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Dark Matter (DM)

Observational evidence for DM:

« Galaxy rotation curves

* Bulletcluster SR

 Gravitational lensing

« CMB anisotropies

« Structure formation BT i i
|
| T

Angular scale

parkMatter VW@ know it exists. But what is it?

Ordinary Matter



rsity of Chinese Academy of Sci

PBHs as DM Candidates

Why Primordial Black Holes: Current constraints on the abundance of PBHs

[P MIM,

Non-baryonic S L e o S NS U L 0%
» Cold and matter-like i A |
* No need for new particles
 Broad mass range /]
Asteroid-mass window for PBHs: 10'7g ~ 10%3g N D o e
] 1020 ’. 1025 1030 1035 1040 1045 1050 1055
- can account for all DM (fpgy =1 ¢ M [g]

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



Classically Scale-Invariant Models

Consider a complex scalar ® charged under a dark U(1):

Tree-level potential:
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[No explicit mass scale]
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One-loop potential:
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Vo () = 356" (1n 5 — 3)

[Coleman-Weinberg mechanism]

Finite-T effective potential:
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[Thermal corrections generate a barrier]



Classically Scale-Invariant Models
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Classically Scale-Invariant Models

Escape from supercooling:

0.40
» Moderate gp:
0.35} Percolation - FOPT and bubble percolation
030} » Small 9dp-
- Percolation failure — eternal inflation?
No Percolation
0.25f (Eternal Inflation) VfalseO< a 3 (t) B_I(t)
]- d‘/false _ dI(T)

o0l 7 a =AM <3+T—dT ) >0

- - - - - -As T — 0, the thermal barrier disappears,

0 2 4 6 8 10 12

seemingly enablin lassical-roll exit.

Fig. Schematic parameter space in the (gp, v ) plane.



Mechanism |: Delayed Vacuum Phase Transitions
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PBHs from FOPT:

Old vacuum-dominated region (outside bubbles)

. New radiation-dominated region (inside bubbles)
[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]
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False vacuum

15t order phase transitions
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« Energy densities scale as: p,(t)xa’, p,(t)xa

o(t) = P (t) = pou ()] >6,=0.45

- E ;
nergy contrast o)

Slower supercooled PT:

‘ v’ Leads to larger §

v More delayed patches - enhances PBH production




Departure from CW Models
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Add a tiny source of soft-scale breaking, i%&
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PBH Formation

Evolution of radiation energy density: dpét(t) +4H () p, (t) = -

Normal patches initiate nucleation at t; = t,

_ in (t) — Mout (t)
Delayed patches initiate nucleation at ¢; > ¢, Loege 5() = - D, (tp) |

The fraction of causal patches collapsing into PBHs:

t; 4 1 3
Pan @) =ex0| - [TV | ve) = | ]

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

A .
M = T 63 H3 (258 p (15880) = M

106.75 )1/2 (500(}&/)2
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Impact of ESB on PBH Abundance
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mg/v¢ =0,gp=0.67,vs= 10° GeV

130%

Case |: No soft-scale breaking " .
« Tangent-like bounce action curve T,

125%

« Exponential nucleation 75F ™, i

120%

S . | | »
Case |I: Negative soft-scale breaking a3 ; 5 5 115%
« Deeper tangent-like bounce action curve 65 e ; 110%
« Exponential nucleation o B
’ Speed Up the PT |S(T)ES3(T)/T_41H;“|l8(I)O. | .10.00. | .12.00. | .14I00. .~.lh€.>‘0’()r. .186)(;,{;
« Suppress the PBH production T [GeV]

TABLE II. The estimated numbers for fppn in the case with a negative soft-scale breaking mass term mo: —mgé?, for gp = 0.64
and v, = 107 GeV, listed together with 7,,, T},, Bu. Here we have Mppn =~ 2.75 X 10_141110 in all cases.

mo /e T, [GeV] T, [GeV] Bu JrBH

0 1690.44 1212.77 6.64 1.15 x 10°
2 %1076 1709.28 1227.1 6.85 1.94 x 10°
4% 107° 1762.26 1268.1 7.41 3.61 x 10?
6 x 10~° 1842.55 1331.76 8.28 6.11 x 10~*
8 x 1076 1942.39 1412.81 9.27 4.38 x 10715

10 x 107° 2055.35 1506.42 10.41 2.37 x 107




Impact of ESB on PBH Abundance
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mo [vs =8x107, gp = 0.67, vs = 10° GeV

85t

Case lll: Positive soft-scale breaking rg;gf fp T 0%
- Skewed U-shaped action curve 80% i;;;
* Quadratic approximation S 75§ , 1759%
« Slow down the PT 70; “’(::':
 Enhance the PBH production A D B N

600 800 1000 1200
T [GeV]

TABLE III. The estimated numbers for fppy in the case with a positive soft-scale breaking mass term my: +mgqb2, for gp = 0.67
and vy = 107 GeV, listed together with T,,, T}, Sn. Here we have Mpgy ~ 2.51 X 10_14;.’1&'@ in all cases.

=

2.5 x 107"

mo/ve T, [GeV] T, [GeV] BH frBH
0 7587.35 5529.61 10.06 1.01 x 10716
0.5%x 107° 7567.94 5512.56 9.99 9.63 x 10716
1.0 x 107° 7508.90 5460.82 9.79 2.58 x 10713
1.5 x 107° 7407.63 5372.43 9.43 1.75 x 107?
2.0 x 107° 7259.19 5243.79 8.90 7.99 x 1075

7055.00 5068.97 8.14 5.71 x 10°




Benchmark Scenarios
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Scenario 1 — Positive soft-scale breaking

Many-flavor QCD:

F, r: dark quarks ¢: composite dilaton(dark meson) S: pseudoscalar

Yukawa coupling: iys F,SF,+h.c.

2 $2N
K~ O<g¢€i7yr) 2 C) y  Gerr ™7 mF/f¢

Dilaton-portal: V——/{S 6|2+ XS, K,Ag>0
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VOR8> e> mmh mi¢l?, with mi=
S



Benchmark Scenarios Py T RRE
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Scenario 1 — Positive soft-scale breaking

TABLE IV. Predicted parameters related to the supercooling phase transition and PBH production for two benchmark points
(BPs) for the many-flavor QCD scenario with Ny = 8.

mo/ve ‘ T,[GeV] T,[GeV]| o Bu Mppn JpBH
BP A 0 4272.8 3598 6.38 x 107 40.55 2.975 x 107" Mg ~ 0
BP A’ 3.44 x 107° 3105.1 2257.4 4.12 x 10° 11.75 2.975 x 107" M ~1
mo [ ve =3.44x1075, 4, =033, v, = 107 GeV Ao =0.33,v,=10" GeV
140_—| ! ';' L ';' T I;' ! LA L L LA I R R AL IR R R L B U U U Uy UL R | LI L LB R
N\ T T
1200\ 7 | : )
I 1 1 1 10_5
1000 S : ]
~ N , o
~ i i I I 1S 1079
S 0 s ke
Toe0 L AT : —
Y . ([ N G e S LI
o S 5 [ RN
2000 S et et
1000 2000 3000 4000 5000 6000 7000 8000 104 0.001 0010 0.100 1 10

T [GeV] / [Hz]



Benchmark Scenarios
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Scenario 1 — Positive soft-scale breaking

TABLE IV. Predicted parameters related to the supercooling phase transition and PBH production for two benchmark points
(BPs) for the many-flavor QCD scenario with Ny = 8.

mo/vg ‘ T,.[GeV] T,[GeV] o B Mppu JeBH
BP A 0 4272.8 3598 6.38 x 107 40.55 2.975 x 10~ Mg ~0
BP A’ 3.44 x 10°° 3105.1 2257.4 4.12 x 10° 11.75 2.975 x 107" Mg ~1
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Benchmark Scenarios
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Scenario 2 — Negative soft-scale breaking

Classically conformal B — L extension of the SM:

Tree-level effective potential:
V(H,®) = NM[H[ "+ | @] — Mol H| *[ @]

In the unitary gauge,

New particles:
B — L gauge boson Z'

Complex scalar field ¢, Qg_;, = —2

. . _ 1 (0 ¢
Right-handed neutrinos Ny;, Qp_; = —1 H= ﬁ 1) ¢ = ﬁ
1-loop effective potential (dominated by Z'): — Exist a flat direction at a certain RG scale.

Va6 = 20t gt (L) - 1)+ 30, (2) + B g — (m2 +1L)*), =20 40

Vg

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

Tp S TQCD ‘ <h> — VUqcp ™ (yt <tt>/(\/§ Ah)) 1/3 —~ AQCD ‘ - %)\hqﬂ)éCngQ



Benchmark Scenarios
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Scenario 2 — Negative soft-scale breaking

TABLE V. Predicted quantities, the same ones as those listed in Table for the U(1)p—_r. gauge extension of the SM with

the CSI.
mo/ve | T, [MeV] Tp[MeV] o Bu Mpgu JpBH
BP B 0 145.12 104.37 1.8 x 10° 7.53 2.041 x 10 "M 0.29
BP B’ 54 x 1077 145.12 104.37 1.8 x 10° 7.53 2.041 x 10~ "My 1.03x 10°°
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Mechanism 2: Tachyonic Instability

[’
L

9 _i .
) (&) Ef /? %&
University of Chinese Academy of Sciences

PBHs from Thermal Inflation:

Vere(, T) A

T,

Tg=0

FIG. Schematic temperature evolution of the finite-T effective

potential.

oV

H(n.x) = wj% v, (1) + vt () Je ™

iy, (1) + [w;?— VQ;Ql/ﬂuk(n) =0

_ 5_p2_ <V”> 02
T e vy 6751 %

B VS
Pelk) = {nan[<v"> 5]

} Py (k)



Mechanism 2: Tachyonic Instability

PBHSs from Thermal Inflation: B ass s RO VN I A aaa O (1R
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However, the CW-type potential leads to eternal inflation.



Graceful-exit problem

> ¢

Quantum diffusion dominates over classical drift (A¢q > Adq)

!

Eternal Inflation
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Graceful Exit: Two Possible Ways

Solid: original potential
. Dashed: deformed potential

@ V()— ad

1
@ V() - 7m* ¢




No-Eternal-Inflation Condition:

Fokker-Planck equation:

e LD o] () e

Probability of remaining inflating:

Pe B
Prie () = / dqu(cb,t):%erf{“(t) ﬂ

O

For a locally linear potential, V(¢) =V, — a¢

t 2120 27TH°
Viue (B e Pry; (1) ocexp[(SH— gHC; >t} ) |o° > 53
For a tachyonic potential, V(¢) =V, — %mZng

=) 2> 9H



Exit scenario I: &
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QCD-Induced Tachyonic Exit:

V(h) D 2= {Tt)h

V2
) voep = <h) ~ (yt <?t>/<\/§)‘h>> W Aqen

B l 2 2 . o Iny, <’UQCD> o
Vst (¢7T> - 9 mQCDQ5 3 with Maqocp = \/5 v, @(TQCD T)

27 M.

pl

No-eternal-inflation condition: govs < —5 M Uqcp



Exit scenario ll:
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Tadpole-Induced Exit:

1 1
_ECIDX — §y./\/'q) EabeaﬁeABN?éloz bBB —I_ §yX(DT Eabeaﬁ ABXAQXBB —I_ h C.

Particles | SU3). SU2)z U(l)y U(L)p_z | SU2)x

q 3 2 +1/6  +1/3 1 l

'l 3 1 +2/3  +1/3 1

di, 3 1 ~1/3  +1/3 1

fi 1 i _1{2 _1 1 Viaa (¢) — = 2\/§ Cx f?( (y/\/_'_ yx) ¢
v 1 1 0 —1 1

H 1 2 +1/2 0 1

iy 1 1 0 +2 1
NG 1 1 0 —1 2

G=SU3).XSUQ) , XUM)yXUD) 5, {SU®) ]




Summary & raasmxy

« Classically conformal dynamics generates a physical scale through radiative
symmetry breaking and naturally allows strongly supercooled PTs.

 Mechanism | — Delayed vacuum PTs: delayed patches develop a large density
contrast and collapse into PBHSs. Tiny soft-scale breaking can strongly modify the
transition duration and hence the PBH abundance.

 Mechanism Il — 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.
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