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In this talk, we present the investigation of the invisible decays of a heavy massive neutrino into a
lighter neutrino and a massless Nambu-Goldstone boson, i.e., 𝜈

𝑖
→ 𝜈

𝑗
+ 𝜙. The total decay rates

are calculated in the most general case, where the individual helicities of both parent and daughter
neutrinos are specified. We then examine the evolution of the number densities of cosmological
relic neutrinos throughout the expansion of the Universe, and explore the consequent impacts
on the capture rates in PTOLEMY-like experiments. The total event rates can be significantly
modified compared to those in the scenario of stable neutrinos, with helicity-changing decays
playing an especially important role in the Dirac neutrino case.
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The detection of C𝜈B with helicity-changing decays Jihong Huang

1. Introduction

Neutrino oscillation experiments have revealed that at least two species of neutrinos are massive,
and it will be 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 Majoron model for
explaining the neutrino mass origin, massive neutrinos can interact with the Nambu-Goldstone
boson 𝜙, i.e., the Majoron, after the spontaneous breaking of the global lepton number symmetry,
which is described by

LD =
∑︁
𝑖

(
𝜈
𝑖
i/𝜕𝜈𝑖 − 𝑚𝑖𝜈𝑖𝜈𝑖

)
+ 1

2
𝜕𝜇𝜙𝜕

𝜇𝜙 −
[
i𝜙

∑︁
𝑖, 𝑗

𝑔𝑖 𝑗𝜈𝑖𝛾
5𝜈 𝑗 + h.c.

]
(1)

for Dirac neutrinos. The interaction term and its Hermitian conjugate in the square brackets induce
the direct decays of antineutrinos 𝜈

𝑖
→ 𝜈

𝑗
+ 𝜙 and neutrinos 𝜈

𝑖
→ 𝜈

𝑗
+ 𝜙, respectively. For

Majorana neutrinos, we similarly have

LM =
1
2

∑︁
𝑖

(
𝜈
𝑖
i/𝜕𝜈𝑖 − 𝑚𝑖𝜈𝑖𝜈𝑖

)
+ 1

2
𝜕𝜇𝜙𝜕

𝜇𝜙 −
[
i𝜙

∑︁
𝑖, 𝑗

𝑔𝑖 𝑗𝜈𝑖𝛾
5𝜈 𝑗 + h.c.

]
, (2)

in which two identical interaction terms suggest the decay amplitudes being twice that for the Dirac
one. Such invisible decays would have significant impacts on the evolution of the Universe and can
be tested in PTOLEMY-like experiments [1], which aim to detect the cosmic neutrino background
(C𝜈B) by capturing relic neutrinos on the beta-decaying nuclei, such as 𝜈𝑒 + 3H → 3He + 𝑒− [2].
With 100 g tritium as the target, the capture rate for Majorana neutrinos is ΓM

C𝜈B ≈ 8 yr−1, while
that for Dirac neutrinos is ΓD

C𝜈B ≈ 4 yr−1 and can increase to 7 yr−1 in the NO case if the neutrino
momentum distribution is taken into account [3]. As the capture rates of relic neutrinos involve
their specific helicities, neutrino decays with different helicities for parent and daughter neutrinos
should be carefully examined, and their impacts on the total capture rates cannot be neglected.

2. Neutrino Invisible Decays

From the Lagrangian in Eq. (1) or Eq. (2), one can directly write down the decay amplitudes for
𝜈
𝑖
(𝑝

𝑖
, ℎ

𝑖
) → 𝜈

𝑗
(𝑝

𝑗
, ℎ

𝑗
) + 𝜙(𝑘), with 𝑝

𝑖
= (𝐸

𝑖
, p

𝑖
), 𝑝

𝑗
= (𝐸

𝑗
, p

𝑗
) and 𝑘 = (𝜔, k) being the four-

momenta of parent and daughter particles. To compute the total helicity-preserving (ℎ
𝑖
= ℎ

𝑗
= ±1)

and helicity-changing (ℎ
𝑖
= ±1, ℎ

𝑗
= ∓1) decay rates, we need the amplitude squared with specific

helicities for parent and daughter neutrinos and integrate over the final-state phase space. For
Majorana neutrinos, with the velocity of the parent neutrino 𝛽

𝑖
≡
��p

𝑖

�� /𝐸
𝑖
, we arrive at

ΓM
±±,𝑖 𝑗 =

𝑔2
𝑖 𝑗
𝑚

𝑖

4𝜋

√︃
1 − 𝛽2

𝑖

{
1
2

(
1 − 𝑟2

𝑗𝑖

)
(1 − 𝑟 𝑗𝑖)2 − 𝑟 𝑗𝑖 (1 − 𝑟2

𝑗𝑖) − 2𝑟2
𝑗𝑖 ln 𝑟 𝑗𝑖

−(𝛽−2
𝑖 − 1)

[
(1 + 𝑟 𝑗𝑖 + 𝑟2

𝑗𝑖)𝑟 𝑗𝑖 ln 𝑟 𝑗𝑖 +
1
4
(1 − 𝑟2

𝑗𝑖) (1 + 4𝑟 𝑗𝑖 + 𝑟2
𝑗𝑖)
]}

, (3)

ΓM
±∓,𝑖 𝑗 =

𝑔2
𝑖 𝑗
𝑚

𝑖

4𝜋

√︃
1 − 𝛽2

𝑖

{
1
2

(
1 − 𝑟2

𝑗𝑖

)
(1 − 𝑟 𝑗𝑖)2 + 𝑟 𝑗𝑖 (1 − 𝑟2

𝑗𝑖) + 2𝑟2
𝑗𝑖 ln 𝑟 𝑗𝑖

+(𝛽−2
𝑖 − 1)

[
(1 + 𝑟 𝑗𝑖 + 𝑟2

𝑗𝑖)𝑟 𝑗𝑖 ln 𝑟 𝑗𝑖 +
1
4
(1 − 𝑟2

𝑗𝑖) (1 + 4𝑟 𝑗𝑖 + 𝑟2
𝑗𝑖)
]}

, (4)
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for 𝛽
𝑖
> 𝛽∗

𝑗𝑖
≡ (1 − 𝑟2

𝑗𝑖
)/(1 + 𝑟2

𝑗𝑖
); and

ΓM
±±,𝑖 𝑗 =

𝑔2
𝑖 𝑗
𝑚

𝑖

4𝜋

√︃
1 − 𝛽2

𝑖

{
1
2

(
1 − 𝑟2

𝑗𝑖

)
(1 − 𝑟 𝑗𝑖)2 − (1 + 𝑟 𝑗𝑖 + 𝑟2

𝑗𝑖)𝑟 𝑗𝑖𝛽−1
𝑖

+
[
𝑟 𝑗𝑖 +

1
2
(𝛽−2

𝑖 − 1) (1 + 𝑟 𝑗𝑖 + 𝑟2
𝑗𝑖)
]
𝑟 𝑗𝑖 ln

(1 + 𝛽
𝑖

1 − 𝛽
𝑖

)}
, (5)

ΓM
±∓,𝑖 𝑗 =

𝑔2
𝑖 𝑗
𝑚

𝑖

4𝜋

√︃
1 − 𝛽2

𝑖

{
1
2

(
1 − 𝑟2

𝑗𝑖

)
(1 − 𝑟 𝑗𝑖)2 + (1 + 𝑟 𝑗𝑖 + 𝑟2

𝑗𝑖)𝑟 𝑗𝑖𝛽−1
𝑖

−
[
𝑟 𝑗𝑖 +

1
2
(𝛽−2

𝑖 − 1) (1 + 𝑟 𝑗𝑖 + 𝑟2
𝑗𝑖)
]
𝑟 𝑗𝑖 ln

(1 + 𝛽
𝑖

1 − 𝛽
𝑖

)}
, (6)

for 𝛽
𝑖
⩽ 𝛽∗

𝑗𝑖
≡ (1 − 𝑟2

𝑗𝑖
)/(1 + 𝑟2

𝑗𝑖
), with the neutrino mass ratio 𝑟

𝑗𝑖
≡ 𝑚

𝑗
/𝑚

𝑖
. The total decay rate

for 𝜈
𝑖
(𝑝

𝑖
, ℎ

𝑖
) can be defined as ΓM

±,𝑖 ≡
∑

𝑗 Γ
M
±±,𝑖 𝑗 + ΓM

±∓,𝑖 𝑗 by summing over all the possible decay
channels with daughter neutrinos 𝜈

𝑗
(𝑝

𝑗
, ℎ

𝑗
). For Dirac neutrinos, the decay rates can be similarly

obtained and the relations ΓD
ℎ
𝑖
ℎ
𝑗
,𝑖 𝑗

= ΓM
ℎ
𝑖
ℎ
𝑗
,𝑖 𝑗
/4 hold. The critical velocity for parent neutrinos

𝛽∗
𝑗𝑖

is determined by whether the direction of the daughter neutrino momentum is perpendicular
to that of the parent neutrino. These two configurations of angular distributions make the decay
rates in two cases quite different. By adopting results from the latest global analysis of neutrino
oscillation data [4] and assuming the lightest neutrino mass of 0.1 meV, the asymmetry between
the helicity-preserving and -changing decay rates can reach up to 20% in the case of normal mass
ordering (NO) and as large as 40% in the case of inverted mass ordering (IO). This further highlights
the necessity of studying neutrino decays in which their helicities are changed.

3. Cosmic Neutrino Background

Neutrinos decoupled from the thermal bath at the redshift 𝑧d ≈ 1010 in the standard cosmology,
corresponding to the temperature 𝑇 ≈ 1 MeV. Afterwards, the three-momentum p(𝑧) and the
temperature𝑇𝜈 (𝑧) evolve with the redshift according to |p(𝑧) | = |p(𝑧d) | (1+ 𝑧)/(1+ 𝑧d) and𝑇𝜈 (𝑧) =
𝑇𝜈 (𝑧d) (1 + 𝑧)/(1 + 𝑧d). The corresponding number density is given by 𝑛(𝑧) = 3𝜁 (3)𝑇3

𝜈 (𝑧)/(4𝜋2),
and the spectrum follows the modified Fermi-Dirac (FD) distribution

𝑓FD
[
|p(𝑧) |, 𝑇𝜈 (𝑧)

]
=

1
exp [|p(𝑧) |/𝑇𝜈 (𝑧)] + 1

. (7)

We further define the modified number density as 𝑛
𝑖
(𝑧) ≡ 𝑛𝑖 (𝑧)𝑎(𝑧)3, where the effect from the

expansion of the Universe is absorbed into the scale factor 𝑎(𝑧) ≡ 1/(1 + 𝑧). When taking the
neutrino decays into account, the number densities of parent and daughter neutrinos with the same
helicity at the redshift 𝑧 should be calculated as

𝑛±𝑖 (𝑧) =

∫ ∞

0
𝑛0e−𝜆𝑖 (𝑧) 𝑓FD [|p𝑖 |, 𝑇𝜈 (𝑧)] |p𝑖 |2 d|p𝑖 |∫ ∞

0
𝑓FD [|p𝑖 |, 𝑇𝜈 (𝑧)] |p𝑖 |2 d|p𝑖 |

,

𝑛±𝑗 (𝑧) =

∫ ∞

0
𝑛0

[
1 − e−𝜆𝑖 (𝑧)

]
BM+
𝑖 𝑗 𝑓FD [|p 𝑗 |, 𝑇𝜈 (𝑧)] |p 𝑗 |2 d|p 𝑗 |∫ ∞

0
𝑓FD [|p 𝑗 |, 𝑇𝜈 (𝑧)] |p 𝑗 |2 d|p 𝑗 |

. (8)
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Figure 1: The capture rates for Majorana (left) and Dirac (right) neutrinos in the case of NO [5]. The
green dot-dashed curves represent the total capture rates, while the contributions from each mass eigenstate
with a specific helicity are shown separately. For Dirac neutrinos, the capture rates with all decays being
helicity-preserving are plotted in the green dotted curve.

Here the FD spectra of 𝜈
𝑖, 𝑗

have been included, BM+
𝑖 𝑗

≡ ΓM
±±,𝑖 𝑗/ΓM

±,𝑖 is the branching ratio of
the helicity-preserving decay channel, while that for the helicity-changing decay can be similarly
defined as BM−

𝑖 𝑗
≡ ΓM

±∓,𝑖 𝑗/ΓM
±,𝑖 . The suppression factor 𝜆

𝑖
(𝑧) is calculated by

𝜆𝑖 (𝑧) =
∫ 𝑧

decay
𝑖

𝑧

d𝑧′ ΓM∗
±,𝑖

(1 + 𝑧′)𝐻 (𝑧′)𝛾(𝑧′) , (9)

with the Lorentz factor 𝛾
𝑖
(𝑧) ≡ 1/

√︃
1 − 𝛽2

𝑖
(𝑧), the Hubble parameter 𝐻 (𝑧) and the total decay rate

for 𝜈
𝑖
in the rest frame ΓM∗

±,𝑖 . The redshift 𝑧decay
𝑖

describes the moment when a substantial fraction of
𝜈
𝑖

starts to decay for a given coupling constant. For the second-heaviest neutrinos, we should also
take their secondary decays into account, where the momentum distribution functions will also be
modified. See Sec. 3.1 of Ref. [5] for further details.

After determining the evolution of neutrino number densities for different mass eigenstates
with specific helicities, we arrive at their present values by setting the redshift 𝑧 = 0. They are used
to calculate the total capture rates in PTOLEMY-like experiments [3]

ΓC𝜈B = 𝑁T𝜎

3∑︁
𝑖=1

∑︁
ℎ
𝑖
=±1

��𝑈𝑒𝑖

��2 𝑛𝑖 (ℎ𝑖)A(𝛽𝑖 , ℎ𝑖) , (10)

with the number of tritium nuclei 𝑁T ≈ 2 × 1025, and the cross section
��𝑈

𝑒𝑖

��2 𝜎 where 𝜎 ≈
3.834×10−45 cm2 and𝑈 is the leptonic flavor mixing matrix. The function A(𝛽

𝑖
, ℎ

𝑖
) ≡ 1− ℎ

𝑖

〈
𝛽
𝑖

〉
depends on the helicity of captured neutrinos with the number density 𝑛

𝑖
(ℎ

𝑖
) and their average

velocity
〈
𝛽
𝑖

〉
. The numerical results in the NO case for various coupling constants are presented

in Fig. 1 as green dot-dashed curves, which are obtained with the lightest neutrino mass being
0.1 meV and other parameters adopted from Ref. [4]. All the coupling constants are set to be
equal, i.e., 𝑔

𝑖 𝑗
≡ 𝑔, taken in the range 𝑔 ∈ [10−16, 10−10] to satisfy the most restrictive constraint

from cosmological observations [6]. Capture rates in the standard case are reproduced for small
coupling constants, while for larger ones they could reach ΓM

C𝜈B ≈ 16 yr−1 for Majorana neutrinos.
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Two step-like increases come from the contributions of 𝜈3 and 𝜈2 decays, respectively. For Dirac
neutrinos, the total rate is ΓD

C𝜈B ≈ 11 yr−1 since only neutrinos can be captured in this case. In
order to emphasize the effects from the helicity-changing decays, we also plot the capture rates
by assuming all decays are helicity-preserving as the green dotted curve. There is no change for
Majorana neutrinos, while the total rates for Dirac neutrinos increase to ΓD

C𝜈B ≈ 16 yr−1 since the
number densities of left-helical neutrinos will be much larger now. In the IO case, the decay rates
of 𝜈2 → 𝜈1 + 𝜙 are highly suppressed, and the small matrix element

��𝑈
𝑒3
��2 ≈ 0.023 results in

the capture rate as low as 1 yr−1 for both Majorana and Dirac cases. Meanwhile, there is also no
significant difference when only considering the helicity-preserving decays.

4. Summary

We study the invisible decays of massive neutrinos and their implications for the C𝜈B detec-
tion. The total decay rates in both the helicity-preserving and helicity-changing decay channels
are calculated, and significant asymmetries between them have also been noticed. The number
densities of cosmic relic neutrinos are derived during the expansion of the Universe. By varying
the coupling constant between massive neutrinos and the Nambu-Goldstone boson, we evaluate the
capture rates of C𝜈B in PTOLEMY-like experiments, which can be as large as 16 yr−1 for Majorana
neutrinos and 11 yr−1 for Dirac neutrinos in the case of NO, while less than 1 yr−1 in the case of IO.
In the future, PTOLEMY-like experiments will be capable of measuring the absolute neutrino mass
scale and detecting cosmic relic neutrinos, thereby establishing themselves as a unique platform to
explore the intrinsic properties of massive neutrinos and test theories beyond the SM.

This work was supported by the National Natural Science Foundation of China under grant
No. 11835013 and No. 12475113, by the CAS Project for Young Scientists in Basic Research
(YSBR-099), and by the Scientific and Technological Innovation Program of IHEP under grant
No. E55457U2.
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