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KINETIC MIXING

𝑈(1)𝐷𝑀 ⊂ 𝐺𝐷𝑀

ℒ𝑔𝑎𝑢𝑔𝑒 𝑚𝑖𝑥 = −
1
4
𝑊3𝜇𝜈𝑊3

𝜇𝜈 −
1
4
𝐵𝜇𝜈𝐵𝜇𝜈 −

1
4
𝑏𝜇𝜈𝑏𝜇𝜈 +

𝜺
𝟐
𝑩𝝁𝝂𝒃𝝁𝝂 =

= −
1
4
𝑍𝜇𝜈𝑍𝜇𝜈 −

1
4
𝐹𝜇𝜈𝐹𝜇𝜈 −

1
4
𝑏𝜇𝜈𝑏𝜇𝜈 +

𝜺
𝟐
𝒄𝒐𝒔 𝜽𝑾 𝑭𝝁𝝂 − 𝒔𝒊𝒏 𝜽𝑾 𝒁𝝁𝝂 𝒃𝝁𝝂



KINETIC MIXING

� Changing basis:
𝑏𝜇′ = 𝑏𝜇 + 𝜀 𝑠𝑖𝑛 𝜃𝑊 𝑍𝜇
𝐴𝜇′ = 𝐴𝜇 − 𝜀 𝑐𝑜𝑠 𝜃𝑊 𝑏𝜇

ℒ𝑔𝑎𝑢𝑔𝑒 𝑚𝑖𝑥 =

= −
1
4
𝑍𝜇𝜈𝑍𝜇𝜈 −

1
4
𝐹𝜇𝜈𝐹𝜇𝜈 −

1
4
𝑏𝜇𝜈𝑏𝜇𝜈

+
𝜀2

4
𝑠𝑖𝑛2 𝜃𝑊 𝑍𝜇𝜈𝑍𝜇𝜈 +

𝜀2

4
𝑐𝑜𝑠2 𝜃𝑊 𝑏𝜇𝜈𝑏𝜇𝜈 +

𝜀4

4
𝑠𝑖𝑛2 𝜃𝑊 𝑐𝑜𝑠2 𝜃𝑊 𝑍𝜇𝜈𝑍𝜇𝜈 −

𝜀3

2
𝑐𝑜𝑠2 𝜃𝑊 𝑠𝑖𝑛2 𝜃𝑊 𝑏𝜇𝜈𝑍𝜇𝜈



KINETIC MIXING

� 𝐴𝜇 𝐽𝑒𝑚
𝜇 + 𝑍𝜇 𝐽𝑍

𝜇 + 𝑏𝜇 𝐽𝑏
𝜇 = 𝐴𝜇 𝐽𝑒𝑚

𝜇 + 𝜀 cos 𝜃𝑊 𝑏𝜇 𝐽𝑒𝑚
𝜇 − 𝜀2 cos 𝜃𝑊 sin 𝜃𝑊 𝑍𝜇 𝐽𝑒𝑚

𝜇 + 𝑍𝜇 𝐽𝑍
𝜇 + 𝑏𝜇 𝐽𝑏

𝜇 −
− 𝜀 sin 𝜃𝑊 𝑍𝜇 𝐽𝑏

𝜇

� ℒ𝑚𝑎𝑠𝑠 = 𝑏𝜇 𝑍𝜇
1
2
𝑚𝑏2 − 1

2
𝑚𝑏2𝜀2 sin 𝜃𝑊

− 1
2
𝑚𝑏2𝜀2 sin 𝜃𝑊

1
2
𝑚𝑍2 +

1
2
𝑚𝑏2𝜀2 sin 𝜃𝑊

𝑏𝜇
𝑍𝜇

� ℒ𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 = 𝜺 𝒃𝝁 𝒄𝒐𝒔 𝜽𝑾 𝑱𝒆𝒎
𝝁 + 𝒪 𝑚𝑏

2

𝑚𝑍
2 𝐽𝑍
𝜇 − 𝜀 𝑍𝜇 𝑠𝑖𝑛 𝜃𝑊 𝐽𝑏

𝜇



KINETIC MIXING

[ R. Essig et al., arXiv:1311.0029 [hep-ph] ]



DM GENESIS. FREEZE-OUT

� 𝑌𝜒 ≡
𝑛𝜒
𝑠

� 𝑥 ≡
𝑚𝜒
𝑇

� Γ𝐴 ≡ 𝒏𝝌
𝒆𝒒 𝝈𝒗𝑴𝝓𝒍

𝒙
𝒀𝝌
𝒆𝒒
𝒅𝒀𝝌
𝒅𝒙
= −
𝚪𝑨
𝑯 𝒙

𝒀𝝌
𝒀𝝌
𝒆𝒒

𝟐

− 𝟏

� In first approximation:

¾ 𝒀𝝌 ⋍ 𝒀𝝌
𝒆𝒒, when 𝑥 ≤ 𝑥𝑓

¾ 𝒀𝝌 ⋍ 𝒀𝝌
𝒆𝒒(𝒙𝒇), when 𝑥 ≥ 𝑥𝑓

� 𝑌𝜒,0 ⋍ 𝑌𝜒,∞ ≡ 𝑌𝜒 𝑥 → ∞ ⋍ 𝑌𝜒 𝑥𝑓

� 𝜴𝝌,𝟎 = 𝟐
𝝆𝝌,𝟎
𝝆𝒄,𝟎
⋍ 𝟐𝒎𝝌𝒔𝟎𝒀𝝌,∞

𝝆𝒄,𝟎

[ E. W. Kolb and M. S. Turner ]



DM GENESIS. FREEZE-OUT

� Equilibrium:

𝑌𝜒
𝑒𝑞= 45
2𝜋4

𝜋
8

1/2 𝑔𝜒
𝑔∗,𝑠 𝑇

𝑥3/2 exp −𝑥

� Plane waves expansion: 

𝜎𝒗𝑴𝝓𝒍 = 𝜎0 +
𝜎1
𝑥
+ ⋯ = ∑𝜎𝑛𝑥−𝑛

Ω𝜒,0 ≃ 2
𝑠0
𝜌𝜒,0
15
5𝜋

𝑔∗(1)
𝑔∗,𝑠(𝑥𝑓)

𝑥𝑓
𝑀𝑃𝑙 ∑

𝜎𝑛
𝑛 + 1𝑥𝑓

−𝑛

[ E. W. Kolb and M. S. Turner ]



DM GENESIS. FREEZE-IN

� Important features:

¾ Interactions extremely weak → Thermally 
decoupled

¾ Negligible initial abundance

� When 𝑇 > 𝑚𝜒 (with 𝜆 ≪ 1):

¾ Quartic interaction: 𝑌𝜒 ≃ 𝜆2  
𝑀𝑃𝑙
𝑇

¾ Yukawa interaction: 𝑌𝜒 ≃ 𝜆2  𝑀𝑃𝑙 𝑚𝜒2
𝑇3

� When 𝑇 < 𝑚𝜒:  𝑌𝜒,0 ≃ 𝜆2  
𝑀𝑃𝑙 𝑚𝜒

[ L. J. Hall et al., arXiv:0911.1120 [hep-ph] ]



DM GENESIS. FREEZE-IN

� Initial condition:

¾ 𝑓𝜒 ≃ 0 and 𝑓 𝜒 ≃ 0

� Assumptions:

¾ 𝑠 ≫ 𝑚𝑏𝑎𝑡ℎ2

¾ 𝑓𝑖 ≃ exp  −𝐸𝑖 𝑇

𝒀𝝌,𝟎 ≃
𝟑
𝟐𝝅
𝟓
𝝅
𝟒𝟓𝑴𝑷𝒍
𝟔𝟒𝝅𝟒

𝒈𝒇𝟐  
𝑻𝟎

𝑻𝒓𝒆𝒉 𝒅𝑻
𝑻𝟓
 
𝟒𝒎𝝌𝟐

∞
𝒅𝒔
𝝈 𝒔 𝒔𝟑/𝟐

𝑔∗𝑠 𝑇 𝑔∗ 𝑇
𝑲𝟏
𝒔
𝑻

[ M. Blennow, E. Fernandez-Martinez and B. Zaldivar, arXiv:1309.7348 [hep-ph] ]



DM GENESIS. FREEZE-IN

� 𝑠𝑚𝑎𝑥 = ℬ 𝑇 2

� 𝐾1 ≃  1  𝑠 𝑇

� 𝑇𝑚𝑎𝑥 → ∞

� 𝑇𝑚𝑖𝑛 = 2
ℬ
𝑚𝜒

𝜴𝝌,𝟎 ≃ 𝟐
𝒎𝝌𝒔𝟎
𝝆𝒄,𝟎
𝟑
𝟐𝝅
𝟓
𝝅
𝟒𝟓𝑴𝑷𝒍
𝟔𝟒𝝅𝟔

𝒈𝒇𝟐

𝒈∗𝒔 𝒎𝝌 𝒈∗ 𝒎𝝌
 
𝟐
𝓑𝒎𝝌

∞ 𝒅𝑻
𝑻𝟒
 
𝟒𝒎𝝌𝟐

𝓑 𝑻 𝟐

𝒅𝒔 𝝈 𝒔 𝒔

[ M. Blennow, E. Fernandez-Martinez and B. Zaldivar, arXiv:1309.7348 [hep-ph] ]



COMPUTATIONS AND RESULTS. FREEZE-OUT

𝜎𝜒 𝜒→𝑓  𝑓 =
𝐹𝑐 𝑔𝑦2 𝜀2 cos2 𝜃𝑊 𝑄𝑓2𝑒2

12𝜋
 𝑝𝑖
 𝑝𝑓

𝑠2 + 2𝑠 𝑚𝑓2 + 𝑚𝜒2 + 4 𝑚𝑓2 𝑚𝜒2

𝑠 𝑠 − 𝑚𝑏2 2

𝑠 ≃ 4 𝑚𝜒2 + 𝑚𝜒2 𝑣𝑀𝜙𝑙2



COMPUTATIONS AND RESULTS. FREEZE-OUT

𝝈𝒗𝑴𝝓𝒍 ≃ 𝒂 + 𝒃 𝒗𝑴𝝓𝒍𝟐

𝑎 = 
𝑓

𝐹𝑐 𝑔𝑦2 𝜀2 cos2 𝜃𝑊 𝑄𝑓2𝑒2

12𝜋

6 𝑚𝑓2 + 2 𝑚𝜒2 𝑚𝜒2 − 𝑚𝑓2

𝑚𝜒 4 𝑚𝜒2 − 𝑚𝑏2
2

𝑏 = 
𝑓

𝐹𝑐 𝑔𝑦2 𝜀2 cos2 𝜃𝑊 𝑄𝑓2𝑒2

12𝜋
56 𝑚𝑓4 𝑚𝜒2 + 20 𝑚𝑓2 𝑚𝜒4 − 40 𝑚𝜒6 − 𝑚𝑏2 14 𝑚𝜒4 − 7 𝑚𝑓2 𝑚𝜒2 + 2 𝑚𝑓4

4 𝑚𝜒 4 𝑚𝜒2 − 𝑚𝑏2
3
𝑚𝜒2 − 𝑚𝑓2



COMPUTATIONS AND RESULTS. FREEZE-OUT

𝜎 𝑣𝑀𝜙𝑙 ≃ 𝑎 + 12 𝑏
1
𝑥

𝜴𝝌,𝟎 ≃ 𝟐
𝟏𝟓
𝟓 𝝅
𝒈∗(𝟏)
𝒈∗𝒔 𝒙𝒇

𝒔𝟎
𝝆𝒄,𝟎

𝒙𝒇

𝑴𝑷𝒍 𝒂 +
𝟏𝟐𝒃
𝟐
𝟏
𝒙𝒇

� Assumptions
¾ 𝑥𝑓 ≃ 20

¾ When 𝑇~𝑚𝜒:  𝑔∗𝑠 = 𝑔∗ ≃ g∗𝑆𝑀 + gb

¾ 𝛼 𝑚𝑊2 =
𝑒2

4𝜋
≃  1 128

¾ 𝑔𝑦 = 1

� Measured values
¾ 𝜌𝑐,0 = 1.05375 × 10−5ℎ2 GeV cm−3

¾ 𝑠0 = 2891.2 cm−3

¾ 𝛀𝝌,𝟎 𝒉𝟐 = 𝟎. 𝟏𝟏𝟖𝟔 ± 𝟎. 𝟎𝟎𝟐𝟎



COMPUTATIONS AND RESULTS. FREEZE-OUT

𝑚𝑏 = 1 GeV



COMPUTATIONS AND RESULTS. FREEZE-OUT

𝑚𝑏 = 100 MeV



COMPUTATIONS AND RESULTS. FREEZE-OUT

𝑚𝑏 = 10 MeV



COMPUTATIONS AND RESULTS. FREEZE-OUT

𝑚𝑏 = 1 MeV



COMPUTATIONS AND RESULTS. FREEZE-IN

� Cross section

𝜎𝑓  𝑓→𝜒 𝜒 =
1
𝑔𝑓2
𝐹𝑐 𝑔𝑦2 𝜀2 𝑐𝑜𝑠2 𝜃𝑊 𝑄𝑓2𝑒2

3𝜋
 𝑝𝑖
 𝑝𝑓

𝑠2 + 2𝑠 𝑚𝑓2 + 𝑚𝜒2 + 4 𝑚𝑓2 𝑚𝜒2

𝑠 𝑠 − 𝑚𝑏2 2

� Relic density 

𝛺𝜒,0 ≃ 2
𝑚𝜒𝑠0
𝜌𝑐,0
3
2𝜋
5
𝜋
45 𝑀𝑃𝑙
64𝜋6

𝑔𝑓2

𝑔∗𝑠 𝑚𝜒 𝑔∗ 𝑚𝜒
 
2
ℬ𝑚𝜒

∞ 𝑑𝑇
𝑇4
 
4𝑚𝜒2

ℬ 𝑇 2

𝑑𝑠 𝜎 𝑠 𝑠

𝛺𝜒,0 ≃ 2
𝑠0
𝜌𝑐,0
3
2𝜋
5
𝜋
45 𝑀𝑃𝑙
64𝜋6

 
𝑓

𝐹𝑐 𝑔𝑦2 𝜀2 𝑐𝑜𝑠2 𝜃𝑊 𝑄𝑓2𝑒2

𝑔∗𝑠 𝑚𝜒 𝑔∗ 𝑚𝜒

ℬ3

32

[ M. Blennow, E. Fernandez-Martinez and B. Zaldivar, arXiv:1309.7348 [hep-ph] ]



COMPUTATIONS AND RESULTS. FREEZE-IN



SEARCHING HIDDEN PHOTONS

� Accelerators
¾ MAMI

¾ MESA

� Fixed target experiments (electrons)
¾ APEX

¾ Darklight

¾ HPS

� Fixed target experiments (positrons)
¾ VEPP-3

� Fixed target experiments (protons)

[ R. Essig et al., arXiv:1311.0029 [hep-ph] ]


