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Neutrinos	coupled		
by	weak	interac'ons	



Neutrino	decoupling	and	e±	annihila'on	
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Rela'vis'c	par'cles	in	the	Universe	
At	T<me,	the	radia(on	content	of	the	Universe	is	
	
	
	
	

Effec've	number	of	rela'vis'c	neutrino	species	
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non-standard	neutrino	physics	(primordial	neutrino	
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Measuring	Neff	

Indirect	detec(on	of		
CNB	at	10-17σ		

All	68%CL	
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Neff	from	non-standard		
neutrino-electron	interac'ons	

Standard	case	including		
neutrino	oscilla'ons	

Neff	in	very	low	rehea'ng	scenarios	

Neutrinos	without	FD	distribu'on		

Neff	≠	3	
from	

neutrinos	



Standard	case	



Neff	>	3	:	small	neutrino	hea'ng	
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Addi'onal	complica'on:	flavour	neutrino	oscilla'ons	
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Pablo	Fernández	de	Salas	&	SP,	JCAP	07	(2016)	051	

Standard	scenario:	final	distor'ons 

spectral	distor(ons		

feq	



Neff	in	the	standard	case 

Pablo	Fernández	de	Salas	&	SP,	JCAP	07	(2016)	051	
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Non-standard	scenarios	



Neff	≠	3	:	non-standard	neutrino-electron	interac'ons		
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Neff	in	two	NSI	cases	vs	the	standard	scenario 
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Neff	<	3	? 

Expansion	of	the	universe	
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Collisions	less	
and	less	
important:	
ν 	decouple		

γγ→+ -ee

LOW-REHEATING	SCENARIO	
If	latest	rehea(ng	phase	of	the	
Universe	ends	in	this	region	

(TRH<10	MeV),	interac(ons	not	
enough	to	bring	the	standard		

neutrinos	into	eq.	



Neff	<	3:	very	low-rehea'ng	scenarios 

neutrinos	far	
from	an	

equilibrium	
distribu(on	

M	Laianzi,	PF	de	Salas,	G	Mangano,	G	Miele,	SP	&	O	Pisan',	PRD	92	(2015)	123534	
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Neff	<	3:	very	low-rehea'ng	scenarios 
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in	full	

equilibrum	

Large	deple(on	
of	neutrino	
spectra	

M	Laianzi,	PF	de	Salas,	G	Mangano,	G	Miele,	SP	&	O	Pisan',	PRD	92	(2015)	123534	

lower	bound	(95%CL)	
on	the	rehea(ng	
temperature	

TRH > 4.1 MeV
(BBN)	

TRH > 4.7 MeV
(PlanckTT+	lowP)	
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Neutrinos	with	wrong	sta's'cs… 
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Bounds	from	BBN	+	prior	on	ωb	from	CMB 

Mild	
preference	
for	κν>-1	

1	and	2σ	contours	

Pablo	Fernández	de	Salas	et	al,	JCAP	03	(2018)	050	

Observa(on	of	2-neutrino	double	beta	decay	will	provide	beger	bounds	on	κν		



Conclusions	
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ü 		Calcula(on	of	Neff	in	the	standard	case	(with	neutrino	oscilla(ons)		
robust	with	respect	to	the	inclusion	of	full	off-diagonal	collision		
integrals.	Neff=3.045,	in	full	agreement	with	Planck	data	
	

ü 	Presence	of	non-standard	neutrino-electron	interac'ons		
(allowed	by	laboratory	data)	could	slightly	modify	Neff:	3.040-3.059	
	

ü 	Neff	below	the	standard	value	difficult	to	achieve,	except	par$cular	
cases.	Calcula(ons	in	a	very	low	rehea'ng	scenario	lead	to	lower		
bounds	on	the	rehea(ng	temperature:	TRH	>	4.1-4.7	MeV	(95%	CL)	
	

ü Neff	enhanced	(up	to	3.43)	if	neutrinos	do	not	follow	FD	sta's'cs.		
Cosmological	bounds:	only	mild	preference	for	non-bosonic	neutrinos	

Neff	





Correla'ons	between	κν	and	mν 

Pablo	Fernández	de	Salas	et	al,	JCAP	03	(2018)	050	



Equa'ons	for	the	neutrino	density	matrix 
diagonal	terms	

(occupa'on	numbers) 
off-diagonal		

terms	

vacuum	osc.	term	 mager	poten(al	term	

Boltzmann	evolu(on	equa(ons	(matrix	form)	

collision	integrals		
(α	GF

2)	

Full	collision	integrals	(diag)	+	
damping	approx	(-Dαβραβ,	off-diag)	

Mangano	et	al	2005,	NPB	729	(2005)	221	

Full	collision	integrals	(all)	
Pablo	Fernández	de	Salas	&	SP,	JCAP	07	(2016)	051	


