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I. INTRODUCTION |

Based on numerous cosmological and astrophysical studies, we believe

that our Universe is flat and the total energy density is critical

SH(? Ptot
ot & Pp = C Qo = ~ 100% .
Prot = P IaN tot 0

Pe

QA ~ 72% , Qdm ~ 23% ; Qb ~ 4.6% )
), ~0.005% , 0.1% < Q, < 1.5% .



Conditions for Dark Matters:
® SU(g)C X U(l)EM singlets.

e Stable due to additional symmetry, or lifetime is longer than the age

of the Universe today t( about 14 Gyr

Tam > to >~ 4.3 x 1017 s .

The SM does not have such kind of particles.



Philosophy for Dark Matter Models:
e The simplest Model.

e The SM has some problems, and the dark matter is a particle in the

extension of the SM that can solve these problems.

e Experiments inspired the Models.



The simplest Model
A real Klein—Gordon field S with a 75 parity.
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To be consistent with the triviality and stability bounds, we find
mg ~ 5.5 GeV-1.8 TeV.



Properties of Dark Matter

e The interaction can not be very strong: Bullet Cluster experiment.
e The collisionless CDM scenario predicts two much power on small
scale:
a large excess of dwarf galaxies, and over-concentration of dark

matter in the dwarf galaxies and in large galaxies

e Solutions: Strong self interaction , non-thermal dark matter

productions via cosmic string °, etc.

4D. N. Spergel and P. J. Steinhardt.
®W. B. Lin, D. H. Huang, X. Zhang, R. Brandenberger.



e The INTEGRAL experiment detects a 511 KeV emission line from

the galactic center, consistent with injection of a few MeV positrons.
Exciting dark matter: y1y1 — X1)X2 via tree-level and ladder

diagrams °.

e The DAMA signal, which i1s still compatible with the null results of
the other DM experiments within the framework of inelastic DM
with splitting about 100 KeV.

Degenerated dark matter candidates.

aD. P. Finkbeiner, and N. Weiner.



e The ATIC and PPB-BETS collaborations have reported the
electron/positron spectrum measurement up to ~ 1 TeV, with an
obvious bump above the background at ~ 300 — 800 GeV and
~ 500 — 800 GeV, respectively.

e The PAMELA collaboration also released their first cosmic-ray
measurements on the positron fraction and the p/p ratio. The
positron fraction shows a significant excess above 10 GeV up to
~ 100 GeV, compared with the background predicted by the

conventional cosmic-rays propagation model.



e Fermi-LAT collaboration has released the data on the measurement
of the electron/positron spectrum from 20 GeV to 1 TeV with
unprecedented precision. HESS from 340 GeV to 700 GeV, and
then 700 GeV to 5 TeV.

e DAMA/LIBRA, CDMS II and CoGeNT experiments may be

explained by a light DM with mass around 7 GeV and DM-nucleon

cross section around 10~4° cm?.



Particle Physics Dark Matters:
e Unstable DM: fine-tuning.

e Stable DM: Boost Factor (BF) puzzle.



Stable DM: BF solutions
e Sub-halo.
e Non-thermal DM production ®.
e Sommerfeld enhancement .

e Breit-Wigner enhancement: the resonent mass 1s just below the

twice dark matter mass .

e Strong Interactions.

4R. Jeannerot, X. Zhang and R. Branderberger.

PN. Arkani-Hamed, D. P. Finkbeiner, T. Slatyer and N. Weiner.
‘M. Ibe, H. Murayama and T. T. Yanagida; W. L. Guo and Y. L. Wu.



Universal Implications:

e For PAMELA and ATIC experiments, the DM mass is about 700
GeV for annihilation and 1.4 TeV for decay.

e For PAMELA, Fermi-LAT, and HESS experiments, the DM mass is
around 2 TeV for annihilation and 4 TeV for decay. The favoured

final states are the combination of ;" p~ and 777,

e Decay or Stable? The HESS observation of the Galactic center
gamma rays gives strong constraints on the annihilation DM

scenario while gives weaker constraints on the decay DM scenario.

e Neutralino in (N)MSSM: the DAMA/LIBRA, CDMS II and
CoGeNT experiments.

Multicomponent DM: Decaying and Stable DM



Decaying DM:
e DM lifetime about 10%° s.

e Decaying into charged leptons.

e DM Density.



Small Number/Hiearchy in Particle Physics:

e Froggatt-Nielsen Mechanism.

e High energy scale: Neutrino Masses and Mixings; proton decay.



II. DM DECAY VIA FROGGATT-NIELSEN MECHANISMI

General set-up:
e /, symmetry, and a /5 odd field: S.
e Gauged discrete symmetry: annomalous U(1)x gauge symmetry.
e Decay: S aquires a VEV around Mgy gy

e DM Density: extra U(1)/intermediate vector-like particles;

non-thermal productions; ....



Details:

e Anomalous gauged U(1)x symmetry and a flavon field A with
charge —1.

e A small parameter: FI-term and D-flatness for SUSY

(A4)
0.171 < e =L <0.221 .
=7 Mp

e U(1)x charges:
Xo, =3, Xo,=2 Xg,=0, Xpe=5 Xpg=2, Xpe=0,
Xpe=1, Xps=0, Xpe=0, Xp, =1, Xz,=0, Xp =0,
Xpe=3, Xp=2 Xpg=0, Xuy, =0, Xg =0
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SM Fermion Masses and Mixings:
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Dark Matter Decay:

e A pair of vector-like particles £’ and E' whose quantum numbers
under SU(3)¢c x SU(2), x U(1)y are (1,1,—1) and (1,1, 1),

respectively.

e S has U(1)x half-integer charge: discrete gauged 7 symmetry after
U(1)x breaking.



Models for PAMELA/Fermi-LAT:
e U(1)x charges for S, E' and E’

Xg = —1/2, Xp = —1, XF/:+1'

A _ S2 _
W — | H,L;. B’ — | ESE'+ My E'E’" .
B (MPI) BT (Mm) 25T My

e Decay operator: M? = Mp; x My /e

S2
W > — (ME) HdeEg :

o M, ~ 10" GeV or My ~ 1 x 10" GeV

e The other operators are suppressed by at least e.



Benchmark point:
e The CMSSM soft terms: sign(u) > 0
mg = 310GeV,  my = 250GeV, Ayg= —1040, tanp =30.
e LSP neutralino: stau-neutralino coannhilation region
Qoh® 2 0.08 .

e m = 101.6 GeV, and the spin-independent cross section 1s about
ogr ~ 5 x 107" pb, which is fine due to the uncertainties of the QCD

effects in the calculations.

e x! is bino like while x3 , is Higgsino like.



DM S Three-Body Decays:
C,.SHyLE“+c.c.=C,SH)EE“ — C,SH;vE‘ + c.c.
SCS(Happply + Hjpr iy + Hifiz i)
— CuS(Hy vyupu + Hy vy + Hy Uupi)
+ CuS(HYpr iy + Hipply + Hir iy + HTiL i)
— CuS(Hy vy fiy + Hy Uiy + Hy 0,y + Hy D)
After H)) acquires a VEV, the three-body S decay is larger than

two-body .S decay due to large tan  enhancement:
(Mp/{HY))?/(967%) ~ 282.

S — X3umfin,  XioVuhr, Cromvg, AY(H")pp, Cvupug.

DM lifetime is OK!
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Figure 1: The FERMI data fitting in Model I and the ATIC data fitting in Model II.
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Figure 2: PAMELA data fitting for positron fraction in Model I and Model II.
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Figure 3: PAMELA data fitting for p/p ratio in Model I and Model II. The anti-proton

fluxes ®2 (E) is in the unit GeV~'m~2s~!sr1,



III. DM DECAY VIA NEUTRINO MASSES AND MIXINGSI

DM decay:

e Operators:
1 1
E%@}/}f\fylﬁyLiLjHUHu’ A2¢1¢2Yiz]7yLiLj '

e Neutrino Hierarchies: normal (PAMELA/Fermi-LAT/HESS),
inverted (PAMELA/ATIC), degenerated.



General set-up:

e DM sector: two SM singlet fields ¢, » and a discrete Z3 symmetry

o1 — Wy, P2 — ”w2¢2 :

e Superpotential and SUSY breaking soft terms

A
W =—¢3 + —%s% + My |

|2+m¢2|¢2\2

Esoft _m¢1 |¢1

A A
- (%Algbi’ - %Aggbg + By Mgz + h.c.) .



e Type I seesaw

%XNiNZ-

My
W > QNZ N? + Y X L:H,N; +
+ AxpP102X + TX + irrevelant terms | .

e Integrating out X and V;

Axodn Y Yo

Cij§b1¢2<LiHu><LjHu> , Wwhere Cij - My JVE
Ni




Figure  4: Feymann  diagram  for the  dimension-7  operators
Cijo102(LiH,)(L;H,)/Mx M5, generated by integrating out X and N; at tree

level.



Z3 Symmetry Breaking:

e Potential

V(i) =|MoT + Mydo|” + | Moty + My |” + mi, |o1]° + mg, | do|

A A
+ (%)\1¢? -+ %)\2¢g -+ B¢M¢¢1¢2 + hC) )

e Concrete example

)\1 — )\2 — 03, M¢ = 1.0 Te\/,
m; =200GeV?, By, =—600GeV, A, =600GeV.

(1) = v = —6.06TeV, (¢s) = vy = —6.57 TeV.



mg, ~ 2.60TeV, my ~4.81TeV,
R

My, =~ 2.91 Te\/, My =~ 4.83'TeV,
1

mg & —4.80TeV, mg, ~ —2.78TeV. (1)

o = 0.700) p +0.71¢3 5, ¢ = 0.71¢] 5 — 0.7063 5,
¢r = 0.82¢7 ; +0.58¢5 ;, ¢ = —0.58¢] ; + 0.82¢} ,

~

¢ = —0.65¢" +0.7609, ¢’ = 0.76¢" + 0.65¢9.



e DM lifetime ¢pp — ;/ jf]u: Freeze-in DM scenario
MNi/MX ~ 1071

11
(CS) m¢R

My \° 0.05 eV My, \°
— 3.6 x 10% 2
A (1015 Ge\/) 8 ((MLL)) (104 Ge\/>

(5 Te\/>2 (2 Te\/>3
X X S.
Vg mMep

T~ 76870 x




DM Density from Freeze-in Mechanism:

6.0 x 10%?¢g%

a5/ ot

3/2
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Small scale problem:

Both ¢ and 5 are generated with equal number densities via the
freeze-in mechanism. Because 5 is a relatively heavy metastable

R,—odd state, it will decay and produce some relativistic particles.

5—>(§+¢R—>....



Baryon Asymmetry: Soft Leptogenesis

1 ~ - 1~ -
—L DNy (YY) (M, + AL LTH! + —No (YY) (My, — AL LTH!
\@ 2+( 22)( Ny 22> i \/§ 2 ( 2)( Ny 2) 0

~ ~ ~ 1 ~ ~
+ (}/1]2\[)*<N2+ — NQ_)LIH;E + §M2>\2>\2 + h.C.,



Figure 5: Lepton number and CP-violation decays of N; with gaugino running in the
vertex correction loop. Self-energy contributions are ignored since they are suppressed

by the extra Yukawa couplings YV,
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Figure 6: Baryon asymmetry Yap(z) versus 2 = My, /T. Left: My, = 10* GeV,
M, = 250 GeV and |Ay,,| = 300 GeV with 04,, = —1/4. Right: My, = 4 x 10
GeV, M, = 250 GeV, |Ap,,| = 100 GeV, 64,, = —1/5. Initial density of N, is taken as

thermal density.



SUMMARY |

Decaying and Stable DM Matter
e Decaying DM: long lifetime and leptonical decay modes
e Froggatt-Nielsen mechanism or neutrino masses and mixings.

e Stable DM: LSP in the SSM

e SM fermion masses and mixings, small scale problem, baryon

asymmetry, etc.



