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» We consider the Standard Model with two Higgs doublets and enlarge the lepton sector
by adding to each lepton family a right handed neutrino singlet vy.

» We assume that all the Yukawa-coupling matrices are diagonal but the Majorana mass
matrix Mg, of the right-handed neutrino singlets is an arbitrary symmetric matrix,

» thereby introducing an explicit but soft violation of all lepton numbers.

The Yukawa Lagrangian of the leptons is

L

‘ - *\y7 _ Vpr
Ly =— Z Z [( s Pr ) (R (Th)ep + ( Phy —Ph ) VeR («ﬁk)w} ( / ) + H.c.
L

k=1 {f'=epu,7

The mass matrix of the charged leptons and the Dirac right-handed ER VR
neutrino mass matrix are leptons :
M= L Nl Mp= RS > ulg Yukawa coupling I are ng X ny
NG - V2 matrices A
k L are ng X ny,
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» General case
The left- and right-handed neutrinos are written as linear superpositions of the physical Majorana neutrino
fields y;

(1—=15)/2

— 9
viL = Z (UL)gvexi and g = Z (UR)e; YRX: (L+175) /2

i i diagonalization [/
) 'L
matrix U= i
Up

projector operators 7.,

0 Mp

U is defined in such a way that ~ U*
Mp Mp

) U =m = diag (my, ma, ..., mg)

The charged-current Lagrangian is
Lee = Z [” D (UL)g O ypxs + W (D ) m“*LC}
f
where g is the SU(2) gauge coupllng

The Yukawa couplings to the charged scalars

EY *Wi Z {S_f a)ei VR — (La) g vL] Xi + S\ [(RT).- YL — (Lf)ge f}R] C}

a,il

where R, = AlUgp and L, = 1,0y
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* Two Higgs doublets

In the Higgs basis, the VEVs are given by

?_T
<<P[1]>0 = ; <<198>D =0 where v = 246 GeV is real and positive

& .

Higgs doublets writes

. G+ II H+
ne ( (v + S0 +iGP) /2 ) T ( (52 +i55) /v2 )

where G* and G° are Goldstone bosons, H* is a physical charged scalar with the mass m, and S°, , ; are
physical neutral scalars. The scalar S°, has couplings fully identical to the ones of the SM Higgs boson.

We parametrize the flavour-diagonal Yukawa coupling matrices as

Iy = o diag (me, my, m;) = o M, (R1)y, = dy (Ur)y, -

'y = diag (Ye, Yu- V) (R2)e, = 07 (Ur)y, -
2 2m

Ay = diag(d,.d,.d;) = \[ﬂ-ID,_ (L1)g, = . . (UL) gy, »
v

Ay = diag(d..5,,0,). (L2)g, = 7 (UL)g, -

Mp = diag (a. b, ¢)
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» The amplitude of the process
We compute one loop amplitude for the process 7~ (p1) — 1~ (p2) v (q)

The amplitude consists from three contributions:

« W* - exchange contribution,
« contribution of the charged Goldstone boson,

« contribution from diagrams in which the photon attaches either to the W* or to the charged scalar in the loop.

The amplitude writes 6

S W. Grimus, L. Lavoura
M? = e} u{io™ o (ardye +araTn) [hep-ph/0204070]

n=1

2

q
P~y ~P ~ . ;
BB | 411~ ey 77 (e + o)
m; —ms,

2

, q
' qqu - 9 ) ,-:;r,P (?n-p,’:;'fR + :"n-Tﬁ.}"L) Ur
mz — 'm.”

It is finite and respects gauge invariance.

The four-momentum g = p — p!, belongs to the outgoing photon; pf is the four-momentum of the
incoming 1 lepton and p’z) is four-momentum of the outgoing u lepton.

The parameter'are irrelevant when the photon is on mass shell.
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» Coefficients of the amplitude

The coefficients a are given by

) T* Qm
Arnl = (DL)”H (DL)T'R { |: (dQnW + an + Can) + AIRW
Zm
5 (kanw — Ff-g-nw)]
V2m2~y 2m my, O 0.
Y Ve ke n#—kn — — ko,
T e = v d- nc 2 d* d, 2nC

i . 5 Qmi
ape = (UL)un (UL mr |97 (diaw + faw + conw) + 7 konw

+2:1 (ki — kg_nw)]
2« s
ke — ‘f’:” It Zﬁj Fane + z?gvng 3— g klnc}
Where
Fiow = dinw + Jaw — Ciaw,
kopw = danw + faw — Conw,
ksnw = Claw + Conw — 3w,

and similarly with W = C in the indices.
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* Feynman integrals

The coefficient are defined in the following way Performing the integrals over k, one obtains
AW
/ d*k 1 nw = dx Cl'y A
(2??)4 (k2 —m2) [(L — pl) mw] [(L pg) -m%,} ! 1 1 [ o y
Claw D + Conw Dy ClaW = 0 o 0 &
/ d*k kb i
= ; ConWw = dax dz —.
(2?1')4 (k* —m2) [(‘[5 - 'Pl) mw] [('IL P?) m%v} 2 1672 J, 0 ﬂ'
_ _ ‘ 1 N2
diw PP} + donw Dy + fuw (Plp'g + PQPT) + Uy g7 Ay = 32 f dr dy M
4 67 167= J, 0 A
f d*k k7K 1 2
p— ] y
(27)* (k2 = m2) [(k —p1)® — m%] [(k — p2)® — m%/] donw = ; dx ; dy N
and similarly with W - C in the indices. —1 ! y(r—y)
faw = 5 dx cl-y e
™ Jo 0 A
The infinities in the amplitude cancel for the: Where
» unitarity of the diagonalization matrix U, A= K+pi(l—a)(y—a)—p3(1—x)y.
-2 N2
« flavour-diagonal Yukawa coupling matrices. K = m,(1-2z)+myz.

More generally, these reasons are responsible for the
cancellation of all terms independent of the neutrino masses m,,.
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* BR and Mg, calculations

The partial width
6

¥ ('TTIQ mi) ’

-

>

1ﬂ1;:artia,l (T_ — p_’)) =

ALn

A3
dmz —

The branching ratio

1—‘p&';\,rtiastl (T_ — )u_ﬁl)
I‘Itotal (T_)

BR (’r_ — ,u._’;r) =

The mass matrix of the light neutrinos is obtained by the seesaw formula

)2
M, = —MpMp' Mp = _% Ay MG'A

Inverting previous equation, we obtain 5
v

Mp =~

The matrix M, is diagonalized as

T/LTM,,VL = diag (my,mg, m3g) =m

using the fact that the matrices Ay, 1, ¢** and e are diagonal we obtain

“

02

Mp=—= “ A1 Upnins

where

if ~ —1

AlM;lﬂl

a Rpnl

L. Lavoura [hep-ph/0302221]

Vi = € Upnns €7

T ié
) Upnns Ave
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« Assumptions and exp. bounds

We make some simplifying assumptions:

« all the parameters of the model are real

* Upyns IS real too

.ei&:lei,ﬂ:]l

Generating m, in the range 10 to 0.1 eV, we obtain for the
other two light neutrino masses

mo = \/ m3 + Am3,

mg = \/mrf + Am3,

We allow oscillations parameters to vary in 10 bounds

HN IH
bfp £1c bfp £lo

sin” 6y, 0.30470003 03040013
B12/° 33.487078 33.487078

. 2 0.052 0.025
sin® 63 | 04527 g 0.579%5 037
63 /° 42.343% 49.5%3
sin 03 | 0.0218:3%010 | 0.0219+0%11
613/° 8.507037 8.515020
ocp/® 306:“%3 254ng

Am3 0.19 0.19
10-3 el\ﬂ ?'501-0.1? ?'Soto-l?

Am? 0.047 0.048
mTZ!\ﬂ +2.4577 0 0 —2.4497 003

M.C. Gonzalez-Garcia et all. [arXiv:1106.0034 [hep-ph]]

The experimental bounds of the branching ratios

BR(pt —ety) < 42x10718
BR(7~ —e™y) < 3.3x1078
BR(r— = pu=y) < 44x1078

A.M Baldini et all. [arXiv:1606.05081 [hep-eX]]
C Patrignani et all. (PDG), Chin. Phys. C 40 (2016) 100001
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* The case with NH and masses of the 107 BaBar2010 | l(Nli
heavy neutrinos 0.1 < my < 500 TeV 10_9_'_ BELLE-II |
» - 0,4=0,
We generate impute parameters a, b and ¢ :f 10"l @01 1
which parametrize Yukawa coupling matrix ¥ e -
Mp = diag (a. b, c) g 107177 :?0 = é il
and determinate the magnitude of the 107151 . ﬁ C‘E’ |
masses of heavy neutrinos. L 3
10717 Lyt .
107" 1077

102 MEG 2016 | |(NH)g

We assume that v¢, = 7, = 0,

because the impact of gamma’s to BR is
not significant.

— g Calculations were made assuming:
| ]
wo | +0.1<a,b,c<3MeV
— m -
o & « 0.1 < mg < 500 TeV
10‘_7 . *mc =500 GeV
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BR(u" > e™y)

. 2| BaBar 2010 | | (H)
» The case with IH and masses of the 107 I kA
heavy neutrinos 0.1 < mg <500 TeV o BELLE-II i |
=
I(D 6f1=612 T %
. . 10—11, ®0.1 Sy St ST |
Calculations were made assuming: T ' 53 R HEL
| ; : LT
b~ w.
-0.1<a, b, c<3MeV T 10| Foo | 2
oM RO T N
° ,e P * L —
0.1 < mg < 500 TeV os]. 3. | =N
* mc =500 GeV ¥ - | & @
10_1?’\':‘ -"-.-:-:i"‘ DS DR R T - L . I I 3
107" 107"° 1073 107" 107° 1077
| . | | BR(t™ » uy)
107 MEG 2016
107 MEG-II For the case with inverted ordering of light
o rE neutrinos branching ratios receive larger
10'”'; On=0 .3 values comparing with normal ordering of
o 00T neutrinos
o5l @1 i =
E . . 5 v ".'"'" O
. e10 o
107t @45 If &
F e 4y
Ee ; P o
10_17;| : - LSt :z'.-.-.".:':.':..'\ ) :. . .' L . | |
1077 407" 40718 107 1079 107
BR(T" = 1Y)
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BaBar 2010

* BR as functions of delta’s and
mass of charged scalar

with NH we extrapolate BR as functions

of delta’'s ——>

assumingthat Ve = Ye, =0 1013

=
By fixing some point of the previous plots f
~

10 15 20 25 30

10—8i 6/1 = 6/2

1079}
= 10_10f By fixing point with largest BR we
f extrapolate BR as functions of m¢
< 10| <
= §
m :

10—12 -

10-“‘:‘

500 1000 1500 2000 2500
m¢ [GeV] 13/18



« Scatter plots for different m 107 BaBar 2010 )
- BELLE-II
Calculations were made assuming: > 109— —_—
)]
*0.1<a,b,c<3MeV T m¢[GeV]
|
* 0.1 <mg <500 TeV EE’ 1071 ¢ :;gg E) =
m = o
* M. = 500 GeV ® 2500 | <
— ©
e 0,=0,=5 10718 K C | E E 7
. -If . -r :I I ! ! |
107" 107" 107° 1077
BR(" - 1y)
-12[° ‘ ' ‘ ]
107 MEG 2016 | u—-jl— (NH) 1
Y 7 B
. ) By 5 “‘} i ”';1 Smaller values of the mass of
= | MEG-1[. - ;f W | charged scalar gives larger values
?r’ ; g k - : of branching ratio
E! e i *
% 10_14; mC[GeV] ' .'33::'.‘-',. ; . ,- 3 = g E
0100 e o - &
®500 = .Froiln ' - T
®2500 nie . | L E
10_15?. | . ' ) | I | |
1072 107" 0-° 107
BR(t™ - 17y)
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_ 107L __ MEG 2016 - 1 INH)
» Scatter plots for different ranges — T MEGI f
of input parameters a, b and c —
10712} ]
Tg“_ I
Calculations were made assuming: o ,
T 10—17'_ ]
*mg > 0.1 TeV ¥ ,
* M. = 500 GeV & ) abcmMevl | _ |2
5 =6 25 1077, ©0.01-3 do| 5
W= Bk e 00.1-10 | | &;
0T ® 1-100 2
P e, . . . | . . . . 1 . . . . | . | I i
1078 1072 107€ 107" 1078
BR(t™ - uy)
'MEG 2016

1078F  MEG-II
F 1071°} in this case we do not restricted mg from
O j . s : ] above. Comparing with first figures we see
T o) ‘ 4.7-." ’ v X O £ wider distributions of branching ratios having
15-_, I «* . 3 a3t I 1 smaller values.
PP DR R abcMevl | [ <]
Jeied X ©0.01-3 718
05| . g...-""l.'fo" ®0.1-10 E lc:c:’
1077 e Qe e ° ® 1-100 o | @7
1072 1072 107¢ 107" 107

BR(T" > 1Y) 15/18



* Distributions of mg

Assumptions:
*0.1<a,b,c<3MeV
*mg >0.1TeV
*m: = 500 GeV

« figures on the left illustrate
distributions of the masses of
heavy neutrinos with normalized
probability

« figures on the right shows
dependence of BR(r - uy) from
the masses of heavy neutrinos
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_ 107, BaBar2010 | | (NH) |
* The case with NH and masses of the — _
heavy neutrinos 0.1 < m, < 10 TeV o  BELLE-
y R 1079 7= —
Ig 6,=6,
. . . o) 11 =0l
Calculations were made assuming: a 10717 0.05 i
*0.1<a,b,c<3MeV e i e =
E 10—13 L ® 05 _— -
0.1 <mg< 10 TeV @ o1 T
S °2 ar 3
- mc = 500 GeV 10 i
kg m m
1077 L e e e __ |-
10 19" g g 107° 10
BR(t" » 17y)
10", MEG 2016 L (NH) ]
10‘13;
= - —
o T | Restricting all masses of heavy
r 10 : neutrinos < 10 TeV we receive lower
S sl o values of branching ratios
o 107k — — o
5" R
10‘15;—' Bl iih ,:;".':' - ,‘E .
R .'.“..:"" o1 % 8 ]
10_17;\ ‘. z-"‘\ - L | n | .2 s | 3
107" 107"® 107"® 107" 107 1077
BR(t™ -» vy 17/18



- Using Higgs basis (the basis for the Higgs doublets wherein only one
of them has nonzero VEV) we simplify model which gives good results.

* We have employed several simplifying assumptions in order to reduce
the parameter space of the model.

* In this model is possible to find the parameter space where all three
branching ratios of the decay |, = |,y are simultaneously close to their
experimental limits.

* The idea of the model could be adopted for the processes Z 2 |1, and
H - [,l,. Work is in progress...
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Thank You...



