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Production of heavy states with relativistic bubble walls

Outline
▶ Introduction of phase transitions in the early universe

▶ Production of heavy particles: [arXiv:2010.02590] with Aleksandr Azatov

▶ Baryogenesis with relativistic bubble walls: [arXiv:2106.14913] with Aleksandr Azatov and
Wen Yin

▶ Singlet extension of EWPT with relativistic walls: [arXiv:2205.xxxxx] with Aleksandr
Azatov, Wen Yin, Sabyasachi Chakraborty and Giulio Barni

Optimistically, we can make all of that!
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Phase transitions in the early universe
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Phase transitions

First order phase transition (FOPT) in the early universe

▶ QFT = landscape of minima ⇒ PT

▶ Potential V (T , ϕ) = V0(ϕ) + Vthermal(T , ϕ)

▶ High T: V ⊃ ϕ2T 2 ⇒ sym restoration

▶ FOPT feature a barrier between two vacua and
cooling (Tn < Tc)

▶ Nucleation controlled by bounce solution

Γ ∼ T 4Exp
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Phase transitions

Nucleation and early expansion
▶ Energy released ∆V ⇒ Driving energy:

Edriving = −4

3
π∆VR3

▶ Surface tension

∆Ptension = 4πσR2

▶ Expansion when Rinitial > Rc ∼ σ/∆V

▶ Transition starts approximately when one
bubble per Hubble volume, T = Tnuc

▶ Reheat behind the wall

Tr ≈ (1 + α)1/4Tnuc, α ≡ ∆V

ρr
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Production of heavy particles

Production of heavy particles

Production of heavy particles

[arXiv:2010.02590] with Aleksandr Azatov
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Production of heavy particles

Production of heavy states and wall suppression[2010.02590]:Idea
Scale of the transition and particles involved
CLAIM: transition is dictated by fields M ≲ Tnuc ∼ vϕ because nheavy ∝ e−M/Tnuc

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

▶ ϕ scalar, χ light, N heavy: Lint = Yϕχ̄N +MN̄N, M ≫ Tnuc

▶ Conservation of momentum: Origins

No wall:

∫
d4xe ip·x ∝ (2π)4δ4(p), p = pN − pχ

pχ = (E , 0, 0,E ) pN = (E , 0, 0,
√
E 2 −M2)

▶ When no wall and ⟨ϕ⟩ = vϕ: χ → N forbidden

▶ With wall: p = pN − pχ not conserved: if E > M, χ → N allowed∫
d3x⊥e

ip⊥·x⊥
∫

⟨ϕ⟩(z)e izpzdz ∝ (2π)3δ3(p⊥)
sin∆pzLw
∆pzLw
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Production of heavy particles

Production of heavy states and wall suppression[2010.02590]: computation

Scale of the transition and particles involved
CLAIM: transition is dictated by fields M ≲ Tnuc ∼ vϕ because nheavy ∝ e−M/Tnuc

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

▶ Assume very fast wall: γwp ≡ 1√
1−v2

w

≫ 1

▶ In the wall frame: Eχ ∼ pχ ∼ γwpTnuc ≫ vϕ

▶ |M|2 ≈ Y 2v2
ϕ × Eχ

∆pz

(
sin∆pzLw

∆pzLw

)2

∆pz = E −
√
E 2 −M2 → M2

2E

▶

P(χ → N) ≈ θ2 ×Θ(γwpTnuc −M2Lw ), θ ≡ Yvϕ
M

▶ Claim WRONG: states with M ≫ Tnuc can become dynamical during PT
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Production of heavy particles

Idea: production of heavy states

▶ No wall: transition χ → N forbidden by four-momentum conservation

pχ = (E , 0, 0,E ) pN = (E , 0, 0,
√

E 2 −M2)

▶ with wall: z-momentum conservation broken ∆pz ̸= 0

⇓

χ → N allowed if enough energy in wall frame: ∆pzLw < 1 ⇒ γwpTnuc > M2Lw
▶ Cosmological consequences: 1) Pressure on the bubble wall, 2) Non-thermal DM (1 to 2

splittings), 3) Baryogenesis ...

We focus on Baryogenesis
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Baryogenesis from relativistic walls

Baryogenesis with relativistic walls

Baryogenesis with relativistic walls

[arXiv:2106.14913] with Aleksandr Azatov and Wen Yin
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Baryogenesis from relativistic walls

Baryogenesis
▶ B-number violation; B-violating interactions, sphalerons
▶ CP-violation; physical phase into the yukawa matrix
▶ Out-of-equilibrium situation; expansion of the universe, first-order phase transition

Electroweak baryogenesis

Figure: Credit:T.Konstandin [1302.6713]

Scattering of quarks with CP-violating
yukawas off the slow bubble wall.

B-violation via sphalerons

vs

Leptogenesis

Figure: Credit:T.Konstandin [1302.6713]

Out-of-equilibrium decay of heavy
L-violating RH neutrinos. B-violation via

sphalerons. CP violation via loops
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Baryogenesis from relativistic walls

CP violation inside the bubble wall
Ingredients: Higgs field H, φ scalar, 2 heavy NI , SM SU(2)L-fermions Lα, and χi light fermions

L = i χ̄iPR /∂χi + i N̄I /∂NI −MI N̄INI − YiIφN̄IPRχi − yIα(HL̄α)PRNI + h.c .

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

A(χi → NI )tree ∝ YiI

+
N

J
N

I

l

h

A(χi → NI )1−loop ∝

+
∑
α,J

YiJy
∗
αJyαI×f

(hl)
IJ

⇒

Γ(χ → NI )− Γ(χ̄ → N̄I )

Γ(χ → NI ) + Γ(χ̄ → N̄I )
=

2
∑

α,J,i Im(YiIY
∗
iJyαJy

∗
αI )Imf

(hl)
IJ∑

i |YiI |2
.

and

Im[f
(hl)
IJ (x)] =

1

16π

√
x

1− x
, x =

M2
J

M2
I
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Baryogenesis from relativistic walls

Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls

▶ Out-of-equilibrium situation; Automatically embedded via the process of production

▶ CP-violation; CP-violating phase in the yukawas yIα from interference tree-loop level

▶ B-number violation; sphalerons or B-violating interactions
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Baryogenesis from relativistic walls

Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls

▶ Out-of-equilibrium situation; Automatically embedded via the process of production

▶ CP-violation; CP-violating phase in the yukawas yIα
▶ B-number violation; sphalerons and L-violation or B-violating interactions

phase transition induced leptogenesis

Or

EWPT Baryogenesis with relativistic walls
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Baryogenesis from relativistic walls

Two models; phase transition induced leptogenesis

∑
iI

(
YiI (ϕχ̄i )PLNI + Y ⋆

iI N̄IPR(ϕ
†χi )

)
︸ ︷︷ ︸

production sector

−V (ϕ)+
∑
i

λχϕχ̄
c
i χi︸ ︷︷ ︸

Majorana mass

+
∑
I

MI N̄INI+
∑
αI

yαI (HL̄α,SM)PRNI︸ ︷︷ ︸
CP-violation

▶ χi Majorana, ϕ scalar, NI Heavy Dirac RHN:
UL(1) : L(χ) = −1, L(N) = 1, L(ϕ) = 2.

▶ Production P(χi → NI ) ̸= P(χc
i → Nc

I ) ∝ θ2iI
▶ Separation in light and heavy sector∑

I ∆nN I = −
∑

i ∆nχi ∝
∑

iI ϵiI θ
2
iI

▶ Fast interactions;

1. χ ↔ χc : Annihilation in light sector
2. NI → LH: Transfer to SM
3. NI → ϕχ: Wash-out
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▶ χi Majorana, ϕ scalar, NI Heavy Dirac RHN:
UL(1) : L(χ) = −1, L(N) = 1, L(ϕ) = 2.

▶ Production P(χi → NI ) ̸= P(χc
i → Nc

I ) ∝ θ2iI
▶ Separation in light and heavy sector∑

I ∆nN I = −
∑

i ∆nχi ∝
∑

iI ϵiI θ
2
iI

▶ Fast interactions;

1. χ ↔ χc : Annihilation in light sector
2. NI → LH: Transfer to SM
3. NI → ϕχ: Wash-out
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Baryogenesis from relativistic walls

Two models; phase transition induced leptogenesis
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Baryogenesis from relativistic walls

Two models; phase transition induced leptogenesis

Lepton asym produced ≈ ∆nL
s

∼
∑
iIα

ϵiI ×
θ2iI
g∗

(
Tnuc

Treh

)3

× |yIα|2

|yIα|2 + |YiI |2

▶ Slow interactions: sphalerons ∆L → ∆B

▶ Neutrino masses via
∑

I ,α,β θ
2
I

yαI y
∗
βI (L̄

c
αH)(LβH)

mχ

θ2I > 10−5 ⇒ mχ = λχvϕ > 5× 109 GeV

▶ But... Wash-outs from L-violating;

HcL → HLc ⇒ Treh < 1013 GeV

HL → χ ⇒ mχ

Treh
> 15
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Baryogenesis from relativistic walls

Two models; low energy baryogenesis

LSM +
∑
I=1,2

YI (B̄IH)PLQ︸ ︷︷ ︸
production

+MI B̄IBI + yIηχ
cPLBI + κηcdu︸ ︷︷ ︸

decay dark sector

+
1

2
mχχ̄

cχ︸ ︷︷ ︸
B-violating

+m2
η|η|2.

▶ χi Massive majorana, η diquark, BI heavy
vectorlike b-like quarks. B(η) = 2/3,B(χ) = 1.

▶ CP-violation

b

< h >

BJBI

*

▶ Production: P(Q → BI ) ̸= P(Qc → Bc
I )

∆nb = −
∑
I

∆nBI
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Baryogenesis from relativistic walls

Two models; low energy baryogenesis

LSM +
∑
I=1,2

YI (B̄IH)PLQ +MI B̄IBI + yIηχ
cPLBI + κηcdu +

1

2
mχχ̄

cχ︸ ︷︷ ︸
B-violating

+m2
η|η|2.

▶ Fast cascades; 4 channels
wash-out : B → (ddudcuc), Bc → (dcdcucdu)
mixing : B → (dcdcucdcuc), Bc → (ddudu)

▶ ∆nB ≡ nSM−q − nSM−q̄ ≈

3n0b
∑
I

θ2I ϵI ×
|yI |2

|yI |2 + |YI |2
× 2|κ|2

2|κ|2 + |
∑

yI θI |2

▶ Experimental signatures: N ↔ N̄, Flavor,

collider push: mχ ∼ mη ∼ MB ≳ 2 TeV and

d = b, u = t
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Baryogenesis from relativistic walls

Conclusion baryogenesis

▶ Production of heavy states far away from equilibrium when γwpT > M2/v

▶ Interference between tree-loop level diagrams induces CP violation

▶ 1)high scale PT leptogenesis. Need

109GeV ≲ v ≲ 1013GeV, γwp ≫ 1
λχv

Treh
≳ 15 (Easy to realise in toy models)

▶ 2) Low scale EWBG: MB ∼ Mχ ∼ Mη ∈ [2, 20] TeV is favored and need for

γwp ≫ 1 in EWPT ⇒ Difficult!

.

▶ Question: How can we make EWPT with ultra-fast bubble walls ?
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Singlet extension of EWPT with relativistic bubble walls

EWPT with relativistic walls

EWPT with relativistic walls

[arXiv:2205.xxxxx] with Aleksandr Azatov, Wen Yin, Sabyasachi Chakraborty and
Giulio Barni
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Singlet extension of EWPT with relativistic bubble walls

Velocity
Final velocity γMAX

wp = 1√
1−v2

MAX

of the wall set by

∆V = ∆P(γMAX
wp ) ⇒ determination γMAX

wp

▶ ∆V independent of the velocity of the wall

▶ ∆P(γMAX
wp ) very difficult to compute in

general and depends on the velocity

▶ Generic method: solve the full coupled
system of Boltzmann equations

pµ∂µfi +
1

2
∂zmi [ϕ]∂pz fi = C[fi , ϕ]

□ϕ+
dV

dϕ
+
∑
i

dm2
i [ϕ]

dϕ

∫
d3p

(2π)3
1

2Ei
fi = 0

AX

symmetricbroken

v⃗
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Singlet extension of EWPT with relativistic bubble walls

Primer on pressure in relativistic regime

∆PA→X =

∫
pzd

3p

p0(2π)3
fA(p)×

∑
X

∫
d∆PA→X∆p AX

symmetricbroken

v⃗

LO pressure [0903.4099]

∆PLO ≈
∑
i

∆m2
i T

2

24
, ∆m2

i ≡ m2
bro,i −m2

sym,i

Condition for relativistic wall ∆V > PLO
Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ Ψ

m = 0 m = m0

Theories with gauge bosons V [1703.08215]

∆PNLO ∼
∑
i

gi
g3
gaugev

16π2
γwpT

3

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ

Ψ

W,Z

g
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Singlet extension of EWPT with relativistic bubble walls

Primer on pressure in relativistic regime: case of the EWPT
LO pressure:

∆PSM
LO ≈ T 2

nucv
2
EW

(
y2
t

8
+

g2 + g ′2

32
+

g2

16

)
≈ 0.17T 2

nucv
2
EW .

Condition for relativistic wall ∆V > 0.17T 2
nucv

2
EW Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ Ψ

m = 0 m = m0

NLO pressure: [arXiv:2112.07686]: Gouttenoire, Jinno, Sala

∆PSM
NLO ≈

[∑
abc

νagaβcCabc

]
κζ(3)

π3
× αMZ (vEW )γwpT

3
nuc

Terminal velocity

∆V −∆PSM
LO = ∆PSM

NLO ⇒ γterminal
wp ≈ 50×

(
40 GeV

Tnuc

)3(
∆V

v4
EW

)1/4 Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

Ψ

Ψ

W,Z

g
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Singlet extension of EWPT with relativistic bubble walls

Intuition on supercooling and ultra-relativistic walls

▶ Only thing we need is long supercooling

▶ Problem of EWPT:

Vtree = −m2
h

2
h2 +

λ

4
h4, VT (h) ∝

T 2h2

24
− Th3

12π
⇒ Tmin ∝ few×mh

▶ With a singlet S with a Z2 symmetry ?

V (h,S) = −m2
h

2
h2 +

λ

4
h4 − m2

s

4
S2 +

λs

4
S4 +

λhs

2
S2h2,
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Singlet extension of EWPT with relativistic bubble walls

Model studied: singlet extension with a Z2 and patterns

V (h,S) = −m2
h

2
h2 +

λ

4
h4 − m2

s

4
S2 +

λs

4
S4 +

λhs

2
S2h2

▶ Mixing scenario:(0, 0) → (vEW , vs ̸= 0): strong bounds on mixing angle from colliders.

▶ Spectator singlet: (0, 0) → (vEW , 0): unlikely to produce ultra-relativistic walls.

Criterion for relativistic: ∆V︸︷︷︸
E released

> ∆Prel(Tnuc)︸ ︷︷ ︸
pressure at LO

, Prel(Tnuc) ≈ C × T 2
nucv

2
EW

m2
eff(T ) = −m2

h

2
+ C × T 2 ⇒ T 2

min =
m2

h

2C
Pmin
rel =

m2
hv

2
EW

4
> ∆V

▶ Two-steps PT: (0,0)
SOPT−−−−→ (0, vs)

FOPT−−−−→ (vEW , 0)

In the second PT:

m2
eff(T ) = −m2

h

2
+

λhs

2
v2
s + C × T 2
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Singlet extension of EWPT with relativistic bubble walls

Scan of parameter space

MMAX ≈
√
vEWTnucγw ≈ 700 GeV×

(
40 GeV

Tnuc

)(
∆V

v4
EW

)1/8
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1.6

1.8
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Singlet extension of EWPT with relativistic bubble walls

Conclusion ultra-relativistic EWPT

▶ In singlet extension, spectator singlet DO NOT allow relativistic walls

▶ Second transition is FOPT and has relativistic walls in a sizable region of parameter space

▶ Ultra-relativistic walls exist in a tuned region of parameter space when Ms ∼ 70− 100 GeV
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Back-up

Back-up
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Production of heavy states and wall suppression[2010.02590]

Scale of the transition and particles involved
Claim: transition is dictated by fields M ≲ Tnuc ∼ vtrans because nheavy ∝ e−M/Tnuc

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

▶ Adiabatic transition ∆pL > 1

M

T
< γwp <

M2Lw
T

light to light χ → χ′ only

▶ non-adiabatic transition ∆pL < 1

γwp >
M2Lw
T

light to heavy χ → N unsuppressed



Relativistic expansion of bubbles in the early universe and baryogenesis 29 / 33

Back up

Production of heavy states and wall suppression[2010.02590]

Scale of the transition and particles involved
Claim: transition is dictated by fields M ≲ Tnuc ∼ vtrans because nheavy ∝ e−M/Tnuc

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

▶ Adiabatic transition ∆pL > 1

M

T
< γwp <

M2Lw
T

light to light χ → χ′ only

▶ non-adiabatic transition ∆pL < 1

γwp >
M2Lw
T

light to heavy χ → N unsuppressed



Relativistic expansion of bubbles in the early universe and baryogenesis 30 / 33

Back up

Falkowski and No bubble wall production

Production of heavy states during the collision of bubbles. arXiv:1211.5615

▶ Can be non thermal DM: arXiv:1211.5615

▶ Or make a barygenesis mechanism: arXiv 1608.00583

Necessary ingredients

▶ Portal coupling similar to ours.

▶ Runaway bubble (otherwise, energy dissipated in the plasma): not operative in EWPT.

▶ Elastic collision (restoration of the false vacuum in between the bubble)
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Constraints and experimental signatures on the EWBG proposed

1. Neutron-anti-neutron oscillations: baryon number violation by 2 units

1

Λ5
nn̄

ucdcdcudd ≡ (
∑

κθI yI )
2

M4
ηmχ

ucdcdcudd ⇒ δmn̄−n ∼
Λ6
QCD

M4
ηmχ

(
∑

κθI yI )
2

Current bounds on this mixing mass are of order δmn̄−n ≲ 10−33

Λnn̄ ≳ 106GeV (Mη,mχ) ≳ 105GeV

2. Flavor violation: Need to couple strongly only to tR , bR

3. Contribution to electron EDM:

de
e

∼ me(yYe)
2

(4π)6

(
1

Λ2
EDM

)
∼ 3× 10−33 ×

(
10TeV

ΛEDM

)2

cm

while experimental bound is |de | < 1.1× 10−29cm · e
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Comparison with proposal in arXiv:2106.15602

Baryogenesis with relativistic walls by Baldes et al. arXiv:2106.15602

▶ Relativistic walls γwp ≫ 1

▶ scalar model ∆L = −λ
2ϕ

2h2 +
M2

ϕ

2 ϕ2 with production of heavy scalar ϕ

▶ ϕ in (3, 1, 2/3) of the SM and ∆L = ydiϕi d̄Rd
′
R + yuiϕi N̄Ru

c
R with physics phase in y ’

▶ CP and B violation in decay ϕ → bb
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Full expression

PT leptogenesis: CP violation in production+decay

nB − nB̄
s

≃ −28

79
× 135ζ(3)gχ

8π4g∗
×
∑
I

θ2I
∑
α,J

Im(YIY
∗
J yαJy

∗
αI )Imf

(hl)
IJ

×
(

2
|YI |2 −

1∑
α |yαI |2

)(
Tnuc

Treh

)3 ∑
α |yαI |2∑

α |yαI |2+|YI |2

EWPT baryogenesis: CP violation in production+decay

∆nBaryon
s

≈ 135ζ(3)

8π4

∑
I ,J

θ2I
|yI |2

|yI |2 + |YI |2
× gb

g⋆

(
Tnuc

Treh

)3

×Im(YIY
∗
J y

∗
I yJ)

(
− 2Im[f IJB ]

|YI |2 +
4Im[f IJB ]|mχ,η→0

|yI |2

)
.
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