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1. Portals toward a dark sector



Dark sector

- We know there is a dark side of the Universe.

- But, we know very few things about the dark (hidden) sector.
- Portal couplings play a central role in probing the dark sector.
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Dark axion portal (connecting axions and dark photons)
What is the current status of the dark photon and axion as a dark matter candidate?



Dark photon as a dark matter
- Dark photon is produced through the kinetic mixing (vector portal)

Lmix ~ ε Fμν Z’μν

photon dark photon

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

(Compton-like production) (pair annihilation) (pair coalescence)
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- ε is strongly constrained by lots of 
experiments.

- For ε << 1, dark photon never 
thermalizes, and the freeze-in 
mechanism can work.

[Soffer, ‘15]



Dark photon as a dark matter
- Dark photon is produced through the kinetic mixing (vector portal)
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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).

ε



Axion as a dark matter
- Coherent oscillation of the axion field can constitute the whole dark matter. 
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- The relic abundance of the axion dark matter 
depends on the initial misalignment angle θi. 

[Bae, Huh & Kim, ’08]
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[Smaller fa will be tested in next decades (e.g. ADMX).]
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Ωah2 > 0.12

- We will see that even in fa < 1011 GeV, the 
dark axion portal can provide an appropriate 
dark matter candidate (dark photon) in a 
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).]

[Bae, Huh & Kim, ’08]

[Asztalos et al., ’03]



2. Dark axion portal and the model



Dark axion portal
- Let us suppose that U(1)PQ is anomalous under U(1)Y and U(1)Dark gauge symmetries.
- We have couplings among axion, photon and dark photon:
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Dark axion portal
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(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)

(Axion is the phase direction of ΦPQ.)

[Kim, ’79] [Shifman, Vainshtein & Zakharov, ’80]
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In the next section, we will study the following two
cases as the benchmark scenarios,

Case (i) : Qψ = 0 and Dψ = 3 ,
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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)

(Axion is the phase direction of ΦPQ.)- ψ is a color-triplet exotic quark that has 
charges of U(1)Y, U(1)Dark and U(1)PQ.

[Kim, ’79] [Shifman, Vainshtein & Zakharov, ’80]
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- A simple realization of the dark axion portal 
based on the KSVZ-type axion model.

- ψ is a color-triplet exotic quark that has 
charges of U(1)Y, U(1)Dark and U(1)PQ.

- Complex scalars, ΦPQ and ΦD, break U(1)PQ and U(1)Dark, respectively.

   mψ ~ yψ<ΦPQ> ~ fa,           mγ’ ~ e’ DΦ <ΦD>
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Case (ii) : Qψ = −1/3 and Dψ = 3 .
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dark axion portal couplings in these cases are given in
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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
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[Kim, ’79] [Shifman, Vainshtein & Zakharov, ’80]

(we will consider O(keV - GeV) scale dark photon)



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
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- 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:
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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 when mψ >> mγ’
- Only the axion-mediation process can produce γ’
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- 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

Ga��0 ⇠ 5 ⇥ 10�16 GeV�1 ⇥ Q 

✓
e0D 
0.01

◆✓
5 ⇥ 1011 GeV

fa

◆

(by imposing the life time of γ’ should larger than the age of the Universe)

- For the dark photon production, the dark Primakoff effect becomes dominant.
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(Note that the axion is in the thermal bath for                                                                      )TRH & T & 105 GeV ⇥ (fa/1010 GeV)2
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- Then, we obtain
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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
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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.

- In the light gray region, since the dark 
photon slowly decays, observations of 
the diffused X-ray give a strong 
constraint.

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

m�0 & 12 keV



Case (ii): Qψ ≠ 0 and Dψ ≠ 0

- 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.

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

- On the other hand, even if the dark 
photon fraction is small, dark photon can 
explain the 3.5 keV X-ray line excess.

m�0 & 12 keV

7 keV dark photon 
explaining 3.5 keV 
X-ray excess

rγ’ = Ωγ’/ΩDM
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[Bulbul, et al, ’14] [Boyarsky, et al, ’14]



Summary

- We proposed 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).


