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はじめに



超対称性理論の趨勢
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LHC実験開始以前は，超対称性の話を聞く機会が非常に多かった．

例）基研研究会　素粒子物理学の進展2011



超対称性理論の趨勢
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最近はだいぶ減った…？

例）基研研究会　素粒子物理学の進展2025



超対称性理論の趨勢
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あからさまに悲観的な見方を述べる人々もいる．

https://www.scientificamerican.com/article/supersymmetrys-long-fall-from-grace/

https://www.scientificamerican.com/article/supersymmetrys-long-fall-from-grace/


講義の目標
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超対称性理論が今後どうなるといったような予言めいたことは言えない

ですが．．．

自分自身で考えられるようになることを目標に，

•超対称性理論の動機・特徴


•超対称性理論が抱える困難・問題点


•将来の展望
について話したいと思います．



超対称性理論



物理理論の対称性
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ある一連の変換のもとで理論の予言が不変である時，その理論はその変換 

に対応する対称性を持つ．

例）

‣並進対称性


‣ Lorentz対称性


‣内部対称性
座標原点の取り方

慣性系の取り方



連続的内部対称性の例：アイソスピン
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核力が，
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なる変換のもとで（近似的に）不変．

陽子と中性子が混ざり合う変換．

無限小変換
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超対称性 (supersymmetry; SUSY)
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超対称変換：ボソンとフェルミオンとが混ざり合う変換．
<latexit sha1_base64="OQAEIsVSGaLo+i9Ec4gFvR5A6u8="></latexit>

�� = ✏  
スカラー場

グラスマン数のパラメーター
フェルミオン場

このような変換のもとで不変な理論はありうるのだろうか？



超対称性の発見
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•P. Ramond; A. Neveu and J. H. Schwarz; J. L. Gervais and B. Sakita (1971)

ストリング理論における2次元世界面上の超対称性を発見．

•Yu. A. Gol’fand and E. P. Likhtman (1971)

4次元の超対称理論を構築．

•D. V. Volkov and V. P. Akulov (1973)

超対称性の自発的破れによって軽いニュートリノを得る模型の構築．

• J. Wess and B. Zumino (1974)

4次元の超対称理論を構築．



Haag-Lopuszanski-Sohniusの定理
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R. Haag, J. T. Lopuszanski, and M. Sohnius, Nucl. Phys. B88, 257 (1975)

場の量子論において，

‣並進対称性


‣ Lorentz対称性


‣内部対称性
に加えて唯一可能な対称性が超対称性である．

（スピン1/2の）

（質量スケールを持つ理論）

拡張可能な唯一の対称性であることは，超対称性の魅力的な特徴の一つ．



Wess-Zumino 模型

13

理論がある対称性をもつ．

対応する対称性変換のもとで作用が不変．

超対称性を持つ理論の例：Wess-Zumino 模型

 : 複素スカラー場，  : マヨラナ・フェルミオン場，  : 補助場ϕ ψ F
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Wess-Zumino 模型
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一連の変換
<latexit sha1_base64="BeI+ba5IWbWzWthAw5tX/zuIfk0="></latexit>

�� = ✏R L,  = �i�µ (@µ�
⇤PL + @µ�PR) ✏+ (FPL + F ⇤PR) ✏

<latexit sha1_base64="moFWCz84h4yh99xTQbMCuhoGfho="></latexit>

�F = �i✏L�
µ@µ L

のもとで， の変化分は全微分になるとわかる．
<latexit sha1_base64="gMAi3IC6vGANYGDrujgdDVOum7E="></latexit>

LWZ

 : マヨラナ・スピノルの変換パラメーターϵ



Wess-Zumino 模型
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補助場に対し Euler-Lagrange 方程式 を用いると
<latexit sha1_base64="Ylr6sAPP44R1ZrJCrdQhnJarGQE="></latexit>

F = �m⇤�⇤ � 1

2
�⇤�⇤2 これをラグランジアンに代入すると

•スカラーとフェルミオンの質量が一緒．


•3点結合，4点結合，湯川結合の間に関係がある．


•               はあるが                はない．
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超対称ゲージ理論
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ゲージ場の超対称パートナーは，スピン1/2のフェルミオン：ゲージーノ

(a) (b) (c) (d) (e)

(f) (g) (h) (i)

Figure 3.3: Supersymmetric gauge interaction vertices.

the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.
Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only

when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term in
eq. (3.3.3). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

→
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

In this section, the basic ideas of superspace and superfields are covered. These ideas provide elegant
tools for understanding the structure of supersymmetric theories, and are essential for analyzing and
communicating ideas about the formal structure of supersymmetry in the most succinct ways. However,
they are also not strictly necessary; the discussion given above shows how supersymmetry can be
defined and studied completely without the superspace and superfield notation. The reader who is

30
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スカラー場の4点結合が生じる



超対称標準模型



階層性問題
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現実の理論において超対称性が何らかの役割を果たしていると考えられる

ようになった最大の動機の一つが，電弱スケールの階層性問題．

•標準模型の電弱スケール: 


•重力が重要になるスケール (Planck スケール): 

∼ mZ

MP ∼ 1018 GeV

何故…？不自然？
mZ ≪ MP

S. Weinberg (1976); L. Susskind (1979); G. ’t Hooft (1980); M. J. G. Veltman (1981).



階層性問題
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標準模型の電弱スケールは，ヒッグス場の真空期待値で決まる．
<latexit sha1_base64="t+jTJBbJRniPCEvFkjF90Oquu58="></latexit>
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場の理論において裸の質量項は，量子補正を打ち消して観測値を再現

するようにとられる．

質量くりこみ
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 のとき

厳しい微調整が必要．
Λ ≫ 1 TeV

 : 標準模型が有効なエネルギー・スケールの上限;  : フェルミ定数Λ GF



階層性問題
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標準模型の他の粒子の場合，対称性により質量項が禁じられている．

•ゲージ粒子：ゲージ対称性


•クォーク・レプトン：カイラル対称性
左巻きと右巻きとで異なる対称性変換．  が禁じられる．−mψRψL

これらの質量項は，対称性が破れて初めて生じる．

質量が軽く，量子補正によって大きな質量が追加されない理由を，

対称性によって説明できる．



階層性問題に関する注意
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階層性問題は，場の量子論としての破綻を意味しているわけではない．

単に美的観点の問題と言う人もいる．

•最近のレビュー：N. Craig, arXiv:2205.05708


•理論の『自然さ』に関する美的観点の問題について
‣ スティーブン・ワインバーグ，究極理論への夢： 
自然界の最終法則を求めて（ダイヤモンド社）


‣ ザビーネ・ホッセンフェルダー，数学に魅せられて科学を見失う： 
物理学と「美しさ」の罠（みすず書房）



超対称性理論と階層性問題
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超対称性により同じになる．
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二次発散部分が打ち消し合う．

L. Maiani (1979); E. Witten (1981).
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超対称性理論と階層性問題
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フェルミオン … カイラル対称性により自然と軽くなれる．

スカラー

超対称性

… 超対称性によりフェルミオンと同質量になる．



超対称パートナー
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•クォーク・レプトン <latexit sha1_base64="o7dH8GdQZ/iByfF897m5dOetwbc="></latexit>

QL, uR, dR, LL, eR

スピン0のスクォーク・スレプトン
<latexit sha1_base64="vgrIxWgD4Nl63/7jmtcHYTB2AO8="></latexit>

eQL, euR, edR, eLL, eeR

•ゲージ場 <latexit sha1_base64="bEIIfVK3Z4vwxG9f/zeJC6W7gSU="></latexit>
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a
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スピン1/2のゲージーノ

‣グルイーノ


‣ウィーノ


‣ビーノ <latexit sha1_base64="rFNGFpRUFiRAf421sW4B8JVcPcA="></latexit>

eB
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fW a 超対称パートナー粒子は

~ をつけて表すのが一般的．

<latexit sha1_base64="GLRoPjFXlSXJ0WL/y7RwSczxK40="></latexit>

egA



ヒッグス場
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超対称性理論において，ヒッグス二重項は2つ必要．
<latexit sha1_base64="J1OySYR8IszxDr0BwjvRs4vtfNE="></latexit>

Hu =

✓
H

+
u

H
0
u

◆ <latexit sha1_base64="eFnwY3luMMAjpCV+6to7IgRmczk="></latexit>

Hd =

✓
H

0
d

H
�
d

◆

<latexit sha1_base64="TUVP+QDQctgeefvCRLAJ3hNjKgI="></latexit>

� R L理由: Wess-Zumino 模型で，            が許されて               が許されなかった

         ように，            と                とは共に存在できない．
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これらの超対称パートナー粒子はヒッグシーノと呼ばれる．
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最小超対称標準模型
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以上の場を導入して標準模型を超対称性理論へと拡張した理論を

最小超対称標準模型
Minimal Supersymmetric Standard Model (MSSM)

と呼ぶ．



超対称性の破れ
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現実では超対称性は破れてなければならない．

MSSMにおいて超対称性を自発的に破るのはうまくいかない．

超対称性の破れの構造

MSSM
(Visible sector)

超対称性を破る理論
(Hidden sector)媒介する相互作用

強結合非摂動効果で自発的に破れる？

超対称性の破れの伝わり方がMSSMの現象論を左右する．



ゲージ結合定数の統一

28

TeV スケール程度に超対称粒子があると，非常に高いスケールで

標準模型のゲージ結合定数が非常に近い値をとる．
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超対称大統一理論を示唆している？

超対称性の存在を暗示する状況証拠と

して受け取られた．



バリオン数・レプトン数の破れ
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標準模型の場合，ゲージ対称性による制約から自動的にバリオン数・

レプトン数の保存が従った．

超対称標準模型の場合，これらの保存則を破る相互作用が書けてしまう．

例  と  の量子数が一緒であることからHd L̃
<latexit sha1_base64="f+K+FxAjCorfjbBoRHrEuWInsbk="></latexit>

Hdd̄RQL

<latexit sha1_base64="y7VSMQKF7lqyk+I678E2jAC2lD0="></latexit>

L̃d̄RQL レプトン数を破る

このように，バリオン数・レプトン数を破る相互作用が色々生じる．

これらは実験により非常に強く制限されている．



R パリティ
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バリオン数・レプトン数を破るくりこみ可能な相互作用は全て，

R パリティ保存を課すことで禁止することができる．

<latexit sha1_base64="0Utjy7cId25p0Hy9/RvaIqQxBVE="></latexit>

PR = (�1)3(B�L)+2s : バリオン数; : レプトン数

: スピン

B L
s

•標準模型粒子，ヒッグス場:  


•超対称粒子: 

PR = + 1
PR = − 1

この時，最も軽い超対称粒子は標準模型粒子に崩壊できず，安定になる．
Lightest SUSY particle (LSP)



超対称暗黒物質
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最も軽い超対称粒子が中性の場合，暗黒物質候補となる．

例

•ビーノ


•中性ウィーノ


•中性ヒッグシーノ
これらは，電弱対称性が破れた後に混ざり合う

ニュートラリーノ

これらは，Weakly-Interacting Massive Particles (WIMPs) と呼ばれる

暗黒物質候補の一種である．



ここまでのまとめ：超対称性理論の特徴
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•並進，Lorentz，内部対称性に加えて許容しうる唯一の対称性．


•階層性問題を解決しうる．


•高エネルギー・スケールにおいてゲージ結合定数の統一が実現する．


•くりこみ可能な相互作用によってバリオン数・レプトン数の破れが 
生じうるが，これらは R パリティによって禁じられる．


•この場合，暗黒物質候補が提供される．



実験制限



LHC
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LHCにおける探索で，超対称粒子は見つかっていない．

q̃

q̃

�̃±
1

�̃⌥
1

p

p

q0

�̃0
1

W

q0

�̃0
1

W

特に，スクォーク，グルイーノなど

カラーを持った粒子の質量に厳しい

下限が課せられている．



ヒッグス質量
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MSSMにおいて，125 GeV のヒッグス質量も超対称粒子（特にストップ）

の質量に対し下限を与える．

4点結合とヒッグス質量
<latexit sha1_base64="t+jTJBbJRniPCEvFkjF90Oquu58="></latexit>
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超対称性による関係式 (MSSM)(a) (b) (c) (d) (e)

(f) (g) (h) (i)

Figure 3.3: Supersymmetric gauge interaction vertices.

the scalar squared-mass term as an insertion in the propagator, the arrow direction is preserved.
Figure 3.3 shows the gauge interactions in a supersymmetric theory. Figures 3.3a,b,c occur only

when the gauge group is non-Abelian, for example for SU(3)C color and SU(2)L weak isospin in the
MSSM. Figures 3.3a and 3.3b are the interactions of gauge bosons, which derive from the first term in
eq. (3.3.3). In the MSSM these are exactly the same as the well-known QCD gluon and electroweak
gauge boson vertices of the Standard Model. (We do not show the interactions of ghost fields, which
are necessary only for consistent loop amplitudes.) Figures 3.3c,d,e,f are just the standard interactions
between gauge bosons and fermion and scalar fields that must occur in any gauge theory because of the
form of the covariant derivative; they come from eqs. (3.3.5) and (3.4.2)-(3.4.4) inserted in the kinetic
part of the Lagrangian. Figure 3.3c shows the coupling of a gaugino to a gauge boson; the gaugino line
in a Feynman diagram is traditionally drawn as a solid fermion line superimposed on a wavy line. In
Figure 3.3g we have the coupling of a gaugino to a chiral fermion and a complex scalar [the first term
in the second line of eq. (3.4.9)]. One can think of this as the “supersymmetrization” of Figure 3.3e or
3.3f; any of these three vertices may be obtained from any other (up to a factor of

→
2) by replacing two

of the particles by their supersymmetric partners. There is also an interaction in Figure 3.3h which
is just like Figure 3.3g but with all arrows reversed, corresponding to the complex conjugate term in
the Lagrangian [the second term in the second line in eq. (3.4.9)]. Finally in Figure 3.3i we have a
scalar quartic interaction vertex [the last term in eq. (3.4.12)], which is also determined by the gauge
coupling.

The results of this section can be used as a recipe for constructing the supersymmetric interactions
for any model. In the case of the MSSM, we already know the gauge group, particle content and the
gauge transformation properties, so it only remains to decide on the superpotential. This we will do
in section 6.1. However, first we will revisit the structure of supersymmetric Lagrangians in section 4
using the manifestly supersymmetric formalism of superspace and superfields, and then describe the
general form of soft supersymmetry breaking terms in section 5.

4 Superspace and superfields

In this section, the basic ideas of superspace and superfields are covered. These ideas provide elegant
tools for understanding the structure of supersymmetric theories, and are essential for analyzing and
communicating ideas about the formal structure of supersymmetry in the most succinct ways. However,
they are also not strictly necessary; the discussion given above shows how supersymmetry can be
defined and studied completely without the superspace and superfield notation. The reader who is
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超対称性の破れの効果が，量子補正を通じてヒッグス質量に寄与する．
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p

6

FeynHiggs, tan Ø = 20

P. Slavich, et.al., Eur. Phys. J. C81, 450 (2021).

: 超対称粒子の質量スケールMS

: ストップ質量行列の非対角項mtXt

<latexit sha1_base64="CH1pkLdgoWXrBa+K3tlRYSlTG60="></latexit>

tan� ⌘ hH0
ui/hH0

di

観測値を説明するには，超対称性の破れの

効果が大きい必要がある．

超対称粒子の質量が TeV 以上
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超対称性粒子は，フレーバー・CP対称性を破る過程を誘導しうる．

g̃

q̃Iqi
qj

q̃J

g̃

qj qi

(a)

γ

e→µ→ B̃

µ̃R ẽR

(b)

γ

e→µ→

W̃→

ν̃µ ν̃e

(c)

γ

e→µ→ B̃

µ̃L ẽR

Figure 6.6: Some of the diagrams that contribute to the process µ→ → e→γ in models with lepton
flavor-violating soft supersymmetry breaking parameters (indicated by ×). Diagrams (a), (b), and
(c) contribute to constraints on the off-diagonal elements of m2

e , m
2
L, and ae, respectively.

Br(µ → eγ) =




|m2

µ̃∗
R ẽR

|
m2
!̃R




2 (

100 GeV

m!̃R

)4

10→6 ×






15 for mB̃ # m!̃R
,

5.6 for mB̃ = 0.5m!̃R
,

1.4 for mB̃ = m!̃R
,

0.13 for mB̃ = 2m!̃R
,

(6.4.1)

where it is assumed for simplicity that both ẽR and µ̃R are nearly mass eigenstates with almost degener-
ate squared masses m2

!̃R
, that m2

µ̃∗
R ẽR

↔ (m2
e)21 = [(m2

e)12]
∗ can be treated as a perturbation, and that

the bino B̃ is nearly a mass eigenstate. This result is to be compared to the present experimental upper
limit Br(µ → eγ)exp < 5.7 × 10→13 from [108]. So, if the right-handed slepton squared-mass matrix
m2

e were “random”, with all entries of comparable size, then the prediction for Br(µ → eγ) would be
too large even if the sleptons and bino masses were at 1 TeV. For lighter superpartners, the constraint
on µ̃R, ẽR squared-mass mixing becomes correspondingly more severe. There are also contributions to
µ → eγ that depend on the off-diagonal elements of the left-handed slepton squared-mass matrix m2

L,
coming from the diagram shown in fig. 6.6b involving the charged wino and the sneutrinos, as well as
diagrams just like fig. 6.6a but with left-handed sleptons and either B̃ or W̃ 0 exchanged. Therefore,
the slepton squared-mass matrices must not have significant mixings for ẽL, µ̃L either.

Furthermore, after the Higgs scalars get VEVs, the ae matrix could imply squared-mass terms that
mix left-handed and right-handed sleptons with different lepton flavors. For example, LMSSM

soft contains
ẽaeL̃Hd + c.c. which implies terms −〈H0

d〉(ae)12ẽ∗Rµ̃L − 〈H0
d〉(ae)21µ̃∗

RẽL + c.c. These also contribute
to µ → eγ, as illustrated in fig. 6.6c. So the magnitudes of (ae)12 and (ae)21 are also constrained
by experiment to be small, but in a way that is more strongly dependent on other model parameters
[87]. Similarly, (ae)13, (ae)31 and (ae)23, (ae)32 are constrained, although more weakly [88], by the
experimental limits on Br(τ → eγ) and Br(τ → µγ).

There are also important experimental constraints on the squark squared-mass matrices. The
strongest of these come from the neutral kaon system. The effective Hamiltonian for K0 ↔ K

0
mixing

gets contributions from the diagrams in Figure 6.7, among others, if LMSSM
soft contains terms that mix

down squarks and strange squarks. The gluino-squark-quark vertices in Figure 6.7 are all fixed by
supersymmetry to be of QCD interaction strength. (There are similar diagrams in which the bino and
winos are exchanged, which can be important depending on the relative sizes of the gaugino masses.)
For example, suppose that there is a non-zero right-handed down-squark squared-mass mixing (m2

d
)21 in

the basis corresponding to the quark mass eigenstates. Assuming that the supersymmetric correction
to ∆mK ↔ mKL − mKS following from fig. 6.7a and others does not exceed, in absolute value, the
experimental value 3.5× 10→12 MeV, ref. [97] obtains:

|Re[(m2
s̃∗Rd̃R

)2]|1/2

m2
q̃

<
(

mq̃

1000 GeV

)
×






0.04 for mg̃ = 0.5mq̃,
0.10 for mg̃ = mq̃,
0.22 for mg̃ = 2mq̃.

(6.4.2)
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f f′￼

f̃

λ

‣  混合


‣  混合


‣  混合

K0 − K0

D0 − D0

B0
d,s − B0

d,s

‣  


‣電気双極子モーメント
μ → eγ

これらは標準模型では非常に抑制されている．
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フレーバー・CP対称性の破れを抑制する構造が無い場合，超対称粒子の

質量は非常に重くなくてはならない．

W. Altmannshofer, R. Harnik, J. Zupan, JHEP 1311, 202 (2013).
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MSSMにおいて，ヒッグス質量パラメーターは

m2
H ≃ |μ |2 + m2

Hu
+ Δm2

H

のように与えられる．ここで，  は量子補正を表す：Δm2
H

Δm2
H ≃ −

3y2
t

16π2 (m2
Q̃L3

+ m2
ũR3

+ |At |
2 ) ln ( Λ2

Q2 ) −
g2

3 y2
t

16π4
|M3 |2 (ln

Λ2

Q2 )
2

ストップ グルイーノ
( : インプット・スケール; : 超対称スケール)Λ Q

 : ヒッグシーノ質量μ

ヒッグシーノ，ストップ，グルイーノが重くなるほど微調整が必要．



将来の展望
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実験が示唆するように超対称性スケールが電弱スケールよりも高いと

すると，（小さな）階層性問題が再び生じてしまうように思われる．

Little hierarchy problem

•超対称性がTeV スケールくらいに現れ，MSSMよりも複雑なシナリオ？

‣実験回避・ヒッグス質量の説明が巧妙な形で行われる？


‣電弱スケールが “自然に” 説明される？

•単純な構造のまま，超対称性がTeV スケールよりもはるかに高い？



高いスケールの超対称性
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•超対称スカラー粒子の質量は TeV よりはるかに重い．

‣ヒッグス質量を説明できる．


‣フレーバー・CP物理からの制限も回避．

•近似的カイラル対称性により超対称フェルミオン粒子は比較的軽い．
‣暗黒物質候補


‣ゲージ結合定数の統一
ゲージーノ・ヒッグシーノ

Split SUSY
Spread SUSY

Pure Gravity Mediation

Mini-Split SUSY

Simply Unnatural SUSY

LHC後

J. D. Wells (2003), N. Arkani-Hamed, S. Dimopoulos (2004); G. Giudice, A. Romanino (2004)
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暗黒物質候補にもなる，電弱相互作用のみを行う超対称フェルミオンが

有望な探索標的となる．

ヒッグシーノ
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Fig. 9.7: The 2! sensitivity reach for the wino (Left) and the Higgsino (Right). Pink bars
indicate the experimental reach assuming each candidate makes up 100% of the DM, with
CTAO prospects shown [744–747]. Filled pink bars indicate present exclusion. Black bars show
collider reach via disappearing track searches. Blue blocks mark the kinematic limits of various
collider setups, while grey blocks indicate indirect sensitivity from precision measurements.

for the HL-LHC [751], FCC-hh (rescaled to the current nominal c.o.m. energy) [752], where
the main collider signature is production of charged states that decay into soft SM particles
and the neutral state. Searches therefore focus on large missing energy and soft decay products
inside the detector. At a Muon Collider [753] the reach for Higgsinos is enhanced due to the
possibility of soft track reconstruction, which allows sensitivity beyond 1.1 TeV. Indirect probes
via electroweak precision observables can further extend the reach in a model-dependent way,
beyond the kinematic limit. These are shown as indirect constraints in Fig. 9.7.

Direct detection experiments have limited sensitivity to pure Higgsino scenarios as the
spin-independent scattering cross-section lies below the onset of the neutrino fog, while the
wino cross-section is above it. Featuring a large annihilation cross section enhanced by Som-
merfeld effects, winos and Higgsinos are a prime target for indirect detection through gamma
rays, discussed in Sect. 9.4.2.
Simplified Models: Axial-Vector and Scalar Mediators Simplified models provide a tractable
framework allowing collider searches to be interpreted in terms of a small number of well-
defined parameters. In the benchmark scenarios considered here, as in Ref. [3, 754], the dark
sector consists of a single Dirac fermion DM particle and a single mediator. The key parameters
are the masses of the mediator and DM particle, and their couplings to SM and DM fields. The
mediators considered here can be scalar, pseudoscalar, or axial-vector bosons. Figure 9.8 shows
the projected reach, compared with direct detection searches. The specific DM mass choices
represent the points of approximate maximum sensitivity for direct detection, where sensitivity
reach varies significantly with mass. Not shown, Muon Colliders also have sensitivity through
mono-W analyses [755].

Figure 9.6 (top) shows the comparison between collider and direct detection sensitivities
for a scalar mediator, where collider reach is recast as a constraint on the DM–nucleon scattering
cross-section. Collider searches can reach DM masses up to the TeV scale, even when the medi-
ator is significantly heavier than the DM particle, whilst direct detection can probe DM masses

162

Physics Briefing Book, arXiv:2511.03883

TeV まで実験で探索するには，100 TeV pp / O(1) TeV e/μ 加速器が必要．
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J. Hisano, K. Ishiwata, N. Nagata, JHEP 1506, 097 (2015).

暗黒物質

原子核

•高次の量子補正で散乱が生じるため，散乱断面積は小さい．


•次世代，次次世代くらいにはウィーノ暗黒物質を検証できるかも．
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14

IV. CONSTRAINTS ON HIGGSINO MASS SPLITTINGS FROM LZ2024

As a corollary of the lower bounds on gaugino masses, their limited mixings with the higgsino-

like states implies stringent upper bounds on the mass di!erences M+ and M0. For example, in

Figure 4.1, I show the chargino-LSP mass splitting M+ for models with gaugino mass unification,

as a function of the LSP mass, for various values of the bino mass parameter M1 as labeled. Here

I have chosen tanω = 2, µ < 0 for the left panel and tanω = 2, µ > 0 for the right panel,

so that results for larger tanω will always be between these two choices. For each model curve

with constant gaugino mass parameters, the dashed (red) portion is excluded by LZ2024, and the

lighter (blue) portion is below the discovery neutrino fog, with the thermal freezeout prediction

for ”LSPh
2 assumed. The thicker (black) portion of each curve corresponds to parameters that

are not yet excluded by LZ2024, but still above the discovery neutrino fog and therefore likely

to be accessible to direct detection experiments in the near future. Also shown as the shaded

(orange) regions are the exclusions by ATLAS [101] for low-momentum mildly displaced tracks

[42] (the upper part), and by the union of the ATLAS [102] and CMS [103] exclusion regions for

disappearing track searches (the lower part). It is notable that the disappearing track searches do

not impact the supersymmetric parameter space at all except for ultrapure higgsinos with M1 > 25

TeV. The search based on mildly displaced tracks is limited, so far, to higgsinos that mix with

gaugino masses of at least several TeV, and LSP masses below 200 GeV.

More generally, I find upper bounds on the mass splittings #M+ and #M0 as shown in Figure

4.2, for the gaugino mass unification and AMSB scenarios. The model line curves have di!erent
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FIG. 4.1: The higgsino-like chargino-LSP mass splitting #M+ = mC̃1
→mÑ1

as a function of the LSP mass
mÑ1

, for various choices of the bino mass parameter M1 from 0.2 TeV to 30 TeV as labeled, assuming that
the gaugino masses satisfy the unification relation M2 = 1.8M1. The left and right panels have negative
and positive µ, respectively, with tanω = 2, Mh fixed at 125.1 GeV, and all other scalar masses set to 10
TeV. The dashed (red) portions of each curve are ruled out by the LZ2024 limits [71] assuming that the
dark matter has a relic abundance set by thermal freezeout. The lighter solid (blue) portions lie within the
discovery neutrino fog region. The shaded (orange) regions are excluded by ATLAS and CMS disappearing
track searches (lower part) and the ATLAS low-momentum mildly displaced track search (upper part).

ゲージーノとの混合が大きいほど

•暗黒物質検出率


•荷電・中性成分の質量差
が大きくなる．

S. P. Martin, Phys. Rev. D 111, 075004 (2025).

直接検出実験はヒッグシーノ暗黒物質探索に重要な役割を果たすが，

探れない部分もある．
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フレーバー・CP対称性を破る物理過程は，非常に高い超対称スケールに

まで感度を持つ．

W. Altmannshofer, R. Harnik, J. Zupan, JHEP 1311, 202 (2013).

Μ"
e conv.

Μ
"

eΓ

n eu tron

EDM

el
ec

tr
o

n
E

D
M

Kaon

m ixin g

ch arm

m ixin g

Mh $ 125.5%1 GeV

Μ"
3e

1

3

10

30

ta
n
Β

!m B
' ! $ !m W

' ! $ 3 TeV , !m g
' ! $ 10 TeV

Μ
"

e
co

n
v

.

Μ
"

eΓ

n eu tron

EDM

el
ec

tr
o

n
E

D
M

Kaon

m ixin g

ch arm

m ixin g

Mh $ 125.5%1 GeV

Μ
"

3
e

10 102 103 104 105
1

3

10

30

m q
' $ m l

' $ !Μ! "TeV#

ta
n
Β

Μ"
e conv.

Μ
"

eΓ

n eu tron

EDM

el
ec

tr
o

n
E

D
M

Kaon

m ixin g

ch arm

m ixin g

Mh $ 125.5%1 GeV

Μ"
3e

1

3

10

30

ta
n
Β

!m B
' ! $ !m W

' ! $ 3 TeV , !m g
' ! $ 10 TeV

Μ
"

e
co

n
v

.

Μ
"

eΓ

n eu tron

EDM
el

ec
tr

o
n

E
D

M

Kaon

m ixin g

ch arm

m ixin g

Mh $ 125.5%1 GeV

Μ
"

3
e

10 102 103 104 105
1

3

10

30

m q
' $ m l

' $ !Μ! "TeV#

ta
n
Β



まとめ



まとめ

49

•超対称性理論が抱える困難・問題点

•超対称性理論の動機・特徴
‣階層性問題の解決


‣ゲージ結合定数の統一


‣暗黒物質
‣超対称粒子の質量がだいぶ重そう


‣フレーバー・CP問題


‣小さな階層性問題？



Backup



超対称性
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超対称性という言葉が初めて使われたのは，ICHEP 1974のB. Zuminoの

トークであったようだ．

A. Salam and J. Strathdee, Phys. Lett. B 51, 353 (1974) でも使われている．



超対称代数
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超対称性に伴う保存量  は次の代数を満たす：Q
<latexit sha1_base64="ryZM2jSdzYhjfcflSTrUYXWiNGM="></latexit> �
Q, Q̄

 
= 2�µPµ ,

⇥
Pµ, Q

⇤
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⇥
Jµ⌫ , Q

⇤
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2
⌃µ⌫Q

 : マヨラナ・フェルミオン


 : 運動量演算子


 : 角運動量演算子

Q
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超対称性の破れの効果は，質量次元を持つパラメーターに現れる．

experiments, all of the SUSY particles are only produced in even numbers, and they eventually
decay into the LSP with the emission of the SM particles.

In addition to the supersymmetric, R-parity conserving terms in Eq. (1.12), the MSSM
contains the soft SUSY breaking terms:

Lsoft = → 1
2
)
M1B̃B̃ + M2W̃

aW̃ a + M3g̃
Ag̃A + h.c.

)

→
)
âij

u (Q̃Li · Hu)ũ→
Rj → âij

d (Q̃Li · Hd)d̃→Rj → âij
e (L̃Li · Hd)ẽ→Rj + h.c.

)

→ Q̃→
Li(m̂

2
Q̃L

)ijQ̃Lj → L̃→
Li(m̂

2
L̃L

)ijL̃Lj → ũRi(m̂
2
ũR

)ij ũ
→
Rj → d̃Ri(m̂

2
d̃R

)ij d̃
→
Rj → ẽRi(m̂

2
ẽR

)ij ẽ
→
Rj

→ m2
Hu

H→α
u Huα → m2

Hd
H→α

d Hdα →
)
Bµ(Hu · Hd) + h.c.

)
. (1.17)

This is the most generic soft SUSY breaking Lagrangian that respect SUSY and the R-parity
conservation in the MSSM. The parameters in the above equation in general introduce new
sources of flavor or CP violation, which are severely restricted by low-energy precision experi-
ments [52].

Both the SUSY-conserving and SUSY-breaking terms in Eqs. (1.12) and (1.17), respectively,
yield the scalar potential of the MSSM, and its minimum point corresponds to the ground state
of the theory. In the following discussion, we assume that only the Higgs bosons in the MSSM
have the VEVs; especially, squarks and sleptons should not get VEVs. Then, let us investigate
the Higgs potential in the MSSM which is given as

VHiggs =(|µ|2 + m2
Hu

)(|H0
u|2 + |H+

u |2) + (|µ|2 + m2
Hd

)(|H0
d |2 + |H−

d |2)
+ [Bµ(H+

u H−
d → H0

uH0
d) + h.c.]

+
1
8
(g2 + g′2)(|H0

u|2 + |H+
u |2 → |H0

d |2 → |H−
d |2)2 +

1
2
g2|H+

u H0→
d + H0

uH−→
d |2 , (1.18)

with g and g′ the coupling constants of SU(2)L and U(1)Y , respectively. Here, we presume
that a minimum of the potential at which we live breaks the electroweak symmetry into the
electromagnetic symmetry. By using the SU(2)L gauge transformation, one can always take
〈H+

u 〉 = 0 without loss of generality. In addition, the stationary condition at this point turns
out to be satisfied with 〈H−

d 〉 = 0. These two conditions meet our requirement for the symmetry
breaking pattern. So it is sufficient to consider the potential consisting of only the neutral scalar
fields:

Vneutral =(|µ|2 + m2
Hu

)|H0
u|2 + (|µ|2 + m2

Hd
)|H0

d |2 → Bµ(H0
uH0

d + h.c.)

+
1
8
(g2 + g′2)(|H0

u|2 → |H0
d |2)2 . (1.19)

Here, we have adjusted the over-all phase of Hu and Hd such that Bµ is real and positive. Let
us write the stationary point of the potential, i.e., the VEVs of the Higgs fields, as

〈H0
u〉 =

vu√
2

, 〈H0
d〉 =

vd√
2

. (1.20)

It turns out that by adjusting the relative phase between Hu and Hd one can always make both
vu and vd real and positive. They are related with the VEV of the SM Higgs field v as

v2 = v2
u + v2

d % (246 GeV)2 . (1.21)

9

超対称性をソフトに破る項と呼ばれる．

ヒッグス質量項に対する二次発散の打ち消しを損なわない破り方．
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Figure 6. (Left) The 95% upper limit on the total wino annihilation cross-section (red), assuming the conservative Thelma
DM density profile for the Milky Way, as a function of the wino mass from the dedicated search for continuum gamma-rays in
the inner Galaxy above 30 GeV with Fermi gamma-ray data performed in this work. Below 2 TeV we search instead for the
narrow spectral endpoint at E → mω by re-interpreting the results of the search in Ref. [91] in the context of the Thelma DM
density profile; we illustrate these upper limits in the context of the total annihilation cross-section. The total wino annihilation
cross-section as a function of mass is shown in solid black, with the dashed black curve additionally showing the suppression f2

ω,
with fω the expected sub-fraction of wino DM for mω < 2.86 TeV under the standard cosmological history pre-BBN. We rule
out the dark shaded (lightly shaded) mass range assuming the wino is a thermal sub-fraction (100%) of the DM. Additionally,
we show 95% upper limits on the annihilation cross-section from the search for gamma-ray lines at the Galactic Center with
HESS data [17], continuum emission from nearby dwarf galaxies with Fermi data [24], and continuum emission from nearby
galaxy groups with Fermi data [92]; the former two searches each independently rule out thermal wino DM. (Right) As in
the left panel but assuming the Einasto DM profile for the Milky Way; note that the galaxy groups and Fermi dwarf searches
are una!ected. In this case we also show the upper limits from the ground-based MAGIC telescope [93], which searched for
gamma-ray lines like HESS. We stress here that all “Line” constraints (Fermi, HESS, and MAGIC) have been reinterpreted
to appear on this plot in a model-specific way, using the expected relationship between the line and continuum cross-sections
particular to the wino. We are unable to show the MAGIC results for the Thelma DM profile because the work [93] does not
provide su”cient details to do that reanalysis.
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Figure 7. The discovery TS for the two-sided test in favor of
the wino model as a function of mass mω for our fiducial anal-
ysis searching for continuum emission from wino annihilation
in the inner Galaxy. We multiply the TS by the sign of the
best-fit cross-section. For both the Thelma and Einasto DM
profiles we find no evidence in favor of DM, with slightly neg-
ative best-fit cross-sections consistent with zero at less than
1ω significance.

gies. Secondly, because of the softer spectrum, Ref. [20]
had a lower low-energy threshold than that here of →10
GeV. Repeating our analysis with a →10 GeV low-energy
threshold and the identical spatial ROI as in Ref. [20],
consisting of all annuli out to 10→, we find a positive
best-fit cross-section with TS ↑ 1.6 in favor of the ther-
mal wino for the Thelma DM profile, which is slightly
lower than the evidence found in [20] for the higgsino
due to the di!erent spectra. However, the magnitude of
that best-fit is much smaller than the wino prediction,
and the 95% upper limit under the Thelma DM profile
is nearly the same as that found in our fiducial analysis,
with µ95

Thelma
↑ 0.14 (compared to µ95

Thelma
↑ 0.12 in our

fiducial analysis, see Tab. I).
In dashed black in Fig. 6 we show the annihilation

cross-section multiplied by the expected sub-fraction
squared of DM for mω less than the thermal mass. In
particular, for a given mω < 2.86 TeV we may calcu-
late, under the standard cosmology, the sub-fraction of
DM fω that the wino comprises; to good approximation,
fω ↑ (2.86 TeV/mω)2. We then show f2

ω ↓ ↔ωv↗, which
falls o! rapidly at lower wino masses given that the wino
quickly becomes a negligible sub-fraction of DM. For ex-
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