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2Neutrino Properties
✓ Neutrino oscillation: massive neutrinos & significant leptonic flavor mixing 

✴ Neutrino mass ordering: normal mass ordering (NO, ) or 

inverted mass ordering (IO, )?

✴ The absolute neutrino mass scale is still unknown. Neutrino mass origin?

✴ Dirac or Majorana particles? Lepton number/flavor violation? (New physics!)

m1 < m2 < m3
m3 < m1 < m2

upper bound…

very precise!

🧐 neutrino mean life



3Relic Neutrinos
✓ Neutrinos decoupled @ the 1st sec.

✓ A non-relativistic neutrino source

✓ Reveal neutrinos’ intrinsic properties
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4Relic Neutrinos
✓ Neutrinos decoupled @ the 1st sec.

✓ A non-relativistic neutrino source

✓ Reveal neutrinos’ intrinsic properties

nCνB ≈ 56 (
Tγ

2.726 K ) cm−3

TCνB ≈ 1.95 K ∼ 0.168 meV

• Number density per flavor per helicity

• Temperature today

• Average momentum ⟨pν⟩ ≈ 0.5 meV

At least two mass states 
are non-relativistic!

Δm2
21 ≈ 7.4 × 10−5 eV2

Δm2
31 ≈ 2.5 × 10−3 eV2



5Detection CνB with Tritium

RADIATIVE C O R R E C T I O N S TO D E C A Y PROCESSES 1457 

VI. CONCLUSIONS 

We see that the theoretically predicted n lifetime 
agrees with the experimental data for M—MR and that 
our numerical results are insensitive to the value 
chosen for the cutoff. Indeed, Eqs. (18), (19), and (22) 
imply that TjToXi is cutoff independent if the IVB 
mass is finite. In the Fermi theory this ratio is loga-
rithmically divergent. The above results were obtained 
by neglecting the momentum transfer in the diagrams 
involving boson self-energy parts. An examination of 
the boson propagators in these diagrams indicates that 
the leading momentum-transfer term contributing to 
the JX lifetime for universal coupling is 0(M^Me/nt2). 
That is, the quadratic divergence in the IVB self-energy 
parts will yield a significant contribution only when 

I. INTRODUCTION 

WE have previously pointed out1 that neutrinos 
may be subject to an Olbers paradox even if 

photons are not. (An Olbers paradox is an infinite value 
for some total cosmic flux.) Neutrinos carry a quantum 
number, so that their number density must stay finite, 
however red shifted they may become. I t was shown 
that the popular modern cosmologies do not lead to a 
neutrino Olbers paradox, but for very different reasons: 
In the steady-state cosmology the speed of neutrinos 
vanishes beyond a certain distance (if we use a time-
independent metric). In the evolutionary cosmologies 
neutrino emission has only been going on for a finite 
time. In the oscillating cosmologies absorption of 

* Alfred P. Sloan Foundation Fellow, on leave from the Uni-
versity of California, Berkeley, California. 

1 S. Weinberg, Nuovo cimento 25, 15 (1962). The preprint 
of this work contained some mistaken remarks about degeneracy 
which should be ignored. 

(a:/27r)(A2/w2)(MMMe/w2)>0.1%. For m^MK this 
implies A>35M. Therefore, the results shown in Fig. 3 
are valid for a range of A from less than M to approxi-
mately 35M. 

Any possible significance of an IVB with a mass equal 
to that of a K meson must await the description of 
decay processes by a theory which leads to unique (and 
finite) results. 
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neutrinos must become important during the contracted 
, phase. 
• But neutrinos differ also from photons in that they 

obey Fermi statistics. The question arises whether any 
' cosmological theories give rise to a degenerate neutrino 

population.2 The answer is definitely yes, but again 
' characteristic differences among these theories appear. 
L In any cosmology (such as the steady state or oscillating 

theories) in which neutrino emission has been going on 
' for an infinite time, it will be shown rigorously that 

precisely one-half of all neutrinos and antineutrino 
3 energy levels are full at very low energy. (The neutrino 

levels may be full and the antineutrino levels empty, for 
^ example.) The same is likely to be true in a "big-bang" 

evolutionary theory. The calculation takes into account 
both absorption and the repressive effect of already 
filled levels. 

r 2 This speculation was first raised by K. M. Watson (private 
communication). 
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Universal Neutrino Degeneracy 
STEVEN WEINBERG* 

Imperial College of Science and Technology, London, England 
(Received March 22, 1962) 

Modern cosmological theories imply that the universe is filled with a shallow degenerate Fermi sea of 
neutrinos. In the steady state and oscillating models (and perhaps also the "big bang" theories) it can be 
shown rigorously that the proportion of filled neutrino levels (plus the proportion of filled antineutrino levels) 
is precisely one up to a finite Fermi energy EF- The proof takes into account both absorption and the repres-
sive effects of already filled levels on neutrino emission. Experiment shows that EF <200 eV for antineutrinos 
and £ir<1000 eV for neutrinos. The degenerate neutrinos could be observed (if EF>10 eV) by looking for 
apparent violations of energy conservation in /3~ decay. In the steady state and evolutionary cosmologies EF 
is much too low to ever be observed, but in the oscillating cosmologies EF^5RC MeV, where Rc is the 
minimum radius of the universe in units of its present radius; thus experiment already shows that the uni-
verse will contract by a factor over 103, if at all. Astronomical evidence plus Einstein's field equation (without 
cosmological constant) require in an oscillating cosmology that E^<2X10~3 eV (so i?c<10-9) and suggest 
that higher energy neutrinos may represent the bulk of the energy of the universe. A model universe in-
corporating this idea is constructed. 

U N I V E R S A L N E U T R I N O D E G E N E R A C Y 1471 

iSvl 

K *••** *e 

FIG. 2. Shape of the upper end of an allowed Kurie plot to be 
expected in a (3r decay if neutrinos are degenerate up to energy EF, 
or in a (3+ decay if antineutrinos are degenerate. 

The events with Ee>Wo will fall on an extension of the 
Kurie plot that rises with precisely the same slope [if 
X + ( 0 ) = 1 ] with which the plot fell up to W0. (See 
Fig. 2.) 

If X+(W) = 1 for W<EF, and X+(W) = 0 for W>EF, 
then this extension of the Kurie plot will extend to 
Ee^EF+Wo, and the function of all events with 
E e > W o w i l l b e 

N(Ee>W0)/N= 
WQ+EF 

PeEe(Ee~W0)2FdEe 
Wo 

WQ+EF 

PeEe(Ee-WoyFdEe 

^K(0 ) /67 r 2 ] (£Vw^ 2 ) 3 (143) 

Here g(0) is the effectiveness coefficient defined in 
Sec. IV. If the decay has a Q value well below mec2, and 
if we neglect Coulomb effects, then 

g(0) =(105/8 V ( w ^ / e ) 8 , 
so 

N(Ee>Wo)/N~(35/l6)(EF/QY. (144) 

On the other hand, if Q^mec2, then 

g(0) = 607r2(mec2/Q)\ 
so 

N(Ee>W0)/N~10(EF/Q)\ (145) 

If it is antineutrinos that are degenerate with X _ = 1 
for W<EF, and X _ = 0 for W>EF, then precisely the 
same formula gives the number of missing events 
between WQ—EF and WQ: 

iV (missing) {EF/mec2)zg{0) 

N 6TT2 

If both neutrinos and antineutrinos were partly 
degenerate, it would be the sum of N(Ee>W0) and 
N (missing) that would be correctly given by (143). (Of 
course the effects of v and v degeneracy are interchanged 
for j3+ decay.) 

Now, the best experiments20 on the shape of the right 
end of an allowed Kurie plot were performed on the 
tritium fir decay with the object of setting an upper 
limit on the v mass. A mass effect would look very much 
like the effect of degenerate antineutrinos, and so we 
can use the results of these experiments to say that if 
antineutrinos are degenerate the Fermi energy EF must 
be below about 200 eV. 

But in an oscillating or evolutionary cosmology it 
would be the neutrinos rather than the antineutrinos 
that are degenerate at low energy, and the anomaly in 
fir decay would come beyond the end point. No apparent 
violations of energy conservation have ever been 
reported, but it is not clear whether they would have 
been. In reports of the more recent experiments20 the 
plotted points stop about 200 eV short of the tritium 
end point, so (since the energy resolution was about 
120 eV) it is not certain whether a rise beyond the end 
point would have been noticed. In an earlier experi-
ment21 the reported histogram extended about 1 keV 
beyond the end point and continued dropping (in a 
manner consistent with the finite energy resolution), so 
presumably we can conclude that if neutrinos are 
degenerate, EF < 1 keV. (Hence if the universe oscillates, 
i?c<2X10~4.) 

Neutrino degeneracy would give an effect appearing 
like a finite neutrino mass in a fi+ decay. The Kurie plot 
of the fi+ decay mode22 of Cu64 is linear to within 60 keV 
of its end point, so this gives an independent upper 
bound on the Fermi energy, EF<60 keV. 

Much less is known about the spectrum end point in 
muon decay. Experiments23 on n+ decay indicate that 
the j>M mass is less than about 4 MeV, so if j>M's are 
degenerate the same experiments would also indicate 
that EF<4: MeV. We expect EF to be about 20 times 
greater for v^ than for ve (if they are different) but even 
so these experiments are much less informative than 
those on /3-decay spectrum shapes. 

It would evidently be very worthwhile to do a counter 
experiment specifically designed to look for electrons 
with energies just above the end point in a fir decay. 
Tritium might be preferable because of background 
problems and because it has an accurately known end 
point; a decay process with a higher Q value would give 
more counts above the end point, though a smaller 
proportion. For tritium Q= 17.95 keV and the half-life 
is 12.5 yr, so (using 144) the number of events above the 
end point per gram of tritium is 76/sec if EF— 1 eV. I t 
varies as EF

% (and for other decays roughly as Q2). The 
limiting factor on such an experiment is energy resolu-
tion and our imperfect knowledge of fir end points 
rather than the rarity of absorption events. Probably it 

20 L. M. Langer and R. J. D. Moffat, Phys. Rev. 88, 689 (1952); 
D. R. Hamilton, W. D. Alford, and L. Gross, ibid. 92,1521 (1953). 

21 S. C. Curran, J. Angus, and A. L. Cockcroft, Phil. Mag. 40,53 
(1949). 

22 C. S. Wu and R. D. Albert, Phys. Rev. 75; 315, 1107 (1949). 
23 See, for example, W. F. Dudziak, R. Sagane, and J. Vedder, 

Phys. Rev. 114, 336 (1959). 

Steven Weinberg 
(1933~2021)

beta decay 
(background)

neutrino capture 
(signal)

200+ citations

✤ Measuring neutrino absolute mass scale from tritium decay 

★ Detecting cosmic relic neutrinos through the tritium capture 

✓ No energy threshold (vs 1.8 MeV for IBD), suitable for non-relativistic neutrino case

3H → 3He + e− + νe
νe + 3H → 3He + e−



6Capture Rates of CνB

PTOLEMY, [1307.4738]

Princeton Tritium Observatory for Light, Early-
Universe, Massive-Neutrino Yield (PTOLEMY)

• Capture Rates: 

ΓCνB = NTσ ∑
si=±1/2

3

∑
i=1

Uei
2

ni(si)𝒜(si)

• Number of tritium nuclei in the target (100 g tritium) 


• Cross section 


•

NT ≈ 2 × 1025

σ ≈ 3.8 × 10−45 cm2

𝒜(si) ≡ 1 − 2siβi = {1 − βi si = + 1/2
1 + βi si = − 1/2

ΓD
CνB ≈ 4 yr−1

ΓM
CνB ≈ 8 yr−1

A factor of 2 !  
(distinguish D or M) considering velocity distribution 

Roulet & Vissani, JCAP 10 (2018) 049

✓  Helicity ?! 
✓ Velocity ?!graphene

 for NOΓD
CνB ≈ 7 yr−1

Long, Lunardini & Sabancilar,

JCAP 08 (2014) 038
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It is interesting to investigate whether a heavier neutrino can decay into a lighter 
one and other elementary particles within or beyond the SM.

νi νi

νj νj

Radiative decays: νi → νj + γ

Direct decays: νi → νj + ϕ

JCAP09(2024)067
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1 Introduction

Though neutrino oscillation experiments have provided us with robust evidence that neutrinos
are massive, the intrinsic properties of massive neutrinos are largely unknown [1, 2]. It remains
to be determined whether three neutrino masses mi (for i = 1, 2, 3) take on the normal
ordering (NO), i.e., m1 < m2 < m3, or the inverted ordering (IO), i.e., m3 < m1 < m2. In
addition, the absolute scale of neutrino masses is not yet pinned down such that the lightest
neutrino can in principle be massless. More importantly, massive neutrinos can be either
Dirac or Majorana particles, and the lepton number conservation must be violated in the
latter case. Now that at least two species of neutrinos are massive, it is also interesting to
investigate whether a heavier neutrino can decay into a lighter one and other elementary
particles within or beyond the Standard Model (SM).

In the minimal extension of the SM with a nonzero neutrino mass term, one can
immediately realize that radiative neutrino decays ‹i æ ‹j + “ with mi > mj indeed take
place at the one-loop level. However, the rates of such radiative decays are highly suppressed
due to the small e�ective magnetic moment of massive neutrinos [3] so that the lifetimes of
ordinary neutrinos are much longer than the age of the Universe. In a class of neutrino mass
models [4–7], neutrinos turn out to interact with the Nambu-Goldstone boson [8, 9], i.e., the
Majoron, arising from the spontaneous breakdown of the lepton number conservation. In
order to make a meaningful comparison between Dirac and Majorana neutrino decays, we
adopt the following phenomenological Lagrangian for Dirac neutrinos

LD =
ÿ

i

!
‹ii /̂‹i ≠ mi‹i‹i

"
+ 1

2ˆµ„ˆ
µ
„ ≠

S

Ui„
ÿ

i,j

gij‹i“
5
‹j + h.c.

T

V ; (1.1)

and that for Majorana neutrinos

LM = 1
2

ÿ

i

!
‹ii /̂‹i ≠ mi‹i‹i

"
+ 1

2ˆµ„ˆ
µ
„ ≠

S

Ui„
ÿ

i,j

gij‹i“
5
‹j + h.c.

T

V , (1.2)

– 1 –

Neutrinos can interact with the Nambu-Goldstone boson, the 
Majoron, to explain the neutrino mass origin (Majoron model).

•Dirac case:  and 

•The decay amplitudes for Majorana 
neutrinos are twice that for Dirac ones.

νi → νj + ϕ νi → νj + ϕ

Γ (νi → νj + γ) = 5.3 s−1 (1 −
m2

j

m2
i )

3

( mi

1 eV )
3

( μeff

μB )
2

• Effective magnetic dipole moment 



➡ Neutrino lifetime , MUCH LONGER 
than the age of the Universe 

μeff ≈ 10−23μB

τν ≈ 1049 s
t0 ≈ 4 × 1017 s

Neutrino Decays



8Neutrino Invisible Decays
Direct decays: νi → νj + ϕ

JCAP09(2024)067
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4 Summary 22

1 Introduction

Though neutrino oscillation experiments have provided us with robust evidence that neutrinos
are massive, the intrinsic properties of massive neutrinos are largely unknown [1, 2]. It remains
to be determined whether three neutrino masses mi (for i = 1, 2, 3) take on the normal
ordering (NO), i.e., m1 < m2 < m3, or the inverted ordering (IO), i.e., m3 < m1 < m2. In
addition, the absolute scale of neutrino masses is not yet pinned down such that the lightest
neutrino can in principle be massless. More importantly, massive neutrinos can be either
Dirac or Majorana particles, and the lepton number conservation must be violated in the
latter case. Now that at least two species of neutrinos are massive, it is also interesting to
investigate whether a heavier neutrino can decay into a lighter one and other elementary
particles within or beyond the Standard Model (SM).

In the minimal extension of the SM with a nonzero neutrino mass term, one can
immediately realize that radiative neutrino decays ‹i æ ‹j + “ with mi > mj indeed take
place at the one-loop level. However, the rates of such radiative decays are highly suppressed
due to the small e�ective magnetic moment of massive neutrinos [3] so that the lifetimes of
ordinary neutrinos are much longer than the age of the Universe. In a class of neutrino mass
models [4–7], neutrinos turn out to interact with the Nambu-Goldstone boson [8, 9], i.e., the
Majoron, arising from the spontaneous breakdown of the lepton number conservation. In
order to make a meaningful comparison between Dirac and Majorana neutrino decays, we
adopt the following phenomenological Lagrangian for Dirac neutrinos

LD =
ÿ

i

!
‹ii /̂‹i ≠ mi‹i‹i

"
+ 1

2ˆµ„ˆ
µ
„ ≠

S

Ui„
ÿ

i,j

gij‹i“
5
‹j + h.c.

T

V ; (1.1)

and that for Majorana neutrinos

LM = 1
2

ÿ

i

!
‹ii /̂‹i ≠ mi‹i‹i

"
+ 1

2ˆµ„ˆ
µ
„ ≠

S

Ui„
ÿ

i,j

gij‹i“
5
‹j + h.c.

T

V , (1.2)

– 1 –

Neutrinos can interact with the Nambu-Goldstone boson, the 
Majoron, to explain the neutrino mass origin (Majoron model).
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also see: Funcke, Raffelt & Vitagliano, PRD 101 (2020) 1, 015025

Decay amplitudes (with specific helicities)  Amplitude squared  Decay rates⟹ ⟹



9Total Decay Rates
Total decay rates (the most general for the first time)
①  For  

• Helicity-preserving:

 

• Helicity-changing: 

 

②  For  

• Helicity-preserving:

 

• Helicity-changing: 

βi ⩽ β*ji ≡ (1 − r2
ji)/(1 + r2

ji)

ΓM
±±,ij =

g2
ijmi

4π
1 − β2

i { 1
2 (1 − r2

ji)(1 − rji)
2 − (1 + rji + r2

ji)rjiβ
−1
i + [rji +

1
2

(β−2
i − 1)(1 + rji + r2

ji)] rji ln (
1 + βi

1 − βi )}

ΓM
±∓,ij =

g2
ijmi

4π
1 − β2

i { 1
2 (1 − r2

ji)(1 − rji)
2 + (1 + rji + r2

ji)rjiβ
−1
i − [rji +

1
2

(β−2
i − 1)(1 + rji + r2

ji)] rji ln (
1 + βi

1 − βi )}
βi > β*ji ≡ (1 − r2

ji)/(1 + r2
ji)

ΓM
±±,ij =

g2
ijmi

4π
1 − β2

i { 1
2 (1 − r2

ji)(1 − rji)
2 − rji(1 − r2

ji) − 2r2
ji ln rji − (β−2

i − 1)[(1 + rji + r2
ji)rji ln rji +

1
4

(1 − r2
ji)(1 + 4rji + r2

ji)]}

ΓM
±∓,ij =

g2
ijmi

4π
1 − β2

i { 1
2 (1 − r2

ji)(1 − rji)
2 + rji(1 − r2

ji) + 2r2
ji ln rji + (β−2

i − 1)[(1 + rji + r2
ji)rji ln rji +

1
4

(1 − r2
ji)(1 + 4rji + r2

ji)]}
Consistent with previous results in the relativistic limit, i.e., βi → 1

βi

βi

si
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2.1.2 Decay rates

After integrating over the phase space of final-state particles, the di�erential rates for the
helicity-preserving decays with hi = hj = ±1 in the Majorana case can be written as

d�M
±±,ij

dEj

=
g

2
ijm

2
i

4fiEi

C

+
E

2
i r

2
ji + E

2
j

|pi|
2|pj |

≠
(1 + rji)2

2|pi|

EiEj

|pi||pj |
+

(1 ≠ rji)2

2|pi|

A

1 +
m

2
i rji

|pi||pj |

BD

, (2.13)

with 0 6 rji © mj/mi < 1 being the neutrino mass ratio; while those for the helicity-changing
decays ‹i(pi, hi) æ ‹j(pj , hj) + „(k) with hi = ±1 and hj = û1 are given by

d�M
±û,ij

dEj

=
g

2
ijm

2
i

4fiEi

C

≠
E

2
i r

2
ji + E

2
j

|pi|
2|pj |

+
(1 + rji)2

2|pi|

EiEj

|pi||pj |
+

(1 ≠ rji)2

2|pi|

A

1 ≠
m

2
i rji

|pi||pj |

BD

. (2.14)

In the case of Dirac neutrinos, one can derive the di�erential decay rates via the following
relations

d�D
±±,ij

dEj

=
d�D

ûû,ij

dEj

= 1
4

d�M
±±,ij

dEj

,
d�D

±û,ij

dEj

=
d�D

û±,ij

dEj

= 1
4

d�M
±û,ij

dEj

, (2.15)

where �D
±±,ij and �D

±±,ij refer to the decay rates for neutrinos ‹i(pi, hi) æ ‹j(pj , hj) + „(k)
and those for antineutrinos ‹i(pi, hi) æ ‹j(pj , hj) + „(k) with hi = hj = ±1, respectively,
and likewise for the helicity-changing decay rates �D

±û,ij and �D
±û,ij . Note that the relations

between the decay rates of neutrinos and those of antineutrinos in the case of Dirac neutrinos
can be verified by requiring either CP or CPT invariance.

By integrating the di�erential rates in eqs. (2.13)–(2.15) over the final-state neutrino
energy Ej , we can derive the most general formulae for the total decay rates for a given
configuration of neutrino helicities. Before doing so, one should figure out the maximal and
minimal values of Ej from the energy-momentum conservation for two-body decays in the
laboratory frame (LF). More explicitly, we have

E
max
j = Ei

2
1
1 + r

2
ji

2
+ |pi|

2
1
1 ≠ r

2
ji

2
, (2.16)

E
min
j = Ei

2
1
1 + r

2
ji

2
≠

|pi|

2
1
1 ≠ r

2
ji

2
. (2.17)

Then it is straightforward to obtain the total helicity-preserving and -changing decay rates in
the LF for a specific four-momentum of the parent neutrino (Ei, pi), namely,

�M
±±,ij =

g
2
ijmi

4fi

Ò
1 ≠ —

2
i

;1
2

1
1 ≠ r

2
ji

2
(1 ≠ rji)2

≠ rji(1 ≠ r
2
ji) ≠ 2r

2
ji ln rji

≠(—≠2
i ≠ 1)

5
(1 + rji + r

2
ji)rji ln rji + 1

4(1 ≠ r
2
ji)(1 + 4rji + r

2
ji)

6<
, (2.18)

�M
±û,ij =

g
2
ijmi

4fi

Ò
1 ≠ —

2
i

;1
2

1
1 ≠ r

2
ji

2
(1 ≠ rji)2 + rji(1 ≠ r

2
ji) + 2r

2
ji ln rji

+(—≠2
i ≠ 1)

5
(1 + rji + r

2
ji)rji ln rji + 1

4(1 ≠ r
2
ji)(1 + 4rji + r

2
ji)

6<
, (2.19)
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Rest Frame Laboratory Frame

1

Figure 1. The sketch of the neutrino decay ‹i(pi, hi) æ ‹j(pj , hj) + „(k) in the RF (left) and the LF
(right), where the kinematic quantities are related by the Lorentz boost —i on ‹i along the positive
direction of z-axis.

for —i > —
ú
ji © (1 ≠ r

2
ji)/(1 + r

2
ji); and

�M
±±,ij =

g
2
ijmi

4fi

Ò
1 ≠ —

2
i

;1
2

1
1 ≠ r

2
ji

2
(1 ≠ rji)2

≠ (1 + rji + r
2
ji)rji—

≠1
i

+
5
rji + 1

2(—≠2
i ≠ 1)(1 + rji + r

2
ji)

6
rji ln

A
1 + —i

1 ≠ —i

BJ

, (2.20)

�M
±û,ij =

g
2
ijmi

4fi

Ò
1 ≠ —

2
i

;1
2

1
1 ≠ r

2
ji

2
(1 ≠ rji)2 + (1 + rji + r

2
ji)rji—

≠1
i

≠

5
rji + 1

2(—≠2
i ≠ 1)(1 + rji + r

2
ji)

6
rji ln

A
1 + —i

1 ≠ —i

BJ

, (2.21)

for —i 6 —
ú
ji © (1 ≠ r

2
ji)/(1 + r

2
ji). Some helpful comments on the decay rates in eqs. (2.18)–

(2.21) are in order.

• First of all, we should note that —
ú
ji © (1≠r

2
ji)/(1+r

2
ji) is just the velocity of the daughter

neutrino ‹j in the rest frame (RF) of the parent neutrino ‹i, where one can easily find
the energy and momentum of ‹j as E

ú
j = mi(1 + r

2
ji)/2 and |pú

j | = mi(1 ≠ r
2
ji)/2. The

kinematic quantities with the superscript “ú” refer to those in the RF of the parent
neutrino. In figure 1, we draw a sketch of the neutrino decay in the RF and the LF,
on which the relevant kinematics quantities are marked. The decay in the LF can
be treated as being obtained by performing a Lorentz boost on ‹i along the positive
direction of the z-axis, which is also the spin direction. By taking the limit of —i æ 0
in eqs. (2.20) and (2.21), we can derive the decay rates in the RF, i.e.,

�Mú
±±,ij = �Mú

±û,ij =
g

2
ijmi

8fi

1
1 ≠ r

2
ji

2
(1 ≠ rji)2

. (2.22)
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11Experimental Constraints on g
✓Set all couplings to be equal 


✓The massless  serves as an extra radiation affecting the BBN and the CMB 

power spectrum through decays  and scatterings 


✴ For  the scalar  will never be in thermal equilibrium via scatterings 
before the CMB formation


✓The lower bound on  (ultra-relativistic): 





i.e. (for NO), 

gij = g

ϕ
νi → νj + ϕ νi + νj → ϕ + ϕ

g ≲ 10−7 ϕ

τi

τi ≳ 4 × 10(5⋯6) s ( mν

50 meV )
5

g ≲ (1.6⋯5.0) × 10−10 (for ν3) , g ≲ (0.4⋯1.3) × 10−7 (for ν2)

Barenboim et al., JCAP 03 (2021) 087

We choose  in this work (a benchmark value: )10−16 ≲ g ≲ 10−10 g = 10−12

see, Hannestad & Raffelt, Phys. Rev. D 72 (2005) 103514

Daughter neutrino masses may 
weaken the lifetime constraint 
up to a factor of 50
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✓Set all couplings to be equal 


✓The massless  serves as an extra radiation affecting the BBN and the CMB 

power spectrum through decays  and scatterings 


✴ For  the scalar  will never be in thermal equilibrium via scatterings 
before the CMB formation


✓The lower bound on  (ultra-relativistic): 





i.e. (for NO), 

gij = g

ϕ
νi → νj + ϕ νi + νj → ϕ + ϕ

g ≲ 10−7 ϕ

τi

τi ≳ 4 × 10(5⋯6) s ( mν

50 meV )
5

g ≲ (1.6⋯5.0) × 10−10 (for ν3) , g ≲ (0.4⋯1.3) × 10−7 (for ν2)

Barenboim et al., JCAP 03 (2021) 087

see, Hannestad & Raffelt, Phys. Rev. D 72 (2005) 103514

Daughter neutrino masses may 
weaken the lifetime constraint 
up to a factor of 50

ℒ ⊃ −
1
2

Nc
RyNNRS + h . c . ⇒

iϕ
2f

3

∑
i=1

miνiγ5νi [S ≡ ( f+ρ+iϕ)/ 2]

We choose  in this work (a benchmark value: )10−16 ≲ g ≲ 10−10 g = 10−12



13CνB Decays and Evolutions
• Modified number density ni(z) = ni(z)a(z)3

10°3 10°2 10°1 100
T∫(z

decay
i ) [eV]

10°1 100 101 102 103 104

zdecay
i

10°16

10°14

10°12

10°10

g

NO & Majorana

∫3

∫2

• Estimate  from





where the suppression factor 





•  characterizes the redshift when 
a substantial fraction of  starts to 
decay for a given  after taking 
account of its momentum distribution

zdecay
i

∫
∞

0
e−λ̃i(z

decay
i ) fFD [ |p | , Tν(z

decay
i )] |p |2 d |p |

∫
∞

0
fFD [ |p | , Tν(z

decay
i )] |p |2 d |p |

= e−1

λ̃i(z
decay
i ) ≡ ∫

∞

zdecay
i

dz ΓM*
±,i

(1 + z)H(z)γi(z)

zdecay
i

νi
g
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19CνB Capture Rates

PTOLEMY, [1307.4738]

Princeton Tritium Observatory for Light, Early-
Universe, Massive-Neutrino Yield (PTOLEMY)

• Capture Rates: 

ΓCνB = NTσ ∑
si=±1/2

3

∑
i=1

Uei
2

ni(si)𝒜(si)

• Number of tritium nuclei in the target (100 g tritium) 

• Cross section 


• Leptonic flavor mixing matrix 


•  with the momentum Fermi-Dirac distribution


NT ≈ 2 × 1025

σ ≈ 3.8 × 10−45 cm2

Ue1

2
≈ 0.677 , Ue2

2
≈ 0.298 , Ue3

2
≈ 0.023

𝒜(si) ≡ 1 − 2si ⟨βi⟩

⟨βi⟩ =
∫

∞

0
βi fFD ( pi , T0

νi) |pi |
2 d |pi |

∫
∞

0
fFD ( |pi | , T0

νi) |pi |
2 d |pi |

Long, Lunardini & Sabancilar,

JCAP 08 (2014) 038
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22Summary
• We study the invisible decays of massive neutrinos and their implications for the CνB detection.


1. The decay rates in the helicity-preserving and -changing decay channels are calculated and 
discussed in detail. 


2. The strategy to evaluate the cosmic neutrino number densities is explained by taking a 
benchmark value of the coupling between massive neutrinos and the Nambu-Goldstone boson.


3. The capture rates of CνB in the PTOLEMY-like experiment are obtained when considering 
neutrino decays and the distribution function (  and  in the NO 

case, 1 event per year in the IO case). 


• It is important to probe the intrinsic properties of massive neutrinos (e.g., Dirac or Majorana nature, 
absolute mass scale, lifetimes, etc.). The PTOLEMY-like experiments have the capability to measure 
the absolute neutrino mass and detect these relic neutrinos. It also serve as an instructive 
platform to test BSM theories (Although the detection of CνB is definitely challenging…).

ΓM
CνB ≈ 16 yr−1 ΓD

CνB ≈ 11 yr−1

Thanks for your attention!
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1 Introduction

Though neutrino oscillation experiments have provided us with robust evidence that neutrinos
are massive, the intrinsic properties of massive neutrinos are largely unknown [1, 2]. It remains
to be determined whether three neutrino masses mi (for i = 1, 2, 3) take on the normal
ordering (NO), i.e., m1 < m2 < m3, or the inverted ordering (IO), i.e., m3 < m1 < m2. In
addition, the absolute scale of neutrino masses is not yet pinned down such that the lightest
neutrino can in principle be massless. More importantly, massive neutrinos can be either
Dirac or Majorana particles, and the lepton number conservation must be violated in the
latter case. Now that at least two species of neutrinos are massive, it is also interesting to
investigate whether a heavier neutrino can decay into a lighter one and other elementary
particles within or beyond the Standard Model (SM).

In the minimal extension of the SM with a nonzero neutrino mass term, one can
immediately realize that radiative neutrino decays ‹i æ ‹j + “ with mi > mj indeed take
place at the one-loop level. However, the rates of such radiative decays are highly suppressed
due to the small e�ective magnetic moment of massive neutrinos [3] so that the lifetimes of
ordinary neutrinos are much longer than the age of the Universe. In a class of neutrino mass
models [4–7], neutrinos turn out to interact with the Nambu-Goldstone boson [8, 9], i.e., the
Majoron, arising from the spontaneous breakdown of the lepton number conservation. In
order to make a meaningful comparison between Dirac and Majorana neutrino decays, we
adopt the following phenomenological Lagrangian for Dirac neutrinos

LD =
ÿ

i

!
‹ii /̂‹i ≠ mi‹i‹i

"
+ 1

2ˆµ„ˆ
µ
„ ≠

S

Ui„
ÿ

i,j

gij‹i“
5
‹j + h.c.

T

V ; (1.1)

and that for Majorana neutrinos

LM = 1
2

ÿ

i

!
‹ii /̂‹i ≠ mi‹i‹i

"
+ 1

2ˆµ„ˆ
µ
„ ≠

S

Ui„
ÿ

i,j

gij‹i“
5
‹j + h.c.

T

V , (1.2)
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z
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�
E⇤

j ,p
⇤
j

�

�

si
✓⇤j

⌫i (pi, hi)

⌫j
�
pj, hj

�

�(k)

si✓j

�i

Rest Frame Laboratory Frame

1

νi(pi, hi) → νj(pj, hj) + ϕ(k)
rji ≡ mj /mi

• Helicity spinors with h = ± 1

χ(+)(θ, ϕ) =
cos θ

2

e+iϕ sin θ
2

, χ(−)(θ, ϕ) =
−sin θ

2

e+iϕ cos θ
2

u(p, h = + 1) = cos
θ
2

E − |p |
0

E + |p |
0

+ sin
θ
2

eiϕ

0
E + |p |

0
E − |p |

‣ Wave functions with  & h = + 1 −1

u(p, h = − 1) = − sin
θ
2

E + |p |
0

E − |p |
0

+ cos
θ
2

eiϕ

0
E − |p |

0
E + |p |

Both positive- and negative-helical states of 
daughter neutrinos can be produced!

ui(pi, hi = + 1) =

Ei − |pi |

0

Ei + |pi |

0

✓ helicity-preserving: 
 

✓ helicity-changing 
hj = + 1 ⇒ ∝ cos(θ/2)

hj = − 1 ⇒ ∝ sin(θ/2)

E.g.
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1 Introduction

Though neutrino oscillation experiments have provided us with robust evidence that neutrinos
are massive, the intrinsic properties of massive neutrinos are largely unknown [1, 2]. It remains
to be determined whether three neutrino masses mi (for i = 1, 2, 3) take on the normal
ordering (NO), i.e., m1 < m2 < m3, or the inverted ordering (IO), i.e., m3 < m1 < m2. In
addition, the absolute scale of neutrino masses is not yet pinned down such that the lightest
neutrino can in principle be massless. More importantly, massive neutrinos can be either
Dirac or Majorana particles, and the lepton number conservation must be violated in the
latter case. Now that at least two species of neutrinos are massive, it is also interesting to
investigate whether a heavier neutrino can decay into a lighter one and other elementary
particles within or beyond the Standard Model (SM).

In the minimal extension of the SM with a nonzero neutrino mass term, one can
immediately realize that radiative neutrino decays ‹i æ ‹j + “ with mi > mj indeed take
place at the one-loop level. However, the rates of such radiative decays are highly suppressed
due to the small e�ective magnetic moment of massive neutrinos [3] so that the lifetimes of
ordinary neutrinos are much longer than the age of the Universe. In a class of neutrino mass
models [4–7], neutrinos turn out to interact with the Nambu-Goldstone boson [8, 9], i.e., the
Majoron, arising from the spontaneous breakdown of the lepton number conservation. In
order to make a meaningful comparison between Dirac and Majorana neutrino decays, we
adopt the following phenomenological Lagrangian for Dirac neutrinos

LD =
ÿ

i

!
‹ii /̂‹i ≠ mi‹i‹i

"
+ 1

2ˆµ„ˆ
µ
„ ≠

S

Ui„
ÿ

i,j

gij‹i“
5
‹j + h.c.

T

V ; (1.1)

and that for Majorana neutrinos

LM = 1
2

ÿ

i

!
‹ii /̂‹i ≠ mi‹i‹i

"
+ 1

2ˆµ„ˆ
µ
„ ≠

S

Ui„
ÿ

i,j

gij‹i“
5
‹j + h.c.

T

V , (1.2)
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z

⌫i

⌫j
�
E⇤

j ,p
⇤
j

�

�

si
✓⇤j

⌫i (pi, hi)

⌫j
�
pj, hj

�

�(k)

si✓j

�i

Rest Frame Laboratory Frame

1

νi(pi, hi) → νj(pj, hj) + ϕ(k)
rji ≡ mj /mi

1. Decay amplitudes (Majorana ν)

iℳM
hihj,ij

= 2gijuj(pj, hj)γ
5ui(pi, hi)

2. Amplitude squared

|ℳM
hihj,ij

|2 = 4g2
ijTr [ui(pi, hi)ui(pi, hi)γ

5uj(pj, hj)uj(pj, hj)γ
5]
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Then, we proceed with the amplitude squared, which can be easily found from eq. (2.1)

|M
M
hihj ,ij |

2 = 4g
2
ijTr

Ë
ui(pi, hi)ui(pi, hi)“

5
uj(pj , hj)uj(pj , hj)“5

È
, (2.6)

for Majorana neutrinos, while |M
D
hihj ,ij |

2 = |M
M
hihj ,ij |

2
/4 for Dirac neutrinos. Introducing the

polarization four-vector s
µ = (|p|/m, E‚p/m) for a massive fermion, one can in general obtain

u(p, h)u(p, h) = 1
2(/p + m)(1 + h“

5
/s) , (2.7)

which together with eq. (2.6) leads to

|M
M
hihj ,ij |

2 = 4g
2
ij

Ë
(1 + hihjsi · sj)(pi · pj ≠ mimj) ≠ hihj(pi · sj)(pj · si)

È
. (2.8)

After specifying all the four-momenta, masses and polarization vectors of parent and daughter
neutrinos, we have

|M
M
hihj ,ij |

2 = 4g
2
ij(EiEj ≠ mimj ≠ hihj |pi||pj |)(1 + hihj cos ◊j) . (2.9)

It is obvious from eq. (2.9) that the squared amplitude for helicity-preserving decay with
hihj = +1 is proportional to cos2(◊j/2), while that for helicity-changing decay with hihj = ≠1
to sin2(◊j/2). This observation is in accordance with the previous analysis below eq. (2.5).

On the other hand, with the explicit expressions of the wave functions in eqs. (2.3)–(2.5),
we can also substitute them into eq. (2.6) and derive the squared amplitudes

---MM
++,ij

---
2

= 8g
2
ij(EiEj ≠ mimj ≠ |pi||pj |) cos2 ◊j

2 , (2.10)
---MM

+≠,ij

---
2

= 8g
2
ij(EiEj ≠ mimj + |pi||pj |) sin2 ◊j

2 , (2.11)

which are the same as those in eq. (2.9) for hihj = +1 and hihj = ≠1, respectively. For
hi = ≠1, where the parent neutrino is traveling along the negative direction of z-axis, the
wave function turns out to be

ui(pi, hi = ≠1) = ≠

Q

ccccca

Ò
Ei + |pi|

0Ò
Ei ≠ |pi|

0

R

dddddb
. (2.12)

Since the momentum direction of pi is reversed in this case (namely, the polar angle ◊i = fi),
one has to replace ◊j by fi ≠ ◊j in the wave functions of daughter neutrinos in the decay
amplitudes. As a consequence, the decay amplitude for hi = ≠1 and hj = +1 becomes
proportional to cos[(fi ≠ ◊j)/2] = sin(◊j/2), whereas that for hi = ≠1 and hj = +1 to sin[(fi ≠

◊j)/2] = cos(◊j/2). Such a correspondence indicates the identities |M
M
++,ij |

2 = |M
M
≠≠,ij |

2

and |M
M
+≠,ij |

2 = |M
M
≠+,ij |

2 for the squared amplitudes. Certainly these identities can also
be obtained from eq. (2.9).

– 4 –

|ℳM
++,ij |

2 = 8g2
ij (EiEj − mimj − |pi | |pj |) cos2

θj

2

for a specific 
helicity

|ℳM
+−,ij |

2 = 8g2
ij (EiEj − mimj + |pi | |pj |) sin2

θj

2

 |ℳM
++,ij |

2 = |ℳM
−−,ij |

2 , |ℳM
+−,ij |

2 = |ℳM
−+,ij |

2

✓These identities hold:

3. Differential decay rates
dΓM

±±,ij

dEj
=

g2
ijm2

i

4πEi
+

E2
i r2

ji + E2
j

|pi |
2 |pj |

−
(1 + rji)2

2 |pi |

EiEj

|pi | |pj |
+

(1 − rji)2

2 |pi | (1 +
m2

i rji

|pi | |pj | )
dΓM

±∓,ij

dEj
=

g2
ijm2

i

4πEi
−

E2
i r2

ji + E2
j

|pi |
2 |pj |

+
(1 + rji)2

2 |pi |

EiEj

|pi | |pj |
+

(1 − rji)2

2 |pi | (1 −
m2

i rji

|pi | |pj | )
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restrictive. For an ultra-relativistic parent neutrino of mass m‹ decaying into a massless
neutrino and an invisible scalar, the lower bound on the neutrino lifetime in the RF is [42]

·0 & 4 ◊ 10(5···6) s
3

m‹

50 meV

45
. (2.38)

When converting this bound to that on the coupling constant, we have

g . (1.6 · · · 5.0) ◊ 10≠10 (for ‹3) , g . (0.4 · · · 1.3) ◊ 10≠7 (for ‹2) , (2.39)

in the NO case. In the IO case, we get g . (2 · · · 6) ◊ 10≠10 for both ‹1 and ‹2, since they
are almost degenerate in mass. If the masses of daughter neutrinos are taken into account, a
phase-space factor comes into play and the constraint on the lifetime will be weakened [43].
The revised bound on the coupling constant reads

g . 3.2 ◊ 10≠10 (for ‹3) , g . 5.0 ◊ 10≠8 (for ‹2) (2.40)

in the NO case, while g . 4 ◊ 10≠10 in the IO case.
Other constraints on the invisible neutrino decays come from the terrestrial experiments

and astrophysical observations. The interaction described in eq. (1.2) gives rise to the
neutrinoless double-beta decays with an extra scalar „. The non-observation of such a
signal in the EXO-200 experiment provides a constraint on the coupling constant g .
(0.4 · · · 0.9) ◊ 10≠5 [44]. On the other hand, astrophysical constraints on the coupling can also
be derived from BBN [45–48], Supernova 1987A [49–59], solar neutrinos [60–71], atmospheric
and long-baseline accelerator neutrinos [72–76], high-energy astrophysical neutrinos [77–82].

To avoid the existing constraint from cosmological observations, we take the coupling
constant in the range 10≠16 . g . 10≠10 in this work, which is also allowed by other
experimental tests. In fact, for g . 10≠7, the massless pesudo-scalar „ will never be in
thermal equilibrium via the two-body scattering before the CMB formation, as demonstrated
in refs. [31, 42]. A benchmark value of g = 10≠12 will be chosen for illustration. Smaller
couplings will make the e�ect of neutrino decays more insignificant, whereas much larger
ones have been excluded. More discussions about the restrictions on neutrino lifetimes and
the coupling constant can be found in ref. [83] and the references therein.

3 Cosmic neutrino background

3.1 Invisible decays of C‹B

In the standard cosmology, the decoupling temperature of ordinary neutrinos due to the
ine�ciency of their weak interactions is around T ¥ 1 MeV, corresponding to the redshift
zd ¥ 1010. After the decoupling, the three-momentum p(z) and the temperature T‹(z) of
neutrinos evolve with the redshift according to [84–86]

|p(z)| = 1 + z

1 + zd
|p(zd)| , T‹(z) = 1 + z

1 + zd
T‹(zd) . (3.1)

Meanwhile, the neutrino spectrum obeys the modified Fermi-Dirac (FD) distribution

fFD [|p(z)|, T‹(z)] = 1
exp [|p(z)|/T‹(z)] + 1 , (3.2)
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• Other constraints on the coupling  come from terrestrial experiments and astrophysical observations. 


• The interaction gives rise to the  decays with an extra scalar . The non-observation of such a signal in the 
EXO-200 experiment provides a constraint on the coupling constant  [Kharusi et al., PRD 
104 (2021) 11, 112002]


• Astrophysical constraints on the coupling can also be derived from:

✓ BBN: Ahlgren, Ohlsson & Zhou, PRL 111 (2013) 19, 199001; Huang, Ohlsson & Zhou, PRD 97 (2018) 7, 075009; Escudero & Witte, EPJC 

80 (2020) 4, 294; Venzor, Pérez-Lorenzana & De-Santiago, PRD 103 (2021) 4, 043534


✓ SN1987A: Kolb & Turner, PRD 36 (1987) 2895; Alekseev, Alekseeva, Krivosheina & Volchenko, PLB 205 (1988) 209; Farzan, PRD 67 
(2003) 073015; Zhou, PRD 84 (2011) 038701; Shalgar, Tamborra & Bustamante, PRD 103 (2021) 12, 123008; Fiorillo, Raffelt & Vitagliano, 
PRL 131 (2023) 2, 021001; Fiorillo, Raffelt & Vitagliano, PRL 132 (2024) 2, 021002; Akita, Im, Masud & Yun, JHEP 07 (2024) 057; Martínez-
Miravé, Tamborra & Tórtola, JCAP 05 (2024) 002


✓ Solar neutrinos: Bahcall, Cabibbo & Yahil, PRL 28 (1972) 316; Berezhiani, Fiorentini, Moretti & Rossi, ZPC 54 (1992) 581; Cleveland et 
al., Astrophys.J. 496 (1998) 505; Beacom & Bell, PRD 65 (2002) 113009; SAGE collaboration, PRC 80 (2009) 015807; Bellini et al., PRL 107 
(2011) 141302; KamLAND collaboration, PRC 84 (2011) 035804; Phys.Rev.C 92 (2015) 5, 055808; Super-Kamiokande collaboration, PRD 
94 (2016) 5, 052010; Borexino collaboration, PRD 101 (2020) 6, 062001; SNO collaboration, PRD 99 (2019) 3, 032013; Huang & Zhou, 
JCAP 02 (2019) 024


✓ Atmospheric and long-baseline accelerator neutrinos: Lipari & Lusignoli, PRD 60 (1999) 013003; Fogli, Lisi, Marrone & 
Scioscia, PRD 59 (1999) 117303; Gonzalez-Garcia & Maltoni, PLB 663 (2008) 405; Gomes, Gomes & Peres, PLB 740 (2015) 345; Choubey, 
Dutta & Pramanik, JHEP 08 (2018) 141


✓ High-energy astrophysical neutrinos: Ng & Beacom, PRD 90 (2014) 6, 065035; Shoemaker & Murase, PRD 93 (2016) 8, 
085004; Denton & Tamborra, PRL 121 (2018) 12, 121802; Salas et al., PLB 789 (2019) 472; Song et al., JCAP 04 (2021) 054; Valera, Fiorillo, 
Esteban & Bustamante, PRD 110 (2024) 4, 043004

g
0νββ ϕ

g ≲ (0.4⋯0.9) × 10−5



28Secondary distribution
The distribution function of the final-state  in helicity-changing decay  is





Here  is the energy distribution function of parent neutrinos and 

νj νi(pi, ± ) → νj(pj, ∓ ) + ϕ

fj(Ej) = ∫
∞

l(Ej)
dEi fi(Ei) ×

1
ΓM±,i

dΓM
±∓,ij

dEj

fi(Ei) l(Ej) =
Ej

2 (1 +
1
r2
ji ) +

|pj |

2 (1 −
1
r2
ji )

Lipari, Lusignoli & Meloni,

PRD 75 (2007) 123005
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