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Introduction

Fermion masses are hierarchical
m >>m.>>m,, n,>>n_>>n,

m,>>m,>>m,, nm,>>m,

Large hierarchy in the Yukawa couplings

It is challenging to understand the structure

Flavor symmetry, extending Higgs sector, etc.




Introduction

Our attempt is...
to relax hierarchical structure of Yukawa couplings

g

Forbid tree level mass of light fermions by symmetry

H
v Extra U(1) gauge symmetry i

v Discrete Z, symmetry L lop LR

Light fermion masses are generated at loop levels

+ Extending scalar sector and introduce vector like fermions

We also take into account flavor constraints from new Yukawa couplings



Modell The structure of The model

PLB 761 (2016) 190-196 H.Okada, T.N.,

Quarks Leptons
Fermions|| Q% | vy | d% | tr | br Q'f;( R) LE | €k | vR| TR L'[f(R)

SU(3)c 3 3 3 3 3 3 1 1 |1 1 1
su@r|l 21| 1|1 1| 2 ||2[1|1]|1] 2
1 2 1| 2 1 1 1 1

UQ)y || & |3 |-3|3 |3 & ||“3|-1]0]-1|] -3
U(l)g O |z |—xz| 0] O 0 0 |—xz|xz]| O 0
Zy + |+ |+ |+ +| = ||+ +]|+|+] -

VEV#£0 Inert Symmetry . GSM)<U(1)R)<Z2

Bosons|| &

©

New gauge symmetry U(1),

NS

SU@)|l 2 | 1

1 v Anomaly free in each generation
= y g

U(l)y 0 v" 1,2 generation particles are charged

N =
B | =

UMg || © . + | 0o Vector like quark, lepton and new scalars

Zs + |+ || — | — | == To generate masses radiatively




Model |

“*Yukawa couplings for quark and lepton

—Lg = (yu)z‘jQ;URj (i09)n™ + (yd)ijQ:;jnde + (yQ)anaQ;-S
+ (%)aQatr, (102)P* + (Y5) o QaPbr + mQ;QZQk + c.c.,
—L, = (yz/)z’jZ;’VRj (io9)n™ + (ye)ijl_z;jnefzj + (yL)ajI—JaL;'S
+ (yr)aLaTr,(102)® + (%, )aLa®vrr + my: Ly L) + c.c.,
v" SM Higgs couple only 3@ generation at tree level
**Scalar potential
V = mg|p|® +m3S® + mg|®* + my|n|* + Ao [(®77)S¢" + c.c]
+ /\cp|99|4 +AsS" + )‘<I>|‘I)|4 + ’\n|77|4 + )‘soS|‘P|QSQ + )‘<P<I’|‘P|2|‘I)|2 + /\¢n|99|2|77|2
+ AsaS°| @[ + Xy S?[n]* + Xag| D% [n]” + Xy, |77,

v" VEV of ¢ breaks U(1);




Model |

“*Yukawa couplings for quark and lepton

—Lg = (yu)ijQjur, (iog)n* + (yd)ijQ:;jnde + (yQ)anaQ;-S
(Yt)aQatr, (102)P* + (¥p)aQaPbr + mQ;QZQk + c.c.,

—Lr = (yV)ijZ;'VRj (io2)n" + (yE)ijI_/;jneR,- + (yL)ajI—JaL;'S

+

NaLaTr. (i09)® N aLa®r, 'LV L+ c.c..
+ Wr)aLaTr; (102)® + (U, JaLa®rrr Agpyadale b eco

v" SM Higgs couple only 3@ generation at tree level
**Scalar potential
V = mf,|<,o|2 + mzS? + m3|®|* + m?)|n|2 + Ao [(@in)Sap* +c.c.]
+ Aplel® + As St + Aa| @ + Aglnl* + Aps|e*S? + Mgl ®* + Apnlee|* ]
+ A5 S°|®|° + AsyS?[n|* + Aoy | @[ 1| + A, [ @10,

v" VEV of ¢ breaks U(1);




Model |

“*Yukawa couplings for quark and lepton

= (yu)szQUR,- (to2)n" + (yd)ijQ:;jndR- + (yQ)anaQ;S
(4)aQatr, (102)8" + (uy)aQa B FADGTFAAL kAW
— L1, = ()i Livr; (io2)n" + (ye)i; Lijner; + (yL)ajI_,aL;-S

+ (ur)aLaTr,(102)® + (. JaLa®urr tgpualilyhicc,

v" SM Higgs couple only 3@ generation at tree level

+

**Scalar potential

V = m39|<,0|2 +mgS® + mg|®|* + m2|n|* + Ao [(2Tn)S¢* + c.c.]
+ Aol + As ST+ Aa| @ + Aylnl* + As|l*S® + Aga|l| B[ + Ayl [nl”
+ Ase %@ + Asy S [nl” + Aan| D[] + Ny | T,

v" VEV of ¢ breaks U(1);




Model |
Radiative mass generation

{L,0} II/ {L',0'"} ‘I{eR,uR,dR,vR}

X X
<>For first and second generations X X O
X X

< Third generation get mass at tree level \ ° )

1loop tree




Model | ( ] \

. X X
&€ Mass matrices
X X o
Lepton mass x x o
(Yr)a \ :
(A’fetree)cﬁ = N 1 loop tree

2

(Yw(L)) o™i (Ys)k; /1 g Tomy, + (1- 372)””%11
0

A[Oﬂe loop wi = SaCa .
(a=1-3’ J=1 ,2)

Quark mass

(yt(b))a
A[tree ‘
2 2
one loop - yQ aka’ ’yu(d)) : a:Im% + (1 - fl’l)myl
(l\lu(d) )aj = SaCa dzq 5 5

(@=1-3, j=1,2)




Model |

Numerical analysis

v Randomly taking Yukawa couplings and VLQ masses

v' Search for parameter range to accommodate with

the CKM matrix, SM fermion masses
and neutrino oscillation data

v Imposing flavor constraints: LFV, FCNC
U.(d) Q Ui(di)




Model |
Result of numerical analysis

m,, € [250 GeV,500 GeV], my, € [600 GeV,800 GeV], mp, € [4 TeV,6 TeV],
mg, € [4.5 TeV,5 TeV], mg, € [L.7 TeV,2.2 TeV], (I11.1)
my; € [T TeV,7.5 TeV], my, € [9 TeV,10 TeV], (I11.2)
{(ya)12; (Wu)22} € [-1,1],  (wu)11 € [<0.1,0.1], (7)1 € [—0.002,0.002],

{(w)21, (W)22} € [-7x 10727 x 107",  (w)11 € [-3x1073,3 x 1071,

()12 € [-2x 107,22 x 10717, (111.3)

» The constraints from LFV, FCNC in quark sector can be satisfied
» This parameter range can fit neutrino oscillation data

» Hierarchy of Yukawa coupling is relaxed for quark and charged lepton
— Range of coupling can be 0.001 <]y, , 4| <1

> Yukawa coupling for neutrino mass should be tiny y, ~ 101213




Model |l Extension of model |

PRD 94 093006 (2016), H.Okada, T.N

Leptons Bosons(VEVs##0)| Bosons(VEVs=0)
Fields || L | e | 7r | L g| Ng| Ni || @ © n| ®2f S| S
SU2)ll 2| 1| 1] 2 |1]1]2 1 2| 2 1] 1
Uly ||[-3| -1|-1| =53] 0| 0 |3 0 213 10] -1
ULgr| O | —x| O 0 z | 0 || O T x| —z|| 0| O
Zy ||+ |+ |+ = -]t + = B e s

<1 loop neutrino mass is forbidden by Z,
<> New scalars to generate neutrino mass at 2 loop

< Neutrino mass becomes Majorana type

*New Yukawa couplings and potential
—L D (Ye)ajLa®aer; + (vp)i;Liner; + (Us)ajLalS + (ys)apLy (i09) LgS*
+ (yT)aI_/aTR(z'ag)fb + mL;[_/;c . — /\1[<I>T(z'c72)<bg]apS_ — AQ((I)TH)(P*S + c.c.,




Model Il
Neutrino mass at 2 loop level

(). /,<90>

/ N

s

@, 7 (®) (9) g
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Vr €r E ¢y Y
s )op — —s s P M e, (8) Do + [(0ar( iy M, () )"
v)ab —

2(4m)4 ’
(IL.4)

y A, B, Hi, Hy|Ag[E;, Hy , H,]
=myp [|[d dX 1 . !
Mg, =my, /[ z] /[ ](334 — 1) n ( As|E;, HY , Hi|As|E;, Hy ,Ho] )’

2 2
o Ylzsmi + xzymy)
@ z3 — x4 ’

Asla,b,c] = xm




Model Il

Yukawa couplings to fit experimental data

(s)ur € [<0.027,0.027],  Aoxon, € [0.1,1],

0.01 —0.135  —(0.025 — 0.02) —(0.0265 — 0.02)
0.03—0.036  0.01—0.015 —(0.045—0.04) |.
—(0.027 — 0.02) —(0.0208 — 0.02) —(0.028 — 0.02)

Ys

—(0.016 —0.01)  0.04 —0.0453  —(0.02 — 0.01)
—(0.0063 — 0.001)  0.04 —0.05 —(0.031 —0.01) |,
0.001 — 0.0012 —(0.0174 — 0.01)  0.03 — 0.036

<
|

0.03 — 0.037 —(0.0445 —0.04) 0.001 — 0.0088
v, = |0.01-00123 0.02-0.0275 —(0.032—0.01) |,
0.01 —0.03 0.001 —0.0094) 0.001 — 0.005

Less hierarchical structure including neutrino sector




Model Il
Some Implications of the model
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Amyg =my —my , Amy=m ,—m
<Muon g-2 is not large
<>M-e conversion ~ O(10-17) which is observable in future

<-Q-Q mixing is close to experimental limit




Model Il

* Remarks

v' The model has DM candidate: Z, odd scalar n

It can provide observed relic density: inert Higgs doublet

v Our U(1)r induces Z’ with flavor dependent coupling

L DgRrZ Z (uR un)lk(vun)k3 '#US d (Vdn)ka(vdn)k.B'T#d%
k=12

—Q ' n_B — o i B
- e%(mlz)zzk(%;z)k.ﬁﬁ"#eR + VIC%‘?.(VVR);k(VVR)k‘BAfﬂl/R)v

Phenomenology of the Z" would be interesting




Summary and Discussions

<> Radiatively induced lepton and quark mass model

< 3rd generation — tree, 1st,2nd generation — loop level
< All flavor constraints can be satisfied

<> Extension of model — 2 loop neutrino mass generation

< DM physics can be also considered

Thanks for listening !
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“*Scalar fields with VEV

w™

v+o+iz

V2

NG boson

, M=

‘*Scalar fields with mixing

S

"R

+ / .
n | UV + YR T Q1
| P =
NRr+inI \/§
L V2
PR hl Ca Sa
| — 013 9 Oa =
@ h? —3Sa Ca
Z, even

c,(s,)=cos a (sin a)




€ Constraint from flavor physics

€ Lepton sector

R NEIN N b
LFV decay: €€’y and muon g-2 /
|
1 [
A873 e C'; 9 M, 499
BR({; — lyy) = |ajal Aa, ~ ——F
! G%me ! : 2
. Qjo = SRCR Z yg akTr; yL k] [F€ —>Ea'y(mH1 mp; ) Ffjaﬁay(mszmL;c)] 7\
k=
< 2mi — 4m?m3 + mj + 4miIn [%] g
Fr e (my, mg) = .
; £;—stary (M1, M2) 2(m3 — m3)? )




€ Lepton sector

Y

M—e conversion T \ /e

Similar structure as p—ey

N N
R — I'(p — e)
I‘Capt:

Che vy Q21 7 (2Z+ N)A,+ (Z+2N)A, 2
B Z | by —— | — by 5

Leapt my, 2(StwCtuw)

2
v SRCR ’

le — 2\/5(4%)2 Z(yf)akm[/ (yL/)Lj [1‘7"#6(771111,'m,L;qj m‘) — Fye('mHQ, mp; mV)] ’

- d 1- -733 :174(]_ — 1174)
/,ze(rnlv ma, 777’3 L3 1/37711 (]_ — 1,'3)777«2 + .1‘4(333 T T4 — ]‘)777'3

> 1 4 1 2
Zog|F(@)[Pm}; A =————sin"6,,A, =——+=sin’ 0
2 3 U 3

C.. = 4a°

pe em Z u




€ Quark sector

Mass matrix

(A[tree) (yt(b)) ,

u(d) /)« V2
a:lmé, + (1 — :L‘l)m%h

(@) ak™qy, (Yu(a) ks / :
MOe ZOOp a = SuCa dl’l £ '
( u(d) J kzl:g \/_ 47{') 0 -CL'ITFLQQ;c + (1 o 1'1)7773{2

(@=1-3, j=1,2)

To avoid constraint from B,-B, mixing constraint, we assume

1 0 0 C13 0 8136_ifs C192 Slge_ié 0
VJL = | 0 co3 So3 0 1 0 , Va,=|—-s12 cia 0
0 —s93 Cog —s13€® 0 ¢y 0 0 1

Vekm = V! Vg,




U.(d)) Q’ Ui(d))

€ Quark sector

|

|

FCNC constraint %
Uj(d))

Meson anti-meson mixing

Y

Amp ~ P Z (FroC8(MB,)2, + FHCE (MB)2,)
1 12

A’ITLK (471__ 2 Z 'F CAo(MQo)po + ‘F+ CA (MR ) ) 3
1 12

Amp ~ > Z (FruCh, (MG, + FLCE.(MB,)2)

(MB,)2, = (Wh) pema, (o) 1o (Wo) 10may, (U)o2, (MB,)2, = (¥h)sema, (o) 1o(¥l) omay, (WG)has

(I1.20)

(M8, )50 = () 2ma, (U0) 10 (Yo) 10may, Wa)oas (ME,)he = (Wa)sama, (Wo)1o(¥) lomay, (W)},
(11.21)

(ME,)2, = (W) sma, (Yo)1o(¥g) 1omay, (Wa)os, (MB,)2, = () ssma, (¥o)1,(Wh) loma, (W) s,
(I1.22)




€ Quark sector |
|

FCNC constraint %

|

|

Meson anti-meson mixing

2 2
5 MK 1 1 my
cK — _— B oK — |- (K 2
2 24 (ms + 'md> i S @ 24 4 (ms + md) i i
5 mpg 2 1 1 mpg 2
cB - _— - cE |42 (2 : 2,
2 24 (mb+md) M5 S 4 [24 4 (mb-l-md) ] mpg fg,

52
f:t = [%(FI[HI] + Fl[HQ]) + C%R(FQ[Hl,HQ] + Fl[HQ,Hl]) :l: C%FQ[?][,Hl] :t S%Fg[n[, HQ]:| g

po

(I1.26)
1 l1-a l—a—c
Fi[my] E/O da/0 db[ T (I1.27)

am?% + bm%% +(1—a— b)mg]

1 l1-a 1—a—b 1
Fy[mg,mp) = / da/ db/ de 7
0 0 0 [amQQ; + me% +em2+(1—a—b— c)mg]

(11.28)




<> Constraints from experiments

v Lepton sector

Process (7, @) Experimental bounds (90% CL) References
p—=e v |(2,1) BR(p — ey) < 4.2 x 10713 [25]
™™ =e v |(3,1) Br(t — ey) < 3.3 x 1078 26]
=y [(3,2) BR(T — py) < 4.4 x 1078 [26]
i — e conversion|(2,1) |R(Ti) < 4.3 x 1012 — O(10~13)(future bound)|[27]— [28, 29]

v Quark sector
Amp < 6.25 x 1072 [MeV],
Amg < 3.484 x 10~ *[MeV],
Amp < 3.356 x 107"°[MeV].




Neutrino mass matrix from observation

(mu)zgp. == (VI\'INSDVVﬁNS)aba Du = (mulamuga mug)

0.0845 — 0.475 0.0629 — 0.971 0.0411 — 0.964

(NH) : |mj™| ~ x 144349 1.94—285 | x107" GeV,  (IL6)
* * 1.22 — 3.33
0.993 —4.96 0.00261 — 3.83 0.00280 — 3.95
(IH) : |m;™| ~ x 0.00380 —3.08 0.345—2.61 | x 107" GeVv,  (IL7)
" * 0.000647 — 3.30
C13€12 C13512 size™ eit/2 0 0
Vans = | —cogsio — Sa3s13€12€™  CagCip — So3s13s19€” spscig 0 e /20
$93512 — C23813C12€%  —Sa3C10 — Co3513512€®  Co3Ci3 0 0 1
(IL8)

(NH) : 0.278 < s2, < 0.375, 0.392 < s2, < 0.643, 0.0177 < s2, < 0.0294, § € [—, 7],

my, = (V23.0 — V/26.5) x 10°'1 GeV, m,, = (v0.711 — V0.818) x 10~!! GeV,
(I1.9)

(IH) : 0.278 < s2, < 0.375, 0.403 < s3, < 0.640, 0.0183 < s2, < 0.0297, § € [—x, 7],

m,, = (V22 —v/25.4) x 10711 GeV, m,, = (V22.711 — v/26.218) x 107! GeV,
(11.10)




2.Model i _
Extension of model |

“*New Yukawa couplings and potential

—LD (yf)aJL Doep; + (ye)zJL'ﬂf’R (yS)aJL L S+( )aﬁL (i09)LgS™
+ (Yr)aLaTr(io2)® + m; L. L, — M[® (i09) o] pS™ — Ao (') ™S + c.c.,

‘*Charged Higgs sector

S cosC smC Hi
b5 —sinC' cosC H5

Here we take mixing angle as a free parameter




