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1. Introduction
Many observation indicate the existence of dark matter
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‘*Rotation of spiral galaxies

v(r) oA/ M(r)/r

M(r) o< r in outside of visible region

dra X

‘*Clusters of galaxies

“*Gravitational lensing

“*Formation of Large scale structure [ -—"—

Atoms

+*Bullet Clusters 4.9%
Dark

“+*CMB anisotropy : WMAP, Planck Mgtter

26.8%

Dark
Energy
68.3%

Only through gravitational interaction (Planck)

TODAY




1. Introduction

Nature of typical particle DM candidate

DM — <Weakly interacting

<Stability

<>No electric charge, no color, Non-baryonic

How DM can be stable? ‘ By some symmetry?

Ex) Z, parity
Theory is symmetric under

¢SM — ¢SM

¢D — _¢D #

DM is lightest odd particle

.

DM

¢D%l Dsu

~

SM

SM

DM cannot decay

/




1. Introduction

Nature of typical particle DM candidate

DM —

<>No electric charge, no color, Non-baryonic

<Weakly interacting

How DM

<Stability

can be stable? mm) By some symmetry?

R-parity (SUSY), KK-parity (UED), Global Z,, symmetry, etc.

Usually Z,

symmetry is just assumed — there would be an origin

Stable DM form hidden gauge symmetry

/

A/

*» Abelian gauge symmetry

s Non-Abelian gauge symmetry




1. Introduction

DM stability from Hidden gauge symmetry

*+ Abelian gauge symmetry case
Ex) Z, discrete symmetry from U(1) (Krauss and Wilczek PRL 62 (1989))

U(1) breaking by <®, >=0 @, :Scalar field with U(1) charge 2

exp[iQn]|Vacuum> = |Vacuum> :Vacuum has remaining symmetry

For any field @,,,; with U(1) charge 2n+1 (n: integer)

D1 —> exp[iQn]¢2n+l =expliz(2n+D]g,,., =-0,,.
» Z, symmetry if U(1) charge of any field is integer
Stability of DM from the symmetry

There are models based on the idea

(B. Battel PRD 83 (2011); M. Ibe, S. Matsumoto, and T.T. Yanagida PLB 708 (2011);
W.F.Chiang, C.F. Wong PRD 85 (2012); T.N., C.W.Chian, J.Tandean PRD 87 (2013);
P.Ko, Y.Tang JCAP 1406 (2014); etc..)




1. Introduction

DM stability from Hidden gauge symmetry

** Non-Abelian gauge symmetry scenarios

There are many scenarios

‘*Discrete symmetry from SU(2)
(T.N., C.W.Chian, J.Tandean JHEP 1401 (2014); T.N., C.Chen PLB 746 (2015))

s»Stable vector DM by unbroken U(1) from SU(2)
(V.V.Khoze, G.Ro JHEP 1410 (2014); S.Beak, P.Ko, W.I.Park JCAP 1410 (2014))
‘*Stable vector DM by custodial symmetry from SU(N)

(T.Hambye JHEP 0901 (2009); C.Gross, O.Lebedev, Y.Mambrini 1505.07480;
S.Di Chiara, K. Tuominen 1506.03285)

“»*Strongly interacting SU(N) hidden sector

(T.Hur, P.Ko PRL 106 (2011); M.R.Buckley, E.T.Neil PRD 87 (2013);
J. Kubo, K.S.Lim, M.Lindner JHEP 1409 (2014) etc..)




1. Introduction

We consider simple case of SU(2),
Suppose SU(2) triplet scalars ®,®’ get VEVs as
<¢,>=0,<¢',>=0 For components with eigenvalue of T;is 0 and 1

exp[iT3 271]|Vacuum> = |Vacuum> Remaining discrete symmetry

Then for any particle with odd T, value

exp|iT,27 | X =exp|i@n+1)27|X =-X
|:> Z, symmetry: odd/even for field with odd/even T, value

The lightest Z, odd particle in dark sector is DM




1. Introduction

Structure of the model

“*Singlet under SU(2)y “Singlet under Gg),

Dark
SU(2), sector

Visible sector

SM

Two sector can interact via scalar mixing and/or gauge boson mixing

We consider kinetic mixing associated with SU(2),
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2. Model setup

We introduce SU(2), dark sector

Fields ||x ¢_5=(¢19¢29¢1)Ta $'=(¢'19¢‘2a¢'3)T
SU(Q)D 21313 X=(X1’X2)T

-l
Ol

Lagrangian
Lo = XX + DG~ DG+ D,d - DG+ X(Dy — My
V =3 H'H + \y(H'H)?
25 G+ 18F T+ (5:0) + 0 (0-F) +2(5-9)
#24(6-9) (3-9) + 25 (7-9) (- 9) 2 (¢-6) (- 9)
+ Ao (6 6) (H'H) + N (¢ - &) (H'H)

0 (5.9) x4 52 (7-0)




2. Model setup

Spontaneous symmetry breaking in dark sector

We require VEV configuration

- 'Ud, - ’Uql)l
— O. 0, T s — b) 07 O
@=(0.022). @ =(*%.00)
|:> SU(2), breaks into Z, symmetry

X=X )" Z, odd, Other particles: Z, even

Conditions to obtain the VEV configuration

1 1
/\11)3, - —)\61)(;',’03,, - QAH&U&J%I — ,u%v(f, =0,

2
3 1 2 1 2 2
/\QU¢/ + 5)\61)(;3’04',/ + §U¢)‘Hq'>’vH — MUy = 0,
1 1 .
/\H'U?{ + 5/\H¢U§)’UH + 5/\H¢/U§);'UH — H?{UH = 0,

/\4’03> + /\51)35/ = 0.




2. Model setup
Scalar masses in dark sector

Scalar potential after SSB

1., ., 1 . | 1. .
Lo QZABU;@% + 5)\3%%,@5; + MU505 + A6VUgUy P3| + A3 OF + Z)\:a’vf, A
+ Agvih® + Aggvsvg dsh + Aggvgvadh,
(we took A, — 0O for simplicity)
. . velv,]
NG bosons: ¢,.¢',,—sina¢ +cosa¢', |sinafcosa]= "’2 ¢ 2
v, +V,,

Scalar mass terms

1 : .
Z)\g('vi + vj,,) (cos ag, + sin a¢g)2 . corresponding state does not mix

T
h / 2)\}[’0% /\Hd,vd,vg )\H¢/U¢',/’UH h

L]Us - @3 /\Hd,’U¢UH 2)\1’02 A6U¢U¢',' ¢3

qﬁl \/\HQy VgVl /\6'U¢’U¢I 2)\2’02; Qf),l




2. Model setup

Scalar masses in dark sector

We consider simplified scenario AH¢.,)L6 — 0

Mass matrix becomes

T
E> h AV AgaUs h
ED% HVg AH¢UslH

@3 AHVUsVH 2\ @3

Mass eigenvalues

2
m%ﬁ,l = \yvi + )\1”03, + \/(/\HU?{ — )\lvg) + /\%évév}i{.

Mass eigenstate

-~

h cosa slno h AHLVsUH
= ,  tan2a = N0 — O\ o2
D, —sino Cos & O3 HVg — AUy

Dy ~ ¢, mgg ~ 2)\21,@, SM(-like) Higgs : h



2. Model setup

Gauge sector with non-Abelian kinetic mixing

We introduce higher dimensional operator generating kinetic mixing

CQ") a v _ia Cﬁb' a v _ila
‘CXB :KX/"’VBN QD + TX/-“/B“ QD
1 - 1 v 1 - 3 nz
:: > Lyxm = ) sin x1X,, B* — 5 sin x3X,, B

[ siny; = vV2Cygvy/A and sinxy = /2C vy /A }
For small mixing we approximate
B~DB-— XlX; — X3X3, Xi ~ X’; X3 ~ X’g

Mass term

Ly = gpvi X, X" + g5 (v +v3) XX + gphvs X, X




2. Model setup
Fermions in dark sector

Mass term after SSB

Yxd Vg

2

YxoUs
2

= M x1X1 + Mi2(XiX2 + XoX1) + MazaXaXe;

(X1X1 — XaX2) +

L D M, (X1x1 + Xa2X2) +

Mass eigenvalues and eigenstate

1 1

— s 2 M.
X1 | _ cosf), —sind, X1 | tan20, — _ 11{
X2 sinf), cosf, Xh d11 — M22

The lighter state is the DM candidate

(X1X2 + X2X1)

yX &' v @'
Yx Vs




3. Phenomenology

Interactions associated with DM
Scalar portal interactions
L Dquv [qbg(cos 20, x1x1 — €08 20, XrXn — sin 20, (Xixk + XrX1))
+ ¢1(sin 20, X1 x1 — sin 20, XXk + cos 20, (Xi1xk + )Zh)a))]
% [¢§(COS 20\ XiXh — €08 205 XnXh — sIn 20y (XiXh + XrX1))

+ ¢ (sin 20, Xixt — sin 20, X xr + cos 20, (Xixn + Xth))]
Gauge interactions

9gp _ . _ . _ _
L 37 (cos 20, x1v*x1 — sin 260, Xiv* xn — sin 20, Xn ¥ x1 — c0s 20, Xp V" X1) ij
+ g—D (sin 260, x;7*x1 + cos 20, X7 X + cos 20, XY X1 — sin 20, Xp Y xn) X ;

g _
- 27 (XnY" Xt — XY xn) X2 + eewxa X, T + ecw xa X T

Jpm = Z Q fsas fsmV" fsm,

fsm
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2. Model setup
Interactions associated with DM

Scalar portal interactions
L Dyw [qbg(cos 20, X1x1 — cos 20, XrXr — sin 20, (XiXk + XnX1))
+ ¢1(sin 20, Xixi — sin 26, XnXh + 08 2605 (Xixh + Xth))]
% [%(COS 20, X1Xn — €08 260, XnXn — sin 20, (XiXr + XrX1))

+ ¢ (sin 20, Xuxi — sin 20, XXk + €08 20, (Xixn + Xth))]

_ _ In our scenario ®,; mix with SM Higgs
Gauge interactions To avoid direct detection constraint 6, ~ /4

9gp _ . _ . _ _
L 37 (cos 20, X1 x1 — sin 260, X" xn — sin 20, XY x1 — cos 20, Xr " X1) ij
+ g—D (sin 260, x;7*x1 + cos 20, X7 X + cos 20, XY X1 — sin 20, Xp Y xn) X i

g _
- 27 (XnY" Xt — XY xn) X2 + eewxa X, T + ecw xa X T

Jpm = Z Q fsn fsm" fsm,

fsm

Relic density is determined by gauge interaction




3. Phenomenology

Relic density of dark matter

DM relic density is explained by the processes:

Xi Y Jsu \r\]\l\[\,
— M%

Relic density is determined by parameters:

X1,2

X Som X1,2

{mX1’mX3’gD’mX1’th’X1’HX}

4 Here we chose 8, = 11/4 to suppress DM-Nucleon scattering via scalar portal

€ To suppress X, portal DM-Nucleon scattering x, ~ 104




3. Phenomenology

Relic density of dark matter

Qh?

, I
]
a my,=15m,,
100 § 3 mx,=200GeV - 100
3 my,= 500 GeV
2 =10
3
3
1 ?' gp = 0.5 1]
2 =
2 G
----- ﬁ----------_---------- ———— -
e “\ .
L eamee, e 10 P
0.01 Meemmaeme . “--~-________; 0.01.
T 15
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Computed by micrOMEGAs
» DM DM — X, X,, X,X, can explain relic density

» S-channel process via X, exchange require fine tuning due to small ¥,




3. Phenomenology
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Parameter region satisfying: 0.11 < Qh? < 0.13
Gauge coupling is smaller when DM DM—X,X, is open




3. Phenomenology

Constraint from Higgs decay

SM Higgs can decay into dark gauge bosons via scalar mixing

|::> Dark gauge boson can decay into SM leptons

X 4 9 2 2 4 2 2
v _ gp“cos®a Uy y_ dmy, 5. M B 2mx
h h—X1X1 — 3 . 3 + P 1 5
T mp my mi, my
_____ 4 .92 2 2 4 2 2
I _9p s>t [y mx, 94+ Mh 1 _ 2my,
h=X2X2 = 8 m m2 4m? m2
h h 'Xo 'h
X

Constraint from h— X X, — ("("/"(" search at the LHC

BR(h— X X,)BR(X, = (*/")* <107

ATLAS, JHEP 1806 (2018) 166




3. Phenomenology

Constraint from Higgs decay

my, = 30GeV my, = 10 GeV
001 my, =300GeV » my. = 300 GeV
; / 001 , '
N 4 ~ o+
. ¢ ~ 4
_,;L sina =0.1 .'.' O y '
S % f\ % J
T K T 0.001} s /]
>-<- 04 ’ - o’ l,
¢ 4
J % X 4
i:. 0'01’,' ’,’ a—' 10—4 ----7‘-------7‘------—
0 ’ 4
e S 000" 3, s /
: 0 4 .o' - 'I' Vi ‘v' ]
< 10-5L S , / 00001+ § 10 / 0.00 1/1 &
==} 4 ,I' ’ ’o" [=a] ! 'I' '4"
4 » K
/, % 10-6 // 0.000 }'. |
/ 'I, .o'. '/' ‘o"
_A' A "1' 1 1 A A i 1
10-4 0.001 0.01 0.1 1 104 0.001 0.01 0.1 1
8D 8D

Gauge coupling and scalar mixing should be small
when the decay mode is kinematically allowed




3. Phenomenology

Extra scalar production via Higgs mixing

Extra scalar boson production by gluon fusion

0.1

Scalar mixing

——%-——--- 0
0.01

ao(pp—P)|pb]

0.001

200 400 600 800 1000
me|GeV]

Scalar Decay mode: (I)1 —> Xle, X2X2, XX




3. Phenomenology

Extra scalar production via Higgs mixing

Collider signature depending on mass relations

EXx)
Mg >2my , My + My
— D — X X, (X, = foSsu) BR~0.99
D — . X, = XXX, = X XS s S s BR~0.01

Mg, <2my , Mg > My + Ny

IZ> DO — X, = XXX — Xl)_(lfSM]T:?M BR~1.0




Summary and discussion

Construction of model with dark SU(2) model

<Z, symmetry as a subgroup of SU(2)
<-DM candidate is Dirac fermion in dark sector

<DM interaction with SM through kinetic mixing

Application to DM phenomenology
<*Relic density of DM

<>Constraints from direct detection
<-Collider signature; Higgs boson decay to dark sector

<-Collider signature via extra scalar production




