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WIMP (or thermal DM)
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annihilation（thermal relic, indirect detection）

pair production (collider)

scattering
（

direct detection, kinetic equilibrium
)

WIMP (Weakly Interacting Massive Particle) 
•標準模型と何らか弱く相互作用する 
•凍結機構でエネルギー密度が説明される 
•様々な相関があって検証可能性が高いのが魅力

?



Tomohiro Abe (TUS)

We have to
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DMのSMへの対消滅は
維持したい 
  (  = 10-26 cm3/s)⟨σv⟩

DM

DM SM

SM

keep this for Ωh2

suppress this for σ
SI

?
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h�vi = 1.965⇥ 10�26 cm3 s�1, ⌦h2 = 0.1200
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h�vi = 1.965⇥ 10�27 cm3 s�1, ⌦h2 = 1.070
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mDM = 100 GeV

[LZ (’21)]

DM-SM散乱は抑制しないといけない  
(σSI  O(10-46) cm2)≪

素朴には両立しない
ので何かアイデアが
必要
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振幅が運動量依存するなら
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DM

DM SM

SM

?

振幅が運動量依存するなら 
‣ DM-SM散乱（直接検出）の断面積は消える 
‣ 対消滅断面積は残る 
➡ 凍結機構を使いつつ直接検出実験の結果を説明可能

‣       @直接検出実験 

‣   @DMの対消滅
t = q2 ≃ 0

s = q2 ≃ 4m2
χ

≃ q2

q2
直
接
検
出

対消滅



Tomohiro Abe (TUS) 5

擬南部ゴールドストンDM
擬南部ゴールドストン暗黒物質 (pNG DM) 
‣ NGボソンは散乱振幅が運動量の2乗に比例する 
‣ 対称性を破る項を入れて質量を与える 
‣ 次元２の項で対称性を破るなら直接実験は抑制される

[Gross-Lebedev-Toma (’17) ]

DM

DM SM

SM

? ‣       @直接検出実験 

‣   @DMの対消滅
t = q2 ≃ 0

s = q2 ≃ 4m2
χ

≃ q2

q2
直
接
検
出

対消滅
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先行研究
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SM + a gauge singlet complex scalar (S)    
• U(1)global を要求 ( ,  SMは singlet)
•U(1)global の自発的破れで NG boson  (  の  ) 

•U(1)global を explicit に破る項 ( h.c) を入れておいて pNG にする 

•  を仮定 (dark sector の CPを仮定) 
• ,  となるので  が安定化し DM 候補となる 

•いっけんよさそうだが…

S → eiθS

S = vs + σ + iχ χ

S2+

S → S†

σ → σ χ → − χ χ

[Gross-Lebedev-Toma (’17) ]
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 scalar potential
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◆

SM Higgs U(1) global symmetric explicit U(1) breaking

•次元1, 3 の explicit に破る項 ( ) は０だと「仮定」する 
（あると NG boson の性質が失われ，直接検出実験で模型が棄却される） 
•Z2 対称性 ( ) を自発的に破るのでドメインウォールの問題がある

S, S3, SH†H, ⋯

S → − S

模型の問題点

問題のない模型を構築しなければならない
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問題のない pNG DM の例
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U(1)global x [gauged U(1)B-L] にする 
•ゲージ対称性のために  の 1次や3次は禁止できる 
•DM が崩壊する 
•長寿命にするために U(1)global を破る VEV  U(1)B-L を破る VEV とする

S

≪

[Y. Abe, Toma, Tsumura (’20)] 
[Y. Abe, Toma, Tsumura, Yamatsu (’21)] 
[Okada, Raut, Shafi (’21)] 
[Okada, Raut, Shafi, Thapa (’21)] 

疑問：ゲージ対称性を利用した模型でVEV の hierarchy の無いようにできるか？
できる [T. Abe, Hamada (’23)]

[S. Abe, Cho, Mawatari (’21)]  
[Cho, Idegawa, Senaha (’21, ‘22)] 
[Cho, Idegawa, Sugihara (‘23)]

次元１でも U(1)global をやぶる 
•  をいれる 
•  なる対称性がないので domain-wall problem は無い 
•NG boson の性質も失われるので直接検出で制限 → 縮退スカラーシナリオ

S + S†

S → − S

（曺さん出川さんのトーク参照）



模型
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やりたいこと
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以下のルールで pNG 模型を構築する 
•都合の悪い項はゲージ対称性で禁止したい 
•離散対称性を自発的に破らないようにしたい 
•SMにくらべて新しく導入される VEV は１つまで 
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DMセクターの対称性
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U(1)D

3 NGBs 
=    1 would-be NGB 
   + 2 NGBs

global gauge

models predict that the DM is not absolutely stable and decays eventually. To make the DM

long-lived particle, the scale of the U(1)B�L breaking is assumed to be very high around the GUT

scale. In Ref. [15], the e↵ect of the mass-dimension one soft-breaking term, S+S
⇤ is discussed. In

that case, the Z2 symmetry is also explicitly broken, and thus the domain-wall problem is absent.

However, the degeneracy in the mass spectra of the scalar particles is necessary to suppress the

DM-quark scattering amplitude. Analyses with other explicit breaking terms are discussed in

Refs. [16, 17].

In this paper, we construct a model that allows only the mass-dimension-two soft symmetry

breaking terms by a gauge symmetry. The gauge symmetry is broken around the electroweak or

TeV scale in contrast to the pNG models with the U(1)B�L gauge symmetry. In our model, any

discrete symmetry is not spontaneously broken and the domain-wall problem is absent.

The rest of this paper is organized as follows. In Sec. 2, we introduce our model setup. In Sec. 3,

we show that the DM-SM elastic scattering amplitude is suppressed. Some constraints from the

perturbative unitarity, Higgs invisible decay, and cosmic strings are discussed in Sec. 4. We show

that the model can explain the measured value of the DM energy density in Sec. 5. Section 7 is

devoted for the conclusion. We present cosmic string solutions in our model in Appendix. A.

2 Model

We introduce a complex scalar field � that transforms under an SU(2)g global symmetry and

a U(1)X gauge symmetry as3

� ! e
iT

a
✓
a
g e

i
1
2 ✓X(x)

�, (2.1)

where T
a is the SU(2)g generator. Under the symmetry of the SM sector, � is a singlet. All the

SM particles are singlets under the SU(2)g⇥ U(1)X symmetry. We assume that � develops a VEV,

h�i =

0

@ 0

vsp
2

1

A , (2.2)

strings with the topological charge Z2 appear at the first phase transition and become connected by domain walls

at the second one. Regardless of whether G is global or local, the domain walls shrink well before they dominate

the energy density of the Universe, see Sec. 13.6 in Ref. [12] and also Refs. [13, 14].
3
A model utilizing an SU(2) global symmetry without any gauge symmetries is discussed in Ref. [18].

3

doublet field
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U(1)g
pNGBs

DM の安定性
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ポテンシャル
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• SU(2)g を U(1)g に explicit にソフトに破る 
•U(1)X ゲージのために soft な explicit breaking の項は最後の項のみ 
•次元１，３の項はゲージ対称性で禁止される（先行研究では手で落としていた）
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新粒子
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into ��
† and thus only the pNG bosons are the DM candidates. On the other hand, if mV < 2m�,

then V cannot decay due to the Z2 symmetry and � cannot decay due to the U(1)D symmetry,

and thus the model has two DM components.

2.1 Lagrangian

Under the setup, the renormalizable Lagrangian is given by

L = L|
SM w/o Higgs potential

+D
µ
�
†
Dµ��

1

4
V

µ⌫
Vµ⌫ � VSU(2)-global � Vsoft, (2.7)

where

Dµ� =@µ�+ i
1

2
gDVµ�, (2.8)

Vµ⌫ =@µV⌫ � @⌫Vµ, (2.9)

VSU(2)-global =+ µ
2

HH
†
H + µ

2

�
�
†
�

+ �H

⇣
H

†
H

⌘
2

+ ��

⇣
�
†
�

⌘
2

+ �H�(H
†
H)

⇣
�
†
�

⌘
, (2.10)

Vsoft =µ
2

�

⇣
�
†
T
3
�

⌘
, (2.11)

and H is the SM Higgs field. As we have already discussed, the soft breaking term, Vsoft, contains

only a mass-dimension-two operator. Mass-dimension-one operators and mass-dimension-three

operators are forbidden by the U(1)X gauge symmetry.

2.2 scalar masses and couplings

Component fields and VEVs are parametrized as

H =

0

@ i⇡W+

v+��i⇡Zp
2

1

A , � =

0

@ i�

1p
2
(vs + s� i�V )

1

A , (2.12)

where v and vs are the VEVs, ⇡W+ , ⇡Z , and �V are the would-be NG bosons for W+, Z, and V ,

respectively. The stationary condition of this vacuum imposes the following relations for the mass

parameters,

µ
2

H =� v
2
�H �

1

2
v
2

s�H�, (2.13)

µ
2

�
=
µ
2
�

2
�

1

2
v
2
�H� � v

2

s��. (2.14)

5

混ざって  と  になるh h′ 

 に食べられるVμ

pNG DM

新粒子 
 : pNG boson (DM) 
 : extra scalar (DMセクターと SMセクターを繋ぐ) 
 : gauge boson

χ

h′ 

Vμ
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DMセクターに荷電共役対称性を課す
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kinetic mixing が禁止できる
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V

B

q

�

q

�

V も安定になりうる
•  でのみ崩壊する 
•  なら  のみが DM 

•  なら  も  も DM 
•  が DM だと直接検出で排除される

V → χχ†

mV > 2mχ χ

mV < 2mχ χ V

V
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散乱振幅
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χ χ

h

q q

= −i
mq

vvs
sθh

cθh
ūu (− 1

t − m2
h

+ 1
t − m2

h′ 
) t

χ χ

h′ 

q q
+

DM-SM 散乱は抑制される 
‣  @直接検出実験 

‣ 対消滅は上の式で  となるので抑制されない 

‣ freeze-out の範囲で直接検出実験の null result を説明可能

t ≃ 0

t → s ≃ 4m2
χ
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relic abundance
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暗黒物質の対消滅過程
χ

χ

h, h′ 

+

SM

SM

χ

χ

χ
h, h′ 

h, h′ 

• DM-SM 散乱と異なり抑制されない 
•  および  では，共鳴現象で  が大きくなる 

• 共鳴の起こる領域では  結合を小さくして  を説明する
mχ ≃ mh/2 mχ ≃ mh′ 

/2 ⟨σv⟩
χχh Ωh2 = 0.12

<latexit sha1_base64="p10SZ0dUWzRk0eyUapuH3mEj55E="></latexit>
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 となるパラメータΩh2 = 0.12
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Figure 1: The black solid curve shows the value of vs that can explain the measured value of the dark matter

energy density. In the gray shaded region, the perturbative unitarity for the scalar channel is violated. In the

red hatched-shaded region, the gauge coupling exceeds the value required from the perturbative unitarity.

The blue shaded region around the top-left corner is excluded by the Higgs invisible decay search.

small vs region. This bound is also sensitive to the choice of the mixing angle ✓. A smaller mixing

angle requires smaller vs to obtain the right amount of the thermal relic. Consequently, a too small

mixing angle is disfavored by the PU bound for the scalar couplings. The PU bound for the gauge

coupling is essential for the heavy � regime. It gives the upper bound on m�. There are two dips in

Fig. 1. One is at m� ' mh/2, and the other is at m� ' mh0/2. Pairs of the DM particles annihilate

by exchanging h and h
0 in the s-channel and the annihilation cross section is enhanced by the h or

h
0 resonance at those mass range. It is required to make the DM-scalar coupling smaller to obtain

the right amount of the DM energy density at the resonant regions. This is the reason why we see

the two dips in Fig. 1.

We focus on the Higgs funnel region where m� is slightly smaller than half of the SM-like Higgs

boson mass. In this region, the decay of the Higgs boson into two DM particles is allowed. This

Higgs invisible decay has been searched at the ATLAS and CMS experiments and will be searched

at the future collider experiments as well. Hence it is worth having a closer look.

In the Higgs funnel region, the DM particles in the early universe can annihilate into the SM

particles e�ciently because of the Higgs resonance. The resonant enhancement requires a smaller

coupling of the DM to the Higgs boson to obtain the right amount of the DM thermal relic. That

is the reason why we can see the sharp dip at m� ' mh/2. This small coupling makes the DM-SM

13

Higgs invisible decay 
探索@LHCで排除

perturbative Unitarity bound 
(scalar quartic coupings) に
抵触

perturbative Unitarity bound 
(gauge coupling) に抵触 
（ここでは  を仮定）mV = 3mχ

Ωh2
= 0.12

 [GeV]mχ

v/
v s

 D
M
-h
 c
ou
pl
ing

∝
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sθh

cθh
ūu (− 1

t − m2
h

+ 1
t − m2

h′ 
) t

χ χ

h′ 

q q
+

• DM-SM 散乱は抑制されるのはツリーレベルの結果 
• soft breaking term (= DM mass )のために NG ボソンの性質はなくなる 
• DM mass に依存するループ補正によって DM-SM 散乱が運動量移行に抑
制しなくなる [Ishiwata, Toma, Tsumura (’18),  Azevedo et al (’19),  Glaus et al (’20)]

• ゲージ結合が大きところはループ補正が大きい可能性あり → 計算しよう
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Fig. 3 (Left:) A tree-level scattering process between � and quarks. (Right:) An example

of loop diagrams that include the tree-level one as its sub diagram. It vanishes due to the

same mechanism as the tree-level one.

Fig. 4 An example of non-trivial cancellation. Although these three diagrams depend on

m� explicitly, they are canceled and vanish with non-zero m�.

m� are cancelled by a self-energy diagram, see Fig. 4. Thus all diagrams we need to evaluate

are five diagrams shown in Fig. 5:

iMtot(m�) =
X

diagrams in Fig. 5

[iM(m�) � iM(0)] . (64)

The explicit expressions of the amplitudes and the Wilson coe�cients are shown in

Appendix B. We only show the numerical results of the SI cross section �SI by Fig. 6. The

parameters are taken as mh0 = 300GeV, mV = 3m�, sin ✓ = 0.1, and vs is determined such

that the DM relic abundance is explained by the thermal freeze-out mechanism as studied

in Sec. 5. The red shaded region is excluded by the violation of the perturbative unitarity of

the U(1)D gauge coupling constant, gD >
p
24⇡, see Eq. (46). In the orange shaded regions,

17

Fig. 3 (Left:) A tree-level scattering process between � and quarks. (Right:) An example

of loop diagrams that include the tree-level one as its sub diagram. It vanishes due to the

same mechanism as the tree-level one.

� �

h, h
0

q q

h, h
0

�

h, h
0

� �

h, h
0

q q

�

h, h
0

� �

h, h
0

q q

�

h, h
0

Fig. 4 An example of non-trivial cancellation. Although these three diagrams depend on

m� explicitly, they are canceled and vanish with non-zero m�.

m� are cancelled by a self-energy diagram, see Fig. 4. Thus all diagrams we need to evaluate

are five diagrams shown in Fig. 5:

iMtot(m�) =
X

diagrams in Fig. 5

[iM(m�) � iM(0)] . (64)

The explicit expressions of the amplitudes and the Wilson coe�cients are shown in

Appendix B. We only show the numerical results of the SI cross section �SI by Fig. 6. The

parameters are taken as mh0 = 300GeV, mV = 3m�, sin ✓ = 0.1, and vs is determined such

that the DM relic abundance is explained by the thermal freeze-out mechanism as studied

in Sec. 5. The red shaded region is excluded by the violation of the perturbative unitarity of

the U(1)D gauge coupling constant, gD >
p
24⇡, see Eq. (46). In the orange shaded regions,
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<latexit sha1_base64="t4GlqvAxmHDS700N4qGcPmhFsGM="></latexit>

iM(m�) =
<latexit sha1_base64="POfomTWi12fl79MXFiW5EzFQS3E=">AAACGXicbVBNS8NAEJ3Ur1q/Wj16WWwFQSxJQe2x4MVjRfsBbSib7aZdutmE3Y0QQn+CVz34a7yJV0/+G7dtDrb1wcDjvRlm5nkRZ0rb9o+V29jc2t7J7xb29g8Oj4ql47YKY0loi4Q8lF0PK8qZoC3NNKfdSFIceJx2vMndzO88U6lYKJ50ElE3wCPBfEawNtJj5bIyKJbtqj0HWidORsqQoTkoWdAfhiQOqNCEY6V6jh1pN8VSM8LptNCPFY0wmeAR7RkqcECVm85vnaJzowyRH0pTQqO5+ncixYFSSeCZzgDrsVr1ZuJ/Xi/Wft1NmYhiTQVZLPJjjnSIZo+jIZOUaJ4Ygolk5lZExlhiok08S1uicaIYUUuPpD5NRBBd4ViH04LJzFlNaJ20a1Xnpnr9UCs36ll6eTiFM7gAB26hAffQhBYQGMELvMKb9W59WJ/W16I1Z2UzJ7AE6/sXR8Kfig==</latexit>

+
<latexit sha1_base64="POfomTWi12fl79MXFiW5EzFQS3E=">AAACGXicbVBNS8NAEJ3Ur1q/Wj16WWwFQSxJQe2x4MVjRfsBbSib7aZdutmE3Y0QQn+CVz34a7yJV0/+G7dtDrb1wcDjvRlm5nkRZ0rb9o+V29jc2t7J7xb29g8Oj4ql47YKY0loi4Q8lF0PK8qZoC3NNKfdSFIceJx2vMndzO88U6lYKJ50ElE3wCPBfEawNtJj5bIyKJbtqj0HWidORsqQoTkoWdAfhiQOqNCEY6V6jh1pN8VSM8LptNCPFY0wmeAR7RkqcECVm85vnaJzowyRH0pTQqO5+ncixYFSSeCZzgDrsVr1ZuJ/Xi/Wft1NmYhiTQVZLPJjjnSIZo+jIZOUaJ4Ygolk5lZExlhiok08S1uicaIYUUuPpD5NRBBd4ViH04LJzFlNaJ20a1Xnpnr9UCs36ll6eTiFM7gAB26hAffQhBYQGMELvMKb9W59WJ/W16I1Z2UzJ7AE6/sXR8Kfig==</latexit>

+
<latexit sha1_base64="POfomTWi12fl79MXFiW5EzFQS3E=">AAACGXicbVBNS8NAEJ3Ur1q/Wj16WWwFQSxJQe2x4MVjRfsBbSib7aZdutmE3Y0QQn+CVz34a7yJV0/+G7dtDrb1wcDjvRlm5nkRZ0rb9o+V29jc2t7J7xb29g8Oj4ql47YKY0loi4Q8lF0PK8qZoC3NNKfdSFIceJx2vMndzO88U6lYKJ50ElE3wCPBfEawNtJj5bIyKJbtqj0HWidORsqQoTkoWdAfhiQOqNCEY6V6jh1pN8VSM8LptNCPFY0wmeAR7RkqcECVm85vnaJzowyRH0pTQqO5+ncixYFSSeCZzgDrsVr1ZuJ/Xi/Wft1NmYhiTQVZLPJjjnSIZo+jIZOUaJ4Ygolk5lZExlhiok08S1uicaIYUUuPpD5NRBBd4ViH04LJzFlNaJ20a1Xnpnr9UCs36ll6eTiFM7gAB26hAffQhBYQGMELvMKb9W59WJ/W16I1Z2UzJ7AE6/sXR8Kfig==</latexit>

+ <latexit sha1_base64="JiRhaVe9Z9ROkPAtp9DEwvKErx4=">AAACIHicbVDLSgNBEOz1GeNbj14GE0EQw67g4xjw4lHBPDAJYXYymwzOziwzvcKy5C+86sGv8SYe9WucxBxMYkFDUdVNd1eYSGHR97+8hcWl5ZXVwlpxfWNza3tnd69udWoYrzEttWmG1HIpFK+hQMmbieE0DiVvhI/XI7/xxI0VWt1jlvBOTPtKRIJRdNJD+YS0WU+jLXd3Sn7FH4PMk2BCSjDBbXfXg3ZPszTmCpmk1rYCP8FOTg0KJvmw2E4tTyh7pH3eclTRmNtOPj55SI6c0iORNq4UkrH6dyKnsbVZHLrOmOLAznoj8T+vlWJ01cmFSlLkiv0uilJJUJPR/6QnDGcoM0coM8LdStiAGsrQpTS1JRlkVjA79Uge8UzFySlNUQ+LLrNgNqF5Uj+rBBeV87uzUvVqkl4BDuAQjiGAS6jCDdxCDRgoeIYXePXevHfvw/v8bV3wJjP7MAXv+wfBK6Jp</latexit>

+ · · ·

• たくさんのダイアグラム 
• キャンセルしたりする 
• 効率よく計算したい → NG boson の性質を使う
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• NG boson になら，移行運動量0極限で振幅は消える（ツリーレベル参照） 
• NG boson になる極限 = explicit breaking term が消える極限 = massless DM極限

<latexit sha1_base64="beu0UNVBxvv0HmcwBL+ww1mulQ0=">AAACKnicbVDLagIxFL1jX9a+1C67CZWCXVRmSh9uCkI33RQs1AeoSCZmNJjJDEmmdBj8lW7bRb+mO+m2H9KMuqjaA4HDOfdyT44bcqa0bU+tzMbm1vZOdje3t39weJQvFJsqiCShDRLwQLZdrChngjY005y2Q0mx73Lacsf3qd96oVKxQDzrOKQ9Hw8F8xjB2kj9fLHrYz0imCePk7J9ju6Q3c+X7Io9A1onzoKUYIF6v2BBdxCQyKdCE46V6jh2qHsJlpoRTie5bqRoiMkYD2nHUIF9qnrJLPwEnRllgLxAmic0mql/NxLsKxX7rplMo6pVLxX/8zqR9qq9hIkw0lSQ+SEv4kgHKG0CDZikRPPYEEwkM1kRGWGJiTZ9LV0JR7FiRC19JPFoLPzwAkc6mORMZ85qQ+ukeVlxbirXT1elWnXRXhZO4BTK4MAt1OAB6tAAAq/wBu/wYX1aX9bU+p6PZqzFzjEswfr5BQc5pYk=</latexit>

M(0) = 0
<latexit sha1_base64="vsW5GLslHSYf0Y0sH8g8YXJkqCU=">AAACLHicbVDLSgMxFL1TX7W+WnXnJliEurDMiI8uC27cCBXsA9pSMmmmDU0yQ5IRxqH/4lYXfo0bEbd+h+ljYasHAodz7uWeHD/iTBvX/XAyK6tr6xvZzdzW9s7uXr6w39BhrAitk5CHquVjTTmTtG6Y4bQVKYqFz2nTH91M/OYjVZqF8sEkEe0KPJAsYAQbK/Xyhx2BzZBgnt6NS6LXIUN2inr5olt2p0B/iTcnRZij1is40OmHJBZUGsKx1m3PjUw3xcowwuk414k1jTAZ4QFtWyqxoLqbTuOP0YlV+igIlX3SoKn6eyPFQutE+HZyElYvexPxP68dm6DSTZmMYkMlmR0KYo5MiCZdoD5TlBieWIKJYjYrIkOsMDG2sYUr0TDRjOiFj6QBTaSIznBswnHOduYtN/SXNM7L3lX58v6iWK3M28vCERxDCTy4hircQg3qQOAJnuEFXp035935dL5moxlnvnMAC3C+fwAktac8</latexit>

M(m�)散乱振幅 は を満たす
<latexit sha1_base64="pWSzj/ikr28qDi/UvI4W+gzCetU="></latexit>

M(m�) =M(m�)�M(0)

=
X

j

 
Mj(m�)�Mj(0)

!

• ダイアグラムごとに  に依存しない項を差っ引けば良い 

• 内線に  が現れないダイアグラムは計算しなくて良い

mχ

χ
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(c) (d) (e)

Fig. 5 Feynman diagrams relevant for the scattering with nucleons. The gray blob in the

last diagram (e) indicates the QCD NLO contribution, which is dominated by the top-quark

loop [21].

the running coupling constant gD(⇤) calculated by the one-loop beta function exceeds
p
24⇡

below ⇤ = 100 TeV. The current bound by the LZ experiment [4] is shown by the blue

dashed line. The gray hatched region indicates that the DM signal is hidden by the neutrino

background. We find that �SI is smaller than the neutrino floor in most of the region. For the

larger m� regime, �SI is larger than the neutrino floor and some region is already excluded.

This is because, in that region, the gauge coupling constant becomes large as seen in Fig. 7.

The diagram containing the gauge boson (Fig. 5-(c)) is proportional to g
4
D
, and hence gives

a significantly large contribution. We conclude that, in almost all parameter space, the SI

18

• 計算すべきダイアグラムの数はだい
ぶ減る 

• 手計算でも十分できる 
• 結果はごちゃごちゃするので略 
• 数値を次で見せる 
• ゲージが飛ぶ寄与以外は無視してい
いほど小さい 

• ゲージ結合がでかいところだけ重要
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• σSI は現在の制限（LZ実験）よりも
小さい 

• 大きいところはゲージ結合が大きい
のでそもそも摂動計算が破綻してい
る 

• 大抵の領域は  floor 以下なので 
従来の直接検出による検証は難しい

ν

Fig. 6 Plots of the DM mass m� vs. the SI scattering cross section �SI between the

pNG DM � and nucleons. On the black solid line, the DM relic abundance is explained by

the thermal freeze-out mechanism. The red shaded region is excluded by the perturbative

unitarity of gD. In the orange shaded regions, the running coupling constant gD(⇤) violates

the perturbative unitarity below ⇤ = 100 TeV. The current upper bound by the LZ experi-

ment is shown by the blue dashed line. The gray shaded region indicates the cosmic neutrino

background. The right panel is zoomed-up version of the left one.

cross section �SI is far below the current experimental bound as long as we keep the value

of gD small.

7 two-component scenario

Here we discuss the two-component scenario in this model where mV < 2m�. In this

scenario, the DM energy density is the sum of the energy densities of � and V , namely

⌦h
2 = (⌦h

2)� + (⌦h
2)V . We determine the value of vs to obtain the right amount of the

DM energy density.

The top-left panel in Fig. 8 shows the value of vs that reproduces ⌦h
2 = 0.12. Here we

choose m� = 100 GeV, mh0 = 300 GeV, and sin ✓ = 0.1 as a reference parameter set and

vary the value of mV . For mV > 2m�, V can decay into � and thus ⌦h
2 is determined by

the abundance of �. Hence ⌦h
2 is independent of mV . For mV < 2m�, V is also a stable

particle. Thus the relic abundance of V also contributes to ⌦h
2, and vs depends on the value

of mV . We use this value of vs for all the panels in Fig. 8.
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 によるpNG DMを提案した 

•  は大域的で  に陽に破れている 

•  はゲージ対称性 

•  とDMセクターの荷電共役対称性で DM は安定 

•先行研究では手で落としていた項が，この模型では ゲージ
対称性で禁止できる 

•ドメインウォール問題もない 
•直接検出実験の結果と矛盾せず  となる

SU(2)g × U(1)X → U(1)D

SU(2)g U(1)g

U(1)X

U(1)D

U(1)X

Ωh2 = 0.12


