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Laser Driven Particle Physics 	
Kensuke Homma 

Hiroshima Univ. / IZEST, Ecole Polytechnique 
 

1.  Particle physic and dark components of the Universe 
2.  Photon-photon interactions: Higgs boson, pi0, 

nonlinear QED, Dark Fields in different energy scales 
3.  Laboratory searches for dark fields 
4.  Four-Wave-Mixing to detect low-mass DM/DE 
5.  Future prospect on the sensitivity to dark fields 
6.  Summary 
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Particle physics and gravity	

Mass m	

Coupling strength g	

force	 strong	 nuclear	 electromagn
etic	

weak	 gravitational	

strength	 ~0.1	 10	 1/137	 10-5	 10-38	

distance (cm)	 10-13	 10-13	 ∞	 10-16	 ∞	

potential	 a / r + b r	 exp(-mr) / r	 1 / r	 exp(-mr) / r	 1 / r	

gauge boson	 gluon	 pion	 photon	 W / Z	 graviton	

theory	 QCD	 Yukawa	 QED	 Electroweak	 Relativity	



Resonance states in nature above 0.1GeV	
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Higgs boson mass at 126 GeV	
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LHC-CMS Higgs candidate: 
  
   g　+　g　→ h0 →　γ  +  γ	
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http://en.wikipedia.org/wiki/Standard_Model	

The Standard Model	
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By requiring 
Gauge Invariance 
gauge bosons 
emerge 
	

gives masses  
to W / Z and leptons  
	



http://en.wikipedia.org/wiki/Dark_energy	

http://en.wikipedia.org/wiki/Standard_Model	

Dark Fields and the Standard Model	
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Log10(Energy Density) [GeV/fm3] 
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Galaxy 

Domains of manifestation 
of physical laws  
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Weak coupling with m>0 escapes. 
Are we simply driven by technologies ?	

Mass m	

Coupling  g	
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Laboratory searches for dark fields	
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Ø Weakly Interacting Massive 
Particles (WIMPS) such as super 
symmetric particles: 

•  Direct production by particle colliders 
•  Direct detection of dark matter in the 

universe 

Ø Weakly Interacting Sub-eV 
Particles (WISPS)  such as QCD 
axions and non-Newtonian gravity: 

•  Light Shining through a Wall (LSW) 
•  Solar axion search 
•  Measure deviations from Newtonian 

potential as a function of distance between 
bulk massive objects 



Photon-Photon interactions in 
different energy scales 

e- 
e+ 

e- 

e+ 

Photon-photon center of mass energy	

h0	

Interactions 
via QED (+QCD)	

Very light field 
in the context of dark 
energy / matter	

Gauge symmetry 
Electroweak int. 

Not verified !	Undiscovered !	

 σ, φ	

Laser-Laser quantum interaction	

126 GeV	Below 1 MeV	Below 1eV	

High-energy particle interactions 

π0	

Chiral symmetry 
      QCD int. 

135 MeV	
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pseudoscalar	 scalar	



Production of low-mass bosons  
by colliding laser photons 

mass m	

√ｇ	

√ｇ	

M-1	 M-1	

√ｇ	

√ｇ	

φµν
µνFFgM 1−

If M~MPlanck, dilaton (Dark Energy)	

arXiv:1006.1762 [gr-qc] 
Y. Fujii and K.Homma 
Prog. Theo. Phys. 2011 

σµν
µνFFgM ~1−

If M~MGUT , axion (Cold Dark Matter)	

hFFGeVg µν
µν1)246(~ −In the case of Higgs boson	

mass~10-4-10-6 eV 	

mass>10-9 eV 	
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Conventional Axion seach	
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Solar axion search (CAST)	

Light Shining through a Wall (LSW)	

Laser	

CAST, Theopisti Dafni, 7th  Patras Workshop, Mykonos 2011	
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Hit resonance by lowering C.M.S. energy 

Lorentz boost	

• Frequency shift on the boost axis	No frequency shift	

Center of Mass System	

ω	

ω	

ω	

ω	

Quasi Parallel System	

~2ω	ϑ
ϑ

ω	

ω	

Low frequency photon in QPS is an ideal system !	

ϑωϑ 2~0 cmsE→

• Lower Ecms by θ keeping ω constant 	
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Single laser focusing and second harmonic 
on the optical axis 

Wave-particle duality strongly appears: 
Uncertainty on the incident angle at waist 
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Enhancement by containing resonance 

We must integrate square of invariant amplitude in QPS	

Gain by M2	

e.g. γ-γ Higgs factory  Collider in diffraction limit of QPS	

Ecms	

W	

W ∝ ω2(m/M)2	

h0	

?	
22

2
2||

WE
WA
+Δ

∝
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Breit-Wigner resonance	
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High-energy laser is required 
- spontaneous decay in vacuum - 

√ｇ	

√ｇ	

M-1	 M-1	

√ｇ	

√ｇ	

arXiv:1006.1762 [gr-qc] 
Y. Fujii and K.Homma 
Prog. Theor. Phys., 2011 

>>=<< ωωω 111 || NaNN

>>=<< ωωω 111 || NaNN >=< + 0||11 a

2	

ω1
2N∝

>=< + 0||11 a

the same rate as 
particle colliders 
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Enhancement by inducing laser field 
- decay in the sea of photons- 

√ｇ	

√ｇ	

M-1	 M-1	

√ｇ	

√ｇ	

arXiv:1006.1762 [gr-qc] 
Y. Fujii and K.Homma 
Prog. Theor. Phys., 2011 

>>=<< ωωω 111 || NaNN

>>=<< ωωω 111 || NaNN >>=<< +
ωωω uuu NaNN ||

(2-u)ω=1ω+1ω-uω	 2	

ωω uNN 1
2∝

>=< + 0||11 a

Cubic dependence 
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N~1023 = 200kJ	



+z	

1ω	

1ω	

1ωϑΔ

w0	

uω 	

uω	

Four-Wave Mixing in Vacuum 

Y. Fujii and K.Homma 
arXiv:1006.1762 [gr-qc] 
Prog. Theor. Phys., 2011 
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(2-u)ω=1ω+1ω-uω	

τωωω /2
1)2( uu NNN ∝−
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The first search for scalar field with FWM	
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ELI project	

ELI-NP facility (280M€) 
 
2 x 10PW lasers 
 
0.2-19.5 MeV gamma 
beam produced by 
~700 MeV e- + laser  



CAN	
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Nature Photonics 2013	

ICAN : 50Ｊ/100fs@10kHz 
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Head-on Particle Collider vs.  
Degenerate Quasi-Parallel Particle Collider	
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Parameters	 Head-on Particle Collider	 Degenerate Quasi-parallel 
Particle Collider	

c.m.s energy Ecms	

	
Ecms > 100 GeV	 Ecms < 1 eV	

	

# of particles / bunch	 1011 charged particles 
physically limited by space-
charge effect	

If ICAN, 1020 (@100J/pulse) 
limited by technology and 
budget	

Single shot dimensionless 
intensity in luminosity	

(1011)2  = 1022	

	
(1020)3  = 1060	

	

Collision rate	 100MHz	 If ICAN provides 10kHz 

Overall dimensionless 
intensity in luminosity	
	

(1011)2 x 108 = 1030	

	
(1020)3 x 104 = 1064	
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Hiroshima	

Strategy of searching for dark fields	

23	

Kyoto	

ELI-NP	

ICAN	
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Laser Focus to Geostationary Satellite	

3.5786 x 107 m	



Log10(Energy Density) [GeV/fm3] 
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High energy 
colliders	

Laser 	

Sun 

Galaxy 

Schwinger	

proton LC LHC 
RHIC 

Explorable three major directions 
 by high-intensity lasers 

Dark energy 
Dark matter 

Non-linear, Non-perturbative 
 QED/QCD 
Test of radiation mechanism 

LPA 
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