −(PQψ+PQψc) = 1 for the illustration purpose.

We emphasize that the dark axion portal (in other
words, vector-axion portal) is not a product of two other
portals (vector portal and axion portal). The second
terms in Eqs. (8) and (9) are from that product, but
the first terms are not. The first terms originate from
the exotic fermions in the triangle loop that couple to
the axion, photon, dark photon directly (see Fig. 1).

In the next section, we will study the following two
cases as the benchmark scenarios,

Case (i) : Qψ = 0 and Dψ = 3 ,

Case (ii) : Qψ = −1/3 and Dψ = 3 .

For definiteness we will assume ε ≃ 0. The axion and
dark axion portal couplings in these cases are given in
Table II.

Before closing this section, let us comment on taking
the vanishing kinetic mixing. This is possible because
the ε is a free parameter at the tree level. On the other
hand, this parameter choice does not hold if there is a
radiatively induced kinetic mixing. For instance, in the
case (ii), since the exotic fermion is charged under both
U(1)EM and U(1)Dark, the mixing between γ and γ′ is
induced at one loop level. The order of magnitude of
the induced kinetic mixing is estimated by following the
renormalization group (RG) evolution, where we define
βε ≡ dε/d logµ. For the RG scale µ above the exotic
fermion mass mψ, we have

βε (µ > mψ) =
ee′

6π2
NC,ψQψDψ, (10)

where NC,ψ = 3 is the number of color degrees of free-
dom. For instance, if we take ε = 0 at a certain scale Λ
higher than mψ, such as the grand unification scale, we
obtain the induced value of the ε

εinduced =
ee′

6π2
NC,ψQψDψ log

(mψ

Λ

)
(11)

at an energy scale lower than mψ. It should be noted
that for µ < mψ, the RG running of ε is given by

βε (µ < mψ) = ε
e2

6π2

∑

f

NC,fQ
2
f , (12)

[Kim, ’79] [Shifman, Vainshtein & Zakharov, ’80]

heavy PQ (vector-like) quarks

complex PQ scalar
complex dark Higgs

- Axion resides in the phase of ΦPQ

ΦPQ = 1
2
(vPQ + ρ )eiPQΦ ( a/ fa ) fa ≡ PQΦvPQ

- PQ quark sector: L ⊃ yΦPQψ
cψ + h.c. mψ = y

2
vPQ

[PQΦ = −(PQψ +PQ
ψ c )]

~ O(fa)

- Dark photon acquires a mass via VEV of the dark Higgs:

mγ ' = e' DΦD
vD ΦD = vD / 2

(we will consider O(keV - GeV) scale dark photon)
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- U(1)PQ is anomalous for the combinations of

U(1)PQ [U(1)Y]2 U(1)PQ [U(1)Dark]2U(1)PQ U(1)Y U(1)Dark
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More on the dark KSVZ model
- Let us focus on the pre-inflation PQ phase transition scenario: U(1)PQ is spontaneously 

broken before (during) inflation, and never restored thereafter.
- The relevant part of the Lagrangian:

Vector portal

Axion portal

Dark axion portal

Ga�� =
e2

4⇡2

PQ�

fa
NC

⇥
Q2
 

⇤

Ga��0 =
ee0

4⇡2

PQ�

fa
NC

⇥
D Q 

⇤
+ "Ga��

Ga�0�0 =
e02

4⇡2

PQ�

fa
NC

⇥
D2
 

⇤
+ 2"Ga��0

- Dark axion portal couplings:
PQΦ: PQ charge of ΦPQ 

Qψ: EM charge of ψ 
Dψ: dark charge of ψ 

e: EM coupling constant 
e’: Dark coupling constant 

NC=3 (color factor)

Dark axion portal is not a simple product of Vector and Axion portals. (e.g. Gaγγ’ ≠ ε Gaγγ)
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3. Implications



New scenario for dark matter production
- Dark photon can also be a good candidate of dark matter.
- Dark photon can be produced through Dark axion portal.
- In the following discussion, we take ε = 0 just for the simplicity.
- Since the Dark axion portal is suppressed by large fa, dark photon never 

reaches the thermal equilibrium.
- Main production channels:

γ ′

γ ′

g

g

a
Gaγ′γ′

fSM

γ ′

fSM

a

γ

Gaγγ′

axion-mediation process dark Primakoff effect 

Case (i): Qψ = 0 and Dψ ≠ 0

Case (ii): Qψ ≠ 0 and Dψ ≠ 0

The dark Primakoff effect is turned off, and γ’ 
is produced by the axion-mediation process.

The dark Primakoff effect is turned on, and 
becomes dominant in generating γ’.

(Gaγ’γ’ ≠ 0 and Gaγγ’ ≠ 0)

(Gaγ’γ’ ≠ 0 and Gaγγ’ = 0)



Case (i): Qψ = 0 and Dψ ≠ 0

- Gaγ’γ’ ≠ 0 and Gaγγ’ = 0
- Dark photon is stable enough
- Only the axion-mediation process can produce γ’

γ ′

γ ′
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g

a
Gaγ′γ′

reaction rate:

�gg!�0�0 ⇠ G2
aggG2

a�0�0T 5/ GaggGa�0�0 ⇠ 1
f 2
a

- Since the process involves dimension five operators, the production is most 
efficient at the reheating temperature TRH

- Then, we obtain
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Case (i): Qψ = 0 and Dψ ≠ 0
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- For large fa, axion can easily explain 
the whole dark matter

- For small fa, dark photon is efficiently 
produced, and becomes dominant 
component of dark matter

- Note that in most parameter spaces 
TRH < fa is satisfied, so the PQ 
symmetry is never restored

- Ly-α puts a constraint on the warm 
dark matter: m�0 & 12 keV

The deficit of the axion dark matter in 
small fa region is compensated by the 
dark photon dark matter.

Ωγ’h2 + Ωah2 = 0.12    (e’Dψ = 0.3, g* = 100)

Axion alone

Dark photon domination

[Baur, et al, ’15]



Case (ii): Qψ ≠ 0 and Dψ ≠ 0

- Gaγ’γ’ ≠ 0 and Gaγγ’ ≠ 0
- Decay channel γ’ → a γ opens: γ’
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- Then, for γ’ to be dark matter, dark photon should satisfy
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(by imposing the lifetime of γ’ should be longer than the age of the Universe)

- For the dark photon production, the dark Primakoff effect becomes dominant.

fSM

γ ′

fSM

a

γ

Gaγγ′

(Note that the axion is in the thermal bath for                                                                      )TRH & T & 105 GeV ⇥ (fa/1010 GeV)2

reaction rate:

�fa!f�0 ⇠ ↵G2

a��0T 3

✓
log

T 2

m2

�

+ O(1)

◆
(mγ ~ eT)

- Then, we obtain

⌦�0h2 ' 0.12 ⇥
✓

e0D 
0.01

◆2 ✓ Q 

1/3

◆2 ✓100
g⇤

◆3/2 ⇣ m�0

MeV

⌘✓
100

fa/TRH

◆✓
1010 GeV

fa

◆



⌦�0h2 ' 0.12 ⇥
✓

e0D 
0.01

◆2 ✓ Q 

1/3

◆2 ✓100
g⇤

◆3/2 ⇣ m�0

MeV

⌘✓
100

fa/TRH

◆✓
1010 GeV

fa

◆

�� -� �� -� �� -� ��� �

�� ��

�� ��

�� ��

�γ � [��� ]

� �
[�
��

]

τγ � < τ�

���=������

Case (ii): Qψ ≠ 0 and Dψ ≠ 0

(e’Dψ = 0.01, |Qψ| = 1/3, g* = 100)

- In the gray region, the dark photon 
decays too fast.



Case (ii): Qψ ≠ 0 and Dψ ≠ 0

Axion alone

Dark photon domination
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- In the gray region, the dark photon 
decays too fast.

- For fa > 3×1010 GeV, axion alone can 
explain the whole relic dark matter.

-  For fa < 1010 GeV, dark photon becomes 
dominant component.



Case (ii): Qψ ≠ 0 and Dψ ≠ 0

- Since the dark photon in case (ii) slowly decays into ordinary photon, 
its lifetime is constrained by the diffuse X-ray observations
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FIG. 1. The collected normalized dataset of photon fluxes used to place constraints on decaying

and annihilating DM in this paper. Data from HEAO-1 [63] (orange), INTEGRAL [64] (green),

COMPTEL [65] (blue), EGRET [66] (red), and Fermi [67] (yellow) are shown. All error bars are

statistical, except for the EGRET and Fermi datasets, where the dominant systematic uncertainties

are shown. We omit the INTEGRAL 511 keV line both in this figure and in our analysis. Note

that the various datasets span di↵erent regions of the sky and should therefore not be compared

with each other; they appear together on this plot only for convenience.

di↵erent choices of density profile. The excellent energy resolution allows us to remove

the well-resolved 511 keV line in our analysis.

• COMPTEL. We use the COMPTEL data from [65]. These observations are obtained

by averaging over the sky at latitudes |`|  60� and |b| < 20�. Compared to the

INTEGRAL region of interest, the model predictions are about half as sensitive to

the density profile at these galactic latitudes. We find an O(20%) uncertainty for DM

decay bounds due to the DM density profile.

• EGRET. We use the data shown in panel E of Fig. 2 in [66], which lies in the 20 MeV

to 10 GeV range at intermediate latitudes, 0  `  360�, 20�  |b|  60�. Our results
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FIG. 9. Bounds on the lifetime of a scalar DM, �, decaying to two photons. Regions as in Fig. 2.

Here ⌫
2

⌘ m
2

/m
DM

refers to the mass of the outgoing decay partner, in the case of a single

photon. The constraints on the lifetime for the decay to two photons are shown in Fig. 9.

B. Two-Body Decays with FSR

Two-body decays to charged particles produce photons through FSR. The di↵erential width

to photons is approximately given by integrating a �-function with the Altarelli-Parisi split-

ting function, as shown in Eq. (6), to give
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where the spectrum is bounded by the energies 0 < E
�

< m
�

/2. We use the exact calculation

of the three-body final state for the spectra and the exclusion regions in Fig. 10. In this

figure, we show the dimensionless galactic photon spectrum
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(22)

20

(scalar dark matter)

- The lifetime of γ’: τγ ' ! 2 ×1019 sec× 10 −16GeV −1
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Case (ii): Qψ ≠ 0 and Dψ ≠ 0

Axion alone

Dark photon domination
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explain the whole relic dark matter.

-  For fa < 1010 GeV, dark photon becomes 
dominant component.



Case (ii): Qψ ≠ 0 and Dψ ≠ 0

⌦�0h2 ' 0.12 ⇥
✓

e0D 
0.01

◆2 ✓ Q 

1/3

◆2 ✓100
g⇤

◆3/2 ⇣ m�0

MeV

⌘✓
100

fa/TRH

◆✓
1010 GeV

fa

◆
(e’Dψ = 0.01, |Qψ| = 1/3, g* = 100)

- In the gray region, the dark photon 
decays too fast.

- For fa > 3×1010 GeV, axion alone can 
explain the whole relic dark matter.

-  For fa < 1010 GeV, dark photon becomes 
dominant component.

- In the light gray region, since the dark 
photon slowly decays, observations of 
the diffused X-ray give a strong 
constraint (assuming Ωγ’=ΩDM).

- The Ly-α constraint (                     ) may 
exclude the dark photon domination 
scenario.

m�0 & 12 keV

Axion alone

Dark photon domination



3.5 keV X-ray line excess
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Figure 5. Top panels: 3�4 keV band of the stacked MOS (left panel) and stacked PN (right panel) spectra of the samples. The figures
show the energy band where the new spectral feature is detected. The Gaussian lines with maximum values of the flux normalizations of K
xviii and Ar xvii estimated using AtomDB were included in the models. The red lines in the top panels (shown only for the full sample)
show the model and the excess emission. The blue lines show the total model after another Gaussian line is added, representing the new
line. Middle panels show the residuals before (red) and after (blue) the Gaussian line is added. The bottom panels show the e↵ective area
curves (the corresponding ARF). Redshift smearing greatly reduces variations of the e↵ective area in the high-z sample.

ments are consistent with each other and the constraints
placed by previous studies, e.g., the unresolved cosmic
X-ray background (CXB) in the Chandra Deep Fields
(Abazajian et al. 2007) and the XMM-Newton blank-
sky background spectrum (Boyarsky et al. 2006), Chan-

dra observations of the Milky Way (Riemer-Sørensen et
al. 2006), Chandra observation of the Bullet Cluster (Bo-
yarsky et al. 2008), Chandra observations of the dwarf
galaxy Draco (Riemer-Sørensen & Hansen 2009), and
XMM-Newton limits from M31 and Willman 1 and For-

[Bulbul et al., ’14]

- Even though γ’ can not make up of full of dark matter number density, it can be 
a source of the anomalous 3.5 keV excess in the X-ray spectrum of galaxies

- It turns out that the excess can be explained if the lifetime of γ’ and the fraction 
of relic density satisfy

τγ ' ! rγ ' ×10
28 sec rγ’ = Ωγ’/ΩDM



(e’Dψ = 0.01, |Qψ| = 1/3, g* = 100)

3.5 keV X-ray line excess
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(e’Dψ = 0.01, |Qψ| = 1/3, g* = 100)

3.5 keV X-ray line excess
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FIG. 4. The blue regions show ΩDMh2 = (Ωγ′ + Ωa)h
2 = 0.12 with the initial misalignment angle varying from θi from 0 to

π in the case (ii) for a choice of ḡD = 1. It depends on the reheating temperature, and we illustrate for TRH = (a) 108 GeV,
(b) 109 GeV, and (c) 1010 GeV. The dark and light gray regions depict the bounds from τγ′ < τU and the observations of the
diffused X-ray, respectively. The red stars indicate the points that can explain the 3.5 keV X-ray excess via the γ′ → γa decay.

over T from T = TRH to T ≃ 0 in Eq. (13), we obtain
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and thus the dark photon abundance is given by

Ωγ′h2 ≃ 0.12× ḡ2D

(
Qψ
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100
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)3/2 (
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32

)

×
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with ḡD ≡ e′Dψ/0.01 .

In addition to the dark Primakoff process, there is an-
other contribution from gg → γ′γ′ as discussed in case
(i). However, because of the difference in γfa→fγ′ ∝ 1/f2

a
and γgg→γ′γ′ ∝ 1/f4

a , the dark photon production from
the dark Primakoff process is dominant contribution in
the parameter space of our interest.

Figure 4 shows the regions of ΩDMh2 = 0.12 with θi
varying form 0 to π, for a choice of ḡD = 1. Each panel
of the figure shows a different TRH value case. The dark
gray regions in the figure represent the case that the life-
time of the dark photon, τγ′ , becomes shorter than the
age of the universe, τU ≃ 13.7 × 109 yrs. As the dark
photon decays into a photon in the case (ii), the non-
observation of the dark matter signal in the diffused X-
ray gives a stronger constraint on the lifetime of the dark
photon. A generic constraint on the dark matter lifetime
is discussed in Ref. [58] from which we have estimated
the bound in our case. By taking into account the de-
pendence on

rγ′ ≡ Ωγ′h2

ΩDMh2
(22)

in the diffusedX-ray flux, we show its bound as light gray
regions in the figure. The point noted in the red star in

the figure indicates that the dark photon can explain the
3.5 keV X-ray line excess, which we will discuss in the
next section.

It should be noted that there is an upper bound on TRH

for the dark photon to remain non-thermal in a similar
way to Eq. (17).

TRH ! (3× 1011 GeV) ḡ−2
D

( g∗
100

)1/2
(
fa/GeV

1010

)2

.(23)

In addition, for the dark Primakoff process to be effective,
the axion should be still in thermal bath during the dark
photon production. The thermalization of the axion is
maintained by the reaction gg ↔ ga whose decoupling
temperature TD is given by [52]

TD ≃ (105 GeV)

(
fa

1010 GeV

)2

, (24)

- Higher (lower) TRH increases (decreases) the dark photon fraction
- By demanding γ’ is the source of 3.5 keV excess, we can derive a relationship 

between TRH and fa (or Gaγγ’)

3.5 keV X-ray line excess
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FIG. 5. Parameter space of the 2-component dark matter
scenario where the axion CDM is dominant and the 7 keV
dark photon produced by the dark Primakoff mechanism is
sub-dominant (with a fraction of rγ′). The red line can ex-
plain the 3.5 keV X-ray line signal. The shaded regions are
constrained by the PQ symmetry restoration condition (dot-
dashed bounds), the overproduction of the dark photon dark
matter (dark gray corner), and the axion thermalization con-
dition (dotted bounds). θi is the initial misalignment angle
on which the axion relic density depends.

Now, we remind ourselves the stability issue of the
exotic quark (ψ, ψc). The exotic quark in the original
KSVZ model does not decay at all, but it may decay in
the dark KSVZ model depending on the charge assign-
ment because of an additional particle ΦD. For instance,
Φ†

DψD
c term is allowed for PQψ = 0, Qψ = −1/3,

Dψ = DΦ in the case (ii), which would allow the ex-
otic quark decay into the SD (CP-even component of the
ΦD) and a down-type quark [8]. This term might cause
a flavor-changing neutral current such as b → s+ γ′, but
it will be highly suppressed by the large mass of the ex-
otic quark. In the case (i), we do not have such a decay
mode, yet we can adopt the same attitude to this issue
as the original KSVZ model. As the exotic quark mass
scale (fa ∼> 109 GeV) is larger than the reheating tem-
perature, the exotic quarks would have been produced
too little in the early universe to cause any conflict with
the experimental data.

Finally, let us comment on a possible extension of the
model and its phenomenology. Though we have lim-
ited ourselves to the conventional QCD axion case in
this paper where ma ∼ (10−5 − 10−2) eV and Gaγγ ∼
(10−11 − 10−14) GeV−1, our discussion can be extended
to rather a wide class of models with an axion-like parti-
cle (ALP) whose mass and coupling can be significantly
larger than the QCD axion. In such models, various types
of experiments can be used to test the dark axion por-

tal, perhaps in a similar way that the colliders give con-
straints on the axion-photon-Z boson coupling by mea-
suring Z → 3γ following Z → γ + ALP for a MeV-GeV
scale ALP [66, 67]. For instance, a mono-photon sig-
nal from Z → γ + 2γ′ followed by Z → γ + ALP and
gg → ALP → γγ′ would be possible. Using the similar
diagrams, a mono-Z signal would be also possible. As
other interesting channels, Z → 2γ + γ′ induced by the
exotic fermion loop and/or followed by ALP → γ + γ′

might be also worthwhile studying in the future.

VIII. SUMMARY

In this paper we have discussed a new mechanism to
produce the dark photon in the early universe with the
help of the axion using the dark axion portal. In partic-
ular, the dark photon can be a dark matter candidate if
its lifetime is long enough.

Our discussion is categorized in two cases based on the
dark KSVZ model: (i) the vector-like fermion is electri-
cally neutral, (ii) it is electrically charged. In both cases
the dark photon can have longer lifetime than the age of
the universe. On the other hand, the dark photon pro-
duction process is quite different in each case, while the
dark photon is always non-thermal relic due to a feeble
coupling to the SM particles. In case (i), gg → a → γ′γ′

via Gaγ′γ′ is the only possible way to produce the dark
photon unless we count on the kinetic mixing. Interest-
ingly, even in the small fa regions where the axion abun-
dance is sufficiently small, the dark photon can compen-
sate the dark matter abundance to achieve the observed
value. The dark Primakoff process, fa → fγ′ via Gaγγ′ ,
is open in case (ii) to produce the dark photon. Since
the dark photon decays into a photon in this case, we
have discussed the diffused X-ray constraint. It can also
explain the 3.5 keV X-ray line excess as we discussed.
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Appendix A: Collision term of the dark Primakoff
process

Here we give more detailed expression related to the
collision term of the dark Primakoff process in Eq. (19).
Let us consider the process fa → fγ′ by exchanging sin-
gle photon, where f denotes a SM fermion having electric
charge Qf . The squared amplitude after summing over

3.5 keV X-ray line excess
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and thus TRH > TD should be satisfied. Therefore, in
the case of Ωγ′ ≫ Ωa, i.e. Ωγ′h2 ≃ 0.12, the condi-
tions (23) and TRH > TD respectively give the lower and
upper bounds on mγ′ , and we obtain 1 keV ! mγ′ !
1 GeV × ḡ−2

D . The regions realizing Ωγ′ ≫ Ωa are, how-
ever, disfavored by the diffused X-ray bound and the
requirement of TRH ≪ fa, as shown in Fig. 4.

VI. DARK PHOTON EXPLANATION OF THE
3.5 KEV X-RAY LINE EXCESS

In various X-ray observations of galaxy clusters, it
has been observed that there is an anomalous excess at
3.5 keV in the X-ray spectra from galaxies. [12–17], and
thus it is worth discussing whether it can be explained
by the dark photon dark matter in our scenario.
It is known that the dark matter mass (mDM) and its

lifetime (τDM) (with a decay to a photon final state) are
required to be [13]

mDM ≃ 7 keV, (25)

τDM ≃ 1028 sec ≃ 3× 1020 yrs , (26)

so that the particle dark matter can explain the 3.5 keV
X-ray line.3 The case (i) does not have the dark photon
decay mode to the photon while the case (ii) does. In
the following discussion, we consider only the γ′ → γa in
the case (ii) and take Gaγγ′ as a free parameter instead
of specifying e′ and Qψ.
In case (ii), the lifetime of the dark photon is given by

τγ′ ≃ (1.5× 1025 sec)

(
10−16 GeV−1

Gaγγ′

)2 (
7 keV

mγ′

)3

(27)

from Eq. (18), which is shorter than the condition (26).
On the other hand, when the dark photon is responsible
of only a fraction of the total dark matter abundance,
the condition changes to [62]

τDM ≃ rγ′ × 1028 sec, (28)

where rγ′ can be written in terms of Gaγγ′ as

rγ′ ≃ 10−3

(
100

g∗

)3/2 ( TRH

1011 GeV

)

×
(

Gaγγ′

10−16 GeV−1

)2 ( mγ′

7 keV

)
, (29)

and thus the dark photon can produce the observed
3.5 keV X-ray line if τγ′ of Eq. (27) satisfies the con-
dition (28).

3 Although the tension between such a light dark matter and the
constraint from the small scale structure is currently under de-
bate, the tension is ameliorated if the 7 keV dark matter is
sub-dominant component of the whole dark matter abundance
[49, 59–61], which is the case we discuss.

In Fig. 5, we fix mγ′ = 7 keV as required by the condi-
tion (25). The red line shows the parameter region that
can explain the 3.5 keV X-ray excess by satisfying the
condition (28), while the gray solid lines correspond to
several values of rγ′ . TThe 3.5 keV solution provides a
relation between the Gaγγ′ and TRH as

Gaγγ′ ≃ (10−16 GeV−1)

(
1011 GeV

TRH

)1/4

(30)

or

fa
PQΦ

≃ (1012 GeV)

∣∣∣∣
e′Dψ

0.01

Qψ

1/3

∣∣∣∣

(
TRH

1011 GeV

)1/4

,(31)

which is illustrated as the TRH increases in Fig. 4.
The condition ΩDMh2 = 0.12 holds in the whole region

in the figure, except for the dark gray corner where the
dark photon is overproduced (ΩDMh2 ∼ Ωγ′h2 > 0.12).

The lightly shaded regions of the parameter space,
while satisfying the relic density condition, are disfavored
by other considerations. The upper light gray regions
(dot-dashed boundary) for Gaγγ′ ∼< 10−15 GeV−1, do
not satisfy the upper limit on TRH given by the PQ sym-
metry restoration condition (TRH < fa). For Gaγγ′ ∼>
10−15 GeV−1, the dark photon non-thermalization con-
dition to avoid DM overproduction of Eq. (23) engages.
The lower light gray regions (dotted boundary) are disfa-
vored, since the axion thermalization condition (TRH >
TD) is not satisfied. The θi dependence of all the light
gray regions is because fa is determined by θi when we
demand ΩDMh2 ∼ Ωah2 = 0.12 in the region of rγ′ ≪ 1.

VII. DISCUSSIONS ON SOME ISSUES

In this section, we have brief discussions on the several
issues of the dark axion portal although they are not our
main focus in our paper.

First, we discuss the direct detection of the dark pho-
ton dark matter. The axion relic dark matter is searched
for using the Gaγγ coupling [63, 64]. Assuming the dark
photon dark matter makes up a large fraction of the total
dark matter relic density, we briefly comment on its de-
tection possibility. If the kinetic mixing ε is large enough,
the axion dark matter experiments [63, 64] may be used
to search for a dark photon dark matter of a similar mass
(mγ′ ≈ 10−6−10−4 eV)[65]. When we ignore the kinetic
mixing effect and consider only the Gaγγ′ coupling, the
dark photon may be searched for using a scatterting with
an electron inside the detector. The scattering would be
mediated by the photon and the dark photon would con-
vert into an axion which would escape the detector. A
low-Q2 electron recoil would be a signal of such a dark
photon dark matter using the dark axion portal. It would
require a careful analysis to see if an existing dark mat-
ter detection experiment can detect it or a new detector
design is necessary.

to explain the 3.5 keV excess:

For TRH > fa, PQ symmetry may 
be restored, where fa is a 
function of θi by taking

Ωah
2 ! 0.11×θi

2 fa
5 ×1011GeV

⎛
⎝⎜

⎞
⎠⎟
1.19

= ΩDMh2

For TRH < TD, axion never 
thermalises, where TD is the 
axion decoupling temperature 
given by
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(a) (b) (c)

FIG. 4. The blue regions show ΩDMh2 = (Ωγ′ + Ωa)h
2 = 0.12 with the initial misalignment angle varying from θi from 0 to

π in the case (ii) for a choice of ḡD = 1. It depends on the reheating temperature, and we illustrate for TRH = (a) 108 GeV,
(b) 109 GeV, and (c) 1010 GeV. The dark and light gray regions depict the bounds from τγ′ < τU and the observations of the
diffused X-ray, respectively. The red stars indicate the points that can explain the 3.5 keV X-ray excess via the γ′ → γa decay.

over T from T = TRH to T ≃ 0 in Eq. (13), we obtain

Y 0
γ′ ≃

135
√
10

2π7g3/2∗

4e2G2
aγγ′

π
MPlTRH

×gF (TRH)

32

(
log

T 2

m2
γ

+ αγ′ − 2

)
, (20)

and thus the dark photon abundance is given by

Ωγ′h2 ≃ 0.12× ḡ2D

(
Qψ
1/3

)2 (
100
g∗

)3/2 (
gF (TRH)

32

)

×
( mγ′

MeV

) (
102

fa/TRH

)(
1010

fa/GeV

)
(21)

with ḡD ≡ e′Dψ/0.01 .

In addition to the dark Primakoff process, there is an-
other contribution from gg → γ′γ′ as discussed in case
(i). However, because of the difference in γfa→fγ′ ∝ 1/f2

a
and γgg→γ′γ′ ∝ 1/f4

a , the dark photon production from
the dark Primakoff process is dominant contribution in
the parameter space of our interest.

Figure 4 shows the regions of ΩDMh2 = 0.12 with θi
varying form 0 to π, for a choice of ḡD = 1. Each panel
of the figure shows a different TRH value case. The dark
gray regions in the figure represent the case that the life-
time of the dark photon, τγ′ , becomes shorter than the
age of the universe, τU ≃ 13.7 × 109 yrs. As the dark
photon decays into a photon in the case (ii), the non-
observation of the dark matter signal in the diffused X-
ray gives a stronger constraint on the lifetime of the dark
photon. A generic constraint on the dark matter lifetime
is discussed in Ref. [58] from which we have estimated
the bound in our case. By taking into account the de-
pendence on

rγ′ ≡ Ωγ′h2

ΩDMh2
(22)

in the diffusedX-ray flux, we show its bound as light gray
regions in the figure. The point noted in the red star in

the figure indicates that the dark photon can explain the
3.5 keV X-ray line excess, which we will discuss in the
next section.

It should be noted that there is an upper bound on TRH

for the dark photon to remain non-thermal in a similar
way to Eq. (17).

TRH ! (3× 1011 GeV) ḡ−2
D

( g∗
100

)1/2
(
fa/GeV

1010

)2

.(23)

In addition, for the dark Primakoff process to be effective,
the axion should be still in thermal bath during the dark
photon production. The thermalization of the axion is
maintained by the reaction gg ↔ ga whose decoupling
temperature TD is given by [52]

TD ≃ (105 GeV)

(
fa

1010 GeV

)2

, (24)

TRH can vary from 108 GeV to 1012 GeV for the 3.5 keV excess, while Gaγγ’ is 
almost constant around Gaγγ’ ~ 10-16 GeV-1, corresponding to fa ~ O(1011 GeV)



Summary

- We discussed a new portal: Dark Axion Portal.

- We built a simple model as a realization of the new portal: 
Dark KSVZ model.

- The new portal opens novel scenarios for the dark matter 
production.

- The 3.5 keV X-ray line excess can be explained by a new 
dark photon decay channel (γ’ → a γ).


