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Introduction

In 2012, Standard model has been established

by discovery of the 125GeV Higgs boson

However, there are still mysteries in nature:
* baryon asymmetry

- dark matter & dark energy

* neutrino mass
¢ etcC.

Flavor structure

v 3 generations in both quarks and leptons

v mass hierarchy and flavor mixing
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Radiative generation of quark mixing

Barbieri and Nanopoulos, PLB9 1, 369(1980); PLB95, 43(1980); +Wyler, PLB103, 433(1981);
+Masiero, PLB104, 194(1981);E.Ma, 1311.3213; 1411.6679; Nomura and Okada, 1606.09055;
SO and Omura, 1703.08789; etc.

( Y )

Vckm = + o

~unit matrix small off-diagonal

CKM =unit matrix —=—» Flavor symmetry

Flavor symmetries are respected at high energy??
= radiatively generation of quark mixing



Rough sketch of generating flavor violation

@_high energy

Standard model Hidden sector
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Rough sketch of generating flavor violation

above EVV scale

Standard model Hidden sector

\ %f Flavor breaking!

Flavor symmetric interactions




Rough sketch of generating flavor violation

above EVV scale
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Rough sketch of generating flavor violation

above EVV scale
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Dark matter in the hidden sector

Flavor breaking effect is mediated at loop level:

(AM?);;

//‘Xﬁ\

N
7
¥

/ / M Dark charge \
\
/ mpg \

d L v 4’
" Fr, F'r b

The lightest neutral particle among ®i and Hj can be DM candidate
(SO and Y.Omura, 1703.08789)



Setup



Setup

<Quarks and Scalars>

Fields  spin SU(3). SU(2)L U(l)y flavor charge
Qi 1/2 3 1 1/6 a
M i, 1/2 3 1 2/3 ¢
di, 1/2 3 1 ~1/3 g
H 0 1 2 1/2 0
FL,R 1/2 3 1 —1/3 qr
DS P, 0 1 1 0 qi — qF
Hz' 0 1 2 1/2 q; — qr

<Yukawa couplings>

ﬁyukawa — yZQAZLHﬁ'?R T yleZLHd%i
+ NFL O dy + #;Q1 HiFR

~
tree level mass (diagonal):
Yu¥ 0 Y
k(Mffbo))z'j = ﬁ%’ (M) = %5@7/

<Irilinear coupling>

Lo =Y A;®HH+ h.c.

+ lots of quartic couplings



Setup

Assumbtions
a )

Flavor breaking effect appears in scalar mass matrix

Light scalars dominate the contributions to quark mixing
\_ _J

After flavor breaking,
B B, = ex X 4o

H;, — cgﬁj =cg,Hp + - (X, Hp : lightest eigenstate)

Lagrangian is approximate to

L3PP L QY Hilly + y5Q% Hd,

yukawa — Yy

+ NEL XY + k;QL HpFr + ...

LPP = AXHLUH + h.c. + ...

tri



Generation of realistic yukawa couplings

How large coupling is needed !

(H)
|
radiatively induced mass matrix: K=
/ ~N
(Md)--zi(yi&-—l—em)\-) X,/ \\HD
i NG dYj i\ | / - \‘
1A T —F <
€= 162 mFy(m%D/m%,m?x/m%) " "
0.030
In mass eigenbasis, 0025 Afmp=1
()‘V}J%)iFLXTd% T (V’{)iQiLH%FR 0.020
\; = )\jV}%i, Ki = VijR;j © 0015
0.010
v |g] = O(102) - O(10-3)
: . . 0.005 -
v lighter scalar has more contribution :
v Ns,K’s = O(l) - O(0.01) are required o0 o5 10 15



Generation of realistic yukawa couplings

How large coupling is needed !

(H)
|
radiatively induced mass matrix: - X=
N
v . X// \\HD
1
(Ma)ij = NG (Yadij + erilj) N . \
LA dp : RN d
2 2 2 2
€= 1672 mFy(mHD/mFamX/mF)
I.OOT \\\\ R ——— —
In mass eigenbasis, OSOE/M I
R , P Dl ommmmmm===" " |
WV FLXTdE + (Vk);QF HY Fr -k |
020 m=="
~ ; o
Ai = AjVggi,  Ki = Vigh 0.10 -
v |g| = O(102) - O(1073) 005 PR |
| 1] ammmm==m"" |
v lighter scalar has more contribution 002 wemm===""T my [mp=0.9
0 1 2 3 4

v Ns,K’s = O(l) - O(0.01) are required



Phenomenology



Flavor and CP violation

Yukawa’s are new source of flavor and CP violation

AF=2 processes

K0-KO mixing
Bd-Bd mixing
Bs-Bs mixing

AF=1 processes, EDMs

b->SY’
neutron EDM,
atom EDM,

& 3 d
| |
| |
X, Hp : : X, Hp
| |
d? Ia dJ
w 9,7, 4
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F=2 processes
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v bands: experimental result within | O

v lines: prediction in our model

(solid: only CKM phase,

dashed lines: +another new phase)

v |€k| gives strongest bound, while AMk has still large uncertainty

v mg>0O(10TeV) is allowed



AF=2 processes

6(AM3gq)

B-Bbar observables
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v deviations from the SM are allowed up to ~10%

v our model (mF=10TeV): |0(AMBd)| = O(103)
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Other flavor and CP violating processes

B -> XsY
i
HY = —gonr {Cr(SLo™ br)Fyy + Ch(3R0* b)) Fu} ‘\\\‘Q\‘
il S
_emy 4GF « b T
(950 = 153 V2 ViV ) \ /
T~ - “X,Hp
v gk bound: O = B->X,y: O
v C7 = O(1073) leads at most a few % correction
Electric dipole moment (EDM) SX10°%
lallowed

v neutron EDM bound: 2x 10726 mr=10TeV
|dn| < 3.6%1026 [e cm] :

v our model (me=10TeV): | 7
|dn| = O(IO-26)'O(IO-27) [e Cm] T T —

Ix1072 e



DM candidates and interactions

We have two possible candidates: X or H2

-

~

\
-

-

-

-

X, Hp o q
~— v p-wave dominant
VLQ exchange I v mr> O(10TeV)
- T = too small to achieve the observed density
X, H), q J
AN f . . .
\ v stringent direct detection bound
\
Z exchange , 7 v need allow a term like [(HIT)H)2 + h.c.]
HO d 7 to split CP even and odd scalars
0
X Hp AN SM v lower bound ~ several hundred GeV
\
Higgs exchange Re —h— - v XX, HpHp ->WW., ZZ, hh
/ ’ . o
X, HY 7 S\ v dominant annihilation process

v




Constraints on DM

requirement from vacuum stability: mXTH > 0(0.01)
me

singlet-like (DM~X)

v similar to minimal Higgs portal [V. Silveira and A. Zee (1985); J. McDonald (1994); etc.]

v mass ~ O(ITeV) - O(10TeV) = oOs ~ 1.7%10 [pb]

[Escudero, Berlin, Hooper, Lin, 1609.09079; etc.]
v XENON-IT can cover all mass region

[ E.Aprile et al. (XENON collaboration), 1512.07501]

doublet-like (DM~Hp)

v DM is inert Higgs like
= mass splitting b/w CP even and odd scalars of neutral Hp

= a dark symmetry must be Z3, not U(I)

v mass difference ~ O(10GeV) [Goudelis, Herrmann, Stal, 1303.3010;Arhrib, Tsai, Yuan, Yuan, 1310.0358;
linicka, Krawczyk, Robens, 1508.0167 [; Diaz, Koch, Quiroga, 1511.04429;
Belyaev, Cacciapaglia, Rojas, Thomas, 1612.0051 I; etc.]



Summary

¢ We discuss a radiatively generating CKM model with complex scalars (Xi, Hj)
and a vector-like quark F:

v €k and EDMs cannot be made small at the same time

v the lightest scalar can be DM candidate: DM mass ~ O(1 TeV) - O(10TeV)
v XENON-IT can cover almost DM mass region

¢ Future works:
v Flavor violating sector?
v other scalars’ contributions

v another setup!?



Thanks for your attention!



