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Dark Photon and Kinetic Mixing

A → A + ϵA′ , A′ → A′ 
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Dark Photon and Kinetic Mixing

effective coupling:ϵe

A → A + ϵA′ , A′ → A′ 
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Galaxy Rotational Curve The Bullet Cluster

Dark Matter Exists! 

Dark matter consists 26.8% of the total mass-energy content.


Dark matter particle interact very weakly with the standard model 
particles.

Dark Photon Dark Matter

http://background.uchicago.edu/~whu/intermediate/driving2.html

http://background.uchicago.edu/~whu/intermediate/driving2.html


Dark Photon Dark Matter

Simplest: dark sector consists of just a A′ 

Kinetic mixing as portal to the dark sector



ϵ ∼ 10−12

 Freeze-in: A′ γ → A′ 

ΩA′ 
∼ ϵ2α3/2

mpl

Teq

ΩA′ 
∼ 0.1

Berlin, Dror, XG, Ruderman 2022Tres : mγ = mA′ 
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Simplest DPDM freeze-in through the  
constant kinetic mixing is ruled out

time parameter?



So… What if we promote  to a field-dependent variable? ϵ

Time-evolution of homogeneous single scalar field:  
KG equation in the FRW metric

Misalignment initial condition:  θini =
ϕini

f
∼ 𝒪(1)

··ϕ + 3H ·ϕ + m2
ϕϕ = 0

ϵFμνF′ μν →
ϕ
Λ

FμνF′ μν



ϕ =
ϕini , 3H > mϕ

ρϕ

mϕ
cos (mϕt) , 3H < mϕ

Tosc ∼ mϕMpl

Time-evolution of homogeneous single scalar field

Tosc



ϕ =
ϕini , 3H > mϕ

ρϕ

mϕ
cos (mϕt) , 3H < mϕ

Tosc ∼ mϕMpl

Time-evolution of homogeneous single scalar field

Tres

Tosc

: subcomponent of DM.  ϕ
ℱ = 10−3



ϵ0 ∼ ϵFI ( T0

Tosc )
3/2

m0 ≪ 10−25eV

Tosc < Tres ϵFI ∼ 10−12
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Constant Kinetic Mixing
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Bob Holdom 1985

Ψ : (e, e′ , M) Ψ′ : (e, − e′ , M′ )
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ee′ 
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Constant Kinetic Mixing

 : Constant mixing vanishesM = M′ 

Kinetic mixing is forbidden by Z2 : Ψ ↔ Ψ′ , A → A, A′ → − A′ 



(M, M′ ) → (M + yϕ, M + y′ ϕ)

ϵ →
ee′ 

6π2
log ( M + yϕ

M + y′ ϕ ) ≃
ee′ (y − y′ )ϕ

6π2M

Field-dependent Kinetic Mixing

 is broken by  so the kinetic mixing is dependent on Z2 ϕ ϕ



UV IREnergy
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−
1

16παem
F2 + dγ,n ( ϕ

Mpl )
n

F2 → −
1

16παeff
em

F2

Field dependent fine-structure constant

Δα
α

∝ {
dγ,1ϕ , linear

dγ,2ϕ2 , quadratic
The fine-structure constant becomes time-dependent



Measurement of the time-varying fine-structure 
constant

Atomic Clock fA ∝ αξA+2

δ( fA/fB)
fA/fB

∝ ΔξABdγκϕ(t)

A. Arvanitaki, J Huang, and K. Van Tilburg, PRD, 2015

 varies for different atoms and transition channelsξA



Celestial Constraints on   α(t)

BBN

Δmnp ∝
ΛQCD

Mpl
d(n)

γ ϕ

mnp = mn − mp

L. Hamaide, H. Muller, and D. J. E. Marsh, PRD 2022

10Mpc−1 ∼ 10−28eV

Lyman-α

ΔELyα ∼ meαem

dquasar ∼ m−1
ϕ

Y. V. Stadnik, V. V. Flambaum PRL 2015

Change He abundance 

α(t1)α(t2)



Equivalence Principle Test

η = ( Δa
a )

ij
=

| ⃗ai − ⃗aj |

| ⃗ai + ⃗aj |
= (−1 ± 27) × 10−15

Ultralight  provides the 5th force 
and modifies the Newtonian  

interaction

ϕ

E tv s parameter··o ··o

η ∝
(d(1)

e )2 , linear

(d(2)
e )2 ρϕ , quadratic

Joel Bergé, Philippe Brax, Gilles Métris, et.al.  PRL 2018
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Conclusion:

• DPDM and photon are connected by the kinetic mixing.


•  dependent kinetic mixing relieves  tension.


• The ultralight scalar to photon coupling modifies .


• Signals and constraints from varies experiments/observations.

ϕ ϵFI

αem
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Suppress UV Freeze-in

We want
Ωγ→γ′ +ϕ

Ωγ→γ′ 

≪ 1

δϕFF′ 

ϕoscFF′ 



Ωγ→γ′ +ϕ

Ωγ→γ′ 

∼
mDMTrh

|ϕ |2
osc

≪ 1

|ϕ |osc = 2ρϕ /mϕNR Ultralight Boson:

Suppress UV Freeze-in

GUT 1016GeV

mϕ ∼ 10−20eV |ϕ |osc ∼ 1015GeV

Ultralight  suppresses UV FI ϕ

ϕosc = ϕ(Tosc)









10-32 10-30 10-28 10-26 10-24 10-22 10-20 10-18 10-16 10-14 10-12 10-10
10-8
10-6
10-4
10-2
100
102
104
106
108
1010
1012
1014

10-2 100 102 104 106 108 Trapped Misalignment
ϕ ≃ πf

Scalar-Photon Coupling：Quadratic



Protect Scalar Naturalness
Ψ, Ψ′ 

ϕϕ

Δmϕ ≃ 10−11eV ( ϵFI

10−12 ) ( M
10TeV )

2

( 1017GeV
|ϕ |osc ) ( 1

e′ 
)

?

≫ 10−20eV



ℤ2 Φ

Ψ0

Ψ′ 0

ℤ2

ℒUV ⊃ M (Ψ̄Ψ + Ψ̄′ Ψ′ ) + yΦΨ̄Ψ + y′ ΦΨ̄′ Ψ′ + h . c .

Φ =
if

2
exp (i

ϕ
f ) y y′ 

Ψ Ψ Ψ′ Ψ′ 

f sin(ϕ/f )f sin(ϕ/f )



ℤ2 Φ

ℤ2 ℤN

Ψ0

Ψ1 Ψ2

Ψ3

Ψ4ΨN−1

Φ

Ψ0

Ψ′ 0

Hill et.al. 1995
Hook et.al. 2018, 2019, 2020, 2021

Dror et. al., 2020
Ringwald et. al., 2021

Perez et. al., 2021
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ℤ2 ℤN

Ψ0

Ψ1 Ψ2

Ψ3

Ψ4ΨN−1

Φ

Ψ0

Ψ′ 0

Φ → Φ exp (i
2π
N )

(Ψ, Ψ′ , A′ )k → (Ψ, Ψ′ , A′ )k+1

ℒZN
∼

ΦN

MN−4
+ h . c .

 as discretized ZN U(1)



Backup
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|ϕ |2
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Dark photon dark matter freeze-in through the kinetic mixing

ΩA′ 

= 0.12 ⇒ ϵFI ∼ 10−12
Redondo, Postma 2005

coalescence  
forbidden

coalescence

coalescence  
forbidden

Freeze-in happens: T ≈ Tres ∼ 10mA′ 



Dark photon freeze-in from the early Universe

γ → γ′ e−e+ → γ′ 

resonant conversion: mγ = mγ′ 

coalescence: mγ′ 
> 2me

Dominant: 

Sub-dominant:  Compton-likeγe → γ′ e  pair annihilatione+e− → γγ′ 

@Tres = mγ′ 

3
2πα



Measurement of the time-varying fine-structure 
constant

PRD, 2015

Species Transition ξA

Atomic Clock



Celestial Constraints on   α(t)

BBN

Δmnp ∝
ΛQCD

Mpl
d(n)

γ ϕ

mnp = mn − mp

Xeq
n =

1
1 + emnp/T

Yp ≈ 2Xn,BBN

L. Hamaide, H. Muller, and D. J. E. Marsh, PRD 2022

10Mpc−1 ∼ 10−28eV

Lyman-α

ΔELyα ∼ meαem
IGM

dpulsar ∼ m−1
ϕ

α(t1)
α(t2)

Y. V. Stadnik, V. V. Flambaum PRL 2015



https://www.youtube.com/watch?v=6Bn7Ka0Tjjw
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Change He abundance 



Cold-atom Interferometer

Celestial and Terrestrial Constraints  

Measurement: accumulated  
phase between the two paths 

Laser: Excite and de-excite the atoms.  
Generate a quantum superposition  
of two paths and then recombining

Signal of ultralight scalar:  

ΔωA

ωA
∝ ρϕξAd(1)

e

Varying  modifies transition frequencyαem
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Ψ4ΨN−1

Ψ′ 0
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Ψ′ 3

Ψ′ 4Ψ′ N−1

ℤN × ℤ2

ϵk ∼
1

ΛKM
f sin ( ϕ

f
+

2πk
N )

( Δαem

αem )
k

∼ ( 1
Λγ

f sin ( ϕ
f

+
2πk
N ))

i

k=0:  Our universe
Type-A: i=1 Type-B: i=2



ℤN × ℤ2

Δm2
ϕ ∝ rN−2

Vtot(ϕ) =
N−1

∑
i=0

V (ϕ +
2πi
N )

r ∼ 10−10 ( ϵFI

10−12 ) ( 1
e′ )

N ∼ 7 Δmϕ ≪ 10−33eV

Quantum Correction
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