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Introduction

- There are many evidences for the existence of the dark matter in the
Universe, i.e., the velocity dispersion of galaxies, gravitation lensing,
and etc.

- Dark matter is stable on cosmological time scale.

- = the existence of the “dark symmetry”, But what symmetry stabilizes
DM is a mystery.

- Abelian finite groups, i.e., Z2, Z3, Zn to stabilize the DM

- There is a possibility that the DM can be stabilized by non-Abelian
discrete group.
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Introduction

Abelian Non-Abelian

For ZN dark matter, see for example [Batell 2009]



What is D3 Group?

« D3 symmetry is the smallest non-Abelian discrete group
« D3 is isomorphic to S3 (permutation symmetry of three objects)
« The group D3 contains two generators, A and B, which obey,

A>=1, B?=1, ABA=B,
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-
What is D3 Group?

- It has three irreducible representations.
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Minimal D3 model?

- Minimal dark matter contents:

- The scalar potential is

1 * H1 *3
V:m%HTH+§mgn2+m§X X + §(X3+X )
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Minimal D3 model?

- Minimal dark matter contents:

n~1ly X=[7 Z9 Symmetry

X

N

- The scalar potential is
1
V=m?HH+ §m§772
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Minimal D3 model?

- Minimal dark matter contents:

- The scalar potential is

V=m?’HH

+ M\ (HTH)?
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Minimal D3 model

- Minimal dark matter contents - Multi-component dark matter
n~1ly X= ( X* ) ~ 2

- The scalar potential is

M

1 * % 3
Vi=miHH + Sman® +max"x + 57 (¢ + x7)

A
+ M (HTH)? + fn“ + As(x"x)?

+ar (HTH)n? + 200 (HH) (x*X) + a3n(x*X)

Non-trivial interaction predicted by D3




Minimal D3 model

- Assume the electroweak vacuum being a global minimum:

<H>=;L<O), (m =0, {x)=0,
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Cosmology

a) Annihilation into SM 7 (X)\ SM
nm — tt,hh, ZZ, WW, bb. . ., o ho
X = tt, hh, ZZ WW.,bb. .. .

b) Semi-Annihilation n (X)’ SM

xx = hx™,  xh = XX
c) DM conversion
nx = XX X" = XX XX = X,
nm — xx" XX" = nm.
d) Late decay (kinetically allowed only if My, > 3M,, )
n— 3x, 3x . |



Annihilation into SM

n (x)., SM
~ 2.,2 ~
\\\ h oV)ii =~ 4ai ’ d
P OV i Xsu (4m? —m#)? + miI? m;
4 SM N
n (X) I = Fh*_>XSM(mh* = 2m;)

mm — tt,hh, ZZ, WW,bb. . .,
xx* — tt,hh, ZZ WW,bb... .

myp = 120 GeV

See also [Burgess, Pospelov, ter Veldhuis, 2000]



Semi-annihilation

m77 >2> My
WMAP
=200 GeV. Qyix = QY
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See also [Hambye, 2009; D’Eramo, Thaler 2010]



DM conversion

my =5 GeV
7,044
my = 50 GeV Qpar 7 = Qyxs + Qy + =0 = x7)
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See also [Hambye, 2009; D’Eramo, Thaler 2010]



L ate decay
m, = 800 GeV

mx — 200 GeV Qx—|—x* — Q\]Z])Vl\lXIAP
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See also [Fairbairn, Zupan, 2008]



L ate decay
m, = 800 GeV

my = 200 GeV Qx—|—x* — Q\Sf%AP
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Direct detection N

Pi = WMAP PO
/ b ~
v
dR; Pi / 3 do;
= Np1— d>vuf(v,v
dER i |V > Vmin ( e )QER
Particle Physics
1 (X) 7 (x)




Direct detection

Pi — Q\B/A%AP Po
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One-component DM ( ., > 3my)
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Multi-component DM (m,, < 3m, )
QFUAP = Qe + O ~____

1
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Discovering 2-component DM

) XENON 6 = 1 tonxyr | Benchmark point:
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Discovering 2-component DM

High degree of degeneracy between p; and aﬁf)

|

o oo (1) 2

dER m; 2va%

loss of spectral shape information on m; for m; >> mxy



Possible Origins of Non-Abelian discrete

symmetries

- Continuous symmetries SO(3), SU(2) or SU(3): If one only employs
small representations, the only non-Abelian discrete symmetry which
can arise is D2’, which is the double covering of D2. [AABlum, Lindner,
2009] For larger representations, the other non-Abelian discrete

symmetries can be obtained. See also [Berger,Grossmann, 2009; Luhn,
2011]

- Extra-dimensions: Non-Abelian discrete symmetries can arise as the
remnant symmetry of the broken Poincare (Lorentz) via orbifold
compactification on two extra-dimensions. The non-Abelian discrete

symmetries are D3, D4, D6, A4, and S4. [Altarelli,Feruglio,Lin,2006; AA,
Blum,Lindner,2009]



Orbifold in one Extra-dimension

S 1 / ZQ Poincare 5d = Poincare 4d x permutation symmetry
T:y—y+2rR

|
1y — —y '

\ Orbifold fixed points
with the permutation
Symmetry 52 ~ Z2



Example: D3 from orbifolding 7%/Z;

1%/ Z3

Ty 1z > z+1

Tz — z+ 7y \ZKZEP—I—?JCBG
4z =Yz

v =em/?

Normalization: 2rR =1



-
Example: D3 from orbifolding 7%/Z;

T2/ 74
T122—>Z—|—1
Io:2 = 247

Poincare 6d - Poincare 4d x permutation symmetry

X6

Lz =z
,YzeiW/S

Orbifold fixed points:
(Zl, 29, Z3) = (0, Z/\/?), 1/2 + 2/2\/3)

Normalization: 2rR =1



-
Example: D3 from orbifolding 7%/Z;

Orbifold fixed points:
(Zl, 29, 23) - (O, Z/\/g, ]./2 + 2/2\/3)

)

Si:z — z+(1/2+i/2V3) S1[(321)] : (21, 22, 23) — (22, 23,21)
SQ Z —  Z+ Z/\/§ . ‘ SQ[(123) : (21722,Z3> — 23,21, %2
ITr:2z2 — wz Tr[(23)] : (21,29,23) — (21, 23, 22)
W o= 62'71'/3 ‘
D3 generators: 4 = (320,
B = [(321)][(23)] = [(13)]




Conclusion and Outlooks

- We have investigated the simplest model in which DM is stabilized by
a non-Abelian discrete symmetry, D3.

- = the model predicts multi-component dark matters (2 components)
- - the model leads to a novel history of dark matter (relic abundance)

- > the nature of two components can also be probed by the direct
detection experiment

- = we shortly discuss possible origins of D3

- Outlooks:
- = Broken D3 Dark Matter model
- =2 Investigate other Non-Abelian discrete DM

- - Embedding into a continuous symmetry
>



