
Primordial Black Hole Dark Matter from 
Classically Conformal Cosmology

张贺旭

Collaborators: Mei Huang, Shinya Matsuzaki, Hiroyuki Ishida, Katsuya Hashino

JHEP 10 (2025) 207 (2506.23752)
Phys.Rev.D 114 (2026) 2, 023553 (2604.20063)

2608.xxxx

2026 年紫金山暗物质研讨会

Xinjiang University, July 24, 2026



Dark Matter (DM)

• Galaxy rotation curves

• Bullet cluster

• Gravitational lensing

• CMB anisotropies

• Structure formation

• …

We know it exists. But what is it?

Observational evidence for DM:



Why Primordial Black Holes:

PBHs as DM Candidates

Current constraints on the abundance of PBHs

[B. Carr, K. Kohri, Y. Sendouda, J. Yokoyama, 2002.12778]

Asteroid-mass window for PBHs:

- can account for all DM (𝑓𝑓PBH = 1)

1017g ~ 1023g

• Non-baryonic

• Cold and matter-like

• No need for new particles

• Broad mass range

• …



Classically Scale-Invariant Models

Tree-level potential: One-loop potential: Finite-T effective potential:

[No explicit mass scale] [Coleman-Weinberg mechanism] [Thermal corrections generate a barrier]

Consider a complex scalar Φ charged under a dark 𝑈𝑈(1):



𝑉𝑉eff(𝜙𝜙,𝑇𝑇)

𝜙𝜙

Classically Scale-Invariant Models

Bounce action: Nucleation rate:

ultra-supercooling



Fig. Schematic parameter space in the 𝑔𝑔𝐷𝐷, 𝑣𝑣𝜙𝜙  plane.

 Moderate 𝑔𝑔𝐷𝐷:
- FOPT and bubble percolation

 Small 𝑔𝑔𝐷𝐷: 
- Percolation failure → eternal inflation?

- As 𝑇𝑇 → 0, the thermal barrier disappears, 
seemingly enabling a classical-roll exit.

Classically Scale-Invariant Models

Escape from supercooling:



Mechanism I: Delayed Vacuum Phase Transitions

• Energy densities scale as:

• Energy contrast:

delayed patch

[Y. Gouttenoire, T. Volansky, Phys.Rev.D 110 (2024)]

[Liu, Bian, Cai, Guo, Wang, PRD 105, L021303]
[Kodama et al, Prog. Theor. Phys. 68 (1982) 1979]

1st

① ②

③ ④

1st order phase transitions

Slower supercooled PT:
 Leads to larger 𝛿𝛿

 More delayed patches → enhances PBH production

PBHs from FOPT:



Departure from CW Models

Bounce action:

Duration parameter:

Add a tiny source of soft-scale breaking,



PBH Formation

The fraction of DM in the form of PBHs and the corresponding PBH mass:

The fraction of causal patches collapsing into PBHs:

Normal patches initiate nucleation at 𝑡𝑡𝑖𝑖 = 𝑡𝑡𝑐𝑐
Delayed patches initiate nucleation at 𝑡𝑡𝑖𝑖 > 𝑡𝑡𝑐𝑐

Evolution of radiation energy density:



Impact of ESB on PBH Abundance

Case I:  No soft-scale breaking
• Tangent-like bounce action curve
• Exponential nucleation

Case II: Negative soft-scale breaking
• Deeper tangent-like bounce action curve
• Exponential nucleation
• Speed up the PT
• Suppress the PBH production



Impact of ESB on PBH Abundance

Case III: Positive soft-scale breaking

• Skewed 𝑈𝑈-shaped action curve

• Quadratic approximation

• Slow down the PT

• Enhance the PBH production



Scenario 1 – Positive soft-scale breaking

Benchmark Scenarios

𝜙𝜙: 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) 𝑆𝑆: 𝑝𝑝𝑝𝑝𝑝𝑝𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢�𝐹𝐹𝐿𝐿,𝑅𝑅: 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞𝑞

Yukawa coupling:

Time fluctuation 𝜕𝜕𝑡𝑡𝜃𝜃 𝑡𝑡 ~ 𝜇𝜇5 in a local CP-odd domain of the hot dark-QCD plasma:

Dilaton-portal:

Many-flavor QCD:



Benchmark Scenarios

Scenario 1 – Positive soft-scale breaking



Benchmark Scenarios

Scenario 1 – Positive soft-scale breaking



Classically conformal 𝑩𝑩 − 𝑳𝑳 extension of the SM:

1-loop effective potential (dominated by 𝑍𝑍′):

New particles:

𝐵𝐵 − 𝐿𝐿 gauge boson 𝑍𝑍′

Complex scalar field 𝜙𝜙, 𝑄𝑄𝐵𝐵−𝐿𝐿 = −2

Right-handed neutrinos 𝑁𝑁𝑅𝑅𝑅𝑅, 𝑄𝑄𝐵𝐵−𝐿𝐿 = −1

Tree-level effective potential:

In the unitary gauge,

A negative mass-squared explicit breaking term emerges due to the conformal nature:

Benchmark Scenarios

→ Exist a flat direction at a certain RG scale. 

Scenario 2 – Negative soft-scale breaking



Benchmark Scenarios

Scenario 2 – Negative soft-scale breaking



PBHs from Thermal Inflation:

Mechanism 2: Tachyonic Instability

𝑉𝑉eff(𝜙𝜙,𝑇𝑇)

𝜙𝜙

FIG. Schematic temperature evolution of the finite-𝑇𝑇 effective 
potential.



However, the CW-type potential leads to eternal inflation.

Mechanism 2: Tachyonic Instability

PBHs from Thermal Inflation:



𝑉𝑉(𝜙𝜙)

𝜙𝜙

Δ𝜙𝜙q~
𝐻𝐻
2𝜋𝜋

Δ𝜙𝜙cl~
|𝑉𝑉𝑉|
3𝐻𝐻2

(Δ𝜙𝜙q > Δ𝜙𝜙cl)Quantum diffusion dominates over classical drift

Eternal Inflation

Graceful-exit problem



Graceful Exit: Two Possible Ways

①

②

Solid: original potential
Dashed: deformed potential

𝑉𝑉(𝜙𝜙) − 𝛼𝛼 𝜙𝜙

𝑉𝑉(𝜙𝜙) −
1
2𝑚𝑚

2 𝜙𝜙2



No-Eternal-Inflation Condition:

Fokker-Planck equation:

Probability of remaining inflating:

For a locally linear potential,

For a tachyonic potential,



Exit scenario I:

QCD-Induced Tachyonic Exit:

No-eternal-inflation condition:



Exit scenario II:

Tadpole-Induced Exit:



Summary

• Classically conformal dynamics generates a physical scale through radiative 

symmetry breaking and naturally allows strongly supercooled PTs.

• Mechanism I — Delayed vacuum PTs: delayed patches develop a large density 

contrast and collapse into PBHs. Tiny soft-scale breaking can strongly modify the 

transition duration and hence the PBH abundance.

• Mechanism II — Tachyonic amplification: the end of thermal inflation amplifies 

curvature perturbations, producing PBHs together with SIGWs.

• Graceful exit is essential: the minimal Coleman–Weinberg potential may lead to 

eternal inflation, while linear or tachyonic deformations can provide viable exit routes.



25

Thank you for your attention!
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