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SUSY & DM
Supersymmetry:

motivated by “Naturalness”, solving big hierarchy problem.

weak scale susy provides natural electroweak symmetry 
breaking.

gauge coupling unification

weak scale dark matter candidates: neutralino

Neutralino in SUSY:

gauge/Higgs fermions, weakly interacting,

� = ↵ eB + �fW + � eHd + � eHu

explains DM density through thermal freeze-out,
testable in the experiments



Questions:

Can neutralino explain whole dark matter in a natural way?
• DM exp’s and LHC narrow the allowed region.
• Special conditions are required for correct DM density (fine-

tuning again?).

Is it possible to build a DM model with natural SUSY spectrum?

• Axion solves the strong CP problem and is natural DM.

• Natural SUSY requires light Higgsino DM, which is 
underabundant.

• SUSY+Axion provides a natural 2-comp. DM model.
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• Introduction

• Neutralino(-only) DM in MSSM 
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WIMP MIRACLE
DM freeze-out:
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• DM abundance is determined by 
Boltzmann eq.
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• Particle with weak scale mass and int,
m� ⇠ 100 GeV, g� ⇠ 0.6

produces correct relic density.

• Naturalness & DM requires weak scale  
new physics!



NEUTRALINO WIMP
Admixture of Bino/Wino/Higgsinos:

� = ↵ eB + �fW + � eHd + � eHu

singlet triplet doublets

G. Jungman et al. JPhysics Reports 267 (1996) 195-373 221 

Using the above relations (H = 1.66g$‘2 T 2/mpl and the freezeout condition r = Y~~(G~z~) = H), we 
find 

(n&)0 = (n&f = 1001(m,m~~g~‘2 +JA+) 

N 10-S/[(m,/GeV)((~A~)/10-27 cm3 s-‘)I, (3.3) 

where the subscript f denotes the value at freezeout and the subscript 0 denotes the value today. 
The current entropy density is so N 4000 cmm3, and the critical density today is 
pC II 10-5h2 GeVcmp3, where h is the Hubble constant in units of 100 km s-l Mpc-‘, so the 
present mass density in units of the critical density is given by 

0,h2 = mxn,/p, N (3 x 1O-27 cm3 C1/(oAv)) . (3.4) 

The result is independent of the mass of the WIMP (except for logarithmic corrections), and is 
inversely proportional to its annihilation cross section. 

Fig. 4 shows numerical solutions to the Boltzmann equation. The equilibrium (solid line) and 
actual (dashed lines) abundances per comoving volume are plotted as a function of x = m,/T 
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Fig. 4. Comoving number density of a WIMP in the early Universe. The dashed curves are the actual abundance, and 
the solid curve is the equilibrium abundance. From [31]. 

eB overabundant DM

fW/ eH underabundant DM 

sweet spot for 
correct relic density

SU(2)L

Kolb and Turner

Naively estimated …



NEUTRALINO IN CMSSM

• bulk
4 regions for DM relic density

• focus point (well-tempered)
• stau co-annihilation
• resonance

bulk

plots by H. Serce
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BULK REGION
Light neutralino with light sleptons:

Mostly Bino-like neutralino

l̃

l

l

correct relic density for 
light slepton & neutralino

⌦h2 ⇠ 0.1
me� = 10 GeV, ml̃ = 30 GeV(e.g.                                     )                      

LEP constrains light slepton, ml̃ & 100 GeV
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FOCUS POINT
Sizable Bino-Higgsino Mixing:

mixing 
angle ⇠ O
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SUSY

If mu is small, sizable mixing  
can be obtained “well-tempered”

and                                    is obtainedh�Avi ⇠ 3⇥ 10�26 cm3 s�1
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Large mixing generates large        coupling, h��
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CO-ANNIHILATION
Annihilation with Next-to-LSP:

when neutralino freezes out,
T
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RESONANT ANNIHILATION
Efficient Annihilation with Resonance: 2m� ⇠ m�
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LHC BOUND
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LHC run I limit: mg̃ > 1.3 TeV (mq̃ � mg̃) mg̃ > 1.8 TeV (mq̃ ⇠ mg̃)

Higgs mass 125 GeV requires heavier and highly mixed stop 
(large A0 is needed, but it is not easy to realize these scenarios).

Regions with light spectrum are disfavored 
more fine-tuning (for EWSB and/or for DM density)

plots by H. Serce
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Figure 2: Projection of the number of models generated by a linear scan over SUGRA-19 param-
eters, versus neutralino relic density Ωχ̃0

1
h2. Models with mainly bino, wino, higgsino or a mixture

are indicated by the various color and symbol choices. In frame b)., we require only models with
mχ̃0

1
< 500 GeV to avoid too large of fine-tuning in the SUSY parameters.

– 15 –

SUGRA-19 with m� < 500 GeV

Only few models predict ⌦�h
2 ⇠ 0.1

Baer, Box, Summy



DIRECT DETECTION
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Figure 12: (Update of fig. 8). Model independent “well-tempered” neutralino scenario for mh =
125GeV. The 3� range for the cosmological DM abundance is reproduced within the green strip.
The gray region is excluded by Xenon100 [16].

Figure 13: (Update of fig. 5). The (MDM, �SI) plane in the CMSSM. Points with ��2 < 52,
colored according to the DM annihilation mechanism.
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al. (1104.3572)

XENON100

LUX

XENON1T (projected)

LZ(10) (projected)



PURE HIGGSINO/WINO

FIG. 1. Constraints on �v
�

0
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(red-thin curves with the scale on the right)

and �v
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+ 1
2�v�0

�
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(blue-thick curves with the scale on the left) for the Higgsino-like

EWDM with �m+ = 341 MeV (top) and 8 MeV (bottom) for �m
N

= 0.2 MeV. In each panel, the

solid line is the calculated DM annihilation cross section including the non-perturbative e↵ect. The

red-thin dotted and dashed lines show the upper limits obtained from the AMS-02 anti-proton flux

data analysis [21] and Fermi-LAT gamma-ray measurements from MW dwarf spheroidal satellite

galaxies [9]. The blue-thick dotted and dashed lines are constraints from line-like photon signature

searches by Fermi-LAT [10] and HESS [11], respectively. The CTA sensitivities on theWW/ZZ [33]

and �X [34, 35] channels are presented as red-thin and blue-thick dot-dashed curves, respectively.
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FIG. 2. Constraints for the wino-like EWDM with �m+ = 166 MeV (top) and 6 MeV (bottom).

Each line is the same as Figure1.

• The limit from Fermi-LAT continuum photon searches: For �vWW +�v

ZZ , the

upper region of the red-thin dashed curve is excluded by the limit from the Fermi-LAT

continuum gamma-ray searches for the Milky Way satellite dwarf galaxies at the 2�

level.
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SUMMARY FOR NEUTRALINO
Neutralino-only DM can be realized in some special region.
If neutralino is 100% DM, some issues arise:
1. it is difficult to obtain measured DM density. 

2. it hasn’t been found in detection exp’s.

3. LHC has excluded or greatly constrained most of the annihilation 
mechanism.

If neutralino is NOT100% DM,
Let’s consider SUSY+Axion…



SUPERSYMMETRIC 
AXION MODEL
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EWSB condition:

Natural EWSB requires 

mostly Higgsino-like neutralino
Baer, Barger, Huang, Mickelson, Mustafayev, Tata

Higgsino is generally underabundant

NATURAL EWSB

�EW ⌘ maxCi/(M
2
Z/2)

Ci 2 {µ2, m2
Hu

, · · · }

can be generated by SUSY & PQ  
(will be discussed later)

radiatively small

µ2 ⇠ m2

Hu
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soft

⇠ O(TeV2)

m2
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Underabundant higgsino

KJB, Baer, Barger, Savoy, Serce

5-10% of DM density for 
m� . 200 GeV



STRONG CP PROBLEM

QCD θ-term, L✓ = ✓
g2s

32⇡2
Ga

µ⌫G̃
aµ⌫

generating CP-violating interaction,

Volume 88B, number 1, 2 PHYSICS LETTERS 3 December 1979 

CHIRAL ESTIMATE OF THE ELECTRIC DIPOLE MOMENT OF THE NEUTRON 
IN QUANTUM CHROMODYNAMICS 

R.J. CREWTHER, P. DI VECCHIA and G. VENEZIANO 
CERN, Geneva, Switzerland 

and 

E. WITTEN 
L yman Laboratory of  Physics, Harvard University, Cambridge, MA 02138, USA 

Received 7 September 1979 

Current algebra for CP violating strong interactions is investigated. In particular, the neutron electric dipole moment Dn 
is shown to behave as Om~ In m~ for small pmn mass m n and CP violating parameter 0. This logarithm is exphcitly calculable: 
it contributes 5.2 × 10-160 cm to D n. This result is somewhat larger than a previous O(m2n) estimate based on the bag model. 

In the last few years, it has been realized [1] that 
the usual lagrangian of  quantum chromodynamics 
(QCD) * 1 

./2 = - ~ F 2 + ~ ~lk(iD - rag) qk ,  ( I )  
k 

can be generalized by including an additional P and CP 
violating interaction: 

-~ Z?QC o = Z ? -  O(g2/327r2)F.F*. (2) 

Despite its being a total divergence, this additional inter- 
action modifies the physics of  strong interactions. 

The purpose o f  this paper is to investigate the cur- 
rent-algebraic consequences of  the CP violating param- 
eter 0 being small but not zero. Using an effective 
lagrangian originally derived by Baluni [2], we will 
show that, to lowest order in chiral symmetry breaking, 
many O-dependent QCD amplitudes can be explicitly 
calculated by means of  current algebra. 

Although we will also consider processes such as CP 

,1 Notation: gauge covariant derivative D .  and field-strength 
, 1 r -  tensor F~uv, dual tensor F/~z, = ~et~vodF°t.a, with eo123 = +1 

and Bjorken-Drell conventions for metric and ~/-matrices, 
topological charge [1] (g2/32,r2)fdaxF.F*, quark fields 
qk (or u, d, s,..) with flavour index k and mass parameters 
mk >O. 

violating meson decays and pion-nucleon couplings, 
our most interesting current algebra theorem concerns 
the electric dipole moment o f  the neutron, since it is 
here that a 0 dependent effect may be observable. 
When the up and down quark masses m u and m d are 
very small (but not zero), the contribution of  0 to the 
neutron electric dipole moment D n can be calculated 
exphcitly, with no undetermined parameters. Instead 
of  being proportional to m~ for small m u and m d , as 
one might expect, D n actually behaves as m 2 In m 2. 
The coefficient of  the logarithmically enhanced term 
is uniquely fixed by current algebra, as in similar 
examples [3] of  non-analytic deioendence on m 2. The 
logarithm comes from the p~r- intermediate states 
shown in fig. 1. 

2 2 Fig. 1. Mechamsm responsible for the 0 (m~r In mlt ) contribution 
to the electric dipole moment of the neutron. The dark blob 
indicates a CP violating ~NN interaction reduced by the param- 
eter 0. 

123 Crewther et al. (1979)

Exp:
EDM of Neutron

Strong CP problem:

Peccei-Quinn solution:

Introducing U(1)PQ: broken at fa
anomaly

Dynamical solution to strong CP problem
Peccei, Quinn

Baker et al. (hep-ex/0602020)

Dn < 2.9⇥ 10�26e cm ✓ . 10�10

Weinberg, Wilczek
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fa
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eGaµ⌫

Dn = 5.2⇥ 10�16✓ e cm



AXION DM
Light pseudo-Goldstone: Axion exists
Effective int.

Astrophysical constraints imply Recent review, Kim and 
Carosi (0807.3125)

Axion is long-lived

Coherent Oscillation of Axion can be cold dark matter,

Turner; KJB, Huh, Kim;  
Visinelli, Gondolo

Over Closure
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SUSY AXION MODEL
Peccei-Quinn symm. + SUSY

MSSM + axion sector (a. k. a. PQMSSM)

supersymmetrizing axion

a �! A =
1p
2
(s+ ia) +

p
2✓ã+ ✓2FA

(invisible) axion couplings
KSVZ:
DFSZ:

saxion/axino mass is generated by SUSY breaking

axion mass:

ms ⇠ mã ⇠ m3/2 Goto, Yamaguchi; Chun, Kim, Nilles; 
Chun, Lukas

expect

ma = 6 meV(109 GeV/(fa/N))



MU PROB. & NATURALNESS
mu-problem:

mu is SUSY conserving 
but should be          .

mu can be obtained from SUSY/PQ breaking:

W = hXNN +
f

MP
X3Y +

g

MP
XYHuHd

Μ"150

g!0.26 ΝPQ!9.26#1010GeV

g!0.52 ΝPQ!6.56#1010GeV

g!1.29 ΝPQ!4.16#1010GeV

g!0.56 ΝPQ!6.79#1010GeV

g!1.07 ΝPQ!4.87#1010GeV

g!2.54 ΝPQ!3.14#1010GeV
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!TeV"radiative PQSUSY

Murayama, Suzuki, Yanagida; Gherghetta, 
Kane; Choi, Chun, Kim;  KJB, Baer, Serce

DFSZ-type

m3/2 ⇠ O(TeV) hXi ⇠ hY i ⇠ fa ⇠ 1010 � 1011 GeV

µ =
gf2

a

MP
⇠ mZ ⌧ m3/2

“generating little hierarchy”

O(mZ)

m2
X driven to negative

Kim, Nilles

m2
Z/2 ' �µ2 �m2

Hu

U(1)PQ : (X,Y,N,Hu, Hd) = (1,�3,�1/2, 1, 1)



- Saxion/Axino component
- thermally produced: scattering and (inverse-)decay (“freeze-in”)

- unstable → decay into neutralinos

Non-thermal neutralino production!

DM IN SUSY AXION

KSVZ: Graf, Steffen; Covi, Kim, Kim, Roszkowski; 
Brandenburg, Steffen; Strumia; 

DFSZ: KJB, Choi, Im; Chun; KJB, Chun, Im; KJB, 
Baer, Chun

KSVZ: Choi, Kim, Lee, Seto; Baer, Lessa, Rajagopalan, 
Sreethawong; Baer, Kraml, Lessa, Sekmen

DFSZ: KJB, Chun, Im; KJB, Baer, Chun

Numerial Calculation: Baer, Lessa, Sreethawong; KJB, Baer, Lessa; KJB, Baer, 
Lessa, Serce

- Neutralino DM

- freeze-out at T~5-10 GeV
- stable under R-parity

- Axion DM

- coherent osc. at T~1 GeV
- long-lived τa>>tU

- determined by    :

⌦ah
2 ' 0.2 ✓2i

✓
fa/N

1012 GeV

◆1.18



NEUTRALINO/AXION DM

KJB, Baer, Barger, Savoy, Serce

Symmetry 2015, xx 14

Figure 6. In a) we plot the neutralino relic density from a scan over SUSY DFSZ parameter
space for the RNS benchmark case with ⇠ = 1. The grey dashed line shows the points where
DM consists of 50% axions and 50% neutralinos. The red BBN-forbidden points occur at
fa & 10

14 GeV and are covered over by the brown �Ne↵ > 1 coloration. In b), we plot the
misalignment angle ✓i needed to saturate the dark matter relic density ⌦ eZ1a

h2
= 0.12.

Figure 7. Range of fa which is allowed in each PQMSSM scenario for the RNS benchmark
models. Shaded regions indicate the range of fa where ✓i > 3.
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neutralino
axion

⇠s controls s ! aa

• mixed neutralino/axion DM for 

• PQ sector scan with natural 
SUSY spectrum

1011 GeV . fa . 1013 � 1014 GeV

O(0.1) & ✓i & O(1)



Symmetry 2015, xx 17

Figure 10. Plot of rescaled higgsino-like WIMP spin-independent direct detection rate
⇠�SI

(

eZ1p) versus m eZ1
from a scan over NUHM2 parameter space with �EW < 30 (green)

and 30 < �EW < 100 (blue). We also show the current reach from the LUX experiment and
projected reaches of Xe-1-ton, LZ(10) and Darwin.

NEUTRALINO DETECTION

Even for underabundant neutralino, most of natural neutralino 
region will be covered by future tonne-scale DM exp’s.

KJB, Baer, Barger, Savoy, Serce

⇠ ⌘ ⌦�h2

⌦DMh2



1012 GeV 1011 GeV 1010 GeV

from ADMX web

}

search for natural mu?

fa
N

AXION DETECTION
DM axion converts to 
photon in a magnetic field

3/53Gray Rybka – Mar. 2013

Axion Haloscope

You Want:
-Large Cavity Volume
-High Magnetic Field
-High Cavity Q

You Don't Want:
-High Thermal Noise
-High Amplifier Noise

Dark Matter Axions will convert
to photons in a magnetic field.

The measurement is enhanced if the
photon's frequency corresponds to 

the cavity's resonant frequency.

See: Sikivie, Phys. Rev. Lett. 1983 

• Natural axion CDM 

will be covered in 4 yrs

• may need further 
search for 
fa ⇠

p
µMP ⇠ 1010 � 1011 GeV

✓i ⇠ O(1)



SUMMARY
SUSY solves gauge hierarchy problem and provides a DM 
candidate: weak scale neutralino.

DM exp’s and LHC constrains natural neutralino scenarios if 
neutralino is 100% DM.

SUSY axion model solves gauge hierarchy, strong CP and mu 
problem.

SUSY axion model naturally explains DM with light Higgsino 
and axion.

Favored parameter region of light Higgsino and axion DM will 
be tested in the near future.


