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Electroweak Baryogenesis

Sakharov conditions:
   1. Out-of-equilibrium interactions
   2. C and CP violation
   3. Baryon number violation

The observed baryon asymmetry of 
the universe (BAU):

The Standard Model can satisfy all three Sakharov conditions — but yields hB 
exponentially below the observed value. Hence the need for some BSM physics.
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• 1st-order EW phase transition: 
bubbles with broken-symmetric phase 
inside, unbroken phase outside.
   • BSM CP-violating interactions at 
the bubble wall source chiral charge.
   • Baryon-number-violating 
sphaleron processes generate B within 
the unbroken phase. 
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1st-order phase transition: 
the field tunnels through a 
barrier to the lowest-energy 
state; bubbles of the broken-
symmetry phase nucleate 
within a sea of “false 
vacuum” and eventually 
percolate.

2nd-order phase transition 
or smooth crossover: the field 
evolves smoothly to the 
lowest-energy state; no 
bubble nucleation or 
percolation. 
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If there were a strongly 
1st-order phase transition:

Biggest obstacle for EWBG: As 
far as we know, the Standard 
Model EW phase transition was not 
1st order. To produce hB,obs requires 
BSM physics both to force a 
strongly 1st-order EWPT, as well as 
to enhance chiral charge. 



Electroweak Baryogenesis
After 15 years of precision tests of the Standard Model Higgs sector, there is no 

evidence yet of BSM physics that could have driven a strongly 1st-order 
electroweak phase transition. (Maybe data will come soon with HL-LHC and/or 
FCC...)              Moritz Bosse et al., arXiv:2606.12533, 2607.12039

ATLAS + CMS, arXiv:2504.00672



Electroweak Baryogenesis

ATLAS + CMS, arXiv:2504.00672

Could PBHs create comparable conditions around the time of the electroweak 
phase transition, without requiring a strongly first-order phase transition or 

bubble nucleation? 

After 15 years of precision tests of the Standard Model Higgs sector, there is no 
evidence yet of BSM physics that could have driven a strongly 1st-order 
electroweak phase transition. (Maybe data will come soon with HL-LHC and/or 
FCC...)              Moritz Bosse et al., arXiv:2606.12533, 2607.12039
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1970s: Early Ideas about PBHs
Gravitational collapse of primordial 

overdensities into black holes, 
bypassing stellar evolution. That would 
open up a huge range of possible 
scales, since MPBH ~ MH(ti), so could 
have 10-30 M⦿ ≤ MPBH ≤ 105 M⦿.

In contrast, black 
holes that form from 
stellar collapse have 
masses MBH > M⦿.

Reviews: Green and Kavanagh, 2007.10722, Carr and Kühnel, 2006.02838, Escrivà, Kühnel, Tada, 2211.05767.
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1970s: Early Ideas about PBHs

In contrast, black 
holes that form from 
stellar collapse have 
masses MBH > M⦿.

Gravitational collapse of primordial 
overdensities into black holes, 
bypassing stellar evolution. That would 
open up a huge range of possible 
scales, since MPBH ~ MH(ti), so could 
have 10-30 M⦿ ≤ MPBH ≤ 105 M⦿.

Typical PBH mass at 
time of formation

Mass enclosed within a 
Hubble sphere

From the Friedmann equation, we know 
how MH (t) evolved during the early universe.



Hawking Radiation

Black holes radiate as 
(approximate) blackbodies 
with Hawking temperature 

*

*The only hope of ever measuring Hawking radiation is if 
PBHs exist! See Klipfel & Kaiser, 2503.19227; 2506.14041; 2605.26204



Hawking Radiation

Black holes radiate as 
(approximate) blackbodies 
with Hawking temperature 

1974

(3rd place)

48 no. 3 (2018): 338-379

*

*The only hope of ever measuring Hawking radiation is if 
PBHs exist! See Klipfel & Kaiser, 2503.19227; 2506.14041; 2605.26204



Hawking Radiation
1974

(3rd place)

See also D. Page, B. Carter, S. Teukolsky, G. 
Gibbons, J. MacGibbon, ...

Black holes radiate as 
(approximate) blackbodies 
with Hawking temperature 
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more efficient emission, which shrinks M, ...
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fmax = 15.522 for 
M ≤ 109 g (SM)
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A runaway process: smaller M yields 
more efficient emission, which shrinks M, ...

“How do you go bankrupt? Two ways. 
Gradually, and then suddenly.”



Hawking Radiation
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emission 
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“Page factor”

Emitted Power:

Lifetime:

EWPT BBN

Black holes radiate as 
(approximate) blackbodies 
with Hawking temperature 

See, e.g., Klipfel, Kaiser, arXiv:2503.19227, 2506.14041, 2601.05935, 2605.26204



PBH Population
PBHs generically form with a nontrivial 

number distribution:

Figures by Alexandra Klipfel

𝛼 𝛽
#𝑀

Klipfel, Kaiser, arXiv:2503.19227, 2506.14041, 2601.05935, 2605.26204

The coefficients a, b depend on the statistics of the primordial curvature 
perturbations that trigger gravitational collapse, and also on the equation of state 
of the medium that undergoes collapse. For Gaussian perturbations that collapse 
within a radiation-dominated equation of state, several independent numerical 
simulations yield a = b = 2.78.



PBH Population
PBHs generically form with a nontrivial 

number distribution:

Figures by Alexandra Klipfel

Low-mass tail: there will be a 
subpopulation of PBHs with M ≤ 
3 x 107 g that will explode amid 
the early-universe quark-gluon 
plasma (t < tQCD = 10-5 s).

As PBHs evaporate, the number 
distribution evolves over time:

Klipfel, Kaiser, arXiv:2503.19227, 2506.14041, 2601.05935, 2605.26204
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Low-mass tail: there will be a 
subpopulation of PBHs with M ≤ 
3 x 107 g that will explode amid 
the early-universe quark-gluon 
plasma (t < tQCD = 10-5 s).

As PBHs evaporate, the number 
distribution evolves over time:
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𝛼 𝛽
#𝑀

Comoving PBH explosion rate:

comoving initial PBH 
number density



PBH Explosions in the 
Quark-Gluon Plasma



Energy Injection into the QGP

Figures by Alexandra KlipfelKlipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2603.15746

Three distinct processes, with three distinct time-scales:



Energy Injection into the QGP

“Instantaneous” 
Explosion

Figures by Alexandra KlipfelKlipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2603.15746



Energy Injection into the QGP
The maximum PBH mass that can be 

considered to explode quasi-instantaneously 
within the hot plasma must satisfy:

PBH lifetime
timescale for energy 

redistribution via 
bulk fluid motion

timescale for energy 
redistribution via 

collisions

When this condition is met, a shock will 
form and propagate within the plasma. “Instantaneous” 

Explosion
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The PBH threshold mass satisfies

The quasi-instantaneous 
injection of Einj = Mthres creates a 
fireball with initial radius

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2603.15746

timescale for energy 
redistribution via 
bulk fluid motion

timescale for energy 
redistribution via 

collisions



Shock Propagation

Ultrarelativstic shock waves propagate outward.

A superheated shell of fluid between the 
shock front and the rarefaction wave restores 
electroweak (EW) symmetry.

Over time the shell cools via volume 
dilution as it expands.

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2603.15746



Shock Propagation

Plot by Miguel Vanvlasselaer

Ultrarelativstic shock waves propagate outward.

A superheated shell of fluid between the 
shock front and the rarefaction wave restores 
electroweak (EW) symmetry.

Over time the shell cools via volume 
dilution as it expands.

The maximum radius of the shock 
wave when the shell temperature 
cools to the EW scale is

Our relativistic hydrodynamics 
simulations of PBH-like (extended) 
energy injection yield K = 5.

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2603.15746



New Baryogenesis 
Mechanism

See also, e.g., 
 Banks and Fischler, 1505.00472;
 García-Bellido, Carr, and Clesse, 1904.02129, 1904.11482;
 Flores, Kusenko, Pearce, and White, 2208.09789...



Baryogenesis from Exploding PBHs

Shock Fronts can mimic the features of interactions at bubble walls, 
without requiring a strongly 1st-order electroweak phase transition.

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024



Baryogenesis from Exploding PBHs

When do these explosions happen?

Figures by Alexandra Klipfel

PBH	baryogenesis:
131	GeV	≤	T		≤	1	GeV
10-11	s	≤	t		≤	10-7	s

Start: Below Tspha, sphaleron transitions no longer 
efficiently wash out net B number.

Stop:  Minimum background temperature for EW 
symmetry breaking by fireball and shock:

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024
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When do these explosions happen?

Figures by Alexandra Klipfel

PBH	baryogenesis:
131	GeV	≤	T		≤	1	GeV
10-11	s	≤	t		≤	10-7	s

PBH mass range of interest:

Start: Below Tspha, sphaleron transitions no longer 
efficiently wash out net B number.

Stop:  Minimum background temperature for EW 
symmetry breaking by fireball and shock:

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024



Baryogenesis from Exploding PBHs

BSM CP violation:

   • Enhance baryon transition amplitudes 
across the shock-front shell

   • New mechanism is agnostic regarding 
the exact CP-violating operator

Espinosa, Gripaios, Konstandin, Riva, arXiv:1110.2876

Extends the SM with the addition of one new 
gauge singlet.

   Introduces CP-odd coupling between the Higgs 
field and the top quark following EW symmetry 
breaking.

Example:

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024
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Baryogenesis from Exploding PBHs

BSM CP violation:

   • Enhance baryon transition amplitudes 
across the shock-front shell

   • New mechanism is agnostic regarding 
the exact CP-violating operator

Espinosa, Gripaios, Konstandin, Riva, arXiv:1110.2876

Extends the SM with the addition of one new 
gauge singlet.

   Introduces CP-odd coupling between the Higgs 
field and the top quark following EW symmetry 
breaking.

Local baryon excess in region 
dV swept out by the expanding 
shock-front shell:

BARYONET, 
arXiv:2510.21915

Total baryon number excess 
from a single PBH explosion:

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024

Example:



Evolution of the Universe
To compute the total BAU, we need to know how the background temperature of 

the universe, Tb (t), evolves over time.

We allow for a transient period of PBH matter domination between ti and tBBN 
by introducing

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024
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Baryon Asymmetry
Net comoving baryon excess number density:

comoving PBH 
explosion rate

integrate explosions only 
over baryogenesis window

net baryon excess per 
PBH explosion

Total baryon asymmetry produced before the onset of BBN:

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024
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comoving PBH 
explosion rate

integrate explosions only 
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Total baryon asymmetry produced before the onset of BBN:

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024

Recall: We parameterize the total BAU yield



Baryon Asymmetry

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024
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Baryon Asymmetry

Klipfel, Vanvlasselaer, Trifinopoulos, Kaiser, arXiv:2604.29024

As we increase      , the yield 
saturates from the increased 
entropy production.

only radiation 
domination

transient matter 
domination

One cannot tune the initial 
PBH density arbitrarily to 
keep increasing Y (and 
thereby increase L).

The upper bound 
implies that this scenario can 
be experimentally tested or 
constrained.



Gravitational Wave Signature

Figure by Wenzer Qin

The production of PBHs typically requires 

Such large-amplitude scalar perturbations 
will induce tensor perturbations at 
second-order: a stochastic gravitational-
wave background (SGWB).

Kohri and Terada, 1804.08577; Domènech, 2109.01398; 
Qin, Geller, Balaji, McDonough, and Kaiser, 2303.02168

*Note: we have selected parameters such 
that shock waves do not collide. So the 
SGWB signal we consider is not related to 
“bubble” (shock-wave) collisions, but rather 
from the fact that a population of PBHs had 
originally formed from scalar overdensities.



Gravitational Wave Signature

Figure by Wenzer Qin

The production of PBHs typically requires 

Such large-amplitude scalar perturbations 
will induce tensor perturbations at 
second-order: a stochastic gravitational-
wave background (SGWB).

The present-day energy density of the 
SGWB for scalar perturbations that re-
enter the Hubble radius during RD is

For a population of PBHs with         
the SGWB would peak at

Kohri and Terada, 1804.08577; Domènech, 2109.01398; 
Qin, Geller, Balaji, McDonough, and Kaiser, 2303.02168

?
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distributions: some subpopulation will exist 
with Mi ≤ 3 x 107 g.
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Summary
PBH explosions in the very early universe 

will generate shocks within the quark-gluon 
plasma. Such explosions will occur 
generically for extended PBH number 
distributions: some subpopulation will exist 
with Mi ≤ 3 x 107 g.

The superheated shell of fluid between the shock 
front and the rarefaction wave will restore electroweak 
symmetry. These expanding shock waves can mimic 
the behavior of bubbles from a strongly 1st-order 
phase transition.

This new baryogenesis mechanism is agnostic to 
the BSM source of CP violation. A minimal dim-5 
operator with one new scalar and L ~ TeV can 
yield hBobs. The BAU yield is robust to PBH model 
parameters, and the mechanism could be tested 
with EW precision measurements and next-
generation GW detectors.





We assumed only SM degrees of freedom when 
computing the primary Hawking emission, and hence 
the rates of energy injection into the plasma and the 
PBH lifetimes.

Including the new BSM scalar field, with mass ms ~ 
102 GeV, shifts the Page factor fmax and PBH lifetime 
t(M) by ~ 2%, easily compensated by small shifts to 
other PBH parameters. 

If many more BSM degrees of freedom exist at much higher energies, that would change the 
Hawking emission spectrum in (model-dependent) ways that might be measurable.

Baker and Thamm, arXiv:2105.10506, 
2210.02805, 2512.19603

BSM Effects and Hawking Emission



We assumed only SM degrees of freedom when 
computing the primary Hawking emission, and hence 
the rates of energy injection into the plasma and the 
PBH lifetimes.

Including the new BSM scalar field, with mass ms ~ 
102 GeV, shifts the Page factor fmax and PBH lifetime 
t(M) by ~ 2%, easily compensated by small shifts to 
other PBH parameters. 

If many more BSM degrees of freedom exist at much higher energies, that would change the 
Hawking emission spectrum in (model-dependent) ways that might be measurable.

Baker and Thamm, arXiv:2105.10506, 
2210.02805, 2512.19603

Although the instantaneous power rate diverges as 
P ~ (t – t)-2/3 close to the end of the PBH lifetime, the 
integrated power (Einj ≤ Mi) remains finite. In our 
simulations, we truncate the active energy injection 
at t(Mthres) ~ LLPM, which is effectively instantaneous 
on hydrodynamic timescales. This corresponds to 
Mthres ~ 103 g (~ 108 Mpl) and t ~ 10-19 s (~ 1024 tpl). So 
none of these results depends on extrapolating to 
(unknown) Planck–scale physics.

BSM Effects and Hawking Emission
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To compute the total BAU, we need to know how the background temperature of 

the universe, Tb (t), evolves over time.

We allow for a transient period of PBH matter domination between ti and tBBN 
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