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Introduction

@ Neutrino oscillation discovery is evidence of massive and missing
neutrinos; also lepton flavor violation (LFV). However, it has not been
determined in the charged lepton sector.

@ In minimal extended models, LFV process branching ratios in charged
lepton sector is extremely tiny; Br(y — ey) ~ 107,

@ Current and future expected sensitivities by MEG:

BR(u"™ —ety) < 42x1071,
BR(u™ —e™y) < 6.0x 107

= Not possible to determine in practice!

NAFOSTED
Aﬁ' MEG: Eur. Phys. J., Vol. C76, No. 8, P434, 2016; Arxiv:2107.10767 Czem
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Introduction

@ There are more experimental confirmations prove that SM requires to be
modified beside massive neutrino problem, such as dark matter, matter
anti-matter asymmetry, ...

o In those extensions, the LFV branching ratios might be much higher and
reach the experimental sensitivities.

o In this report, we discuss ;1 — e~y decay in a EW-scale vg model
e Derive the branching ratio
e Set constraints on relevant parameters, predict observable possibilities by
current and future experiments.
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Outline

@ Briefly introduce the model

@ Calculate the form factors and derive decay branching ratio
© Discussions and set constraints on involving couplings, for the cases of
one-loop diagrams involving
e W boson
e singly charged scalars
o Heavy neutral scalars
o Light neutral scalar

© Conclusion
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Model overview

@ The model is constructed based on a symmetric group
SU2) x U(1)y x U(1)sp x U(1)pyr, where SU(2) x U(1)y is gauge
group, and U(1)sy x U(1)yr is a global symmetry.

@ The particle contents are

SM particles Mirror partners
b = (v, eL)T, €R f% = (Vr, e%’)T, eﬁl
qr = (ur,dr)", ug, dg qx = (uy, d¥)", uy, d}.

o The Higgs sector consists of:
o Two Higgs doublets: @, = (65, ¢3), Pawr = (¢34, Dops)s
e AY = Oreal triplet £ = (§+, £, 5_), and a Y = 2 complex triplet x

éiﬁ' e A Higgs singlet ¢s. s 214
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Model overview

@ Global symmetry
o Global symmetry U(1)gy x U(1)yr is imposed to prevent some
unexpected couplings.
o Transformations of matter and Higgs fields are defined as following:
D) U(1)gu: U = {®s, ¢}, (7™} transforms as ¥ — ",
i) U yp: U = {®ay, gif, () } transforms as W — &/ I,
iii) o5 — e~ g ¥ — e 2omr g,
o The unmentioned fields are singlets.
@ The Yukawa couplings are:

LYy = golp®oeg + gl il Dapel! + goslidl¥ + h.c.
LY = guqrPoug + gaqrPadr + g gl oy + g gil ®oprd! + g45qrdsqld + hec.
Ly, =guly o2 X 1Y,

éﬁ' where o is the second Pauli matrix, &, = iop®3 and oy = ioy®3,,. s 1L
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Symmetry breaking

e Higgs fiels develop their VEVs as:(®,) = (0,v,/v/2)7,
(®ar) = (0,vam/V2)", (X°) = vu, and (¢s) = vs,

@ Charged lepton masses:
D
_ mg m,
MZ — ( (m?)T Moy ) )

o The mass matrix
where m2 = mP = gyvs, mp = gova/V/2, and moyy = g¥vars /2.
e For m? < myy, m? <L my

M_mgmﬁ)_IRgTﬁuO I R
T m ) T\ =R T 0 Jiem Rl 1 )"

D
m,

where Ry ~ " <L 1, my = my, Mpyy = Mgy
o If we express 7ty = UngZUZR, gy = U%ijU%T, then
( Ui ) _ ( Unw — —ReUii ) ( L(R) )
Aﬁ' Lrwy R} Uuwy Upir) Mgy (MARXTED
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Symmetry breaking

@ Neutrino masses:
o The mass matrix b
J— 0 ml/

v

D_ D _ _
where m;, = my; = g vs, Mp = gyvuy.

o For mP < My, we can approximately blocked diagonalized

M_()mB_IRz,Trh,,O I R,
) Mg )\ =RD T 0 g —R, 1 )

D
m
where R,, ~ ;‘7;, and

2

- 8usVs _

Ty S DL s )
R EMVM

o Suppose that /i, = Uml US, ing = UM *m?,, UM’ then

1% o U, 7RDUQ/I Xv NAFOSTED
ﬁ ( (VR)C ) - ( R}tUV Uﬁ/l ) ( XM ) L,/*:;:m::z
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Symmetry breaking in Higgs sector

@ If there is only one Higgs triplet, the quantity p = M,, /(M cos 6,,) = 1 might
be spoiled out, thus Higgs triplets &, x are introduced.

@ Itis proved in M.S. Chanowitz et. al., Phys. Lett. B 165 (1985) 105 that if the
two triplets combined to form (3, 3) representation under global
SU(2), x SU(2)g of the Higgs potential; After gaining VEV, the symmetry is
broken downto a custodial SU(2), then p = 1.

@ In this model, two triplets and doublets form (3, 3) and (2, 2) representations as:

XO £+ X++
x=| x & x* ,

x T & x™
" ¢+> (<z>°’* oh )
P, — ) ) , Doy = 2M oM )
: (¢; & M o B

® (B9) = (2/V2), (B3y) = (vau/V2) and (x°) = vy,

242
éﬁ' V%+V§M+8V12\4:V2:(246G6V)2732:%; SZM:‘)ZTM§ SM:M%
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Symmetry breaking in Higgs sector

@ Generated physical scalars as representations of the global custodial symmetry

as:
five-plet (quintet) — HSii., Hgt, H;—l;
triplet — H3i., Hg ;
triplet — H;i,l,, HgM;
three singlets —  H{, HYy, HY .

@ Three sing}ets I:I(l), H?M, H?; are not mass eig;:nstates; HY = Z? aiI:I,-,
HY\y =37 ol H;, where Y7 |oy|> = land Y [a> = 1.
@ The light singlet ¢°.
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LFV vertexes

Tabelle: Vertices that contribute to the decay rates £ — £/~
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Vertices Couplings
ol vH - 8yl — i &
ey x)w, iYW, = —iJsUpmns
7 M — . ML -8 B M *
ey xp )W, ‘% Wy = ’%Rv (UPMNS)
—_7 C = g R . ol
@R XIW, iUy, = —i-5=R;, (Upuns)™
el - _igyL 85
erXLH; Y- ZMWLM’"ZUPMNY
1M ML . 89, M *
epX], H3 ZYH7 = isye M meR,, (UPMNS)
3
7 M — gyMR _ _; &5 d M
eLxy Hy v [ SMyey Rymigy Upiyys
=/ — gyl __&89Mm d
erXLHy 7Y [ 3ityysyepg e UPMNS
Sl My — gyML  _ . 8%5M *
erxL Hyy BV = iy myRy (UPMNS)
T M — 2 yMR
e H —i5Y —iEM R M
LXL My 2y D Myysopgen L™ em Y PMNS
—7 M7 0 g yML _ T M
eper by 717Y¢ = 7'U2R355U2L
1 M7 0 MR _ __ - ;T M
e ep b 2Y¢0 = —i U[[‘ggSU(R




le vg model
O000000e

LFV vertexes

° M
’ M g0 8 oML .8 X dz 5 od
(ege; H;) —i=Y_oy = —i —myRy + ——Rym
REL T 2 H,('J 2My | 2 ¢ oM e
M
(e,eM/hv) — i§YMR = —i § il mdkl + i Rgmd
Ler H; ) Wy | o |
’ M’ 8 ML .8 M ds
(ege H) —i-Y o= —i [—m Rp-k—R;m ]
reL H3 0 My Lo o |
8 MR .8 { M gz Mz g ]
oM | —i=Y 0 =—i ——myRy — —Rym
(@ex H3) 5T Tty |y eRe = o Remen |
1 M7 0 .8 ML .8 _Sm iR
(ege; Hiyy) —i-Y = —i— RZ——RZm
RELTam 2 Hyy 2My 5 s M7
1 M! 0 .8 UMR . 8 SIM d 5
() et H3,p) —i=Y = —i ——myRy + —Rzm .
LéR T3m > H(3)M My | 5 o

Here the notations Upyys = Ug U, which is the famous neutrino mixing PMNS matrix,
UQ,”MNS = Ulgﬁ UM and Rau) = UZR/Z(V) Ug/’ have been used. For simplicity, we have also
ﬁ neglected the complex phases in U, and Ui}” . (NAFOSTED
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Formfactors & Br(y — e + )

@ The effective Lagrangian has form:
EGF _ — g
——=my, (Ageou Priv+ Areo, Prp) F*Y + H.c.

Loy = —4
off V2

w3 b ), OR) ohov 7t (1), (9), < shon)]
e 3 [0, (68,2000 = (68, (68,2 22 c00].
k

g ke (O G s 2 ), ()]
W) ,'::Rmk)]

3222[< ), () 000 = (o), (08,

where H? = ¢, HY (i = 1,2,3), HY, Hyy. HY , H3,,, and my are the masses of
associated fermions that along with either H2 or W,, to form loops, and

A A= m M .

le g model
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Formfactors & Br(y — e + )

@ The branching ratio of ;1 — e + ~y decay is easily obtained as
Br(i — e + ) = 384> (4mcten) (\AR\Z n \AL|2> :

where a., = 1/137 is the fine-structure constant.

@ Functions G9(x), R%(x), G,(x), and R., (x) are defined as:

(BQ— D2 +5x—30+2 1x(Qx—0+1)

Gl = - 12(x—1)3 2 2o e @
= G
G = TRt ®
Ry() = AP +x—8 N 3x(x — 2) log(x). ©

2(x —1)2 (x—1)3
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v — w 1-loop diagrams

@ Contribution of the light neutrinos to the process are extremely small

3

(UW#) (UWH) Gy = 3 (Ua/u) (UW;L) Gy(0) = ( LUéVu)m Gy (0) = 0.

1 k=1

M-

k

32 (V) e (08) 5 ~ 107

k=1

ek my




The p — en
00@000000

v — w 1-loop diagrams

@ Contribution of the light neutrinos to the process are extremely small

3

(UW#) (UWH) Gy = 3 (Ua/u) (UW;L) Gy(0) = ( LUéVu)m Gy (0) = 0.

1 k=1

32 (V) e (08) 5 ~ 107

k=1 ek my,

i

k

v — w loop contribution

(08 0 (05 ) 0200 (0), (98, 2

ek m
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v — w 1-loop diagrams

@ Contribution of the light neutrinos to the process are extremely small

3 3
S (0h,) . (0, 000 = 35 (), (06,);, 000 = 0k 0h, ) o0 =0

W,
n
k=1

3

@ Heavy neutrinos

—BR(>e)<4.2 1073
——BR(>e+)<6.0 1074

+ ’UA;”UIVVV’L‘ ~ R[> < 1075 (3 x 1076)
ep

D2 D
g ] 4= G~ 107GV = R = g~
o // 10—3 % thus R, [> ~ 10~ 2 for Mg ~ 100 GeV
/
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v — H™ loop diagrams

@ The interfered terms give dominated contributions

my 100 GeV 103
my, 100 MeV ’




The . — ey decay
000080000

v — H™ loop diagrams

@ The interfered terms give dominated contributions

my 100 GeV 103
my, 100 MeV ’

v — H~ loop contribution

(i), () S + 0 (), (Vi) < B0

my,

vg model
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v — H™ loop diagrams

@ The interfered terms give dominated contributions

my 100 GeV

~— ~10%.
my 100 MeV

o 10t
=E
>e )<42m“ —BR{>e+y)<421073
o >e+y)<B.0 10° 10° Riu->e+y)<6.0 10714
e 10°
& 0" 2
£ as
& =
5 70
o =
o S
g}k 10 = N
E 10
2 z
=
1 7
10 -
/ w0°
w0 0"
0 W0 200 30 400 &0 B0 700 0 W0 00 30 400 &0 e 7m0
my (Gev) my- (GeV)
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v — H™ loop diagrams

@ The interfered terms give dominated contributions

@ From the figure, we have:
|(YMENTY MR |2, 4+ |(YMR)TY ML 2 < 3.0 x 10719(6.0 x 1071 for m, gy = 80 (200) GeV,

|(YMENTY MR 2, + (iR TYME 2, < 4.0 x 107 17(8.0 x 1077 for m gy = 80 (200) GeV.

——BR@->e+)<4 210713
w BRu->e+) <60 1071 o 2 X 2 N 2 2
E By VLR R opE | ~22 k107 (M
) N . H . )
I= Ay My Ham 3 1) M
%‘r m“
=
>
2= p 2 2 2
T / Hop[rE pR | 4 r®t yb | w22 x 1072 (S
N H, H Hy, ey
3m 3M gy 3 3M | 2]
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M — H° loop diagrams

1™ 0
(erm)<s 210717 rer< 21077
P = 10" - -
=
= w0
o' 100 200 300 400 500 600 700 ' 100 150 200 250 300 350 400 480 500
myp (GeV) ! Gev)
@ Constraints obtained from the left panel
2| (VU Y12, £ 7.0 % 1077(3.0 % 107") form} = 80 (200) GeV (areen lines)

2 () Y, < 1.0 x 10717 (45 x 107 17) for mly = 80 (200) GeV (red lines)

@ Theoretical estimations

2

Lty — 244 21 23 4
2YH0H217204>< 1 44 x 107 7o,
w
a; 0 0 0 rbrred
éiﬁ' where « stands for j, u -, corresponding to Y, (i=1,2,3), H) or HY,,. respecm.-mw
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M — H° loop diagrams

@ Constraints obtained from the left panel

2| (VU Y12, < 7.0 % 1077(3.0 % 107") for m) = 80 (200) GeV (areen lines)
2] () 17, < 1.0 x 1077 (45 5 10717 for ml) = 80 (200) GeV (red lines)

@ Theoretical estimations

_ _ 2
I \2

o |[ReCmgy) RZ‘ZI

=20 X — =1

Lt
2|y, YHO ) ",

~ 4.4 x 10"

where c stands for - a‘ ’M or = correspondmg to HO (i=1,2,3), H0 or H;’M, respectively.

In the HO case, for ¢y = 0.01, the factor 2 ’YLE YSO ’ ~ 4.4 x 10715, which is about two order

higher than the expected sensitive limit of the future experiment. In fact, our calculation show that
the factor might be lager than 10~ 17 for ¢y < 0.03.
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M — ¢ loop diagrams

20488,

(reret 21013
(>es)<60 107
10 10 107 10" 1 10" 3

s 0 @0 am % 0 ® a
mp©0) ! eV

W e

@ One obtains from the left panel

zuyiw*yﬁoﬁw < 4.7 % 1077(3.0 x 107'°) for m = 80 (200) GeV,

ZI(Yj,t))TYZoIfw <6.5 % 107 "%(4.2 % 107"7) for m) = 80 (200) GeV.

@ Theoretical estimations

Iges] 2.3 % 1073(3.6 x 1073) for ml = 80 (200) GeV

- -5
Aﬁ. Iges] S 1.4 x 107°(2.3 x 1077) for m}! = 80 (200) GeV

== vy at GeV order or higher.
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Conclusion

@ We have introduce the model, calculate the form-factor and derive the
1 — e~y decay branching ratio.

@ Contribution of the v — W, loop diagrams is less important and does not
give any meaning constraint on the model’s parameters.

@ The branching ratio might reach the future experimental sensitivities due
to the main contributions from heavy Higgs scalar loop diagrams, in
which the neutral scalar channels are the most important.

@ The couplings g is constrained to be in order of 107>, which implies
that vy magnitude is in range of few GeVs to several ten GeVs.
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Thanks you!
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