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Dark matter
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Weak Lensing
Bullet Cluster

Coma Cluster

There is something invisible



Planck says ...
• Cosmological parameters (based on LCDM)

Energy budget
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Dark matter is ...
• Properties

• Constraints

- electromagnetically neutral (invisible)
- matter-like (clustered)
- long-living (𝝉≳1026-30s) or absolutely stable
- mostly cold

* Model dependent various 
constraints from colliders

• Productions
- thermal (freeze-in, freeze-out)
- non-thermal
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Candidates of DMs

• LKP (eg, KK-photon)

• Scalar

• LSP (gravitino, neutralino, sneutrino, singlino, 
axino, ...)

or

• Fermion

• Vector 

• Moduli, axion, ...
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DM is stable because...

• Symmetries

• Very small mass and weak coupling

- (ad hoc) Z2 symmetry
- R-parity
- Topology (from a broken sym.)

e.g: QCD-axion (ma ~ ΛQCD2/fa; fa~109-12 GeV)

�a ⇠ O(10�5)
m3

a

f2
a

⌧ H0 ⇠ 10�42GeV
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But for WIMP ...

• Global sym. is not enough since

• SM is guided by gauge principle

⇒ WIMP is unlikely to be stable

It looks natural and may need to consider 
a gauge symmetry in dark sector, too.

Observation requires [M. Ackermann et al. (LAT Collaboration), PRD 86, 022002 (2012)]

⌧DM & 1026�30sec )
⇢

m� . O(10)keV
m . O(1)GeV

�Lint =

(
� �

MP
Fµ⌫Fµ⌫ for boson

� 1
MP

¯ �µDµ`LiH
†

for fermion
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Principles for BSM
• Gauge symmetry

• Renormalizability

- can make DM absolutely stable.

- does not miss physics which EFT  
can not catch.

• Singlet portals

- allows communication of DS to SM
(thermalization, detectability, ...)
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Dark gauge symmetry
broken to a U(1)
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Magnetic monopoles
• ’t Hoft-Polyakov monopoles exist when vacuum 

manifold contains non-shrinkable surfaces.
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⇧2(M) 6= I

[wiki]

( hedgehog conf. : �a
(r̂) = v�r̂

a
with (�a

(r̂))2 = v2� )

(semi-) simple symmetry group broken to a subgroup with an U(1) factor



Vector dark matter(?)

• Renormalizable (?) model

• Corrected simple model

L = LSM � 1

4
(FV )

2 + (D�)2 � ��|�|4 � ��H |�|2H†H

SSB ⇒ massive VDM! ⇒ no dark radiation!

- not unitary!
- not gauge invariant!
- dark Higgs is needed.

L = LSM � 1

4
(FV )

2 � 1

2
m2

V VµV
µ � 1

4
�V (VµV

µ)2 � 1

2
�V HVµV

µH†H
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Dark Radiation

• Sources
- relativistic degrees of freedom other than SM photons
  (light sterile neutrinos, (QCD-) axions, ...)

- assuming no more non-SM light degrees below TDR,kd,
• Size of contribution
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• Observations
Ne↵ = 3.30+0.54

�0.51

(Planck+WP+highL+BAO, 95%CL)

�Ne↵ = 0.254+0.54
�0.51

�Ne↵ ⌘ ⇢DR

⇢⌫
=

8

7

✓
11

4

◆4/3 gDR

2

✓
g⇤S(T0)

g⇤S(TDR,kd)

◆4/3



SU(2)h → U(1)h

+
Higgs portal
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The Model
• Lagrangian

• Symmetry breaking

• Particle spectra
mV = gXv�

mM = mV /↵X

m1,2 =
1

2

"
m2

hh +m2
�� ⌥

r⇣
m2

hh �m2
��

⌘2
+ 4m4

�h

#
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✓
V ± ⌘ 1p

2
(V1 ⌥ iV2) , �0 ⌘ V3, H1, H2

◆

’t Hoot-Polyakov Higgs portal

�T = (0, 0, v�) ) SU(2) ! U(1)



DM self-interacts

• Constraint from dwarf galaxy scale halos
�T /mV . 35cm2/g ) gX . 9⇥ 10�2

⇣ mV

1TeV

⌘3/4

• Possible solutions to some puzzles of CDM
- core/cusp problem: 
  simulated cusp of DM density profile contrary to the cored one found
  in the obvserved LSB galaxies and dSphs

- “too big to fail” problem: 
  simulated high internal density concentration of the subhalos in the MW-sized
  halos contrary to the observed brightest MW satellites

[S.-H Oh et al., arXiv:1011.0899]

[M. Boylan-Kolchin et al., arXiv:1111.2048]

• Dark radiation (⇐ massless dark photon)
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[G. Degrassi et al., 1205.6497]

↵

Vacuum stability
[S. Baek, P. Ko, WIP & E. Senaha, JHEP(2012)]

(⇐ λϕh)



Relic densities
• Monopoles (Kibble-Zurek mechanism)-1/2

n ⇠ 1/⇠3

Landau�Ginzburg form of V (�) : ) ⌫ = µ = 1/2

Quantum� corrected : ) ⌫ = µ = 0.7
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✏ ⌘ (Tc � T ) /Tc

⇠ = ⇠0|✏|�⌫ , ⇠�1
0 ⇠

q
|m�(0)2|

⌧ = ⌧0|✏|�µ, ⌧0 ⇡ ⇠0

⌧Q = (t� tc) /|✏| ! ⌧0|✏|�(1+µ)

) ⇠ ⇠ ⇠0 (⌧Q/⌧0)
� ⌫

1+µ



• Monopoles (relic density)-2/2
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gX = 9⇥ 10�2 (mV /1TeV)3/4 ) v� = O(1� 10)TeV



• VDM (thermal freeze-out)

�mV /mV = O(0.01� 0.1)
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Direct detection

• VDM-nucleon scattering cross section

p
s ⇡ m⌘
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• Monopole-nucleon scattering cross section



DR from dark photon
• T at kinetic decoupling of DR
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Higgses mediate DM-SM scattering  ⇒



Conclusions
• t’Hoot-Polyakov monopole model is a nice 

example of VDM accompanying DR.

• The abundance of monopoles is 
(10-6-10-4)xΩcdm 

• CDM relic density is obtained from VDM 
via s-channel resonant annihilation thanks 
to Higgs portal interaction.

• Once mV is known, mη is known or vice 
versa.

23



’t Hoot-Polyakov 
Monopoles
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⇧2(G/H) =

⇢
⇧1(H) for simply � connected G
⇧1(H)/⇧1(G) for not� simply � connected G

G = semi� simple

H = H̃⇥ U(1)
⇧1(H) 6= I ) Monopole!

• Homotopy group & monopoles
Let G ! H with M = G/H

}
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