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1. Introduction: Standard Model�
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Standard model is successful theory �



1. Introduction:  
Problems of the Standard Model�
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•  Gravitational interaction 
•  Gauge hierarchy problem 
•  Flavor hierarchy problem 
•  Electric charge quantization 
•  Dark matter 
•  Dark energy 
•  Baryon asymmetry 
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1. Introduction: QED interaction�

/�

 SM�  SM�

 SM�  SM�

electron 
loop�

 Parity Conserving 
Interaction 

M. Aaboud et al. [ATLAS Collaboration], 
``Evidence for light-by-light scattering in 
 heavy-ion collisions with  
the ATLAS detector at the LHC’’ 
Nature Phys.13, no. 9, 852 (2017) 
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1. Introduction: Dark Matter Search �
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 SM�  SM�

 SM�  SM�

Dark  
fermion 
loop�

Including P 
Interaction 

Including Dark Matter as New Physics 

DM: 
•  ψ×1 
•  P with γ�
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1. Introduction: QED Case �

1�

W. Heisenberg, H. Euler, Z. Phys. 98, 714 (1936) 
Heisenberg-Euler Lagrangian:�

from J. Schwinger, Phys. 
Rev. 82, 664 (1951) 

already  
known �
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Including this �
WWW�

Need to Calculate Effective Lagrangian 
→ Vacuum Birefringence Experiment  



�. Introduction: 
ark Sector Case �

)(�

Photon Energy 
 

Dark Fermion Mass�

<<
�

Our work�

We calculated here including  
coefficients a,b,c�

~ g4/m4 �

 arXiv:1707.03308�

Eγ << mDM�

Vacuum Birefringence Experiment�



Table of contents�
1.  Introduction 

2.  Generalized Heisenberg-Euler formula for P 
2-1. Effective Action in Proper-time Representation 
2-2. Path Integral )�presentation 

3.  Effective Lagrangian of Fourth Order 

4.  Dark Matter Model  

5.  )elation to the low energy experiment: 
Vacuum Magnetic Birefringence Experiment 

6.  Summary 

,�

))�

Formulation 
�

 
�

Phenomenology and Proposal 
for the Experiment 



2-1. Effective Action in 
Proper-time Representation �

)*�

P Action:�

Effective Action:�

Integrated out�

	
�

      Fµν: Constant 
      → easier to get Leff  �

Eγ << mDM�

Include axial current coupling�

DM: 
•  ψ×1 
•  P with γ�
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(roper time 
description:�

Quantum mechanics of a point particle with  
position xµ(s)  at a proper time s�

traces of xµ and spin�

V. Fock,  
Physik. Z. Sowjetunion, 12, 404 (1937), 
Y. Nambu,  
Prog. Theor. Phys. 5, 82 (1950)�

2-1. Effective Action in 
Proper-time Representation �

transition amplitude�

x(0) = x(s)�
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2-2. Path Integral Representation�
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2-2. Path Integral Representation�
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Calculated free part�
Generalized  
Heisenberg-Euler formula:�



2-2. Path Integral Representation�

).�

	
�

from J. Schwinger, Phys. 
Rev. 82, 664 (1951) 

gv=-e, gA=0 (g+=0, g-=-e) 
 ->reproduced QED case�

= Re cosh(esX) in QED�

= 1 in QED� g- = -e�



3. Effective Lagrangian of Fourth Order�
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3. Effective Lagrangian of Fourth Order�
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We derived as follows by using diagrams: 
�



3. Effective Lagrangian of Fourth Order�

)1�

	
�

O(s4) corresponds to O(F4)�
(sFµν makes no dimension)�

extract s4 terms�

dimension 4�

	
	
	



3. Effective Lagrangian of Fourth Order�

*(�We followed a method developed by Schwinger�J. Schwinger, 
 Phys. Rev.82, 664 (1951) 

P�

c=0 when  
gA or gV is 0 
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SM + U’(1)Y’ + 1 Complex Scalar�

spontaneously broken�

4. 
ark Matter Model �
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mass diagonalization  

We assume  

4. 
ark Matter Model �
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5. Relation to the low energy experiment: 
Vacuum Magnetic Birefringence 

Experiment�

*-�

�OVAL (Observing Vacuum with Laser) experiment�

�BMV experiment 
 
 
�PVLAS experiment�

arXiv:1705.00495 

Eur. Phys. J. D (2014) 68: 16 

Eur. Phys. J. C (2016) 76: 24 



5. Relation to the low energy experiment: 
Vacuum Magnetic Birefringence 

Experiment�

*.�

�w1�
l)\SpN�cP�
�
v�w&*	�
l)�#)�r�&(��
\SpN�uD"!cP- +:&��



*/�

Polarization State: 2 parameters 

Ellipticity �

Polarization  
Rotation�

Elliptically  
polarized�

Direction of the long axis 
of an ellipse�

5. Vacuum Magnetic Birefringence 
Experiment�
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5. Vacuum Magnetic Birefringence 
Experiment�
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QED 



5. Vacuum Magnetic Birefringence 
Experiment�
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Detecting P 
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5. Vacuum Magnetic Birefringence 
Experiment�
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=D �

reflection constant: 1/(phase velocity of the laser):�

Equation of Motion�



5. Vacuum Magnetic Birefringence 
Experiment�
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Conventional:3ε(45°)�

After a distance L though the magnetic field 

ellipticity * �

(�) D > 0 in QED �

(coefficient of ε(-45°)) / (coefficient of ε(45°)) �

for QED 



5. Vacuum Magnetic Birefringence 
Experiment�
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After a distance L though the magnetic field 

Detecting P interaction:3ε||�
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5. Vacuum Magnetic Birefringence 
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Detecting P 
Interaction 
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5. Vacuum Magnetic Birefringence 
Experiment – Conventional, QED/DM�
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laser energy: 
1 - 4 eV�

Experimental 
Limit�
Experimental 
Limit�
Experimental 
Limit�
Experimental 
Limit�

Experimental 
Limit 
⬇︎�

QED 
~100! 

QED�



5. Vacuum Magnetic Birefringence 
Experiment – New Set Up, P DM only�

+/�

allowed�

P�

Experimental 
Limit 
⬇︎�



6. Summary�
1.  �e considered Parity violated dark sector model, 

and derived generalized Heisenberg-Euler formula 
2.  Our focus lay on light-by-light scattering effective 

Lagrangian of fourth order and gave a result: 
 
 
 
 
 
 
 

3.  We focus on Vacuum Magnetic Birefringence 
Experiment to probe the dark sector and propose new 
polarization state and the ring resonator in stead of the 
usual Fabry-Perot resonator to measure the Parity 
violated term 
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