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HIGGS & DM
- Higgs boson is discovered

All SM is discovered 

If SM is valid up to MP or MGUT, what determines weak scale?
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⇤2 + · · ·

- Dark Matter Existence

Cosmological & astrophysical evidence for DM

(26.8% of energy density of the Universe)

cold & non-baryonic new physics particle(s)?
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208 Implications of the MSSM

Figure 9.7 Evolution of gaugino masses, Higgs boson mass parameters, and first
generation scalar mass parameters, versus energy scale in the mSUGRA model.
For the scalars, we actually plot sign (m2) ·

√
|m2|, so that the negative values on

the dashed Hu curve correspond to negative values of m2
Hu

. We use two-loop RGEs
for this figure.

have just electroweak interactions, evolve much less than squarks, with mẽR evolving
less than mẽL because the SU (2) gauge coupling is larger than the hypercharge gauge
coupling. We can see from the RGEs that the sfermion mass evolution depends on
the gaugino masses which, in turn, are all proportional to m1/2. Thus, if m0 ≫ m1/2

most of the mass at the weak scale comes from m0, and the sfermions will be
approximately degenerate and much heavier than the gluino. If, on the other hand,
m1/2 ≫ m0 as in our illustration, radiative corrections to the sfermion masses are
large, and sleptons will be much lighter than the squarks, with the right selectron
being the lightest of the first generation matter scalars. These important features of
the soft SUSY breaking masses of the first two sfermion generations are captured
by the following simple approximations to the soft terms:

m2
q̃ ≃ m2

0 + (5 − 6)m2
1/2, (9.19a)

m2
ẽL

≃ m2
0 + 0.5m2

1/2, (9.19b)

m2
ẽR

≃ m2
0 + 0.15m2

1/2, (9.19c)

where D-term contributions given by (8.64) have been neglected for simplicity.
Notice that these relations (together with the relation between M3 and m1/2) imply
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EXPERIMENTAL TEST



Upper limit for       is getting smaller 

Figure 1. Results on spin-independent (scalar) WIMP-nucleon interactions as derived from direct detection experiments. The results
from DAMA/LIBRA [16, 21] and CDMS-Si [19] (closed contours, see text), which could be interpreted as being induced by interactions
of light-mass WIMP dark matter, are challenged by the exclusion limits (at 90% CL, lines) from many other experiments. The parameter
space is currently dominated by the dual-phase liquid xenon time projection chambers (TPCs) XENON100 [11] and LUX [12]. Some
results discussed in the text are not plotted to increase the readability of the plot.

3 Status direct WIMP Searches

In this Section we present the current status of direct
searches for WIMP dark matter. The discussion is sep-
arated into spin-independent (scalar) and spin-dependent
(axial-vector) interactions. No convincing sign of WIMP
dark matter has been observed so far.

3.1 Spin-independent Interactions

The current situation concerning spin-independent WIMP-
nucleon interactions is summarized in Figure 1. The
most sensitive exclusion limits from 6 GeV/c2 up to
>10 TeV/c2 still come from the liquid xenon experiments
XENON100 [11] and LUX [12]. At lower WIMP masses,
the best limits are new results from SuperCDMS (3.5–
6 GeV/c2) [13] and CRESST-II (below 3.5 GeV/c2) [14].
A few more competitive results from new players in the
field have been added as well and will be discussed be-
low, however, the most striking di↵erence compared to the
status of 2013 [15] is that the number of “anomalies” has
been reduced.

Out of the previously reported four anomalies from
DAMA/LIBRA [16], CoGeNT [17], CRESST-II [18]
and CDMS-Si (silicon detectors of the CDMS-II exper-
iment) [19], which could all be interpreted as possible
hints for the detection of WIMPs with masses around
10 GeV/c2, only DAMA/LIBRA and CDMS-Si remain.

Low-mass region, scintillators and cryogenic detectors

The DAMA/LIBRA experiment running at the Gran Sasso
National Laboratory (LNGS) in Italy searches for a dark
matter-induced annual modulation [20] of the background
rate in a massive high-purity NaI(Tl) scintillator target.
The collaboration observed such a signal over now 14 an-
nual cycles at 9.3� significance, exploiting a cumula-
tive exposure of 1.33 t⇥ y [16]. The measured phase is
is agreement with the expectation of a standard galac-
tic WIMP halo. If this observation is interpreted as be-
ing due to WIMP scatters [21], it leads to two preferred
regions in the spin-independent parameter space, around
10 GeV/c2 and 70 GeV/c2 for interactions with Na or I,
respectively. Even though the NaI-crystals are of unprece-
dented radio-purity, the DAMA/LIBRA background is sig-
nificantly higher compared to other experiments, and there
is no discrimination between ER and NR signals.

The preferred region derived from data taken with
the silicon detectors of the CDMS-II experiment [19],
acquired 2007/8 at the Soudan mine (USA), also cov-
ers low WIMP masses, however, at considerably lower
cross sections compared to DAMA/LIBRA. Three events
were observed in this measurement, with an expectation
of ⇠0.5 background events for the 140 kg⇥d exposure. A
profile likelihood analysis yields only a small probabil-
ity of 0.2% for the background-only hypothesis and ob-
tains the highest likelihood for a 8.6 GeV/c2 WIMP at
�

n

= 1.9 ⇥ 10�41 cm2. Both hints for a WIMP signal are
in conflict with various other results.

arXiv:1501.01200



Bino-Higgsino neutralino is in the corner
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Scale of “weak scale SUSY” is getting higher
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Figure 8. Exclusion limits for mSUGRA/CMSSM models with tan β = 30, A0 = −2m0 and µ > 0

presented (left) in the (m0, m1/2)-plane and (right) in the (mg̃,mq̃)-plane. Exclusion limits are obtained

by using the signal region with the best expected sensitivity at each point. The blue dashed lines show the

expected limits at 95% CL, with the light (yellow) bands indicating the 1σ excursions due to experimental

and background-only theory uncertainties. Observed limits are indicated by medium dark (maroon) curves,

where the solid contour represents the nominal limit, and the dotted lines are obtained by varying the signal

cross-section by the renormalisation and factorisation scale and PDF uncertainties.
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Figure 9. Exclusion limits for a simplified phenomenological MSSM scenario with only strong production

of gluinos and first- and second-generation squarks (of common mass), with direct decays to quarks and

lightest neutralinos. Three values of the lightest neutralino mass are considered: mχ̃0
1
= 0, 395 GeV and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at

each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating

the 1σ experimental and background-only theory uncertainties on the mχ̃0
1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the mχ̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the renormalisation and factorisation scale and PDF uncertainties. Previous results

for mχ̃0
1
= 0 from ATLAS at 7 TeV [16] are represented by the shaded (light blue) area. Results at 7 TeV

are valid for squark or gluino masses below 2000 GeV, the mass range studied for that analysis.
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Natural EWSB

Natural EWSB requires 

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

Higgsino is generally underabundant



Underabundant higgsino

Symmetry 2015, xx 10

Figure 3. Plot of standard thermal neutralino abundance ⌦std
eZ1
h2 versus m eZ1

from a scan over
NUHM2 parameter space with �EW < 30 (green stars) and �EW < 100 (blue crosses). We
also show the central value of ⌦CDMh

2 from WMAP9.

⌦ eZ1
h2 approaches the measured value for m eZ1

⇠ 600 GeV, where the eZ1 is already frequently a mixed
bino-higgsino particle.

Naively, one might expect natural SUSY to be ruled out as being incapable of generating a sufficiently
large relic density of WIMPs. However, naturalness in both EW and QCD sectors implies the presence
of two dark matter particles: the WIMP and the axion. Axions are expected to be produced dominantly
via the non-thermal Bosonic Coherent Motion (BCM) [47,54] yielding

⌦

std
a h2 ' 0.23f(✓i)✓

2
i

✓
fa/NDW

10

12
GeV

◆7/6

(17)

where ✓i is the initial axion mis-alignment angle, fa is the axion decay constant and NDW is the
domain-wall number. Also, f(✓i) accounts for anharmonicity effects. By proper choice of fa and ✓i,
BCM-produced axions can always account for the measured CDM abundance.1

However, as mentioned previously, the axion superfield also contains a spin-1/2 axino ã and a spin-0
saxion s. In SUGRA, one expects ms ⇠ m3/2 while the axino mass is more model-dependent but
generally one expects also mã ⇠ m3/2 [57]. The DFSZ axinos can be produced thermally in the early
universe at a rate / f�2

a and largely independent of the re-heat temperature TR [58] (in the SUSY KSVZ
model, then axino thermal production is proportional to TR). Once axinos are produced, they undergo

1 Here, we impicitly assume that PQ symmetry is broken before the end of inflation so that topological defects and archioles
do not contribute to the ultimate axion relic density[55,56].



Extension for DM

- another DM component(s)?

introducing new symm. new (quasi-)stable particle

- non-thermal production for WIMP?

long-lived heavy particle decay into neutralino

- Super WIMP?

neutralino is NLSP decay into LSP (swimp)

e.g. gravitino LSP



AXION

- Solution to the strong CP problem

- Introducing U(1)PQ: broken at fa>109 GeV

- Axion is pseudo-Nambu-Goldstone boson

- SUSY partners: axino/saxion
long-lived: Tdec~MeV - TeV

Le↵ � g2s
32⇡2

✓
a

fa
+ ✓̄

◆
Ga

µ⌫
eGaµ⌫

We will consider SUSY axion model!
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SUSY DFSZ AXION MODEL



MODEL
- PQ breaking sector:

W = Z(XY � f2
0 )

: flat direction in SUSY limit axion mode!

SUSY VEV:

- SUSY breaking (gravity mediation)

A =
1p
2
(s+ ia) +

p
2ã+ ✓2FA

ms ⇠ m3/2

mã ⇠ hZi ⇠ hFX/Xi ⇠ hFY /Y i ⇠ m3/2



- Kim-Nilles solution of mu in DFSZ 

µ = �
hXi2

MP
=

�f2
0

MP
⇠ 100 GeV, for f0 ⇠ 10

10
GeV

- Interaction with MSSM

W � �
X2

MP
HuHd

Z
d2✓µe�2A/faHuHd A

Hu

Hd

axion mass:



DARK MATTER



Dark Matter:

- Axion DM

- bosonic coherent motion at T~1 GeV

- Saxion/Axino components
- thermally produced: scattering and (inverse-)decay (“freeze-in”)
- unstable → decay into neutralinos

m
soft

< mã,s < m
3/2

- Neutralino DM

- thermal freeze-out at T~5-10 GeV
- stable (assuming R-parity)

solving the coupled Boltzmann equations!

- quasi-stable τ>>tU

- determined by    :

Tdec~MeV - TeV



BOLTZMANN EQ.
- Neutralino density:

scattering



BOLTZMANN EQ.
- Neutralino density:

scattering heavy particle decay/inverse decay
into/from neutralino



BOLTZMANN EQ.
- Neutralino density:

- For decaying particles, we need to know 

scattering

heavy particle decay/inverse decay
into/from

                decay/inverse decay
into/from light particles

scattering heavy particle decay/inverse decay
into/from neutralino



BOLTZMANN EQ.
- Neutralino density:

- For decaying particles, we need to know 

scattering

heavy particle decay/inverse decay
into/from

                decay/inverse decay
into/from light particles

scattering heavy particle decay/inverse decay
into/from neutralino

- need to know             to determine production/decay of axino/saxion



DFSZ model

- Effective interaction:

H

W̃

H̃

ã

H

H

W̃

H̃

s

H̃

- scattering cross section
 KJB, Choi, Im; KJB, 

Chun, Im

No TR dependence!

- saxion coherent oscillation also exists
⇢CO
s

s
' 1.9⇥ 10�5 GeV

✓
min [TR, Ts]

108 GeV

◆✓
fa

1012 GeV

◆2 ✓ s0
fa

◆2



- Decay

Interactions via Higgs sector:

AHH trilinear int.

DFSZ model (cont.)

tree-level decay
decay into all SM & partnersmixing with higgs & higgsino

augmented neutralino DM

From Kähler potential

K = K(A+A†)

contributes to dark radiation / neutralino

⇠s
fa

s(@µa@
µa+ i¯̃a�µ@µã)



Axino/Saxion decay before freeze-out
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Axino/Saxion decay after freeze-out

fa = 1014 GeV



Result: DFSZ

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 SEARCH

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.



SUMMARY
• Natural EWSB implies underabundant Higgsino-like DM.

• SUSY axion model provide 2 DM as well as thermal and 
non-thermal production of DM. DFSZ model contains Kim-
Nilles solution.

• To obtain precise DM density, extended Boltzmann eqs. are 
considered. As their ingredients,           are calculated.

•                                  is favored in mixed neutralino/axion 
DM scenario. (similar region can be covered by future axion 
searches.) 

• Higgsino-like DM can be detected ton-scale experiment.

1011 GeV . fa . 1014 GeV


