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Neutrino Properties

See related reviews:
Neutrino Properties

Sum of Neutrino Masses

v MASS (electron based)
v MASS SQUARED (electron based)

v MASS (electron based)

v MASS (muon based)

v MASS (tau based)

SUM OF THE NEUTRINO MASSES, Mot

Limits on MASSES of Light Stable Right-Handed v (with necessarily suppressed interaction strengths) v

Limits on MASSES of Heavy Stable Right-Handed v (with necessarily suppressed interaction strength

v CHARGE

v (MEAN LIFE) / MASS

v MAGNETIC MOMENT

NEUTRINO CHARGE RADIUS SQUARED

2

Neutrino Properties

v' Neutrino oscillation: massive neutrinos & significant leptonic flavor mixing

X Neutrino mass ordering: normal mass ordering (NO, m; < m, < m,) or

inverted mass ordering (10, my; < m; < m,)?

X The absolute neutrino mass scale is still unknown. Neutrino mass origin?
X Dirac or Majorana particles? Lepton number/flavor violation? (New physics!)

v J=1/2

1 MASS (atomic mass units u) 0.1134289259 +0.0000000025 u

<x

N

|

4 MEAN LIFE T (2.1969811 +0.0000022) x10~ % s

| |
4 MASS 105.6583755 £0.0000023 MeV
Por very precise!
PDF

T+ /Ty~ MEAN LIFE RATIO 1.00002 4-0.00008

<0.8 eV CL=90% v ST YR [ O (2 +8) x107°

0.08 +0.30 eV?2 v 1/ p MAGNETIC MOMENT RATIO 3.18334514 +0.00000007
v » 1 MAGNETIC MOMENT ANOMALY

<0.19 MeV CL=90% v (LR A ) S (—1.1 £1.2) x107°

<18.2 MeV CL=95% v M ELECTRIC DIPOLE MOMENT (d) <1.8 x107* ecm CL=95%
v MUON-ELECTRON CHARGE RATIO ANOMALY g+ /e + 1 (1.1 +2.1) x107?

p~ DECAY MODES

w1t modes are charge conjugates of the modes below.

Scale Factor/
Mode Fraction (I'; /T) Conf. Level P(MeV/c)

~ 100 % 53
0
I'y e Vel Bl (6.0 +0.5) x1078 53
x107* up CL=90% v
KB I's e Vev ete” (4 (3.4 £0.4) x1075 53

. G —-32 __ 2 ~ro
sl e U S R e b » Lepton Family number (LF) violating modes



Accelerators

W IV 21/5558
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Pan daLl

t = Time (seconds, years)

E = Energy of photons (units GeV = 1.6 x 10710 joules)
Ke

5B quark _ Ps
LV neutrino - ion
gluon

L
“ bosons
=) electron e atom

meson

i
) muon
(9 baryon /! photon

&P tau

The concept for the above figure originated in a 1986 paper by Michael Turner.

Relic Neutrinos

Cosmic Microwave
Background radiation
is visible

- e
 yisible univers

Structure
formation

Dark energy
accelerated
expansion

A

v Neutrinos decoupled @ the 1st sec.
v A non-relativistic neutrino source
v Reveal neutrinos’ intrinsic properties

< 1012 - CNB Solar (nuclear) -
o - Solar (thermal) .
= - Reactors ]
8. 6 =
S 10° - .
LL - _
2 " Geoneutrinos _ » « ’
= 100 — ’ s 7]
> - BBN (n) DSNB N\ -
5 - N : ]
. oef \Atmospherlc :
2 - "\ lceCube data -
;g - ; Vitagliano, Tamborra & Raffelt, A ~  (2017) .
3 107'“1- BBN (“H) Rev. Mod. Phys. 92 (2020) 45006 *~./ .
B Cosmogenic™ ™. -
10—18 C 1 I I | I I | I I | I I | I I | I I | I I | |\ L I\\_:
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Energy E [eV]



Relic Neutrinos

A
ik % v Neutrinos decoupled @ the 1st sec.

expansion

Cosmic Microwave Structure

Socgromnd rodron ot . v A non-relativistic neutrino source
v Reveal neutrinos’ intrinsic properties

Accelerators

a e Number density per flavor per helicity
X n 56 i cm ™
e W B 2.726 K

Pan daLl

o Jemperature today

Teop ~ 1.95 K ~ 0.168 meV

t = Time (seconds, years)

E = Energy of photons (units GeV = 1.6 x 10710 joules)

e Average momentum (p,) ~ 0.5 meV

At least two mass states
- are non-relativistic!




Detection CvB with Tritium 5

PHYSICAL REVIEW VOLUME 128, NUMBER 3 NOVEMBER 1, 1962

Universal Neutrino Degeneracy

STEVEN WEINBERG*

Imperial College of Science and Technology, London, England _ .
(Received March 22, 1962) 200+ citations

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 8~ decay.
Tritium might be preferable because of background
problems and because it has an accurately known end
point; a decay process with a higher O value would give
more counts above the end point, though a smaller
proportion. For trittum 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 Er=1 eV. It '
varies as Er® (and for other decays roughly as Q?). The beta d ca)Z \
limiting factor on such an experiment is energy resolu- (backgr und) \ .

tion and our imperfect knowledge of 8~ end points p E——

rather than the rarity of absorption events. Probably it mv Qp my

neutrino capture
(signal)

Kurie Functions

Steven Weinberg
(1933~2021)

Citations per year

20

15

% Measuring neutrino absolute mass scale from tritium decay "H — “He + ¢~ + L,

% Detecting cosmic relic neutrinos through the tritium capture v, + H — ‘He + e~
v' No energy threshold (vs 1.8 MeV for IBD), suitable for non-relativistic neutrino case

10 /
5 ®

0
1963 1979 1995 2011 2025
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Capture Rates of CvB

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

Long, Lunardini & Sabancilar,

® Ca,OtUI’ e Rates. -.p s (2014) 038

N
2

FCUB = N10 Z Z Uei| ni(s)(s;)

s=%1/2 i=1 )

» Number of tritium nuclei in the target (100 g tritium) Np &~ 2 X 107

.%}}‘.:::.':::::/: | . Cross section & ~ 3.8 X 107* cm? ..
S et e [—f s=+1/2 v Helicity ?!
; 9% & H(s)=1—=2s.8. = .
graphene o ( l) lﬁl 1 + ﬁi Si — — 1/2 ( veIOClty ?.’
_1\ __________ - - —1
FCVB 4 yr ~ s FCUB 7 yr~ for NO

A factor of 2!

FCIJB 3 VI 1) (distinguish D or ) considering velocity distribution

Roulet & Vissani, JCAP 10 (2018) 049




Neutrino Decays 7

It Is Interesting to investigate whether a heavier neutrino can decay into a lighter
one and other elementary particles within or beyond the SM.

4 3 )
2 3 2
Radiative decays: 1, — 1; + 7 r (,/i I },) _ 53117 m, Heft
/ n’ll2 1 eV HB
- y
W Y / Y < Effective magnetic dipole moment
~ 1072
I/l W I/l !/ Heft 0 HB
/ " = Neutrino lifetime 7, ~ 10* s, MUCH LONGER
g Vi thanthe age of the Universe 1y ~ 4 X 101 s

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

. -Dirac case: 1; > v;+ ¢ andv; > U; + ¢
Lyt = —Z(Vi@u-—m-?u-)%——@ POH ) — igbz T~ + h.c : -
M T o 2 \Fl@Ve = Vi) = 5 O *_ Gt vy RS« The decay amplitudes for Majorana
’ - neutrinos are twice that for Dirac ones.




Neutrino Invisible Decays 8

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

Direct decays: v; — v; + ¢

1 5 Modern Physics Letters A Vol. 5, No. 5 (1990) 297-299
[’M _ E (721@% _ szZVz) e _@M¢@Mq§ — |ig E giijﬂ/ v, + h.c. © World Scientific Publishing Company
2

2 2,J SOME REMARKS ON NEUTRINO DECAY VIA

C. W. KIM and W. P. LAM
Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD 21218, USA

Received 30 August 1989

mym X 2 2 1
[(vy— vy) = ——— [g% (-—+2+—logx——2--—)

167E, 2 b X 2x3
relativistic limit r 2 (F e s 2L
E > m 52 12 x BXT 2T )3

Vi (E;, P}'f) Y (pj> hj)

mim x 2 1 my
(v, — 7)) = Nl —— = 2]
(v2 = 1) 16 wE, [(81 82) (2 x 87 2x3)] (x m,)

also see: Funcke, Raffelt & Vitagliano, PRD 707 (2020) 1, 015025

Rest Frame Laboratory Frame

Decay amplitudes (with specific helicities) =—> Amplitude squared — Decay rates




Total Decay Rates

Total decay rates (the most general for the first time)

@ Forp,

° Helicity—preserving:

<

— 2 2

M
Fii,zj

gl]

l\/l—ﬂz{ (1=r2)A =2 = A+ D p + f

° He/icity—changing:

+,i°

@ Forf>p =1~/ +r1;

® Helicity-preserving:

gl]

l\/1—ﬁ2{ <1—r >(1—r)2+(1+r + )l -

M
1—‘-I_-i,ij

® Helicity-changing:

gl] l

\/1—/32{ (1-:» >(1—r)2—r(1 72 =22 nr, — (7% = 1)

+,i'

gl] l

\/1—ﬁ2{ <l—r >(1—r)2+r(1—r2)+2r21nr +(B72=-1)

r.+ l(ﬂ.—z — DA + 7, +717)
i oIk J Jt _

| +l(,5.‘2 — D1 +7r. + r%)_
ji Nl Ji JU _

p;

1 T
2 2 2
(1+ ry rji)rjl.ln st 4(1 ri) (1 + 4rjl. + rji)_ }

Consistent with previous results in the relativistic limit, i.e., ﬁi — ]

| i
2 L2 2
(1+ r rji)rjl.ln r 4(1 i’j,-)(l + 4rji + ’}'i) }
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Decay-rate Asymmetries

v ForB,< p=1~-r)/(1+r7) v For B> B = (1= /(1 +r7)
giim; 1 _
Fl:\I:/[:I:,ij: jlﬂ' \/1_522{2(1_T )(1_T ) (1—|—7“ _|_r]z) jzﬁ :|::|:’L] g@] \/1—52{ (1—7“ )(1—T )2 -Z-(l—r?i)—Qr?ilnrji
1 1+ 8.
+[Tji+§(5{2 (1 + 7 + 75 )] ij,;ln<1i_?>} : —(ﬁ._ —1) [(1—|—rjz-—|—7“?z-)rﬁ-lnrﬂ+i(l—r )(1+47“ + 77 )]} :
1'2' ) 1 _ )
Plch,ij:gi:l \/1_322{2(1_7“)(1_7“) +(1+Tji+r?i)Tji5i1 i$zg g] \/1—52{ (1_T)(1_T ;) 75 (1_T )+2"“ In 7y,
1
—[Tji+%(5r¢_2_1)(14"'“3'@4‘7“]2'@')] rjiln<1+§z>} : +(B;77 = 1) [(1‘|"'°jz"|‘7“32'z‘)"“jz'ln"“ji‘|‘4(1_7“ i) (1 +4r; + 7 )]} :
NO “ 10
0.00: — AM B F_ — F_+ ii 0.0:
: y |
—0.05F F¥+ T F++ ij —0.1[
I M
| Asymmetry between | | — s
= —0-101 helicity-preserving and == —0.2} — Ay
; 15: -changing decay rates | AP
Ol —0.3f
| 20% 40% |
—0.20¢ :f
0.0 0.2 0.4 0.6 0.3 1.0 0.0 0.2 0.4 0.6 0.3 1.0

b My o htest = 0.1 meV and global analysis values b




Experimental Constraints on g 11

v Set all couplings to be equal g;; = &

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

power spectrum through decays v; — v; + ¢ and scatterings v; + v; = ¢ + ¢

X For g < 107 the scalar ¢ will never be in thermal equilibrium via scatterings

before the CMB formation see, Hannestad & Raffelt, Phys. Rev. D 72 (2005) 103514

v The lower bound on 7; (ultra-relativistic): Barenboim et al., JCAP 03 (2021) 087

S5
. > 4 X 1()(5 .+-6) q ", Daughter neutrino masses may
1~ 50 meV weaken the lifetime constraint

up to a factor of 50
e. (for NO), ¢ < (1.6---5.0) x 107V (for v D, 85(04--1.3)x 10~/ (for v )

We choose 1071 < ¢ < 107! in this work (a benchmark value: g = 10™'%)




Experimental Constraints on g

v Set all couplings to be equal 8i=8 <> —%ZVﬁyNNRS

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

h.c.=— Zmlil;/v S = (f

I,

12
ih)/1/2]

power spectrum through decays v; — v; + ¢ and scatterings v; + v; = ¢ + ¢

X For g < 107 the scalar ¢ will never be in thermal equilibrium via scatterings

before the CMB formation

v The lower bound on 7; (ultra-relativistic): Barenboim et al., JCAP 03 (2021) 087

qz4xlm“@s(

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

e. (for NO), ¢ < (1.6---5.0) x 107V (for v )

5
L) Daughter neutrino masses may
weaken the lifetime constraint
5 O meV up to a factor of 50

g <(04---1.3)x 107 (for v )

We choose 1071 < ¢ < 107! in this work (a benchmark value: g = 10™'%)
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o Modified number density n(z) = iz)a(z)’ « Estimate z.~ from

10_105 '
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NO & Majorana

0T 0T 101'ﬁ 102108 10

101

CvB Decays and Evolutions

|

0 _ -
_N. decay d o)
| e 1017 )] 1p 1 dlp
O | |

I fr | 1P T, | 1pI” d|p]
; _ _

where the suppression factor

Z(qucay) =

I 1

JOO dz FE\_:I?
Zide(:ay (1 + Z)H(Z)}’,(Z)

a substantial fraction of v; starts to

decay for a given g after taking

account of Its momentum d/str/but/on

o zidecay characterizes the redshift when |
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CvB Decays and Evolutions

NO & Majorana * Number densities

0 50 100 150
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n.e 4

nii(z) =
nH@) = |y~ Q)| B

branching ratio of helicity-

preserving decays
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CvB Decays and Evolutions

nii(z) —

n06

U5 start decaying

NO & Majorana * Numboer aensities

_/Ii(Z)

15

n=(z) = lno — nl-i(z)] 95’2.“
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CvB Decays and Evolutions

() —
n-(z) =ne

0

NO & Majorana * Numboer aensities

_/Ii(Z)

16

n=(z) = lno — nl-i(z)] 95’2.“

U5 start decaying




CvB Decays and Evolutions

17

NO & Majorana * Numboer aensities

1207
: TL3 nl
100p - . Ny —meee ny
+
- created v 4
] ! (from v3) S O Us.
Oflv -1 secondary
= _ :_ decays
O, O60p_____ Ao
—|—| e : “\‘ \\
S 40F "\

primordial v,
start decaying

__________——--~
—y
_—y

————————————————————

_y
_y . Wy
5\\

0 50 100 150

Universe Expansion P

200

200

—4(2)

+0 N
n-(z) = n,e

n=(z) = lno — nl-i(z)] 95’2.“

U5 start decaying
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CvB Capture Rates 19

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

. Long, Lunardini & Sabancilar,
¢ Ca,otur € Rates. cap o (2014) 038

N
2
FCUB = N10 Z Z Uei| ni(s)(s;)

L s=+1/2 i=1 )
» Number of tritium nuclei in the target (100 g tritium) N = 2 X 107
+ Cross section & ~ 3.8 X 107* c¢m?

2 2 2
« Leptonic flavor mixing matrix Ue1 ~ 0.677 Ue2 ~ (0.298 |, Ue3 ~ 0.023
e (s;)=1-12s, <ﬂi> with the momentum Fermi-Dirac distribution
p. 1, o) 1p,1* dlp,
[ hollel

(8) ===

J0

J;D<\pi\,T,9i>\p,.\2d\p,-\



Capture Rates (NO)

NO & Majorana

Vs 1y
I 1
______ Vl

S m = 0.1 meV

_ /f n5¢w5i61ne\’
''''''' / m, =~ 50 meV

/ U, decay

v The number density of left-
helical states will be much
larger without helicity-
changing decays.

i NO & Dirac
16 Vs Yy == total
14 Vy —---- A
== 12F T vy
- without helicity-
 changing decays | .~ —-—%
R
......... —
- o~

16—14



Capture Rates (I0) 21

[0 & Majorana

10 V = v’ The difference is negligible
! 2 3
8@ _______ ______. Vi e v for 10 (v, — vy decays are
_ \ - . suppressed).
= | m=01mev - & total == )
61 > | [— 2 .
m, ~ 50 meV \ . 10 & Dirac

m, & 50.7 meV

no significant

production of v,

from v, decays




Summary 22

* We study the invisible decays of massive neutrinos and their implications for the CvB detection.

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

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 CvB in the PTOLEMY-like experiment are obtained when considering
neutrino decays and the distribution function (Flé/IUB ~ 16 yr~' and F&B ~ 11 yr~!in the NO

case, 1 event per year in the 10 case).

* |t 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 CvB is definitely challenging...).

Thanks for your attention!
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Helicity-changing Decays 24

 Helicity spinors with h = = 1

| o ) _
Ly = = Z (Zidv; — m;vv;) + §8Mgb(9“¢ — 1¢Zgijuﬂ5uj + h.c.
LW

245
0 .0
COS = ) —sin -
P PO.p=1 , 0,0 =
e+t gin £ e+t cog L
2 2

» Wave functions with 1 = + 1 & —1

VE - p| 0
|VE+
u(p,h=+1)=cosg 0 +singel¢ \/ P
v; (E7.p;) vi (P, h;) 2 [WE+|p| 2 0
0 VE—Ip|
Rest Frame Laboratory Frame
VE+1p| 0
E.qQ. Y helicity-preserving: o= - 1= —sin 2] 0 |4 cos Zeit VE-1p|
\/Ei_lpil P p) \/E—|P| 9 0
) hi =+ 1= x cos(0/2) ; JETTP]
u(p.h.=+1) = \/E o v helicity-changing
! ! h.=—1=  sin(6/2) Both positive- and.negatlve—he//cal states of
0 J daughter neutrinos can be produced!




Decay Amplitudes and Decay Rates 25

1
Ly = = Z (Zidv; — m;vv;) + §8Mgb(9“¢ — iqﬁZgijFﬂ5uj + h.c.

1 1,7

1. Decay amplitudes (Majorana v)

—— il y), i = 287D, h)r u(p,, h)

vi(pi ) = vi(pj, hj) + p(k)

]9 lj ]

2. Amplitude squared

| ), i U\ = 4g7Tr [ui(pl., hu(p., hi)}’suj(]?j, h)u(p;, hj)VS]

fora specific | lu(p, hyulp, k) = 5 (p+ m)(1 + hy’f)

v; (B3, ;) v; (s h)) helicity

Rest Frame Laboratory Frame ) : o 6’]
| MY, 51 = 8g; (Ei%—m,mj—\pi\\pj\);cos £y
3. Differential decay rates g
I 2 > > ] — Qo2 _ 2
o, gt [ BR+B a+np BB =i wi, MY 1 = 8g5 (EE = mm,+ |p,| ;| ] sin® =
dE;  4zE | |p\°lp;l  21pl Ipillpl o 210p] p; 1D SO '

- -« These identities hold

drit ggm} E}rj% +E}  (1+r)* EE (1 —ry)? myr,

= t + I - _ M 2 M 2 _ M 2
dE;  4zE; | |p,Plpl  2Iedl Iedlpl o 20p] Ip;11p; \/%++U\ | A N 1= AT

A A A



Cosmological Constraint

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

g < (1.6---5.0) x 10~ 19 (for v5), ¢ < (04---1.3) X 10~7 (for v,), (2.39)

in the NO case. In the IO case, we get ¢ < (2---6) x 1071V for both v, and v,, 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 <32x107" (for 1y), ¢ <5.0x107° (for v,) (2.40)

in the NO case, while ¢ < 4 x 107!V in the IO case.

7 3 Chen, Oldengott, Pierobon & Wong, EPJC 82 (2022) 7, 640



Other Constraintson g 27

Other constraints on the coupling g come from terrestrial experiments and astrophysical observations.

« The interaction gives rise to the Ovff decays with an extra scalar ¢. The non-observation of such a signal in the

EXO-200 experiment provides a constraint on the coupling constant ¢ < (0.4-:-0.9) X 10~ [Kharusi et al., PRD
104 (2021) 11, 112002]

Astrophysical constraints on the coupling can also be derived from:

v' BBN: Anhigren, Ohlsson & Zhou, PRL 111 (2013) 19, 199001: Huang, Ohlsson & Zhou, PRD 97 (2018) 7, 075009; Escudero & Witte, EPJC
80 (2020) 4, 294; \lenzor, 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; Martinez-
Miravé, Tamborra & Tortola, 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.d. 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 7107 (2020) 6, 0620017; SNO collaboration, PRD 99 (2019) 3, 032013; Huang & Zhou,
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Secondary distribution 28

The distribution function of the final-state v; in helicity-changing decay v(p;, £ ) — vi(p;, ¥ ) + ¢ is
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