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Electroweak baryogenesis

symmetric phase
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@ g1 (left-handed quarks)
@ gr (right-handed quarks)




Non-local source of Electroweak baryogenesis: sonic walls

@ Baryon number violation: Sphaleron
o C and CP violation: New operator
@ Departure from thermal equilibrium: FOPT

First-order electroweak phase transition
(EWPT) and CP-violating sources fief.

Adiabatic bias of sphalerons: dpeq/dx < 1/L§ph
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Figure: Credit: Giulio Barni, Baryonet




Electroweak baryogenesis

nB / dz pp, (z) Fsph(z) o~ (washout)

Scan: v,
354 — CK-V;
— CK-V,
30d = CK-Vow/ Ko =1
—_— K- Viw/ Ko=1
25-{{=— FH6
gmlﬂ’
=
5
= 1.59
1.04
0.5
0.04 \/

10 0 1072 1072 107! 10°
Vs

Fiiure: Credit: Giulio Barni, Bar‘onet



Baryogenesis with thin wall

Bubble wall
a ~ /| >777777777777777T 7777777
= Th IR F‘”’] Field profiles
1672 f, e 4 across the wall
\ it
=>actsasa
chemical potential
Heff
NN
y>1 Hett (2)
(from axion
(large Lorentz factor) field a(2))
ﬁ ‘ 0
—>
ultra-relativistc || el y——
motion
= REE R O

Symmetric phase (unbroken phase)
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Local source of Electroweak baryogenesis: fast walls v,, — 1

Why non adiabatic ?

Axion domain wall crossing a sphaleron: adiabatic vs non-adiabatic

Ly ~ Lo ~ 1/(7wv)

ADIABATIC NON-ADIABATIC

La> Repn La < Rspn

Lighn ~1/(g°T), Lgpa™ ~ 1/mw

Heff ™~ a/fa

Lot Varies on scale L,

Two situations in front of the wall ’La ~ 1/70 < Lepha

@ broken Higgs phase, underdamped: This work
How does the biasing occurs in

this regime ?
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@ symmetric Higgs phase, overdamped regime: More
difficult
I
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Crash reminder on sphalerons
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Building intuition: 2D sphalerons in Abelian Higgs model

The Abelian Toy Model (14+1D)
Lagrangian with gauge field A, and scalar ¢:

1 v
L= =1 FuF" = Dol = V(lof)

Large Gauge Transformations:
The system is invariant under:

$(x) = Do) A, eAﬂ+§¢U

This generates a **family of degenerate vacua** |n).
The Sphaleron:
v Distinct topological sectors |n) <+ |n + 1)

v’ Carries **non-zero energy** Eq,

v’ **Saddle point** of the energy functional Two vacua (black) connected via saddle (red).

v Has one **unstable direction** (R. Gannouji, 2022)




The Lagrangian, The AKY Ansatz & Saddle-Point Profile
SU(2)-Higgs system:

£ = —1F8, " (D) (D"0) - V(|of)
Axially-symmetric hedgehog ansatz (reduces 3D to 1D): (T. Akiba, H. Kikuchi, and T. Yanagida)

A3 = 20y 20D

d(x) =vy (H(’r‘) +iK(r) a%aT“)Eo
where r = [x|, £, = x4 /7, & = (0,1)7.
Boundary-value problem (radial equations):

fX'i"%fA: (f,%""fi_l)fz‘l —|—(H2+K2)fA+(K2—H2)’ Similar for fp

it = Yaz Ve Thy 2f3K+ B—(HQ VK2 1)H  Similar for K
T T



The AKY Ansatz & Saddle-Point Profile

Boundary conditions:

e Atr —0: fa— 1, fg — 0, H K — 0 (regularity)
o At r — oco: fa — cos(2u), fp — sin(2u), H — cos(p), K — sin(u) (asymptotic vacuum)

gauge profile

Static AKY sphaleron (8= 1.0, u=m/2): Espn =269.1507, Ncs =0.5000

Gauge sector

Higgs sector
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Importance of the size of the sphaleron

R ~ size of the sphaleron ~ Min[1/my, 1/¢*T)

(a) (b)
Figure: Credit: Yaffe, Arnold, Moore: arxiv.9609481
Miguel Vanvlasselaer (University of Barcelona, ICCUB and ERC (Gr.  Biasing sphalerons non-adiabatically ~ August21,2026  13/40



el i
Time Evolution (This is naive discretization, but we do links as well)

Take this sphaleron as initial conditions and evolve classically under the full EOM:

. SE -
Ay = 2 T [4,8] — T'(x) A¢
. SE .
b= ——[48] - T(x)é

e E[A, ®]: static Yang—Mills—Higgs energy functional
e B} = %eiijj“k: non-Abelian magnetic field
e I'(x) =T’y + 2sponge(x): absorbing layer at the box boundary (numerical, non-physical)

Monitored observable — Chern—Simons number:
Ncs( NCS / dt /d3 ”k Tr [F”Ak]

Ncs — 0: sphaleron falls back | Ncs — 1: transition completes



Top of the mountain
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Pushing the ball off the mountain




Push the sphaleron 1: Kick it ! (This is the thermal effects)

Initial perturbation along the sphaleron unstable direction:

_ 9
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The fall of the sphaleron
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The fall of the sphaleron: scaling

t=0.00, E=33.94 spherical rescaling, SCALE =1.3
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Push the sphaleron 2: Axionize it! (effect of the wall)

Ly = r[FWﬁW} — 0L o O(1) Tr[B'“-E“}

a
—— T
1672 f,

Modified equation of motion (exact, as coded):

A = — 7 arAl — (7)) A®
: fe (- do BLa - @) ds
——
Yang—Mills—Higgs axionic torque
Physical effect
@ The torque acts only while 6 # 0 — i.e. while the wall crosses the sphaleron

e It tilts the energy landscape Espp sin?(mNes) — Esph sin?(mNes) — pe Nes if very smooth

@ Combined with the unstable-mode kick &, it decides whether the sphaleron rolls to Nog — 0 or
Nes — 1
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From N¢g to Baryon Number
The chiral anomaly of the baryon current:

ny g°

3272
The topological current K* has as its charge the Chern—-Simons number

0,k = TWAWE = np9,K", g =3.

2 ..
Nes(t) = /d3m K° = #/d% eI (WEWE, -type terms)

so that integrating the anomaly over spacetime gives the master relation

AB = nyg ANCS = 3AN05.

Reading the sphaleron rollover: the sphaleron sits at the top of the barrier at Nog = 1/2. Once
kicked, it must roll to one of the two neighbouring vacua:

e Ncs:3—0 = ANecs=-3 = AB=-3 anti-baryon number
@ Nog: % =1 = ANgs= +% = AB= —l—% baryon number
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Statistical treatment of sphaleron fall

Statistical treatment of sphaleron fall



The ball in a thermal medium




Statistics of Perturbations: Symmetry and Bias

Symmetric case (no CP source):

oe>0:>NCS:%—>O

oe<0:>NCS:%—>1

Gaussian kick statistics:

T
ple) e /27 g2~

sph

p(e) =p(—€) = nr =ng: no net CP violation

30 -25 -20 -15 -10 -05 00
strenath of the source



Stochastic Treatment of the sphaleron falls

Separating the unstable mode from the thermal bath:

Generic field configuration decomposed as:

| d(X,t) = dsph(r) + ¢(t) dpunst (r) + other modes|

@ ¢spn(r) — static sphaleron saddle point and d¢(r) — spatial profile of unstable mode
@ ¢(t) — amplitude along unstable eigendirection (tracked explicitly)
Effective dynamics of unstable mode (Caldera-Legget, Mori-Zwanzig):

Mi(t) = Mu?q(t) M/dtr (t') +n(t)
Parameters:
e M = ||§¢||> — normalization

e Mw? = |dE/de|* — curvature (unstable) e Memory friction: —M [J T
o (n(t)n(t')) =2MTT(t—1t) @ Thermal noise: +7(t)
Miguel Vanvlasselaer (University of Barcelona, ICCUB and ERC (Gr.  Biasing sphalerons non-adiabatically ~ August21,2026  25/40

Physical terms:

@ Inertia: M and instability: +Mw?q



The ball in a thermal medium and the force from the axion




e
The ball in a thermal medium and the force from the axion

epsilon
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The Fate Variable: Kick vs. Push

Adding a source.

Mi(t) = Mw?q(t) —M/O dt'T(t—)g(t") + n(t) + &), &) o< b(t),

Axion source

where 0(t) = 0 tanh(t/L,) is the (slowly-varying, deterministic) axion angle sweeping through the wall.
The fate variable picks up an extra, deterministic piece: s, = 1/2(\/72 + 4w? — )

—_ —

€ (stochastic, thermal)  €,(6) (deterministic, source-driven)

Interpretation. The two pieces enter additively inside the same sign function:

. . € > —e,(0f) rolls right
= (0 =
sign(c) = sign[e + €. (6;)] {6 < —e(8y) rolls left
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Biasing the separatrix: the adiabatic limit

S+
eby) = =25 Fls). (1)
. A Adiabatic forcing: F = F, constant: Fy(s) = Fy/s
o
— 00— T, o F(]
._.O:; O 6*(9)4‘) = — M_ujz . (2)
o ~ = AB#0
C=="" - O
o— N
5, #0 Baryon number goes like
33:‘&“&??51. X — N1 —No — orf (6*(9f)) - (6*(9}0)) (3)
N1+ N \/505 \/§Ue

Tilted washboard Eeg(Ncs): the drive
displaces the separatrix, so escape over

The baryon yield then reads

one barrier is preferred. 0 e T
np / dz "X (2)Typn(z) e~ ashout) o %mFoDdif (4)
—00 €
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Statistics of Perturbations: Separatrix and Asymmetry

Tanh axion wall: pulse source Boundary € and 79 = 2/mwy, M =1,w =6
f(t) _ Of SeChQL ) (5) 06 Separatrix line for non-adiabatic sphaleron perturbation
27’9 Tg —e— Numerical (via links)
1 —— Numerical (via gauge fields)
s41o—0 S+ 0.5 1 —— Analytical
€0 -0 ~ —0 . (6
+(0r) TaMuw? ongw | (©
0.4
Branching probabilities:
0.3
w
N1 — N0 e (0) 2 T 021
=" " —erf s O, ~ .
N1+ N0 \/50.6 ESPha
0.14
Final baryon number:
0.0

n, €4 (6
Yi ~ 3Yapha X X ~ 3 Szhaerf<:/(_f)> @)

~10—6
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A model where it works

A model where it works




Model: coupling the Higgs to an ALP

1
- 2 Lyga
V> 2(/AH Afcosé)h +4)\h

_ %Af cos(§ _ 5) (h2 _ 2@2) ~ PR cos(§> A

f f

8.

@ Portal o cos(S/f — 6): ties ALP minimum to h N
@ 0 # 0: symmetric- and broken-phase ALP minima

differ
A,
e AS=az —a; ~ —v-sing
Hs

@ Non-zero AS across the wall — genuine 2-field wall,
source of CP violation for baryogenesis
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Summary

@ Goal: Electroweak baryogenesis from fast bubble walls (v,, — 1), where the axion domain wall is
thinner than the sphaleron (L, < Lgpn) — a genuinely non-adiabatic regime.

@ Setup: Static AKY sphaleron solutions are evolved under th_g f_qll classical EOM, kicked along their
unstable direction, and pushed by an axionic torque o 6(t) E- B as the wall sweeps through.

e Key result: The sphaleron’s fate (N¢cg — 0 or 1) is set by a single fate variable
c =€+ e(by),
combining a random thermal kick ¢ and a deterministic axion-driven push €, ().

@ Outcome: This produces a net branching asymmetry

6*(9f)>
X =erf| —2% = AN, 0 = AB#0.
er (\/506 cs # #

@ Bottom line: Fast, non-adiabatic walls provide a new, local source of baryogenesis, complementary
to the standard diffusion-based mechanism of slow walls.
Miguel Vanvlasselaer (University of Barcelona, ICCUB and ERC (Gr. ~ Biasing sphalerons non-adiabatically ~ August21,2026  33/40



Back up

Back up



Backup: Numerical Implementation

Discretization & lattice
@ 3D Cartesian lattice, spacing dx, box size Ly, radius Rs = || o
o Fields stored as real arrays (RDTYPE); A?, ® and time-derivatives AZ, ®
@ Spatial derivatives via finite differences = FZ = field_strength(A), D;® =
cov_deriv_Phi(A,P)
Time integration
e Velocity-Verlet / leapfrog, second order in dt _ )
o Forces from accel(A, A, ®,&,t) = (—6E/JA —T'A + anomaly term, —6E /5@ — I'D)
@ Neumann BC (apply_neumann) enforced after every sub-step on all 4 fields
Absorbing sponge (numerical artifact, not physical)
o I'(Z) =Ty + 2sponge(Z), I') = GAMMA
1 R3 - Rsponge
2 Lbox - Rsponge
@ Purpose: absorb outgoing radiation, mimic infinite volume, avoid boundary reflections
Unstable-mode kick
o { = (Ay —A_)/(2dp) from AKY profiles at p* = Ay, then L?-normalized

Miguel Vanvl (] ity of B: lona, ICCUB and ERC (Gr. Biasing sphalerons non-adiabatically August 21, 2026
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@ sponge(Z) = > for R3 > Rsponge = 12, else 0

35,40



Thermal Bath Coupling

Fluctuation-Dissipation Relation:

(n(t)n(t')) = 2MTT(t —t)

Noise and friction are not independent—they satisfy thermal equilibrium at temperature T’

Spectral decomposition of bath (multiple timescales):

Tt —t) = Z% —(t—t")/7i

o 7; — correlation timescale of mode 4
@ ; — friction strength of mode 4
e Different modes: fast (7; < 1/w), slow (7; > 1/w)

Key insight: Slow modes decouple! They freeze during sphaleron decay



Variance of Kicks

Suppression of slow-mode contributions:

N
P, o . L
¢ Muw? P "1+ s4T;

; S+~ )
where s; ~ w is the decay rate and Therm ~ S+Ti for slow modes.

Suppression mechanism:
Fast modes (7; < 1/w):
@ Respond quickly
@ Full contribution: ~ 1

Slow modes (7; > 1/w):
@ Too slow to respond
@ Suppressed: ~ s.7; < 1

@ Markovian @ Frozen out

Final estimate:

~ 0.01

spha

Noise is small but non-negligible: ~ temperature / sphaleron binding energy
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Statistics of Perturbations: Symmetry and Bias

Without external CP-violating source (symmetric case):

Sign of ¢ determines outcome: Result:
€>0 = Roll LEFT: Ngs:3 —0 p(€) = p(—¢) (symmetric)
€<0 = RollRIGHT : Ngg: 2 — 1 = ML =MNR

. . ) .. No net CP violation
Gaussian distribution of kick statistics:

o 1 ¢ , T T
€)= ex — o- ~ ~

P \/ 27'('0'62 P 2062 ‘ Espha 10mW
With axion torque (asymmetric case):

e CP-violating source shifts distribution: p(e) — p(€ — €source)
@ More kicks biased in one direction (e.g., axion force pushes left)
@ Outcome becomes asymmetric: ny # np

ANgg =nyp —ng o axion field = Baryon number generation
Miguel Vanvlasselaer (University of Barcelona, ICCUB and ERC (Gr. ~ Biasing sphalerons non-adiabatically ~ August21,2026  38/40




L
Why this ALP is not the QCD axion

Coupling here is to SU(2):
(€3]

a rrapy
1t aWg, W

Loww =

In the broken phase, (a) = 0o f # 0
No chiral anomaly enhancement (unlike fqcp): electron EDM only at two loops, (v /47)?

Parametrically:

Me [ Q22 _
de ~ ke o (E) Ocr s k=0(1)



EDM bound: numbers

A=6.65GeV, f=>5000GeV, p=101.3 GeV? I

Ocr ~ Av? 2811’15"’79)(10 5sind
uzf

de ~24 %1072 g € - cm = Ot S 1.7 x 1073 (ACME)

Result

sind <22 = no constraint at this benchmark

EDM only becomes relevant for larger A/(u% f) — stronger portal or smaller f.
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