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Classically Conformal Theory

𝑉tree 𝜙 =
𝜆

4
𝜙4

𝑉1loop 𝜙 =
𝐵
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𝜙4 log

𝜙

𝑤
−

1

4

No bare 𝜙2 term
Hopefully solving hierarchy problem

Bardeen, FERMILAB-CONF-95-391-T;
K. A. Meissner & H. Nicolai, PLB (2008) 660; etc

Conformal invariance in tree level (Classically)

S. Coleman & E. Weinberg PRD 7 (1973) 1888

Radiative Symmetry Breaking
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Classically Conformal Theory and Our Model 

A realistic framework:

𝑉tree ℎ, 𝑠 =
𝜆𝑠

4
𝑠4 +

𝜆𝑠ℎ

4
𝑠2ℎ2 +

𝜆ℎ

4
ℎ4 Keep classically conformal

Gauge choice for 𝑠: 𝑈 1 , 𝑆𝑈 2 , … 

Our choice: 𝑆𝑈 2 in adjoint representation

Ensures the stability of DM candidates (𝑋+/𝑋−)

𝑉1loop ℎ, 𝑠 =
𝐵

4
𝑠4 log

𝑠

𝑤0
−

1

4
+

𝜆𝑠ℎ

4
𝑠2ℎ2 +

𝜆ℎ

4
ℎ4

𝑠 = 𝑤 ≈ 𝑤0 ≫ 𝑣

𝐵 = 2 ×
3𝑔𝑋

4

8𝜋2 𝑋±

𝜙 =
𝐺1

𝐺2

𝑠
𝑋𝑎

𝑠,  𝑋+ , 𝑋−, 𝐴′

𝑚𝑠 =
3𝑔𝑋

2

2𝜋
𝑤 

𝑚𝑋 = 𝑔𝑋𝑤

𝑚𝐴′ = 0

0811.0172

𝑆𝑈 2 𝑋 → 𝑈 1 𝑋
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First Order Phase Transition

𝑉𝑇 ℎ, 𝑠, 𝑇 = 𝑉1loop ℎ, 𝑠 +
𝑐𝑠𝑇2

2
𝑠2 +

𝑐ℎ𝑇2

2
ℎ2

Baryogenesis:
• Strong non-equilibrium
• Satisfies Sakharov condition
Dark matter:
• New kinetics via bubble expansion
• Dilution, Filtration, etc.     

            

           

Classically Conformal can provide an FOPT

1805.01473, 1912.02830, …

= +

Flatter than polynomial at 𝜙 ∼ 0 Supercooled FOPT (𝑇∗ ≪ 𝑤)
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Dark Matter in a Supercooled Universe

𝑚𝑋 = 1TeV

WIMP Freeze-out: 𝑔𝑋 = 0.45

FIMP Freeze-in: 𝑔𝑋 = 10−6

WIMP Freeze-in: 𝑔𝑋 = 0.1

FOPT
Reheating

Before FOPT
DM massless

After FOPT
SM

SM

DM

DM

FOPT

∆𝑉𝑇

Also see 1805.01473; 2304.00908; etc

𝑌𝑟ℎ ∼ 𝑌𝑒𝑞

𝑇∗

𝑇𝑟ℎ

3

Vacuum energy ∆𝑉𝑇 release:

Temp: 𝑇∗ → 𝑇𝑟ℎ ; Entropy: 𝑠 → 𝑠
𝑇∗

𝑇𝑟ℎ

3

Dilution of DM:
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Dark Matter in a Supercooled Universe

𝑔𝑋 ∼ 𝒪 10−1 − 10−4 , 𝑚𝑋 ∼ 𝒪 1 − 102  TeV

𝑚𝑠 < 𝑚ℎ 𝑚𝑠 > 𝑚ℎ

Supercooled DM:

𝑔𝑋 ∼ 𝒪 1 − 10−1 , 𝑚𝑋 ∼ 𝒪 0.1 − 10  TeVWIMP:

Monopole cannot account for the observed relic abundance, also see 2509.21924
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FOPT and GW

Novel dynamics Novel detect way

4(5) key parameters:

𝑇𝑟ℎ: Temperature after FOPT reheating

𝛼: Strength of FOPT

𝑅∗𝐻∗(𝛽/𝐻): scale(speed) of FOPT

𝑣𝑤: Speed of bubble expand

Ω𝐺𝑊 𝑇∗, 𝛼, 𝑅∗, 𝑣𝑤 = Ω𝑠𝑤 + Ω𝑐𝑜𝑙 + Ω𝑡𝑢𝑟𝑏

Supercooled FOPT:

𝛼 ≫ 1

𝑣𝑤 ∼ 1

(𝛼, 𝛽/𝐻, 𝑇, 𝑣𝑤) = 1𝑒4, 100,100 GeV, 0.99

LISA Detectable:

𝛽/𝐻∗ ∼ 102

1512.06239; 1910.13125; 2305.02357; etc

Details in backup
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Phenomenology

            
   

   

   

   

   

     

 
 
 
 
 

          

          

        

 
  
  
 
  
 
  

  
  

 
 
  

  
  

Current experimental constraints 
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Phenomenology

            
   

   

   

   

   

     

 
 
 
 
 

          

          

        

     

    

       

 
  
  
 
  
 
  

  
  

 
 
  

  
  

Projected sensitivities of future experiment

         

   

    

    

    

     

 
 
 
 
 

WIMP & Supercooled DM can be probed via GW by LISA & BBO
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Conclusion

Model
• Classically Conformal: hopeful way to solve hierarchy problem
• 𝑆𝑈 2 triplet: ensures the stability of vector DM (𝑋+/𝑋−)

Mechanics
Supercooled FOPT:
• Dilution and reproduction of DM
• Can be probe via GW

LISA & BBO detectable DM Landscape

Tips:
• Take initial bubble radius 𝑅0 into account in extreme supercooled FOPT

See following backup for details

Thank you!
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Backup: Monopole

𝑛𝑚𝑝
∗ = 𝑝𝑛𝑏

∗At 𝑇∗, monopole density 𝑝 ∼ 10−1

𝑛𝑏 = 𝑅∗
−3

Ω𝑚𝑝ℎ2 ∼
𝑛𝑚𝑝

∗

𝑠∗

𝑇∗

𝑇𝑟ℎ

3

𝑠0𝑀𝑚𝑝

8𝜋

3𝑀𝑝𝑙
2

ℎ

𝐻0

2

∝ 𝑛𝑚𝑝
∗ ∝ 𝑅∗

−3

Typically, 𝑅∗ ∼
8𝜋 1/3

𝛽

For 𝛽 ≫ 1 (e.g.: 𝛽 = 108), 𝑛𝑚𝑝
∗ ≫ 1 

Ω𝑚𝑝ℎ2 ∼ 0.12 ?   Monopole as DM?
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Backup: Monopole

𝑛𝑚𝑝
∗ = 𝑝𝑛𝑏

∗At 𝑇∗, monopole density 𝑝 ∼ 10−1

𝑛𝑏 = 𝑅∗
−3

Ω𝑚𝑝ℎ2 ∼
𝑛𝑚𝑝

∗

𝑠∗

𝑇∗

𝑇𝑟ℎ
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Backup: 𝑅0 & 𝑅∗

𝑅∗ ∼
8𝜋 1/3𝑣𝑤

𝛽
: Assuming fast FOPT & 𝑅0 = 0

NO 𝑅0

2404.00646

In Fact: 𝑅0 ∼
1

𝑔𝑋𝑇𝑟𝑜𝑙𝑙
∼

𝑤

𝑚ℎ𝑣𝑄𝐶𝐷
∝ 𝑤 More supercooling, More large 𝑅0

In extreme supercooling, 
8𝜋 1/3𝑣𝑤

𝛽
can be smaller than 𝑅0

Must consider 𝑅0 in extreme supercooling
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FOPT and GW: parameter space
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FOPT and GW: details

Γ 𝑇 ≃ 𝑇4
𝑆3

2𝜋𝑇

Τ3 2

exp −
𝑆3

𝑇

𝑃 𝑡 = exp −
4𝜋

3
න

𝑡𝑐

𝑡

ⅆ 𝑡′𝛤 𝑡′ 𝑎3 𝑡′ 𝑟 𝑡 − 𝑡′ 3

𝑟 𝑡 − 𝑡′ = 𝑅0 + න
𝑡′

𝑡 𝑣𝑤

𝑎 ǁ𝑡
ⅆ ǁ𝑡

Must consider in extreme supercooling

𝑛𝑏 𝑇 = 𝑇3 න
𝑇

𝑇𝑐

ⅆ𝑇′
Γ 𝑇′

𝑇′4𝐻
 𝑃(𝑇′)

𝑅∗ = 𝑛𝑏
−1/3

Normal supercooling

Small 𝛽/𝐻
Slow FOPT

𝑅0 ∼ 0
𝑅∗

Extreme supercooling

Large 𝛽/𝐻
Fast FOPT

𝑅0

𝑅∗
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