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[Global	analysis	2021	:	review	of	3ν	knowns	+	focus	on	unknowns]		



3ν	knowns	
	
δm2		 	 	“solar”	spliHng	
Δm2	 	 		“atmospheric”	spliHng	
θ13 “small”	mixing	angle,	~O(Cabibbo)
θ12 	 	 	 	“intermediate”	mixing	angle
θ23  “large”	mixing	angle	∼π/4

3ν	unknowns	
	
sign(Δm2)	 	Normal/Inverted	mass	ordering	
octant(θ23) 	Octant	of	the	largest		mixing	angle	
δ	 	 	 	CP		phase	
<meff>	 	 	absolute	(effecZve)	mass	scale	
dof	=	4	or	2 	Majorana	or	Dirac 		



ß	slight	preference	
						for	CPV	(90%	CL)	

ß	slight	preference	
					for	lower	octant		
					of	θ23	(90%	CL)	

Preference	for	Normal	Ordering		(NO)	at		∼2.5σ

FROM	OSCILLATION	DATA:	

Somewhat	weaker	than	in	the	past,	due	to	T2K-NOvA	accelerator	data	tension	



FROM	NONOSCILLATION	DATA:	

Preference	for	Normal	Ordering		(NO)	may		go	up	to		∼3.2σ
depending	on	different	cosmological	inputs	

ß 3.2σ
			

ß 2.5σ
			



Two	representa6ve	cosmological	input	op6ons	

“Default”:	get	typical	mass	bounds	at	~0.1	eV,	plus	some	sensiZvity	to	NO/IO,		
	 		while	accepZng	some	internal	data	tension	(e.g.,	about	lensing)	
											à	more	difficult	to	test	with	(double)	beta	decay	searches	

	
“Alterna6ve”:	get	relaxed	mass	bounds	and	a	possible	“signal”	at	~	few	x	0.1	eV,		
																			but	no	sensiZvity	to	NO/IO,	while	accepZng	only	concordant	CMB	data		
																		à	less	difficult	to	test	with	(double)	beta	decay	searches	



Methodology	to	deal	with	comparable	results	from	different	0νββ	searches	

from	half	lives...	

...to	effecZve		
Majorana	mass	



3ν	knowns	
	
δm2		 	 	“solar”	spliHng	
Δm2	 	 		“atmospheric”	spliHng	
θ13 “small”	mixing	angle,	~O(Cabibbo)
θ12 	 	 	 	“intermediate”	mixing	angle
θ23  “large”	mixing	angle	∼π/4

3ν	unknowns	
	
sign(Δm2)	 	Normal/Inverted	mass	ordering	
octant(θ23) 	Octant	of	the	largest		mixing	angle	
δ	 	 	 	CP		phase	
<meff>	 	 	absolute	(effecZve)	mass	scale	
dof	=	4	or	2 	Majorana	or	Dirac 		

Main	message:	Take	care	of	tensions	among	different	data	in	various	contexts,	
and	remain	open	to	several	outcomes	about	the	remaining	3-nu	unknowns	



JUNO is medium-baseline reactor neutrino 
experiment whose main purposes are to probe the 
Mass Ordering and to measure the mass-mixing 
oscillation parameters with sub-percent precision

It will be complemented with a ton-level, high energy 
resolution liquid scintillator reference detector, TAO, 
that will measure the reactor neutrino spectrum with 
unprecedented accuracy

 [MeV]visE
0 1 2 3 4 5 6 7 8 9

]
-1

  [
M

eV
3

Sp
ec

tru
m

/1
0

0

5

10

15

20

25

30

35

NH
IH

The dependence of the MO on the interference between 
long and short-wavelength oscillations manifests itself 
essentially through the displacement of the fast oscillation 
peaks in the low energy region (2-4 MeV) 

•What will be the advantage of the TAO reference detector?

•Can the limited knowledge of the reactor antineutrino 
spectrum and of its fine structure have a significant effect 
on the mass ordering determination and on the precision 
measurements of the oscillation parameters? 

Issues explored in this work
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 range of oscillation parametersσ3±
Ratio between the approximated  
and exact spectrum calculation 
(best-fit point, NO; similar 
results for IO and varying 
oscillation parameters)

In the region of interest for 
the mass ordering 
discrimination (2-4 MeV) the 
approximate calculation is 
accurate at the level of < 0.05%

We have shown that any observable energy spectrum of events in TAO can be 
mapped into a corresponding spectrum in JUNO by a proper convolution
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All nuclear uncertainties
We have generated 105 neutrino 
spectra by randomly varying all 
nuclear inputs within their 
uncertainties. We also compute 
the associated TAO spectra that 
are then mapped to JUNO spectra

We have repeated the 
prospective JUNO data analysis  
testing the wrong IO scanning 
the simulated spectra. We have 
found no reduction of the 
sensitivity to the mass 
ordering. In addition, we also 
verified that the precision 
determination of several 
parameters remains unaltered
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The fine structures 
of the ! spectrum 
do not constitute a 
problem for the MO 
sensitivity nor for 
the precision 
measurements of 
the oscillation 
parameters, even 
when all 
uncertainties in the 
summation 
calculation are 
taken into account



The Sun and solar neutrinos

F. L. Villante 
University of L’Aquila and LNGS-INFN



Determining 210Bi with the help of 210Po
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AGSS09 – 3.6 cpd/100 ton

20 cpd/100 ton

2000 cpd/100 ton

210Bi�210 Po + e� + �e

210Po�206 Pb + �

tBi = 7.232 d

tPo =  199.634 d

F.L. Villante et al. - Phys.Lett. 
B701 (2011) 336-341 

• The 210Po (time and space) distribution can be used to determine 210Bi

but the detector should be stable (no convective motions) over long time scales.

nPo(t) = [nPo,0 � nBi] exp(�t/�Po) + nBi



Thermal insulation of the detector

Phase II Phase III

The convective motions triggered
by seasonal changes in temperature 

The detector is stable and a 
’’clean bubble’’ has appeared

Towards a CNO measurement in Borexino
Alessandra Carlotta Re, talk@ NuPhys2019



The CNO neutrino flux measured by Borexino

The observed CNO solar neutrino interaction rate in Borexino is:

RBX (CNO) = 7.0!".$%&.' cpd/100t                 Agostini et al. (Borexino Coll.) , Nature, 2020

[Absence of CNO neutrino signal disfavoured at 5.0s ]



Neutrino fluxes - the present situation 
Comparison between theoretical predictions and observational results:
[Salmon et al. 2021]

Pre-2020 (Bergstrom et al, 2016) Borexino fluxes 

Agostini et al. (Borexino Coll.), EPJ 2020
Seerenelli et al, PRD 2013
Villante and Serenelli, Frontiers of Astronomy 2021

à To exploit the full potential of future CNO determinations:
improvements in nuclear cross sections (e.g. S114) are needed



Conclusions

• Solar neutrino physics is entering the precision era

• Detailed knowledge of the of solar core à constraints on standard and 
non/standard energy generation and transfer mechanisms; solar chemical 
evolution paradigm, etc. 

• To exploit the full potential of future measurements à improvements in the SSM 
constitutive physics are needed [radiative opacities and nuclear cross sections]

• Some unsolved puzzles could be addressed à Future CNO neutrino 
measurements, combined with precise determinations of 8B and 7Be fluxes, can 
shed light on the solar abundance problem
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INTRODUCTION

!

Hawking 
Radiation

DM candidates:
- WIMPs;
- Axions;
- PBHs ;
- ….

Università Federico II di NapoliRoberta Calabrese

Detection of neutrinos emitted from PBHs by

Coherent Elastic Neutrino Nucleus Scattering (#$%&')

DETECTOR
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MPBH = 3.0 · 1015g, fPBH = 5.2 · 10°2

MPBH = 1.5 · 1015g, fPBH = 1.1 · 10°3

MPBH = 7.0 · 1014g, fPBH = 7.0 · 10°5

We adopted a NFW density profile for the 

galactic DM halo.

We can see that PBHs neutrinos are visible for 

energies larger than the abrupt fall-off of the 

solar hep neutrinos

!"#$% is flavor blind → no need to consider 

oscillation 

Università Federico II di NapoliRoberta Calabrese

NEUTRINO FLUX
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MPBH = 3.0 · 1015g, fPBH = 5.2 · 10°2

MPBH = 1.5 · 1015g, fPBH = 1.1 · 10°3

MPBH = 7.0 · 1014g, fPBH = 7.0 · 10°5

We calculated the event rate of !"'$% in a 

multi-ton DM direct detection experiment 

(DARWIN)

The event spectrum of PBHs depends on the 

mass of the PBH. For higher masses it is similar 

to the background. For lower masses it

is sensibly different.

For this reason, we have a employed a binned 

analysis to fully exploit the spectral information

Università Federico II di NapoliRoberta Calabrese

EVENT RATE
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Super K

!"#$% would allow us to improve the bounds 

derived from Super-Kamiokande and extend 

them to lower PBHs masses.

While we have limited our study to non-

rotating PBHs and a monochromatic

mass function, the study may be extended to 

more general settings.

We stress that in the context of PBHs searches 

the direct DM experiments would rather 

operate as low-energy indirect 

observatories, complementary to the high-

energy neutrino telescopes.

Università Federico II di NapoliRoberta Calabrese

PROSPECTIVE UPPER BOUNDS
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Standard Neutrino Floor

MPBH = 3.0 · 1015g, fPBH = 5.2 · 10°2

MPBH = 1.5 · 1015g, fPBH = 1.1 · 10°3

MPBH = 7.0 · 1014g, fPBH = 7.0 · 10°5

The solar, DSNB and atmospheric neutrinos 

constitute an irreducible background for the 

WIPMs searches. This background forms to the

so-called “neutrino floor”, an ultimate 

limitation to the discovery potential of the DM 

experiments.

Since the PBHs neutrinos lie on top of the 

“Standard” Background, the existence of a 

fraction of PBHs in the DM content would 

modify the neutrino floor.

We have quantified how much a signal from 

PBHs would heighten the “neutrino floor” 

Università Federico II di NapoliRoberta Calabrese

NEUTRINO FLOOR 



THANK YOU FOR THE 
ATTENTION
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The Galactic neutrino flux generated by the 
evaporation of a PBH is given by
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We can see that PBHs neutrinos are visible 
after the abrupt fall-off of the hep neutrinos 

Università Federico II di NapoliRoberta Calabrese

NEUTRINO FLUX
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UPPER BOUNDS



Neutrino Physics with 
the PTOLEMY project

Gianpiero Mangano

Dipartimento di Fisica, Università di Napoli Federico II
and INFN

Meeting NAT_NET, 6 luglio 2021



CNB indirect evidences

T < eVT ~ MeV

Formation of Large 
Scale Structures

LSS

Cosmic Microwave 
Background
CMB

Primordial
Nucleosynthesis

BBN

Flavor blindflavor dependent



CMB+LSS: allowed ranges for Neff

• Set of  parameters: ( Ωbh2 , Ωcdmh2 , h , ns , A , b , Neff  ) (Standard value: Neff  = 3)

• DATA: Planck , Flat Models
Planck Collaboration: Cosmological parameters

Fig. 35. Samples from Planck TT,TE,EE+lowE chains in
the Ne↵–H0 plane, colour-coded by �8. The grey bands
show the local Hubble parameter measurement H0 =
(73.45 ± 1.66) km s�1Mpc�1 from Riess et al. (2018a). Solid
black contours show the constraints from Planck TT,TE,EE
+lowE+lensing+BAO, while dashed lines the joint constraint
also including Riess et al. (2018a). Models with Ne↵ < 3.046
(left of the solid vertical line) require photon heating after neu-
trino decoupling or incomplete thermalization.

where gs is the e↵ective degrees of freedom for the entropy of
the other thermalized relativistic species that are present when
they decouple.33 Examples range from a fully thermalized ster-
ile neutrino decoupling at 1 <

⇠
T <
⇠

100 MeV, which produces
�Ne↵ = 1, to a thermalized boson decoupling before top quark
freeze-out, which produces �Ne↵ ⇡ 0.027.

Additional radiation does not need to be fully thermalized, in
which case �Ne↵ must be computed on a model-by-model basis.
We follow a phenomenological approach in which we treat Ne↵
as a free parameter. We allow Ne↵ < 3.046 for completeness,
corresponding to standard neutrinos having a lower temperature
than expected, even though such models are less well motivated
theoretically.

The 2018 Planck data are still entirely consistent with Ne↵ ⇡
3.046, with the new low-` polarization constraint lowering the
2015 central value slightly and with a corresponding 10 % re-
duction in the error bar, giving

Ne↵ = 3.00+0.57
�0.53 (95 %, Planck TT+lowE), (66a)

Ne↵ = 2.92+0.36
�0.37 (95 %, Planck TT,TE,EE+lowE), (66b)

with similar results including lensing. Modifying the relativis-
tic energy density before recombination changes the sound hori-
zon, which is partly degenerate with changes in the late-time ge-
ometry. Although the physical acoustic scale measured by BAO
data changes in the same way, the low-redshift BAO geometry
helps to partially break the degeneracies. Despite improvements

33For most of the thermal history gs ⇡ g⇤, where g⇤ is the e↵ective
degrees of freedom for density, but they can di↵er slightly, for example
during the QCD phase transition (Borsanyi et al. 2016) .

in both BAO data and Planck polarization measurements, the
joint Planck+BAO constraints remain similar to PCP15:

Ne↵ = 3.11+0.44
�0.43 (95 %, TT+lowE+lensing+BAO); (67a)

Ne↵ = 2.99+0.34
�0.33

(95 %, TT,TE,EE+lowE+lensing
+BAO). (67b)

For Ne↵ > 3.046 the Planck data prefer higher values of the
Hubble constant and fluctuation amplitude,�8, than for the base-
⇤CDM model. This is because higher Ne↵ leads to a smaller
sound horizon at recombination and H0 must rise to keep the
acoustic scale, ✓⇤ = r⇤/DM, fixed at the observed value. Since
the change in the allowed Hubble constant with Ne↵ is associ-
ated with a change in the sound horizon, BAO data do not help to
strongly exclude larger values of Ne↵ . Thus varying Ne↵ allows
the tension with Riess et al. (2018a, R18) to be somewhat eased,
as illustrated in Fig. 35. However, although the 68 % error from
Planck TT,TE,EE+lowE+lensing+BAO on the Hubble parame-
ter is weakened when allowing varying Ne↵ , it is still discrepant
with R18 at just over 3�, giving H0 = (67.3±1.1) km s�1Mpc�1.
Interpreting this discrepancy as a moderate statistical fluctuation,
the combined result is

Ne↵ = 3.27 ± 0.15

H0 = (69.32 ± 0.97) km s�1Mpc�1

9>=
>;

68 %, TT,TE,EE
+lowE+lensing
+BAO+R18.

(68)

However, as explained in PCP15, this set of parameters requires
an increase in �8 and a decrease in ⌦m, potentially increas-
ing tensions with weak galaxy lensing and (possibly) cluster
count data. Higher values for Ne↵ also start to come into ten-
sion with observational constraints on primordial light element
abundances (see Sect. 7.6).

Restricting ourselves to the more physically motivated
models with �Ne↵ > 0, the one-tailed Planck TT,TE,EE
+lowE+lensing+BAO constraint is �Ne↵ < 0.30 at 95 %. This
rules out light thermal relics that decoupled after the QCD phase
transition (although new species are still allowed if they decou-
pled at higher temperatures and with g not too large). Figure 36
shows the detailed constraint as a function of decoupling tem-
perature, assuming only light thermal relics and other Standard
Model particles.

7.5.3. Joint constraints on neutrino mass and Ne↵

There are various theoretical scenarios in which it is possible to
have both sterile neutrinos and neutrino mass. We first consider
the case of massless relics combined with the three standard de-
generate active neutrinos, varying Ne↵ and

P
m⌫ together. The

parameters are not very correlated, so the mass constraint is sim-
ilar to that obtained when not also varying Ne↵ . We find:

Ne↵ = 2.96+0.34
�0.33,X

m⌫ < 0.12 eV,

9>>=
>>;

95 %, Planck TT,TE,EE+lowE
+lensing+BAO. (69)

The bounds remain very close to the bounds on either Ne↵
(Eq. 67b) or

P
m⌫ (Eq. 63b) in 7-parameter models, showing that

the data clearly di↵erentiate between the physical e↵ects gener-
ated by the addition of these two parameters. Similar results are

48
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Observations in systems negligibly contaminated by 
stellar evolution (e.g. high redshift);

Careful account for galactic chemical evolution.

DATA

The quest for primordiality



Effect of  neutrinos on BBN
1. Neff fixes the expansion rate during BBN

2. Direct effect of  electron neutrinos and antineutrinos 
on the n-p reactions
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Deuterium synthesis

Di Valentino et al., Phys. Rev. D90 (2014) 
no. 2, 023543
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CNB: very low energy, difficult to measure directly by v-scattering
1. Large De Broglie wavelength l~0.1 cm

Coherent scattering over nuclei (or macroscopic domain)

Wind force on a test body, 

Cross section 

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

!!" ~10-63 (Tv/eV)2 cm2 relativistic

acceleration 

nv " NA/A !!" 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 .⃗ ⋅ 0⃗(2! − 2"!)



A ’62 paper by S. Weinberg and v chemical potential
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2 mv gap in electron spectrum around Q

Weinberg: if  neutrinos are degenerate we could observe structures around the beta 
decaying nuclei endpoint Q

v’s are NOT degenerate but are massive!

A. Cocco, G.M. and M. Messina 2007





•Clustering and v local density

Massive neutrinos cluster on CDM and baryonic structures. The local density at Earth 
(8 kpc away from the galactic center) is expected to be larger than 56 cm-3

Neutrinos accrete when their velocity becomes comparable with protocluster 
velocity dispersion (z<2)

Usual assumption: Halo profile governed by CDM only

NFW universal profile



A. Ringwald and Y. Wong 2004               

N-1-body simulations

Updated in de Salas et al 2017

Milky Way

Top curve: NFW      Bottom curve: 
static present MW matter profile



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    D=0.2 eV if  mv=0.7  eV 

D=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 |Ue4|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.
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Y. Raitses1, W. Sands3, M. Schaefer1, J. Taylor1, C. G. Tully3, R. Woolley1, and A.
Zwicker1

1Princeton Plasma Physics Laboratory
2Argonne National Laboratory and University of Chicago
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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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Neutrino Physics with PTOLEMY

• Neutrino mass measurement (results expected from KATRIN exp.) 
• Sterile neutrinos in the eV mass range (neutrino oscillation anomalies)
• NCB
• keV sterile neutrinos (Warm Dark Matter candidates)
• …
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has a larger amplitude in the latter case, making the situation more favorable due to the fact
that most of the interesting events have a larger separation from the � decay background.

3 Data analysis method

To estimate the sensitivity of PTOLEMY to the neutrino mass scale we follow and adapt the
procedure proposed in the KATRIN Design Report [8] and revisited from the Bayesian point
of view in [44], see also [45]. We consider here in detail the standard active neutrino states,
but the analysis can be easily extended to include an extra sterile state with mass in the eV
range, see section 6. Following the notation adopted in the previous section, we define the
number of � decay and neutrino capture events within an energy bin centered at Ei as

N
i

� = T

Z
Ei+�/2

Ei��/2

de��

dEe

dEe , (3.1)

N
i

CNB = T

Z
Ei+�/2

Ei��/2

de�CNB

dEe

dEe , (3.2)

with T the exposure time. In our Bayesian simulation we reconstruct the physical parameters
given an initial fiducial model. We will indicate with hats the fiducial parameter values,
while the quantities without hats refer to the varying parameters in the analyses. For the
fiducial models we will select different values for lightest neutrino mass m̂lightest, while the
other masses (m̂i) and mixing matrix (Û) parameters, as well as the true endpoint of the �

spectrum (Êend), are fixed according to the currently known best fit values 3.
For the fiducial model, the number of expected events per energy bin is given by:

N̂
i = N

i

�(Êend, m̂i, Û) +N
i

CNB(Êend, m̂i, Û) . (3.3)

The total number of events that will be measured in a bin is the sum of N̂ i and a constant
background:

N̂
i

t = N̂
i + N̂b . (3.4)

Here we will adopt a fiducial PTOLEMY background rate �̂b, so that the number of back-
ground events becomes N̂b = �̂b T . For the main purpose of direct detection of relic neutrinos,
we require a background rate that must be much smaller than the one achieved in KATRIN,
which is around 10�2 Hz. A value that could be suitable to our purposes can be �̂b ' 10�5 Hz,
which will be adopted in the following. Larger background rates may not allow to distinguish
the few signal events that are expected in the full-scale PTOLEMY configuration, but more
detailed studies on the topic are left for future works. We then estimate the experimental
measurement in each energy bin using the Asimov dataset, i.e. with no statistical fluctuations
around the number of events computed using the fiducial parameter values [46]:

N
i

exp(Êend, m̂i, Û) = N̂
i

t ±

q
N̂

i
t
, (3.5)

assuming a statistical error of
q
N̂

i
t

in each bin. Systematic errors will be studied using
dedicated Monte Carlo simulations once the detector design will be more defined.

3When considering the case of sterile states, one should also add a fiducial mass m̂4, mixing angle and
cosmological number density as suggested by oscillation anomalies and allowed by cosmological data.
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other masses (m̂i) and mixing matrix (Û) parameters, as well as the true endpoint of the �
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The simulated measurement is fitted in order to reconstruct the values of the theoretical
parameters that describe the physical model. We introduce a normalization uncertainty on
the number of � events (A�), on the endpoint energy (�Eend) and an unknown constant
background (Nb). For these parameters we use linear priors in A� 2 [0, 2], lnNb 2 [�1, 3]
and �Eend 2 [�1, 1] eV and their values will be determined by the fit. We additionally vary
the mass of the lightest neutrino (mlightest 2 [0, 1] eV), from which we compute the other
mass eigenstates according to the mass splittings measured by current neutrino oscillation
experiments, �m

2
21 = 7.55 ⇥ 10�5 eV2 and �m

2
31 = 2.50 ⇥ 10�3 eV2 for normal or �m

2
31 =

2.42⇥ 10�3 eV2 for inverted ordering [37].
In order to test the perspectives for CNB detection, we multiply the capture event

number by an unknown normalization ACNB, whose baseline value is one and for which we
consider a linear prior ACNB 2 [0, 5]. From the fitted value of ACNB one can in principle
extract information on the Dirac/Majorana nature of neutrinos, on the cross section depen-
dence on NSI and on the neutrino clustering. As already mentioned, however, this task will
be challenging due to the degeneracy of the various effects and will not be explored in this
work, where we only assess the statistical reach of the PTOLEMY setup. A direct detection
of the CNB (or a measure of the lightest neutrino mass) at a given C.L. can be claimed if the
credible interval for ACNB (or mlightest) at that C.L. is found to be incompatible with zero.
A more accurate test would require a comparison between the model with free ACNB and the
model with ACNB = 0, for example using the Bayes factor or a maximum likelihood ratio.
We have checked that the results of the two methods are approximately equivalent, with the
model comparison method based on the Savage-Dickey density ratio [47] giving slightly more
pessimistic results. Since the sensitivity of the PTOLEMY experiment will be more precisely
assessed only when we will know the systematic uncertainties related to the detector, we do
not go in further details here.

For sake of brevity, in the following we will indicate the list of theoretical parameters with
✓ = (A� , Nb,�Eend, ACNB,mi, U). The theoretical number of events in the bin i therefore
reads

N
i

th(✓) = Nb +A� N
i

�(Êend +�Eend,mi, U)

+ ACNBN
i

CNB(Êend +�Eend,mi, U) . (3.6)

In order to perform the analysis and fit the desired parameters ✓, we use a Gaussian �
2

function:

�
2(✓) =

X

i

 
N

i
exp(Êend, m̂i, Û)�N

i

th(✓)p
N

i
t

!2

, (3.7)

which will be converted into a likelihood function L for the Bayesian analysis according to
�
2 = �2 logL. The Gaussian approximation is fully justified for the energy bins for which we

have a large number of events, as expected for the � spectrum. We checked that the presented
results for the expected sensitivity on the CNB detection, which mostly come from bins with
a small number of events, do not change when a Poissonian likelihood is considered instead:

lnL(✓) =
X

i

⇣
N

i

exp(Êend, m̂i, Û) lnN i

th(✓)�N
i

th(✓)� ln�[N i

exp(Êend, m̂i, Û) + 1]
⌘
. (3.8)

In the following series of simulations, we consider three possibilities for the detector
mass. The full-scale PTOLEMY detector, aiming at the direct detection of the CNB, requires
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Notice that the expected event rate in equation (2.4) does also depend on the neutrino
nature, being in general twice as large for non-relativistic Majorana neutrinos with respect
to the Dirac case [40]. The reason is that, when neutrinos become non-relativistic while
free-streaming, helicity is conserved contrary to chirality. In the Dirac case, this leads to
a population of half the original amount of left-handed neutrinos that are left-chiral, and
therefore able to be captured in tritium, while in the Majorana case the original right-handed
neutrinos also contribute with a developed left-chiral component, which amounts to a twice
larger local density of relic neutrinos that can be detected than in the Dirac case. This
relative factor two, however, is exact only for non-relativistic relic neutrinos with standard
interactions. Non-standard interactions (NSI) involving Dirac neutrinos, indeed, could change
the event rate by a factor between 0.3 to 2.2, depending on the values of the parameters which
describe the interactions beyond the standard model, while in the Majorana case the possible
variation is restricted to a few percent [41]. This means that the Dirac case in presence of
non-standard interactions could perfectly mimic the Majorana case. Moreover, if the lightest
neutrino has an extremely small mass and is still relativistic today, the event rate is the same
for both cases. Depending on the lightest neutrino mass, therefore, the event rate may change
by a factor in the range 1-2, thus between the Dirac and Majorana cases, again considering
only standard interactions [40, 42]. This factor changes the total number of expected events at
PTOLEMY, which therefore could in principle be used to obtain information on the nature of
the neutrino masses. Yet, this goal seems quite difficult to achieve, since the total event rate
is also influenced by the cross section, which depends on the nature of the neutrino masses
or NSI parameters, as well as on the clustering factor, a function of the neutrino masses and
the local environment around Earth. This means that only through a precise calculation of
the neutrino clustering and independent determinations of the NSI parameters would it be
possible to disentangle the different effects.

Because of the finite experimental energy resolution, the main background to the neu-
trino capture process comes from the most energetic electrons of the � decay of tritium, since
they can be measured with energies larger than the endpoint. To estimate the rate of such
background, we need to account for the � decay spectrum [43]

d��

dEe

=
�̄

⇡2
NT

N⌫X

i=1

|Uei|
2
H(Ee,mi) . (2.8)

Defining y = Eend,0 � Ee �mi, with Eend,0 the energy at the � decay endpoint for massless
neutrinos,

H(Ee,mi) =
1�m

2
e/(Eem3H)

(1� 2Ee/m3H +m2
e/m

2
3H)

2

s

y

✓
y +

2mim3He

m3H

◆
⇥

⇥


y +

mi

m3H
(m3He +mi)

�
. (2.9)

To account for the experimental energy resolution �, we introduce a smearing in the electron
spectrum. This is done using a convolution of both the CNB signal and the � decay spectrum
with a Gaussian of full width at half maximum (FWHM) given by �. The smeared neutrino
capture event rate e�CNB then reads

de�CNB

dEe

(Ee) =
1

p
2⇡(�/

p
8 ln 2)

N⌫X

i=1

�i ⇥ exp

⇢
�
[Ee � (Eend +mi +mlightest)]2

2(�/
p
8 ln 2)2

�
, (2.10)
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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
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Neutrino mass sensitivity



CNB detection (100 g)

Figure 5. Statistical significance for the detection of the CNB as a function of the fiducial lightest
neutrino mass m̂lightest and the energy resolution �, considering 100 g yr of PTOLEMY data. The
top (bottom) panel represents normal (inverted) ordering of the neutrino mass eigenstates.

effect that a sterile neutrino may have on the � spectrum or on neutrino capture events,
which can be described using only its mass and the mixing with electron flavor (Ue4), we will
only focus on the neutrino oscillation constraints that come from the electron (anti)neutrino
disappearance channel, which regard indeed the squared mass difference �m

2
41 and the mixing

matrix element Ue4. One among the best approaches to distinguish the effect of new neutrino
oscillations from the presence of other systematic uncertainties, like for example a wrong
theoretical spectrum of reactor antineutrinos, is to measure the flux at different distances from
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Normal ordering Figure 5. Statistical significance for the detection of the CNB as a function of the fiducial lightest
neutrino mass m̂lightest and the energy resolution �, considering 100 g yr of PTOLEMY data. The
top (bottom) panel represents normal (inverted) ordering of the neutrino mass eigenstates.

effect that a sterile neutrino may have on the � spectrum or on neutrino capture events,
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only focus on the neutrino oscillation constraints that come from the electron (anti)neutrino
disappearance channel, which regard indeed the squared mass difference �m

2
41 and the mixing

matrix element Ue4. One among the best approaches to distinguish the effect of new neutrino
oscillations from the presence of other systematic uncertainties, like for example a wrong
theoretical spectrum of reactor antineutrinos, is to measure the flux at different distances from
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Figure 6. Statistical significance for a detection of �m
2
41

from measurements of the � spectrum,
assuming various fiducial values for the new squared mass difference and mixing angle, considering
10 mg yr (top panel), 1 g yr or 100 g yr (bottom panel) of PTOLEMY data. Black contours denote
the 3� constraints from NEOS and DANSS [60], while the red line shows the 90% CL sensitivity
which is expected for KATRIN [78].
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A problem with graphene?

Cheipesh et al 2021
3H bound in potential well of  order 0.2 – 3 eV
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Numbers under scrutiny!
A theoretical panel (cosmologist-graphene
experts, solid state physicist) at work within
Ptolemy (G.M. coordinator)
Is 3He emitted as a free particle?



Neutrino Physics with PTOLEMY: Conclusions
Ambitious goal: 

NCB detection
Sterile neutrino physics

Shorter time goal:

Neutrino mass detection
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Weak rates:
radiative corrections O(α)
finite nucleon mass O(T/MN)
plasma effects O(αT/me)
neutrino decoupling O(GF2 T3 mPl)

Main uncertainty: neutron lifetime
τn= 885.6 ± 0.8 sec (old PDG mean)
τn=878.5  ± 0.8 sec (Serebrov et al  2005)

Presently:

τn=880.3 ± 1.1 sec 

4He mass fraction YP linearly increases 
with τn: 0.246 - 0.249

Nico & Snow 2006

G.M. et al  2005Neff=3.046

gA

gV



Nuclear rates:
main input from experiments
low energy range (102 KeV)
major improvement: underground 
measurements (e.g. LUNA at LNGS)

2H(p,γ)3He

LUNA

LUNA

Rupak

n(p,γ)2H

3He(α,γ)7BeWeitzmann Inst. ERNA:  S(0)=0.57±0.04 KeV b    Di Leva et al 2010



Mass Ordering (Hierarchy)

Figure 3. Statistical significance for the determination of the neutrino mass ordering, if the NO is
assumed as true, as a function of the fiducial lightest neutrino mass m̂lightest and the energy resolution
�, considering 100 g yr of PTOLEMY data. Positive values of lnBNO,IO correspond to a preference
for NO, which is statistically decisive (& 5�) if lnBNO,IO & 15.

spectra diminishes, but not enough, if the neutrino mass is sufficiently small, to decrease below
the statistical error and consequently completely lose the sensitivity to the mass ordering.

5 CNB detection

In this Section we investigate the possibility to detect the CNB capture events. As already
mentioned, we fit the signal from CNB capture using a free normalization ACNB, see eq. (3.6),
and we can claim a detection if ACNB can be distinguished from zero. Figure 5 shows the
C.L. which can be achieved as a function of the different fiducial lightest neutrino masses
and energy resolutions. As we can see, it is crucial to achieve a very good energy resolution,
but this may be not enough if the neutrino masses are very small and the ordering of the
mass eigenstates is normal. While smaller amounts of tritium may be sufficient to study the
neutrino mass spectrum, experimental configurations with less than 100 g of tritium are not
suitable for CNB searches, due to the too low event rate.

The situation does not change significantly if one takes into account the possible en-
hancement of the event rate due to the clustering of relic neutrinos in the local dark matter
halo, or other effects that could increase the cross section of the process, such as a Majorana
nature of neutrinos or the presence of NSI. The crucial point, in fact, is that these factors
could help to increase the number of observed signal events only if the energy resolution allows
to distinguish them from the � decay background, which has a many orders of magnitude
larger rate.

We already noticed that direct detection of relic neutrinos is generally easier for inverted
than for normal mass ordering, when the neutrino masses are small and the energy resolution
is sufficiently good. This is due to the fact that the primary CNB peaks are shifted at higher
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Bayesian evidence

56Θ 8 6 91 8 91

56Θ 8 6 92 8 92



The CMB

Anisotropies contain so much information abut the cosmological model!

Planck 2018 

Planck Collaboration: Cosmological parameters
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Fig. 1. Planck 2018 temperature power spectrum. At multipoles ` � 30 we show the frequency-coadded temperature spectrum
computed from the Plik cross-half-mission likelihood, with foreground and other nuisance parameters fixed to a best fit assuming
the base-⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum estimates from the Commander
component-separation algorithm, computed over 86 % of the sky. The base-⇤CDM theoretical spectrum best fit to the Planck

TT,TE,EE+lowE+lensing likelihoods is plotted in light blue in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� diagonal uncertainties, including cosmic variance (approximated as Gaussian) and not
including uncertainties in the foreground model at ` � 30. Note that the vertical scale changes at ` = 30, where the horizontal axis
switches from logarithmic to linear.

the best-fit temperature data alone, assuming the base-⇤CDM
model, adding the beam-leakage model and fixing the Galactic
dust amplitudes to the central values of the priors obtained from
using the 353-GHz maps. This is clearly a model-dependent pro-
cedure, but given that we fit over a restricted range of multipoles,
where the TT spectra are measured to cosmic variance, the re-
sulting polarization calibrations are insensitive to small changes
in the underlying cosmological model.

In principle, the polarization e�ciencies found by fitting the
T E spectra should be consistent with those obtained from EE.
However, the polarization e�ciency at 143 ⇥ 143, c

EE

143, derived
from the EE spectrum is about 2� lower than that derived from
T E (where the � is the uncertainty of the T E estimate, of the
order of 0.02). This di↵erence may be a statistical fluctuation or
it could be a sign of residual systematics that project onto cali-
bration parameters di↵erently in EE and T E. We have investi-
gated ways of correcting for e↵ective polarization e�ciencies:
adopting the estimates from EE (which are about a factor of
2 more precise than T E) for both the T E and EE spectra (we
call this the “map-based” approach); or applying independent

estimates from T E and EE (the “spectrum-based” approach). In
the baseline Plik likelihood we use the map-based approach,
with the polarization e�ciencies fixed to the e�ciencies ob-
tained from the fits on EE:

⇣
c

EE

100

⌘
EE fit

= 1.021;
⇣
c

EE

143

⌘
EE fit

=

0.966; and
⇣
c

EE

217

⌘
EE fit

= 1.040. The CamSpec likelihood, de-
scribed in the next section, uses spectrum-based e↵ective polar-
ization e�ciency corrections, leaving an overall temperature-to-
polarization calibration free to vary within a specified prior.

The use of spectrum-based polarization e�ciency estimates
(which essentially di↵ers by applying to EE the e�ciencies
given above, and to T E the e�ciencies obtained fitting the T E

spectra,
⇣
c

EE

100

⌘
TE fit

= 1.04,
⇣
c

EE

143

⌘
TE fit

= 1.0, and
⇣
c

EE

217

⌘
TE fit

=

1.02), also has a small, but non-negligible impact on cosmo-
logical parameters. For example, for the ⇤CDM model, fitting
the Plik TT,TE,EE+lowE likelihood, using spectrum-based po-
larization e�ciencies, we find small shifts in the base-⇤CDM
parameters compared with ignoring spectrum-based polariza-
tion e�ciency corrections entirely; the largest of these shifts
are +0.5� in !b, +0.1� in !c, and +0.3� in ns (to be com-
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Effect of  CNB on CMB and LSS
Mean effect (Sachs-Wolfe, M-R equality)+ perturbations

Perturbations

Acoustic peak amd damping tail: Neff
Lensing potential on CMB: mv larger expansion
rate suppresses clustering

Large Scale Structure: suppression at small scales
k > 0.1 h Mpc-1





A. Ringwald and Y. Wong 2004               

N-1-body simulations



3H

1272 b- nuclei

799 b+ nuclei

Beta decaying nuclei 
having BR(b±) > 5 %
selected from 14543 
decays listed in the 
ENSDF database



Issues:

1. Rates

Nuclear form factors (shape factors) uncertainties: use beta observables 



cos’è la materia per la  
fisica delle particelle 

e perché cercare di osservarne  
la creazione in laboratorio

Francesco Vissani, INFN Gran Sasso & GSSI



il contesto

Nel modello standard, tutte le particelle che costituiscono la materia sono accompagnate da particelle di antimateria. 
In questo modello le differenze tra numeri leptonici  dove  sono esattamente conservate. Questa 
previsione è in disaccordo con i fenomeni di apparizione di nuovi sapori, osservati studiando i neutrini. 

L’operatore di Minkowski-Weinberg con dimensione canonica 5 dota i neutrini di massa, dando origine alle 
“oscillazioni a tre sapori” che spiegano le suddette osservazioni. Se questa modifica del modello standard è corretta, 
l’autostato di massa del neutrino coincide con la propria antiparticella, come suggerito molti anni fa da Majorana.

Al momento, il modo più promettente per validare queste idee è la ricerca di una rarissima transizione nucleare, detta 
decadimento doppio-beta senza neutrini, nella quale vengono create due particelle di materia - due elettroni. 

La − Lb a, b = e, μ, τ

Francesco Vissani Cos’è la materia per la fisica delle particelleIncontro NAT-NET, 6 Luglio 2021



In considerazione degli sforzi sperimentali ai quali la comunità scientifica si sta approntando per cercare questa transizione:

1) ripercorriamo la storia di queste idee, evidenziando le principali difficoltà concettuali incontrate e sottolineando 
l’attualità e valore (anche didattica) del formalismo di Majorana

2) esaminiamo i vincoli sul processo in 
esame, mettendo in particolare evidenza 
l'importanza delle misure di cosmologia

3) ribadiamo l'enorme importanza di questi 
studi per la fisica oltre il modello standard 

(ad oggi l’unica evidenza sperimentale che il 
concetto di “fisica oltre il modello standard” abbia 
una quale consistenza deriva proprio dallo studio 
della massa dei neutrini)

Francesco Vissani Cos’è la materia per la fisica delle particelleIncontro NAT-NET, 6 Luglio 2021



Yèche et al., 2017 Capozzi et al., 2020
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ipotizzando che l’ordine delle masse di neutrini sia 
del tipo “normale” e che la massa sia di Majorana, 
presentiamo una nuova rappresentazione delle 
possibilità di avere successo o meno nella ricerca 
sperimentale del processo in funzione del valore 
del parametro sondato  basata sulle misure della 
cosmologia riguardanti 

mββ
Σ = m1 + m2 + m3

Francesco Vissani Cos’è la materia per la fisica delle particelleIncontro NAT-NET, 6 Luglio 2021



Francesco Vissani Cos’è la materia per la fisica delle particelleIncontro NAT-NET, 6 Luglio 2021

D I  C O S A  E ’  FAT TA  L A  “ M AT E R I A” ?

Componenti Elementari 
Della Materia

Caratteristica 
Identificativa

Termine Vigenza Modello   
[Teoria] Esperimento 

Motivo Della 
Inadeguatezza

Atomi Specie, Massa [1838] 1909 [Atomi Di Elettricità] 
Elettroni

Elettroni & Nuclei Carica, Massa, Spin [1930] 1956 [Teoria Di Fermi]  
Neutroni & Neutrini 

                        , “” [1961] 1968 [Modello Standard] 
Quarks

Quark & Leptoni                                      , “” [1962] 2010 [Mescolamento Leptoni] 
Esperimenti Di Apparizione 

Quark-Leptoni     ,   “” [1937]   ? [Massa Di Majorana]   

Fermioni Massa, Spin [1977] ??? [Supersimmetria?]   
???

2n → 2p + 2e

B, Le, Lμ . . .

B−L, Le−Lμ, . .
B − L

p, n, e, νe, μ . . .



Grazie per 
l’attenzione!

Francesco Vissani Cos’è la materia per la fisica delle particelleIncontro NAT-NET, 6 Luglio 2021



Secondo Meeting PRIN NAT-NET (WP1)
6 July 2021

Neutrino Flavor Conversions 
in Supernovae

Francesco Capozzi
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Flavor conversions: overview

R [km]

shock
PNS

0 10 few 100 1000

να

να νβ

νβ
Impact on 

detection, nucleosynthesis

Conversions can happen at different locations
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Flavor conversions: overview

R [km]

shock
PNS

0 10 few 100 1000

να

να νβ

νβ

Impact on 
detection

nucleosynthesis
explosion

I will focus on possible conversions happening below the shock

Conversions can happen at different locations
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Fast conversions

Example: ν (ν) dominate in the forward (backward) direction
_

n(ν) - n(ν)  
_

θ0

crossing point

Necessary and sufficient condition for fast conversions: 
angular crossing (Morinaga, arXiv:2103.15267)
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Crossings possible both below and above the shock wave

Capozzi, Abbar, Bollig, Janka, Phys. Rev. D 103 (2021) no.6, 063013

Looking at real simulations
Are crossing really happening in supernovae?

see also 
Tamborra, Huedepohl, Raffelt, Janka, 2017; Abbar, Duan, Sumiyoshi, Takiwaki, Volpe, 2018; Morinaga, Nakagura, Kato, Yamada, 2019; 

Azari, Yamada, Morinaga, Iwakami, Okawa, Nakagura, Sumiyoshi 2019;  Morinaga, Nagakura, Kato, Yamada 2020;  
Abbar, Capozzi, Glas, Janka, Tamborra 2021

http://inspirehep.net/author/profile/Sumiyoshi%2C%20Kohsuke?recid=1709420&ln=en
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1) What is the final outcome of fast conversions?

Phenomenology of fast conversions

Abbar, Volpe, Phys. Lett. B 790 (2019), 545-550 
Johns, Nagakura, Fuller, Burrows, Phys. Rev. D 102 (2020) no.10, 103017 

Bhattacharyya, Dasgupta, Phys. Rev. Lett. 126 (2021) no.6, 061302 
Bhattacharyya, Dasgupta, Phys. Rev. D 102 (2020) no.6, 063018 

Bhattacharyya, Dasgupta, arXiv:2101.01226 
Shalgar, Tamborra, arXiv:2106.15622

3) How do they develop in space and time?
Shalgar, Padilla-Gay, Tamborra,JCAP 06 (2020), 048 

Bhattacharyya, Dasgupta, Phys. Rev. D 102 (2020) no.6, 063018

2) Is there a dependence on the neutrino energy?
Shalgar, Tamborra, JCAP 01 (2021), 014 

Shalgar, Tamborra, arXiv:2103.12743

Fast Conversions seem to be happening. 
What about their impact? Some questions:
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4) What happens in three flavours?

Phenomenology of fast conversions

Chakraborty, Chakraborty, JCAP 01 (2020), 005 
Capozzi, Chakraborty, Chakraborty, Sen, Phys. Rev. Lett. 125 (2020), 251801 

Shalgar, Tamborra, arXiv:2103.12743

5) What is the role of collisions?
Capozzi, Dasgupta, Mirizzi, Sen, Sigl, Phys. Rev. Lett. 122 (2019) no.9, 091101 

Martin, Carlson, Cirigliano and Duan, Phys. Rev. D 03 (2021), 063001 
Shalgar, Tamborra, Phys. Rev. D 103 (2021), 063002

6) What happens with extremely tiny crossings?
Morinaga, Nagakura, Kato, Yamada, Phys. Rev. Res. 2 (2020) no.1, 012046 

Zaizen, Morinaga, arXiv:2104.10532

Fast Conversions seem to be happening. 
What about their impact? Some questions:
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Phenomenology of fast conversions

7) Including fast conversions in supernova simulations?

xxxx, et al. Phys. Rev. Lett. nn (20yy) mm, ll

Still a lot of work ahead

Fast Conversions seem to be happening. 
What about their impact? Some questions:


