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We	have	a	lot	of	evidences	for	physics	beyond	
the	Standard	Model

Dark	Matter	

Neutrino	Masses

Matter	Antimatter	asymmetry	



Usually	what	we	do	is	to	introduce	a	Dark	Sector,	
that	may	or	may	not	be	connected	with	the	SM
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Leptons,	quarks,	
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We	explored	the	so	called	vector	portal,	introducing	a	kinetic	mixing	among	the	SM	photon	and	
a	Dark	photon	(other	portal	are	possible,	such	as	Higgs	portal	or	neutrinos	portal)	
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Holdom Phys.	Lett.	166B,	196	(1986)



Now	some	plasma	physics	



Photons	in	Vacuum	are	massless

𝛾



However	medium	effects	give	photon	a	mass,	
the	usually	called	plasma	mass

𝛾

Generally in	media	the	dispersion relations	are	
generally modified by	the	interactions with	the	
background.



In	the	assumption	of	homogeneous	
medium,	the	photon	mass	after	
recombination	varies	between	
10'(𝑎𝑛𝑑	10'-.𝑒𝑉

Homogeneous	Plasma	Mass



Resonant	Oscillations
T.-K.	Kuo &	Pantaleone Rev.	Mod.	Phys.	61	(1989)	937 Mirizzi,	
Redondo	&	Sigl 0901.0014 Caputo,	HL,	Mishra-Sharma	&	
Ruderman 2004.06733

𝑚2 = 𝑚45

Landau-Zener	
approximation

𝜔
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You	can	also	have	multiple	resonances!



Mirizzi,	Redondo	&	Sigl 0901.0014



However	there	is	an	important	piece	missing.	
The	Universe	is	not	homogeneous!	

A.	Caputo,	H.	Liu,	S.	Mishra-Sharma	&	J.	T.	Ruderman 2002.05165	and	
2004.06733

See	also	the	related	works:	Bondarenko,	Pradler &	Sokolenko 2002.08942 A.	A.	Garcia+	2003.10465 Witte+	2003.13698



The	analytical	formula



The	analytical	formula

Then	integrating	over	the	mass	using	
the	delta	function		

The	average	conversion	probability	is	related the	PDF	of	the	plasma	mass	squared



One	point	PDF

For	example	in	the	Gaussian	case	(z	>	20)	
we	would	have







Small	fluctuations	at	high	redshift:	
similar	to	the	homogeneous	case



Later	conversions	available



Constraints	weakened	here,	as	some	
conversion	probability	is	in	the	future



Limits	extend	to	lower	masses	
because	of	under-fluctuations



E.	Adermann et	al,	(2018)



Comparison	with	numerical	approach



Conclusions

• The	interplay	between	particle	physics,	astrophysics	and	cosmology	is	
crucial;

• CMB	for	example	can	put	strong	constraints	on	dark	photon	models;	for	
these	is	of	particular	importance	to	treat	universe	inhomogeneities!					
We	provide	a	simple	analytical	recipe	to	do	so	



Thanks	for	the	attention!	
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