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Lepton Flavor Violation (LFV)

S M invariant

M U1 ©U(1), ®U),]

global

e In the original SM with
massless neutrinos =
conservation of LF and LN.

@ Neutrino oscillations =
Neutrino masses are non-zero
= LFV.

e SM minimally extended with v
masses = Unobservable cLFV

Q 0 0 +1 (GIM-like suppression).
and negative for ¢ and 7,

SM (Standard Model), cLFV (charged LFV)
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Ei — ij

ij=e,n,T

@ The simplest Lagrangian describing
the lepton flavor interacting
interaction is
Lipy = gﬂi“/pxpfj + h.c.

o I'(l; — Ljx) C g*/m3, due to the
emission of the longitudinal

component of the gauge boson.

@ I'(¢; — £;x) diverges as my — 0

Why should not the I'(¢; — £;x) diverge in the limit m, — 07

o Effective theory cannot be matched to the well studied decay ¢; — ;7.

@ (; = L;x---x could contribute significantly to the total decay width =
“hyperphoton catastrophe” r.B. Okun et al.,, Phys.Lett.B 78 (1978) 597-600

We will show that in a renormalizable and gauge invariant theory
the rate does not diverge when m, — 0.
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o Effective Lagrangians offer the most general description of Physics
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Why effective L'V for ¢; — £;x7?

o Effective Lagrangians offer the most general description of Physics
that has not been resolved yet.

@ Any x can also be the mediator of SM-DM interactions.

e A spin 1 boson, like y, could be a type of dark photon (therefore
DM candidate) that mediates LFV.
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Effective Theory £;(pi;) — £;(P;)x(Px)

The transition amplitude is given by M = @(p; )T (p;, pj)u(p:)el (py)

P Px o*%p 25
e = a __TX F 2 xB F X F 2
(7 = 1(px)+2ml+mj () + meppp— s(Py)+
PPy ,5 Oy pys 2P
a G X G X 5G‘ 2
(7 pi l(px) mL _|_m] ( X> + m; + mJ’Y 3(px)
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Effective Theory €;(p;) — £€;(p;)x(Dy)

The transition amplitude is given by M = @(p;)T“(ps, pj)u(p:)el (py)

P.Px a“Bp 2p
e — a __TX F 2 +Z xB F 2 4 X F 2 T
(7 72 1(py) ey 2(py) —— 3(py)

p p;"( 'Uaﬁ,ysp 2p2
(7“— ]’;2 PCL(P2) + i Gy (p2) + ——X P Ca(p2)

3 m; +m; X my+m

o F;(p?) and G;(p2) dimensionless scalar form factors
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Effective Theory €;(p;) — £€;(p;)x(Dy)

The transition amplitude is given by M = a(p;)I'“(p:, p;)u(pi)€l,(py)

(63

o o PR _o*Pp 2p
= (7 -3 Fi(p2) +i—XE Fy(p}) + F3(p)+

2 X
Dy m; +m; 7+ m;

ﬂqu 5 . a*Py5p. s . 2p .
af%) G1(p}) +i——2FGa(p;, PG (py,
(7 Py VO py) m; +m; 2(Py) + mi+ mjfy 3P

° F,(pi) and G (pi) dimensionless scalar form factors

@ The Ward identities imply that p; - €, (py) = 0
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Effective Field Theory (EF

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

A/2[m2 m2,m2] i\ 2 m2 5
L, —lin) = — 7 7' X (17 J) 1 ™ (Z‘F 2y _ 2‘
(b —€5x) 167mm; o (s —my)? 1(m3y) h(m3)

(m; +my) 5 My 2) ( m;j )2 m2
H P (m2) L By(m?)—2—| )+ (14 1— —x
‘ 1ms) My Z(mx)(mi-i-mj)’ m; (mi +m;)?
) o . 2
(Q‘Gl(mz) Gz(m m])’ ‘Gl m M-&-Gz(mi)L‘ )}
+m]) My (mi +my)

)\[m m?,m2] is the usual Kéllén function

Az, vy, z] = z2 + ,1/2 + 22— 2zy — 2x2 — 2yz
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Effective Field Theory (EFT) ¢; —

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

AY/2[m2 m2,m2] ma\ 2 m2 9
T'; 0 = # 1— 2 1o ™ ol F 2y _ 2
(6 ) e s ) (2l = ramd)|

2y (mi +my) 2 My 2) ( mj>2 mi
- — F D 1+ — 1—-——=
My 2(mx) (m-‘rm])’ + + m; (mi+mj)2

(z\al(m@ ~ Gy(m3) )

(m; —m;)

‘ +‘G m) My V +G2(mi)(minjrxmj)‘2)}

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

(m; +my)

= the limit m, — 0 will be divergent
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Effective Field Theo

The decay rate can be expressed in terms of four form factors
2 2
mj X 2 242
(1-5) (- ) (s - oy
)2 L
(mi +my)?

(Q‘Gl(mi) - Gg(mi)% 2 + ’G'l(mi)% + G2(mi)(m%xmj)’2)}

J X
167mm;

)\I/Q[m%,m2 m2]
F(fi ‘>er) =

*‘Fl (mi)% - Fz(Mi)L)f) + (1+ o

(mi +m; m;

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

= the limit m, — 0 will be divergent.

In an EFT approach, great care should be taken when considering decays
into ultralight gauge bosons, since in a gauge invariant and renormaliz-
able 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 SM SU(2)r, lepton doublets and
singlets, respectively.

4

We have restricted ourselves to the two generation case, although the extension
to three generations is straightforward
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Tree Level Model

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

Ly Ly er, er, | o111 Q12 P21 oo
spm | 1/2 12 1/2 1/2] 0 0 0 0
SU(?)L 2 2 1 1 2 2 2 2
Uy | —1/2 —1/2 -1 —1| Y, Y Yo Yo
U(I)X qr, qrL, Geq Gey 14 A¢, Aoy oo

@ ¢, complex scalar fields and doublets under SU(2)r,. We assume that
the hypercharge V. = 1/2 and charge under U(1)y q¢,, = qr, — Ge,,-
@ We also assume that ¢;;, acquire a vacuum expectation value =
(bjr) = vk

@ We need to allow for generation dependent charges under U(1),.
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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 = Z(izleLj + 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.
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Tree Level Model

Ly Lo

€Ry _ €Rgy ¢11 P12 P21 P22
spin 172 172 12 1/2 0 0 0 0

SU@)r 2 2 1 1 2 2 2 2

U(1)s —1/2  —1/2 -1 —1 Y11 Y11 Yo1 Ya1

U(1)y ar, ar, geq Geo Aoy, db1o  9boyy  9doo
The kinetic term is:

2 2
Liin =Y (iL;DL; +ieg, Der,) + > (Dudin) (D djn) ,
j=1 Jik=1
The Yukawa interaction term is:
2
—Lyvuk = Z yirL;djker, + h.c.
jk=1
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e Level Model

The non-zero (¢;i) = v;i generate a mass for the x boson:

Licin D[ 53 ko1 (Putsn) (0% 650)

U

2 2,2 2 2 2 2 2 2 2
my = g5 (@, V11 T Q5,012 + Ty, V21 T G,y Va2) -

(pjk) = vj, generates a mass term for the charged leptons. From in the
mass eigenstate basis, assuming that m, > m.

mi ~ Y3 03] 4 Yavls + Y3103 + Yavds
(y111}1ly22v22 - y121)12y211121)2
T YR UTavTs + Y3103 + Ysausy
(y11v11y21vz1 + y12U12y22U22)
Y1107 + Y12l + Y5105 + Y5aU3,
(y11v11y12v12 + y211121y22022)
Y103 + YT + Y3105 + Y5av3y

[ V)

m

®

sin 20y ~ —2

)

sin 20 ~ —2
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Tree Level Model

The non-zero (¢;x) = v;i generate a mass for the x boson:

Licin D[ 3 ko1 (Pt (0% 650)

U
2 2,2 2 2 2 2 2 2 2
my = g5 (Qp,, V11 T Qp1p V12 + Qoo V21 T GypVa2) -

(¢jk) = vji generates a mass term for the charged leptons. From in the
mass eigenstate basis, assuming that m,, > m.

mi ~ Y507 4 Yiavls + Y31051 + Yavds
(y11011y22’b‘22 - 'y12’012y21’b'21)2

Y1 vt F Uiavls + Y3103 + Ysausy
(y11’l/‘11y21?/’21 + y127/‘12y22?/‘22)

YH 0T+ YiavTs + Y31 05) + Y5avs,
(Y11011Y12012 + Y21U21Y22V22)

Y107 + yhvTs + Y3105, + ¥3av3y

m? o~

sin 20y, ~ —

sin20p ~ —
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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

Liin O 37—, ((L;DL; + ieg, Der;)
4

Dy D igyaxp
llAfter basis change to
the mass eigenstate basis

4

—Lxkin D@igﬁﬁ’ypxpmg + Qiyf;f"y”xpuL +h.c., with

qﬁ,ﬁ = 9y (Ge; — Ge,)sinbrcosfr, and g/(ﬁ,L = g, (qr, — q1,)sinf cosby, .
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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

Liin O 37—, ((L;DL; + ieg, Der;)
4

Dy D igyaxp
llAfter basis change to
the mass eigenstate basis

4

—Lxkin D@igﬁﬁ’ypxpmg + Qiyf;f"y”xpuL +h.c., with

qﬁ,ﬁ = 9y (Ge; — Ge,)sinbrcosfr, and g/(ﬁ,L = g, (qr, — q1,)sinf cosby, .

The rate for u — ey then reads:

WL?I mi 2
Plu— ex) = o2 (JobH [P+ o) (24 2k ) (1= 2% )
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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

Liin O 37—, ((L;DL; + ieg, Der;)
4

Dy D igyaxp
|} After basis change to
the mass eigenstate basis

4

—Lxkin D@igff’ypxpu}g + Qiyf;f"y”xpuL +h.c., with

qﬁ,ﬁ = 9y (Ge; — Ge,)sinbrcosfr, and gf/,L = g, (qr, — q1,)sinf cosby, .

The rate for u — ey then reads:

/n’Li mi 2
T (|””'| + o |) w2 )\ Tz )

Will the term mz/m2 be finite when m, — 07
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Will the term ’mfi / mi be finite when m, — 07

@ If the gauge and fermion masses arise as a consequence of the spontaneous breaking of
vjk—0=>m;,—0 or

gX%O:gL,LHL ,gﬁﬁ—»O

the U(1)y symmetry = the limit m, — 0 requires {

2025 g2 o2
m3=93 32 ; 955 Vi
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Will the term mf, m be finite when m, — 0?

@ If the gauge and fermion masses arise as a consequence of the spontaneous breaking of
.. . vjk—0=>m;,—0 or
the U(1)y symmetry = the limit m, — 0 requires { x—0=gLL (gRR 50
my=9% i 9,
@ In lim O(|g,ﬁf 2+ |q(,“ ym? /m3 is finite and depends on a function of the Yukawa
VVLX%

couplings, the gauge coupling, and the charges and (¢;x) = vj.
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Will the term mi mi be finite when Ty, = 0?

@ If the gauge and fermion masses arise as a consequence of the spontaneous breaking of

.. . )i —0 ,—0
the U(1)y symmetry = the limit m, — 0 requires { ik U=, o

gX%O:gL,LHL ,gﬁﬁ—»O
— 2 2
mI=0% Xij 95,V
i L2 4 |glEym2 /m2 is fini d depend function of the Yuk
@ In lim O(|gw + |gel*)my, /m3, is finite and depends on a function of the Yukawa
VVLX%

couplings, the gauge coupling, and the charges and (¢;x) = vj.

The term m2/m2 is finite!

Assuming y22 > y11 > Y12, Y21, v;5 = v, and 9p,; = Q@ the relevant parameters are:

p 2
mi ~ y%2v2, mi ~ y%lvg, my o 4g)2<Q2U2
. 12 . 21
sin 20y, ~ —Qy—, sin20p ~ —Qy— .
Y22 Y22
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Will the term m?

p m be finite when m, — 07

@ If the gauge and fermion masses arise as a consequence of the spontaneous breaking of
1

.. . 0 ,—0
the U(1)y symmetry = the limit m, — 0 requires { ik U=, o

gx—0=gLl ,gfiR—0

my=9% i 9,

@ In ml)i(rgoﬂgff 24+ |q(,“ )mﬁ /m?2 is finite and depends on a function of the Yukawa
couplings, the gauge coupling, and the charges and (¢;r) = v

The term m2/m2 is finite!

Assuming y22 > y11 > Y12, Y21, v;5 = v, and q¢

= Q@ the relevant parameters are
2 2 2 2 2 2
X Y307, meg &~ Y107,
sin 20y, ~ —2&
Y22 Y22

Therefore, the rate for 4 — ex in the limit m, — 0 is given by

202 2
F(M—>€X)) L gx 24 Y3 1— 19, @
my—0 327 y22 4g)2<Q2 2

Y22
[Q%Z (qr, — QLQ)Q + y%l (qey — q62)2]

m m,% ~ 492Q2U2
sin 20 ~ —2& .
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The decay ;1= — e~ ete™ is generated in this model at tree-level via the
exchange of a virtual x.

Flavor violating

vertex K

[ Flavor conserving

vertex
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The decay ;1= — e~ ete™ is generated in this model at tree-level via the
exchange of a virtual x.

Flavor violating

— . RR —: LL vertex
—Lyin DERIgc Y Xper +EL1g.. YXper , Where =

RR 2 2
gee " = gx (dey sin® O + ge, cos® Or)

[ Flavor conserving

vertex

4(/(/1," = gx (qu Sin2 9[, + qr, COS2 0L) .
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The decay 1~ — e ete™

exchange of a virtual x.

. RR . LL

—Liin DRI YPxper +ELigl VP xper, ,  where
RR 2 2
9" = gx (geq sIn® O + ge, cos® OR)

gLl =gy (gL, sin? 0, + qr,, cos?0r) .

is generated in this model at tree-level via the

Flavor violating
vertex

[ Flavor conserving

vertex

The ratio between I'(in — ex) and I'(p — 3e) is ¥ 1 or ~ 5

ot

— L, =qL, =03 qe, =0, gyqe, =2; tanbp =1
— ey =qe; =05 qL, =0, gyqr, =2; tanf, =1

Marcela Marin
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The decay ;1= — e~ ete™ is generated in this model at tree-level via the
exchange of a virtual x.

Flavor violating
vertex

. RR . LL

—Liin DRI YPxper +ELigl VP xper, ,  where
RR 2 2
gee'' = gx (qey sin” OR + ey cos® OR)

gLl =gy (gL, sin? 0, + qr,, cos?0r) .

The ratio between I'(in — ex) and I'(p — 3e) is ¥ 1 or ~ 5

5

D(p—rex)
T (p—3e)
&)

— L, =L, =03 Ge, =0, 9yGe, =2; tanfp =1
0.5F— e, = ey =05 qr, =0, gyqr, =2; tanf, =1

1 5 10 50 100
my [MeV]

This result can be understood analytically employing the narrow width
approximation (NWA)
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at tree level model

This result can be understood analytically
employing the NWA

(cc—mi)é—kmiri - m;l"x 6(z — mi)

X — e_e+ ,ULII/L1 angl’Lg

[:’: 'm:‘()'- Ixes :ir :HHZ":; 'y = % (|g£eL|2 + |g§eR|2 + lgxar, |2 + |quL2|2)
3L, =V, 94, = 2; tanbp =

510 50 10!
my [MeV]

D(u—rex)
T(n—3¢)
v

LL|2 RR|2 LL|2 RR|2 2 2\ 2
(i 30) = T (95512 + 195512) (195" + 1957 1%) <2+m )( m )

~—— v

2

m LL\2| LL RR2| RR2\ ™ m
+ X (1gEF PlghE 2 + 19BF 2 9B 2) 22X (1 - 2—
64m my my
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"X at tree level model

This result can be understood analytically
employing the NWA
1

T —§(x — m2
(w—m§)2+m§1"§ - ma Ty ( X)

T(p—ex)
T(u—>3e)
W

X — e~ et sUL VL, sVLoVL,y
m.
2 =0, gyge, =25 tanlp =1 Ly = 24?,?. (lgéleLP + |g§eR|2 + |£quL1 |2 + |gqu2|2)

2 =0, gyqr, =25 tanfy, =1

50 10C

—qL, =

,=0i4¢
i 5710
my [MeV]

finite in the limit m, — 0

f
LL|2 RR|2 LL\2 RR)|2 2\ 2
3 + + 2 m
F(p, N 36) _ my (|gey, | |gep, | ) (‘gee ‘ Igee I ) < + % > < _ X>

327 |g&l1? + 192712 + lgxar, |? + l9xqr, |2

m

mZ
+| s (1 Pl 2 + 0 Plaf) 2 (1- 22 )

= subdominant contribution for m, < my
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at tree level model

This result can be understood analytically
employing the NWA
1 ™

— 8(x — m2
GomZ)TFmZrZ 7 ey O( %)

D(u—sex)
T(n—3¢)
o

X — €_6+ ,ULIVLI avL2VL2
. — Mx LL|2 RR|2 2 2
a0t g || Ty = X (1gEE? 4 1gER2 + |gxar, | + lgxar,]?)
0.5f— Gey = ey =05 q, =0, gyqr, =2; tanfy, =1
1 5 10 50 10f
my [MeV]

LL)|2 RR |2 LL)|2 RR|2 2 2 2
Tt s 30) = (gEE 1 + 198E12) (195517 + 1927 ?) <2+ mu> (1 mx>

32m [gbl 1P + 198712 + lgxar, I + loxar. |

2 2\ 2
m m m
Pl ex) = 2 (la 1 + 1083 P) <2+ m) <1 - )
X
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at tree level model

This result can be understood analytically
employlng the NWA

™ 2
(z— 1'n,2 )2—|—7n2 1"2 - ma Iy 5({1} - mX)

L (u—rex)
T(u—3¢)
S

X —> e e+,uL1VL1,§L2VL2
e =0, yde, =2 tanfp =1 ry = 241‘_ (lgeeL|2 + |g£t;R|2 + |gqu1|2 + |quL2|2)
DL, =0, gyqr, = 2; tanfy =1

1 5 10 50 10
my [MeV]

327 |ghd|? + |gliR 2 +l9xar, 12 + lgxar, |2

LL|2 RR LL|2 RR|2 2 2\ 2
+ + m m
(= 3¢) o my (|!] lgzt, ) (|9 lgze ) <2 g) <1 _ X)
m
X

m? m2\*
Plp—ex) = 7 (‘QELP + Ige | ) <2+ 771,‘;) <1 — X>

X

C(p—ex)
F(i:m)é) ~1 or 5
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One Loop Level Model

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

L4 Lo €R, €R, ) P n

Spin 12 1/2 1/2 1/2| 0 1/2 0
SU@2), | 2 2 11 2 11
Ull)y | =1/2 —1/2 -1 —1|+1/2 Vv, VY,
Uy | ar @ 4e  qe | dp  qp  qy

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

@ We assume that ¢. = gy + ¢, and Y. =V, + Y.

@ We also assume that ¢ acquires a vacuum expectation value and has
d¢ = qr, — qe, but 1) does not.

L; = (VL'i s eLi) and eg,, denote the SM SU(2), lepton doublets and singlets, respectively.
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One Loop Level Model

Ly Lo €R;  €R, ¢ P Ul

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

SU@)L | 2 2 1 1 2 11
Uy | =1/2 —1/2 -1 =1 | +1/2 v, v,
UM)x qr qL Qe qe ¢ 9 4y

The interaction terms with the massive gauge boson y in the mass eigenstates:

LD —igyqr €Ly er + By 1L + L1y vi1 + ULy vie) Xv — i9xqe (ErRY R + ErYHR) Xv
— igx @y Xy — iangx [07 (9" 1) — (8”0 )0l xv ,

as well as a Yukawa coupling to the right-handed leptons:

£ herni + hufignd + he.,
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n n n
- .. - R - R - -
e \ / \ / \ n,’ )
' \ ' \ ' \ ' \
+ d . | . e . 4
J W Y [ Iz P (] € 1 Y e\e Iz (7 [
X X X
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i — ey at the one loop level

B/ B/ -
/- ™ /- ™ /- ™ ' N
; \ : | N \ N \
AN (! e 10 Y W € 14 Y e ¢ I P
X X X
The form factors are finite and read:
10 2 72
; oo OXYLYp| m2 ~ M,
Fi(m?)= Gi(m2) = Bl X [ F < )JF F (7>]
1 \ 1 ( X ) 38471'2 % an/ 17 \[,_7 QoS 14 ]\172] )
Lyl | m2 M3 M2
. ngeyp, m P )
Fo(ms —Ga(m?) = s [ F- (7) + qu F- (7” ,
20m3) 2 = gy | M2 |90 72 Mz) T2
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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 p — ex:

r(uﬁex):g‘<1_m2> UFl m ):ZX Fa(m2) X ‘+2‘Fl X)—Fz(mx)’:|

m2
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i — ey at the one loop level

The decay rate reads for p — ex:

r(uﬁex):g‘<1_m2> UFl m ):ZX Fa(m2) X ‘+2‘Fl X)—Fz(mx)’:|

m2

The form factor Fy (and G1) is proportional to m? /M
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i — ey at the one loop level

The decay rate reads for p — ex:

F(u—)ex):gif(l_m2> UFI m ):ZX Fa(m2) X ‘+2‘Fl X)—Fz(mx)’:|

m2

The form factor Fy (and G1) is proportional to m? /M

The factors 1/m,, from the emission of the longitudinal polarization cancel
with the factors m implicit in the form factor F}, yielding a finite rate for
1 — ex in the hnnl m, — 0.

We are assuming M,,, My > m,,, it follows that the rate in the limit m, — 0
will depend mostly on the form factors F5 and Gs.
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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.

10O 107
BR(p — ex) <81x10°6 @ =1,q,=0 BR( — ex) < 8.1 x 106
B0 e 210 S
[ s —————— LT T
N0 My, =750 GeV, M, =500 GeV Q1077 — My =750 GeV, M, =500 GeV
— M, = M, = 500 GeV — M, = 500 GeV
— My =500 GeV, M, =750 GeV — My =500 GeV, M, =750 GeV
10-8 10-8
5 10 50 100 5 10 50 100
my[MeV] 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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1~ — e e et at the one loop leve

The process =~ — e~ e~ e™ is generated through x-penguin and through box
diagrams.

- ]'/1 - h?,(: -
> _ K P Poe
/1"7 e 7] }r]
|
— |
e w | 6+
€ fL:—(—’t—(—
r ox — 3e) ~ hﬁhz
Fx—peng;uin(,u — 36) ~ hghiqi b (M ) ohy,

Assuming h. < gy, the decay will be dominated by the penguin diagrams.

Marcela Marin

MOCa 2022



- — e e et at the one loop level

Branching ratio of the process u= — e~ e"e™

loop model. For Simplicity, we took the Yukawa-type couplings equal to one.

1x1079

5% 1077
|
I

T =1, q,=0 OO\
‘51 % 10~7F — My =750 GeV, M, = 500 GeV
& — My = M, =500 GeV W
5 x 1078 — M, =500 GeV, M, = 750 GeV ‘.‘.‘
1 5 10 50 100

my[MeV]

s TR
T qn = 0, Qyp = 1
I
21 x10°7F — M, =750 GeV, M, =500 GeV
R — My = M, =500 GeV
5% 1078 — M, =500 GeV, M, =750 GeV W
1 5 10 50 10
my[MeV]

as a function of m, for the one

The solid lines show the full result, while the dashed lines assume

Fy = Gy = 0. From SINDRUM Collaboration we have the U.L.
BR(u~ — e e et) <1.0 x 10712,

la Marin




at the one loop level

2.0 2.0
=1, q, = = =
15 qn Gy 0 —.\ 15 qn 0, gy 1 _-~“
\ \
= H
] .
ii '
0L :
— My =750 GeV, M, =500 GeV i M, =750 GeV. M, 500 Gev | ||
— My = M, =500 GeV 0.5 [i‘ — M. =500 Ge\r” !
_ . . - v N — Y = Mp = i
— My, =500 GeV, M, =750 GeV M, —500GeV, M, =750Gev | |
10 50 1( 5 10 50 10
my [MeV] my [MeV]

The ratio is ~ 1, assuming q;, = 1 + ge-

The solid lines show the full result, while the dashed lines assume F; = G = 0
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at the one loop level

2.0 2.0
=1, qy = =0, q, =
15 qn Gy 0 —-\ 15 qn 0, gy 1 _-~“
1 \
A H
95 \
11 B
32 H
— My =750 GeV, M, =500 GeV i i
- , |
— My = {1,, :‘anr') GeV - M, = 500 GeV. !
— My =500 GeV, M, =750 GeV M, = 500 GeV, M, =750 Gev |
10 50 100 5 1
my [MeV]

The ratio is ~ 1, assuming q;, = 1 + ge-

0 50
my [MeV]

The solid lines show the full result, while the dashed lines assume F; = G = 0

U

This result can be understood analytically employing the narrow width

approximation (NWA)




=1, q,=0

v

M,
500 Gev
M,

= 500 GeV

750 GeV

— My =500 GeV

500 GeV

\/,,mr( oV

T'(p — 3e) ~

5
my

10
[MeV)

9)2(|‘Ie‘2

167

Marin

my |‘Ze|2 + |‘1L‘2
47 |gel? + 3lqr|?

e (

my

my
172—
u

5 10
my [MeV]

2

7n2
1—
m

50 1

2
;) [\Fum;‘;):—i - Fz(mi)%)z +2|Fy(m?) - F2(mi)\2]

m

) (2 (IFL(m3)1? = Fi(m3)F2(m3)) + [Fa(m3)I?

This result can be understood analytically
employlng the NWA.

(z— 7'71,2)2—‘,-1“)7.21"2 - ma Iy
X —> e e+,VL1VL1,VL2VL2

™

§(x —m2)

2
gX ™My

Tx = Z5a=

(lgel? + 3laz1?)

2)
my



This result can be understood analytically
employlng the NWA.

(z— m2)2—‘,-7n21"2 - may Iy

g =1,q,=0

T—&(x — m2)

V. M, =500 GeV.
v

X — € e+aVL1VL1aVL2VL2

: ’ 2
- = g5 m
smaev f| m‘(][gluv] ol r'y = X2Tﬂ_x (|‘Ie|2 + 3|‘IL|2>

750 GeV

5 10
1y [MeV]

Fy ~ mi = finite in the limit my — 0

T'(p — 3e) ~——

2
mpy |¢Ic‘ + lar | 1
47 |qel? + 3lqr|?

m 2
= Ea(m3) X[ 2 Fa(m) — Fz(mi)\Z)]
i

2 2 2 2 2

gxlael® m m 2.2 2 2 2,2™Mm

S X (1o X ) (2 (|R (md)? = Fi(m})Fa(m))) + [Fa(m3))> =X ) .
m# mu

16w my
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This result can be understood analytically

g =1,q,=0

employing the NWA.
1

T —§(x — m2)

—
(w—m§)2+miri ma Ty X

— M, GeV
— My 0 G
— My =500 GeV, M, =750 GeV

M, =500 GeV

X — e_e"", VL,VL,sVLyVL,

2
g3 Mx

1

’ my [gluv] T FX = —Sarx (|QE|2 + 3|qL|2>

T'(p — 3e) ~

my lgel® + lap|?
4m [qe|? +3lqp|?

Fi ~m2 = finite in the limit my — 0

m 2
- F2<mi>m—j| +2|Fy (m2) — F2<m§>\2}

+

2 2 2
gylael” m3
67 mpy

717.2 ’!17.2
(1 - 27772) (2 (I1FL(m3)1? = Fi(m3)Fa2(m?)) + |Fz<mi)\2mﬁz>

= subdominant contribution for m, < m, .




=0 a,=1
5

fan=1,q,=0
5

This result can be understood analytically
employing the NWA.
1 ™ 5(:13 — m?2 )
x

(x—m2)2+mZT3 - mo T X

X — 6_6+, VL,VL,yVLyVLy

— M,
— M
— M,

510
my [MeV]

—

I'(pnw — 3e) ~
e 30 TP 1 Blazl?

2 2
m m
I'(p — ex) 28—: <1 — m;<> l:
m

my qe|2+|qL|2< m

2
gs, m
Tx = 257 (Igel? + 3lav|?)

2
m My |2
) Um (m3) ™2 — Fp(m3) ™| 4 2| Fy (m3) — Fz(min?}
My my

m My |2
’Fl(mi)—“ —Fg(mi)—x‘ + 2|1 (m2) — Fa(m2))?
My my

T'(p—ex) ~1

I'(p—3e)
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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 yu — 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 5y,

@ 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.

@ Analogous conclusions apply to 7 — (u/e)x and 7 — 3e, 3u.

Marcela Marin MOCa 2022 30/31



Thank you!
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