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Dark Matter
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Many Evidences for DM
l Galaxy Rotation Curve
l Velocity Dispersion of Galaxies
l Galaxy Clusters and Gravitational Lensing 
l Sky surveys and baryon acoustic oscillations
l Cosmic Microwave Background (CMB)
l Type Ia supernovae distance measurements
l Lyman-Alpha Forest
l Structure Formation

Need DM

6

2.3 signal events across the full mass range, e.g. 1.9 at
10 GeV/c2 and 2.6 at 1 TeV/c2. This limit is about a
factor of three more constraining than our previous re-
sults [3] (using the CLs approach [23, 24]), and represents
the most stringent limit on elastic WIMP-nucleon spin-
independent cross section for WIMP mass larger than
100 GeV/c2.

In summary, we report the combined WIMP search re-
sults using the data with an exposure of 54 ton-day, the
largest of its kind, from the PandaX-II experiment. Like
the previous attempts, no WIMP candidates have been
identified. This yields a most stringent limit for WIMP-
nucleon cross section for masses larger than 100 GeV/c2.
Theoretical models indicate the importance of enhancing
the current search sensitivity by another order of mag-
nitude. PandaX-II detector will continue to run until a
future upgrade to a multi-ton scale experiment at CJPL.
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FIG. 5: The 90% C.L. upper limits vs. m� [(a) log
scale, (b) linear scale between 40 GeV/c2 to 10 TeV/c2]
for the spin independent WIMP-nucleon elastic cross
sections from the combined PandaX-II Run 9 and Run
10 data (red), overlaid with that from PandaX-II
2016 [3] (blue), LUX 2017 [2] (magenta), and
XENON1T 2017 [4] (black). The green band represents
the ±1� sensitivity band.
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Many Candidates for DM
l Primordial Black Hole 
l Neutrino (Hot)
l WIMP [ Weakly Interacting Massive Particle ]
l SIMP [ Strongly Interacting Massive Particle ]
l Axion, Axion cluster
l Soliton (Q-ball, B-ball, ...)
l Super Massive Relic (WIMPzilla, ...)
l …
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Some Dark Matter Candidate Particles

neutrinos 
neutralino 
KK photon 
branon
LTP

axion axino 

gravitino 
KK graviton 

SuperWIMPs :

w
im

p
z
ill

aWIMPs : 

B
la

c
k
 H

o
le

 R
e

m
n

a
n

t

Q-ball

fuzzy CDM

Some dark matter candidates: 
mass vs. interaction strength plane
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SIMP



WIMP Paradigm

A promising candidate for Thermal DM
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WIMP Miracle

A promising candidate for Thermal DM
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SIMP Paradigm

New promising candidate for Thermal DM
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3è2 annihilation in DM sector

Hochberg, Kuflik, Volansky, Wacker (14)



SIMP Miracle

New promising candidate for Thermal DM
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SIMP Stability?

ex. Z3 :
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single scale theory
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DM =

Strong Cubic int.

3è2 annihilation in DM sector



Hot DM ?
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DMCold Hot

No SM int. è No Cooling by radiations TDM ≠ TSM

Excluded by Structure Formation

Carlson, Machacek, Hall (92)

Need connection with SM to keep it in Thermal Equilibrium
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SIMP Condition
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Keep SIMP in Thermal Bath Non WIMP condition
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Neutrino
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Neutrino
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SKYTREE
(a big architecture)

Mt. Fuji
(a big mountain)



Seesaw Mechanism

Neutrinos can be Majorana Particle
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L#V by 2 unit

New mass scale (Seesaw!?)
L Lc

Φ Φ

Weinberg (77)

NR

Δ
ΣR

Φ2

S+

L

eR

S±±L

eR

L

eR

S±S±

Type-I Type-II Type-III 1-loop 2-loop
Minkowski (77) Foot, Lew, He, Joshi (89)Konetschny, Kumer (77) Zee (80) Zee (86)



Neutrinos Meet DM

Scoto-genic Model ( Scotos = Darkness )
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NR

η η
Z2 odd

Imposed Discrete Sym. è WIMP DM

χ0Σ Σ

χ0χ0

ψψ

Z3 charged

Can we construct a model with SIMP DM?

χ0η η

ψψ

χ0χ0

Ma (06) [ Ma (98) ]

Ma (07)



vSIMP
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S-Y Ho, T. Toma, KT,JHEP1708, 101 (2017) [arXiv:1705.00592] 
“A Radiative Neutrino Mass Model with SIMP Dark Matter”

ω=exp(2πi/3)

χ0η η

g3à2

NN

χ0χ0

Yportal

New Particle

Mediator for Cooling



Relic Abundance

DM

DM

DM

DM

DM =
Requiring the correct DM relic abundance

4π

unstable

DM

DM

DM

DM

Strong Self-int. of DM

Bullet Cluster



Resonant SIMP

Large σ3à2 while	keeping	σ2à2 small by Resonance
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3à2

S S

S
Mediator

Resonant Condition :

.Choi, Lee ‘16

2à2

S



Z5 vSIMP
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S-Y Ho, T. Toma, KT,JHEP1708, 101 (2017) [arXiv:1705.00592] 
“A Radiative Neutrino Mass Model with SIMP Dark Matter”

ω=exp(2πi/5)

Sη η

g3à2

NN

χ0χ0

Yportal

New Particle

Mediator for Cooling



Radiative Mv
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Loop integrals ≈ 0.1-10

≈ 0.1

≈ 10-3

≈ 100 MeV

From SIMP Condition

ξ ≈ 0.05

≈ 0.1eV

Sη η

NN

χ0χ0
η0-χ0mixing

ü Higgs Invisible Decay
ü Direct Search of η



Relic Abundance
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Resonant Mechanism Works To keep SIMP condition

SIMP Condition :
Resonant SIMP DM & Relic abundance

l Predicted relic density of SIMP DM :

l Perturbativity and potential stability :                          &
l Low values of 		ñ=,4 are disfavored if 	/r is heavier. (xy ≃ 3xJ)

Planck data (95% C.L.) 

SIMP condition

l Parameter space of the Yukawa couplings

l Simplification of numerical treatment  :

Stability	:	μ2	≾ 100MeV	à Y s2ξ ≾ 0.01

N



Lepton Flavor Violation
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Without considering the specific structure of Yukawa

Sη η

ψψ

χ0χ0
An easy solution : 

Structure of Mv can be adjusted by YL, YR

Conflict with SIMP condition



Energy/Precision Frontier
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Higgs Invisible Decay

[ h125 à χ0	χ0 ] is induced by mixing 
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Sη η

NN

χ0χ0
η0-χ0mixing

The latest data : B(hà χ0	χ0) < 0.16

SIMP conditionà Y s2ξ ≾ 0.01



Slepton Direct Search
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η has the same quantum charge with left-handed slepton

Sum over all sleptons

SIMP conditionà Y s2ξ ≾ 0.01

ILC hàinv.



Summary

l v & DM are evidences of BSM
l vSIMP

l Mv may be generated by SIMP
l SIMP may be thermalized by v
l Collider search is powerful probe of vSIMP

NTU Sep. 29-30, 2017 Koji Tsumura (Kyoto U.)

Sη η

NN

χ0χ0


