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| will not discussvery interestingNPsearcheghat can beperformedwith chargedieptons. Namely:.
- Electron& muonanomalousmagneticmoments
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- me 'pme for a,HVPLO
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- LF\(lepton decays& conversionin nuclei)
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The most general, derivative-free, four-lepton interaction Hamiltonian,
consistent with Lorentz invariance is:

Gy n |, &n _
5 2 8l |1 T Wp)a | (AT ole] + e

n,e,w

H =4

Where €,w, o, A label the chiralities (L, R) of fermions, and n=5,V, T
the type of interaction: scalar (I'S — [),vector (FV = ") and tensor
(r" =o' /V2). ti g5, < 2,184 < 1and |g] < 1/3.



For the case of massless neutrinos, the differential decay rate is:

dl m
dxd cos 0 47:3"“’ Gy \/ X = xo (F(x) — %P x° — x4 cos BA(x))

x [14C-Py(x,0)],

where P is the degree of the initial lepton polarization, 6 is the angle between the |
spin and the final charged-lepton momenta, w = (mf -+ mﬁ)/Zml, x = E;/w is the
reduced energy and xg = m,/w, f Is an arbitrary direction parallel to the final
charged-lepton spin and the polarization vector 73[, IS

Py =Pr - R+Pr, -y +P. -2

The components of 73,, are, respectively:

Pr, = Psind - Fr.(x) / {F(x) = $Py/x* =3 cos0A)},

Pr, =Psin0 - Fr (x) / {F(x) - %7) =% cos 0A(x) },
_FIP(X) —+ PCOSQ . FAP(X)
F(x) — %P\/xz — x5 cos OA(x) _ 220
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These functions are written in terms of the well-known Michel Parameters

(p,m,6,6,m" € ,€",a",8):

F(x) = x(1 — x) + §E(4x2 _3x — xg) +[nko(1 — %),

2 2
Ax) =1—x+ Zo|(4x —a+1/1-2) .
(x) x+3 (X XO)

1

FTl(x):E{ (5 +12(p—§))(1—><)><o—3'n(x — X)) + ?7"(—3X2+4X—X§)]»

Fr,(x) = 1‘\/Xz—xo {3—(1—X ‘|‘2_\/1_X0]
Fip(x) = 5—14‘\/X2—X§[95,(_2X+2+ Vl_xo) +4§(5_%)(4X_4+ Vl_XS)]’

Fap(x) = 5 [€/(2" = x =) +4(p = 3) " = 3x = =) + 211 — .

W |

As an example:

1

=5 Re[gLLgRR + gRRgLL + gLR(gRL + 6g ")+ gRL(g +362§LR )]



/

/

Inthe SM, p=6=3/4,n=n —a =8 =0andE=¢ =¢ =1.

o= e v,V T e VU | T — i VU,

p | 0.74979 + 0.00026 | 0.747 & 0.010 | 0.763 + 0.020

1 0.057 4 0.034 — 0.094 £ 0.073

0.0016 1 — 0.016 == 0.013

¢ 1.0009" 5 0007 0.994 + 0.040 | 1.030 + 0.059

&5 | 07511790056 | 0.734 + 0.028 | 0.778 £ 0.037

¢ 1.00 + 0.04 _ _

| 065+ 036 _ _
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The total decay rate is:

where

A my g(mﬁ/m%)
G”/ — G”/ 1 -+ 477

my £ (my/my)

f(x) = 1—8x—12x"log(x) +8x> —x*,g(x) = 1 +9x — 9x* — x° 4+ 6x(1 + x) log (x)
and the SM radiative correction (5ﬁ>c has been included.

" a |25 m; \
5RC: 2 — 7T —|—O ) —|—

T | 4

5 _ g2 I 3m% 9 m: ma _
G2 = 1+ Ar 1+ 22 4+ 240 &
Il _4\/§Ma/( ) 2 M2 ( 2 2)-
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The current neutrino (v, g) is assumed to be the superposition of the
mass-eigenstate neutrinos (/;) with the mass m;, that is,

Vi = E :UlejLa ViR = E :VlejRa
J J T

where j = {1,2,..., n} with n the number of mass-eigenstate neutrinos.
Thus, we can write the effective Hamiltonian in the mass basis, for the
process | — l'_Nij.
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G / 7 * N7 %
H = 4" Z {gl_SL {_IL V/’J'NjR] [NkR VIkIL] ‘|‘gLVL [FL’Y“ U/’ijL} [NkLU/k’YM/L]

—_ - — .
‘|'gng VRU,'J-NJL} [NkLUIkIR} ‘|‘gf¥R {IR’YM V/’J-NJ'R] [NkR Vlk’Y,,L/R]

+gLSR I_/LV/’J'NJ'R] [NkL U;;/R} ‘f‘gL\j? [/_II_’YM U/’_,'NJL] {Nm V/z’YM/R}
T -—, o Vi x O v S |7 N *
+ 8LR /Lﬁ V,'J-NJ'R} [NkL U G IR] + 8RL [IR U;’J-NJ'L] [NkR V/k/L]
i y

NI K Y NI K O. L
—|—gA>/L _//?’YM V/’ijR] [NkL UIk'Y,uIL} ‘|‘gRTL [/_//?ﬁUﬂijL] [NkR Vik \;5 IL] }

Note that |N|represents an antineutrino for the Dirac neutrino case, but
should be identified with N for the Majorana neutrino case

(N=N°=CN").

7/20



Dirac Neutrinos

N (ps3)
J @ Neutrino # Antineutrino.
@ One possible first-order Feynman
[~ (p1) > > I (pa) diagram.
(’ o Well defined fermionic flux.
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The Hamiltonian for the case of Majorana neutrinos is

G / * *
H = \/”5 Z {gl_SL [ﬂ_ V,'J-NJ'R} [NkR VlkIL} T gLVL [’7.7“ U,'ijL} [NkL U/k’Y,,L/L]
I
S |7 * v [# i *
+ 8RR |:IRU[’ijL] NkLUIkIR} + 8RR [/R’Y V/’ijR} [NkR V/k’m/R}
N

‘|_ng /_ZV,'J ] [NkLUIkIR] ‘|‘gLR {IL'Y U/'J-NJL} {NkRV/i%/R}
N;

o *
+ 8ir /_ILEV;J ] [NkLUlk NG } + gRL {/_EU,'J-NJL] [NkR VIkIL]
! »
V |77 T |77 « O v
+ 8RL [/R’Y V/’JN ] [NkLUIk’Y,uJIL} + 8RL [/ \/EU[’J'NJ'L] [NkRVIk NG }}
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Majorana Neutrinos

The possible first order Feynman diagrams for the I~ — /'~ N; N, decay
are:

Ni(p3) Nj(p2)
I~ (p1) > >C I'"(pa) I~ (p1) P DC ' (pa)
N;(p2) Ni(p3)

The first diagram leads to the same matrix element as the Dirac case,
while the second diagram is only possible in the Majorana neutrino case
and we already defined the orientation for each fermion chain. 10120




Majorana Neutrinos

Then, after integrating over the neutrinos momenta, the decay rate will
have the following dependence on the amplitude:

1
dll x —Z\Mﬁ( - M%\Z
— —Z{\M 24 (MY - 2Re(MEMY))

— Z ‘M_jk‘ Z Re( JkM )
J,k

The interference term distinguishes between Dirac and Majorana cases,
which is sometimes called the|Majorana term,
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The differential decay rate taking into account finite Dirac or Majorana neutrino masses is:

dl my 4 > > Linear inn masses
= E —w G \/x" —Xxg
dxd cos 6

jk47T

x ((Fis(x) + Fis(x) + Fi§(x)) = P cos0(Fas(x) + Fas(x) + FAs(x)) )

X [1 + f : 7311 (x, 9)] , Quadraticin n masse
where
PII:PTI')?+PT2')7—|—PL'£.
and the components of 731/ are, respectively, Wslineay ™ is quadraticin n masses

Pr, = Psin0 - (Fr,(x) + Fr,(x) + F7,(x)) / N,
Pr, = Psin0 - (Fr,(x) + Fr,(x) + F1.(x)) / N,

P = ( — (Fip(x) + Fip(x) + Fip(x)) + P cos b - (Fap(x) + Fap(x) + FXP(X))) / N.

with N the normalization factor:
/ !/ / !/
N = (Fis(x) + Fis(x) + Fig(x)) — P cosO(Fag(x) + Fas(x) + Fas(x)) . 12120



Total Decay Rate

Finally, integrating over all energy and angular configurations we obtained:

Glml

l!’
B !’ = Z i 3 f(mﬁ/m%) (1 + 5RC) ,

[—1 K 1927

where Linear Inn masses

G
i

| my g(ma/my) mi [ . f(ma/mi) g my g (my/m])
G'f'{(')f"+4(")J“ my F( ) [( iy TR e )

ik [y F(ma/mi) e ma g (ma/mi) ]

Quadraticin n masses
with the functions defined as:

—1
f'(x) = —1+ 6x — 2x” 4 3x° (4 arctanh (X ) — 1) ;
x+1

f”(x) =1-—3x+ 3x° — x3,

—1
g,(x) =2 — 6x° —I—X3 + 3x (4 arctanh (X ) — 1) :
x4+1

gH(X) =1 — X2 + 2x |Og(X) 13/20




Considering the constraints on an invisible heavy neutrino”, we can
estimate the suppression of the neutrino mass dependent terms compared
with the ones without this dependence (standard Michel distribution).

Neutrino Mass (MeV) Mixing |Uj,|° Process

Heavy (/ =€) | 0.001 - 0.45 10~ n—p+etu,
10 - 55 10~° T — ev,
135 - 350 10~° k — ev,
Heavy (I = p) 10 - 30 10~ ° T — v,
70 - 300 10~ k — pug
175 - 300 107° k — v,

Heavy (/=7) | 100-1.2x10° | 107" —=10"° | 7 — v, + 37

1x10°-60x10° | 107> — 10> Z — vy,

'A. de Gouvea and A. Kobach, Phys.Rev.D 93 (2016). 14/20



" Mixing Quadratic Term
Byl s (M) Suppression Suppression (mg)
Light (2) 110 — T T
Hz‘f“f’p()l) 0.001 - 0.45 10-3 10~ — 107 1018 — 1016

10 - 55 10 8 10710 10-19
135 - 350 108 10 7 ip-te
Heavy (l) 10 - 30 10 4 106 10 15
(L= p)
70 - 300 e 10-7 — NS 1076 — 1071
175 - 300 108 109 10718
Hz}a"in()]) 100 - 1.2x10° | 10-7—10-% | 10— il 10-18 — 1012
1x10% —60'% 10% | 1075 — 1073 105109 1071 —10~%
Heavy (2) 12 P 16
(1 — eNN) 10 - 30 10 10 10
175 - 300 104 —-101 | 107151012 106 — 1018
Heavy (2) ‘ . —1% 49 10=14 _ 10=10 ~314 __ 4n-10
(r = eNN) 135 - 350 10 10 10 10 10 10
Heavy (2) . ; FA—19 _ {H-8 35 . Thes 14 _ 1n=10
oo NS 100 - 300 10 10 10 10 10 10
175 - 350 1075 —-10"11 | 10~ —10"12 10-16 — 1012
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g}fL — 096; g}%R — 0.25 and ggR — (.5 G

0.35

0.30 0.804 0.806 0.808

0.25 -
0.20 -
0.15 - 1 — Without m, contribution.

With m, contribution.

0.05

0.00 |-

0.2 0.4 0.6 0.8 1.0

(a) Dirac neutrinos.
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gV, =096, g5, =025 and ¢35, = 0.5 «~

0.35¢

L

0.806

L L L L

0.808

0.30 :— 0.604
0.25
0.20 k : 7
0.155— — Without m, contribution.

I i With m, contribution.
0.10 - : -

0.05 - .

0.00 - h

0.2 0.4 0.6 0.8 1.0

(b) Majorana neutrinos.
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gy; = 0.96, g2, = 0.25 and g7, = 0.5

0.0004 +~ : - .
0.0002 + : : ~
0.0000 -+ ; - ’
I | — Dirac
: Majorana
-0.0002 +
-0.0004 +
1 1 | | 1 | | | | 1 | | 1 1 | | | ]
0.2 04 0.6 0.8 1.0
X

Figure 6: Neutrino mass contribution to Dirac and Majorana distributions.
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