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標準模型と偶発的対称性
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標準模型とグローバル対称性
l くりこみ可能な範囲：

l 量子論の範囲：“B-L” (量子効果によりB#, L#)

l 非くりこみ可能な範囲（高次演算子）：
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偶発的なグローバル対称性として：B#（バリオン数）, L#（レプトン数）

BSMの持つ対称性を反映！



レプトン数の破れと高次演算子
l SMの粒子場で高次演算子を書く。

à 重い自由度を積分して非くりこみ可能演算子を得た
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L L

H H

UV模型を指定しない記述

NR

UV模型による記述

レプトン数を破る次元５の演算子

レプトン数の定義 レプトン数の破れ



レプトン数の破れとニュートリノ質量
l 未知の新物理がマヨラナニュートリノを予言

2021/9/6-10 素粒子物理学の進展 2021 津村（九大） 3

新物理を知らなくても高次演算子から新物理の予言が議論できる

L L

H H

UV模型を指定しない記述

ü UV模型は高次演算子を適切に分解することで得られる。
ü ツリーで分解するシーソーが３タイプ。
ü ループを通じて分解する輻射型シーソーが多数。
ü 輻射型では暗黒物質などと関係する模型もできる。



バリオン数の破れと高次演算子
l SMの粒子場で高次演算子を書く。
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バリオン数を破る次元6の演算子

L uR

Q dR

GUT

RpV SUSY



新物理と対称性
l 高次演算子の例
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L# B#

×2 ○

×1 ×1

×1×-1

BSMの対称性

“B”保存

“B-L”保存

“B+L”保存

L#やB#はSMの偶発的対称性に過ぎない

BSMの対称性で制御できる

è 0𝛎2𝛃 (M𝛎)

è 核子崩壊

è 核子崩壊BSMの信号

レプトン数やバリオン数にもとづく新物理模型は作れないか？



新物理と対称性
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FIG. 1. Processes with baryon and lepton number violation by �B and �L units, respectively. We only show one example
process, others are implied (e.g. nn ! ⇡⇡ also give n–n̄ oscillation, pp ! ⇡+⇡+, and many more). “Instanton” refers to processes
such as 3n ! 3⌫̄ that break the same quantum numbers as non-perturbative electroweak instantons. 0⌫2� (0⌫4�) refers to
neutrinoless double [39, 40] (quadruple [41]) beta decay. Final states with neutrinos make an experimental determination of
�L impossible, but are shown here for the sake of brevity. Also shown is the minimal mass dimension d of the underlying
e↵ective operator following Ref. [38]. In addition to total lepton number L, all operators and processes also carry lepton flavor,
which turns the above two-dimensional plot into a four-dimensional lattice [34, 42].

O
9
9 = dddL̄�̄�� , O

9
10 = ddQ¯̀�̄�̄� ,

O
9
11 = dQQL̄�̄�̄� , O

9
12 = QQQ¯̀�̄�̄�̄ , (8)

O
9
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9
6 have recently been discussed in Ref. [34]; they

fulfil �B = ��L = 1, but since they involve three lep-
ton fields they can carry non-trivial lepton flavor num-
ber, i.e. |�L↵| > 1 for one ↵ 2 {e, µ, ⌧}, which makes
it possible to make them dominant over d = 7 opera-
tors (which carry at most |�L↵| = 1) and then lead
to three-body [45] and four-body nucleon decays [34].
O

9
7–O

9
21 leads to �B = ��L = 1 two-body nucleon

decays reminiscent of the d = 7 operators, although
O

9
13–O

9
21 dominantly induces multi-meson final states,

e.g. n ! `�K+⇡0, due to the large number of quark
fields. Finally, O9

22 and O
9
23 violate �B = 1

3�L = 1 [16]
and thus lead to nucleon decays with at least three an-
tileptons in the final state, typically accompanied by one
or more mesons. We stress that contrary to many state-

ments in the literature these operators do indeed gener-
ate nucleon decays despite the fact that they necessar-
ily contain charm or top quarks, in complete analogy to
the discussion in Ref. [31]. At loop level the operators
O

9
22,23 with arbitrary flavor structure induce the decays

p ! `+⌫̄⌫̄ and n ! 3⌫̄, which are experimentally con-
strained already.

At d = 10 there are �B = �L = 1 as well as
�B = �

1
3�L = 1 operators. The former are generically

expected to be suppressed compared to d = 6 opera-
tors, except for operators that involve three lepton fields
with non-trivial flavor, in particular those operators that
give rise to the very clean channels p ! e+µ�µ� and
p ! µ+e�e�, discussed at length in Ref. [34]. The �B =
�

1
3�L = 1 operators are of the form dddL̄L̄L̄�̄ and lead

to multi-body nucleon decays such as n ! `�⌫⌫K+,
p ! `�⌫⌫⇡+⇡+ [12, 16, 46], and n ! 3⌫, only the latter
being explicitly constrained so far.

For examples of�B = 1 operators with d > 10 we refer
to Refs. [38, 46, 47]. If such operators are to dominate
over lower-dimensional ones they should carry a di↵er-
ent lepton (flavor) number, e.g. |�L| > 3. It is clear that
these lead to multi-lepton final states, typically accompa-
nied by mesons. We note that the semi-inclusive invisible
neutron decay, n ! neutrinos, can carry away an arbi-
trary amount of lepton number and flavor via neutrinos

Heeck, Takhistov (19)



強いCP問題とPQ機構
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強いCP問題
l QCDはCPが破れているのが普通
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左巻き場と右巻き場の位相を再定義(カイラル変換)すると

しかし, 中性子のEDMの測定から

不自然なまでに小さい！背後に物理？

ü カイラル対称性はクォークの質量項で破れているため, カイラル変換で質量項の位相が消せる。
ü 一方で, カイラル変換をするとθ項におつりが出る。
ü クォークの質量行列は一般に複素。KM位相の存在も明らかなのでCPは破れるのが普通。

‘t Hooft (76)



PQ対称性
l カイラル対称性を新たなスカラー場で回復させる。

l 有効ラグランジアン
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カイラル変換でθ項が変えられるので, そのおつりを複素スカラー場に吸収させる

PQ対称性

場の再定義で消せるので, もはやパラメタθは物理的でない

ü 左巻きと右巻きの変換が異なっていればなんでもよい
ü Diracラグランジアンはベクトル的なバリオン数も保存するので, 
適当な再定義で軸性ベクトル的なカイラル変換ともみなせる

axial

axion (NGB)

NGBはポテンシャルを持たない⟺ NGBはシフト対称性を持つ

Peccei-Quinn (77)



PQWWアクシオンの棄却
l SMの複素スカラーはヒッグス二重項

ü 対称性の破れに伴う３つのNGBはW/Zで吸収される。

ü グローバル対称性を持つ2HDM：axion = CP-odd Higgs

l 予言：

l (見えない)DFSZアクシオン
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→ Θ項を消すNGBが残らない。

→ Θ項を消せる PQ対称性の破れがEWスケール！

Weinberg (78), Wilczek (78)

当時ですら棄却

大きな真空期待値で制限を回避
Zhitnitsky (80), Dine-Fischier-Srednicki (81)



KSVZ模型
l 見えないアクシオンの別の例

ü PQ対称性はSM一重項のみで破る
ü カラーを持つ新フェルミオンに対するカイラル対称性
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Kim (79), Shifman-Vainshtein-Zakharov (80)

QCDでやった例を全て新粒子で置き換えただけ

新粒子のレプトン数やバリオン数はまったくの未定義

線形結合も対称性を保つので, Sのチャージと
ΨL or ΨRのチャージが非ゼロであることが重要

新フェルミオンのバリオン数のようなもの

新フェルミオンに対するカイラル対称性



PQ機構とレプトン数の破れ
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PQ = L#
l シーソー模型を介してレプトン数を課す方法
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レプトン数の定義 レプトン数の破れ

PQチャージと同じにとれる
（異なっても良いが線形結合を取り直せば同じ）

à PQ対称性とレプトン数対称性を同一視：Majoraxion (Majoron = Axion)

Shin (87)

あまり本質的でないが, どちらも比較的大きな中間エネルギースケールが必要な物理でそれらを統合できる

レプトン数の破れのNGB

parameter with lepton number violation is μ in the
scalar potential, V ∼ μH!ΔH!, where the lepton number
of Δ is rigorously fixed by the Yukawa interaction yΔLΔL.
Therefore, by promoting μ as S we obtain the Majoraxion
extension of the type-II seesaw model [21]. The
Majoraxion extension [22] of type-III seesaw model [23]
is nothing different from the type-I seesaw model, where
the right-handed neutrino is simply replaced by the triplet
fermion ΣR with Y ¼ 0. In Fig. 1, the diagrams for O6 are
given in type-I (left) and in type-II (right) Majoraxion
models. The case for type-III seesaw extension is also
shown in the left panel. If we truncate the external S line in
these diagram, we obtain the diagrams for the neutrino
mass generation of lepton number violating dimension five
operator Ô5 in ordinary seesaw mechanism.
The higher dimensional operator O6 is not necessarily

decomposed by tree diagrams. The above mentioned type-I
-II -III seesaw models are based on the tree level decom-
position [24] of the prototype operator of Ô5. The loop
level classification of Ô5 is called radiative seesaw model,
where neutrino masses are generated by quantum correc-
tions. The variants of radiative seesaw model have been
studied very extensively (For a comprehensive review of
radiative seesaw models, see [25]). There must be a loop
level ultraviolet (UV) completion of O6, that is radiative
Majoraxion model [26,27]. The extension of these radiative
seesaw model to the Majoraxion model is straightforward.
In Fig. 2, the diagrams for the radiative Majoraxion
extensions of Zee model (left), Zee-Babu model (center)
and scotogenic model (right). In ordinary Zee model [28], a

pair of singly charged scalar k# and an extra Higgs doublet
H0 are introduced in order to form the lepton number
violating connection μZkþH!H0! with dimensionful cou-
pling μZ. The substitution of μZ by S again identifies the
lepton number symmetry as PQ symmetry [29]. In ordinary
Zee-Babu model [30], a pair of doubly charged scalar k##

is added instead H0, then the lepton number violating
dimensionful coupling μZB is allowed as μZBkþkþk−−. By
substituting μZ by S, a Majoraxion extension of Zee-Babu
model is realized [21]. In the scotogenic model [31], right-
handed neutrinos and the so-called inert doublet are
assumed to be odd under the ad hoc Z2 symmetry in order
to make the dark matter stable. In the Majoraxion extension
of the scotogenic model, the dimensionful parameter is
provided by the Majorana mass of right-handed neutrinos
as in type-I seesaw model. The stability of the dark matter is
automatically guaranteed by the residual Z2 symmetry
(lepton parity [32,33], which is lead by the breakdown
of the global lepton number symmetry a la Krauss-Wilczek
mechanism [34].

III. B AND L VIOLATION AS PQ MECHANISM

In this section, we focus on the lepton number and
baryon number violating operators with mass dimensions
more than d ¼ 5. At d ¼ 6, B −L conserving operators of
qqql are allowed, where q and l are general quark and
lepton fields. The d ¼ 7 operators of qqql̄φ hold BþL
but violate B −L, where φ denotes a SM boson field or
space-time derivative. In this paper, we assume φ to be the
Higgs field H or its charge conjugation. For the charac-
terization of d > 7 baryon/lepton number violating oper-
ators, see for example [15].

A. Axion models based on ΔðB+LÞ= 2 symmetry
breaking

The d ¼ 6 operators of qqql type break both the baryon
number and lepton number by one unit as ΔB ¼ ΔL ¼ 1.
These are given by

Ô6 ¼ fuRuRdReR; uRdRQL; uRQQeR;QQQLg; ð6Þ

FIG. 1. Diagrams for tree-level Majoraxion models.

FIG. 2. Diagrams for loop-level Majoraxion models.
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Majoraxion模型の亜種
l 他のタイプのシーソー模型でも Majoraxion 模型化できる

l 輻射シーソーでも同様
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PQ機構とレプトン数の破れ
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PQ機構とバリオン数の破れ
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S

L uR

Q dR

この例ではレプトン数も破る



バリオン数の決定
l SがKSVZクォークと湯川結合を持つことを仮定する

l Sのレプトン数とバリオン数は高次演算子を導入して決定する

l Sが真空期待値を持つと
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このとき, 理論はB#とL#のそれぞれを保存する

B+Lの破れに伴うNGBが axion になる

レプトン数は最初から破っておくこともできる

この場合には, PQ = B#
Sakhaxion (Axion = Sakharon)



バリオン数の決定
l KSVZクォークのバリオン数を決定する

l 今の場合, SのB#が決まっているので, 上の方法で決めたのと異
なるカイラリティのKSVZクォークのB#は湯川を通じて決まる
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これらの演算子のどれかを選ぶ

通常のKSVZ模型 :  KSVZクォークのSMクォークへの崩壊を許すために, 
KSVZクォークとSMクォークのB#が同じになるように演算子を導入する

具体例：



くりこみ可能な模型 : PQ = B+L
l 有効演算子をくりこみ可能な演算子に分解する

l 陽子崩壊を予言する
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3

Majoraxion模型の亜種で説明したようにツリー, ループ, 入れる粒子によってたくさんの可能性がある

n 追加のスカラーを1つだけ導入する例（チャージは読み取っていけばよい）

レプトクォーク

ü 模型のパラメタの不定性は多い
ü 典型的なレプトクォークの質量はPQスケールより大きい

B-Lを保存する

SKの制限で規格化



くりこみ可能な模型 : PQ = B-L
l 次元７の高次演算子を出発点にとる

l 前の例とは異なる陽子崩壊を予言する
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出発点の演算子は B+L を保存している

n 追加のスカラーを1つだけ導入する例

レプトクォーク
B+Lを保存する
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ü 荷電レプトンへの崩壊モードはない
ü πへの崩壊ももちろんあるが K の方が制限が強い
ü ヒッグス真空期待値の挿入により反応率が抑制される
ü 典型的なレプトクォークの質量はPQスケールより小さい

SKの制限で規格化



Ohata模型
l 次元９の高次演算子を出発点にとる

n KSVZクォークはカラー８表現を選ぶ

n 追加のスカラー(ダイクォーク)を１つだけ導入する

l 中性子-反中性子振動を予言する
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中性子-反中性子振動（ΔB=2）を引き起こす演算子

c.f.  Ma 07, gluino-axion

SKの制限： > 4.7 x 108 s
ü 新粒子の典型的な質量はPQスケールよりずっと小さい
ü が, 加速器で作れるほどでもない
ü フレーバー実験とはよい勝負なので, 湯川の構造が制限される



Takeuchi模型
l 次元12の高次演算子を出発点にとる

n <S>はこれまでの模型とは異なるB#とL#を破るので,ξやζを
導入しても陽子崩壊や中性子反中性子振動は起こらない

n さらにテトラクォークを導入すれば, くりこみ可能に分解できる

l 二重核子崩壊を予言する
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二重核子崩壊（ΔB=ΔL=2）を引き起こす演算子
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陽子は崩壊しないが, 重陽子は崩壊する

ü 加速器実験での制限も期待できる
ü フレーバー実験はとても厳しく湯川の構造を制限する

SKの制限： > 4.2 x 1033 s



まとめ
l PQ = αB+βL
l レプトン数やバリオン数を手がかりに新物理を探るのが面白そう

l ハイパーカミオカンデ計画は開始した！（ターゲットはたくさん）
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d � 7d � 10
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FIG. 1. Processes with baryon and lepton number violation by �B and �L units, respectively. We only show one example
process, others are implied (e.g. nn ! ⇡⇡ also give n–n̄ oscillation, pp ! ⇡+⇡+, and many more). “Instanton” refers to processes
such as 3n ! 3⌫̄ that break the same quantum numbers as non-perturbative electroweak instantons. 0⌫2� (0⌫4�) refers to
neutrinoless double [39, 40] (quadruple [41]) beta decay. Final states with neutrinos make an experimental determination of
�L impossible, but are shown here for the sake of brevity. Also shown is the minimal mass dimension d of the underlying
e↵ective operator following Ref. [38]. In addition to total lepton number L, all operators and processes also carry lepton flavor,
which turns the above two-dimensional plot into a four-dimensional lattice [34, 42].
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15 = ūddQQ¯̀, O

9
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9
22 = uuu`LL ,

O
9
23 = uuQLLL .

O
9
1–O

9
6 have recently been discussed in Ref. [34]; they

fulfil �B = ��L = 1, but since they involve three lep-
ton fields they can carry non-trivial lepton flavor num-
ber, i.e. |�L↵| > 1 for one ↵ 2 {e, µ, ⌧}, which makes
it possible to make them dominant over d = 7 opera-
tors (which carry at most |�L↵| = 1) and then lead
to three-body [45] and four-body nucleon decays [34].
O

9
7–O

9
21 leads to �B = ��L = 1 two-body nucleon

decays reminiscent of the d = 7 operators, although
O

9
13–O

9
21 dominantly induces multi-meson final states,

e.g. n ! `�K+⇡0, due to the large number of quark
fields. Finally, O9

22 and O
9
23 violate �B = 1

3�L = 1 [16]
and thus lead to nucleon decays with at least three an-
tileptons in the final state, typically accompanied by one
or more mesons. We stress that contrary to many state-

ments in the literature these operators do indeed gener-
ate nucleon decays despite the fact that they necessar-
ily contain charm or top quarks, in complete analogy to
the discussion in Ref. [31]. At loop level the operators
O

9
22,23 with arbitrary flavor structure induce the decays

p ! `+⌫̄⌫̄ and n ! 3⌫̄, which are experimentally con-
strained already.

At d = 10 there are �B = �L = 1 as well as
�B = �

1
3�L = 1 operators. The former are generically

expected to be suppressed compared to d = 6 opera-
tors, except for operators that involve three lepton fields
with non-trivial flavor, in particular those operators that
give rise to the very clean channels p ! e+µ�µ� and
p ! µ+e�e�, discussed at length in Ref. [34]. The �B =
�

1
3�L = 1 operators are of the form dddL̄L̄L̄�̄ and lead

to multi-body nucleon decays such as n ! `�⌫⌫K+,
p ! `�⌫⌫⇡+⇡+ [12, 16, 46], and n ! 3⌫, only the latter
being explicitly constrained so far.

For examples of�B = 1 operators with d > 10 we refer
to Refs. [38, 46, 47]. If such operators are to dominate
over lower-dimensional ones they should carry a di↵er-
ent lepton (flavor) number, e.g. |�L| > 3. It is clear that
these lead to multi-lepton final states, typically accompa-
nied by mesons. We note that the semi-inclusive invisible
neutron decay, n ! neutrinos, can carry away an arbi-
trary amount of lepton number and flavor via neutrinos

Heeck, Takhistov (19)

二重核子崩壊

中性子反中性子振動

陽子崩壊

ニュートリノレス二重β崩壊


