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WIMP DM シナリオ

LHCで何かNew Physics が見えると期待する理由
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WIMP DM シナリオ

LHCで何かNew Physics が見えると期待する理由
Naturalness, g-2 (浜口さんのトーク)

�DMh2 � 0.1
�

1 pb
��v�

�
� 0.1

�
(20 TeV)�2

��v�

�

WIMP DM という観点からSUSYパラメータ
領域を見直してみる(CMSSM & AMSB)

他の (Gravitinoとか) は今回とりあえず考えない

�DMh2 = 0.1199± 0.0027PLANCK :
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Well-tempered

A-pole (funnel)

Stau coannihilation

Stop coannihilation

Large Bino-Higgsino mixing

�̃�̃�W+W�

�̃�̃� A0 � ff̄

Resonance via CP-odd Higgs

m�̃ � m�̃Stauとして消える

Light-bino 非常に軽いBino 既にexcluded

Stopとして消える m�̃ � mt̃

Bino-like neutralino は対消滅断面積が小さいので
(helicity suppression)、何らかのメカニズムが必要
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Figure 11: The (m1/2, m0) planes for mSUGRA with (a) tan β = 10, µ > 0, (b)
tanβ = 10, µ < 0, (c) tan β = 35, µ < 0, and (d) tanβ = 50, µ > 0. In each panel, the
region allowed by the older cosmological constraint 0.1 ≤ Ωχh2 ≤ 0.3 has cyan shading,
and the region allowed by the newer cosmological constraint 0.094 ≤ Ωχh2 ≤ 0.129
has dark blue shading. For more details, see Ref. [217].

A recent study of mSUGRA parameter space in light of the WMAP mea-
surement of the dark matter relic density can be found in Ref. [217]. We show in
Fig. 11 and Fig. 12 the regions of the (m1/2, m0) plane consistent with CMB and
accelerator data. It is worth mentioning that neutralino models with relic den-
sities lower than the WMAP measurement are not ruled out, although evidently
they cannot make up all the dark matter.

In addition to constraints on models in mSUGRA which come from the
WMAP measurements, strong constraints can also be placed by collider data.
In particular, constraints arise from the absence of new particles at LEP below
≈ 100 GeV and the agreement of b → sγ decays with predictions of the Standard
Model. Measurements of the anomalous magnetic momentum of the muon, gµ−
2, also provide a possible constraint. These constraints have been studied in the

43

ちょっと
昔の絵

Ellis, Olive, Santoso, Spanos (2003)

Light Bino

水色の領域が
DMを説明
出来るところ

Stau
coann.

A-Pole

Well
tempered

Stau LSP
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Figure 2: The CMSSM (m1/2,m0) planes for µ > 0, with tan � = 10 (left) and 40 (right),
A0 = 0 (upper) and A0 = 2.5m0 (lower), as calculated for mt = 173.2 GeV using the latest
version of the SSARD code [38]. The interpretations of the shadings and contour colours are
described in the text.

end of the coannihilation strip close to the ⌧̃1 LSP boundary 4, and is incompatible with a
supersymmetric resolution of the gµ � 2 discrepancy. The Bs ! µ+µ� constraint has no

4We recall that the focus-point strip is excluded by the XENON100 upper limit on spin-independent dark
matter scattering.

7

最近の状況(CMSSM) Ellis, Luo, Olive, Sandick, 1212.4476

ATLA
S

Stau LSP

Stop LSP

この辺とか

何か結構狭くなったように見えますが...
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最近の状況 (NUHM) Ellis, Luo, Olive, Sandick, 1212.4476
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Figure 5: The NUHM1 (m1/2,m0) planes for µ > 0, µ = 500 GeV, tan � = 10 and
A0 = 2.5m0 (left) and tan � = 40 and A0 = 2.0m0 (right). The interpretations of the
shading and contour colours are described in the text.

the LSP and, as result, an increased annihilation cross section. This results in the relatively
thick vertical strips seen at m1/2 ⇠ 1200 GeV in both panels, again comfortably consistent
with the LHC MET searches, where the transition towards a Higgsino-like LSP causes the
relic density to fall into the range favoured by WMAP. At still larger m1/2, the relic � density
is too small, but this region is not excluded if there is another dark matter candidate.

For the fixed parameter choices in Fig. 5, this transition strip lies beyond the current
LHC MET search. In this case, it is possible to obtain a Higgs mass in excess of 125 GeV
even for tan � = 10, and much of the transition strip lies in excess of Mh = 126 when
tan � = 40. As seen from the contours showing the branching ratio of Bs ! µ+µ�, this
region is also compatible with the recent LHCb result.

There are of course many possible slices that one can make through the NUHM1 param-
eter space, and we only show a few of the more interesting ones here. In Fig. 6, we show
examples of (µ,m1/2) planes with fixed m0 = 1000 GeV and A0 = 2.5m0, tan � = 10 on
the left and tan � = 30 on the right. In both panels there is a brown shaded region at low
m1/2 and small |µ| corresponding to a stop LSP (or even a tachyonic stop). Just above the
shaded region, there is a thin strip where the relic density falls in the WMAP range due
to stop co-annihilations. However, if it is not excluded by b ! s�, the value of Mh is too
low. Jutting out from this region, are two antenna-like strips with m1/2

>⇠ 800 GeV and
hence compatible with the LHC MET constraint, which correspond again to the transition
between bino and Higgsino-like LSPs we met in the previous figure. In the region between
the two antennae, the relic density is too small. For tan � = 10, Mh is in excess of 124 GeV,
and for tan � = 30, it is in excess of 125 GeV. For tan � = 30, the brown shaded regions at

11

NUHM : m2
Hu

= m2
Hd
�= m2

0

まだまだOKという気も。

No EWSB

Stau LSP
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FIG. 2.3: A map of the full CMSSM projected into the sign(µ)�M0 versus sign(A0)�M0 plane.

The SM-like Higgs boson mass and dark matter relic density are constrained to their measured

values. No LHC or direct detection bounds have been applied. The regions are demarcated by

their dominant dark matter annihilation channel: light ⇤ [grey; circles], well-tempered [green; right

pointing triangles], stau-coannihilation [blue; upward pointing triangles], A0-pole annihilation [red;

left pointing triangles], stop-coannihilation [yellow; downward pointing triangles].
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FIG. 2.4: A map of the full CMSSM projected into the sign(µ)� tan� versus A0/M0 plane. See

the caption of Fig. 2.3 for details.
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FIG. 4.2.3: The spin independent direct detection cross section versus LSP mass for points in the

well-tempered region. Each plot only includes points from the corresponding quadrant. The solid

line gives the current bound from XENON100 [81] and the dashed line is a projected limit for a

ton scale Xenon experiment [75].

The most e↵ective way to discover or exclude this region is through direct detection. As

shown in Fig. 4.2.3, the ton scale limits on spin independent scattering will cover most well-

tempered models. Multi-ton scale direct detection should have sensitivity to this remaining

sliver of parameter space. Even accounting for the uncertainty in the nucleon form factor, the

well-tempered region is probable utilizing near-term direct detection proposed experiments.
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FIG. 4.2.2: The squark mass versus gluino mass plane for points in the well-tempered region. Each

plot only includes points from the corresponding quadrant. Also plotted are contours corresponding

to 10 squark and/or gluino events for 30 fb�1 integrated luminosity at
p
s = 8 TeV [solid], 300 fb�1

integrated luminosity at
p
s = 13 TeV [dashed], and 300 fb�1 integrated luminosity at

p
s =

33 TeV [dotted].

squark masses tend to be larger than the gluino mass because larger values ofM
0

are required

in order to achieve a Higgs boson mass of 125 GeV. The squarks in these models will lie

outside the range of the 13 TeV LHC. Only a small range of these models will be testable

at colliders through the direct production of gluinos.

Well-tempered

XENON100

Future ton-scale
XENON

�
s = 8TeV, 30 fb�1

�
s = 13TeV, 300 fb�1

�
s = 33TeV, 300 fb�1

10 squark/gluino
events at LHC with:

A0 < 0, µ > 0 A0 < 0, µ > 0

将来の直接検出で
ほとんどカバー
出来る

Pure higgsino limitで DM mass ~ 1TeV

かなり重い領域まである

13年5月25日土曜日



A0-Pole
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Future ton-scale
XENON

�
s = 8TeV, 30 fb�1

�
s = 13TeV, 300 fb�1

�
s = 33TeV, 300 fb�1

10 squark/gluino
events at LHC with:

A0 < 0, µ > 0 A0 < 0, µ > 0
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FIG. 4.3.2: The squark mass versus gluino mass plane for points in the A0-pole annihilation

region. Each plot only includes points from the corresponding quadrant. Also plotted are contours

corresponding to 10 squark and/or gluino events for 30 fb�1 integrated luminosity at
p
s = 8 TeV

[solid], 300 fb�1 integrated luminosity at
p
s = 13 TeV [dashed], and 300 fb�1 integrated luminosity

at
p
s = 33 TeV [dotted].

which extends to low values of �
SI

in the 2nd quadrant of Fig. 4.3.3 is determined by the

exact classification scheme employed in this paper (see Sec. 2 for details).

In order to probe the remaining models, another class of experiment is necessary. One

promising avenue is indirect direct detection. In particular, searches for continuum �-rays
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FIG. 4.3.3: The spin independent direct detection cross section versus LSP mass for points in the

A0-pole region. Each plot only includes points from the corresponding quadrant. The solid line

gives the current bound from XENON100 [81] and the dashed line is a projected limit for a ton

scale Xenon experiment [75].

from the annihilations of dark matter could be sensitive to these models in the future. The

relic density in this region is determined by annihilation to bottom quarks. Annihilations

today through this channel could be observable. The range of annihilation cross sections

which result are plotted in Fig. 4.3.4. Once the b b pairs are produced, they decay into a

hadronic shower which produces a continuum of photons. These photons can be searched

for by experiments, e.g. the Fermi LAT. In particular, a limit derived by stacking the results

そこそこのbino-higgsino mixingは必要  DM mass ~ 3TeVでもOK

直接検出は比較的大きめ

13年5月25日土曜日



Stau coannihilation

XENON100

Future ton-scale
XENON

�
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�
s = 13TeV, 300 fb�1

A0 < 0, µ > 0 A0 < 0, µ > 0

38

Stau Coannihilation

Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú

Ú

Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú

Ú

Ú
Ú
Ú
Ú

Ú

Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú

Ú
Ú

Ú

Ú
Ú
Ú

Ú

Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú

Ú
Ú
Ú
Ú
Ú

Ú

Ú
Ú
Ú
Ú
Ú

Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú

Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú
Ú
Ú
Ú

Ú
Ú
Ú Ú
Ú Ú
Ú
Ú
Ú Ú

Ú

1

2

3

4

5

0 1 2 3 4 5 6

A0 < 0 and m > 0

m
qé
@TeV

D
mgé @TeVD

ÚÚ

0 1 2 3 4 5 6

1

2

3

4

5

A0 > 0 and m > 0

mgé @TeVD
m
q é@TeVD

Ú Ú
Ú Ú
Ú Ú
Ú Ú
Ú Ú

0 1 2 3 4 5 6

1

2

3

4

5

mgé @TeVD

m
qé
@TeV

D

A0 < 0 and m < 0

0 1 2 3 4 5 6

1

2

3

4

5

mgé @TeVD

A0 > 0 and m < 0

m
q é@TeVD

FIG. 4.4.2: The squark mass versus gluino mass plane for points in the stau coannihilation

region. Each plot only includes points from the corresponding quadrant. Also plotted are contours

corresponding to 10 squark and/or gluino events for 30 fb�1 integrated luminosity at
p
s = 8 TeV

[solid] and 300 fb�1 integrated luminosity at
p
s = 13 TeV [dashed].

given in the following discussion and the variety of LHC phenomenology that can result is

presented.
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FIG. 4.4.3: The spin independent direct detection cross section versus LSP mass for points in the

stau coannihilation region. Each plot only includes points from the corresponding quadrant. The

solid line gives the current bound from XENON100 [81] and the dashed line is a projected limit

for a ton scale Xenon experiment [75].

M0もM1/2も割と小さいので
LHC 的には比較的見易い

Direct detection は
厳しい

13年5月25日土曜日



Benchmark point (stau coann.) 1
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4.4.1. Benchmark 4.1

Input parameters

M0 M 1
2

A0 tan� sign(µ) |µ| sign(Bµ)
⇤

|Bµ|

765.97 900. -2882.83 28.3588 1 1736.46 31794.6

Low energy spectrum

mg̃ mq̃ mt̃1 m⇥̃1 m⇤ m⇤±
1

mh mA ⇥h2 ⇤SI [pb] �v ��

1990 1950 988 389 386 736 125 1580 0.103 2.21⇥ 10�11 1400 160

TABLE 4.4.1: Stau coannihilation benchmark with a promptly decaying stau. Dimensionful

values are in GeV unless otherwise stated.

The first stau coannihilation benchmark features a promptly decaying stau; the mass

splitting between the lightest stau and the LSP is m⇥̃1 �m⇤ = 3.36 GeV so that the decay

�� ⇤ � ⇥ can proceed on-shell. However, given that this splitting is small, the resulting �

will be very soft and essentially invisible at the LHC. In practice, any ��1 which is produced

results in /ET .

In principle one would like a direct confirmation that the stau and LSP were degenerate

in order to determine that the stau coannihilation was the dominant process for determining

the relic density. The cleanest channel would be through direct stau production. At the

13 TeV this process has a 0.55 fb cross section. However, since the stau decays only produce

/ET , this would be essentially impossible to distinguish from the background.

Another avenue would be to produce staus in the decays of neutralinos and charginos.

The electroweakinos are nearly pure with the following spectrum

�B ⇥W �H ⇥W �H

⇥0
1 ⇥0

2 ⇥0
3 ⇥0

4 ⇥±
1 ⇥±

2

m [GeV] 386 736 1690 1700 736 1700

(47)

The degeneracy between ��1 and the LSP is driven by the presence of a large A-term for

the stau at low energies. Therefore, the stau is the only slepton with a mass below the

lightest chargino; the other sleptons have masses between 800-900 GeV. This impacts the

�(pp� �̃0
2�̃
±
1 ) = 2.3 fb @ 13 TeV

�(pp� q̃q̃) = 6.0 fb @ 13 TeV

ũL � d�̃+
1 , �̃+

1 � �̃+��

m�̃ �m�̃ = 3.36 GeV �̃ � (soft) � + �̃

�̃0
2 � �̃±��, �̃+

1 � �̃+�� : Challenging

13年5月25日土曜日



Benchmark point (stau coann.) 2
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4.4.2. Benchmark 4.2

Input parameters

M
0

M 1
2

A
0

tan� sign(µ) |µ| p
Bµ

259.515 900.862 -2296.71 9.23077 -1 1555.68 8702.87

Low energy spectrum

mg̃ mq̃ m
˜t1

m⌧̃1 m� m�±
1

mh mA ⌦h2 �
SI

[pb] �v �
⌦

1980 1820 1070 384 384 732 122 1680 0.116 1.52⇥ 10�14 1300 33

TABLE 4.4.2: Stau coannihilation benchmark with a long lived stau. Dimensionful values are in

GeV unless otherwise stated.

This stau coannihilation benchmark features a long lived stau; the mass splitting between

the lightest stau and the LSP is m⌧̃1 �m� = 0.28 GeV. The stau lifetime will be O(10�2 s)

[44]. It is stable on detector time scales and will manifest as a CHArged Massive Particle

(CHAMP).

Using 7 TeV data, ATLAS has already placed bound of m⌧̃1
<⇠ 280 GeV on the direct

production of long lived staus [95]. At the 13 TeV LHC,

�(p p ! e⌧+
1

e⌧�
1

) = 0.59 fb. (62)

Since these particles are CHAMPs it should only require a handful of event to discover them.

Decays involving the staus and the tau-sneutrinos are particularly relevant for LHC

searches. Their masses are

e⌧±
1

e⌧±
2

e⌫⌧
m [GeV] 384 644 638

(63)

The electroweakinos are very pure:

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 384 732 1580 1580 732 1580

(64)

Given that the LSP is very nearly pure bino, direct detection is too small to be observed.

The winos will play an interesting role in the potential collider signatures.

: Long-lived stau (lifetime ~ 0.01s)m�̃ �m�̃ = 0.28 GeV

�(pp� �̃+�̃�) = 0.59 fb @ 13 TeV

�(pp� �̃± + j + X) = 1.4 fb @ 13 TeV

ũL � d�̃+
1 , �̃+

1 � �̃+��Eg)
13年5月25日土曜日



Stop coannihilation

XENON100

Future ton-scale
XENON�

s = 8TeV, 30 fb�1

�
s = 13TeV, 300 fb�1

�
s = 33TeV, 300 fb�1

直接検出は
絶望的

基本大体重い
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FIG. 4.5.2: The squark mass versus gluino mass plane for points in the stop coannihilation region.

Also plotted are contours corresponding to 10 squark and/or gluino events for 30 fb�1 integrated

luminosity at
p
s = 8 TeV [solid], 300 fb�1 integrated luminosity at

p
s = 13 TeV [dashed], and

300 fb�1 integrated luminosity at
p
s = 33 TeV [dotted].

like. Hence, the tree-level direct detection cross sections can be very small, as shown in

Fig. 4.5.3. However, since the low energy A-terms are large, there is a 1-loop diagram which

can possibly bring many of these points into reach. Loop corrections to direct detection are

discussed in more detail in Sec. 4 4.5.
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FIG. 4.5.3: The leading-order spin independent direct detection cross section versus LSP mass for

points in the stop coannihilation region. Each plot only includes points from the corresponding

quadrant. The solid line gives the current bound from XENON100 [81] and the dashed line is a

projected limit for a ton scale Xenon experiment [75]. Loop corrections could significantly alter

these results.

4.5.1. Large 1-Loop Contributions to Direct Detection

Figure 4.5.3 contains many examples of models with direct detection cross sections which

are far too low to ever be discovered. This behavior results because the LSP is approaching

the limit of pure bino. In this limit, the µ term is becoming heavy which implies that the

A0 < 0, µ < 0 A0 < 0, µ < 0

13年5月25日土曜日
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4.5.3. Benchmark 5.1

Input parameters

M0 M 1
2

A0 tan� sign(µ) |µ|
⌥
Bµ

2666.67 933.333 -6444. 8.52015 -1 2794.86 18094.8

Low energy spectrum

mg̃ mq̃ mt̃1 m⇥̃1 m⇤ m⇤±
1

mh mA ⇥h2 ⇤SI [pb] �v ��

2170 3200 446 2640 411 791 124 3880 0.116 2.06� 10�13 4500 800

TABLE 4.5.1: Stop coannihilation benchmark. Dimensionful values are in GeV unless otherwise

stated.

This is benchmark provides an example of a point in the stop coannihilation region that

is observable at the 13 TeV LHC. The electroweakinos are nearly pure with masses and

orderings given by

⇧B ⌃W ⇧H ⌃W ⇧H

⇥0
1 ⇥0

2 ⇥0
3 ⇥0

4 ⇥±
1 ⇥±

2

m [GeV] 411 791 2830 2830 791 2840

(78)

The squark spectrum is

⇧q ⇧dc3 ⇧q3 ⇧uc
3

m [TeV] 3.2 3.1 0.45 2.3
(79)

The lightest stop decays are

⇧t1 ⇥

�
⌅⇤

⌅⇥

c⇥0
1 69%

b (W+)⇥ ⇥0
1 31%

(80)

The gluinos decay to one final state:

⇧g ⇥ t⇧t1 + c.c. 100% (81)

The production largest cross section is for ⇧t1 pair production. At 13 TeV

�(p p ⇥ ⇧t1 ⇧t1) = 0.96 pb. (82)

Benchmark point (stop coann.)

51

4.5.3. Benchmark 5.1

Input parameters

M
0

M 1
2

A
0

tan� sign(µ) |µ| p
Bµ

2666.67 933.333 -6444. 8.52015 -1 2794.86 18094.8

Low energy spectrum

mg̃ mq̃ m
˜t1

m⌧̃1 m� m�±
1

mh mA ⌦h2 �
SI

[pb] �v �
⌦

2170 3200 446 2640 411 791 124 3880 0.116 2.06⇥ 10�13 4500 800

TABLE 4.5.1: Stop coannihilation benchmark. Dimensionful values are in GeV unless otherwise

stated.

This is benchmark provides an example of a point in the stop coannihilation region that

is observable at the 13 TeV LHC. The electroweakinos are nearly pure with masses and

orderings given by

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 411 791 2830 2830 791 2840

(78)

The squark spectrum is

eq edc
3

eq
3

euc
3

m [TeV] 3.2 3.1 0.45 2.3
(79)

The lightest stop decays are

et
1

!

8
><

>:

c�0

1

69%

b (W+)⇤ �0

1

31%
(80)

The gluinos decay to one final state:

eg ! tet
1

+ c.c. 100% (81)

The production largest cross section is for et
1

pair production. At 13 TeV

�(p p ! et
1

et
1

) = 0.96 pb. (82)

�(pp� t̃t̃) = 0.96pb@13TeV

しかし...

�(pp� g̃g̃) = 0.23fb@13TeV

�(pp� ttEmiss) = 0.22fb@13TeV

g̃ � t̄t̃
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Parameter LHC 直接検出

Well
tempered

△
Ton scale で
大体カバー

A0-Pole △
Ton scale で
結構カバー

Stau
coann. ○ 難

Stop
coann. △ 難

mB̃ � mA/2

mB̃ � m�̃

mB̃ � mt̃

mB̃ � µ

m�̃0 = 0.3� 1TeV

m�̃0 = 0.5� 3TeV

m�̃0 = 0.3� 1TeV

m�̃0 = 0.5� 1.5TeV

DM-CMSSM まとめ
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AMSB
(Pure-gravity mediation)
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Sfermion ~ O(100)TeV
mB̃ : mW̃ : mg̃ � 3 : 1 : 8Gaugino ~ O(1)TeV (AMSB)

Wino LSP

Thermal relic とすると mW̃ � 2.7 TeV
Hisano, Matsumoto, Nagai, Saito, Senami (2007)

絶望

非熱的に作れば mW̃ � 300 GeVぐらいでOK
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Figure 1: Gaugino masses as a function of N5ε for m3/2 = 100TeV (left) and m3/2 =
300TeV (right). We have taken all scalar masses, as well as the higgsino masses, to be
equal to m3/2.

We assume c1m2
φ < 0. The minimum of the potential is found to be#5

v2n−2
1 ≡ 〈|Φ1|〉2n−2 $

(

−c1m
2
φ +

(n− 2)2

n2
m2

3/2

)

M2n−4

n
,

v2 ≡ 〈|Φ2|〉 $ v1
(n− 2)m3/2

n3/2
(

−c1m2
φ +

(n−2)2

n2 m2
3/2

)1/2
.

(12)

Here we have assumed |c2m2
φ| & |c1m2

φ| for simplicity. For n = 3, for example, v1 ∼
√

mφM and it is O(1012GeV) for mφ ∼ 100TeV and M ∼ MP , hence desirable PQ scale
is obtained. At this minimum, Φ1 obtains a F -term as

FΦ1 = −
2

n
m3/2v1. (13)

Therefore, it affects the gaugino masses as in (9) with ε = 2/n. These examples show that
modification on the gaugino masses in the SUSY axion model is a generic feature, if the
gaugino masses are mainly given by AMSB contribution.

Let us briefly discuss cosmological aspects of the PQ models. In both models, the
axino mass (mã) is comparable to the gravitino mass and hence it is much heavier than
gauginos. The axino decay rate into gluino and gluon is given by [17]

Γ(ã → g̃ + g) =
α2
3

16π3

m3
ã

f 2
a

(

1−
m2

g̃

m2
ã

)3

. (14)

#5 Again, although the overall phase of Φn
1Φ2 is fixed by minimizing the potential, the relative phase

between Φ1 and Φ2, corresponding to the axion, remains undetermined. Here we choose real and positive
〈Φ1〉 without loss of generality.

4

この位なら...？

ちなみにgluino mass

は結構下げられる
KN, T.Yanagida, 1302.3332
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Lower bound on Wino DM mass
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Figure 6: Constraints and future prospects of indirect detection experiments of dark

matter. Theoretical prediction of the neutral wino dark matter is also shown.

one) above the constraint in order to take the uncertainties into account. It can be

seen that the neutral wino should be, at least, heavier than 300GeV.

Another interesting indirect detection is the PAMELA experiment observing the

cosmic-ray p̄ (anti-proton) flux [43]. Current constraint on the dark matter from the

experiment is also shown in Fig. 6 as a blue-shaded region. Since the p̄ flux depends

on how p̄ propagates under the complicated magnetic field of our galaxy and which

dark matter profiles we adopt [44], the constraint has large uncertainties as can be

seen in the figure. The mass of the dark matter is, however, constrained to be

m
wino

& 230GeV in spite of the uncertainties. On the other hand, the observation

of the cosmic-ray p̄ flux in near future is very hopeful. This is because the AMS-

02 experiment, which has already been started [45], has better sensitivity than the

PAMELA experiment and it is also expected that astrophysical uncertainties related

to the p̄ propagation are reduced. The future sensitivity to detect the dark matter in

this experiment is also depicted in the figure as a red-shaded region with assuming

an appropriate propagation model [44]. It can be seen that the sensitivity is much

below the prediction of the dark matter. It is also worth noting that the whole mass

range of the dark matter consistent with the thermal leptogenesis will be fully tested

by the future observation of the cosmic-ray p̄ flux, because the annihilation cross

section of the dark matter is not suppressed because of the Sommerfeld e↵ect. It

may be even possible to determine m
wino

by observing the p̄ spectrum.

12

Ibe, Matsumoto, Yanagida (2012)

Bound from
WMAP

Hisano, Kawasaki, Kohri,
Moroi, KN, Sekiguchi (2011)

Both Fermi & WMAP

mW̃ � 300 GeV

PLANCK データを用いて解析中
Kawasaki, KN, Sekiguchi, in prep.
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Figure 3: Cross section for the process pp → W̃W̃ j (with j = q or g), for
√
s = 14 TeV.

The transverse momentum of j is required to be larger than 170, 270, and 370 GeV from
above.

we have assumed that the background is negligible. Thus, in particular when µ is large,

the LHC experiment still have a chance to cover the parameter region which has not been

excluded yet by the current direct and indirect DM searches. If the pT of the jet for the

trigger can be reduced, the LHC can cover the region with larger Wino mass.

So far, we have assumed the pure AMSB relation among gaugino masses. However,

as we have mentioned, such a relation may be largely affected by the Higgs and Higgsino

loop diagrams. With such an effect, the gluino mass may become ∼ 1 TeV even when the

Wino mass is a few GeV. In such a case, the conventional procedures of the SUSY search

using the missing energy distribution may work.

In summary, motivated by the recent report on the Higgs searches at the LHC, which

indicated excesses of Higgs-like events at around mh $ 125 GeV, we have investigated

prospects for confirmation of the AMSB scenario, particularly the detection of Wino LSP.

We have considered the situation that the scalars except for gauginos and Higgsinos are

heavy enough so that they cannot be produced at colliders. Even in this unfortunate case,

the Wino DM may be detected through direct/indirect detection experiments. Direct

11

LHC

Chargino Track

T.Moroi, KN, (2012)

pp� W̃W̃ j

�
s = 14TeV

Ibe, Moroi, Yanagida (2006)
Asai, Moroi, Nishihara, Yanagida 

(2007) 

IceCube DeepCore
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Figure 2: Signal-to-noise ratio at the IceCube DeepCore as a function of the Wino mass.
Sensitivities for contained muon events (upper panel) and shower events (lower panel)
with 1 year and 10 year observations are shown. We have considered the neutrino flux
from the cone half angle θ = 10◦ and θ = 25◦ around the GC.

9

Neutrino-induced
cascade muon events

mW̃ � 300 GeV位
いずれも
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Direct detection
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Figure 9: Contour of the SI cross section in cm2 unit. Upper panels are in the case
where µ < 0 and tan � = 1.1 (left), 2 (middle), and 10 (right) are taken, respectively.
In the lower panels µ is set to be positive. We take mh = 125 GeV. Results from full
calculation and the only Higgs contribution are given in purple solid and green dashed
lines, respectively. Lines are shown for the cross section larger than 10�48 cm2. Here we
also show the exclusion regions by XENON100 [37] in dark shade. Blue dot-dashed lines
and light-shaded regions correspond to future prospects of experiments with sensitivities
to cross section 10�47 cm2 and smaller than 10�48 cm2 at a DM-particle mass of ⇠ 60 GeV,
respectively.

22

Hisano, Ishiwata, Nagata, 1210.5985

Pure-Wino limit で �SI � 10�47 � 10�48 cm2

ちょっと辛いか？
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Figure 5: Current and projected upper bounds on ΩW̃/ΩDM as a function of the wino mass,
MW̃ , from the Fermi and AMS-02 cosmic ray experiments. The red shaded region shows the
current uncertainty coming from the propagation and dark matter halo models. After the AMS-02
experiment, the uncertainty from the cosmic ray propagation will be reduced.

100 [45]. Actually, depending on the propagation parameters, the current antiproton measurement

by the PAMELA Collaboration [46] can give a constraint stronger than that of Fermi. The AMS-

02 experiment has great advantages not only for measurements of antiprotons but also for other

secondary-to-primary ratios such as boron-to-carbon (B/C). High precision measurements of such

quantities allow the propagation parameters to be estimated with higher accuracy, drastically

reducing the astrophysical uncertainties of the antiproton flux [47]. Hence, AMS-02 will be one of

the strongest probes of Spread Supersymmetry.

To estimate the sensitivity of the AMS-02 antiproton search, we have used the programs

DRAGON [48] and DarkSUSY [49], to calculate the antiproton fluxes from astrophysical backgrounds

and dark matter annihilations. We adopt the value of the acceptance and systematic errors of

Ref. [50]. Here we assume the systematic errors come from residual backgrounds, whose rate is

1 –10 % of the antiproton signals. For the astrophysical background flux, we use the propaga-

tion model KRA of Ref. [45], and we simply assume that uncertainties of the background can

be controlled with δzt = 1 kpc, where zt is the vertical size of the diffusion zone. This size of

the uncertainty will be reasonable after precise measurement of AMS-02 [47]. Since the propaga-

tion parameters and the dark matter halo model are not determined well so far, we study some

combinations of propagation models (KRA as well as MIN, MED and MAX models in Ref. [51])

and dark matter profiles (NFW and isothermal). We set the local dark matter energy density

14

Anti-Proton

Hall, Nomura, Shirai, 1210.2395

AMS-02でかなりいける。Wino検出の最有力？
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DM SUSY まとめ
• CMSSM + Dark Matter + 125GeV Higgs という
領域はかなり残っている。13TeV LHC + 

direct で相補的に割とカバーできそう

• LHC的には Stau coannihilation 領域が面白い 

(Colored particle search & CHAMP search)

• AMSB は差し当たりAMS (反陽子) に期待
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Benchmark point (Well-tempered)

25

4.2.1. Benchmark 2.1

Input parameters

M0 M 1
2

A0 tan� sign(µ) |µ|
⇤

Bµ

4103.76 525.385 905.88 13.6663 -1 292.034 10805.

Low energy spectrum

mg̃ mq̃ mt̃1 m⇥̃1 m⇤ m⇤±
1

mh mA ⇥h2 ⇤SI [pb] �v ��

1330 4180 2510 4040 218 292 122 4000 0.139 5.15� 10�9 400 37

TABLE 4.2.1: Well-tempered benchmark. Dimensionful values are in GeV unless otherwise stated.

This well-tempered benchmark model is in the focus point supersymmetry region. It can

be probed using both the 13 TeV LHC and direct detection. The electroweakino sector of

the theory has masses

⇥0
1 ⇥0

2 ⇥0
3 ⇥0

4 ⇥±
1 ⇥±

2

m [GeV] 218 297 310 466 292 465
(20)

and mixings

⇥0
1 ⇥0

2 ⇥0
3 ⇥0

4

�B 86.6% 0.4% 8.9% 4.1%

⇥W 12.8% 9.3% 39.9% 38.0%

�Hd 0.4% 0.7% 48.5 50.4%

�Hu 0.2% 89.6% 2.7% 7.4%

⇥�
1 ⇥�

2 ⇥+
1 ⇥+

2

⇥W+ 14.7% 85.3%

�H+
u 85.3% 14.7%

⇥W� 5.3% 94.7%

�H�
d 94.7% 5.3%

(21)

The LSP is dominantly bino dark matter with a non-trivial wino ad-mixture — this is clearly

a well-tempered neutralino. This model a sizable annihilation cross section to W+ W� in

the early Universe so that the computed relic abundance can match the observation.

The gluino has a mass of meg = 1333 GeV and currently is too heavy to have been directly

produced. Its cross section at the 13 TeV LHC is

�(p p ⇥ �g �g) = 30 fb. (22)

The most important gluino decays for phenomenology are cascades involving the elec-

troweakinos that have a large Higgsino fraction, ⇥±
1 ⇥0

2, and⇥0
3.

�(pp� �̃0
2�̃
±
1 ) = 73 fb @ 13 TeV

�(pp� g̃g̃) = 30fb@13TeV
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Benchmark point (A-Pole)
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4.3.1. Benchmark 3.1

Input parameters

M
0

M 1
2

A
0

tan� sign(µ) |µ| sign(Bµ)
p|Bµ|

2311.11 666.667 -3021.77 55.8605 1 1708.6 �99290.9

Low energy spectrum

mg̃ mq̃ m
˜t1

m⌧̃1 m� m�±
1

mh mA ⌦h2 �
SI

[pb] �v �
⌦

1610 2640 1430 1110 292 564 122 564 0.138 6.11⇥ 10�10 870 91

TABLE 4.3.1: A0-pole annihilation benchmark. MicrOmegas yields ⌦h2 = 0.106 for this model.

Dimensionful values are in GeV unless otherwise stated.

This A0-pole annihilation benchmark was chosen as an example that it is discoverable at

the 13 TeV LHC. The gluino mass is 1.6 TeV and

�(p p ! eg eg) = 8.0 fb (34)

at 13 TeV. The squark masses are

eq edc
3

eq
3

euc
3

m [TeV] 2.6 1.7 1.9 1.4
(35)

It is clear that the gluino decays will involve heavy flavor. In fact

eg ! tet
1

+ c.c. 100%. (36)

The electroweakinos are very pure with mixings in the 10�3 range. Their masses and

orderings are

eB fW eH fW eH

�0

1

�0

2

�0

3

�0

4

�±
1

�±
2

m [GeV] 292 563 1370 1370 564 1370

(37)

The lightest stop decays will dominantly involve the bino and winos:

et
1

!

8
>>>><

>>>>:

t�0

1

18%

t�0

2

25%

b�+

1

53%

(38)

�(pp� �̃0
2�̃
±
1 ) = 14 fb @ 13 TeV

�(pp� g̃g̃) = 8.0fb@13TeV
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