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Dark matter
Weakly interacting, 
non-baryonic (dark)

Gravitational

Missing masses 

Non-baryonic, 
collisionless

5 times 
baryonic matter

Dark Matter
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Are we simplifying it too much?
[Choi, Kim, Roszkowski, 1407.0017]

Professor DM
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Testing dark matter

Direct detection

Indirect detection Particle colliders
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X-ray line from galaxies

• X-ray spectra (XMM-Newton) of various galaxy 
clusters and Andromeda show an unidentified 
line signal at 3.55 keV at ~4σ.

[Bulbul et al, 1402.2301] [Boyarsky et al, 1402.4119; 
1408.2503 (also Milky way)]

• Monochromatic photon lines probe well indirect 
signals of dark matter due to directional information.
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Signal samples
• Bulbul et al

• Boyarsky et al

Perseus cluster

Nearby clusters: Coma, Centaurus, Ophiuchus

All stacked 73 galaxy clusters
}

excess from Perseus,  
no line from Virgo cluster.

XMM-Newton

E = 3.55� 3.57± 0.03 keV

Perseus cluster

Andromeda galaxy (M31)

at & 3�.

E ⇠ 3.5 keV

XMM-Newton

Chandra

}
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Taken from Randall Smith’s talk (April 2014)
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73 galaxy clusters for z=0.01-0.35 Perseus + Andromeda

: DM flux

S
DM

=

Z

l.o.s.

⇢
DM

(r)dr : DM column 
density

Consistent 
signals!

[Boyarsky et al,
1408.2503]?
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Line backgrounds

• Expected flux for thermal emission lines is smaller 
by factor 10-20.

• K-shell excitation of ions leads to X-ray plasma 
emissions near 3.5 keV (K XVIII: 3.476 and 3.515 keV). 

[Bulbul et al, 1402.2301]
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Debates on thermal emission
• Jeltima & Profumo I:  Pottasium & Chlorine lines?

Measured emission in G.C. (XMM-Newton)

Multi-temperature emission calculated 
for Perseus & Andromeda (0.5-8 keV)

• Bulbul et al:  incorrect spectral modeling 
away from peaks ?

• Jeltima & Profumo II:  line ratios for similar peak energies 
are only relevant and temperature-independent.

x ✏(T ) = ✏(Tpeak)
N(T )

N(Tpeak)

✏(T ) : emissivities N(T ) : number of ions

[1409.4143]

[1408.1699]
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Sterile neutrino
• Minimal extension for neutrino masses needs 

three right-handed neutrinos.

Neutrino masses:

X-ray line:

Flavor structure is needed for 
suppressing a mixing angle 

smaller than 

m⌫ ⇠ �Nv2

MN
⇠ 0.05 eV,

✓2 ⇠ �2
Nv2

M2
N

⇠ 10�11,

✓2 ⇠ 10�5.

ms ' MN = 7.1 keV.
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Axion-like scalar
• Axion-like scalar decay:

�(a ! ��) =
↵m3

a

64⇡f2
a

[Higaki et al; HML, Park, Park;
Jaecekl et al (2014)]

• Cold axion (misalignment)
=

TR . 1GeV

✓
0.4

✓
osc

◆
2

• Hot axion (inflaton decay)

Structure formation: TR

mI
& 0.2

ma = 7.1 keV,

fa = 4⇥ 1014 GeV.

BrI!aa . 4⇥ 10�4

cf. CMB (isocurvature mode) HI . 4.6⇥ 109 GeV

✓
✓
osc

0.4

◆
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Magnetic dark matter 
(MDM) and X-ray lines
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Dipolar dark matter
• Dark matter is usually assumed neutral but 

it can have a small E/M dipole moment.

D ⇠ M . 3⇥ 10�16e cm

⇠ 1.6⇥ 10�5µB .

[Sigurdson et al, 
astro-ph/0406355]

,
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X-ray line from MDM
• Majorana fermion mdm vanishes.  We consider a 

magnetic transition moment of Majorana fermion 
dark matter to another.

e.g.  sterile-active neutrino 
transition,  inelastic dark matter

X-ray line @

or

,

m�2 ' 10GeV :

�m� ⇡ E�
�1

�2

��2 = (0.36� 3.3)⇥ 10�52 GeV
⇣ m�2

7.1 keV

⌘

⌧�2 = (0.20� 1.8)⇥ 1028 s

✓
7.1 keV

m�2

◆

E� = 3.55 keV

D ⇠ 10�28 e cm
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Fermion-portal model
Two singlet Majorana 

fermions, distinguished by Z2, 
have different Yukawa 

couplings to SM RH fermion 
and charged scalar.

Singlet 
scalar 

+

Explicit breaking 
of Z2

hSi 6= 0 +

SM RH
fermion

Singlet
fermions

Charged 
scalar

, ✏ =
hSi
⇤UV

⌧ 1.

U(1)X SSB

Similar Yukawa couplings Almost degenerate masses
m�1 ⇡ m�2y1 ⇡ y2
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MDM + Thermal DM
• The same fermion-portal coupling and charged scalar 

are responsible for DM transition and annihilation.

+ fermion lines 
flipped

p-wave, but relevant 
at freeze-out.

⇤UV =

s
64⇡2

e|q�|
m�p

|Im(✏⇤�)|

✏ =
↵hSi
⇤UV

⇠ 10�9 � 10�7� = O(1),
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Relic density+X-ray line+LHC

• A wide parameter space exists.

• Slepton-like charged scalar masses 
below 325 GeV excluded by LHC.

m� < m�

LHC
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Bounds on DM
• For baryophilic dark matter, the WIMP-nucleon 

spin-independent cross section can be constrained 
by LUX. [Batell et al (2014); Nelson et al (2014)]

 

2

2

�d

�d

� 

� 

L
box

⇠
�2

d�
2

 m�md

32⇡2m2

�(m
2

� �m2

 )
�̄�d̄d.

� = 1.5, m� = 400GeV,m� = 200GeV

�d . 4.4

• Leptophilic dark matter is bounded by muon g-2 
and lepton flavor violation.

�2

µ µ, e

|�aµ| < 3.45⇥ 10�12

|�µ| < 0.27(m�/500GeV).

(BNL821)

BR(µ ! e�) < 5.7⇥ 10�13 (MEG)

2

|�e| < 0.03(m�/500GeV).
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Dark matter in SUSY 
Higgs-portal
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SUSY Higgs-portal

• SUSY and chiral (PQ) symmetry leads to light 
Higgsino & singlet fermions, which interact 
with each other by SUSY Higgs-portal.

S, S̄ Hu, Hd

massless SM

• R symmetry can make gauginos light too, while 
scalar superpartners are decoupled.

“Split” SUSY with extra singlets

Dirac singlet Higgs doublets

EWSBHiggs-portaleS, ēS eHu, eHd

+ gauginos
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Dirac singlino
• Superpotential with approximate PQ: 

W = �SSHuHd + �S̄S̄HuHd

+µHHuHd +MSS̄S +
1

2
M1S

2 +
1

2
M2S̄

2

• We assume a singlet flavor symmetry (e.g. U(2)) 
that singlino gets Dirac mass only.

Dirac singlino gets a small mass 
splitting only after EWSB.

PQ symmetric

PQ violating e.g.W � 1

MP
P 2HuHd +

1

MP
Q2S̄S + · · ·

smallM1 = M2 = 0, �S , �S̄
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Singlino mass splitting
• Neutralino mass matrix for

• Singlino mass splitting:

“keV-scale” mass splitting for weak-scale

�S ,�S̄ ⇠ 10�5, M1,2 & 1TeV.

µe↵ > MS .
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X-ray line from singlinos

• “Charged Higgs, W-boson”-chargino loops induce 
magnetic transition moment for singlinos.

• X-ray line requires �S̄/�S ' 0.97� 0.99 for �S & 10�5.

X-ray l
ine

X-ray line
�m21 = 3.55 keV

�m21 = 3.55 keV 3

3

4

4
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DM relic density
• Singlino DM keeps in thermal equilibrium until 

freeze-out, due to kinetic scattering with the SM.

• The relic density conditions are 
consistent with the X-ray line.

e�0
3,4

e�0
1,2

e�±
1

�kin

�th
⇠ nSM h�vikin

nDM h�vith
⇠ |�S,S̄ |2 · 1010 & 1.

SM SM

e�0
1,2 SM

SM

e�±
1

SM

SM

�̃0
2,1

�̃⌥
1

( )
�S, S̄

g

g

|�S,S̄ | & 10�5.

⌦DMh2 < 0.112
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Degenerate Higgsinos at LHC

e�±
1 ! e�0

1W
⇤.e�0

2 ! e�0
1Z

⇤(h⇤),

3-body cascade decays 
(mostly prompt)

For decoupled gauginos, Higgsinos decay to singlinos:
“displaced” vertices + MET.

e�0
1,2 ! e�0

3,4Z
⇤(h⇤),

e�±
1 ! e�0

3,4W
⇤.

me�±
1

me�0
2

me�0
1

For gauginos > TeV,
�̃0
2

�̃0
1

�̃±
1

. 6GeV

. 2GeV

. 10GeV
�̃0
3,4

�̃0
3,4

�̃0
1,2, �̃

±
1

keV

keV

keV
. 10GeV
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Conclusions
• Dipolar dark matter can explain the X-ray line 

and is thermally produced due to an 
accompanied charged particle.  

• Fermion-portal coupling of order one and 
charged scalar can be constrained by g-2, LFV, 
LHC and direct detection.

• In SUSY Higgs-portal model, Dirac singlino with 
a naturally small mass splitting can explain the 
X-ray line.  But, almost degenerate Higgsinos/
singlinos would be challenging for the LHC Run 
II searches.
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Dream Improvisation 
by Wassily Kandinsky

Dark sector might be dynamic like our world!
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