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暗黒物質
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DM evidence 

銀河団が衝突し、衝突した場所で X線を出していても物質は大半通りぬけてい
る。

バリオン分布と物質分布が違うことを証明。

DM は相互作用の弱い素粒子

2006

2007
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なぜ
どうして素粒子がDMなんだろう？

どうして見えないんだろう？

しょっちゅう新しいDM候補がでてくるみたいだけど、こな
いだのとどこが違うの？

最近。。。。って聞かなくなったけど、否定されたの？

で、結局どれがいいの？どうやったらわかるの？
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宇宙の歴史
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standard な
dark matter生成 
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宇宙の始め
宇宙にエネルギーがあると、空間はどんどん膨張す
る。

R(t) 

R(t’)

Rが大
１）温度が下がる
２）粒子が薄まる

H
2

=

(

Ṙ

R

)2

∝

8πG

3
ρ
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インフレーション後
爆発的膨張　H～constant

宇宙の中の粒子の数は一旦０リセット　

再加熱後（温度 TR) の宇宙はradiation 優勢

物質側は熱力学で記述される。（ボルツマン方程式）

つまり現在の宇宙にどんな素粒子が、どの程度いるかということ
は、素粒子の性質や数がわかれば記述することができる。

ṅi + 3Hni =
∫

d(PS)|M(i, j → a, b...)|2(fifj ...− fafb...)

→ −〈σv〉(nini − n2
eq)
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素粒子論は初期宇宙の
「物質側」を全部説明（するはず）

バリオン数　（CPの破れはどこに。新しい相互
作用が必要）nB/nγ

暗黒物質　（安定粒子探し）

元素合成（ほぼ解決ずみ）
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温度と密度と時間

温度が下がる。重たい粒子は相互作用が強けれ
ば即座に退場。

chemical potential がある粒子（保存量がある
粒子）はいつまでも残っているが、インフォ
レーションでほとんど０になったはず。

ボルツマン方程式

ρ ∝ nlight

ρ ∝ T 4 t ∝ T−2H ∝ T 2

nheavy ∼ 0
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decoupling 

At  very low energy scale, the effect of pair 
annihilation can be ignored completely. 

Number density in the comoving volume is 
preserved.  n∝1/σv（at decoupling)

 Note if Uinviverse does not expand, all heavy 
particles disppear 

H ! σvnX  ÿ"#ſT

%#ÿ&H ∝ T 2, n ∝ T 3 or &ɏ�) −T/m*

at very small T 
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物質数の”固定”
Dark matter が他の粒子より重い
と、温度が下がったとき、実質的
に粒子Xが２度と粒子Xに出合えな
い時がくる。ー＞消え残りが今宇
宙にあるdark matter. 

対消滅確率が高いほど、暗黒物質
は長く熱平衡にとどまって数が少
なくなっていく。

対消滅確率がわかれば暗黒
物質密度は計算できる。

宇宙が大きい
低温

宇宙が小さい
高温

相互作用が弱いと
密度は大きい。

早く熱平衡から切れる

時間軸

nR3

σ（v2/c～1/20) の値の情報
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relic density 
宇宙膨張と粒子相互作用の綱引き

相互作用の弱い粒子ほど宇宙にたくさん残って
いる。(strongly interacting dark matter はX)

相互作用が強い粒子ほど、宇宙に残れる数は少
ない。

粒子、反粒子の数は同じ（宇宙に今ある核子、
電子はこれだけでは作れない。
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DM の性質
光を出さない→電荷を持たない

強い相互作用はしない。（重い原子核を作るので）

安定（陽子、電子などのように）あるいは、寿命は宇
宙年令より長い。
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知られている素粒子

LEP実験
弱い相互作用の各種
パラメーターを　

0.001% の精度で測定。vertual  粒子の
効果までわかる。

ニュートリノ
振動実験 テバトロン

未発見
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素粒子は基本的に不安定

不安定
軽すぎてDM に
なれない
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弱い相互作用

• 弱い相互作用の Lagrangian 　

• 湯川相互作用が世代を保存していない。

• charged current で弱い相互作用をする粒子は全部崩壊してしまう。

陽子
電子

核子

ニュートリ陽電子

反電子

中性子

荷電カレント（W粒子） 中性カレント（Z 粒子）

L = (ūi, d̄i)γµgT aW aµ

(
ui

di

)

L

+ (νi, ei)γµgT aW aµ

(
νi

ei

)

L

→ GF (p̄γµnL)(ēγµν)L

L = yjiHuRj

(
ui

di

)

L

+ ....

→ mjiūRjuLi + ....
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 なぜ暗黒物質は安定か
素粒子は一部の例外を除いて壊れる

電子　陽子（と中性子）光は安定

電子　ー電荷が保存する（ゲージ対称性）から安定

陽子 ー バリオン数が保存するから安定（素粒子標準も模
型のaccidental symmetry）

光、ニュートリノ　質量が小さいから安定

暗黒物質　宇宙の始めにつくられて以降そのまま残って
いる。　背景になにか新しい対称性。　
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DM = おばけ粒子

我々のまわりの物質の密度はだいたい1cm3あた
り陽子 1/3 個分。（ 0.3 GeV /cm3) 

DMの速度は 230Km/秒くらい。（v/c）

重たい（仮想的な）ニュートリノと原子核の相
互作用は σ～10-36cm^2。現在の limit はそれ
より遥かに小さかった。
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!! 25 modules of 9.7 kg 

!! 4 years data taking (09/03 to 07/07) 

=> 192 000 kg.d = twice DAMA exposure 

!! From 6 to 8.2!   

23 
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役者がたりない

素粒子論的には標準模型の粒子
ではない新しいタイプの粒子」
が存在する。

新しいタイプの粒子は新しい対
称性を持っている。

素粒子論としてこういう対称性
が必要な内在的な理由があるだ
ろうか。

ここをほっておいては
いけない
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素粒子模型と DM
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素粒子理論の element 

•ゲージ相互作用 SU(3)xSU(2)_L xU(1)＋物質 quark, lepton の
存在, chiral な理論 (右巻、左巻きで相互作用が違う）　

•Higgs の真空期待値＝ゲージ対称性の破れ

•Higgs と物質との相互作用＝クオークの質量

•湯川相互作用の階層性  　　　　　　　　　　　　　　　top 

の湯川結合>ゲージ相互作用＞それ以外の湯川結合　
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HIGGS セクターの２次発散は
素粒子模型の試金石

!W,Z, higgstop

Figure 1: The most significant quadratically divergent contributions to the
Higgs mass in the Standard Model.

give

top loop − 3
8π2 λ2

t Λ
2 ∼ −(2 TeV)2

SU(2) gauge boson loops 9
64π2 g2Λ2 ∼ (700 GeV)2

Higgs loop 1
16π2 λ2Λ2 ∼ (500 GeV)2.

The total Higgs mass-squared includes the sum of these loop contributions and
a tree-level mass-squared parameter.

To obtain a weak-scale expectation value for the Higgs without worse than
10% fine tuning, the top, gauge, and Higgs loops must be cut off at scales
satisfying

Λtop
<
∼ 2 TeV Λgauge

<
∼ 5 TeV ΛHiggs

<
∼ 10 TeV. (1)

We see that the Standard Model with a cut-off near the maximum attainable
energy at the Tevatron (∼ 1 TeV) is natural, and we should not be surprised
that we have not observed any new physics. However, the Standard Model with
a cut-off of order the LHC energy would be fine tuned, and so we should expect
to see new physics at the LHC.

More specifically, we expect new physics that cuts off the divergent top
loop at or below 2 TeV. In a weakly coupled theory this implies that there are
new particles with masses at or below 2 TeV. These particles must couple to the
Higgs, giving rise to a new loop diagram that cancels the quadratically divergent
contribution from the top loop. For this cancellation to be natural, the new
particles must be related to the top quark by some symmetry, implying that the
new particles have similar quantum numbers to top quarks. Thus naturalness
arguments predict a new multiplet of colored particles with mass below 2 TeV,
particles that would be easily produced at the LHC. In supersymmetry these
new particles are of course the top squarks.

Similarly, the contributions from SU(2) gauge loops must be canceled by
new particles related to the Standard Model SU(2) gauge bosons by symmetry,
and the masses of these particles must be at or below 5 TeV for the cancellation
to be natural. Finally, the Higgs loop requires new particles related to the Higgs
itself at or below 10 TeV. Given the LHC’s 14 TeV center-of-mass energy, these
predictions are very exciting, and encourage us to explore different possibilities
for what the new particles could be.
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Higgs sectorの２次発散 Why Higgs vev is O(200) GeV??

mf  log Λ fermion mass 

Πµν = (gµνp
2
− pµpν)Π

gauge two point 
function

他はまあまし。
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2次発散を回避するには

•理論を超対称にする。 boson⇄fermion 発散の構
造は同じ。　

•1TeV より高い素粒子理論に global 対称性をいれ
て、自発的に破る→ mass less 粒子（対称性で 

m=0 が補償される。）

•高次元空間のゲージ粒子にする。

Φ = φ + θψ
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ゲージ結合の統一

• 超対称模型で予言される粒子が存在すれば、gauge 相互作用
の大きさは GUT スケールで等しくなる。

•標準模型のmatter content は大きな群(SU(5) など）の表現と
あっている.
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パリティ構造と安定性（混ぜるな危険）
R=1 R=-1 

禁止

OK 

危険な 混合を禁止

一般的に 1/4π^2

禁止 一番軽いR=-1の粒子
は安定　（DM）

素粒子実験によってすでにたくさん制限がある。
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Beyond the standard model 
とパリティ

超対称模型 UED

g̃

q̃

W̃

B̃

l̃

標準模型

n(KK)=1

n(KK)=2

g(1), q(1), W(1), B(1), l(1)

Little Higgs 模型

n(KK)=1 の粒子のなかで
一番軽いものが安定
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LEP 実験の制限
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Figure 1: The region of parameters excluded to 68%, 95%, and 99% C.L. is shown as a
function of c′. The parameter c was allowed to vary between 0.1 < c < 0.995 for each c′ to
give the least restrictive bound on f . (See also Fig. 2.)

triplet VEV to zero. This not only makes the analysis and interpretation simpler it also
contains the essential physics that constrains generic little Higgs models. We performed a
three parameter global fit (as described in [25]) to the 21 precision electroweak observables
given in Table 1. The best fit was found to be for c ! 1, c′ ! 0.32, and f ≈ 8.9 TeV, with
a χ2 per degree of freedom (21 − 3 = 18):

χ2
best

(d. of f.)
! 1.54 (5.1)

that is slightly worse than the fit to the SM,

χ2
SM

(d. of f.)
! 1.38 . (5.2)

First consider the region of parameters relevant to the model. To ensure the high energy
gauge couplings g1,2, g′

1,2 are not strongly coupled, the angles c = g/g2, s = g/g1 c′ = g′/g′
2,

s′ = g′/g′
1 cannot be too small. We conservatively allow for c, s, c′, s′ > 0.1, or equivalently

0.1 < c, c′ < 0.995. We allow f to take on any value (although for small enough f there
will be constraints from direct production of BH). The general procedure we used is to

12

5
0
0

7
5
0

1
0
0
0

1
2
5
0

1
5
0
0

1
7
5
0

2
0
0
0

1 2 3 4 5

f
 
(
G
e
V
)

R

F
ig
u
re
9:
E
xc
lu
si
on
co
nt
ou
rs
in
te
rm
s
of
th
e
p
ar
am
et
er
R
=
λ
1
/λ
2

an
d
th
e
sy
m
m
et
ry

b
re
ak
in
g
sc
al
e
f
.
T
h
e
co
nt
ri
b
u
ti
on
of
th
e
T
-o
d
d
fe
rm
io
n
s
to
th
e
T
p
ar
am
et
er
is
in
cl
u
d
ed

as
su
m
in
g
th
at
it
h
as
th
e
m
ax
im
al
si
ze
co
n
si
st
en
t
w
it
h
th
e
co
n
st
ra
in
t
fr
om
fo
u
r-
fe
rm
i
in
te
r-

ac
ti
on
s,
E
q.
(3
.4
1)
.
F
ro
m
li
gh
te
st
to
d
ar
ke
st
,
th
e
co
nt
ou
rs
co
rr
es
p
on
d
to
th
e
95
,
99
,
an
d

99
.9
co
n
fi
d
en
ce
le
ve
l
ex
cl
u
si
on
.

5

C
o
n
c
lu
si
o
n
s

In
th
is
p
ap
er
w
e
h
av
e
ca
lc
u
la
te
d
th
e
d
om
in
an
t
co
rr
ec
ti
on
s
to
th
e
p
re
ci
si
on
el
ec
tr
ow
ea
k

ob
se
rv
ab
le
s
at
th
e
on
e-
lo
op
le
ve
l
in
th
e
L
it
tl
es
t
H
ig
gs
m
od
el
w
it
h
T
p
ar
it
y
[1
1]
.
W
e
p
er
-

fo
rm
ed
a
gl
ob
al
fi
t
to
th
e
p
re
ci
si
on
el
ec
tr
ow
ea
k
ob
se
rv
ab
le
s
an
d
fo
u
n
d
th
at
a
la
rg
e
p
ar
t

of
th
e
m
od
el
p
ar
am
et
er
sp
ac
e
is
co
n
si
st
en
t
w
it
h
d
at
a.
In
p
ar
ti
cu
la
r,
a
co
n
si
st
en
t
fi
t
ca
n

b
e
ob
ta
in
ed
fo
r
va
lu
es
of
th
e
n
lσ
m
sy
m
m
et
ry
b
re
ak
in
g
sc
al
e
f
as
lo
w
as
50
0
G
eV
.
F
u
r-

th
er
m
or
e,
w
e
fo
u
n
d
th
at
th
e
L
H
m
od
el
ca
n
fi
t
th
e
d
at
a
fo
r
va
lu
es
of
th
e
H
ig
gs
m
as
s
fa
r

in
ex
ce
ss
of
th
e
S
M
u
p
p
er
b
ou
n
d
,
d
u
e
to
th
e
p
os
si
b
il
it
y
of
a
p
ar
ti
al
ca
n
ce
ll
at
io
n
b
et
w
ee
n

th
e
co
nt
ri
b
u
ti
on
s
to
th
e
T
p
ar
am
et
er
fr
om
H
ig
gs
lo
op
s
an
d
n
ew
p
hy
si
cs
.
C
om
b
in
in
g
ou
r

re
su
lt
s
w
it
h
th
os
e
of
R
ef
.
[1
3]
,
w
e
fo
u
n
d
th
at
th
er
e
ar
e
re
gi
on
s
of
p
ar
am
et
er
sp
ac
e
al
lo
w
ed

by
p
re
ci
si
on
el
ec
tr
ow
ea
k
co
n
st
ra
in
ts
w
h
er
e
th
e
li
gh
te
st
T
-o
d
d
p
ar
ti
cl
e
ca
n
ac
co
u
nt
fo
r
al
l

of
th
e
ob
se
rv
ed
d
ar
k
m
at
te
r.

W
e
h
av
e
ar
gu
ed
th
at
th
e
co
rr
ec
ti
on
s
to
lo
w
en
er
gy
ob
se
rv
ab
le
s
in
th
e
L
H
m
od
el
ar
e

d
om
in
at
ed
by
th
e
to
p
se
ct
or
,
an
d
ou
r
an
al
ys
is
w
as
p
ri
m
ar
il
y
fo
cu
se
d
on
th
os
e
co
nt
ri
b
u
-

ti
on
s.
It
w
ou
ld
b
e
in
te
re
st
in
g
to
p
er
fo
rm
a
m
or
e
d
et
ai
le
d
an
al
ys
is
of
th
e
eff
ec
ts
fr
om
th
e

ga
u
ge
an
d
sc
al
ar
se
ct
or
s;
h
ow
ev
er
,
w
e
d
o
n
ot
ex
p
ec
t
th
es
e
eff
ec
ts
to
su
b
st
an
ti
al
ly
m
od
if
y

ou
r
co
n
cl
u
si
on
s.
T
h
e
an
al
ys
is
of
th
e
T
-o
d
d
fe
rm
io
n
se
ct
or
in
th
is
p
ap
er
re
li
ed
on
ra
th
er

re
st
ri
ct
iv
e
si
m
p
li
fy
in
g
as
su
m
p
ti
on
s:
in
p
ar
ti
cu
la
r,
th
e
Y
u
ka
w
a
co
u
p
li
n
gs
in
th
e
T
-o
d
d
se
ct
or

19

新
し
い
物
理
の
ス
ケ
ー
ル

TeV

2TeV 

1TeV 

partiy 有りparity 無し

Parity のない理論で、新しい物理のスケールを 1TeV 周辺
にもってくるのは無理

2009年9月28日月曜日



超対称模型のDM 

• 標準模型の粒子の種類と同じだけ超対称粒子
がある。

• 暗黒物質の候補　

超対称粒子

超対称粒子

普通の粒子

普通の粒子

普通の粒子

超対称粒子

ν̃ ◦Z̃ + ◦γ̃ + ◦H̃ ψ̃3/2

ゲージヒグスのパートナー
重力相
互作用

除外
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超対称粒子のDM はなぜみつかって
いないのか。

•コヒーレントな相互作用は原子核の核子数　
N2に比例するので有利。

• Neutralino の相互作用は ヒッグス交換。

•核子とHiggs の結合はゲージ結合の。。。

•核子のストレンジ成分に比例。実験的、理
論的不定性は大きい。（最近lattice の計算
でさらに少ない可能性が指摘されてる。）

•スピン依存の相互作用は数桁大きい。

•原子核自身はスピン０。スピンを持つ原子核は軽い（止める能力が弱い）
か、値段が高い。太陽は例外　（たくさん水素がある。）

N(H̃)

N(B̃)

tanβms〈s̄s〉

χ = N
B̃

B̃ + N
W̃

W̃ + N
H̃1

H̃1 + N
H̃2

H̃2

コヒーレンス
O(10keV)
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Blas Cabrera - Stanford UniversityComplemenatrity DDDM & LHC/ILC Page  

Discrimination strategies
• Most particle physics experience in MeV range

• Direct detection requires keV scale

• Poor statistics from

scintillation

21

Phonons

10 meV/ph

Ionization

~ 10 eV/e
Scintillation

~ 1 keV/!
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Xenon10 

• シンチレーション光と電荷
を同時に計る

• １０Kgの Xe で感度を５倍
あげた。

液体 Xe 

気体

DM

γなど

電圧
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DMの直接探索
• 2000年 10-41 cm2レベル

• 2005年10-43  cm2レベル 

• 2007年 10-44 cm2 レベル！

• limit の更新にはいつでも新し
いテクノロジーの発展があっ
た。

• 典型的な超対称模型のDMは
10-44 cm2から10-47 cm2070506193601

  http://dmtools.brown.edu/ 
  Gaitskell,Mandic,Filippini
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LHCでアクセス
不可能(MSUGRA) 

問題　１０個あたるにはどのくらいの物質を
用意すればいいでしょう。
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DM density  constraint 

Gaugino mass
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1)バルク: LSPはほとんどBino 

Slepton 交換で密度が決まる

DM density  constraint 
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too large mass density 
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2)Higgs pole effect near mH=2mχ

too large mass density 
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Slepton 交換で密度が決まる
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τ̃ χ̃

2)Higgs pole effect near mH=2mχ

3)随伴消滅

too large mass density 
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1)バルク: LSPはほとんどBino 

Slepton 交換で密度が決まる

DM density  constraint 

Gaugino mass

S
ca

la
r m

as
s hep-ph/0106204

Ωh2
∝ m4

l̃
/m2

χ̃

τ̃ χ̃

2)Higgs pole effect near mH=2mχ

3)随伴消滅

4)focus point region： 

 higgsino-gaugino 混合 

too large mass density 
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Late decaying particle
Y :今の宇宙のダークマター　X: さらに質量が重く相互作用の小さ
い別の粒子。 X は不安定

早く熱平衡から切れた粒子 X は宇宙のエネルギーの中で大きな割
合を獲得できる可能性がある。

熱平衡から切れた粒子 nR^3=一定

熱平衡にあるm<T である粒子 n R^4= 一定

候補　gravitino, Moduli...... 

Y が X の崩壊から生まれる場合は密度が大きく変わりうる。　
（non-thermal production)  

2009年9月28日月曜日



修正
暗黒物質の密度を知るためには、その粒子の相
互作用だけでなく、宇宙の再加熱のあとの 

energy flow をおっかける必要がある。

暗黒物質候補　暗黒物質密度

とりあえず密度が合わなくても別の理由で魅力的
な候補なら考えてみてもいいかもしれない？

たとえば　“wino like DM” in anomary mediation

2009年9月28日月曜日



パリティはかならずしも必要ない場合
空間構造で安定性

われわれの世界 DM が住んでいる世界

とても小さい相互作用が幾何学
的に説明できる。

2009年9月28日月曜日



超対称模型のめざずもの

力の統一　

ゲージ対称性の破れの自然さを説明

単にDM として、新しい粒子と新しい相互作用を
いれるのでは説明するのでは素粒子模型として
は格下。

一方で、明らかな実験的事実(DM の存在）を無
視する模型は良くない

2009年9月28日月曜日



その後の宇宙
物質優勢になると、物が多いところに
ますます物が集まるようになる。

物が多いところに天体、銀河、銀河団
ができる。

暗黒物質も銀河の中に集まってくる。

DMとDM が衝突ー＞見える粒子に対
消滅　(粒子と反粒子が 1:1 ででき
る）！

密度

密度

2009年9月28日月曜日



銀河からの贈り物？
銀河中心に暗黒物質が集積、

対消滅。密度、伝搬にに大きな不定性。
銀河中心密度、Local clump など

１）電子陽電子　HEAT → Pamela→今度こそAMS?

２）EGRET→FERMI

3) Integral (銀河中心の反陽子）

反陽子（銀河全体の蓄積がきく。）
陽電子（近傍のDM）

ガンマ線（銀河中心から）
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New Pamela data 
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FIG. 3: PAMELA positron fraction with other experimental data. The positron fraction

measured by the PAMELA experiment compared with other recent experimental data[24, 29, 30,

31, 32, 33, 34, 35]. One standard deviation error bars are shown. If not visible, they lie inside the

data points.

a shower tail catcher scintillator (S4) and a neutron detector. The ToF system provides

a fast signal for triggering the data acquisition and measures the time-of-flight and ioniza-

tion energy losses (dE/dx) of traversing particles. It also allows down-going particles to

be reliably identified. Multiple tracks, produced in interactions above the spectrometer,

were rejected by requiring that only one strip of the top ToF scintillator (S1 and S2) layers

registered an energy deposition (’hit’). Similarly no hits were permitted in either top scintil-

lators of the AC system (CARD and CAT). The central part of the PAMELA apparatus is

12

Energy (GeV)

1 10 100

 )
)

-
(e
!

)+
 

+
(e
!

) 
/ 

(
+

(e
!

P
o

s
it

ro
n

 f
ra

c
ti

o
n

  
  

0.01

0.02

0.1

0.2

0.3

PAMELA  

FIG. 4: PAMELA positron fraction with theoretical models. The PAMELA positron

fraction compared with theoretical model. The solid line shows a calculation by Moskalenko &

Strong[39] for pure secondary production of positrons during the propagation of cosmic-rays in the

galaxy. One standard deviation error bars are shown. If not visible, they lie inside the data points.

a magnetic spectrometer consisting of a 0.43 T permanent magnet and a silicon microstrip

tracking system. The spectrometer measures the rigidity of charged particles through their

deflection in the magnetic field. During flight the spatial resolution is observed to be 3µm

corresponding to a maximum detectable rigidity (MDR) exceeding 1 TV. Due to the fi-

nite spatial resolution in the spectrometer, high rigidity (low deflection) electrons may ’spill

over’ into the positron sample (and vice-versa) if assigned the wrong sign-of-curvature. This

13

suppression at lower energy 
is probably modulation effect. 

constrant increase of high energy 
component up to 100 GeV

期待される BG 

観測データ

この領域は太陽活動
によって変化する。
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positron signature
（HEATからPAMELA へ ）

FIG. 15. The neutralino annihilation cross section in the
low velocity limit for parameters within the MSSM which
yield a thermal relic density in the range measured by WMAP
(ΩCDMh2 = 0.129−0.095, dark shading) or a somewhat larger
range (ΩCDMh2 = 0.16 − 0.06, light green shading). For all
models shown, the ratio of Higgs expectation values, tan β, is
set to 5.

FIG. 16. The neutralino annihilation cross section in the
low velocity limit for parameters within the MSSM which
yield a thermal relic density in the range measured by WMAP
(ΩCDMh2 = 0.129−0.095, dark shading) or a somewhat larger
range (ΩCDMh2 = 0.16 − 0.06, light green shading). For all
models shown, the ratio of Higgs expectation values, tan β, is
set to 50.

From the perspective of the calculation of the ther-
mal relic density, higgsino or wino-like LSPs may appear
disfavored, as their annihilation cross section is often too
large to satisfy conditions such as those in Eq. 12. In fact,
to provide the thermal relic density observed by WMAP
a pure higgsino must have a mass of about 1 TeV. A pure-
wino would need to be even more massive to provide the
observed quantity of dark matter thermally.

Alternatively, neutralino LSPs may be produced by

non-thermal mechanisms thereby evading the require-
ments of Eq. 12. In some scenarios, objects with small
annihilation cross sections may freeze-out only to decay
into LSPs at a later time. Long lived, but unstable states,
such as gravitinos or Q-balls, would be examples of such
intermediate states. In a non-thermal mechanism such
as this, the LSP’s annihilation cross section can be con-
siderably larger than in the standard thermal relic case
[35].

For a more detailed discussion of neutralino dark
matter in various supersymmtry breaking scenarios, see
Ref. [36].

VI. KALUZA-KLEIN DARK MATTER

In models with extra spatial dimensions, Kaluza-Klein
(KK) excitations of Standard Model particles may ap-
pear, and in some models may provide a viable dark
matter candidate [37,38]. In particular, in models with
Universal Extra Dimensions (UED), in which all of the
fields of the Standard Model are free to propagate in
the bulk, the Lightest Kaluza-Klein Particle (LKP) may
be stable [39]. This is because the conservation of mo-
mentum in higher dimensional space is conserved, and
therefore the KK number of a state is conserved. For a
UED model to be phenomenologically viable, the extra
compact dimensions must be modded out by an orbifold.
Orbifolding leads to terms which violate KK number, but
may leave a conserved quantity, called KK-parity, which
ensures that the LKP is stable in much the same that
R-parity stabilizes the LSP in supersymmetry.

At tree level, all of the first level KK modes have a
mass corresponding to the compactifaction scale of the
extra dimensions and their zero-mode mass: (m(1)i)2 =
(m(0)i)2 + 1/R2. Radiative corrections to the masses of
the tree level spectrum break the (near) degeneracy of
the first level KK states [40]. The lightest KK state is
most naturally the level one excitation of the hypercharge
gauge boson, B(1). For the remainder of this article, we
will refer to this state simply as the LKP or Kaluza-Klein
Dark Matter (KKDM).

Although this LKP is similar to a bino-like neutralino
in many phenomenological respects, its characteristics
differ in significant ways. Perhaps most importantly for
our purposes, the LKP is a boson and therefore its anni-
hilations to fermions are not chirality suppressed. Thus,
unlike neutralino dark matter, KKDM can annihilate di-
rectly to e+e−, µ+µ− and τ+τ−, which each yield a gen-
erous number of high energy positrons. The annihilation
cross section of KKDM is nearly proportional to the hy-
percharge of the final state fermions to the fourth power,
therefore its annihilations are primarily to charged lep-
tons (approximately 20% per generation). The remaining
annihilations are to up-type quarks (approximately 11%

9

DM密度標準

fit  HEAT for BF=5

Wino like 
Higgsino like 

AMS BF=5

PAMELA BF=5

MSSM with Ω制限

重たい粒子の崩壊によって
暗黒物質がつくられるよう
な模型では、DM密度から
くる制限ははずすことがで

きる。

Hooper  and Silk hep-ph/0409104 

しかし、普通に考えれば、
シグナルは小さい

Pamela はなんとか、、ATIC は
SUSY では難しい
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exotic dark matter

• INTEGRAL (International Gamma-Ray Astrophysics Laboratory) 

•バルジから511 keV γ線（ポジトロニウムの消滅から、つまりもと
の陽電子はエネルギーが低い。)

• FWHM 8度。バルジからのフラッックス 　

•バルジ　1.05 ±0.06 x 10-3 ph cm-2s-1 　

•デスク0.7 ±0.4 10-3 ph cm-2 s-1

• Astrophysical なソースは分かってない。デスクに少ないソースが
必要（LMXB, Novae, SN....)

•軽いDMを suggest?　対消滅->シグナル？親が MeVの質量でない
とガンマ線のシグナルに跳ね返る。 　

6 J. Knödlseder et al.: The all-sky distribution of 511 keV electron-positron annihilation emission

Fig. 4. Richardson-Lucy image of 511 keV gamma-ray line emission (iteration 17). Contour levels indicate intensity
levels of 10−2, 10−3, and 10−4 ph cm−2s−1sr−1 (from the centre outwards).

Fig. 5. Longitude and latitude profiles of the image shown in Fig. 4 (integration range |l| ≤ 30◦, |b| ≤ 30◦).

smoothed the iterative corrections on the right hand side
of Eq. 5 using a 5◦×5◦ boxcar average. In this way the ef-
fective number of free parameters in the reconstruction is
reduced and image noise is damped to an acceptable level.
The application of more sophisticated image reconstruc-
tion methods involving wavelet based multi-resolution al-
gorithms aiming at a complete suppression of image noise
(Knödlseder et al. 1999a) will be presented elsewhere.

The resulting all-sky image of the 511 keV line emis-
sion is shown in Fig. 4, longitude and latitude profiles
of the emission are shown in Fig. 5. We have chosen to
stop the iterative procedure after iteration 17 since at this
point the recovered flux and the fit quality correspond
approximately to the values that we achieve by fitting as-
trophysical models to the data (c.f. section 4.2). In this
way we make sure that we are not in the regime of over-
fitting, which is characterised by substantial image noise

and artificial image structures. On the other hand, sim-
ulations showed that faint diffuse emission, as expected
for example for a galactic disk component, would not be
recovered at this point.

Figure 4 reveals that the 511 keV sky is dominated by
prominent emission from the bulge region of the Galaxy.
Beyond the galactic bulge, no additional 511 keV emis-
sion is seen all over the sky, despite the good exposure in
some regions (e.g. Cygnus, Vela, LMC, anticentre, north
galactic pole region). The 511 keV emission appears sym-
metric and centred on the galactic centre, with indica-
tions for a slight latitude flattening. The latitude flatten-
ing could be either due to an inherent asymmetry of the
bulge component or due to the presence of an underlying
faint galactic disk component. Indeed, if the Richardson-
Lucy iterations are continued, a faint disk-like structure
emerges (c.f. Fig. 6). Yet the image starts to become pol-
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対消滅シグナルとダークマター密度

•暗黒物質密度が小さい（Ωh2=0.1)ということは、宇宙初期での対消滅確率はそ
こそこあったということを示している。

•熱平衡から切れた時の温度は　O(10)GeV

•質量が縮退した他の新粒子があればそれとの随伴消滅も重要

•現在の宇宙線の量は温度０での対消滅確率関係。暗黒物質密度を決めた対消滅
確率との関係は不明

•崩壊先も重要。役にたつもの（ニュートリノ、光、反陽子、陽電子）などは
トータルエネルギーリリースの一部である可能性も。

2009年9月28日月曜日
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Sommerfelt

p wave 

S wave 

DM  density  constraint 
(as thermal relic) 

T
D

対消滅確率の温度依存性

• S wave     σv=  const (Little Higgs with T 
parity) 

• P wave      σv＝ bv^2 (SUSY neutralino 

DM) 

• Sommerfellt Enhancement      (threshold 
resummation effect)   σv～１／v                     

TD

σv
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s-wave vs p wave 

•超対称模型　（Majorana fermion )   

• Dark matter が gauge 粒子に崩壊する場合、あるいは　gauge 粒子
（ UED, gauge boson 等）では chirality supression がない。

s=1, L=1 s=1,0 , L=0.... 

m_f

重たい素粒子にしかいかない。

σv =
m2

f

m4
SUSY

a +
m2

χ

m4
SUSY

bv2
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ダークマターがゲージ粒子ならかなりはっき
りした陽電子スペクトルのedge もありうる。

Edgeでもないと discoverly は無理。

FIG. 25. The positron fraction for dark matter annihila-
tions to bb̄ with an annihilation cross section of 10−25 cm3/s,
a boost factor (see section III) of 5, a local dark matter den-
sity of 0.43 GeV/cm3 and a WIMP mass of 100 GeV. The
light-red and dark-blue error bars shown are those projected
for the PAMELA and AMS-02 experiments, respectively; each
after three years of observations. The solid line is the back-
ground-only prediction.

FIG. 26. The positron fraction for dark matter annihila-
tions with a WIMP with the same characteristics as in fig-
ure 25, except with an annihilation cross section ten times
smaller, 10−26 cm3/s. Again, the light-red and dark-blue error
bars shown are those projected for the PAMELA and AMS-02
experiments, respectively; each after three years of observa-
tions. The solid line is the background-only prediction.

FIG. 27. The positron fraction for dark matter anni-
hilations to e+e− with an annihilation cross section of
10−26 cm3/s, a boost factor (see section III) of 5, a local dark
matter density of 0.43 GeV/cm3 and a WIMP mass of 100
GeV. The light-red and dark-blue error bars shown are those
projected for the PAMELA and AMS-02 experiments, respec-
tively; each after three years of observations. The solid line
is the background-only prediction.

FIG. 28. The positron fraction for dark matter annihila-
tions with a WIMP with the same characteristics as in fig-
ure 27, except with an annihilation cross section ten times
smaller, 10−27 cm3/s. Again, the light-red and dark-blue error
bars shown are those projected for the PAMELA and AMS-02
experiments, respectively; each after three years of observa-
tions. The solid line is the background-only prediction.

14

FIG. 25. The positron fraction for dark matter annihila-
tions to bb̄ with an annihilation cross section of 10−25 cm3/s,
a boost factor (see section III) of 5, a local dark matter den-
sity of 0.43 GeV/cm3 and a WIMP mass of 100 GeV. The
light-red and dark-blue error bars shown are those projected
for the PAMELA and AMS-02 experiments, respectively; each
after three years of observations. The solid line is the back-
ground-only prediction.

FIG. 26. The positron fraction for dark matter annihila-
tions with a WIMP with the same characteristics as in fig-
ure 25, except with an annihilation cross section ten times
smaller, 10−26 cm3/s. Again, the light-red and dark-blue error
bars shown are those projected for the PAMELA and AMS-02
experiments, respectively; each after three years of observa-
tions. The solid line is the background-only prediction.

FIG. 27. The positron fraction for dark matter anni-
hilations to e+e− with an annihilation cross section of
10−26 cm3/s, a boost factor (see section III) of 5, a local dark
matter density of 0.43 GeV/cm3 and a WIMP mass of 100
GeV. The light-red and dark-blue error bars shown are those
projected for the PAMELA and AMS-02 experiments, respec-
tively; each after three years of observations. The solid line
is the background-only prediction.

FIG. 28. The positron fraction for dark matter annihila-
tions with a WIMP with the same characteristics as in fig-
ure 27, except with an annihilation cross section ten times
smaller, 10−27 cm3/s. Again, the light-red and dark-blue error
bars shown are those projected for the PAMELA and AMS-02
experiments, respectively; each after three years of observa-
tions. The solid line is the background-only prediction.

14

consistent with the measurements of HEAT, but rather
attempt to determine at what dark matter annihilation
rate (or cross section) such a signature could be identified
in future experiments.

At a minimum, for an experiment to claim the ob-
servation of a signature of dark matter annihilation, the
spectral data must be statistically distinct from the pre-
dicted background spectrum. To evaluate this, we can
calculate the χ2 of a given model for a set of data and
compare it to the background only case.

To determine the χ2 of a set of data over the expected
background, we perform the following sum:

χ2 =
∑ (NObs − NBG)2

NObs
, (15)

where the sum is over energy bins, NObs is the number
of events observed in that bin and NBG is the number
of events predicted from the background contribution.
Here we have assumed Gaussian errors. We have chosen
to adopt energy bins of width ∆(log E) = 0.60 below 40
GeV and ∆(log E) = 0.66 above 40 GeV.

Just as we can convert the fluxes of figures 2-5 to
positron fractions by using fluxes of background positrons
and electrons, we can replace the fluxes (or numbers
of events) used in Eq. 15 with ratios of positrons to
positrons+electrons to reduce the effects of solar mod-
ulation in our results. Because there are substantially
more electrons than positrons observed, we can assume
that there are negligible errors associated with the elec-
tron flux.

For concreteness, we first consider the specific example
of a 100 GeV WIMP annihilating to gauge bosons with a
cross section of 10−25 cm3/s, a boost factor of 5 and a lo-
cal dark matter density of 0.43 GeV/cm3. The positron
fraction found for this scenario is shown in figure 23 along
with the error bars after three years of observation by
PAMELA (light-red) and AMS-02 (dark-blue). Follow-
ing Eq. 14, the total χ2 obtained for this flux is 1045.3
for PAMELA and 22,944 for AMS=02, both clearly dis-
tinguishable from the background.

If the annihilation rate is smaller, identifying such a
feature will be more difficult. If we consider an annihi-
lation rate ten times smaller than that used in figure 23,
we find the results shown in figure 24. It is clear to the
eye that the excess over background in this case is far
less statistically significant. With three years of observa-
tion by PAMELA, the χ2 obtained is only 15.1. AMS-02,
however, still obtains a χ2 of 1045.3.

FIG. 23. The positron fraction for dark matter annihila-
tions to gauge bosons with an annihilation cross section of
10−25 cm3/s, a boost factor (see section III) of 5, a local dark
matter density of 0.43 GeV/cm3 and a WIMP mass of 100
GeV. The light-red and dark-blue error bars shown are those
projected for the PAMELA and AMS-02 experiments, respec-
tively; each after three years of observations. The solid line
is the background-only prediction.

FIG. 24. The positron fraction for dark matter annihila-
tions with a WIMP with the same characteristics as in fig-
ure 23, except with an annihilation cross section ten times
smaller, 10−26 cm3/s. Again, the light-red and dark-blue error
bars shown are those projected for the PAMELA and AMS-02
experiments, respectively; each after three years of observa-
tions. The solid line is the background-only prediction.
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e起源

W 起源b

BG(?)

Hooper  and Silk hep-ph/0409104 

ATIC/PBS はSUSY DM ではほとんど無理
なスペクトラムだったので、みんなびっくりした。
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Sommerfelt effect 

• 超対称模型では、 W粒子の多重交換で2TeV の neutralino DM  の v~0 の対消滅確率が、100

倍程度大きくなる場合がある。

• 全く新しい粒子 X と未知の軽い粒子 φ で起こしても良い。

• 見えるシグナルが全く出そうもない模型でも、未知の粒子を付け加えれば大きなシグナルを
出すことができる

Figure 3: Dominant diagram in the Wino- or Higgsino-like neutralino annihilation to

two photons at one-loop level, when the neutralino is heavy compared to the weak gauge

bosons.

the dark matter is consistent with the WMAP data. In the doublet EWIMP case,

the mass around 1 TeV explains the WMAP data [25]. However, note that the

dark matter in the universe may be produced thermally [26], or non-thermally [27].

Therefore, we do not assume any scenarios for the dark matter relic density in this

paper. Instead, we assume the dark matter forms the dark halo in our galaxy with

the appropriate mass density.

2. Threshold singularity

In the calculations of the EWIMP annihilation cross sections, a threshold singu-

larity appears due to the gauge interactions. For investigating the singularity, let us

consider the EWIMP annihilation cross section to two photons σ(χ̃0χ̃0 → γγ) as an

example. The signal line gamma ray flux from the galactic center is proportional to

σ(χ̃0χ̃0 → γγ). This process is a radiative one, and the full one-loop non-relativistic

cross section in the MSSM context has already been calculated in Ref. [19]. It is

found that the cross section is suppressed only by the W boson mass, not by the
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Figure 4: Dominant diagram in the Wino- or Higgsino-like neutralino annihilation at

O(ααn
2 ), in which n weak gauge bosons are exchanged.

Thus, the one-loop cross section exceeds the bound for the extremely heavy neu-

tralino. It means that the higher-order corrections should be included. The domi-

nant higher-order contribution comes from the ladder diagrams. The n-th order (αn
2 )

ladder diagram, in which n weak gauge bosons are exchanged, is depicted in Fig. 4.

The corresponding amplitude An of the diagram is roughly given by

An ! α

(

α2m

mW

)n

. (12)

When the neutralino mass m is large enough, the diagrams are enhanced by a factor

of α2m/mW for each weak gauge boson exchange. The higher-order loop diagrams

become more and more important when α2m >∼mW .

Enhancement of ladder diagrams in non-relativistic limits is related to a threshold

singularity. Recall that a threshold singularity appears in the non-relativistic µ+µ−

pair annihilation cross section. When the relative velocity v of the muon pair is

smaller than α, the amplitude of the n-order ladder diagram, in which n photons are

exchanged between the muon pair, is proportional to α(α/v)n, and the perturbative

expansion by α breaks down. The internal muons are close to non-relativistic on-

shell states. The muon and photon propagaters are proportional to 1/v2 and each

loop integration gives αv5. Thus, the diagrams are enhanced by α/v for each photon

exchange. This is because the kinetic energy of muon pair, mµv2/4, is smaller than

the Coulomb potential energy, α2mµ, and the wave function of the incident particles

is deformed from plane waves. We need to systematically resum the ladder diagrams

or to use the wave function under the Coulomb potential in order to get the precise

annihilation cross section.

In the non-relativistic EWIMP pair annihilation, the sub-diagram corresponding

to the process χ̃0χ̃0 → χ̃+χ̃− in each ladder diagram is very close to the threshold
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FIG. 3: The annihilation diagrams χχ → φφ both with (a) and without (b) the Sommerfeld enhancements.

for ordinary WIMP annihilations, mediated by W/Z/γ exchange).
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A theory of dark matter
(PRD 79,015014)  

• Dark matter  X, 未知の粒子Y(mY＜＜O(1) GeV）  

•  Sommerfelt Enhancement で対消滅確率を小さくできる。　さら
に、Y がきわめて軽いスカラーなら電子対等へ対消滅。もし質量
が100MeV 以下なら 電子線だけにシグナルが残せる。

•　Yがゲージ粒子の場合、対称性は破れているはずなので,X に質
量のきわめて近い粒子がいくつか存在。　( Exciting dark matter) 

Dark matter 同士の衝突で Integral or Dama を説明か？

• ”全部説明”は結局それほどうまくいかなかった。

2009年9月28日月曜日



その他のアイディア

•対消滅で陽電子を説明しようとすると、100倍から 1000倍くらい
の boost factor が必要。

•ゆっくり decay する dark matter なら、他の dark matter に出会う
までまっている必要はない。

•他の brane に住む gauge 粒子. U(1) 混合などでゆっくり崩壊

• gravitino dark matter → lepton through R parity violation. 

2009年9月28日月曜日



今後の課題

•  Pamela と Fermi を同時に fit する模
型を作ることはnon-trivial。

• DM は単に現在存在するだけではな
く、なにかの機構によって作りださ
れたものである。生成から、今日ま
でコンシステントなシナリオを作る
ことがより重要。
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Figure 8: The parameter space of particle dark matter mass versus pair-annihilation rate, for mod-
els where dark matter annihilates into monochromatic e±. Models inside the regions shaded in gray
and cyan over-produce e± from dark matter annihilation with respect to the Fermi-LAT and H.E.S.S.
measurements, at the 2-σ level. The red and blue contours outline the regions where the χ2 per degree
of freedom for fits to the PAMELA and Fermi-LAT data is at or below 1. The solid and dashed line
indicate a gamma-ray emission from the Galactic center which should be detectable with Fermi-LAT,
assuming, respectively, a cored and a cuspy inner slope for the dark matter density profile.

that our results are not qualitatively affected if we used the three MIN, MED and MAX
diffusion models of Delahaye et al. (2008 [61]), where the label indicates a larger or
smaller value of the diffusion coefficient, resulting in a larger or smaller effect on the
propagation of the high-energy e±. For those three models, the height of the diffusive
halo and the dependence of the diffusion coefficient with energy change significantly,
while still being compatible with primary-to-secondary ratio measurements.

We show our results for pure e± models in Fig. 8, for “lepto-philic” models in Fig. 9,
and for models with a super-heavy dark matter particle annihilating in electro-weak
gauge bosons in Fig. 10. In each figure, we conservatively shade regions of parameter
space inconsistent with the Fermi-LAT CRE data (gray-shading) [27] and/or with the
data on the e± flux reported by the H.E.S.S. telescope (Aharonian 2009 [10]) (cyan-
shading). By inconsistent we mean that even neglecting any other source of e±, the
flux resulting from dark matter annihilation alone results in an excess of more than 2-σ
above the measured values. Notice that the indentations in the edges of the grey and cyan
regions only depend on not having considered the smearing in the measured spectrum
due to instrumental finite energy resolution. Including this effect does not change, for
the Fermi region, the location of the favored and excluded regions. For each value of the
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Figure 9: As in Fig. 8, but for “lepto-philic” models, where the dark matter pair annihilates democrat-
ically into the three charged lepton species.

dark matter mass and pair annihilation rate, we then calculate the χ2 to the PAMELA6

We also assess the flux of gamma-rays resulting from dark matter annihilation at
the center of the Galaxy. While the discrimination of any signature of dark matter
annihilation with gamma-ray data relies on the detailed understanding of astrophysical
“backgrounds”, as well on the dark matter density profile, we assume here that a bright
enough source at the center of the Galaxy can be discriminated from an astrophysical
counterpart even with a spectral analysis of the first year Fermi data (Jeltema 2008 [62]).
Conservatively, we indicate the lines on the dark matter parameter space where the flux
of gamma-rays from the center of the Galaxy corresponds to 109 photons per cm2s−1.
While in the case of electron-positron and muon pair final states the gamma rays resulting
in a dark matter annihilation event only originate from final state radiation (internal
bremsstrahlung) off of the light charged leptons, both in the case of τ+τ− and of W+W−

a sizable contribution stems from hadronic channel, namely from the π0 → γγ decays
of neutral pions produced in the hadronization of strongly interacting decay products of
τ ’s and W ’s. While we do not account for the constraints from secondary radiation from
subsequent energy losses of electrons and positrons from dark matter annihilation (for
recent related studies see e.g. [63]), we include, via detailed Monte Carlo simulations,

6In calculating the χ2 for PAMELA we consider the six higher energy PAMELA bins, with energies
larger than ∼10 GeV. and Fermi-LAT data. Points inside the red and blue regions have a χ2 per degree
of freedom <

∼
1 for the PAMELA and Fermi-LAT data sets.
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おまけ

2009.2

68

まるでハドロンコライダーの
ルミノシティカーブのようだ。
最初は全然でない。。。。

Hisano et al   PRD71 063528(2005) 

2009年9月28日月曜日



DMを作る
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DMとコライダー物理

宇宙の始めには粒子と反粒子がぶつかりあっ
て、DMをつくった。

人工的に粒子を高いエネルギーに加速して衝突
させたら、DMもできるに違いない

つまりDMの存在を確かめることができる（？）
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LHC実験（2008～）
円周２７Kmのリング(陽子陽子衝突）10Km/l の車なら

一周するのに 2.7x150＝405円

ビームエネルギー　3.5TeV-> 5TeV-> <7TeV（今の3.5

倍からスタート

場所：スイス、フランス
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LHC実験（2008～）
円周２７Kmのリング(陽子陽子衝突）10Km/l の車なら

一周するのに 2.7x150＝405円

ビームエネルギー　3.5TeV-> 5TeV-> <7TeV（今の3.5

倍からスタート

場所：スイス、フランス

1)27Km にわたって、精密機器を並べ
2) 1K 程度に冷やす。（磁石）
3)そこにTNT火薬にして100Kg のエネル
ギーを持った陽子ビームを通す。
4)ビームの太さは 16マイクロメー
タ。25nsに一回衝突。
5)部品は世界中からやってくる。
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加速器の仕組み
電場をかけて陽子ビームを加速（非常に光速
に近い）

磁場をかけてビーム（電流）を曲げる

高い電流ー＞とても強い磁石ー＞普通の磁石
だと発熱が大変、だから

全部超伝導磁石（1.9K) 

制動放射をおさえるためにやたらでかくなる

この管の中に液体ヘリウムが
入っている
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2008年9月19日 ヘリウム漏出
隣の磁石につながる
超伝導線(9kA) 

断熱シート

断熱のための真空

He の容器
なかは1.9K

ここで７５
ケルビン

ビームはここ

ビーム衝突は今年末. 3.5TeV +3.5TeV １２月
2009年9月28日月曜日
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測定器を横から見る　（CMS）
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DM

DM

クォーク→ジェット

ETmiss

歪んだイベント探し＝DM探し
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DM生成

• ビーム方向に抜けていったものはわから
ない。（測定器がおけないから）

• クオーク、グルオンが生成されると
「ジェット」という粒子の束になる。

• 粒子の運動量は  見えない粒子(ニュート
リノやDM)がなければ釣り合っている。

DM

DM

New particle

New particle 

Missing PT 

2

The gluino and squark decays are associated with jets with high transverse momentum (pT ). The
transverse momentum is the order of the gluino and squark masses. Moreover, because the LSP is
significantly lighter than the gluino, the LSP from the gluino decay also has high pT . They would
give a large missing transverse momentum to the SUSY events. In addition, decays of the EWI
sparticles may produce high PT leptons. Events from the standard model (SM) processes do not
have such high pT particles.

Motivated by these observations, following cuts are often applied to reduce the SM background
events to the SUSY signal events[2];

• An event is required to have at least one jet with PT > 100 GeV and three jets with PT > 50 GeV
within |η| < 3,

• The effective mass of the event must satisfy Meff > 400 GeV, where the effective mass is defined
using the transverse missing energy and the transverse momentum of four leading jets as:

Meff ≡
∑

i=1,...4

pTi + ETmiss. (2)

If the event has hard isolated leptons, the effective mass may be defined as follows:

Meff ≡
∑

i=1,...4

pTi +
∑

leptons

pT l + ETmiss. (3)

Here sum of the lepton pT can be taken over the leptons with pT > 20 GeV and |η| < 2.5 GeV.

• The missing transverse energy must satisfy the relation:

ETmiss > max(0.2Meff , 100GeV). (4)

• The transverse sphericity ST must be greater than 0.2, where ST is defined as 2λ2/(λ1 + λ2),
with λ1 and λ2 being the eigenvalues of the 2 × 2 sphericity tensor Sij = pkipkj formed by
summing over the tranverse momentum of all calorimeter cells.

To reduce the background further, hard, isolated lepton(s) may be required. These cuts are enough
to reduce the SM backgrounds from tt̄+njets and W (Z) +njets productions down to a manageable
level, although the production cross section of the SM processes may be O(104) higher than signal
cross sections. While the SUSY production section reduces very quickly as sparticle masses increase
beyond 1 TeV, the signature becomes more and more prominent over the background. Previous
studies show that the squark and gluino with mass around 2.5 TeV can be found at the LHC in the
minimal super gravity model (MSUGRA).

In MSUGRA, the SM background after the cuts can be neglected safely. Then, the distribution of
accepted events are also useful to determine the mass scale of SUSY particles. For example, the peak
of Meff distribution is sensitive to the squark and gluino masses. For the events with same flavor
opposite sign dileptons, the invarian mass distributions, mll, mjl, and mjll, are useful to reconstruct
the SUSY particle masses mχ̃0

1
, mχ̃0

2
, mq̃0

1
and ml̃01

.

Recently it is pointed out that a string inspired model based on the flux compactification (KKLT
models) [5] predicts the mass relation different to the MSUGRA [6–8]. The model is called mixed
modulus anomaly mediation (MMAM) model. It has a volume modulas T and a compensator field
of minimum supergravity model C as messanger of SUSY breaking. The SUSY mass spectrum
depends on the ratio of the two SUSY breaking parameters FT and FC . The unification scale of
sparticle masses depends on the ratio. It is interesting that the unification scale of the soft SUSY
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バックグラウンドと発見
•  典型的なSUSY 粒子の生成率は 

1TeV の粒子で は 10 fb-1,で10^4

個 、一方 バックグラウンドになり
そうな粒子の生成数は 109-8 ( W, Z  

ttbar) 

• 分布の理解が重要

• でてくる粒子の横方向運動量

•  軽い粒子小さい運動量

• 重い粒子が軽い粒子に崩壊　
大きい運動量

• みええない運動量をきちんと
計る (DM が重い粒子の崩壊
から作られる）
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シグナルとバックグラウンド分布
gg → T−T ∗

−
, T− → tBH BG 多いが分布は異なる
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only statistics!
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LSP

squark
m(jll)

m(ll)

m(jl)

m(jll) with mll>0.5 mll(max)

 見えない粒子の質量の測定

jet 

lepton 

lepton 

ee+μμ-eμ subtraction 
is effective to select 

single channel 

Hinchliffe et al (97) 
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Figure 17: Spin-independent neutralino-proton direct detection cross section for point
LCC1. See Fig. 8 for description of histograms.

efficiency.

In Fig. 20, we show the likelihood distribution for the effective local flux, obtained
by combining the distribution of values of the cross section with the statistical un-
certainty of the direct detection measurement. Using the data from the ILC at 1000
GeV, this property of the dark matter halo at the Earth would be measured to 28%
accuracy.

4.6 Constraints from relic density and direct detection

If LCC1 is the correct theory of Nature, it is possible that, by the end of the
decade, the LHC will have observed missing energy events and a convincing signal of
dark matter from annihilation to gamma rays will also have been observed. Values of
the WIMP mass will have been obtained from the LHC and from the endpoint of the
gamma ray spectrum, and these values will have been seen to agree. Underground
direct detection experiments in the 25 kg range such as SuperCDMS may also give
the WIMP mass and flux at the Earth. Further, the Planck measurements of the
CMB will have provided a very accurate measurement of the cosmic density of dark
matter. Under these circumstances, it would be very tempting to use the Planck and
SuperCDMS measurements to constrain the parameters of supersymmetry model.

This analysis would depend on very strong assumptions whose status would still

46
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Figure 9: Value of the predicted relic density Ωχh2 as a function of the measured χ̃0
1 mass.

the Higgs mass is fixed, and its experimental uncertainty does not contribute to the error on
the relic density prediction, as for high Higgs masses the contribution of channels involving
higgses to the neutralino annihilation is negligible.

In this case the dominant contribution to the uncertainty will come from the poorly con-
strained value of tan β. In the interval allowed by the non-observation of theSM decays of the
higgs, the relic density varies by ∼11%, as shown in the right side of Figure 11. It is interesting
to disentangle the contributions of the different annihilation processes to the variation. In the
right side of Figure 11 we show the annihilation cross-sections (in units of their contribution
to 1/Ω). For the different processes. The spread is dominated by the χ̃0

1χ̃
0
1 → τ+τ− process.

The reason is that for each value of tan β we recalculate the soft parameters in such a way the
the sparticle masses, and the branching ratios which are measured experimentally are kept
constant. Therefore the composition of the χ̃0

1 and the value of θτ vary as shown in Figures 3,
producing the dependency observed in the full line in the left side of Figure 11.

An additional uncertainty will come from the value of m(τ̃2), which contributes a ∼ 7%
spread to the result, as shown in Figure 12. This is because the τ̃2 exchange contribution is
opposite to the τ̃1 contribution. The cancellation appear in the s-wave part of the pair anni-
hilation cross section, which is chirality suppressed. In the limit where Higgsino component of
the lightest neutralino can be ignored, the τ̃i contribution to the amplitude can be expressed
as

M(swave) ∝ sin θτ cos θτ [1/(1 + m2
τ̃1/m

2
χ̃0

1
) − 1/(1 + m2

τ̃2/m
2
χ̃0

1
)]Z2

11 (2)

yielding the observed dependence of the annihilation cross-section on m(τ̃2). The mixing

14

MN, Polesello and Tovey 
hep-ph/0512204

レプトンにいくモードが多く、s-channel のプロセ
スが押さえ込める場合はある程度（２０％くら
い） DM密度を決めることができる。

DMと原子核との
散乱断面積はほとんんど

決まらない

LHCでえられる暗黒
物質密度の制限

+/-20%
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縮退している場合

• レプトン（BG を減らすのに効果あり）と Initial state 

radiation　（重い粒子を作るときに、余計な放射があ
る）で発見できる。

親粒子

親粒子（DM ）に崩壊

陽子 陽子
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コライダーによる暗黒物質
の発見。相互作用の決定

ビッグバンを
仮定した暗黒
物質の量

原子核へのあたりやすさ
宇宙での対消滅レート

反陽子、光子のスペクトラム

CDMの量
暗黒物質の直接探索
宇宙線の観測の
高精度化

宇宙の観測

銀河内分布や
伝播の不定性

初期宇宙の
素粒子現象

宇宙物理が素粒子物理と出合う。
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