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Fermi theory for leptonic decay ¢ - £’ v, v,

Origins of Michel Parameters

At the earlier 50s, [Louis Michel] focused on exploring the u-decay in general to achieve a full description
of the decay that aligns to the experimental results.

Interaction between Four Half-Spin Particles and the

His proposal was to introduce a set of
Decay of the pw-Meson

parameters that classify the different

types of interactions by relating the
coupling constants associated with each By L. MICHEL
Physics Department, University of Manchester

possible contribution (Wilson coefficients).
Communicated by L. Rosenfeld; MS. received 28th September 1949

[Louis Michel] L Michel. “Interaction between Four Half-Spin Particles and the Decay of the u - Meson”. In: Proceedings of the Physical Society. Section A 63.5 (May 1950), p. 514. doi
10.1088/0370-1298/63/5/311.
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At the earlier 50s, [Louis Michel] focused on exploring the u-decay in general to achieve a full description
of the decay that aligns to the experimental results.

Vy—
His proposal was to introduce a set of T vt
parameters that classify the different /- ¢
types of interactions by relating the ' s /- T
coupling constants associated with each
possible contribution (Wilson coefficients).
'
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Approaching the problem from the Effective Field Theory (EFT) framework, he built the most general, local,
derivative-free, lepton-number conserving, four-lepton interaction Hamiltonian, consistent with locality and

Lorentz invariance
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[Louis Michel] L Michel. “Interaction between Four Half-Spin Particles and the Decay of the u - Meson”. In: Proceedings of the Physical Society. Section A 63.5 (May 1950), p. 514. doi:

10.1088/0370-1298/63/5/311.
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Fermi theory for leptonic decay ¢ - £’ v, v,

dl’ distribution

Where there are 3 relevant elements:
I = {Iy#, 0" /V2) ey,

« G,p: Effective leptonic coupling

D g 7 (0 )o | (ATt

I’l €,
« gZ,: Wilson coefficients

* (e,w)/(o,4): (Lepton)/(Neutrino) chirality labels

From this Hamiltonian, considering the polarization degree P, of the parent lepton ¢, the decay rate
distribution is given in terms of the Michel parameters p, & &, n inside functions F(x) and A(x) as in

[A. Pich]:
Al me? Gip\/x2 — 22 S F(z) — gp 22 — 22 cosf A(x)
drdcosf ~  2m3 Y 0 ) g 5 Alr

2 : :
F(z) = I{l—I)+§p(4I2—3I—I§)—|—‘?}IQ(I—I],

(W I N

Alxr) = 1—:1.'—|——§(41'—4—|— 1—1‘5).

[A.Pich] A.Pich, Precision Tau Physics (2013), Prog.Part.Nucl.Phys. 75 (2014) 41-85.
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d*Typ mewt C)}
drdcos® 273 G m T)— m cos f 4

F(z) = :r(l—:a:)—l—g@;l:ﬂz—:_%r—:cﬁ] %@1@[1—1‘],

Alz) = 1—1~+(4I_4+ﬂ) .

[A.Pich] A.Pich, Precision Tau Physics (2013), Prog.Part.Nucl.Phys. 75 (2014) 41-85.
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Fermi theory for leptonic decay ¢ - £’ v, v,

Michel parameters

While diagonal contributions on these parameters denote only 1 type of interaction, the presence of
interference contributions imply that two different interactions are having place in the process, that's the
relevance of n parameter.

SETHE) (0 ),

,0 —
2 1 2
a’ EE'QEL| +‘I€ Q§L4‘6QEL|: B N L 7T, B
1 § = 3 —a)+(B =87 )+5007 —77).
BT = |gprl + 1 |9RR| ) 3, . L
3 §0 = 1(5 —B7)+ (7" —=77),
v = gk - 20k 1
16 | n = 5 Re[91,9%n+ Irr9ri + 9ir (9r1 +69r1) + 9re (92R+690R)]
Bounds on the Michel parameters for pure leptonic decay with massless neutrinos are given on PDG.
L — € e, TT — WD T  — e Vuly T~ = v,
The SM (g}, = 1) predict
the following values: p 0.74979 + 0.00026 0.763 + 0.020 0.747 + 0.010 0.745 -+ 0.008
C p=6=3/4 n 0.057 + 0.034 0.094 + 0.073 — 0.013 -+ 0.020
P 3 1.0009 T §oo0s 1.030 + 0.059 0.994 + 0.040 0.985 + 0.030
" =0 €0 0.7511 F 0ooos 0.778 4 0.037 0.734 4+ 0.028 0.746 + 0.021
=1 ¢ 1.00 £ 0.04 - - -
% 0.65 + 0.36 — — —
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| o
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Radiative Process ¢ > P’ v,y v,y

Inner Bremsstrahlung of 4-leptons interaction

The lowest dimension effective operator describing the leptonic decay with the emission of one photon is
giving by an inner Bremsstrahlung-like process, where the photon couples to the parent/daughter lepton.

Vyp i
J_I

These couplings come straight f /
-

from the photon-leptons ;rr

interaction in the SM Lagrangian, e ——> \\ o= = i —» \..,\ N

i.e. gauge invariance is fulfilled.
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The lowest dimension effective operator describing the leptonic decay with the emission of one photon is
giving by an inner Bremsstrahlung-like process, where the photon couples to the parent/daughter lepton.

v Ve Ve v
I
These couplings come straight f AIH
from the photon-leptons - —» ;Frh . /- = - —» .
interaction in the SM Lagrangian, : : :
i.e. gauge invariance is fulfilled.

Dyr Vgt V=

[Arbuzov-Kopilova] have already done an EFT description of the radiative leptonic decay, giving a

solid result for the decay rate distribution and the corresponding Michel parameters, considering
massless neutrinos.

dl(p* — eTowy) QQED Pe Be | v .
drdyd,dr, — V6and g [T (,y.d) F BeFucos0.G(x,y,d) F Pycos by H(x,y.d)|,
GF r (Note: P, is the p
[y = 1&; ;;1_ bu ’ d=1— . cos 96-7-‘? Be = gof/:grz—?/gggorgot

[Arbuzov-Kopilova] A. B. Arbuzov and T. V. Kopylova. “Michel parameters in radiative muon decay”. In: JHEP 09 (2016), p. 109. doi: 10.1007/JHEP09(2016)109. arXiv: 1605.06612
[hep-ph].
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Radiative Process ¢ > P’ v,y v,y

Radiative result

Due to the complexity of the functions parametrizing the decay rate, they organized the isotropic and
anisotropic functions according to the degree of suppression by the lepton-mass ratio.

Ut

24: 1) 4
) — j( I(}—;U )— T:; +4ay? —122(zy+2r+y—1)—x ugd—|—6.1‘2yr.i)

20(l—x—1
+u(1 r(1l—a—y)

i ke
F(r,y,d) = (m) EU"'), F=F G, H.

1 \'Mu

f +62(ry+a+y—1) 3:1'2;;,'{1’) .
(L

They recovered the Michel parameters of the non-radiative case, together with additional ones

3b+6¢c 3 3 (2¢—a) a—2f _a+2c
p o o — + — . . ’]] o s ri f— s
16 4 4 16 16 16
a + 2(31 - 6(31 - 351 14(31 — 3(11 — 451
kE = : 0§ = ——, §= :
16 16 16
a = 8Re (Q};L (975 +6915) + 9l (9t + 694 )) B = —dRe(g}pg7s + 91.L00m5)s

v v S T S T v v S T S T
a = 16(lgp.|” + |91 rl*) + 93 + 69RL1" + 978 + 691817 a1 = 16(lgrs|” — l9rrl*) + 92 + 69RL1" — 928 + 6918]%.

v v S S v % S S

b= 4(gpel*+ l9rs®) + lgnrl® + l92L]% bi = 4(lgggrl” — l9rLl®) + l9arl” — 9zl
- 1 s T L g T

c = E‘Q:ERL — 295, |2 + 5|9§R — 297 pl%, 1= §|QRL — 29h > — §\QLR —2g1 pl*.
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@ Adding mass to neutrinos
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Adding mass to neutrinos

Dirac and Majorana considerations

To incorporate neutrino masses within this EFT, including the effects due to the Dirac or Majorana nature of
neutrinos, one can express the lepton fields appearing in the effective Hamiltonian in the mass basis.

(Dirac neutrinos)

G g’ i T T * ; o T T T T# 1
H=4 v% > {QEL [ELT‘?’_?*NJR} [W F.:RVEkEL} + a1 [EL“."#E*"E’ J-f“f'jL} [W I;LE*"EE’}".HEL}
gk

(Majorana neutrinos)

Gy co- ; Forr oprs |7 , ,
H=4 \/E% Z {QELVE’ iVir [ELf‘"jR] [*‘WkHEL} +91; Up iUsh [EL’}"”P‘*&L] [*"‘“'kL’}"nEL]
j,‘,I; e

Generalized Michel parameters are obtained, providing information about the relative strengths associated
with all possible interaction types involving massive neutrinos.

For this to be possible, one may assume that the new sterile neutrinos have non-negligible mixings with
the active neutrinos, and some of them are sufficiently light to be produced on-shell.
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Adding mass to neutrinos

Non-radiative massive-neutrinos result

Results on the non-radiative case are carefully explained in [Marquez-Lopez-Roig]:

dI’ My

drdcost &= 473
Jik

X ( (Frs(z) + Fig(z) + Fis(x)) — Pcos@(Fas(z) + Fys(z) + F_ﬁs(a:)))
x [14CPy(x.0)].

w4(;§€r

[Marquez-Lépez-Roig] Juan Manuel Marquez, Gabriel Lépez Castro, and Pablo Roig. “Michel parameters in the presence of massive Dirac and Majorana neutrinos”. In: Journal of High
Energy Physics 2022.11 (Nov. 2022). issn: 1029-8479. doi: 10. 1007 / jhep11(2022 ) 117. url: http://dx.doi.org/10.1007/JHEP11(2022)117.
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Adding mass to neutrinos

Non-radiative massive-neutrinos result

Results on the non-radiative case are carefully explained in [Marquez-Lopez-Roig]:

They propose ~14 new Michel parameters in terms of products of Wilson coefficients times mixing-matrix

elements.
) 1 ; SO 3 .
(fRR) ;1 = 92U jUSL (p)ik = {Hfu Jikl* + = | fre)ikl) 1G|'Iff?ff]jk ~2fir)iel* + (R4 L) + 3T RF — (fin)sk
VorN TV ovr 1o - -
Ly = V: V . . X g g 5o . -
Ej‘zRgik g‘zR itk [.ff_-.i{,:'kj +4(f7 ;f]jic'[ff .i-:h—;.‘ +A(fr)ik(frn Jki — A(fLx :':I'J’E{fffﬂlﬁ.:j +(L < R)|,
fre) o = 9reUe iV 1 , -
(fgL);k = ¥ Ve Ut (€)ik = 3(|(FLR)snl’ T | fir)ik + 6(fLR)ixl*) + 1(fLL)ikl* + yu fin)iel = IGHJT;;]}& —2A(fLr)anl’
| g ;o 17 _— .
(fgf-)jk = grUr Vi —(R+ L) "‘ER*-‘ — (Far)ik(Frp)k; + (ff r)ik(fir)k; + E[ff.-.i{:ljf-:{ff{ﬂ,:'kj +3(f1R)k
fq g =g -[‘/rt” V. s I o . T
E;L;-ﬂ‘* B iL{f ?Lik (fLr)k; + E[ff?.i{,:';fﬁ.:{ff?ﬂ]ﬁ:j - L+ R]]-
LL)jp = 9LLYE jY 0k 1 , i i , i : - i :
(fir) jx = 92RVer Ul {Tﬂﬂ = §HE[[f}.-f_-]jﬁ'{fﬂﬂj';k + (Fre)it(Foe)ie + (Frr)ie((Fae )i + 6(fre)i) + (Fro)in(FoR)5
vy v . Y-S " e T P ; © e /
(fLr) ;. = 9LrUr iV | +6(fLp)i)] + 3 Re [4(f7r)ik(fro )i + 240f 0k (Fro ks + (FEn)ik (Fanky + A0F1L )ik
(fir) . = / -

T —_—
=GRV Ul - ~
gk ILREEITLR [f}er-z,?a-j+{L‘i—*R,?].~

[Marquez-Lépez-Roig] Juan Manuel Marquez, Gabriel Lépez Castro, and Pablo Roig. “Michel parameters in the presence of massive Dirac and Majorana neutrinos”. In: Journal of High
Energy Physics 2022.11 (Nov. 2022). issn: 1029-8479. doi: 10. 1007 / jhep11(2022 ) 117. url: http://dx.doi.org/10.1007/JHEP11(2022)117.
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@ Derived radiative decay rate distribution
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Radiative decay rate distribution obtained

Radiative case with massive-neutrinos

Despite the strong theoretical and experimental motivation for extending the previous result, to the best of
our knowledge, no differential decay rate distribution for radiative leptonic decay including massive
neutrinos has been propose to date, within the effective framework parameterized by Michel parameters.

(i.e. we have work to do)
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Radiative case with massive-neutrinos

Despite the strong theoretical and experimental motivation for extending the previous result, to the best of

our knowledge, no differential decay rate distribution for radiative leptonic decay including massive
neutrinos has been propose to date, within the effective framework parameterized by Michel parameters.

(i.e. we have work to do)

The effective framework is the same as in the non-radiative case

(Dirac neutrinos)

G’ d o T T * F = T T =7 T )
H=4—= Z {QEL [ELV}“;*’\&R] [“r kRVEkEL} +§EL [EL’F”L'E’ J-*"“"J'L} [\' -IJLE"'E.I;"}"#EL}
J:k r

S

2

ve, = »  UyNj, ver= )Y VijNjr, , ,
. : (Majorana neutrinos)

J J
Gy - , s e e |7 , ;
H=4 v% Z {gfLVf’ iVen [EL?‘";‘R] [*"“'kREL} + QELL'E’ iUtk [EL’}"#B"}L] [*'?'*'!rL’TuEL}
7.k -

Due to the coupling of the photon, and the indistinguishability of neutrinos in the Majorana case, we have 4
relevant diagrams
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Radiative decay rate distribution obtained

Dirac and Majorana diagrams

The green arrows indicate the convention for fermionic chains, since Feynman rules for LNV processes
proposed by [A. Denner] are implemented

Y(ps)  Ni(ps) Y(ps)  Nj(p2)

= (py) —>—L—» \tf"(m) ) (= (p1) —+»——» \f"(m)

f\'rj (pg) Ni (pB )
Ni(p3) v(ps) Nj(p2)  ~(ps)
- L
f—@l)% o : f—(plw/: <
Ni(p2) 1 (p4) Nie(ps) €' (pa)

[A. Denner] Ansgar Denner et al. “Feynman rules for fermion number violating interactions”. In: Nucl. Phys. B 387 (1992), pp. 467-481. doi: 10.1016/0550-3213(92)90169-C.
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Dirac and Majorana diagrams

The green arrows indicate the convention for fermionic chains, since Feynman rules for LNV processes
proposed by [A. Denner] are implemented

—(p1) —» ”:Ih > "= (p4) IJFF > 0= (
( {

w Majorana diagrams

(—€)

Dirac diagrams

Nip2) 1 (pa)

[A. Denner] Ansgar Denner et al. “Feynman rules for fermion number violating interactions”. In: Nucl. Phys. B 387 (1992), pp. 467-481. doi: 10.1016/0550-3213(92)90169-C.
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Radiative decay rate distribution obtained

Main result

The goal was to split the distribution in polarized (due to daughter lepton and photon) and isotropic
parts, each organized according to the order of neutrino mass suppression M, = m;/m,, and each of these
parts classified by the order of daughter-lepton mass suppression M, = my,,/m,.

These last functions are parameterized in terms of the new generalized Michel parameters found

dITg_'—%ghj@dQﬁq (IQED[iu
— : — — F(x,y,d) + P, OpG(x,y.d) + P, 0. H(x.,vy.d
dx dy dS2p dS, 00 64 3 4y Zk: E(@. g, d) + FreosfpGla,y, d) + P cosb, Hiz, y, d)]
WELY
T G I=1— 3y cosb 3 PO
N = —— . a = — Dypr COS Uypr~, . dpr = —
0() = 19273 f by o m?
2 6
F = Z(‘H"’) P Fip) Fip) = Z(ﬂ«i’f) " fg;i(:ﬂ,yz d, Bp)
p=I()

=l

The key result is the successful isolation of linear combinations of weighted Wilson coefficients, the generalized
Michel parameters.
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7n2
g4

/\ °
(F-= Z M,)? F, Fioy = S_(M0) " §0) (2,9, d. B
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Radiative decay rate distribution obtained

Main result: Generalized Michel Parameters

A total of 28 parameters were P (£S5 ). |2 S Y2 S\ 2 Sy 12 1 o0(£T 12 1+ 90l( T )., |2
found for the isotropic part. (Na)jk |(fLL);J;\ + L(fRR)jkL + |(5LR),H&"V+ |(‘};RL),;-R| :: 20‘(;1,}?,)3“ + 20((fRL) K
+4|(fLr)ikl” + 4U(frR)jk|" + 8I(fLR) K "‘PS‘URL)jkl
(Ng)jk =[(F2) il + 1 (Far)iel + 400 )ikl + [ (Frr)iel?)
(NY)jk :Re[(fgL)jk(ffR);k + (ffR)jk(fﬁL}fk + 6((fER)jk(f}EL);k + (fEL}jh(ffR);k)
+e ((fg,:)jk{ffﬂ)zj + (ffR)jk(fgL}z-j + 6((fgﬂ}jk(f}g;£mj + (f%L}jk(ffR)Zj)}]
ch teristi . ) (Ns)ie =5((fr)jkl® + 1(FLR)ikl?) + 1(FRR) ik + [(F1L)ikl? + 2(1(fRL) k1 + |(fLR) ik
Dirac/Majorana-like behavior, (Ve =I(Rr)ul* + 1(fin)al + |Ef,£%iL),.,,-k\2 FIER)A + 4Rl + 1FEL )l
(V) jk :RE[Q{(fEH)jk(fEL)*L + (f1L) jk fRR)jL} +e((fLr)ie(frr)R; + Afro)i(frr)i)]

What was found for no neutrino
mass suppression:

« Same grouping patterns for

Wilson coefficients as in the (7)jk =€ Re[(fLR)ik(Fir)k; + (frr)ik(FRi)k;]
Rqoans-sﬁe\]/celi?qté\aetr?ﬁgglt with (o) i =€ R'e[(fs:ﬁ)jk(ff}:ﬁ)kj (frr)ik(fRL)i;]
_ o (SVan)ji =€ Rel(f1 )k (F2)i + (Frr) ik (FRR)ks]
) gllnaqgﬁ |gll:oejlgscc())?1\l/3\llirl1§£:10ns of (STp) i =Re[(f1r)ik(Fir) ik + (Far)ir(FAL) ] |
coefficients. (Z5)jk =Re[(fZR)jk (FLL)jk + (FRL) ik (FRR) K + 2¢ (FLL)ie(fLR)A; + (FRR)ik(RL)E))]
. Splitting of the massless-case (X7 )ik =(X")jklrroLL
parameters. (5 =Rel2(f1 1)k (fLr) e + (Frr)in(FRe)i) + e((FER) ik (FLn)k; + (FRn)ik(fRR)E))]

() ik =E)jklrRoLL
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e for B e (o =L nf + Rl + TERinl + Rl + 200l + 20T )
+4[(fLr)ikl” + 4 (frr) k| + 8[(fLR)jk|" + 8|(fRL)jK]
(Ng)jk =[(F2) il + 1 (Far)iel + 400 )ikl + [ (Frr)iel?)
(N =Rel(fro) ke (FLR)jk + (FLR)iw(FRL Sk + 6((fLR)ik (Frr)ji + (Fho) ik (FLR)E)
+ € ((fgL)jk{ffR)zj + (ffR)jk(fgL}z-j + 6({fgﬂ)jk(f}g;£mj + (f%L}jk(ffR)Zj)}]

(Ns)ie =5((fr)jkl® + 1(FLR)ikl?) + 1(FRR) ik + [(F1L)ikl? + 2(1(fRL) k1 + |(fLR) ik
(Ne)jk =(FRR)jkl® +1(FEL)kl® + 1(FRL)ikl* + 1(FER) k1P + 40 (Frr) k> + |(FLL)i5]°)

(V) jk ZRE[Q((fER)jk(fEL)*L +(f1L) )ik fRR)jL) t € ((ffL)jk(ff%R)zj + 4@&)%@53)%)]

What was found for no neutrino
mass suppression:

@ Characteristic parameters of
Dirac/Majorana-like behavior.

« Same grouping patterns for

Wilson coefficients as in the (7)jk =€ Re[(fLR)ik(Fir)k; + (frr)ik(FRi)k;]
Rqoans-sﬁe\]/celi?qtévetr?ﬁcs)glt with (o) =¢ R'e[(ffR):jk(ffR)kj (.}(RL);k(fRL)kj]
N ' (SVan)ji =€ Rel(f1 )k (F2)i + (Frr) ik (FRR)k)]

« Many linear combinations of . S \x
smaﬁ groups of Wilson (XTD) jk ZRE[(fER)jk(ffR)jk + (fhe) ,;k(fRL)jk]

coefficients. (=) k =Rel(fERr)ik (f20)5k + (FR)ir(FRR)jk + 26 (FLD)in(fER); + (FRR)ik(FRL)E)
. Splitting of the massless-case (X )jk =(E+)jfc|ff::R<—:-LL
parameters. (S) e =Rel2(FY0) i (fr) ik + (Fhp)in(FRL)5) + (R in (200 + ()i (fFiR)Ey)]

() ik =E)jklrRoLL
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Main result: Generalized Michel Parameters

e for B e (o =L nf + Rl + TERinl + Rl + 200l + 20T )
+4[(fLr)ikl” + 4 (frr) k| + 8[(fLR)jk|" + 8|(fRL)jK]
_ (Na)jk =ICFL0) el + 1 Rr)il” + 40 L)l + 1(FRr) k)
What was found forno Neutrine () =Re((fu)su( i) + () )i + 6Kk + (P FLin)
+ € ((fgL)jk{ffR)zj + (ffR)jk(fgL}z-j + 6({fgﬂ)jk(f}g;£mj + (f%L}jk(ffR)Zj)}]
(Ns)ie =5((fr)jkl® + 1(FLR)ikl?) + 1(FRR) ik + [(F1L)ikl? + 2(1(fRL) k1 + |(fLR) ik
(Ne)jk =(FRR)jkl® +1(FEL)kl® + 1(FRL)ikl* + 1(FER) k1P + 40 (Frr) k> + |(FLL)i5]°)
(V) jk ZRE[Q((fER)jk(fEL)*L +(f1L) )ik fRR)jL) t € ((ffL)jk(ff%R)zj + 4@&)%@53)%)]

@ Characteristic parameters of
Dirac/Majorana-like behavior.

@ Same grouping patterns for

Wilson coefficients as in the (7)jk =€ Re[(fLR)ik(Fir)k; + (frr)ik(FRi)k;]
%Oans-sﬁe\]/celi?qté\l{letr?ﬁcs)glt with (o) =¢ R'e[(ffR):jk(ffR)kj (.}(RL);k(fRL)kj]
' (SVan)ji =€ Rel(f1 )k (F2)i + (Frr) ik (FRR)k)]

« Many linear combinations of . S \x
smaﬁ groups of Wilson (XTD) jk ZRE[(fER)jk(ffR)jk + (fhe) ,;k(fRL)jk]

coefficients. ()0 =Re[(fRr)jn(fTL) ik + (FRr)ik (FRR) Ik + 26 (FLL)ik(FER)E; + (FER)ik(fRL)E,)]
- Splitting of the massless-case (= )i =(2")xlrrorr
parameters. (Zer)jk :RE[Q{fEL)jk(ffR);k + (ng)jk(fng);k) + E((ffR)jk(ffL)zj + (fgL)jk(fng)zj)]

() ik =E)jklrRoLL
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Main result: Generalized Michel Parameters

A total of 28 parameters were PN l(£5). 2 S\ 12 S o2 Sy 12 1 o0(£T 12 1+ 90l( T )., |2
found for the isotropic part. (Na)jk |(fLL);J;\ + L(fRR)jkL + |(5LR),H&"V+ |(‘};RL),;-R| :: QU\gLR)jH + 20((fRL) K
+4[(frr)kl” + 4(frr)sk|” + 8|(fLr) k| "‘PS‘URL)jkl
(Ng)jk =[(F2) il + 1 (Far)iel + 400 )ikl + [ (Frr)iel?)
(NY)jk :Re[(fgL)jk(ffR);k + (ffR)jk(fﬁL);fk + 6((fER)jk(f}EL);k + (fgz,)jk(ffﬁ);k)
+e ((fgL)jk{ffR)zj + (ffR)jk(fgL}z-j + 6({fgﬂ)jk(f}g;£mj + (f%L}jk(ffR)Zj)}]

ch teristi . ) (Ns)ie =5((fr)jkl® + 1(FLR)ikl?) + 1(FRR) ik + [(F1L)ikl? + 2(1(fRL) k1 + |(fLR) ik
@ SiracMajoranadiie behavior, (el =I(Ffm)nl® + |(Eal” + |Ef,a‘%;),.,,-k\2 FIER)A + 4Rl + 1FEL )l
(V) jk :RE[Q{(fEH)jk(fEL)*L + (f1L) jk fRR)jL) +e((fLr)ie(frr)R; + Afro)i(frr)i)]

What was found for no neutrino
mass suppression:

@ Same grouping patterns for

Wilson coefficients as in the (7)jk =€ Re[(fLR)ik(Fir)k; + (frr)ik(FRi)k;]
%Oans-sﬁe\]/celiitévetr?ﬁcs)glt with (0) 6 =€ Re[(fLr)k(fTR)E; + (.}(RL);k(fRL)kj]
HHnos: (SVaa)jk =< Rel(FV)n(FEL)E; + (fh

@ Many linear combinations of

R)Jk(fRR)kj]j
- . —Re T v S 4%
small groups of Wilson (STp)jx =Rel(FLr) i1 (fLr)jk + (FrL) it (fAL) K]

coefficients. (=) =Re[(fZR)ik(SZL)5k + (FRL)iw(FRR) Sk + 26 (FLL)ik(fLR)E; + (FRR)ik(SRL)ES)]
. Splitting of the massless-case  (E )k =(X" Jik|RRoLL
parameters. () =Rel2(f L) (L) + (Frr)in(FRL)je) + e((FLR)k(FEL) ks + (FRL)ik(fRr)iy))

() ik =E)jklrRoLL
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Radiative decay rate distribution obtained

Main result: Generalized Michel Parameters

A total of 28 parameters were P (£S5 ). |2 S Y2 S\ 2 Sy 12 1 o0(£T 12 1+ 90l( T )., |2
found for the isotropic part. (U\a);k- |(fLL);J;\ + L(fRR)jkL + |(5LR),H&"V+ |(‘};RL),;-R| :: QU\gLR)jH + 20((fRL) K
+4[(frr)kl” + 4(frr)sk|” + 8|(fLr) k| "‘PS‘URL)jkl
(Na)je =I(fir)el® + 1(Far)iel® + 40 (FLL)kl* + [(Frr) k)
(NY)jk :Re[(fgL)jk(ffR);k + (ffR)jk(fﬁL);fk + 6((fER)jk(f}EL);k + (fgz,)jk(ffﬁ);k)
+e ((fgL)jk{ffR)zj + (ffR)jk(fgL}z-j + 6({fgﬂ)jk(f}g;£mj + (f%L}jk(ffR)Zj)}]

ch teristi . ) (Ns)ie =5((fr)jkl® + 1(FLR)ikl?) + 1(FRR) ik + [(F1L)ikl? + 2(1(fRL) k1 + |(fLR) ik

@ Sirac/Majoranaie betavior. | (el =\l + (0l + |(’f,a‘%iL),.,,-k\2 FIER)A + 4Rl + 1FEL )l

(V) jk :RE[Q{(fEH)jk(fEL)*L + (f1L) jk fRR)jL) +e((fLr)ie(frr)R; + 4(fLL);;'k(fRR)Zj)U

What was found for no neutrino
mass suppression:

@ Same grouping patterns for

Wilson coefficients as in the (T)jk =€ R-e[(ng)jk(ng)kj (fRL);ﬁ(fRL)kj]
%Oans-sﬁe\]/celiité\l{letr?ﬁcs)glt with (o) jr =€ R'e[(ff:ﬁ)jk(ff}:ﬁ)kj (.}(RL);k(fRL)kj]
_ o (SVan)ji =€ Rel(f1 )k (F2)i + (Frr) ik (FRR)k)]
® Many linear combinations of - { {57y, “Rel(sZe i + (kUSR]
coefficients. M=RE[(ffR)jk(ffL);k + (fRL)ik(fRR) Ik + 2 (fLL)ik(JTR)E; + (fRR)ik(fRL)E;)]
@® Splitting of the massless-case (X )ik =(X")jklrroLL
parameters. ()0 =Rel2(f1L)(FLr)jk + (Frr)ik(Frr)je) + e((FLR) i (fLL)k; + (FRo)in(fRr)k))

() ik =E)jklrRoLL
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Radiative decay rate distribution obtained

Phenomenological analysis

—\
. . . . M, |Uyg4|? suppression order
To study the implications of the existence of one Neutrino production Decay mode Ve ;
heavy neutrino, the suppression arising from mixing Linear (M,) | Quadratic (M;)
parameters and mass ratios was investigated under | W e Bevyy 10-8 10-16
current experimental and theoretical constraints Both light SR R v
[a,b,c] (plugged on the references) X
1078 —107¢ | 10716 —10~1
Y (MeV) | Mixing [Ug? po—e Ny | 10710 10717
MzMass ms (MeV M IX11g /
flavor mix ’ S 1 Heavy 10—6 1014
. 4 -9 —7 —18 —16
0.001 — 0.45 102 (6=ce) 1075 =107} 107 — 10
- = .'_‘r 2l —10 —19
(=e 10 — 55 10-8 T e N 10 10
135 — 350 106 0 e
-5 —13
10 — 30 104 v 0
) - po = e Ve Ny | 1076 —10-5 | 10~ - 10713
= p 70 — 300 10~
. 1 Heavy 108 1016
175 — 300 10~
- - 5 - 5 (6= p) 1076 1015
(=T 0~ 14 10 - T = T Navpy | 1077 —1076 | 10716 — 10715
3 3 —5 -3
1 x 103 — 60 x 103 | 1075 — 10 109 1018
(Recall that M, = —1, with m; the neutrino mass, m, the parent- 1 Heavy s X Ne 10=*—10-1 | 107 —10~°
_e - 4 ’r
lepton mass) (t=r1) 1075 —1073 | 107 —10"12
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Comments and further work

Further work

@ The polarized differential decay rate was also derived, but it was not considered for the phenomenological

analysis.
@ Further work will include a phenomenological study of SM-like interaction (|gZL| = 1, others 0).

@ The aim will be to conduct a phenomenological study as robust as that of [Marquez-Lopez-Roig].

oF I
035 T T T T T Fe_ i i L i
F T 1 = s 2= ] EE)

Lk Majorana pap- - ; e |
i Dirac o25p

o20f
nisF ] — Without m, contribution.
F With m,, contribution.

e1of

nosf

noof

02 04 08 oe 10

1.00 X
Doubly differential decay rate (left) and energy spectrum (right) for the V £ A theory with Pr, polarization for the non-radiative decay, extracted from [Marquez-L6épez-Roig]
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