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Standard	cosmologicalmodel	and	beyond

• Dark	matter
• BBN	
• Issues in	the	cosmological model
• Neutrinos in	cosmology



Dark	matter
Cold Dark	Matter (CDM)	
An	electromagnetical close-to-neutral,	 non-baryonic matter species with	negligible velocity from	 the	standpoint of	
structure formation (PDG	2019)

ü DM	is inferred ‘’directly’’	 in	gravitationally collapsed structures - with	sizes ranging from	dwarf galaxies
to	galaxy clusters	- by	looking at stellar	velocity dispersion,	 rotation curves,	 gravitational lensing,	 etc.	

ü DM	is observed ‘’indirectly’’	 in	structure formation:	 it speeds up	the	growth of	pertubations in	
baryons after matter-radiation decoupling,	 allowing for	the	formation of	non-linear	 collapsed
structures in	the	present Universe.

ΩCDM≈ 0.26 ρCDM ρMatter ≈ 0.84



Dark	matter - Properties
Electric charge - If DM	is (milli-)charged it might impact	the	baryon-to-photon plasma	during recombination,	 altering
the	acoustic peaks:

Self-interactions - Limits	from	merging clusters	 and	from	ellepticity of	galaxies:

but velocity-dependent self-interacting DM	may help	with	small	scales challenges [see next].		

Mass	lower limits:	Arise from	quantum	effects.
Fermions - phase-space bounds from	dwarf galaxies:

[more	stringent bounds from	Ly-α but they depend on	the	assumed DM	thermal hystory]

Bosons - “uncertainty principle”	 bound:	

Mass	upper limits:	 stability of	 structures immersed in	DM	halos:

Q < 3.5×10−7 mDM 1 GeV( )0.58
     for      mDM >1 GeV

Q < 4.0×10−7 mDM 1 GeV( )0.35
     for      mDM <1 GeV

σ DM-DM mDM  <  0.47 cm2 g !  0.84 barn GeV       95% CL( )

mF ≥  100 eV 

mB ≥  10−22  eV 

mDM ≤  5 M⊙  

[see e.g.	Di	Paolo,	Nesti,	Villante,	MNRAS	2018]



Dark	matter– Small	scale	challenges
ΛCDM	is extremely successful at scales ≥ 1	Mpc.	Observations at smaller scales,	where structures are	highly non-
linear,	 pose	 few challenges to	this paradigm.

Missing	 satellites	 problem:	 high	resolution	 simulation	 of	DM	haloes	with	size	comparable	 to	MW	predict	
the	formation	of	hundreds	 or	thousand	 subhaloes à Under-abundance	 of	 observed	 MW	satellites

Cusp-core	 problem:	ΛCDM	simulations	 predict	mass	density	 profiles	 for	DM	haloes	 that	steeply	 rise	at	
small	 radii,	𝜌(𝑟) ∝ 𝑟,- with	𝛾	 ≈ 0.8 − 1.4 à This	cuspy behavior	 is	in	contrast	with	the	density	 profile	
of	low-mass	 galaxies	(rotation	curves	 are	best	fitted	by	assuming	 costant density	 cores).

Too-big-to-fail	 problem:	 under-abundance	 of	massive	 subhaloes (≈ 1056	𝑀⨀ )	in	 the	local	Universe	 (which	
are	too	massive	 to	have	failed	 to	form	stars).



Dark	matter - Local	density and	velocitydistribution
The	determination of	the	density and	distributions of	DM	in	the	Milky Way	is important for	direct and	indirect
detection experiments (and	 to	understand the	dynamics of	our Galaxy).	

Local	density (𝜌6)	- averagedensity over	a	volume	of	 a	few hundred parsecs in	 the	solar	 neighbourhood.	
It can	be	inferred from	 the	vertical motions of	stars in	the	vicinity of	the	Sun (local measure)	 or	from	the	measured
rotation curve	(global	measure)	 	

Local	circular speed – 𝑣: = 218 − 246 	𝑘𝑚/𝑠

Escape	velocity - 𝑣BC: =	533,F5GHF	𝑘𝑚/𝑠

Standard	halo model:	
Isotropic isothermal sphere with	velocity dispersion 𝜎J =

JK
L
truncated at 𝑣BC:

…	but reality	can	be	much more	complex than this



Dark	matter in	the	MilkyWay	

Fabio	 Iocco [NA	node]:	
Determination of	the	DM	distribution of	the	Milky Way.	
Uncertainties and	consequences for	the	search of	new	physics.	

Present determinations of	the	local DM	density 𝜌6	are	consistent but noisy:



Dark	matter in	the	MilkyWay
Most recent works along this research line	[F.	Iocco in	collaboration with	G.	Bertone,	M.	Pato,	M.	Benito,	E.	Karukes]:	

https://arxiv.org/abs/1912.04296 - "A	robust estimate	of	the	Milky Way	mass	from	rotation curve	 data"
https://arxiv.org/abs/1901.02463 - "Bayesian reconstruction of	the	Milky Way	dark	matter distribution"
https://arxiv.org/abs/1611.09861 - "An	estimate	of	 the	DM	profile in	the	Galactic bulge region"

https://arxiv.org/abs/1901.02460 - "Handling	 the	uncertainties in	the	Galactic DM	distribution for	particle DM	searches"
https://arxiv.org/abs/1612.02010 - "Particle Dark	Matter Constraints:	 the	Effect of	Galactic Uncertainties"



Dark	matter in	the	MilkyWay

Conclusions [from	F.	Iocco]:

• Determining the	local DM	density from	actual data	is possible;

• Rotation Curve	method is accurate	and	precise,	in	spite of	large	range of	observational systematic
and	statistical uncertainties.

• Slope (i.e.	full	profile of	MilkyWay)	is not very accurate,	and	quite depending from	several
systematics.	(Galactic Center	region further complicated.)

• Astrophysical uncertainties are	actually affecting determination of	PP,	in	virtuous interplay with	
collider	physics,	direct and	indirect probes.

• Providing a	ready-to-use	likelihood for	PP	use,	including astrophysical uncertainties on	DM	
distribution



DM	candidates
WIMPs
Beyond-SM	 scenarios naturally provide DM	candidates that can	be	thermally produced (‘’WIMP	 miracle’’):	 			

Axions and	 axion-like particles
Scalars and	pseudoscalar fields that can	be	eventually coupled to	photons (QCD	 axion provides a	solution to	
the	strong	CP	problem)	à See next slides from	A.	Mirizzi

Sterile	neutrinos
Neutrinos (i.e.	neutral fermions)	 not partecipating to	weak interactions (gauge singlet)	 that are	mixed with	
SU(2)L-active neutrinos à discussed more	in	details in	the	following

Models with	rich dark	sectors:
DM	may be	charged under	 some	hidden dark-sector (e.g.	mirror matter)

Dark	photons
Light	vector bosons (that can	be	mixed with	the	visible photons)	 	

ΩWh
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COSMOLOGICAL BOUNDS ON HEAVY AXIONS
[Carenza,	Mirizzi]

Axions and axion-like particles with a two-photons coupling

would have an efficient thermalization mechanism in the Early Universe, via the Primakoff process
γ+q → γ+ φ , and a prominent decay channel φ → γ  γ. The lifetime under decays into gamma is given by

For m ~	MeV the axion lifetime is smaller than the age of the Universe. Cosmological
constraints can be obtained.
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Big	Bang	Nucleosynthesis
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ü The	abundances of	4He,	D,	3He,	7Li produced	 by	BBN	depends	 on	 the	
following	 quantities:

Weak	interaction	
freeze-out

Deuterium	
bottleneck

( ) 61
*W 10.75 / g MeV 1T ⋅≈

ΩBh2   ≈  3.7 10 7 η

H/ ΓW = 1

ü Essentially all neutrons surviving till the	onset of	 BBN	used to	build 4He

ü D,	3He,	7Li are	determined	by	a	complex	 nuclear	 reaction	network.	

ü Deepest reliable probe	of	the	early Universe

ΓW  ≈GF
2T 5



Big	Bang	Nucleosynthesis

δY4≈	0.1%

δY2≈	few	%

δY3≈	few%

δY7	≈	10	%

Accuracy	of	4He	calculation	 at	the	level	of	0.1%

High	precision	codes	(Lopez	&	Turner	1999,	Esposito	et	al.	1999)	take	
directly	into	account	effects	due	to	:
• zero	and	finite	temperature	radiative
processes;
• non	equilibrium	neutrino	heating	during	e± annihilation;
• finite	nucleon	masses;
•………
These	effects	are	included	“a	posteriori”	in	the	“standard”	code	
(Wagoner	1973,	Kawano	1992).

Reaction	rate	uncertainties	 translate	into	uncertainties	 in	
theoretical	predictions	 of	4He,	d,	3He	and	 7Li:
• Theoretical	uncertainties	are	largely	subdominant	wrt

observational	errors	with	the	exception	of	deuterium

Relative	contributions to	
deuteriumerror budget	
(Coc et	al.	JCAP	2014)



Theory .vs.	observations

δY4≈	0.1%

δY2≈	few	%

δY3≈	few%

δY7	≈	10	%

Deuterium:	observed in	the	high	resolution	spectra	of	QSO	absorption	
systems	at	high	redshift:

Lithium-7:	observed in	metal	poor	(Pop	II)	stars	of	our	galaxy.	
Abundance	does	not	vary	significantly	in	stars	with	metallicities	 lower	
than	1/30	of	solar	(Spite	Plateau)

The	Lithium-7	problem:	
Observational values are	factor 3	lower	than	required	to	obtain	
concordance

Helium	4:determined	by	extrapolating	to	Z=0	the	(Y,Z)	relation	or	by	
averaging	Y	in	extremely	metal	poor	HII	regions	(N	and	O	used	as	metallicity
tracers)

D / H 
p
= 25.47±0.25( )×10-6

Yp = 0.245± 0.003

Li / H 
p
= 1.6 ± 0.3( )×10-10

Concordance:	
The	baryon density deduced from	D/H|p agreeswith	thatextracted from	CMB

PDG,	2019



The	Lithiumproblem
Observational values for	Li/H|p are	a	factor 3	lower than required by	D/H|p and	CMB.		The	mismatch may come	from:

• Systematic errors in	obs.	abundances and/or	 uncertainties in	stellar	astrophysics;

• Errors in	nuclear physics inputs (cross	 sections)	 for	BBN

• New	physics

The	dominant	 7Be	production	 mechanism	 is	through	 the	reaction 3He(α,γ)7Be	
à Studied in	 detail	both	 experimentally	 (LUNA)	 and	theoretically.	The	cross	

section is known to	7%	uncertainty.	

The	dominant 7Be	destruction channel is through the	process 7Be(n,p)7Li	
à Experimental data	obtained	 from	direct data	and	reverse	reaction.	R

matrix fit to expt.	data		provide the	reaction rate	with 1%	accuracy.

Serpico	et	al.,	2004

TBe,	 f		≈	50	keV

Note	that:	
At	η =	6	× 10-10,		7Li	is mainly produced from	 7Be (e-+7Beà 7Li	+	νe at “late”	times):



Nuclear physics solution of	the	Lithium problem?
Requires to	increase (by	 large	amounts)	 the	rate	of	 7Be	destruction processes:
• 7Be(n,p)7Li:	 dominant process,	well studied;
• 7Be(n,α)4He:	expected to	be	subdominant,	 no	expt.	data	in	BBN	energy range;
• New	resonances (7Be	+	a	à C* à b	+	Y)?

The	case	for	a	nuclear physics solution has been disussed e.g.	in	[Broggini,	Canton,	Fiorentini,	Villante,	JCAP	1206	(2012)	030]

The	various possibilities have been explored (7Be+d:	Kirseborm et	al	2011,	O’	Malley et	al.	2011;	7Be+3He,7Be+4He:
Hammache et	al.	2013)	 or	are	being considered (7Be(n,α)4He:	 BELICOS,	Lamia	et	al.	2019)	in	 dedicated expts.

à Nuclear fix is increasingly unlikely



Nuclear physics solution of	the	Lithium problem?

New	physics during BBN?
• Injection of	hadronic or	electromagnetic particles (due	 e.g.	to	DM	decays)	that may produce	non	 thermal neutrons

and	dissociate	 light	elements;
• Time	variations of	the	fundamental constants;
• Most scenarios can	be	significantly constrained by	the	very precise	 determination of	D/H|p

Requires to	increase (by	 large	amounts)	 the	rate	of	 7Be	destruction processes:
• 7Be(n,p)7Li:	 dominant process,	well studied;
• 7Be(n,α)4He:	expected to	be	subdominant,	 no	expt.	data	in	BBN	energy range;
• New	resonances (7Be	+	a	à C* à b	+	Y)?

The	case	for	a	nuclear physics solution has been disussed e.g.	in	[Broggini,	Canton,	Fiorentini,	Villante,	JCAP	1206	(2012)	030]

The	various possibilities have been explored (7Be+d:	Kirseborm et	al	2011,	O’	Malley et	al.	2011;	7Be+3He,7Be+4He:
Hammache et	al.	2013)	 or	are	being considered (7Be(n,α)4He:	 BELICOS,	Lamia	et	al.	2019)	in	 dedicated expts.

à Nuclear fix is increasingly unlikely



Astrophysical	observations
1. observations in systems negligibly contaminated by stellar evolution;

2. careful account for galactic chemical evolution.

For D, the most convenient astrophysical environments are the HI clouds on
the line of view of QSO’s at high redshifts with low metallicity (negligible
astration of D) and narrow absorption lines (distinguishable isotope shift
between D andH).

Recent observations and reanalysis of existing
data show a plateau as a function of redshift (for
z ≥ 2) with a very small scattering for systems
with comparable metallicity.

Cooke et	al.,	Astrophys.J.	855	(2018)	no.2,	102

Big	Bang	Nucleosynthesis:	more	on	Deuterium



Deuterium	synthesis

0.1%
87%
9%
3.8%

Di	Valentino	et	al,	Phys.Rev.	D90	
(2014)	no.2,	023543

Big	Bang	Nucleosynthesis



BBN	codes
• BBN	Wagoner	code	(Wagoner,	1969&1973)
• Kawano	code	(Kawano,	1988)
• …
• PArthENoPE (Pisanti	et	al.,	2008)							
(FORTRAN+Python)

• AlterBBN (Arbey,	2012)																								(C)
• PRIMAT	(Pitrou et	al.,	2018)																	(Mathematica)
Today, three public codes. All of them essentially
equivalent from the numerical point of view.

Pisanti	et	al.,Comput.Phys.Commun.	178	(2008)	956-971
Arbey ,	Comput.Phys.Commun.	183	(2012)	1822-1831

Pitrou et	al.,	Phys.Rept.	754	(2018)	1-66

Big	Bang	Nucleosynthesis



Nuclear	rates

It is fitted by experiments. Problem: data sets cover
limited energy ranges and have different normalization
errors (in some cases not even estimated).

Evolution of nuclides determined by cross sections of associated
processes. For charged particle induced reactions the astrophysical S-
factor is the intrinsic nuclear part of the reaction probability
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Nuclear	rates

It is fitted by experiments. Problem: data sets cover
limited energy ranges and have different normalization
errors (in some cases not even estimated).

Evolution of nuclides determined by cross sections of associated
processes. For charged particle induced reactions the astrophysical S-
factor is the intrinsic nuclear part of the reaction probability
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LUNA	results	
awaited!



• Coc2015/Cyburt2016: energy dependence from
nuclear physics + normalization fromchi-squared

Same definition of the overall scaling factor multiplying the astrophysical S-
factor:

n Serpico2004/present work: standard chi-squared plus a penalty factor that
does not allowωk-1 to be greater than the quoted normalization, εk:

Serpico	2004:	JCAP	0412	(2004)	010
Coc2015:	Phys.Rev.	D92	(2015)	no.12,	123526
Cyburt2016:	Rev.Mod.Phys.	88	(2016)	015004

α,ω:	scaling	
factors



Data	selection
Strict selection on data applied by some authors, excluding all experiments with
not quoted/too large systematic uncertainty.

However, data within uncertainties seem to be consistent with theoretical ab initio
calculation (Arai et al., 2011) once the fitted scaling factors are applied.
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Example: ratio between ddn and ddp rates should be independent of the nuclear matrix
elements. So, deviations may indicate normalization errors. Then, it has been used for
discriminating among data sets.

Coc2015:	Phys.Rev.	D92	(2015)	no.12,	123526 Trojan Horse data:	Astrophys.J.	785	(2014)



Rate	comparison

Update	of	PArthENoPE (TH	data),	difference	
with	CYBURT2004/COC2015	 is	due	 to	

different	data	selection/analysis

Update	of	PArthENoPE
(MARCII	versus	AD2011),	

difference	with		
CYBURT2004/COC2015	 is	

MARCII	versus	AD2011/MARCI

ddn
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dpγ
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15%

MARCI:	Marcucci et	al.,	Phys.Rev.	C72	(2005)	014001
MARCII:	Marcucci	et	al.,	Phys.Rev.Lett.	116	(2016)	no.10,	102501
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BBN/CMB	analysis
n Exp. values:

n ΩB h2 = 0.02242±0.00014 (Planck 2018)
n D/H = (2.527±0.030) (Cooke et al., 2018)
n Yp = 0.2446±0.0029 (Peimbert et al., 2016)

n ddn+ddp = PArthENoPE2.1, dpγ = MARCI or MARCII

n D+Planck prior (red) andD+He (only BBN,blue) analyses

MARCI:	Neff =	3.04±0.12 MARCII:	Neff =	3.28±0.12

Planck	 1-σ	
band

Planck	 1-σ	
band
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Big	Bang	Nucleosynthesis

Excellent agreement between
baryon density as measured from	
deuterium abundance and	CMB

Uncertainty is now reduced by	a	
Factor 1.6	and	is closer to	that of	
Planck
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M- Gasperini in collaborazione con G. Fanizza (Universidade de Lisboa), G. Marozzi
(Universita’ di Pisa), G. Veneziano (CERN)
M- Gasperini in collaborazione con G. Fanizza (Universidade de Lisboa), G. Marozzi
(Universita’ di Pisa), G. Veneziano (CERN)

1. Studio della relazione tra le direzioni angolari nel sistema di 
Coordinate Normali di Fermi e le direzioni angolari calcolate in 
altri gauges.

1. Studio della relazione tra le direzioni angolari nel sistema di 
Coordinate Normali di Fermi e le direzioni angolari calcolate in 
altri gauges.

2. Studio di diverse prescrizioni di media (e loro differenze
numeriche) per osservabili cosmologici in un background 
geometrico perturbato

2. Studio di diverse prescrizioni di media (e loro differenze
numeriche) per osservabili cosmologici in un background 
geometrico perturbato

Issues in	Cosmology
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“Observation angles, Fermi coordinates, and the Geodesic-Light-Cone gauge”    
pubblicato su JCAP 01 (2019) 004

“Observation angles, Fermi coordinates, and the Geodesic-Light-Cone gauge”    
pubblicato su JCAP 01 (2019) 004

- Le coordinate angolari di Fermi si identificano con quelle di un osservatore geodetico nel sistema localmente
inerziale centrato attorno alla sua “world-line”, e sono direttamente collegate agli angoli

localmente misurati nei nostri laboratori

- Gli angoli di Fermi si possono sempre far coincidere con quelli specificati dalle coordinate del  Geodesic-Light-
Cone gauge (GLC) , mentre in altri gauges (es: sincrono, post-Newtonian)  cio’ non e’ in generale possibile.

importante motivazione fisica per l’uso del gauge GLC (da noi proposto nel 2011) per il calcolo
di grandezze osservabili quali redshift, luminosity-distance e/o angular-distance.                          

si veda in particolare il lavoro:

- Le coordinate angolari di Fermi si identificano con quelle di un osservatore geodetico nel sistema localmente
inerziale centrato attorno alla sua “world-line”, e sono direttamente collegate agli angoli

localmente misurati nei nostri laboratori

- Gli angoli di Fermi si possono sempre far coincidere con quelli specificati dalle coordinate del  Geodesic-Light-
Cone gauge (GLC) , mentre in altri gauges (es: sincrono, post-Newtonian)  cio’ non e’ in generale possibile.

importante motivazione fisica per l’uso del gauge GLC (da noi proposto nel 2011) per il calcolo
di grandezze osservabili quali redshift, luminosity-distance e/o angular-distance.                          

si veda in particolare il lavoro:

1. Coordinate Normali di Fermi e direzioni angolari in altri gauges  1. Coordinate Normali di Fermi e direzioni angolari in altri gauges  
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il fondo stocastico di  perturbazioni primordiali disturba le osservazioni
delle distanti sorgenti astrofisiche, e introduce errori nella determinazione

dei parametri cosmologici

il fondo stocastico di  perturbazioni primordiali disturba le osservazioni
delle distanti sorgenti astrofisiche, e introduce errori nella determinazione

dei parametri cosmologici

per minimizzare gli errori, il flusso d’energia ricevuto va
mediato su un opportuno dominio spazio-temporale

collegato al cono-luce dell’osservatore

per minimizzare gli errori, il flusso d’energia ricevuto va
mediato su un opportuno dominio spazio-temporale

collegato al cono-luce dell’osservatore
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- significativa produzione di PBH possibilmente indotta da disomogeneita’ di origine inflazionaria

- produzione di PBH di massa M ~ 1020 g (tipica per Dark Matter) richiede spettro scalare
primordiale di ampiezza P(k) ≥ 10-2 alla scala k ~ 1012 Mpc-1 (ovvero frequenza ~ 0.01 Hz)   

- indispensabili modelli inflazionari che prevedono spettro elevato ad alte frequenze (piccole scale),
come naturalmente avviene in cosmologia di stringa

- difficolta’: compatibilita’ con gli attuali vincoli sullo spettro imposti da CMB, LSS, GW detectors, etc. 
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Neutrinos in	cosmology

Issues:
• masses,	abundance,	asymmetries,	Majorana	

vs	Dirac
• direct detection
• sterile	states (Neff…e	non	solo)
• Non	standard	distribution (Neff)



Sterile	states
• eV scale:	strong	bounds
from	cosmology
Way	outs:	secret	interactions,	
active state	chemical potentials,…
• keV	mass	range	(Ptolemy)
• 100	MeV	scale
See	WP2

Neutrinos in	cosmology

For the mass and mixing parameters preferred by laboratory 
sterile ν are copiously produced, reaching 1 extra d.o.f. 
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FIG. 3: Active normal mass hierarchy NH. Exclusion plots for the active-sterile neutrino mixing parameter space for SNH
(upper panels) and SIH (lower panels) cases from Ne↵ (black curves) and ⌦⌫h

2 (red curves) at 95 % C.L. The contours refer
to di↵erent values of sin2 ✓i4: sin

2 ✓i4 = 0 (continuous curves), sin2 ✓i4 = 10�3 (dashed curves), sin2 ✓i4 = 10�2 (dotted curves),
sin2 ✓i4 = 10�1.5 (dot-dashed curves). (see the text for details).

neutrinos, with respect to the SNH case. Therefore, the excluded regions in the parameter space for the same values
of the mixing angles are larger than the corresponding ones in the upper panels.

Active Inverted hierarchy (Figure 4)

Sterile Normal hierarchy.

Panels a) and b) From Fig. 1 it results that there can be only a single resonance for �m2
41 < �m2

21. Therefore,
comparing the exclusion plots from Ne↵ with the corresponding ones in Fig. 3 one realizes that the constraint is less
stringent. In particular, in Panel b) the change in the slope in the exclusion plot is at �m2

41 ⇠ �m2
21 ⇠ 10�4 eV2, i.e.

at a smaller value with respect to Fig. 3. Concerning the bound from ⌦⌫h
2, since it occurs in a region where �m2

41 is
much larger than the active mass splittings, it is independent on the mass hierarchy and so it is the same as in Fig. 3.

Sterile Inverted hierarchy.

Panels c) and d) In this case, looking at Fig. 1 we realize that for |�m2
41| > |�m2

31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2

41| < |�m2
31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,

while it is comparable for larger mass splittings.
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31| three resonances are possible
as in the NH case shown in the Fig. 3, while for |�m2
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31| only two resonances occur. Therefore, for

|�m2
41|⇠< 10�4 eV2 the constraint from Ne↵ becomes less stringent than in the corresponding case in the NH scenario,
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scale structure problems associated with cold dark mat-
ter [27, 28] (nonstandard interactions were also intro-
duced to alleviate problems related to cold dark matter
in [29–34] and in the references therein).

Since these new interactions involve only the ster-
ile neutrino sector, they would evade existing limits
on secret interactions among active neutrinos [35–37],
and therefore seem apparently unconstrained. How-
ever, as we will discuss in this paper, these interac-
tions can be unveiled by exploiting cosmological obser-
vations. Indeed, when the “secret” matter potential be-
comes of the order of the active-sterile vacuum oscil-
lation frequency, a resonance is encountered maximiz-
ing the in-medium mixing angle [38]. This would lead
to Mikheyeev-Smirnov-Wolfenstein (MSW)-like resonant
flavor conversions among active and sterile neutrinos [38].
Moreover, the presence of strong collisional e↵ects in the
sterile neutrino sector, again due to the secret interac-
tions, on one side would damp the MSW conversions, on
the other would enhance the sterile neutrino production
via non-resonant processes [39]. In particular, the latter
would bring the active-sterile neutrino ensemble towards
the flavor equilibrium [40, 41].

In [26] the authors have performed di↵erent multi-
momentum simulations of the active-sterile flavor evolu-
tion in a simplified scheme involving only one active and
one sterile species. They found that for values of the ⌫s-⌫s
coupling gX >⇠ 10�2 and masses MX

>⇠ 10 MeV, the res-
onance can produce an increase in the e↵ective neutrino
species Ne↵ , introduced as usual as a way to parameter-
ize the energy density ⇢rel of relativistic species at some
relevant epoch, in terms of photon contribution ⇢�

⇢rel = ⇢�

 
1 +

7

8

✓
4

11

◆4/3

Ne↵

!
. (1)

Moreover, resonances occurring at T <⇠ few MeV happen
so late that significant distortions are produced in the
electron (anti)neutrino spectra. Both these e↵ects have
a potential relevance for the abundance of light elements
BBN.

Motivated by these warnings, we investigate in details
these e↵ects to obtain constraints on the secret ⌫s-⌫s in-
teractions parameter space. As in [26], we work in a
situation in which active-sterile flavor conversions would
occur at a temperature T ⌧ MX . This implies that one
can reduce the interaction to an e↵ective four-fermion
point-like structure, with strength 1

GX =

p
2

8

g2X
M2

X

. (2)

1 The numerical factor
p
2/8 has been included in order to exactly

mimic the relation between the Fermi constant GF , the SU(2)
coupling constant g and the W -mass in the Standard Model.

Di↵erently from [26] we will work in a (2+1) scenario
that allows to describe more realistically the flavor dy-
namics. However, in this case computing reliably the
spectral distortions and Ne↵ as functions of the secret in-
teraction parameters is a very challenging task, involving
time consuming numerical calculations for the flavor evo-
lution. Therefore, we will apply an averaged–momentum
approximation, where all neutrinos share the mean ther-
mal momentum. In this limit, the information on the
active neutrino distribution distortion is contained in a
single (time evolving) parameter, which weights the usual
Fermi-Dirac distribution. In other terms, neutrinos will
be characterized by a gray-body distribution.
This article is structured as follows: in Section II we

present the formalism to study the flavor conversions of
active-sterile neutrinos in the presence of secret ⌫s-⌫s self-
interactions and we show some examples of the flavor evo-
lution. We present also our results for the value of Ne↵ as
function ofGX and gX , the parameters characterizing the
strength of the new interaction. In Section III we discuss
the impact on BBN, in particular on primordial abun-
dances of 4He and 2H and discuss the constraints that
present experimental data on these two nuclei yields put
on the secret interaction scenario. Finally, in Section IV
we conclude.

II. SETUP OF THE FLAVOR EVOLUTION

A. Equations of motion

In this Section we summarize the equations of motion
for the (2+1) active-sterile neutrino system in the early
universe, using the same notation of [24], to which we
address the reader for details. In order to take into ac-
count the interplay between oscillations and collisions of
neutrinos, it is necessary to describe the neutrino (an-
tineutrino) system in terms of 3 ⇥ 3 density matrices %
(%̄)2

%p =

0

@
%ee %eµ %es
%µe %µµ %µs
%se %sµ %ss

1

A . (3)

Since our aim is to perform an extensive scan of the pa-
rameter space of the ⌫s-⌫s secret interactions, in order
to carry out a more treatable numerical analysis, we will
consider the averaged-momentum approximation, based
on the ansatz %p(T ) ! fFD(p) ⇢(T ) (see [24]), where
⇢(T ) is the density matrix for the mean thermal mo-
mentum hpi = 3.15 T , and fFD(p) is the Fermi-Dirac
neutrino equilibrium distribution, and similarly for an-
tineutrinos.

2 Here ⌫µ refers generically to a non-electron active flavor state.

Neutrinos in	cosmology:	secret	interactions
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FIG. 3: Flavor evolution as functions of temperature T for di↵erent cases for GX = 103 GF . Upper panel is the standard case
without secret interactions. Middle and lower plots are for gX = 10�1 and gX = 10�2, respectively. In the left panels we report
⇢ee (continuous curve), ⇢µµ (dotted curve) and ⇢ss (dashed curve). Right panels show the corresponding �Ne↵ .

by PArthENoPE, as well as the electron neutrino distri-
bution which is used to compute the weak thermal rates
of the neutron/proton reactions. We recall that neutrino
distributions are evolved in the average–momentum ap-
proximation, so the ⌫e distribution used in the thermal
rate is the standard Fermi-Dirac function times ⇢ee(T ).
Actually, at the level of approximation we are interested
in, we compute the tree level Born weak rates with the
modified electron neutrino distribution instead of using
the standard rates employed in the public version of the
code, which also contains the contribution of radiative
corrections. The latter are quite involved function de-
pending also on neutrino distribution, which should be
in principle recomputed. The approximation we are using
is thus to assume that the e↵ect of a di↵erent ⌫e distribu-
tion in the one-loop contribution rescales in the same way
the Born rates do. We recall that radiative corrections

contribute typically for 4-5 % of the Born rates around
the freeze out temperature, see e.g. [47]. Therefore, we
neglect them.
In the analysis we have used the last updated result on

Yp reported in [48], based on a regression to zero metal-
licity with new He I emissivities, and using the dataset
of [49]

Yp = 0.2465± 0.0097 , (13)

while for deuterium we consider the recent result of [21]

2H/H = (2.53± 0.04)⇥ 10�5 . (14)

This value is the result of a reanalysis of all known deu-
terium absorption systems, including the new discovered
very metal–poor damped Lyman–↵ system at redshift
z = 3.06726 toward the QSO SDSS J1358+6522. Notice
the quite small uncertainty, of the order of 1.6 %.

Distortion on	ve spectra!
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FIG. 4: The asymptotic values of �Ne↵ versus GX and gX . Colours from blue (lower right corner) to red (upper left corner)
correspond to increasing values. Dashed curves show some reference values.

Before discussing our findings we make a last remark.
While the uncertainty on the theoretical value of 4He
from PArthENoPE is extremely small4 and negligible with
respect ot the experimental uncertainty of Eq. (13), the
prediction for deuterium abundance is still a↵ected by
a large error (mainly) due to the present uncertainty
on the astrophysical factor of the d(p, �)3He reaction,
which is the leading destruction channel of this nuclide.
Once we propagate the uncertainty reported in [51],
see also [52], the value of 2H/H change by the amount
±0.06⇥10�5, which is even larger than the experimental
error of Eq. (14). A theoretical ab initio calculation of the
S-factor for this process is also available, which suggests
a higher cross section in the center of mass energy range
relevant for BBN [53–55], whose impact has been recently
analyzed in [56, 57]. The predicted value of deuterium is
in this case lower than if we used the experimental best
fit of the rate, and in a better agreement with the experi-
mental result of [21]. In order to have a clear assessment
of the error budget on deuterium theoretical prediction,
we have decided to conservatively use the present exper-
imental results of [51], but we stress that it would be
important also for the issue considered in this paper to
have new experimental data on d(p, �)3He in the BBN
energy range, with a higher precision. If the theoretical
ab initio calculation would be confirmed, and the experi-
mental error on the astrophysical factor of the d(p, �)3He
reaction would be reduced by say, a factor three, which
seems plausible [57], the constraints we will discuss later
would become more stringent.

4 The only source of uncertainty is in fact, the small error on neu-
tron lifetime, ⌧n = 880.0± 0.9 sec [50].

B. Results

Our results are summarized in Figures 5 and 6, showing
the bounds on the secret interaction parameters (GX , gX)
coming from Yp and deuterium, respectively. By looking
at these panels one can grasp the typical dependence of
2H/H and Yp upon the two relevant parameters. Namely,
helium is an increasing function of GX for fixed gX , while
it decreases with gX for a given GX . In the same range
deuterium shows exactly the opposite behavior. Con-
sider first the helium mass fraction Yp. The two dark
regions in Fig. 5 in the upper left and lower right corners
are the allowed GX and gX at 1.5�, where � is the ex-
perimental error on Yp of Eq. (13), the theoretical error
being completely negligible. The value of the baryon den-
sity is varied in the 95 % C.L. region of Planck results,
⌦Bh2 = 0.02207±0.00054 [58]. The solid line bounds in-
stead the 1.5� allowed region if we fix ⌦Bh2 at the Planck
best fit value. We see that for both these cases almost
all the parameter space is excluded. We have shown the
1.5� exclusion contours, since for the 2� cases the whole
range for GX and gX of Fig. 5 would have been permit-

ted. Conversely, at 1� the whole plane would be instead
excluded. In fact, the uncertainty on Yp, at the level of
4 %, is too large to severely constrain the secret inter-
action parameter, which are indeed all permitted at 2�.
Instead, as we will show later, the deuterium constraints
will be much stronger.

In order to understand the dependence of Yp on the
secret interaction parameters, note that if we decrease
gX for a given GX , the electron neutrino distribution
becomes smaller, when the production takes place at
smaller temperatures, where electron neutrinos are less
e�ciently repopulated by pair creation processes (see e.g.
Fig. 2). It follows that also weak rates decrease. At the
same time, decreasing gX also�Ne↵ becomes smaller and
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FIG. 6: 2H/H results. Left panel: the region below each curve is the allowed one at the number of � shown for each case, using
the experimental determination for 2H/H of Eq. (14) and for ⌦Bh

2 = 0.02207, the best fit quoted by Planck collaboration.
Right panel: the same as in the left panel but for a higher baryon density ⌦Bh

2 = 0.02261, i.e. the Planck upper limit at 95
% C.L.

IV. CONCLUSIONS

Secret interactions among sterile neutrinos, mediated
by a gauge boson with MX ⌧ MW , have been recently
proposed [26, 27] as a possible mechanism to suppress
the thermalization of eV sterile neutrinos in the early
universe, by the large matter potential they generate in
this case. However, the active-sterile neutrino ensemble
would also experience a resonance when the matter term
gets close to the vacuum oscillation frequency. In this sit-
uation the sterile neutrino production would be enhanced
by the combination of a resonant production, with a non-
resonant one due to the large collisional e↵ects, caused
by the secret interactions in the sterile ⌫ sector.

For values of the coupling constant gX >⇠ 10�2 and
masses of the gauge boson MX

>⇠ O(10) MeV [26], the
sterile neutrino production would occur at epochs rele-
vant for the BBN. In this paper we have analyzed the
BBN bounds on the secret interaction scenario. The
standard BBN dynamics is indeed, possibly changed by
a larger value of the number of e↵ective relativistic de-
grees of freedom, Ne↵ , and the spectral distortions on
⌫e induced by the active-sterile flavor conversions. Using
the present determination of 4He and deuterium primor-
dial abundances, we found that due to the 4 % error on
experimental determination of helium mass fraction, Yp

gives no significant bounds. We comment that very re-
cently a new measurement of Yp = 0.2551 ± 0.0022 has
been presented [59]. The smaller value of the quoted er-
ror would allow one to put stronger limits than the ones
we obtained.

The 2H/H density ratio excludes much of the param-
eter space if one assume a baryon density at the best fit
value of Planck experiment, ⌦Bh2 = 0.02207. In this
case we can set an upper limit on the X boson mass at
3� MX  40 MeV . This bound becomes weaker for a
higher baryon fraction, ⌦Bh2 = 0.02261, which is the 95
% C.L. upper bound of Planck, that is MX  220 MeV.
The bound on MX can be improved measuring the as-
trophysical factor of the d(p, �)3He process cross section
in the relevant energy range, with a smaller uncertainty.
Therefore, new experiments measuring this quantity are
therefore very welcome.
As a consequence of our analysis the parameter space

for secret interactions to reconcile sterile neutrinos with
cosmology is significantly reduced. A possible way to
avoid the BBN bounds is to choose the mass of the me-
diator so light as MX

<⇠ 1 MeV to shift the resonances at
temperatures too low (T <⇠ 0.1 MeV) to be relevant for
nucleosynthesis, as considered in [8]. However, in this sit-
uation the sterile neutrino production may have an e↵ect
on the cosmological neutrino mass bound [60]. Results
of this study will be presented elsewhere [61].
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Neutrinos in	cosmology:	secret	interactions

Figure 2. Two-dimensional (bottom right) and corresponding one-dimensional posteriors for the e↵ec-
tive strength of the interaction GX =

p
2g2X/8M2

X in units of the Fermi constant (top) and the sterile
neutrino mass ms (bottom left). Blue constraints are obtained using PlanckTT+lowP data, while the
red ones come from PlanckTT+lowP+BAO, both for the S⇤CDM scenario (that assumes GX � 108GF

and thus Ne↵ = 2.7). The filled regions in the contour plot, from darker to lighter, show the 68, 95 and
99% credible intervals. The shaded regions in the one-dimensional plots correspond to the 95% credible
interval. The grey and green horizontal regions are representative of the 68% and 99.73% priors on ms

suggested by SBL anomalies. The red star at GX = 1.5 ⇥ 1010GF and ms = 1 eV is representative of
the strongly self-interacting scenario described in Refs. [13, 23]. Note that the actual significance of
the exclusion of the scenario with respect to ⇤CDM from the PlanckTT+lowP data is larger than 3�
(and similarly for the PlanckTT+lowP+BAO data), due to the fact that ⇤CDM does not belong to the
parameter space shown in this figure (see discussion in the text).

Secret interactions also leave an imprint on the CMB spectra, by extending the collisional
regime for the neutrino fluid. Using this e↵ect, we have constrained the e↵ective “Fermi con-
stant” GX of the new interaction to be smaller than 2.8⇥ 1010GF at 95% CL from the Planck
2015 temperature and large-scale polarization data. This limit is improved to 2.0 ⇥ 1010GF

at 95% CL when information from BAO are included. These results disfavour the range, cor-
responding to GX & 1010GF , in which the onset of sterile neutrino free streaming is delayed
until after recombination, and cosmological mass bounds could be possibly evaded. In fact, our
self-consistent analysis yields, at 95% CL, ms < 0.82 eV and ms < 0.29 eV from the Planck
2015 data alone and in combination with BAO, respectively, smaller than the value required
to explain SBL anomalies, allowing to conclude that the tension between the SBL oscillation
experiments and CMB observations still holds even in extended models with secret sterile neu-
trino interactions. Even disregarding BAO data, secret interactions with GX & 108GF are

– 12 –

Other bounds come	 from	CMB	and	
LSS:	late	production	 for	large	
collisional term even for	a	tiny
oscillation angle



Vincoli da	misure indirette della CNB

m1=1	meV
Δ=7	meV

Majorana ≈
Dirac???

Extra	relativistic states (Neff),	masse,	
implicazioni	 sul	 doppio	 beta,	…



CNB:	very low energy,	difficult to	measure directly by	v-scattering
1. Large	De	Broglie	wavelengthλ~0.1	cm

Coherent	scattering	over	nuclei	(or	macroscopic	domain)

Wind	force	on	a	test	body,	

Cross	section	

𝜎JP ~10-56 (mv/eV)2 cm2 non relativistic

𝜎JP ~10-63 (Tv/eV)2 cm2 relativistic

acceleration	

nv 𝛽	NA/A	𝜎JP	dp	~	(100/A)10-51 (mv /eV)	cm	s-2

Today:	Cavendish	torsion	balances	can	test	acceleration	as	small	as	10-13 cm	
s-2 !!	

CNB	direct detection



2. Accelerators:

Too	small	even	at	LHC	or	beyond	 !	

3.	Effects linear	 in	GF:

No	go	theorem (Cabibbo &	Maiani,	 Langacker et	al)	effect vanishes if

static source	 - background	 interaction

Homogeneous v	flux on	the	target	scale

Stodolski effect:		polarized electron	target	experiences a	tourque due	 to	helicity energy splitting
in	presence of	a	polarized (asymmetry)	 neutrino	 wind

dE ~gA 𝜎⃗ ⋅ 𝛽(𝑛J − 𝑛JX)
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The	case	of	3H

8	events	yr-1 per	100g	of	3H	(no	clustering)

up	to	102 events	yr-1 per	100	g	of	3H	due	to	clustering	effect	

signal/background	=	3			for				Δ=0.2	eV	if	mv=0.7		eV	

Δ=0.1	eV	if	mv=0.3		eV



The	Ptolemy Project

Figure 2: The small-scale PTOLEMY prototype installed at the Princeton Plasma Physics
Laboratory (February 2013). Two horizontal bore NMR magnets are positioned on either
side of a MAC-E filter vacuum tank. The tritium target plate is placed in the left magnet in
a 3.35T field, and the RF tracking system is placed in a high uniformity 1.9T field in the bore
of the right magnet with a windowless APD detector and in-vacuum readout electronics.
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neutrinos with electron-flavor content for masses of 0.1–1keV, where less stringent, 10eV,
energy resolution is required. The search for sterile neutrinos with electron-flavor content
with the 100g PTOLEMY is expected to reach the level |U

e4

|2 of 10�4–10�6, depending on
the sterile neutrino mass.

Figure 1: The PTOLEMY conceptual design starts with a large area surface-deposition
tritium source, accelerates into a MAC-E filter with 10�3–10�4 cut-o↵ precision, accelerates
electrons above the endpoint and down to 50–150eV below the endpoint into a long, uniform
field solenoid where the RF signal from the cyclotron motion of individual electrons in
a 2T magnetic field provide a tracking detector measurement above a minimum transverse
momentum, then finally the electron is decelerated into a sub-keV energy range, low magnetic
field region, and measured with a high resolution cryogenic calorimeter in time-of-flight
coincidence with the RF tracker.

i

Development of a Relic Neutrino Detection Experiment at PTOLEMY:
Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield

S. Betts1, W. R. Blanchard1, R. H. Carnevale1, C. Chang2, C. Chen3, S. Chidzik3, L.
Ciebiera1, P. Cloessner4, A. Cocco5, A. Cohen1, J. Dong1, R. Klemmer3, M. Komor3, C.
Gentile1, B. Harrop3, A. Hopkins1, N. Jarosik3, G. Mangano5, M. Messina6, B. Osherson3,

Y. Raitses1, W. Sands3, M. Schaefer1, J. Taylor1, C. G. Tully3, R. Woolley1, and A.
Zwicker1

1

Princeton Plasma Physics Laboratory

2

Argonne National Laboratory and University of Chicago

3

Department of Physics, Princeton University

4

Savannah River National Laboratory

5

Istituto Nazionale di Fisica Nucleare – Sezione di Napoli

6

Department of Physics, Columbia University

Project Summary

The direct detection of relic neutrinos from the Big Bang was proposed in a paper by
StevenWeinberg in 1962 [Phys. Rev. 128:3 (1962) 1457]. The signal for relic neutrino capture
on tritium is the observation of electron kinetic energies emitted from a tritium target that
are above the �-decay endpoint. The requirements on the experimental energy resolution for
relic neutrino identification are constrained by the thermal model for neutrino decoupling in
the early universe that predicts a present-day average neutrino kinetic energy of 1.7⇥10�4eV,
neutrino mass mixing parameters that indicate mass eigenstates at least as massive as 0.05eV,
and cosmological input from WMAP+SPT, and other sources, on the sum of the masses of
the light neutrino species in thermal equilibrium in the early universe to be constrained to
less than approximately 0.3eV. The parameters for a relic neutrino experiment require 100
grams of weakly-bound atomic tritium, sub-eV energy resolution commensurate with the
most massive neutrinos with electron-flavor content, and below microHertz of background
rate in a narrow energy window above the tritium endpoint. The PTOLEMY experiment
(Princeton Tritium Observatory for Light, Early-Universe, Massive-Neutrino Yield) aims to
achieve these goals through a combination of a large area surface-deposition tritium target,
MAC-E filter methods, cryogenic calorimetry, and RF tracking and time-of-flight systems.
A schematic of the PTOLEMY concept is shown in figure 1. A small-scale prototype is in
operation at the Princeton Plasma Physics Laboratory, shown in figure 2, with the goal of
validating the technologies that would enable the design of a 100 gram PTOLEMY. With
precision calorimetry in the prototype setup, the limitations from quantum mechanical and
Doppler broadening of the tritium target for di↵erent substrates will be measured, including
graphene substrates. Beyond relic neutrino physics, sterile neutrinos contributing to the
dark matter in the universe are allowed by current constraints on partial contributions to
the number of active neutrino species in thermal equilibrium in the early universe. The
current PTOLEMY prototype is expected to have unique sensitivity in the search for sterile
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Figure 2. Relative error on the reconstructed lightest neutrino mass mlightest as a function of the
fiducial lightest neutrino mass m̂lightest and the energy resolution �, considering 10 mg yr (top), 1 g yr
or 100 g yr (bottom) of PTOLEMY data and normal ordering. The plots for the inverted ordering
case are not shown, but are very similar.

neutrino masses and energy resolutions for normal (red) and inverted (blue) ordering. As
expected, when the mass or the energy resolution are larger the difference between the two

– 11 –

Neutrino	mass	sensitivity



Outlooks

Settore	molto	attivo	nel	panorama	generale	e	nella	
nostra	comunità
Collaborazioni	fra	vari	nodi	con	diversi	expertise


