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Introduction

Dark Matter Candidates

m MACHO (Massive Astrophysical Compact Halo Object)
m Axion

m WIMP (Weakly Interacting Massive Particle)

m Asymmetric Dark Matter

m Q-ball etc

thermal freeze-out (early Univ.)

WIMP: Most promising DM candidate. indirect detection (now)
Many experiments focus on exploring WIMP.

g DM SM
m Direct detection 3
[}
m Indirect detection g
. S DM. sM
m Collider search —

production at colliders

Takashi Toma (LPT) Exploring the Dark Sector@KIAS 17th Mar. 2015 2/15



DM Stability

Where does Dark Matter stability come from?
m Impose discrete symmetry by hand Z,, Z3 etc.
m Remnant symmetry after spontaneous symmetry breaking
ex. U(1) — Z,, SU(2) — SO(3).
m Minimal DM scenario
Accidental Z, symmetry is obtained when we consider SU(2),

higher multiplet.
higher than 5-plet for fermion and 7-plet for scalar can be DM

candidate.
m Anti-symmetric tensor B, (gauge singlet in the SM)

Takashi Toma (LPT) Exploring the Dark Sector@KIAS 17th Mar. 2015 3/15



Minimal DM Scenario

m DM has only gauge interaction.
(No scalar coupling |$|?x? for scalar DM is assumed)

m All the components are degenerate at tree level. But mass
splitting is derived at one-loop level.

(6%
Am =~ 4—meF100p < afew GeV
T

The neutral component can be lightest.
m Sommerfeld correction affetcs to DM relic density.
— Too large annihilation cross section due to large SU(2),
gauge coupling.
— DM mass must be more than 10 TeV.

m We want to consider lighter DM mass in such a scenario and
also mind generation of neutrino masses.
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The Model

m New particles
Real septet scalar y (x ™, x™, x™, x°)
Three right-handed neutrinos N;.
We do not impose any extra symmetry to the SM.

m Interactions

Ly =yl oN:P. L, +h.c.

“xz

= 126 + ¢|¢|“

+ 29X 51242
+ = lolx

where ¢ is the SM Higgs doublet.

m Mass of septet scalar at tree level: = 12+ Mgy (0)°
All components are degenerate at tree level.
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The Model Neutrino Masses

Neutrino Masses

m Induced by Type | Seesaw

— 0 mj 71 T -1
(I/L NR)(mD A/?)(NE) - m,=—mpM "mp

m m, ~ y"?(¢)2/M (experimental value m, ~ 0.1 eV)
m Heavy neutrino masses ~ M.
m Required Yukawa coupling is y” ~ 10~ for M ~ 1 — 10 TeV

m We consider M 2 2m, 0 to get decay channel into two DM:
N]_ — I/LXOXO etc.
— DM is generated by decay of N after freeze-out.
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The Model Mass Difference

Mass Difference of Septet

Mass differences [GeV]

m Mass differences are induced at one-loop level.

) (2 o (22

1 1
where f(z) = -5 / [6(1 — x)z% 4+ 9x% — 4x — 4] log ((1 — x)z% + x2) dx
0

6

4L

mqQ —mg = (Q2 — Q'Z) % {aw{f(

X Myt — Myo
Myts — Mo
51 Myttt — Mo 1
5 6! 100
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m For my > my, mz
mgo — Mg =
(Q* — Q?) awmy sin (65‘/)
~ (Q* — Q?) x 0.166 GeV
m Neutral component is the
lightest.
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The Model Oblique Parameters

Constraint of Oblique Parameters

T-parameter

1 1
T = —-T1 — =N
a pey ww (0) p} zz(0)

where nww(O) 4 [3"—( My vty X++)+5F( o M )+6F( X*’mi )]

No correction to Z mass: zz(0) =0

B ‘ G Ko m DM mass should be m,0 2 1 GeV
AT Uppu Bound at 68% CL
from T-parameter.

m The constraints of S- and
i U-parameters are much weaker
10 | ] than T-parameter.

AT

107! 10° 10! 102 10° 10*
myo [GeV]
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The Model Non-thermal Production of DM

Non-thermal Production of DM

Boltzmann equations

dny 3y gNmNrNKl <ﬂ) .

dt 2m2T T

dny 2 eq2

W + 3HnX = _<Ueffv> (nX - an ) + NXOFNFIN
i 7 m /V; is produced by freeze-in
i — N e mechanism.

Dy = 1072 [GeV]

- . m-mev| m DM x? is produced by the decay

myo = 50 [GeV]
> \ Ny =0.01

I R of Ny after freeze-out.

;\ m Branching ratio of decay into

10 M} | . .
10 310 210 ' 10° 10‘\1(1—’ 10° 10* 10° 10° 107 DM IS SUbdomlnant (NXO << 1)

z=mw/T
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The Model Non-thermal Production of DM

Non-thermal Production of DM

m Co-annihilation among the septet is effective when Am/T < 1.
OxT — W — Wy, xtx™ — Z — ff etc.

10 2

10— 22

= T 1072
ol / \ g
= —24
T ol / \ ] 10 ¢
c / >

107 | / 1 7%

Ll S 1 10-26

y o b

1075 107 107% 1072 107! 10° 10' 10% 10*° 10 10° = = =
LT [GeV 1) 10! 102 103

Mass (GeV/c?)

m Dominant annihilation channel is x°x° — WW* even if DM
mass is slightly below the threshold.

m 60 GeV < mpo S 1.5 TeV is excluded.
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RLCRVICE  Constraint on (ov)

Constraint on DM cross section from dwarf
spheroidal galaxies

102 :
XX = WHW— ——
a1 Fermi limit from dSph (95% CL)
107%% ¢+ MDM without Sommerfeld — + E
MDM with Sommerfeld
10-22 [ ]
E
"g 10-2 [ i
S o0 i
S
R 3
1026 [ ]
10 27 1 1 1
10? 103 10* 10°
myo [GeV]

m Dominant annihilation channel is x%x° — WW* even if DM
mass is slightly below the threshold.
m 60 GeV < mpo S 1.5 TeV is excluded.
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LEP Limit

102 T

Singic
Double
Triple e - X+ ++
o I Total
Fmeli LEP Limit | /
2 0| 1 (\_\-\
107 | 1 \
N
., \
+ -
- ‘ ‘ ‘ S e X
0 20 40 60 80 100

my [GeV]

m e"e” — v+ Missing. Background ete™ — yuw.
m Our processes are

efe” =7, Z =TT P, yxTx T Assumed
that 7% produced by W¥ decay is not detectable.

m mo < 80 GeV is excluded.
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The Model Direct Detection

Direct detection

m There are tree level contribution via Higgs and one-loop
contribution via gauge bosons.
m Large contribution is obtained from gauge boson loop, but it can

be controlled by the Higgs coupling Ay, .
o5 = 4.6 x 107* cm? in MDM, iMsg ~ (scalar) + (W boson)

m O(1) coupling of Ay, is needed to cancel the gauge contribution.

m This occurs only for scalar DM, but not for fermion DM.
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The Model Indirect Detection
0
X

Indirect detection of DM

0
Y X
X (_/_/ \
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m \%x® — 77 is enhanced by multi-charged scalars y**+
m Gauge boson contribution ov,, =

2887ra2, a2,
miy
by perturbative way.
— 0V, < 1/m%, is expected for non-perturbative way.
m Scalar contribution
2
s
V. em 1 _
7 T 12873m2 (
at Mgy ~ 1, md ~2 TeV

2
2
4 > Z Qx)‘xox"xx
X

~4x107% cm?/s
Oé2

2
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Summary

Summary

m We have considered SU(2), septet DM which can be stabilized
by accidental Z, symmetry and Neutrino masses.

m Although DM mass should be more than 10 TeV in minimal
scenario, 1 TeV scale DM is possible in our case.

m DM relic density is non-thermally produced by decay of
right-handed neutrinos.

m Strong monochromatic gamma-rays are generated by
multi-charged scalars and Sommerfeld effect.
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