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Introduction



熱残存量が暗黒物質量の 
観測値と自然に一致
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暗黒物質の証拠

電弱スケール程度の質量を持ち，標準模型粒子と弱く相互
作用をする中性で安定な粒子の総称

Dark	Ma.er	(DM)

Weakly-Interac/ng	Massive	Par/cles	(WIMPs)

Begeman	et.	al.	(1991)

Planck	(2013) Clowe	et.	al.	(2006)



Quantum	numbers	of	DM
暗黒物質はカラー量子数を持たず電気的に中性

SU(2)L	x	U(1)Y	電荷は??
(n,	Y)

(1,	0),	(2,	±	1/2),	(3,	0),	(3,	±	1),	(4,	±	1/2),	…

スピン?

Scalar,	fermion,	vector,	…
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シングレット・スカラー?



Singlet	scalar	DM

ラグランジアン

標準模型にシングレット・スカラーを足しただけの超簡単な 
模型。

• 暗黒物質の現象論は質量パラメーターと結合定数λSH
のみで決まる。

• 残存量を合わすように結合定数を選べば，残るパラメー
ターは暗黒物質質量のみ。

(mDM	>	weak	scale)

V.	Silveira	and	A.	Zee	(1985);		
J.	McDonald	(1994);	

C.	P.	Burgess,	M.	Pospelov,	and	T.	ter	Veldhuis	(2001).	

後でみるように，直接探索実験で探れる。
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Singlet	fermion	DM
安定なシングレット・フェルミオン暗黒物質は標準模型粒子と	
くりこみ可能な相互作用を持てない。

熱残存量で暗黒物質観測値を説明するためには，何か粒子を	
加えなければならない。
• シングレット・スカラーを加える

• ダブレット・フェルミオンを加える

• クォーク・フェルミオンのスカラー・パートナーを加える

模型ごとの解析が必要となる。



Quantum	numbers	of	DM
暗黒物質はカラー量子数を持たず電気的に中性

SU(2)L	x	U(1)Y	電荷は??
(n,	Y)
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Electroweak-Interac/ng	DM

このような粒子は新物理の模型にもしばしば現れる。
• Higgsino/wino	in	SUSY	models	
• Innert	Higgs	DM



相互作用

SU(2)L n重項，ハイパーチャージYの中性成分が暗黒物質と
なっている場合

例
• n = 2, Y = 1/2 (ヒッグシーノ) 
• n = 3, Y = 0 (ウィーノ) 
• n = 5, Y = 0 (Minimal Dark Matter)

is actually within the uncertainties of the calculation, for the wino mass larger than
270 GeV. Both the scalar and twist-2 contributions depend on the DM mass when the
mass is smaller than ⇠ 1 TeV as shown in Figs. 3 and 5. However, the dependence in the
cross section is accidentally canceled. The NLO result is found to be larger than the LO
result by almost 70%. After all, the resultant scattering cross section is well above that of
the neutrino background [32], and therefore the future direct detection experiments are
promising to test the wino DM scenario.

4 Electroweakly-interacting DM

Although we have focused on the wino DM in this paper, a similar formalism may be
constructed for a more general class of the DM candidates; i.e., an SU(2)

L

multiplet with
hypercharge Y that contains a neutral component for DM, and their thermal relic may
explain the observed DM density with O(1) TeV masses. For previous works on such
DM candidates, see Refs. [55–62]. Some theories beyond the Standard Model actually
predict this kind of DM. For example, the higgsino and wino in the SUSY models are
representative of the SU(2)

L

multiplet DM. Moreover, such a particle may show up in
grand unified theories [63–65], whose stability is explained by a remnant discrete symmetry
of extra U(1) symmetries in the theories [66–70].

Before concluding our discussion, we give the results of the NLO calculation for this
class of DM candidates. If the DM particle is a fermion, its interactions with quarks and
gluon are completely determined by the electroweak gauge interactions,#8 so we consider
the fermionic DM candidates in the following discussion. If Y 6= 0, the DM is a Dirac
fermion, while a Majorana fermion if Y = 0. Pure Dirac fermion DM is, however, severely
constrained by the direct detection experiments already, since the vector interactions via
the Z boson exchange yield too large scattering cross section with nucleon. The constraint
may be evaded if there are some new physics e↵ects that give rise to the mass di↵erence
between the neutral components to split them into two Majorana fermions. If the mass
di↵erence is larger than O(100) keV, the scatterings with nucleon are not induced by
the tree-level Z boson exchange. In what follows, we assume the presence of the mass
di↵erence and regard the lighter neutral component �

0 as a DM candidate. The mass
di↵erence is assumed to be small enough to be neglected in the following calculation. In
this case, the interactions including the neutral components are given by

Lint =
g2

4

p
n

2 � (2Y � 1)2 �

+ /W+
�

0 +
g2

4

p
n

2 � (2Y + 1)2 �

0 /W+
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� + h.c.

+ ig

Z

Y �

0 /Z⌘0 . (4.56)

Here n is the number of the components in the DM SU(2)
L

multiplet, g
Z

⌘ p
g

2
Y

+ g

2
2 with

g

Y

the U(1)
Y

gauge coupling constant, and ⌘

0 and Z

µ

for the heavier neutral component
and the Z boson, respectively.

#8In the case of the scalar DM, on the other hand, there always exist quartic couplings to the Higgs
boson, and the couplings also induce the interactions of the DM with quarks and gluon.

22

Electroweak-Interac>ng	DM



Mass	spli@ng
多重項間の質量差は量子補正の赤外の寄与により生じる。

ψm ψm+1,m−1

W

ψm ψm ψmψm

Z, γ

電荷±1と0成分の間の質量差

典型的にO(100) MeV.



Electroweak-Interac>ng	DM
Quantum numbers DM could DM mass mDM± �mDM Finite naturalness �SI in

SU(2)L U(1)Y Spin decay into in TeV in MeV bound in TeV 10

�46
cm

2

2 1/2 0 EL 0.54 350 0.4⇥
p
� (0.4± 0.6) 10�3

2 1/2 1/2 EH 1.1 341 1.9⇥
p
� (0.25± 056) 10

�3

3 0 0 HH⇤
2.0 ! 2.5 166 0.22⇥

p
� 0.12± 0.03

3 0 1/2 LH 2.4 ! 2.7 166 1.0⇥
p
� 0.12± 0.03

3 1 0 HH,LL 1.6 ! ? 540 0.22⇥
p
� (1.3± 1.1) 10�2

3 1 1/2 LH 1.9 ! ? 526 1.0⇥
p
� (1.3± 1.1) 10�2

4 1/2 0 HHH⇤
2.4 ! ? 353 0.14⇥

p
� 0.27± 0.08

4 1/2 1/2 (LHH⇤
) 2.4 ! ? 347 0.6⇥

p
� 0.27± 0.08

4 3/2 0 HHH 2.9 ! ? 729 0.14⇥
p
� 0.15± 0.07

4 3/2 1/2 (LHH) 2.6 ! ? 712 0.6⇥
p
� 0.15± 0.07

5 0 0 (HHH⇤H⇤
) 5.0 ! 9.4 166 0.10⇥

p
� 1.0± 0.2

5 0 1/2 stable 4.4 ! 10 166 0.4⇥
p
� 1.0± 0.2

7 0 0 stable 8 ! 25 166 0.06⇥
p
� 4± 1

Table 1: Minimal Dark Matter. The first columns define the quantum numbers of the possible
DM weak multiplets. Next we show the possible decay channels which need to be forbidden; the
DM mass predicted from thermal abundance (the arrows indicate the effect of taking into ac-
count non-perturbative Sommerfeld corrections, which have not been computed in all cases); the
predicted splitting between the charged and the neutral components of the DM weak multiplet;
the bound from finite naturalness and the prediction for the Spin-Independent direct detection
cross section on protons �SI.

• For a generic fermionic multiplet with hypercharge Y and dimension n under SU(2)L

we find
�m2

=

cnM2

(4⇡)4

✓
n2 � 1

4

g42 + Y 2g4Y

◆✓
6 ln

M2

µ̄2
� 1

◆
(21)

where c = 1 for Majorana fermions (Y = 0 and odd n) and c = 2 for Dirac fermions
(Y 6= 0 and/or even n). For n = 3 and Y = 0 we recover the type-III see-saw result of
eq. (12).

• For a scalar multiplet we find

�m2
= � nM2

(4⇡)4

✓
n2 � 1

4

g42 + Y 2g4Y

◆✓
3

2

ln

2 M
2

µ̄2
+ 2 ln

M2

µ̄2
+

7

2

◆
. (22)

For n = 3 and Y = 0 we recover the type-II see-saw result of eq. (17).

We then show in table 1 the finite naturalness upper bounds on M for the various possible
MDM multiplets. Furthermore, table 1 shows the predictions for the DM mass M suggested
by the hypothesis that DM is a thermal relic with cosmological abundance

⌦DMh
2
= 0.1187± 0.0017 [27]. (23)

(Such results differ from the analogous table of [24] because M has been recomputed taking
into account Sommerfeld effects [28], which lead to the change indicated by the arrows in

8

M.	Farina,	D.	Pappadopulo,	A.	Strumia,	JHEP	1308	(2013)	022.

(→:	ゾンマーフェルト効果)

これらの暗黒物質の物理は，ゲージ相互作用で（ほぼ）決まる。
• 熱残存量	
• 多重項間の質量差

スカラーの場合はヒッグスとの	
結合を無視した場合。
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8

L.	Di	Luzio,	R.	Grober,	J.	F.	Kamenik,	M.	Nardecchia,	JHEP	1507	(2015)	074.

未完間違い!

ループ・レベルで暗黒物質を	
不安定にする。

以下では，	Z2	パリティで安定性が保証されているものとする。

(→:	ゾンマーフェルト効果)



直接探索実験

J.	Hisano,	K.	Ishiwata,	N.	Nagata,	JHEP	1506,	097	(2015).



• WIMP暗黒物質が検出器内の原子核を散乱する際に原子核
が受け取る反跳エネルギーを検出する。

WIMP DM

Nucleus

Recoil energy

• 高感度の将来実験が多数計画されていて，いくつかは既に
動き始めている。

DM	Direct	Detec>on	experiments
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理論側では，各暗黒物質模型で

暗黒物質・核子散乱断面積
を計算することになる。

特徴

① 非相対論的散乱過程
暗黒物質の局所平均速度 (mean local velocity) : 

② クォーク・グルーオンとの散乱
核子との散乱に焼きなおす際に非摂動論的取り扱いが 
必要となる。

DM-nucleon	sca.ering



③ スピンに依存する（しない）散乱
暗黒物質と核子との相互作用は二種類に分けられる：

• スピンに依存する (spin-dependent) 相互作用 
• スピンに依存しない (spin-independent) 相互作用

スピンに依存しない相互作用は，原子核中の全ての核子について 
加算的に干渉する。

質量数の大きな原子核を標的に用いることで，スピンに依存 
しない散乱に対して飛躍的に検出感度をあげることができる。

例）Xe (A ～ 130) [XENON, XMASS, LUX など]

DM-nucleon	sca.ering



スカラー型

• クォーク
格子シミュレーションにより計算されている。
• グルーオン
エネルギー・運動量テンソルのトレース・アノマリーを 
通じてクォークの行列要素と関係付く

Twist-2型

パートン分布関数 (PDFs) から計算できる。

Nucleon	matrix	elements
暗黒物質とパートンとの相互作用から暗黒物質と核子との 
散乱断面積を求めるには，各相互作用の核子行列要素を 
求める必要がある。

暗黒物質と核子質量との結合

暗黒物質と核子運動量との結合



Nucleon	matrix	elements（スカラー型クォーク演算子）
クォークの核子行列要素としては，格子計算の結果を用いる。

Nucleon(matrix(elements 

Nucleon(matrix(elements(of(scalar\type(quark(operators(are((
evaluated(by(using(the(QCD(lauce(simula6ons. 
mass(frac6ons 

H.(Ohki(et(al.((2008)(�
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Strange(quark(content(is(much(smaller(than(those(
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gluon

u sd

Mass(frac6ons(for(proton�

Quark((scalar\type) 

Remarks. 

Mass	frac/ons

（mN	:	核子質量）Table 1: Mass fractions computed with the lattice simulations of QCD [36,37].

Proton Neutron

f

(p)
Tu

0.019(5) f

(n)
Tu

0.013(3)

f

(p)
Td

0.027(6) f

(n)
Td

0.040(9)

f

(p)
Ts

0.009(22) f

(n)
Ts

0.009(22)

presented above. Since these two types of the operators do not mix with each other under
the renormalization group (RG) flow, it is possible to consider these two types separately.

For the scalar-type quark operators, we use the results from the QCD lattice sim-
ulations. The values of the mass fractions of a nucleon N(= p, n), which are defined
by

f

(N)
Tq

⌘ hN |m
q

q̄q|Ni/m
N

, (2.4)

are shown in Table 1. Here m
N

is the nucleon mass. They are taken from Ref. [29], which
are computed with the recent results of the lattice QCD simulations [36, 37].

The nucleon matrix element of OG

S , on the other hand, is evaluated by means of the
trace anomaly of the energy-momentum tensor in QCD [38]:
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�(↵

s
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4↵
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aµ⌫ + (1� �

m
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Here the beta-function �(↵
s

) and the anomalous dimension �

m

are defined by the following
equations:
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dµ
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q

⌘ µ

dm

q

dµ

, (2.6)

whose explicit forms will be given in Eqs. (2.37) and (2.38), respectively. By putting the
operator (2.5) between the nucleon states at rest, we obtain

hN |↵s

⇡
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a

µ⌫

G
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4↵2
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1� (1� �
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q
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(N)
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⇤
. (2.7)

This formula is obtained with N

f

= 3 quark flavors. Notice that the relation (2.5) is an
operator equation and thus scale-invariant. This is because the energy-momentum tensor
is corresponding to the current of the four momentums, which is a physical quantity
and thus not renormalized. As a consequence, Eq. (2.7) should hold at any scales. We
will evaluate the matrix element at the hadronic scale µhad ' 1 GeV in the following
calculation.

Since �(↵
s

) = O(↵2
s

), the r.h.s. of Eq. (2.7) have a size of O(m
N

). Namely, although
we include a factor of ↵

s

/⇡ in the definition of OG

S , its nucleon matrix element is not
suppressed by the factor. It should be also noted that the scalar-type quark operator

4
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sdu

Mass	frac/ons	of	proton
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Nucleon	matrix	elements（スカラー型グルーオン演算子）
グルーオンのスカラー型演算子は，エネルギー・運動量テン
ソルのトレース・アノマリーの関係式を用いて評価される。
エネルギー・運動量テンソルのトレース・アノマリー

mN <N|GG|N> mN	fTq

LO	in	αs

スカラー型のグルーオンの寄与は，高次のループ・ダイアグ
ラムによって誘導されてもクォークの寄与と同程度になる。



Nucleon	matrix	elements（スカラー型グルーオン演算子）
グルーオンのスカラー型演算子は，エネルギー・運動量テン
ソルのトレース・アノマリーの関係式を用いて評価される。
エネルギー・運動量テンソルのトレース・アノマリー

mN <N|GG|N> mN	fTq

LO	in	αs

スカラー型のグルーオンの寄与は，高次のループ・ダイアグ
ラムによって誘導されてもクォークの寄与と同程度になる。

gluon

sdu



Singlet	scalar	DM

ラグランジアン

標準模型にシングレット・スカラーを足しただけの超簡単な 
模型。

• 暗黒物質の現象論は質量パラメーターと結合定数λSH
のみで決まる。

• 残存量を合わすように結合定数を選べば，残るパラメー
ターは暗黒物質質量のみ。

(mDM	>	weak	scale)

V.	Silveira	and	A.	Zee	(1985);		
J.	McDonald	(1994);	

C.	P.	Burgess,	M.	Pospelov,	and	T.	ter	Veldhuis	(2001).	



Singlet	scalar	DM
DM DM

h

N N

λSH

有効結合定数

DM DM

h

q q

λSH
DM DM

h

Q

λSH

g g

軽いクォークの寄与 重いクォークのループを介した	
グルーオンの寄与



Singlet	scalar	DM

暗黒物質直接探索が，この模型を検証する上で重要な	
役割を果たす。
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相互作用

SU(2)L n重項，ハイパーチャージYの中性成分が暗黒物質と
なっている場合

例
• n = 2, Y = 1/2 (ヒッグシーノ) 
• n = 3, Y = 0 (ウィーノ) 
• n = 5, Y = 0 (Minimal Dark Matter)

暗黒物質・核子散乱はツリー・レベルで生じない 
断面積は暗黒物質の質量のみの関数としてかける。

is actually within the uncertainties of the calculation, for the wino mass larger than
270 GeV. Both the scalar and twist-2 contributions depend on the DM mass when the
mass is smaller than ⇠ 1 TeV as shown in Figs. 3 and 5. However, the dependence in the
cross section is accidentally canceled. The NLO result is found to be larger than the LO
result by almost 70%. After all, the resultant scattering cross section is well above that of
the neutrino background [32], and therefore the future direct detection experiments are
promising to test the wino DM scenario.

4 Electroweakly-interacting DM

Although we have focused on the wino DM in this paper, a similar formalism may be
constructed for a more general class of the DM candidates; i.e., an SU(2)

L

multiplet with
hypercharge Y that contains a neutral component for DM, and their thermal relic may
explain the observed DM density with O(1) TeV masses. For previous works on such
DM candidates, see Refs. [55–62]. Some theories beyond the Standard Model actually
predict this kind of DM. For example, the higgsino and wino in the SUSY models are
representative of the SU(2)

L

multiplet DM. Moreover, such a particle may show up in
grand unified theories [63–65], whose stability is explained by a remnant discrete symmetry
of extra U(1) symmetries in the theories [66–70].

Before concluding our discussion, we give the results of the NLO calculation for this
class of DM candidates. If the DM particle is a fermion, its interactions with quarks and
gluon are completely determined by the electroweak gauge interactions,#8 so we consider
the fermionic DM candidates in the following discussion. If Y 6= 0, the DM is a Dirac
fermion, while a Majorana fermion if Y = 0. Pure Dirac fermion DM is, however, severely
constrained by the direct detection experiments already, since the vector interactions via
the Z boson exchange yield too large scattering cross section with nucleon. The constraint
may be evaded if there are some new physics e↵ects that give rise to the mass di↵erence
between the neutral components to split them into two Majorana fermions. If the mass
di↵erence is larger than O(100) keV, the scatterings with nucleon are not induced by
the tree-level Z boson exchange. In what follows, we assume the presence of the mass
di↵erence and regard the lighter neutral component �

0 as a DM candidate. The mass
di↵erence is assumed to be small enough to be neglected in the following calculation. In
this case, the interactions including the neutral components are given by

Lint =
g2

4

p
n

2 � (2Y � 1)2 �

+ /W+
�

0 +
g2

4

p
n

2 � (2Y + 1)2 �

0 /W+
�

� + h.c.

+ ig

Z

Y �

0 /Z⌘0 . (4.56)

Here n is the number of the components in the DM SU(2)
L

multiplet, g
Z

⌘ p
g

2
Y

+ g

2
2 with

g

Y

the U(1)
Y

gauge coupling constant, and ⌘

0 and Z

µ

for the heavier neutral component
and the Z boson, respectively.

#8In the case of the scalar DM, on the other hand, there always exist quartic couplings to the Higgs
boson, and the couplings also induce the interactions of the DM with quarks and gluon.
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Electroweak-Interac>ng	DM



χ̃0 χ̃0

χ̃0 χ̃0

W, Z

h0
W, Z W, Z

Q
Qg g

g g

1-loop	(quark)

2-loop	(gluon)

取り入れられて
いなかった。

LO	diagrams

J.	Hisano,	K.	Ishiwata,	N.	Nagata,	Phys.	Le9.	B690,	311	(2010)

χ̃0

q

χ̃0

q

χ̃0 χ̃0

q q

W, Z

h0
W, Z W, Z Non-decoupling	effects

J.	Hisano,	S.	Matsumoto,	M.	Nojiri,	O.	Saito	(2005)
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• 各寄与の間に打ち消し合いが生じていた。 
• その結果，従来の計算結果よりも小さな断面積が得られた。

J.	Hisano,	K.	Ishiwata,	N.	Nagata,	Phys.	Le9.	B690,	311	(2010)

LO	results	(triplet)
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J.	Hisano,	K.	Ishiwata,	N.	Nagata,	JHEP	1506,	097	(2015).

NLO	result	(triplet)

• 打消し合いのせいで不定性が大きかったのでNLOまで計算
した。 

• それでもニュートリノBGよりも上なので将来検証可能。
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J.	Hisano,	K.	Ishiwata,	N.	Nagata,	JHEP	1506,	097	(2015).

NLO	results

• Minimal DMは検証可能 
• 二重項（ヒッグシーノ）を探るのは厳しそう。



Hypercharged DM

N.	Nagata	and	S.	Shirai,	Phys.	Rev.	D	91,	055035	(2015).



ハイパー・チャージを持つ暗黒物質は直接検出実験にて排除	
されている。

Hypercharged	DM

χ̃0

q q

χ̃0

Z0

Dirac	fermion	DM

ベクトル型相互作用の寄与が大きすぎる。
スカラーの場合も同様に死んでいる。

e.g.)	Lev-handed	sneutrino	DM	in	the	MSSM.

マヨラナ暗黒物質の場合



Hypercharged	DM
高エネルギー物理の何らかの効果によって中性成分の間に	
質量差が生じる場合

ディラック・フェルミオン 質量差 ２つのマヨラナ・フェルミオン

この場合，マヨラナ条件により

直接検出実験の制限を逃れることができる。



New	physics	effects
中性成分間に質量差を与える相互作用は，	“DM数”	を破るような	
次の形の相互作用で表される。

4Y 4Y
ψ:	(n,	Y),	η:	(n,	-Y),	H:	Higgs	field,	Λ:	a	cut-off	scale

質量行列

M:	Dirac	mass

ディラック・フェルミオンは２つのマヨラナ・フェルミオンとなる。



New	physics	effects
Ex.)	Doublet	(2,	1/2)	DM

ψ,	η ψ,	η

H H

Singlet	and/or	triplet	Majorana	fermion	with	a	mass	of	～	Λ.

cf.)	Higgsino	with	bino/wino



Inelas>c	sca.ering
もしも質量差が小さすぎると，非弾性散乱が生じてしまう。

χ̃0
1

q q

χ̃0
2

Z0

質量差がおよそ100	KeV以下だと，またもや暗黒物質	
直接探索実験にて排除される。



Mass	spli@ng
直接探索実験の制限を逃れるには，

ハイパー・チャージが大きい場合，カットオフ・スケールが	
かなり低くなければならない。

for

For	scalar	DM

for

with	mDV	=	1	TeV.

上限が付く!



Dim-5	operators
一般に次のような次元5の演算子も同時に生成される。

弾性散乱
χ̃0

q

h0

χ̃0 χ̃0 χ̃0

h0

q
g

Q

g

γ

h γ, Z

f f

χ̃+ χ̃+

W± W±

χ̃0

γ

電気双極子モーメント	(EDMs)

Λに下限が付く!



Constraints	and	prospects

(1 TeV,2, 12 )
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(3 TeV,3,1)
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(8 TeV,4, 32 )
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SIEDMInelastic

• Y	=	3/2	の場合は既にかなりつらい。	

• 将来実験にて	Y	=	1	の場合は探れそう.	

• スカラーの場合でもY	=	3/2は大分厳しい。
N.	Nagata	and	S.	Shirai,	Phys.	Rev.	D	91,	055035	(2015).

Future	prospects

Xenon	10	ton-year

Current	bound

LUX
[ACME]



LHC実験

H.	Fukuda,	N.	Nagata,	H.	Otono,	and	S.	Shirai,	in	prepara/on.



LHC	search
電弱暗黒物質多重項は，カラー粒子と比較して生成断面積が	
小さい。

加えて，多重項間の質量差が非常に小さいため，崩壊の際の	
生成物のエネルギーが非常に小さい。

例)	三重項では165	MeV

LHCでこれらを探るのはとても難しそう？

χ±

χ0

π±



Disappearing	track	search
崩壊生成物のエネルギーが小さすぎることにより，内部飛跡	
検出器における消失トラック事象という特徴的な信号を与える。

ATLAS	内部飛跡検出器
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TRTATLAS Simulation

数十cmの飛跡，すなわち～	1ns,	程度の寿命の粒子に感度あり。	

例)	三重項では0.2nsほど。

Semiconductor	tracker	(SCT)	まで飛ぶことを要請。



Disappearing	track	search
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三重項の場合，8	TeV	LHCにて270	GeV程度まで除外された。	

ATLAS	Collabora/on,	Phys.	Rev.	D88,	112006	(2013).



Disappearing	track	search
LHC	Run2	からInsertable	B-Layer	(IBL)	が	R	=	33	mmに新たに	
導入された。

ピクセル検出器だけを使用して	
消失トラック事象を探せないか？

運動量を再構成するためには，	
最低２発のヒットが必要。	
（もう１点は衝突点）

50.5	mm以上の飛跡に感度あり。	

欠点

短い飛跡に着目するため当然運動量分解能が悪くなり，	
背景事象を除きにくくなる。



間接探索実験



Indirect	search
暗黒物質の消滅断面積は比較的大きいので，間接探索実験は	
有効な手段となる。特に，γ線を用いるのが有望。

銀河中心
暗黒物質分布の不定性から来る誤差が非常に大きい
矮小楕円体銀河	(dSphs)

暗黒物質分布の不定性から来る誤差が比較的小さく，信頼性の	
高い制限を与える。
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Indirect	search
現在の制限 将来の予想

B.	Bha9acherjee,	M.	Ibe,	K.	Ichikawa,	S.	Matsumoto,	and	K.	Nishiyama,	JHEP	1407,	080	(2014).

三重項の場合，大部分の領域が将来実験にて探索可能。	
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Figure 7. EW multiplets with CTA. Continuous black lines: theoretical prediction
of the cross section into monochromatic photons h�vi��+�Z/2, for Wino DM (left) and
MDM 5plet (right). Overlaid lines: mean expected CTA sensitivities for 50 hours of
observation of Draco (dot-dashed ocra) and Triangulum-II(dotted ocra), and for 100
hours of observation of the GC, for a Burkert (dot-dashed magenta) and an Einasto
(dotted magenta) profiles. Vertical shadings as in fig. 1. The horizontal lines within the
vertical shading represent the improvement in sensitivity of each target, at that mass
value, from taking into account the lower energy photon continuum spectra, on top of
the �-ray line.

or discover, both thermal candidates. This last statement is however subject to a
collection of more kinematical data regarding Triangulum-II, necessary to con-
firm or disprove its potential for DM indirect detection. Draco has instead only
the potential to marginally test the MDM 5-plet. The prospects of CTA searches
for monochromatic �-ray lines, for values of MDM others than the thermal ones,
are alse readable o↵ fig. 7. Concerning CTA prospects for � lines from the GC, in
recent literature they have been given for both Wino [96, 97] and fiveplet [20, 98]
DM. The mild di↵erences with respect to our work are ascribable to the use of
previous determinations of CTA sensitivities by those works [93,99], as well as to
the choice of di↵erent DM profiles.

For the specific thermal mass values, and for the specific predictions of the
Wino and fiveplet, we show also the results of a continuum plus line analysis, see
secs. 3.1 and 4.2. One sees in fig. 7 that such a model-dependent analysis has the
potential to improve the sensitivities by a few tens of percent, with respect to
the sensitivities to �-ray lines only. We conservatively choose not to include the
prospects for this specific analysis in the case of a Burkert profile, because searches
for a �-ray continuum from the GC have so far required a morphological analysis.
This is based on the ON-OFF technique for signal vs background discrimination,
which is only reliable for cuspy DM profiles [41, 94].
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V.	Lefranc,	E.	Moulin,	P.	Panci,	F.	Sala,	and	J.	Silk,	JCAP	1609,	043	(2016).

銀河中心はやはり不定性が大きい。	



Conclusion



• 電弱相互作用を行う暗黒物質に注目して，将来の探索
見込みを議論した。	

• 現在の実験でいくつかの場合について制限を与えてい
るものの，本格的に探りうるのはまだまだこれから。	

• 直接探索実験，LHC実験，間接探索実験をあわせて精
査していくことが重要。

Conclusion



Backup



Sommerfeld	effects
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FIG. 1: The χ0-pair annihilation cross sections to 2γ and W +W− when δm = 0.1 GeV (slid lines) and 1 GeV (dashed lines).
χ0 is the SU(2)L-triplet or doublet DM. Here, v/c = 10−3. The leading-order cross sections in the perturbation are also shown
for δm = 0 (dotted lines).

conditions at r = 0 are g<(r)|r→0 = 0, g′
<(r)|r→0 = 1,

and g>(r)|r→0 = 1. In the following, we assume E <
2δm so that a pair annihilation of χ0 does not produce
on-shell χ−χ+. As the result,

g>(r)|r→∞ =

(

0 0
d1eikr d2eikr

)

. (7)

In this case, the χ0-pair annihilation cross sections are
(σv)V V ′ = ci

∑

ab Γab|V V ′dad⋆
b , as expected. It is enough

to calculate d in order to evaluate the cross sections.
In Fig. (1) we show the annihilation cross sections of

the SU(2)L-triplet DM pair to 2γ and W+W− as func-
tions of m. We evaluated the cross section numerically.
Here, we take v/c = 10−3, which is the typical averaged

velocity of the DM in our galaxy, and δm = 0.1 GeV and
1 GeV. The perturbative cross sections are also plotted.
Large δm leads to unreliable numerical calculation for
large m, and then some curves are terminated at some
points. However, δm should be suppressed around the
regions.

When m is around 100 GeV, the cross sections to 2γ
and W+W− are almost the same as the perturbative
ones. The cross section to 2γ is suppressed by a loop fac-
tor there. However, when m >∼ 0.5 TeV, the cross sections
are significantly enhanced and have the resonance struc-
ture. Especially, the cross section to 2γ becomes com-
parable to that to W+W− around the resonance. This
suggests that the 2χ0 state is strongly mixed with χ+χ−.

The qualitative behavior of the cross sections around
the first resonance may be understood by approximating
the EW potential by a well potential. Taking cW = 1 for
simplicity, the EW potential is approximated as

V(r) =

(

2δm − b1α2mW −b1

√
2α2mW

−b1

√
2α2mW 0

)

, (8)

for r < R(≡ (b2mW )−1). Here, b1 and b2 are numerical
constants. By comparing the annihilation cross sections
to 2γ in this potential and in the perturbative calculation
for small m, we find b1 = 8/9 and b2 = 2/3. Under
this potential, two-body states 2χ0 and χ−χ+ have the
attractive and repulsive states, whose potential energies
are λ± = 1/2(V11 ±

√

V2
11 + 4V2

12) with Vij(i, j = 1, 2)
elements in V. The attractive state is − sin θφC+cos θφN

with tan2 θ = λ−/λ+.
When δm ≪ b1α2mW /2(∼ 1 GeV), θ is not suppressed

by δm and χ−χ+ and 2χ0 are mixed under the potential.
In this case, the cross section to 2γ is given as

(σv)2γ =
4πα2

9m2

(

1

cos(k−R)
−

1

cosh(k+R)

)2

, (9)

where k2
± = |λ±|m. Here, we neglect the Γ term contri-

bution to the wave function for simplicity and take E ≃ 0.

The cross section (9) is reduced to 4πα2α2
2/m2

W for
α2m <∼ mW . On the other hand, it is not suppressed by a
one-loop factor for α2m >∼ mW and has a correct behavior
as ∼ 1/m2 in a heavy m limit. When k−R = (2n−1)π/2
(n = 1, 2, · · · ), the zero energy resonance, whose binding
energy is zero, appears and the cross section is enhanced
significantly. In Fig. (1), the n-th zero energy resonance
appears at m = m(n) ∼ n2 × m(1), while the well poten-
tial predicts m(n) ∼ (2n− 1)2 ×m(1). We guess that the
Yukawa potential might be approximated better by the
Coulomb potential for the higher zero energy resonances.

When the zero energy resonance exits, the cross sec-
tions σv are proportional to v−2 for v ≪ 1. However,
this is not a signature for breakdown of the unitarity.
We find from study in the one-flavor system under the
well potential V that when v ≪ mV Γ, σv is saturated
by the finite width Γ and the unitarity is not broken.

We also show the annihilation cross sections for the
SU(2)L-doublet DM in Fig. (1). The SU(2)L-doublet DM
has the smaller gauge charges compared with the SU(2)L-
triplet DM. As the result, the cross section is smaller, and
the first zero energy resonance appears at 5 TeV.

The enhancement for the DM annihilation rates gives
significant impacts on the indirect searches for the DM

J.	Hisano,	S.	Matsumoto,	and	M.	M.	Nojiri,	Phys.	Rev.	Le9.	92,	031303	(2004).



Scalar	septet	DM	is	unstable

χ0

χ

V

V

+
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χ0

χ

V
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+

+

Dim.	5	operator

makes	the	DM	decay.
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この計算を高精度かつ系統的に行うために，

有効理論の方法
を用いる。

• 暗黒物質とクォーク・グルーオンとの相互作用は高次元
演算子によって表される。

非相対論的過程で効いてくる相互作用，スピンに依存しない 
相互作用といった情報がすぐにわかる。

• 摂動QCDの効果と非摂動的な効果とを系統的に分離できる。

Method	of	effec>ve	theories



① 暗黒物質とクォーク・グルーオンとの相互作用を媒介する
粒子を積分して，有効ラグランジアンを求める。

演算子積展開 (OPE)

Ci	(μ): Wilson係数
短距離 (short-distance)の情報を含む

Oi	(μ): 有効演算子
高次元演算子。その行列要素に長距離 (long-distance) 
の情報を含む。

μ: factorization scale
高エネルギー理論と有効理論とをマッチさせるスケール。

Method	of	effec>ve	theories



② 有効演算子の核子行列要素を（適当なスケールで）求める。

• くりこみ群方程式 
• 重いクォークの積分

2.((Evaluate(the(nucleon(matrix(elements(of(the(effec6ve(
operators((at(a(certain(scale).(

When(evolving(the(operators(down(to(the(scale,(we(need(to(match(
the(effec6ve(theories(above/below(each(quark(threshold. 

DM DM 

Q Q 

3.((By(using(the(nucleon(matrix(elements,(we(evaluate(
the(sca/ering(cross(sec6on(of(DM(with(a(nucleon(

Method(of(effec6ve(theories 
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g g 

③ 上で得られた核子行列要素を用いて散乱断面積を評価。

Method	of	effec>ve	theories



(スピンに依存しない相互作用; マヨラナ暗黒物質)
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の運動量との結合をもたらす。



Nucleon	matrix	elements
Twist-2型演算子の核子行列要素は，パートン分布関数(PDF)	
を用いて求める。

Table 2: Second moments of the PDFs of proton evaluated at µ = mZ . We use the CJ12
next-to-leading order PDFs given by the CTEQ-Je↵erson Lab collaboration [15].

g(2) 0.464(2)

u(2) 0.223(3) ū(2) 0.036(2)

d(2) 0.118(3) d̄(2) 0.037(3)

s(2) 0.0258(4) s̄(2) 0.0258(4)

c(2) 0.0187(2) c̄(2) 0.0187(2)

b(2) 0.0117(1) b̄(2) 0.0117(1)

states |Ni, from hN |⇥µ
µ|Ni = mN we then obtain

hN |↵s

⇡
GA

µ⌫G
Aµ⌫ |Ni = �8

9
mNf

(N)
TG

, (6)

with f
(N)
TG

⌘ 1�P
q=u,d,s f

(N)
Tq

. Notice that the r.h.s. of Eq. (6) is the order of the typical
hadronic scale, O(mN). That is, although we include a factor of ↵s/⇡ in the definition
of Og

S, its nucleon matrix element is not suppressed by ↵s/⇡. This is the reason why we
have defined Og

S to contain ↵s/⇡.
Next, we discuss the nucleon matrix elements of the twist-2 operators. They are given

by the second moments of the parton distribution functions (PDFs):

hN(p)|Oq
µ⌫ |N(p)i = 1
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4
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Z 1

0

dx x q(x, µ) , (9)

q̄(2;µ) =

Z 1

0

dx x q̄(x, µ) , (10)

g(2;µ) =

Z 1

0

dx x g(x, µ) . (11)

Here q(x, µ), q̄(x, µ) and g(x, µ) are the PDFs of quarks, antiquarks and gluon at the
factorization scale µ, respectively. These values are well measured at various energy
scales, contrary to the case of the scalar matrix elements. In Table 2, for example, we
present the second moments for proton at the scale of µ = mZ with mZ the Z boson
mass. Here, we use the CJ12 next-to-leading order PDFs given by the CTEQ-Je↵erson
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ここで，q(2),	g(2)	は	PDFのsecond	momentと呼ばれる。
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CJ12,	CTEQ-Jefferson	Lab	collabora/on.

（Twist-2	型）



Effec>ve	coupling	of	Majorana	DM	with	nucleon

with

The	scalar-type	gluon	contribu/on	turns	out	to	be	
comparable	to	the	quark	contribu/ons	even	though	
it	is	induced	at	higher	loop-level.



Majorana	DM-nucleus	sca.ering	cross	sec>on
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NLO	calcula>on
Diagrams

Table 3: Number of loops in diagrams relevant to the O(↵
s

/⇡) calculation for each oper-
ator. We also show where we neglect the third generation contribution at the NLO. Here
“�” means that there is no contribution or the contribution vanishes.

Operators Higgs Box

Parton Type LO NLO LO NLO

Quark Scalar Cq

S 1-loop 2-loop - 2-loop

(1st&2nd) Twist-2 C

q

T1,2
- - 1-loop 2-loop

Quark Scalar Cb

S 1-loop 2-loop 1-loop 2-loop (neglected)

(b-quark) Twist-2 C

b

T1,2
- - 1-loop 2-loop (neglected)

Gluon Scalar CG

S 2-loop 3-loop 2-loop 3-loop

(1st & 2nd) Twist-2 C

G

T1,2
- - - 2-loop

Gluon Scalar CG

S 2-loop 3-loop 2-loop 3-loop (3rd gen. neglected)

(3rd) Twist-2 C

G

T1,2
- - - 2-loop (3rd gen. neglected)

currents, as described in Refs. [27,28]. For the scalar operators, the NLO contribution to
the OPEs of the correlation functions of vector and axial-vector currents is evaluated in
Ref. [41] in the degenerate quark mass limit for each generation. The results are directly
applicable to the contribution of the first two generations in our calculation since all of the
quarks of the generations may be regarded as massless. Concerning the third generation
contribution, the mass di↵erence between top and bottom quarks is significant, and thus
the mere use of the results in Ref. [41] is not justified. Their contribution is, however,
found to be small compared with those of the first two generations. In our calculation, we
neglect the NLO contribution of the third generation, and take into account the e↵ects as
a theoretical uncertainty. The Wilson coe�cients of the twist-2 operators are evaluated
in Ref. [42] to O(↵

s

/⇡) in the massless limit. It is again not possible to use the results
for the contribution of the third generation, and thus we will drop the contribution and
estimate the e↵ects as a theoretical uncertainty. By evaluating theW boson loop diagrams
with this correlation function, we then obtain the Wilson coe�cients of the operators in
Eq. (2.2).

As a result, Cq

S, C
i

T1
, and C

i

T2
are computed at the two-loop level, while CG

S is evaluated
at the three-loop level. In Table 3, we summarize the number of loops in diagrams relevant
to the NLO calculation for each contribution. They complete the NLO matching condition
for each Wilson coe�cient at the electroweak scale µ

W

. In addition, we show in the table
where we ignore the third generation contribution. As we will see below, the e↵ect of
dropping the NLO third-generation contribution is actually negligible.
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(2.48)

with q = u, d, s, c for the first and third equations.#5 In the following section, we estimate
the uncertainties coming from the neglect of the higher order perturbation by varying the
matching scale µ

b

around the µ
b

' m

b

. We repeat a similar procedure for the charm-quark
threshold around µ

c

' m

c

.
Here we note that besides the above threshold corrections, the higher dimension op-

erators suppressed by a power of the threshold quark mass are also generated in general.
For instance, if the scalar-type quark operator is integrated out at a quark threshold m

Q

,
then we will obtain the following dimension-nine operators at one-loop level [45, 48]:
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s
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Q
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0
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0
, (2.49)

where f

abc

is the SU(3) structure constant. In particular, those generated at the charm-
quark threshold give the largest e↵ects. By using the naive dimensional analysis, we see
that their contribution to the nucleon matrix element may give a correction by a factor
of ⇤2

QCD/m
2
c

= O(0.1), which could be additionally suppressed by the prefactors of these
operators. Since we do not know precise values of the nucleon matrix elements of the
operators in Eq. (2.49), we should also consider their e↵ects as an uncertainty.

3 Results

Now we compute the wino-nucleon scattering cross section and evaluate the theoretical
uncertainties. We first separately consider the scalar and twist-2 contributions to the
wino-nucleon e↵ective coupling in Sec. 3.1 and 3.2, respectively. Then, we show the result
for the scattering cross section in the following subsection. In Table 4, we summarize the
input parameters we use in our computation. For the mass of top quark, we use the pole
mass as an input parameter, and convert it to the MS mass using the one-loop relation:

m

t

= m

t

(m
t

)


1 +

4↵
s

(m
t

)

3⇡

�
, (3.50)

#5The matching condition for CG
Ti

here di↵ers from that given in Ref. [31].
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with q = u, d, s, c for the first and third equations.#5 In the following section, we estimate
the uncertainties coming from the neglect of the higher order perturbation by varying the
matching scale µ
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threshold around µ

c

' m

c

.
Here we note that besides the above threshold corrections, the higher dimension op-

erators suppressed by a power of the threshold quark mass are also generated in general.
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where f

abc

is the SU(3) structure constant. In particular, those generated at the charm-
quark threshold give the largest e↵ects. By using the naive dimensional analysis, we see
that their contribution to the nucleon matrix element may give a correction by a factor
of ⇤2

QCD/m
2
c

= O(0.1), which could be additionally suppressed by the prefactors of these
operators. Since we do not know precise values of the nucleon matrix elements of the
operators in Eq. (2.49), we should also consider their e↵ects as an uncertainty.

3 Results

Now we compute the wino-nucleon scattering cross section and evaluate the theoretical
uncertainties. We first separately consider the scalar and twist-2 contributions to the
wino-nucleon e↵ective coupling in Sec. 3.1 and 3.2, respectively. Then, we show the result
for the scattering cross section in the following subsection. In Table 4, we summarize the
input parameters we use in our computation. For the mass of top quark, we use the pole
mass as an input parameter, and convert it to the MS mass using the one-loop relation:
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Higgsino	in	high-scale	SUSY
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• ハドロンと検出器の散乱
• レプトンの制動放射
• たまたま近くにあった粒子からのヒットを再構成


