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@ In the original SM with
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conservation of LF and LN. L v . o oe
e Neutrino oscillations = ,
Neutrino masses are non-zero 3 m? 5
Brip—ey) = == | S UplUl -2k | ~ 1075
= LFV. 32m | S, M2

e SM minimally extended with v
masses = Unobservable cLFV
(GIM-like suppression).

T. P. Cheng & L. F. Li, '77

Strongly suppressed by a GIM-like mechanism

and their proportionality on m2.

=SM Predictions:

BT(Z — M’) ~ 10754 3. I. Illana & T. Riemann, 01

BT‘(H — ZE/) ~ 10_55 E. Arganda, A. M. Curiel, M. J. Herrero & D. Temes, '05

B?‘(p, — 36) ~ 10_54, BT(T — 35) ~ 10_55 Hernandez-Tomé, Lépez-Castro & Roig, /19
Blackstone, Fael & Passemar, '20
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Lepton Flavor Violation (LFV)

@ The simplest Lagrangian describing the lepton flavor interacting
interaction is Lrrv = gf;v"x,¢; + h.c.

o I'(¢; = £;x) C g2/mf<7 due to the emission of the longitudinal component
of the gauge boson.

e I'(¢; — £;x) diverges as m, — 0 = effective theory cannot be matched
to the well studied decay ¢; — ;7

In this work we will focus on light gauge bosons (x), associated to the
spontaneous breaking of an Abelian gauge symmetry, U(1),. We will show
that in a renormalizable and gauge invariant theory the rate does not diverge
when m,, — 0.
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Effective Theory ¢; — €;x

The transition amplitude is given by M = a(p;)T'*(ps, pj)u(p: )€ (py)

3 > ‘ 2py :
= <’}/(¥ - 112 ) B (p ) +i m; -:1:Lﬂ I (1)2) + m; ‘Zf)‘i”j Fs (I)i)+

" 2P .
(,ya - ;_i) ’YsGl(p?() m; ’—YF:LXIj G ( ) + mff');nj 75G}(‘pi)

F; (pi) and G ,(pf() dimensionless scalar form factors
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Effective Theory ¢; — €;x

The transition amplitude is given by M = a(p;)T'*(pi, pj)u(pi)€l, (py)

I’

F(Px)ﬂ,mjj;‘ij(px ,,+ /g)+

75)756‘1 (1) +i %2 Gy ) +m’%v503(pi)

The Ward identities imply that pg - €}, (py) =0

e — (,}/a _
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Effective Theory ¢; — £

The decay rate can be expressed in terms of four form factors

/\1/2[771,2.7n2.m2] m;\ 2 m?2 . 2
N2 lin) = — v I X (1 _ 9) 1—-— X (2 Fy(m2) — Fo(m?2
(£ — £5x) T6mmm, o (s —mj)? ‘ 1(171)() 2("')<)|
. . - I\ 2 2
P m2) TR 2y Tx 2 +(1+ﬁ) - Mx
mx (mg +my) m; (mg +m;)?

P s SN
’VVLX my LJ

(11("1 ) — Ga(my, ) e+ my)

(

)\[m m? mi] is the usual Kéllén function
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Effective Theory ¢; —

The decay rate can be expressed in terms of four form factors

N o ) = S ) (- 20) (s (m7> (2)i0n2) = macndyf?

167mm; m; i —m,j)2
; N2 2
+‘F1(7ni)<m7' +mj) B Fz(mi) my ‘2 4 (1 . m]) 1 my _
my (mg +my) m; (my +mj)
(m; —mj) 2 , 5 (my —my) 2 m 2
2|Gy(m2) — Go(m2)—1 27 Gi(m2)——2 4 @ X
( |G1(m3) z(mx)(mi+mj)‘ +|G1(m3) ot 2(’”><)<m,~,+m_j>’

The term proportional to 1/m, = emission of the longitudinal component

= the limit m, — 0 will be divergent

Marcela Marin TAU2021



Effective Theory ¢; — £

The decay rate can be expressed in terms of four form factors

A/2[m2, m2, m2] a2 m2 .
Dl = Lix) = ——+2 9" X7 (17 J) 1-—x (2F 2y — Fy(m?
( '7X> 167r'mi |: my (mi - mj)2 ‘ l(mx) 2(mx)|
5. (m; +my) 2 my 2 m;\ 2 m?2
(2 D) _ (1 .7> 1— P
+ F1(m3) o 2(m) +mj)| (42 T

2, (my —my)

(elenond) - G2y [ e nd) ) 4 gatndy [ |

(m; +my) my (m; +mj)

The term proportional to 1/m, = emission of the longitudinal component

= the limit m, — 0 will be divergent.

4

In an effective field theory approach, great care should be taken when considering decays
into ultralight gauge bosons, since in a gauge invariant and renormalizable theory one
generically expects the rate of £; — £;x to be finite
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Tree Level Model

The particle content and the corresponding spins and charges under
SU@2)r x U(1l)y xU(1), are

Ly Ly er, er, | P11 ¢12 P21 oo
spin 1/2 1/2 1/2 1/2 0 0 0 0
SU(Q)L 2 2 1 1 2 2 2 2
(,'(1)y' —1/2 —1/2 -1 -1 Yi1 Y1 Yo Yo1
U(l)x dr, qdr, e, e, d¢1, o2 Apor 9o
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Tree Level Model

The particle content and the corresponding spins and charges under
SU@2)L xU()y xU(1), are

Ly Lo €R,  €ER, P11 P12 P21 P22

spin 1/2 1/2 1/2 1/2 0 0 0 0
SU(Q)L 2 2 1 1 2 2 2 2
U(l)y 71/2 71/2 -1 -1 Yi1 Y1 Yo1 Yo1
U(l)x qr, qrL, Ge,y e, o1 Gera Gpar oo

L; = (vi,,er,) and eg,, i = 1,2, denote the Standard Model SU(2);, lepton
doublets and singlets, respectively.

We have restricted ourselves to the two generation case, although the extension to three

Marcela Marin

generations is straightforward

TAU2021

September 28, 2021

11/29



Tree Level Model

The particle content and the corresponding spins and charges under
SU2)L, xU(1)y x U(1), are

L Lo  er, er, | ®11 G2 Do oo
spin | 1/2 12 1/2 1/2] 0 0 0 0
SU@), | 2 2 1 1 ]2 2 2 2

Ully | —-1/2 -1/2 -1 -1 | Yy Y Yo, Yo
U(l)X qr, qr, Ge, Ges 44 Q1o Qpon U

¢, complex scalar fields and doublets under SU(2)r,. We assume that the
hypercharge V7, = 1/2 and charge under U(1)y q¢,, = qr; — Ge,,-

4

We also assume that ¢, acquire a vacuum expectation value = (¢;1) = vji
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Tree Level Model

Ly L2 €R,  €Ry $11 b12 $21 P22
spin 1/2 1/2 1/2 1/2 0 0 0 0
SU(2) 1, 2 2 1 1 2 2 2 2
U(l)y —-1/2  —1/2 -1 -1 Y11 Y11 Y21 Yo1
U(1)x 9L, 9L, 9eq deg | Qo1 dp1o  9boy 9o

The kinetic term is:

2 2
Lyin = ZGL]'J?LJ‘ + ieg, Der,) + Z Duoir) (D" ¢j1)

j=1 jk=1
where D,, denotes the covariant derivative
D, = 0, +igWiTa +ig'Y B, +igyqx, for the SU(2)L, doublets ,
D, =0, +19'YB, +igyqx, for the SU(2), singlets ,

with g, ¢’ and g, the coupling constants of SU(2)r, U(1)y and U(1),
respectively.

Marcela Marin TAU2021
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Tree Level Model

Ly L2 €Ry _ €Rgy ¢11 12 P21 P22
spin 1/2 1/2 /2 1/2 0 0 0 0
SU(2)r, 2 2 1 1 2 2 2 2
U(1)s —1/2  -—1/2 -1 -1 Y11 Y11 Ya1 Yo1
U(1)x ar, ar, ey dey | Qo1 db1o  9boy 9o
The kinetic terms is:
2 2
Liin =Y (iL;DL; +ieg, Der,) + > (Dudin) (D djn) ,
j=1 J,k=1
The Yukawa interaction term is:
2
—Lyvuk = Z yirL;djker, + h.c.
J,k=1
la Marin
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Tree Level Model

The non-zero (¢;,) = v, generate a mass for the y boson:
2 202 2 2 2 2 2 2 2
my = gy (@, V11 T Qpy, V12 T Qg V21 + 050, V322) -

(¢jk) = vji generates a mass term for the charged leptons. In the mass
eigenstate basis

2 2 2 2 2 2 2 2 2
my, ~ Y1011 + Y12012 + Y2121 + Y2222

2 (yuiviiyzovaz — y1zvi2y21v21)?

mg ~
2 2 2 .2 2 .2 2 .3
Y11911 T Y12V12 T Y21V31 T YaaV20
. N (y11v11921v21 + Y12012Y22022)
sin20p, ~ —2——5 2 2 2 2 2 .2 7
Y1111 T Y12V T Y2131 T Ya2V32
Sin 205 o~ (y11v11912v12 + Y21V21Y22022)
SHteVR = 2 .2 2 .2 2 .2 2 2 -
Y1111 T Y12V T Y2131 T Ya2V32
Marcela Marin TAU2021
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Tree Level Model

We recast the kinetic Lagrangian in terms of the mass eigenstates, and we
find flavor violating terms of the form

—L D erigh v Xpur +eLiol, Y xpbL
with

RR 1

en — igx(qep,l - qeRz)Sin 26R )

1 .
05 = 50x(Gery — deys)sin 20z, .
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Tree Level Model

We recast the kinetic Lagrangian in terms of the mass eigenstates, and we
find flavor violating terms of the form

—L D erigl v xpnr +erisl Y xpuL ,
with

RR _ 1

e = igX(qeRl —Qepy)sin20p ,

1 .
~9x(Ger; — gepo)sin20r .

LL _
.g(// - 2

The rate for 4 — ey then reads:

2 2\ 2
T(p— ex) = (|f/w| + |9l )<2+ m2> < —:Z;‘) :
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Tree Level Model

We recast the kinetic Lagrangian in terms of the mass eigenstates, and we
find flavor violating terms of the form

—L D erigh v Xpur +eLiol, Y xpbL

with

RR _ 1

e = igX(qeRl —Qepy)sin20p ,

1 .
05 = 50x(Gery — deys)sin 20z, .

The rate for 4 — ey then reads:

2 2\ 2
My (112 RR)|2 my my
F()U‘ - EX) = 167 (|,,{/r o | + |gfz/L ) (2 + m2 - m2 .
X

m

’ Will the term mﬁ /mi be finite when m, — 07

a Marin TAU2021
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Will the t ‘ % be finite when m,

@ If the gauge and fermion masses arise as a consequence of the spontaneous breaking of
the U(1)y symmetry = the limit m, — 0 requires v;; — 0 = m, — 0.
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Will the term mf,

m be finite when m, — 07

@ If the gauge and fermion masses arise as a consequence of the spontaneous breaking of
the U(1)y symmetry = the limit m, — 0 requires v;; — 0 = m, — 0.

@ If my — 0 the term mi/mi is finite = depends on a function of the Yukawa
couplings, the gauge coupling, and the charges and (¢;x) = vj.

The term m2 /m?2 is ite
The term rn,/,/m,x is finite!

Assuming y22 > y11 > y12,¥21, vij = v, and ¢;; = Q the relevant parameters are:

2 2 2 2 2 2 02 2,2
my, = Y207, Mme = Y1107, = !JXQ
. 12 .
sin 207, ~ Qy— sin 20 ~ —Qy— .
Y22 Y22
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Will the term mf,

m be finite when m, — 07

@ If the gauge and fermion masses arise as a consequence of the spontaneous breaking of
the U(1)y symmetry = the limit m, — 0 requires v;; — 0 = m, — 0.

@ If my — 0 the term mi/mi is finite = depends on a function of the Yukawa
couplings, the gauge coupling, and the charges and (¢;x) = vj.

The term m2 /m?2 is ite
The term rn,/,/m,x is finite!

Assuming y22 > y11 > y12,¥21, vij = v, and ¢;; = Q the relevant parameters are:

2 2 2 2 2 2 02 2,2
my, = Y207, Mme = Y1107, = !JXQ
. 12 .
sin 207, ~ Qy— sin 20 ~ —Qy— .
Y22 Y22

Therefore, the rate for u — ex in the limit m, — 0 is given by

2 40202\ ?
o]  =me9%(py v ) () 00
my—0 167 y2, 4g2Q? Y3

2 2 2 2
[912(‘16L1 —Gers)” T Y21(ders — dens) ] .

a Marin TAU2021 S mber 15 /29



Te™ at tree level model

n —ee

The decay = — e~ ete™ is generated in this model at tree-level via the
exchange of a virtual y.
—L D erigl "y xper +eLig v xpeL ,
her R :
where .(]z]izR = 9gx (qER2 Sln2 Or + der1 COSQ GR) 5

.r](L,L =gy (qew sin? 0y, + Qe cos? QL) .
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W —e et

e~ at tree level model

The decay = — e~ ete™ is generated in this model at tree-level via the
exchange of a virtual x.

= .+ RR - . LL
—L Derig.e v’Xper +eLi9.. V' XperL
where

R : 2
.(]z]izR = 9gx (qER2 Sln2 Or + Gepry COS GR) 5
.r](L(L = gx (qeL2 sin? 07, + Qer, cos? QL) .

The ratio between I'(x — ex) and I'(u — 3e) is ~ 3/2

D(p—ex)
S(i—3e)
'S

1.2 ‘
¢

------- lo& = lofl = 0. 1gfF =19l =1 ;

------ loEH| = 1951 = 198 = gt = 1 :

1.0 H
1 5 10 50 10

my [MeV]
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W —e et

e~ at tree level model

The decay = — e~ ete™ is generated in this model at tree-level via the
exchange of a virtual x.

= .+ RR - . LL
—L D eRrigee v’Xxper +erig.. Y’ XperL
where

RR 2 2
Gee = 9x (qER2 sin“ Or + Gepry COS GR) 5
.r](L(L =gy (qew sin? 01 + qerq cos? QL) .

The ratio between I'(x — ex) and I'(u — 3e) is ~ 3/2

D(p—ex)
S(i—3e)
'S

1.2 ‘
¢

------- lo& = lofl = 0. 1gfF =19l =1 H

:

Lol gk = laki 1 = 1985 = 19k =1 i
1 5 10 50 10

my [MeV]
4

This result can be understood analytically employing the narrow width approximation
(NWA)
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L6

0. |gRR| = |ghF| = 1
98— gE 1

510 0T
my [MeV]

This result can be understood analytically employing the NWA
Do e”e®) = g% (l9s1* + 1o571%)

2 2\ 2
M LL|2 RR |2 mu mX

+ ) 24 4 ) [1- =X
27 (lg& 1> + la! < mi) ( mi)
mx (|,LL|2|,LL2 RR2)|,RR|2) "

+ 32771_ (lgee | ‘geu ‘ + ‘gee ‘ |geu | )7 <1 2

S
SN~—

a Marin
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5 10
my, [MeV)
This result can be understood ana‘lytically employing the NWA

m LL2 RR)2
P(x — e~et) = 71X (195712 + 195F)12)

m2 m2 2
D= 3e) = 2 (labt P + lafif |)(2+m;‘ -
X

m2
+ 327,(|9LL2 lgbil 12 + |98 12198 )%(1—2m§>

= subdominant contribution
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1ol = 5] =1

g5 =0, ol = lof| = 1

N(x — e et)

I'(p— 3e) = M

m
r %«:4( LL|2
(1= ex) = = |9ei

a Marin

~ Mmx
— 167w

5 10

my [MeV]

This result can be understood analytically employing the NWA
LL 2 RR |2

(\rzcc <+ lgoo| )

RR 2

m
+ 19e}, ) 2+

TAU2021

LL|2 RR|2 m
v (19501 +1a55P) <2+ -




el
"
10

T

gL =0, [gRR| = |gRR| = 1
logst| = lg£ef| = lofiffl = 1
5

H
10 50 101
my [MeV]

This result can be understood analytically employing the NWA
I'(x = e et) ~

nx LL2
16m <‘fia ‘

ZIP+ 198
m LL mj, m? )
P(u— 3e) = = (IgEER + 1g8R12) (24— ) (1- —
24w my my,
I'(p

x

D) s LL|2
yex) = e (\ge

RR|2 m;, m2\*
w X
" i Ige“ I ) (2 i m2 > <1 - >

X

Mp—ex) ~ 3
T'(n—3e)

-2
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One Loop Level Model

Spins and charges under SU(2)r, x U(1)y x U(1), of the particles of the model

L1 LQ €R, €R, d) ’L) n

spin /2 1/2 1/2 1)2 0 1/2 0
SU(2)r 2 2 1 1 2 1 1
Uly | =1/2 —1/2 -1 =1 |+1/2 Y, Y,
U(1)y qr qr e Qe 9 9 Gy

To violate the lepton flavor, we introduce a new Dirac fermion 1 and a new
complex scalar 7).

We assume that ¢, = qp + ¢, and Yo = Yy, + V.

We also assume that ¢ acquires a vacuum expectation value, but 7 does not

Marcela Marin TAU2021 September 28, 2021 19 /29



One Loop Level Model

Ly Lo €R, €Ry 3 P n

spin 1/2 1/2 1/2 /2 0 1/2 0

SU(2)p, 2 2 1 1 2 1 1
U(l)y —1/2 —1/2 -1 -1 | 4+1/2 Y, Y,
U(1)y qr qr qe ge 94 9y qn

The interaction terms with the massive gauge boson y in the mass eigenstates:
LD —~igegxer”exv — iugx i pxv — iy 9x 7" YXv — iangx [0* (8un) — (Bun™)n] x¥ + hec.,
as well as a Yukawa coupling to the right-handed leptons:

L D heerny + huigny + hec.,

TAU2021 September 28, 2021 20 /29
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i — ey at the one loop

level

: , \ 1
) : ) N \ N
AN (] ¢ i Y Y € 13 P e (¢ i
X X X
The form factors are finite and read:
Lyl M? M?
2y Loy 9xYeYu| m2 . ?»
Fy(my)= (:1(m\)—m 7] [qn]ﬂ,,<ﬁ>+q¢}—1w(m>],
2 2
w gxyey’u m?2 ]\'[@. ]uw
Fo(ms —Ga(m2) s [ F- (7) F- (7” ,
2(m3) V) = gz | 2 (|02 M2 tawrau (30
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The form factors are finite and read:

1o 2 12
2y OXY M2 M2
Fimy)= Gi(my) = 3XS487rQH 3 [q”f“’< \/2> +q¢fw(M;)]’
M2 ,,

2
n
'y’ 2 Yy
St | 385 7 (575) Cval
F _ v F- _v ,
38ar2 | M3 L7722 t a2 3

Iz(m ) 7(7)(171'1‘ =

where

—24+ 92— 1822 + 23 (11 — 6lnx
Fin(z) = ( )

1— 6z +322(1 — 2Inz) + 223

, For ;
3(1— ) 2(@) = 1—a2)

16 — 45z + 3622 — 723 + 6 (2 — 3z) Inzx —2 —32(1+2Ilnz) + 622 — 23
]:11/1('7"): 3(1717)4 ( ) 5 ]:2'1.;“)(.7?): ( (1,33)1 .
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i — ey at the one loop level

The decay rate reads for y — ex:

9\ 2

m m m My |2 . 2

I(p — ex) =~ 8—: (1 — m§> {)Fl(mi)ﬁ — Fg(mi)mix‘ +2‘F1(mf<) - Fg(mi)‘ }
b X "
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9\ 2
m m m My |2 . 2
I(p — ex) =~ 8—: (1 — m§> {)Fl(mi)ﬁ — Fg(mi)mix‘ +2‘F1(mf<) - Fg(mi)‘ }
b X "

The form factor F; (and Gy) is proportional to m? /M7
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at the one loop level

The decay rate reads for y — ex:

9\ 2

m m m My |2 . 2

I(p — ex) =~ 8—: (1 — m§> {)Fl(mi)ﬁ — Fg(mi)mix‘ +2‘F1(mf<) - Fg(mi)‘ }
b X "

The form factor F; (and Gy) is proportional to m? /M7

4

The factors 1/m, from the emission of the longitudinal
polarization cancel with the factors mi implicit in the form factor
F, yielding a finite rate for ;¢ — ey in the limit m, — 0.

4

We are assuming My, M, > my, it follows that the rate in the limit m, — 0 will depend
mostly on the form factors F» and Ga.

la Marin TAU2021 Septemb



at the one loop level

Branching ratio of the process u — ex as a function of m,, for the one loop
model. For Simplicity, we took the Yukawa-type couplings equal to one.

10 SF T
10—
T P
Q107 My =750 GeV, M, = 500 GeV
— My = M, =500 GeV
— My =500 GeV, M, =750 GeV
1078
5 10 50 100
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, M, =500 GeV
M, = 500 GeV
— My =500 GeV, M, =750 GeV

5

10
my[MeV]

The solid lines show the full result, while the dashed lines assume
Iy = Gy = 0. As apparent for the plot, while for m, < m,, the form factors
Fy and G can be neglected, they modify the rate when m, /m, 2 0.1,

especially close to the threshold.
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- — e e et at the one loop level

The process =~ — e~ e~ e™ is generated through x-penguin and through box
diagrams. Assuming h. < gy, the decay will be dominated by the penguin
diagrams. For Simplicity, we took the Yukawa-type couplings equal to one.
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at the one loop level

=1, =0

— My =750 GeV, M, =500 GeV — My =1750 GeV, M, =500 GeV "
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— My =500 GeV, M, =750 GeV : — My =500 GeV, M, =750 GeV
s 42
042 570 50 foo  ° 510 100
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The ratio is ~ 1/2
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=1, =0

— My =750 GeV, M, =500 GeV H — M, =750 GeV,
0.44F — M, = M, =500 GeV H 0.44F — 1, = 500 GeV
— My =500 GeV, M, =750 GeV ! ) =500 GeV, M, =750 GeV
0.42 s 0.42
1 5 10 50 100
my [MeV]

This result can be understood analytically employing the narrow width approximation
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The ratio is ~ 1/2.
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M, = 500 GeV
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The ratio is ~ 1/2.
This result can be understood analytically employing the NWA.
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Ratio M at the one loop level
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The ratio is ~ 1/2.

This result can be understood analytically employing the NWA.
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M, = 500 GeV
v

) 50
my [MeV]

100

5 10 50
my [MeV]
The ratio is ~ 1/2.

This result can be understood analytically employing the NWA.
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Ratio % at the one loop level
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The ratio is ~ 1/2.
This result can be understood analytically employing the NWA.
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Outline

@ Conclusions
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Conclusions

@ To investigate the limit m, < m, we have constructed two explicit
renormalizable models where the decay u — ey is generated either at
tree level or at the one-loop level. In both cases, we have found a finite
rate for pn — ex in the limit m, — 0.

@ For the tree-level model we find that the decay is dominated by coupling
terms proportional to v# and y°y*.

@ For the one-loop model the decay is mediated by interaction vertices
proportional to v*, y°y*, o/“p,, andy o/ p,,, although the latter two
give the dominant contributions for m, — 0.
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Thank you!
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