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Lorentz Structure of the Charged Current
Lorentz Structure of the Charged Current

To describe | — I'vi/’, we use the most general, derivative-free, four-lepton
interaction Hamiltonian, consistent with Lorentz invariance:

W=l S gL [100), | Tkl +he. ()

n,e,w

Where €,w, o, A label the chiralities (L, R) of fermions, and n=5,V, T
the type of interaction: scalar (F5 = /),vector (IY = ") and tensor
(r’ = o /\/2).

The global factor Gj; ,determined from the total decay rate, leads to the
following normalization of the coupling constants

1, s 5 2 ) 52 T2 T2
1= Z(\gRR| + |grel” + l&eirl” + |giLl”) +3(lgrel” + lgrel”)
V2 V2 V2 V2
+ (lgrrl” + lgrel” + lecr]” + |gLL])-

(2)

S v T
Thus, |g6w’ < 2? |g6w’ <1land ’gau’ < 1/3
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Lorentz Structure of the Charged Current
Lorentz Structure of the Charged Current

The Standard Model predicts |gLVL] =1 and all others couplings vanishing.
In terms of chirality operators:

H= %{gli T(14y )V ] [Vl(l_ )]+gLL[ H1-o° vy ] [5/’7#(1—W5)’]
+ i [T (1= ")y ][22+ )] + g [T (L + 27y | [+ 2]
+gin [T+ ][50 +27)1] + 80k [T =)y ][22 +47)] 3)
+elr {7%(1 +w5)V/'] [’_’/%(1 +75)l] +gR [7(1 - “/5)1/,'] [17/(1 - 75)/]
+ gl [T+ "] [ =]+ [T 2= 2| [ 22 -0}

The Iepton poIarization is accounted via the spin projector
I — 3(1+~ ).
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Lorentz Structure of the Charged Current
Lorentz Structure of the Charged Current

For the case of massless neutrinos, the differential decay rate is:
dr my 4.2 2 2 § 2 2
Srdcosd — ﬁw G/ X — x5 (F(x) — §P\/x — xj cos OA(x))
x [14¢-P(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 + mf)/le, x = Ey/w is the
reduced energy and xo = m,/w, f is an arbitrary direction parallel to the final
charged-lepton spin and the polarization vector ﬁ,/ is:

(4)

Py =Pr,-%+Pr-y+P -2 (5)

The components of ﬁ,/ are, respectively:

Py, =Psinf - Fr(x) / {F(x) — %P\/XQ - cos OA(x)},

Pr, = Psind - Fr,(x) / {F(x) ~ 5P/~ cosbAR)}.

_FIP(X) + P cosb - FAP(X)

F(x) — %P\/xz — x5 cos OA(x)

(6)

PL:

JjmarquezQ@fis.cinvestav.mx



Leptonic Decays (Michel Distribution) Lorentz Structure of the Charged Current

Lorentz Structure of the Charged Current

These functions are written in terms of the well-known Michel Parameters
(pim,5,&m",¢,€",d/,B):
2 2 2
F(x) =x(1—x)+ §p (4X —3x — XO) + nxg(1 — x),

2 >
AX)=1—x+26(4x—4+\1-x ),
(X) X 3 (X X0>

Fr,(x) = o { (5” + 12(P - %))(1 —X)x — 300 —x¢) + 0’ (=3x* + 4x — xg)]7

Fr,(x) = %m{k 1_X)+2fﬂ] ()
Fip(x) = 514\/@[96 (72x+2+\/§) +4§(6— 7><4X74+H)]’
Far) =5 [5//(%2 —x=)+a(p- %>(4X2 —3x —x3) + 27" (1~ x)xo].

As an example:
(8)

1 v s vV s vV, s T vV, s T
=3 Relgi18rr + &rrELL + &LR(8RL + 08R() + ErL(8IR + 6818 )]-
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Lorentz Structure of the Charged Current
Lorentz Structure of the Charged Current

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

Ho—e v,

T —e V.U,

T W VY,

0.74979 + 0.00026
0.057 £+ 0.034
1.0009°5:5007
0.75117 09552

1.00 £+ 0.04

0.65 £ 0.36

0.747 £ 0.010

0.994 £ 0.040

0.734 £ 0.028

0.763 £ 0.020

0.094 + 0.073

1.030 + 0.059

0.778 £ 0.037
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Leptonic Decays With Massive Neutrinos Effective Hamiltonian for Massive Neutrinos

Effective Hamiltonian for Massive Neutrinos

The current neutrino (v, g) is assumed to be the superposition of the

mass-eigenstate neutrinos (N;) with the mass m;, that is,

vy = Z UlejLa ViR = Z VlejR7 (9)
J J

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 | — //7Nij_
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Leptonic Decays With Massive Neutrinos Effective Hamiltonian for Massive Neutrinos

Effective Hamiltonian for Massive Neutrinos

H =41 {gLSL [_Z V/’J'NjR:| [NkR VI;:’L] + gLVL [I_Z'YHU/'J'NjL} [NkLU/z’YH/L}
I

+gI§R /_;?U,' } [NkLUIk/R] +gRR [/R’Y v, NjR:| [NkRVIz’Y#/R}
} [NkLU;Z/R] + g% [,‘hu U/’ijL] [NkR Vlim/R} (10)

lea
I s v,JNJR} [NkLU, 7

+ grt [/R’Y“V N } [NkLU;L’m/L] +gRL|: —=Uy;N } [NkRVIZ%IL]}-

N
V/’ijR

[
+ gLSR [/_[
{ ] + gt [T’,?U/ijL} [NkR V/Z/L}

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").
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Leptonic Decays With Massive Neutrinos

Dirac Neutrinos

Ni(p3)

#(v '~ (p4)

Nj(p2)

Dirac Neutrinos

@ Neutrino # Antineutrino.

@ One possible first-order Feynman
diagram.

@ Well defined fermionic flux.
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Leptonic Decays With Massive Neutrinos Majorana Neutrinos

Majorana Neutrinos

The possible first order Feynman diagrams for the I” — I/_Nij decay
are:

Ni(ps)

N;(p2) Ni(ps)

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.
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Leptonic Decays With Massive Neutrinos Majorana Neutrinos

Majorana Neutrinos

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

1 D M
dll < §Z|M1k _Mjk‘2
J.k
1

= 2> TIMR P + M P — 2Re(MpMGT)} (11)
2 £

J.k
=Y MR =D Re(MEMG).
j.k J.k

The interference term distinguishes between Dirac and Majorana cases,
which is sometimes called the Majorana term.
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Bl i
Differential Decay Rate

The differential decay rate taking into account finite Dirac or Majorana neutrino masses is:

dr my 4 2 2 2
—_— = —w G\ x° — X
dxd cos 0 ;; a3 " 0

! 1" ! 1" 12
< ((Fis() + Fis() + FIS() = PeosO(Fas(x) + Fas() + Fls(x))) )
x [14+¢Py(x,0)],
where .
Py =Pr %+ Pr, -9+ P -2 (13)

and the components of 73,/ are, respectively,

Pr, =Psin0 - (Fr,(x) + Fr (x) + F7,(x)) / N,
Pr, = Psin6 - (Fr(x) + Fr.(x) + F1.(x)) / N, (14)
P = ( — (Fip(x) + Fip(x) + Fip(x)) + P cos 0 - (Fap(x) + Fap(x) + FXP(XD) /N

with N the normalization factor:
N = (Fis(x) + Fis(x) + Fig(x)) — P cos 0(Fas(x) + Fas(x) + Fas(x)) -
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Bl i
Differential Decay Rate

For example:

Fr() = 3 22 Re | (6 (o2 = )+ 201/1 =) = (W) (x(2 + V1 =) = )

Fr () = = 7K (11 /1 - 53) Re (x0(C ) — 2x(I )0,

with (e = 0(1) for Dirac (Majorana)):

(Aﬁ)jk = _(fI\?N)jk(fL‘l{?)fk + (f/\‘l/N)jk((fLsR)fk + 2(fL7f—?)j*k) + 2(fl\?N)kj(fL7f;)Zj - 2(fl\\I/N)kj(fL\{?)Zj
(R L)+ 6[ - 2(fNN)kj(fLR)jk + 5 (fNN)kj(fLR)Jk + (fNN)kJ(fLR)Jk + 4(fNN)Jk

(fLR)kj - (fNN)jk(fLR)kj +(L+ R)],

(15)

(C ik = (fLL)Jk(fLL)Jk (fRL)Jk((fRL)jk + 6(fRL)Jk) t(Re L)+ 6[ (fLL)Jk(fLL)kJ
+ (DR — (B L)y — 6(RO(fRL)ig = (L < R)],
() = (i + (IR + 20RO + AR e + [ 3 (R

s« 1, _s T 1, .1 S \x T T\ * % Vo x
(fru)jk + E(fLR)kj(fRL)jk + E(fLR)kj(fRL)jk + 5(fLr) ki (frL) jk + 2(fLR)jk(fRL)kj]
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Dirac vs Majorana
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 |U,4|2 Process

Heavy (/=€) | 0.001-0.45 10°° n—pt+etu,
10 - 55 1078 = ey,
135 - 350 107° k — ey,
Heavy (I = p) 10 - 30 107 ™= ply
70 - 300 107° k = puy
175 - 300 1078 k — pu,

Heavy (/=7) | 100-12x10° | 107’ =10 > | 7 — v+ 3w

1x10%-60x10° | 107> — 103 Z =y

1A. de Gouvea and A. Kobach, Phys.Rev.D 93 (2016) JjmarquezQ@fis.cinvestav.mx



Dirac vs Majorana Dirac vs Majorana

Dirac vs Majorana

Nittios Mass (MeV) : thmg- ; mea‘r‘ I'erm 'Quw,?rntm l\‘,]‘l;l
Suppression | Suppression (m,) | Suppression (m.)
Tight (2) Ix10°° - 107 108
0.001 - 0.45 10-* 107 — 1077 1078 — 107
10 - 55 108 g 10
135 - 350 10 1ot 1078
Hesy (1) 10- 30 101 10°° 1015
(L=
70 - 300 107° 10~7 — RS 10716—10-%
175 - 300 0% 107° 1 i
H(‘";"IVT(;) 100 - 12x10° | 107107 | 10°%— 107 10718 — 1012
1x10° — 60 x 10° | 10 °—10* 10°5-10° 101 —10 12
Heavy (2) 12 1 16
(1= eNN) 10 - 30 10 10 10
175 - 300 1073 — 2071 10715 — 10712 10716 —1071%
Heavy (2) ey o 13 ip=8 14 _ 1(=10 14 _ {(=10
(r = eNN) 135 - 350 10 10 10 10 10 10
Heavy (2) 100 - 300 102 -10% | 107® 10 101 — 1010
(r — pNN)
175 - 350 10718105 10738 1g=2 10716 — 10712
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Dirac vs Majorana Dirac vs Majorana

Dirac vs Majorana

For a realistic scenario (gLVL = 0.96, g,gR = 0.25 and gER = 0.5) a suppression of order 10™* was
estimated. For Dirac neutrinos, the energy spectrum is:

0150 ] — Without m, contribution.

With m,, contribution.
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Dirac vs Majorana

na Dirac vs Majorana

0802 0804 0806

— Without m,, contribution.

With m,, contribution.

Figure: Majorana neutrinos.

0808
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Dirac vs Majorana Dirac vs Majorana

Dirac vs Majorana

0.0004 - : : .
0.0002 - : : i
0.0000 .
I —— Dirac
Majorana

-0.0002

-0.0004

0.2 0.4 0.6 0.8 1.0

X

Figure: Neutrino mass contribution to Dirac and Majorana distributions.

JjmarquezQ@fis.cinvestav.mx



Summary and Conclusions

Summary and Conclusions

.
@ In this work we have studied the leptonic decay /™ — | N;N,, where N; and N,
are mass-eigenstate neutrinos.

@ We have constructed its matrix element by using the most general four-lepton
effective interaction Hamiltonian and obtained the specific energy and angular
distribution of the final charged lepton, complemented with the decaying and final
charged-lepton polarization and the effects of Dirac and Majorana neutrino masses.

@ We have introduced generalized Michel parameters, that arise due to considering
finite neutrino masses and a specific neutrino nature.

@ Specifically, for the case of 7-decay with one heavy final-state neutrino with a mass
around 10° — 10®MeV the linear term suppression could be of order 10™*, low
enough to be measured in current and forthcoming experiments.

@ Finally, it would also be interesting to analyze other type of leptonic decays, such
as radiative muon and tau decay with Dirac and Majorana neutrinos, where new
information could be obtained.
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Summary and Conclusions

What is new:

@ We write our expressions in the PDG parametrization form, in a way
that complements all previous results, facilitating their application to
model-dependent scenarios.

@ We classify the Dirac and Majorana contributions with the help of a
flag parameter € = 0, 1, making easier to distinguish between Dirac
and Majorana nature of neutrinos.

@ We discuss their main differences, together with some examples of its
application to model-dependent theories.

@ We also introduced and discussed the leading W-boson propagator
correction to the differential decay rate including the final
charged-lepton polarization.

JHEP 11 (2022) 117
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Summary and Conclusions
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Summary and Conclusions Backup

BACKUP
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Summary and Conclusions Backup

For massless neutrinos the total decay rate is:

Gﬁ’ m; "
My = 1023 f( 4/ ) (1 + 5Rc) ) (17)
where
G, =G, 1_‘_47]@M (18)
S my f (i m)

f(x) = 1—8x—12x° log(x) +8x° —X *.8(x) = 149x —9x* — x> +6x(1+x)log(x)
and the SM radiative correction §RC has been included.

" a |25 my
2 g2 ? 3 m% 9 mi mi
" l4ﬁM§V(1+Ar) s, s, <m§ @)] (@0)
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Summary and Conclusions Backup

For massive neutrinos the total decay rate is:

G;/mf 2, 2 i
r ,= f(my/m 146 , 21
ol =3 s 1)< Rc> (21)

where
2 2 / 2 2 / 2 2
~ m; f
G/EG/{ULk*MWﬂEEg@%Q%)*2‘ikﬁfh‘i%dgg*WNDHEEELQ#TE)
f my f(mg/mi) M f(my/mi) my f(mg/mi)

£ (my/m3)

. e 2, 2 1/2
m;m m, my/m
_a 12k|:(CJr)jk A/ +3(H+)jk74g ( 24/ 21)}} ,
mj f(my/my) my f(mg/mi)
(22)
with the functions defined as:
/ 3 2 x—1
f(x) = —1+46x—2x" +3x (4arctanh( )—1),
x+1
' (x :173x+3x2fx3,
(x) (23)

-1
g/(x) —2_6x° + X3 + 3x (4 arctanh (Xi) + 1) R
x+1

g'x)=1- 2+ 2x log(x).
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Summary and Conclusions Backup

The main contributions are:

Radiative Corrections Numerical Effect (u-decay) Numerical Effect (7-decay)
and Mass Effects
Electroweak (3/5)(mi/l\/la/) ~1.0x10°° | (3/5)(m> /M) ~2.9x 10"
QED O(a) ~ 1073 O(a) ~ 1077
Hadronic O(a2/7r2) ~107° O(a2/7r2) ~107°

The sub-leading contributions will be of order @(10~** —107").
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Summary and Conclusions Backup

At the level of differential decay rate, the W boson propagator corrections look like:

d’r G M°
“deacd = 1g2ﬂ3 x{3x — 252 + ’"51/ [2x2 — x3} — cos @ x[2x — 1+ rav Xz} }, (24)

where ry, = M/My,. Then the Michel parameter, defined by the following energy spectrum:

’ G2/ M5 4 2

PR T — Z 2_ _ — Z —

dxdoost — 1op73 X {6x(1 x)+ 3” (4x 3x> 2¢x cos (1 x + 3(5(4X 3)) } ,
(25)

() @0

is given by:

oy — —§+§
P Peff = 4 T 5
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Summary and Conclusions Backup

For the final charged-lepton polarization dependence:

dr,_,  GaM® 1 1 1
ﬁ = 6”47r3 x{— {gx(—Zx +3)+riy gx(2x - x2)} cos ¢+6 [(2x2—x)+ravx3:| cos 6 cos ¢}
(27)

Then the Michel parameters, defined by the following energy spectrum:

dr, ., GyM®
Tdcosd = P x{—=Fjpcos¢+ Fpp cosfcosd}
0
GAM° 1 , 3 ir
=1 x¢ — —x [9¢ (3—2x) +4£(6 — —)(4x —3)| cosp + — | & (2X2 —x)
647> 54 4 6
+4(p — %)(4x2 — 3x)} cos 0 cos ¢},
(28)
are given by:
M \2
.gl ‘)gcleff =1+ (V)
w
(29)
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Summary and Conclusions Backup

The Majorana term for each parameter is:

Term ‘ Coupling Dependence

No Neutrino Mass Dependence

y $[220fR) e (FiR g + 12(FR) (k)i + BUfr) e FRL)ig — (FLR)e(fi)ig
+8(fi>jk<fm i+ (Lo R
3 5 R 5 m T T
i6 [ = (flR)jk (fiR )i + 4(fLR)jk(fLR)k + 4(fLL)1k(fLL)k1 A(fLR) i (fLR) i
HL o R)}

©Y —(frr)i (FRR) + (fLR)Jk(fLR)k TR (FLR)E + 3(F Rk (FLR)i
’ +3 (fLR)jk(fLR)kj (L+R)

o 5 14 T 5 5
(£8)j 21— (fRr)jk (frr)kj + (fiR) W (PR — (FLR)(FR) + LR (fiR)k — (L R)
j j i ) i j g j i
1Y 5 4 T 4 5 SR Vo V.=
(m)jk 3 [4(fLR)/k(fRL):j + 24(f R) ik (frL ) + () (FrRr)ig + 4L )k (fRr)ig + (L R)}
5 v 5 T T T v v
(El),-\f () (FLL)ig + %(fLR)jkgfLR);:j;r 3(FR ik (FR)iG + (LR (LR )i
’ — 3 (FR)i(fir)ig — (L < R)
5 T T T 5 v 5 5
(6”)(‘;’ (R (FLR)ig + %(QR%(QR%}Z + ()i (DK + 3 (FRU) (R
’ +3(frL) i (frL)ig + (L <> R)
N s v T v S s % v
(M jk 3 [3(fLR)jk(fRL):j +18(AR)u (fR)k — 3 ()i (fRR) iy — (AL (fRR)ig + (L > R)}
M v s T
(QT\/)jk 3 (fR) 5 (iR )i + 6(fiR)ig) — (L < R)
M VLV S\ .S
(%)jk — (D FRR)G — 3 (fRR) kg
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Summary and Conclusions Backup

Linear Neutrino Mass Dependence

(k)M —2(fL\Z)kj(fLVR)fk - %(fLSL);j(fLngk + 3(fLi)kj(fL7I;)jk + 2(fL‘{)jk(fL5R)ij
! . ” *S(fLL)jk(stR)Zj + (29 R)T . .

(=M —2(frr) ki (fLR)jk — %(fRR)Skj(fLR);k + 3(fRr) ki (fLr)jk + 2(frR)jk (iR )k
’ . . *(ZRR)jk(SfLR)kj + (SL © RT) . .

(AE)M —2(f0 ) (LR )ji + %(fLLgkj(fLR‘sz + () (Fir)j + () i (fLr) i
! ” ” *(SfLL)jk(gLR)Zji(é—H R%_ v -

(AE)N —2(frr) ki (fLR)jk + %(fRRs)kj(fLR‘);k + (fRr) ki (fLR)jk + 4(frR) ik (fLR ) kj
’ —( RR)jk(fLR)kji(LH R)

Quadratic Neutrino Mass Dependence

=\M Vv V\* S S\ * S V\* Vv T\*
(C)ik | (B + () a ()i + () u (Fr) iy + 6(fr) i (fru)i; £ (L <> R)

"£\M S S\ v V% S V o\ x % T \*
(€ | 3EDa ()i + D a(Fi) kg — () (Fr) kg — 6(fr) i (Fru)iy = (L <> R)

S S\ * S T\ * T S\ * T T\ *
(H)M TR (fRO 3 + %(fLR)kj(fRL)J;I; + %(\fLR)kj(fRL)jk + 5(fLr )i (frL)jk
' Vi 5S 5 +25( fLR)jk(fRL;:j 5 T T
(HH)Y 2 (frr)ig — 3 (FiR) i (Fru )iy + 3(Fir)ik (FR) ks + 3(FLr) ik (frL) ks
J

v V o\ *
+2(fir) ik (fri) i + (L < R)
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Summary and Conclusions Backup

Easier implementation in specific model-dependent theories:

Term Coupling Dependence Term ‘ Coupling Dependence
No Neutrino Mass Dependence Linear Neutrino Mass Dependence
M BN
(I)j’\k/, 0 (Hi )JX;, 0
(P)JX;I 0 (Ki )jl'(;, 0
(E)jﬁ/, 0 (/\Li ),’-5, 0
() 0 (AR )jk 0
(n)J'\Z 0 Quadratic Neutrino Mass Dependence
\M +\M % Vi x
(5,,)jk 0 (C, )jk () i (Fra )i
M +\M v v
(f”)jk 0 (C )ik () (Fi) g
M M
(77, )jk 0 €)Y 0
M M
((jT/)jk 0 (H ) 0
M
(CD)ik 0

Table: SM case || = 1.
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Summary and Conclusions Backup

Reproduced well-known results:

Term Coupling Dependence Term ‘ Coupling Dependence
No Neutrino Mass Dependence Linear Neutrino Mass Dependence
I =M Vv Vo *
(I)jII(/, 0 (HLi)J"\I;, —2(f1) i (fir) jk

4 V %
(P)JI'CI 0 (Ni)JI'C’ F2(fi1 ) wi(fre) ik
% %
(E)j:/, 0 (Ai){\; —2(f0) i (fLR)jk
(£6)jx 0 (AR )jk :Fz(fL\i)kj(fRVL)fk
(n)J’\Z (fL‘i)jk(fR‘j-‘,)Zj Quadratic Neutrino Mass Dependence
Y, +\M % v
(ﬁ”)jk 0 (C, )jk (fLL)jk(fLL)zj
M +\M v Vi *
(f”)jk 0 (S () i (Fu )i
M v % +\M
(77, )jk — (i) w(fRR) K (37)jk 0
M M
(%/)jk 0 (H ) 0
M v V o\*
(%)jk _%(fLL)jk(fRR)kj

Table: V 4+ A Currents.
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Summary and Conclusions Backup

As an example, considering only transverse polarization component in the
V + A theory, the energy distribution takes the form:

T T T T T T T T T T T T T T =
0.30F : : .
0.25F .
020 .
0.15F 1— Dirac

} ] Majorana
0.10F 1

0.05 : : 1

Figure: Energy spectrum for the V + A theory with Py, polarization.

JjmarquezQ@fis.cinvestav.mx



Summary and Conclusions Backup

Prospects for 7-lepton physics (Michel Parameters):

BELLE Il (Expected statistical uncertainty of the order of 10™%)

Super Charm-Tau Factory

o First measure of ¢, ¢",a', 3
e 2.1x10" tau pairs.

Radiative decays, new methods for measure of the Michel parameters,
etc.

Many others...
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