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Particle Model



Particle Model Requirements

Symmetry-breaking scalar + Yukawa fermion
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Primordial Black Hole (PBH)
Formation Mechanism



Primordial Black Hole (PBH) Formation

in first-order phase transitions (FOPTSs)

» In FOPTs, stochastic quantum tunneling is responsible for (®) = 0 — (D) # 0

 When tunneling occurs, bubbles of the new, “true” vacuum nucleate and expand
* Particles may be unable to penetrate bubble walls into the true vacuum

* As the FOPT completes, trapped particles may form PBHs
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Primordial Black Hole (PBH) Formation

Trapping particles

 Energy conservation: particles can
cross bubble walls if they have
sufficient momentum to overcome
their mass gap

e Jo trap enough massless particles for
true

PBH formation, m, > 2
* Approximate trapping condition:
m)‘;rue Z TPT

Baker, Breitbach, Kopp, Mittnacht [2110.00005]
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PBH Distribution

Collapsing false-vacuum remnants -

Lu, Kawana, Xie [2202.03439]

e False-vacuum remnant distribution =— PBH distribution

dan dM R is the remnant
dR dR “radius” at Tpr

/ AN

false-vacuum .
spherical PBH
remnants

d
Dont = JdMM% _ JdMM

. Models with 72"4¢

,, > lpy are assumed one PBH per false-vacuum remnant
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JpBH

Fraction of dark matter comprised of compact objects

e PBH distributions from conformal
B — [. models

e M = initial PBH mass

Qpph 1 ppeulf)

Cpm Qpv Pe

- Different fp51; constraints can
probe different energy scales

. JeBH
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Gravitational Waves (GW)



Gravitational Waves (GW) Production

 FOPTs produce stochastic GW :
backgrounds mainly due to o ® ® .
1. sound waves in the plasma ®\ - .
L . e o ()
2. bubble wall collisions S

3. magnetohydrodynamic turbulence

 \WWave energies and frequencies are

measured Nil

» The next slide shows energies and N ATES AL B
frequencies of the peak GW signal PABAGIN [P
from scanned FOPTs Weir [1705.01783]
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Gravitational Waves Signal

Peaks of GW energy
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Gravitational Waves (GW) Signal
Peak GW signals
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Multi-Messenger Probes



Multi-Messenger Probes

Mixed parameter space

e THEIA LISA o THEIA LISA
10 10 0
- 10
‘&,
\ - 10—?
1024 = % ?é L 1024 B 5
°, - — —
\ -1072
22 | © . 22
10 2 = 10
Z. /\_é*/ 10—10 ~
50 L. 5 o0 o
— — M
E 1020 N %\é C\i 2 1020 i 10—4 L&
\ \" % ] E
\ \ = \
1018 - \ G - 1011 101® - © >
O\ 2 = E = 10~
\ @ ey
®) ®)
10 - \‘ \@) _10Gev |© 106 | (@) = 10Gev | ©
—— —_——
! UL | UL L LR o rrrrrg ! UL | ! UL L | ! rrrrrml 10_12 ! LI | T rrrrrg o rrrrg ! LB | ! UL L | ! Frrrin 10_8
10~? 108 107 10—° 10—° 10~ 103 10—° 108 10=7 10-° 10—° 10~4 10-3
f [Hz] f [Hz]

Similar studies:

Marfatia, Tseng [2112.14588]
Cash Hauptmann (chauptmann2@huskers.unl.edu) 15 Xie [2301.02352]



mailto:chauptmann2@huskers.unl.edu
https://arxiv.org/abs/2112.14588
https://arxiv.org/pdf/2301.02352

Summary
Multi-messenger probes of PBHs/FOPTs

* Phase transitions occur in any particle physics
model with symmetry breaking

 FOPTs can be studied through their GW
production

« Some models may produce PBHs at the end of
their FOPT

primordial black holes —

 Models can be constrained by GW + PBH probes
(multi-messenger astronomy) gravitational waves —
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Minimal B — L Model

B — L: baryon number minus lepton number

 The SM “accidentally” conserves B — L in perturbative interactions

B — [ models make the symmetry explicit, introducing a vector gauge boson:

SUB).  SUQ@),xU), Uy,

« Symmetry breaking is done through a scalar field ®
VD) = Ap®* + V(D, T)
 Anomalies are cancelled when three right-handed neutrinos (RHNs) are introduced:
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Minimal B — L Parameter Space

 Redefine parameters for convenience:

0. = 851 0o = Lz Ag
STV 4n T 4n

* Renormalization requires these parameters to depend on a renormalization scale u

with t = In(max|[D, T']/u).

* Solving the RG equations (and therefore the potential) only requires “two” input
parameters for our theory:

adn_(0), (0
B — L coupling — B L( ) Y( )'\ right-nanded
gth neutrino mass
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Minimal B — L Model

First-order phase transitions
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Minimal B — L Model

First-order phase transition scan
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PBH Distribution

Collapsing false-vacuum remnants Fojcted £V remnan

Lu, Kawana, Xie [2202.03439]

» Calculating the nucleation and expansion rates of true-vacuum bubbles
allows you to find distribution statistics of false-vacuum remnants:

4 p4
dnfv ~ IPTlB 6(4R0ﬁ/vw)—IPT€ROﬂ Mw (1 — e—IPTeROﬂ/VW> : pIH (TPT) > 1
dRO 192\/&,

. Models with mttv€

., > lpy are assumed to form one PBH per false-vacuum
remnant.

e False-vacuum remnant distribution =— PBH distribution
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discontinuity
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discontinuity
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Benchmarks

Hawking radiation
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Benchmarks
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THEIA LISA
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THEIA LISA
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