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Sakharov conditions as guideline for baryogenesis

Idea of baryogenesis with relativistic bubble walls
Out-of-equilibrium situation
CP-violation
B-number violation
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Baryogenesis and bubble wall velocity ?

Figure: Credit: Giulio Barni, thanks to him

Credit:T.Konstandin [1302.6713]

Relation BAU and velocity:
BAU→ 0, vw → 0
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Sakharov conditions as guideline for baryogenesis

Idea of baryogenesis with relativistic bubble walls
Out-of-equilibrium situation?
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5/225/22

Production of out-of-equilibrium heavy states via wall[2010.02590]:Idea

Out-of-equilibrium heavy states
φ scalar, χ light fermion, N heavy fermion: Lint = Y φχ̄N +MN̄N
nN (M � T ) ∼ (MT )3/2e−M/T → 0.

Broken

Lw

Tnuc

Symmetric

rehT

v=0

 v = v0

χ NӨ2

φ undergoes FOPT with relativistic walls
pχ = (E, 0, 0, E), pN = (E, 0, 0,

√
E2 −M2) : ∆pz = pzN − pzχ 6= 0

Q: χ→ N possible?

No wall: (2π)4δ4(pχ − pN ) : ⇒ χ→ N forbidden
With wall: if E > M, χ→ N allowed∫

d3x⊥e
i∆p⊥·x⊥

∫
〈φ〉(z)eiz∆pzdz ∝ (2π)3δ3(p⊥) sin ∆pzLw

∆pzLw

Exchange momentum bound: ∆pz . 1/Lw ∼ vφ �����∆pz ∝ E
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6/226/22

Production of out-of-equilibrium heavy states via wall[2010.02590]:
computation

Out-of-equilibrium heavy states
φ scalar, χ light fermion, N heavy fermion: Lint = Y φχ̄N +MN̄N
nN (M � T ) ∼ (MT )3/2e−M/T → 0.

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 −

√
E2 −M2 → M2

2E

P (χ→ N) ≈ θ2 ×Θ(γwpTnuc −M2Lw), θ ≡ Y vφ
M
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7/227/22

Creation of out-of-equilibrium states: consequences

Each production induces a kick[2010.02590]: ∆pz ∼ M2

2E

⇒ P ∝ nχ ×∆pz × P (χ→ N) ∼ Y 2v2T 2

48 Θ(γwpTnuc −M2Lw) (pressure on the wall)

Production of stable states (Dark Matter ϕ) via portal ϕ2φ2[2101.05721]: φ→ ϕϕ

out-of-equilibrium abundance of N via χ→ N [2106.14913 ]: baryogenesis
Particle receiving a mass from the transition also out-of-equilibrium (Mass Gain): VUB-ULB:
[2106.15602]

We focus on Baryogenesis
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8/228/22

Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls
Out-of-equilibrium situation: χ→ N via relativistic bubble expansion

CP-violation: Γ(χ→ NI) 6= Γ(χ̄→ N̄I) ??
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9/229/22

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 = −MIN̄INI − 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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10/2210/22

Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls
Out-of-equilibrium situation: χ→ N via relativistic bubble expansion
CP-violation: CP-violating phase in the yukawas yIα from interference tree-loop level
B-number violation: B or L-violating interactions
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Possible baryogenesis in our production setting?

Idea of baryogenesis with relativistic bubble walls
Out-of-equilibrium situation: χ→ N via relativistic bubble expansion
CP-violation: CP-violating phase in the yukawas yIα from interference tree-loop level
B-number violation: B or L-violating interactions

Phase transition induced leptogenesis

Or

EWPT Baryogenesis with relativistic walls
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12/2212/22

Phase transition induced leptogenesis

∑
iI

(
YiI(φχ̄i)PLNI + Y ?iIN̄IPR(φ†χi)

)
︸ ︷︷ ︸

production sector

−V (φ)+
∑
i

λχφχ̄
c
iχi︸ ︷︷ ︸

Majorana mass

+
∑
I

MIN̄INI+
∑
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) 6= P(χci → N c
I ) ∝ θ2

iI

∆nL
s ∼

∑
iIα εiI ×

θ2
iI

g∗

(
Tnuc
Treh

)3
× |yIα|2
|yIα|2+|YiI |2

Wash-outs impose:

109GeV︸ ︷︷ ︸
mass neutrino

. v . 1013GeV︸ ︷︷ ︸
L-violating int

,
λχv

Treh
& 15
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13/2213/22

Low energy baryogenesis

LSM +
∑
I=1,2

YI(B̄IH)PLQ︸ ︷︷ ︸
production

+MIB̄IBI + yIηχ
cPLBI + κηcbt︸ ︷︷ ︸

decay dark sector

+ 1
2mχχ̄

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.

b

< h >

BJBI

*

Production: P(Q→ BI) 6= P(Qc → BcI)
∆nB ≡ nSM−q − nSM−q̄ ≈ 3n0

b

∑
I θ

2
I εI

N ↔ N̄ , Flavor, collider constraints

2 TeV . mχ ∼ mη ∼MB . 20 TeV
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+MIB̄IBI + yIηχ
cPLBI + κηcbt︸ ︷︷ ︸

decay dark sector

+ 1
2mχχ̄

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.

b

< h >

BJBI

*

Production: P(Q→ BI) 6= P(Qc → BcI)
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15/2215/22

Conclusion baryogenesis

Production of heavy states far away from equilibrium when fast walls

Interference between tree-loop level diagrams induces CP violation
1)high scale PT leptogenesis. Need

109GeV . v . 1013GeV λχv

Treh
& 15 (Easy to realise in toy models)

2) Low scale EWBG:
2 TeV . MB ∼ mχ ∼ mη . 20 TeV

.
Necessary tuning for this scenario
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16/2216/22

Relativistic EWPT: Parameter scan [2207.02230]: Azatov, GB, Chackraborty, Vanvlasselaer, Yin,

I. SOPT: there is never a barrier separating the
two minima

II. FOPT

III. Ultrarelativistic FOPT
γw � 1 increasing λhs at fixed vs.
[→ barrier even at T = 0 above the red dashed line]

IV. No PT: the system remains stuck in the FV
and never nucleates
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