Extended Higgs sectors and CLFV

Takaaki Nomura (KIAS) H
KI'-'S
[

2019-06-18 CLFV2019 @ Fukuoka



1. Introduction

The standard model (SM) of particle physics is successful

Standard Model of Elementary Particles

three generations of matter interactions / force carriers
(fermions) (bosons)
| Il Il
mass  =2.2 MeVic? =1.28 GeVic? =173.1 GeVic? 0 =125.00 GeVic*
charge % % ¥ 0 0
pn % u 1% c % t 1 g 0 H
up charm top gluon higgs .
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The only scalar boson in the SM
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-¥% = =3 0
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H: SU(2), doublet
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electron muon tau

neutrino neutrino neutrino AW boson

The SM is based on gauge symmetry SU(3).xSU(2), xU(1)y

However there should be beyond the SM (BSM) physics
No reason we have only one scalar field around EW scale




1. Introduction

Some issues suggesting BSM physics

OONon-zero neutrino mass
+*We need a mechanism to generate neutrino mass

+*Also smallness of the mass should be explained
p

OAnomalous muon magnetic moment (muon g-2)
‘*Deviation from SM prediction

Aa,=a;® -a," =(28.8+8.0)x107"

u

O Existence of dark matter in our Universe

Atoms
4.9%

Dark
Energy
68.3%

+Observed relic density s
atter

26.8%

m) Q, 4’ =0.1188x0.0010 Planck(2015)

TODAY
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Some issues suggesting BSM physics

ENon-zero neutrino mass \

+*We need a mechanism to generate neutrino mass

‘+Also smallness of the mass should be explained

OAnomalous muon magnetic moment (muon g-2)

‘*Deviation from SM prediction

\ Aa, =a™ -’ = (28.8+8.0)x10™" Y,

0 Existence of dark ma It can be explained by extended Higgs sector

II:) Connection to CLFV processes
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1. Introduction

Muon g-2 and extended Higgs sector

€ New charged scalar + extra vector-like lepton

h™ (n: electriccharge) L'=(y™",y™"") (Hypercharge N =2n+1)

-L, =fial_4LiL'Ra h" +h.c. - u / \I Y .’/ Y

.' u

Sizable contribution to muon g-2 is possible

v L’ mass around fewx100 GeV
v' Constraint from ABR(Z—p+p-)

Jiz

v" To avoid LFV tuning of f, is required

(T.N., H.Okada arXiv:1903.05958) (f;3 = 4 =0)



1. Introduction

Muon g-2 and extended Higgs sector

€ 2 Higgs doublet model (2HDM)

v New scalar boson contributions y N

v" One- and two-loop contributions L%z -
v By Yukawa couplings :
_LY = QLYMIMR(I)T + QLYMZMR(I)Z + QLYdldR(I)I + QLYdZdR(I)Z + ZLYKIER(I)I + ZLYKZKR(I)Z

90

‘I I -
i Zm=300 GeV
7

Ex) type-X 2HDM o/
Z, symmetry to suppress FCNC: Q: ___________________
D, -0, Uy——tty, dy—>—d, g %f;_-;;:::f-‘-'-'-"""'
L, =0,Yu,® +0,Yd,d, + LY D,
% CLFV processes are induced without Z, %%

my [GeV]

» It will be discussed in this talk (E.J.Chun, J.S.Kim, JHEP 1607 (2016))




1. Introduction

Neutrino mass and extended Higgs sector

€ SM + Higgs triplet A (H) (H)
W.Konetschny, W.Kummer (1977) T. P. Chen, L. F. Li (1980) S ~ " -
J. Schechter, J. W. F. Valle (1980) I A
N 512 s ) /\
v, +6° +in°) /N2 6% /2 L, L
v" Neutrino mass by VEV of triplet |:> y,L'AL — y\A/%A (ALY

v' CLFVs are induced by the Yukawa interaction
Doubly charged scalar from Higgs triplet

# Specific signatures at the collider experiments

pp s 5++5——(6ii —s gigi,Wiwi)




1. Introduction

Neutrino mass and extended Higgs sector
€4 SM + second Higgs doublet ( + some extra fields)

EX) X, X X x: VEV
/x\ /k\
n // \\ 17 S+// \\ H+
/ \ / \
,/ \\ ,/ \\
N o 1
Scotogenic model (inert doublet n) Zee-model (charged scalar S*)
Ma (2006) Zee (1980)

Radiative neutrino mass case is interesting

m) New particles could be around TeV scale




1. Introduction

Neutrino mass and extended Higgs sector

€4 SM + second Higgs doublet ( + some extra fields)

EX) N
/x\
n // AN n
/ \
// \\
N

Scotogenic model (inert doublet n)

Ma (2008)

\_

X x : VEV N\
A

S"' // \\ H+

// \\

/ \

ya I AY
x 1
Zee-model (charged scalar S*)

Zee (1980) -/

Radiative neutrino mass case is interesting

m) New particles could be around TeV scale

Zee-model: only Higgs sector is extended

» In this talk we discuss Zee-model with flavor dependent global U(1)




1. Introduction

In this talk we will discuss

(1) General 2HDM explaining muon g-2 and CLFV

R. Benbrik, C. Chen, T.N. PRD 93 (2016)

(2) Zee-model with flavor symmetry
neutrino mass generation and related CLFV

T.N., K. Yagyu, arXiv:1905.11568
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2. Muon g-2 and CLFV in 2HDM |
3. Zee-model with flavor symmetry

Summary and discussion




2. Muon g-2 and CLFV in 2HDM

General two Higgs doublet model

I::> SM fermion contents + two Higgs doublet @, ,
(I)l- _ ¢i+ %(Vi + ¢i + ”71)

O Yukawa interactions
_LY = QLYuluR(I)f + QLYuzuR(I); + QLYdldR(I)l + QLdedR(I)Z
+ ZLYKIKR(I)I + ZLY«€2£R(I)2
O Scalar potential
. . 1 ‘
V (D, ®y) = m2®ld, + m2did, — (m2,8®, + h.c) + §A1(q>{¢>1 )2
1 .
+ 5/\2(‘1’5‘1’2)2 + A3(D]®1) (D] 2) + Ay (D] Do) (B1D1)

s :
+ [7@1@2)@ (Ae®]®1 + M0}, ) <1>I<I>z+h-c-] -




2. Muon g-2 and CLFV in 2HDM

OPhysical mass eigenstates for scalars

h = —sa1 + ca2,
H = Ca-(.i'l)l + 50(562:
H*(A) = —spdi (m) + csdy ()

OSM fermion masses

% :
M, = chos/J’+Yfzsm/5)

A

Jir

[

=

— (Ul ) fix

c, (s, )=cosa(sina)

cp=cosfp=v /v,

sﬁ=sin/3=v2/vJ

-u/m,(U})

O Leptonic Yukawa couplings in mass basis

¢ L -SQ» 7711 C;3C1 ¢
Yh)ij = ———0i; + — X5,
CIB v Cy
(YH)U ca U t c i
4
¢ m; ij
(Ya)i; = —tan f—0d;; + —

12

X9 = UdYZ(

N>

X' = UfYZ

-

4 X' =U" —I(UR)T )

L\/—(UZ) Y,

U)




2. Muon g-2 and CLFV in 2HDM

Flavor changing Yukawa interactions (neural scalar)

L, D7, |-«

VC/3

—m, +—X€
Cp

Ig 1

]

Vv C[j

€h+€{

l.A+h.c.

m, ——Xﬁ
Cp

¢ .H

v' CLFV processes are induced by these interactions

v' Muon g-2 can be enhanced by LFV coupling




2. Muon g-2 and CLFV in 2HDM

Flavor changing couplings and muon g-2

hHA _— — <
r

~

/ \ v' Enhancement by tau lepton mass

v Positive contribution from H loop

u 2 2 ¢
87T Cp
— 2\ 3 w2\ 3) () 3
A P22 ¢ | n| P | =2 In| =24 | ==
Z \\my ) 2) U my \m2) 2
= +
S ; =

» Sizable muon g-2 at one-loop level can be obtained

» The flavor changing couplings contribute to LFV process




2. Muon g-2 and CLFV in 2HDM
CLFV decays via Yukawa couplings

O y—ey process

// \\\ / CrLr) = R) + CL(R) \
. XL XL m,
X X Cf — 322 ERE
3 %,% 31 g my,
B 1 2X5. X!
Do) _ 3% (10,2 + Cal) Ci" =~ 52 ( 2 ) |
BR(p — evev,) 4w G’2 \ H* B /

O 7—3p process {—XK

, 2 ;12
_ mm) | X5 || Cgabhoe  SpaYia Y22
BR(T — 3p) = O 5 + =
3. 29w C3 my mi m5
m.m.
Here we apply ansatz: Xf =N Xf

V




2. Muon g-2 and CLFV in 2HDM

Muon g-2 Muon g-2 and BR(u—ey)
30¢ 448 128 SE—5
i COS(ﬁ_a):_O.OS ’// /II : \‘ \\\ \\\ BR(M — 8)/) X 1013
I F RN
i nmy = 300 GeV /// y 4 ‘\ \ \
20 :’ y ’ /// \“ \\\ \\\
g 15 /////// 200 //,/ 21 3 \\\\ \\\\\ \\\\
10 ;
/ T Ag,x10° 2 -
[ \\\ \\\\\\ \\\\5?7
L L L L 17\\ww\wwww\\\l\\“\““\\\\““\
150 200 250 300 00 01 02 03 04 05
mp[GeV] X13/x53107

BR(p — ey) <42 x 107"
v Muon g-2 can be explained for m, < m,

MEG (2016)
v" Coupling X5 is strongly constrained by y—ey




2. Muon g-2 and CLFV in 2HDM
BR(T—3u)

20f A0 s Bl
| (a’) s \\ \\~ \\\
r L \\ \\s \L\N ~~“~~ (b)
\\\ \~\\ Sseel Te=all
L ~ SSeal | TNsal_. Tm=-
15 ol TSl Tl
I S TTTmEeeees 0
- cos(B-a)=-0.05 i L Tt P,
Xh3 =55 Xhy =2 BRx10° oo
Q. m4=300 GeV BRx10° o A —
= 10 I~ X \Q 0r 7T T e
S . 05" -
- /, - T et e
/ g o T
—24 ————— ,' ,,’ ,¢’ ”’ga
- s’ -
————————————————— I II /,, /’, /”
___________ --- o -2 H/1 R o cos(B-a)=-0.05
Sr —‘__——'::‘___——: _____________ | V4 ,I, ,/’ tan B=6
e o1 A my = 200 GeV
D57 =TT ] I/ / ma=300 GeV
_______ i %
- 1 7
‘ ‘ ‘ ‘ - 4 . " \’ . 2{,1 . | . . . | . . . | . . . |
150 200 250 300 2 4 6 8 10
!
my (GeV) X23

BR(T — pup) < 2.1 x 107°

v’ Sizable BR for 7—3p Belle (2010)

v' More parameter region can be tested in future
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Zee-model with flavor symmetry}
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3. Zee-model with flavor symmetry

Original Zee-model for neutrino mass

<P> <@P>
] [}
] [}
] ]
] ]
] ]
‘—".~‘~\ S + + ‘—'—‘~*s~ +
+ - \\ L d \\
H Y * S 7 W H
v A\ 1} \
\ \
/ \ \
14 \ 14 \
’l \‘ ,l \‘
ll me ‘| ll me \|
VL > @ > i e' @ < VL VL > @ < i e‘ @ . € VL
YeT eR ' R F F eR : R ye
] ]
<> <>

One-loop mass generation
Realized by SM + second Higgs doublet + charged scalar

Softly-broken Z, symmetry is assigned to forbid FCNC: ®,— -®,

Qi wi, di, Li ¢, & &y S+
L R R L R

Fic \N2m _
icyrj o+ 0 +
SU3).||3 3 3 1 1 1 1 1 LOF,L LS + v cotpv, e . H
SU2)L|l2 1 1 2 1 2 2 1

U(l)y ||1/6 2/3 —1/3 —1/2 -1 1/2 1/2 1

+ 1| @] (i0,)P, (") +h.c

Zee (1980)




3. Zee-model with flavor symmetry

Original Zee-model for neutrino mass

<p> <p>
] [}
] [}
| ]
| ]
| )
‘—".~‘~\ S + ‘—'—‘~*s~ +
+
H ’ l_j ~ S l_j ~ H
14, \*\ » \Y\
/ \ AN
’ \ \
’l \\ ll \‘
ll me ‘| ll me \|
v —————T———&— oy T8 v,
YeT eR ' R F F eR : R ye
] ]
<> <>

One-loop mass generation
Realized by SM + second Higgs doublet + charged scalar

Softly broken Z, symmetry is assigned to forbid FCNC: ®,— -®,

I:{) Current neutrino oscillation data can not be fitted

v" We relax Z, symmetry to get more general structure of couplings

v" To avoid FCNC in quark sector, we introduce global U(1) symmetry




3. Zee-model with flavor symmetry

Zee-model with global U(1) symmetry

O We assign global U(1) charge for leptons and scalars

Qi wi, di, Li (i, & &, S+
L R R L R

SU@B). |3 3 3 1 1 1 11 Particle contents are the same as
SU@)Ll2 1 1 o 1 9 9 1 the original Zee-model

U(l)y ||1/6 2/3 —1/3 —1/2 =1 1/21/2 1

Ul |0 0 0 ¢ ¢, ¢ 0 gs| €m Lepton flavor dependent

€ Yukawa interactions
-L, =(Y, ) 0, ®5uj +(Y, ) 0,@,d; +(Y, ) L@, 0 +(Y, ) L, @, +F,L(io,)L,S* +h.c.
€ Relevant term for neutrino mass generation in Higgs potential

VD u|®] (i0,)®,(S) +h.c.]




3. Zee-model with flavor symmetry

Structure of Yukawa coupling with global U(1)

> Class | : ¢:=(0,0,-9), ¢q,=q,=0

00 x x x 0 0 x x
> Vi=loo0x]|, Y’=|xxo0|, F=| 0 x
00 x x x 0 0

»Class Il : ¢,.=0, ¢,=(0,0,9), g,=-¢q

0 0 0 X X X 00 x
> YQIZOOO,YQQZXXX F= 0 x
X X X 0 00 0

» Class lll : ¢,=(0,0,9), q,=(0,0,-2q), gq,=¢

> V/=|ooo0]|, Y’=]x x0

o
o
o
X
X
o

[

Il
o

o o

X X

o
o
X
o
o
o
O




3. Zee-model with flavor symmetry

Structure of Yukawa coupling with global U(1)

/>Classl: gz =(0,0,-9), ¢q,=¢95,=0 A
00 x x x 0 0 x X%
> Vi=loo x|, Y2=|xxo0]|, F= 0 x|,
00 x x x 0 0
g J
>»Class ll : ¢:=0, ¢g,=(0,0,9), g,=—¢q
0 0 0 X X X 00 x
> V'=l0o00]|, Y =]|x x x F=] 0 x
X X X 0 00 0

» Class lll : ¢,=(0,0,9), q,=(0,0,-2q), gq,=¢

> Vi=lo0o0|, Y’=]|x x0 F=1 0x

o
o
X
o
o
o
O




3. Zee-model with flavor symmetry

Charged lepton mass and relevant couplings

v ~ ~
Charged lepton mass: M, = ﬁ(CﬁY; +S/3Yf)

EL,R — UL,RKL,R
UMU, = (me,mu,mt)

Couplings in charged lepton mass basis

N2 ¥ 0. —2FV°l,S* +h.c.

(_ 7 )\/5 MKURG+ Y€H+
L v qu)o onq).o

~ ~ ~

Y =UYUy, Y, =YU,, (Y,==s,¥+c,¥7)
F=FU,




3. Zee-model with flavor symmetry

Neutrino mass generation at one loop level

<> <>
] ]
] ]
] ]
] ]
® ®
=TT < + PPt < +
H+ ,,I I-I \\\ S S+ ,,, l_l \\\ H
14 A\ I} ‘
,I \\ ,I \\

l’ \\ I, \\
'll me \\‘ ”I me \\
v, > @ > : > @ < v, v, > @ < : < @ < v,

T
y! €& + €& F F % 1 SR Y,
] ]
<@p> <p>
2
. 1 N2vu m,.
l] H2 T ] ]
= =
M! In| —=|(Fm)Y, |+(i<>j

- 2 2 2
161 mH;—me m

v Two charged scalar mass eigenstate : H", H;




3. Zee-model with flavor symmetry

O LFV decay of charged lepton €,—¢y

hAHHl‘2 Hf’z
// \\\ /’—‘\w\l\N

BR((; — [ y) 48:r a,
BR({, — 1l vV, ) G: mg

Joi

f)l] ¢=h9117147H1i

R)l]

[ af’R : Amplitude estimated from diagrams and given by Yukawa couplings ]




3. Zee-model with flavor symmetry

Numerical analysis
Searching for Yukawa couplings with mixing U,  satisfying:

» Charged lepton mass

» Neutrino mass matrix which can fit neutrino oscillation data

<

Calculate BRs for CLFV processes by allowed parameters

» Imposing constraint on {; -ty :

BR(p — ey) <4.2x 107", BR(T = ey) <33 x10°°, BR(7 — py) < 4.4 x 107%,

» Prediction for LFV decay of heavy Higgs H




3. Zee-model with flavor symmetry

& Correlation between BR of p—ey and 1—ey

Normal ordering

’
10_9 £ ///
,
4
X
x X //
X .7
10—11 L % L7
N /
o " NO
T 2
~ e
N X _
Z 10-13 P M = 800 GeV
e s
, MHJ_r = 1000 GeV
//>><< . X >
//
’ x
15 e
—_ 7 )
10 £ ></// v ve X
7 °
7
,
,
7 | | L] | |
10°1° 10-13 10~ 10~°
BR(p—ey)

10-8

10—10

BR(t—ey)
ey
<

1014

10—16

Inverted ordering

AT My =800GeV

i S /:/ My = 1000GeV
10°16 10714 10712 10710 108
BR(u—ey)

Blue dot : 1 <tanf3 <10, Red cross: 10 <tanf3 <30

v" Normal ordering case tends to give larger BR(u—ey)




3. Zee-model with flavor symmetry

& Correlation between BR of T—ey and 1T—py

Normal ordering Inverted ordering
~ 1073 ;
10 NO o 10
MHli =800 GeV /)(/// 10_10 | MHli = 800 GCV . ° //// ° i
M, = 1000GeV D My = 1000 GeV o
10~ ’ S :
§ . //// . § 10_12 | /{/.:.. ° .. |
1 //// 1 * /7.‘: ) .x
& 10-13. L ~ ] & o
=] 10 - X // .. g 10-141 o .//:.': . i
10715~ '///X " . 9 10-16. - /// ¢ “ . . e ]
10-%% 1071 1071 10~° 10°% 1074 1072 1071 1073
BR(7-ey) BR(t—ey)

v' BRs are more correlated for inverted ordering case




3. Zee-model with flavor symmetry

& Correlation between BR of H—eu and H—ert

BR(H-e7)

0.01

[
S
A

[
<
a

[
S
®

Normal ordering

d
/7
7/
/7
e
7
7
X /7
e
< o X //
X /7
g
° ,
7/
X7/
e
° ,*
x 7
7
><>‘ /x//
EF A }/ NO
/7
7
@~ M, = 800GeV
// 1
e
o MH,2i = 1000 GeV
7/
.>< e
7
7/
e
7
e
7
e
| | | |
10°8 10°¢ 1074 0.01 1
BR(H-epu)

BR(H-e7)

Inverted ordering

1
10
M,,. =800GeV
Hl //
L ° /
0.01 My = 1000 GeV o
10_4 £ ° /// L2 )
o ° ox;// X
F D 12
1076+ T x
/:/A Y X
PR
//
_8 L . //
10 '
//
10°8 10°¢ 1074 0.01
BR(H-epu)

v Correlation in normal ordering case

v Inverted ordering case is less correlated




3. Zee-model with flavor symmetry

& Correlation between BR of H—et and H—ur

Normal ordering Inverted ordering
1 e 1
« I0
* x //// MHi = 800 GeV
0.01+ " L XX /s 001~ ™ .
. LR ot M,: = 1000 GeV
>0.‘ .>}, 5 X 2 /
L1074 PR & 1074
1 / 1 o
E /// E X '(:.W:"
m /// m ,// . X
= 1070 g =10 A
//// NO R .;/9/ . -. kfx.
10-8 //,, My =800 GeV 10-%| //,‘ .
7 My = 1000 GeV L
108 100 10* 001 1 108 1006 107
BR(H-e7) BR(H-e71)

v" BRs are more correlated for inverted ordering case

v' These LFV H decay could be searched for at the LHC




Summary and discussion

O Extended Higgs sector is attractive BSM candidate
O New Yukawa couplings with extra scalar give CLFV

» In particular CLFV would be related to muon g-2 and/or neutrino mass
O We discussed models with CLFV
» Muon g-2 explained by 2HDM and related CLFV

» Zee-model with flavor symmetry
connecting neutrino mass and CLFV

Thanks for listening !




All Yukawa interactions in general 2HDM

- EQ‘, = 1y [imu — %X“] uph +dj, [—S—m - —Xd] drh

V83 S8 veg cg
= S .
+ ¢ ——alll + —X[ ph + h.c.,
vCg -
, S S | = C S
Cﬁ"" = Uy, |—my + Baxu| upH + d;, | —myg — Baxd| dpH
vsg 53 | vCpg Cg

+ I [C—amg - —Xfl CrH +iuy, [ cot 3mu - X ] upA
vCg C,S v 55
d
+ id], [ tanﬁmd - l] dpA + ily, [

v 0,3

¢
an 31115 + il frA + h.c.
(% Cg

o cot f3 XU
v Sp |

i tan 3 X4 |
+ \/§'l_tL Voku [— . my + - dpH™
: B

L tan 3 X o
+ \/§UL"})]\,1_\JS [— 5 my + . (rH™ + h.c.,
v B




CLFV amplitudes in Zee-model

- 1 o . . :
(amt )i = - | Yoy (YOwich Fi(my,, mi, my ) — Ff Frasy Fa(myg,,mg ,my )|, (C1)
k=1 ) )
3

167
11!i 1 [ . 2 - 2 1
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k=1 N
HF HE HE HE
(ag® )iy = (ag' )|, ., (ap®)i=1(ay" )y|, (C3)
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Tz Mg [TYm, |

Fyo 2 dX 3
112) (11, M, M3) /[ 17 22 — 2)m2 + z2(m2 — m2) + (y + z)m2
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