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Baryon asymmetry of the Universe
baryon density parameter Qsh>  PD(G(2024)
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- Success of the standard model and physics beyond the SM
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- Baryon asymmetry of the Universe
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- Sakharov’s three conditions for baryogenesis saknarov (1967)

baryon-to-photon ratio n = n;/n,,

(D Baryon # violation +1

(2) C and CP violation

(3) Departure from thermal equiliorium +1

No baryon asymmetry remains -1

if the lengths of the arrows are same. _tt -t
— (C or CP) —



Electroweak baryogenesis

- Electroweak baryogenesis

(1) EW sphaleron (baryon # violation)

(2) EW theory with CP violation (C and CP violation)
(3) EW first order phase transition (departure from thermal equilibrium)

- Baryon number generation around expanding bubble walls
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Total charge = 0 (CPT theorem)

Kuzmin, Rubakov, and Shaposhnikov (1985)

First order phase transition at T = T,

2. C violation & B violation
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Sphaleron changing left number
in the symmetric phase

X Left—Right interactions washout
the asymmetry

Total charge = +1

3. Freeze out

Sphaleron decoupled
in the broken phase

Total charge = +1



Failure in the SM

- EW phase transition is a cross-over in the SM
Kajantie et al., PRL (1996); D’Onofrio and Rummukainen, PRD (2016);

Gavela et al. (1994);

- CP violation in the CKM is insufficient et and Sather (1995)

Jarlskog invariant Jcp = Im[V,, ViV V2] = 3.12x107> PDG (2024)

CP violating observables need to be proportional to

140 145 150 155 160 165 170

—_ 2 2 2 2 2 2
Acp = Jep X (mf — mg)(m¢ — mZ)(mg — mg)(mj — mg)(mj — mg)(mg — mg). T/GeV
A
Need a scale T, ~ 100 GeV, Agp to be dimensionless: 7z ~ T‘ii ~ 1072 — much smaller than the observed value ng ~ 1079
C

- Various extensions of the SM:

SM + SU(2), doublet scalar, SM + SU(2), singlet scalar, ...

New physics near the EW scale — many observables in collider, flavor, EDMs, GWs,...



How to calculate baryon asymmetry?

1. Calculate the EW first order phase transition,
the bubble profile, and its dynamics
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2. Evaluate the chiral charge asymmetry around
the wall generated by the CP violation

Chemical potentials
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3. Calculate the total baryon charge generated by
the EW sphaleron
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How to calculate baryon asymmetry?

1. Calculate the EW first order phase transition,
the bubble profile, and its dynamics

Today’s topic: particle transport in the plasma
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2. Evaluate the chiral charge asymmetry around
the wall generated by the CP violation

Chemical potentials

—— app
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-40

3. Calculate the total baryon charge generated by
the EW sphaleron

zT
Direction normal to the wall
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The Boltzmann equation

- Particle transport in a non-equilibrium system (flat spacetime) can be described by
the Boltzmann equation:

L[fl] = C[fl-,fa, ] fi(k,x) : distribution function of particle i
Liouville term Collision term

Liouville term: L[f;] = (0; +v 0, + F 0y) f;i describing the evolution of the distribution.

velocity  force

CP violating effects from spacetime-dependent VEV are encoded in velocity & force terms.

tai <¢> = V¢ v, <q§) =0
Collision term: C[f;, f,p, ... 1 = [ dL; ... IM|I?>(fpfe — fif) + — i
describing various particle scatterings. \7/.? particle i ><'/
Processes: top Yukawa, weak current, Higgs interactions, etc. =
> /

broken symmetric



Conventional derivation for velocity and force

Kainulainen, Prokopec, Schmidt, and Weinstock, (2001), (2022);

Prokopec, Schmidt, and Weinstock, (2004);
- CP violating interaction included in the complex mass

A

VEV

(e.g.) Singlet extension of the SM  ciine, kainulainen, and Smith, (2017);
Singlet scalar

s(z
Effective top quark mass M (z) = y; h(2) (1 + lT)) CPV

direction normal
s(z) to the wall —

-_— »

2=0 z
center

- Solving the homogeneous equation for the Green function in slowly varying VEV (9, < T)

For the fermionic case, it is schematically written by (kﬂy“ —mp—im;y°+ O(me)) G = 0.

Dirac operator d, correction w/ CPV
— G~ nx§Q*+60%) where Q2 =k?%—-—m? 6Q%=0(00,m).

+: particle

— modifying dispersion relation k° = wo + dwy " anti-particle

— on the mass-shell, n relates to the distribution f : G ~ (ata) ~ f §(k° — w)



Conventional derivation for velocity and force

Kainulainen, Prokopec, Schmidt, and Weinstock, (2001), (2022);
Prokopec, Schmidt, and Weinstock, (2004);

- To determine the evolution of n ~ f, substitute the solution into a kinetic equation:

cf.) Derivation from QM

j dkO l ﬁx G — C[ﬂ, fa, ---] — (Uax + Fak) f — C[f; fa; ---] Cline, Joyce, and Kainulainen, (1998), (2000);
0

Fromme and Huber, (2007);

Due to the gradient correction to the mass shell, a CP-violating difference appears: v = vy, + v, F = Fy + 6F

- The conventional derivation may rely on several simplifications.

Considering the particle propagation in the vacuum o
Propagation in thermal plasma & vacuum

Thermal correction or damping? Thermal corrections (p) = v, v, (p) =0
How can we take particle picture? (single fermion): Kainulainen, (2021) -
I O—~——> Fz
particle i

It is not transparent which approximations are required to reduce \/?/.7 .></
N

the full Kadanoff-Baym equations to the Boltzmann equation for EVBG

What approximations are indeed needed? » Z
Bosons? Fermions? Multi-flavor cases? broken symmetric



Closed-time-path formalism =

Kadanoff and Baym (1962); and more

Il
I
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- Time ordered 2x2 propagators on the closed-time-path t >

(e.g.) bosonic propagators C_

Gt (u,v) = iGt(w,v) = (T[p(w)pt(¥)]), : time ordered propagator on ¢,
Gt (u,v) =iG<(w,v) = (pT(W)p(W)),
G~ (w,v) = i6” W, v) = (p(WoT (),
iG™"(u,v) = iGt(u,v) = (T[¢p(w)gT(v)]). :time ordered propagator on C_

. Wightman functions G* (A = <, >)

- Schwinger-Dyson equation on the path

K@) iG*®(w,v) =ia §%6*(u —v) + 2 cf d*w g% u,w)iG?®w,v), (ab,c=1)
C

-1

; = K +K‘@—G

full propagators self-energies

10



The Kadanoff-Baym equations

- The Kadanoff-Baym equations (v, v) » (u—v,(u+v)/2) (the relative coordinate is Fourier transformed)

relative: r  average: x — momentum: k

. . 1 . .
D(k,x) G* — e (M + g3, G*) —e7"(g" Gy) = §(€_l°(9>, G<)—e (g%, G>))

Kinetic operator mass (VEV) \ \ /
self-energies

(plasma)
1
- Dependence on x is expressed by the diamond operator: o (4,B) = 5 (0,A - 0B — 04 A - 0,B)
- Spectral function A = %(G> — G<) describes spectral information of the system.
cf.) free field theory (on-shell) A « §(Q?), 0% = k? — m?

- Effects of interactions in plasma are encoded in the self energy g.

g Hermitian part ~ thermal mass Conventional derivation: g = 0

g4 : Anti-Hermitian part ~ thermal width Our derivation: g # 0

11



Our approach and results

- Systematic derivation of the Boltzmann equation

(1) Algebraically solve the “general” KB equations (bosons, fermions, and multi-flavor cases w/ self-energies)
(2) Apply approximations commonly or implicitly used in the EWBG community
(3) By using the quasiparticle approximation, identify the on-shell part of the solutions

(4) Substitute the on-shell solution into the kinetic equation

- Results:
We clarify what approximations are needed to derive the Boltzmann equation.

We find a Boltzmann equation including self-energy corrections for both bosons and fermions.

12
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Various approximations

- Assume the bubble wall is static and planar in the wall-comoving frame

Bubble 3 dim. problem v, 1 dim. problem
Spin for z axis is almost conserved in EW plasma

broken phase symmetric phase

—  (spinors) = (spin) x (chiral)

- Assume the wall is thick (0, <« T) (typically, L, T ~ 0(10), but model-dependent)
_ , : 1
Derivative expansion: e " =1+ (—io) + E(_i 0)% 4 .o

o
By using derivative expansion, the KB equations are algebraically solved order by order: G = z G
0

- Assume flavor-universal self energies: g = g +§¥g\ (dropping quantum coherent effects among flavors)

flavor
dependent
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Various approximations

- Spectral function under the quasiparticle approximation: I' (width) << energy

Ot order in derivative 18t order in derivative (non-trivial correction arises only for fermionic case)
A0l ~ - 5(9(2)) Al ~ 0 x 2l Qg - 0% X 5’(9%) (For exact formulae, please see our paper.)
Qg +I'? (Qf +T2)?

Breit-Wigner distribution

- Modification of dispersion relation from d, can be understood by §(x) + 6x 6'(x) = 6§(x + 6x) + 0(32).

- The corrections from the Hermitian self-energy g, are included in Q% and Q?

For example, Q3 = (k° — g%)z — (k, + g;[)z — (mg + g%[)z — (m; + g%[)z (fermionic case)

Derivative corrections included in Qf are CP-odd, Qf cp = —QF.

- With a decomposition of g, the Wightman functions also have the on-shell part: G< ~ n<A.
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Deriving Boltzmann equation

- Substituting the on-shell solutions up to n=1 into the kinetic equation (part of the KB equations),
we finally obtain the self-energy corrected (fermionic) Boltzmann equation for spin-s and flavor-i.

= 0% + 602, we find
CP-odd

For the effective shell function QZ ; ¢ =

1
Liouville term:  Lg; [fs] —J dk® {QSLeff' i Zk 5(0; leff) - |010Q2
z kO

Poisson bracket

{Q2
s,ieff r 1 k o_. .
szeff| 2z Ik =wsj

= akzws,i az fs,i - azws,i akz fs,iv

velocity force

where k° = wy; is a positive solution of QZ; .¢ (k°) = 0.

0

“°dk L .
Collision term: Cs; [fsi - | = j e Tr[P,P;(g”G=< — g<G™)] (P,, P; : projection matrices).
0



Summary and Outlook

 We gave a systematic way to obtain the Boltzmann equation for EWBG.
 We algebraically solved the KB equation order by order in the derivative expansion and

applying approximations to the solutions.

Static- and planar-wall approximation, flavor universal approximation, quasiparticle approximation, etc.

 We obtained the Boltzmann equation with self-energy corrections.

Future works » Including flavor coherent effects
* Phenomenological applications

16



Supplement
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Restoring on-shell structure

- Quasiparticle approximation with narrow width limit

e.g., for bosonic case, at the zeroth order of derivative expansion, (ct.) spectral function

the spectral function takes Breit-Wigner form as given by Gy = %(G“ ~G") = 3'(G> -GV =4,

g{;b[o] = Z HA_2 P; PZ-,Q%O] — msign(kY) 6(QF) P; : projection to i-th flavor

- Prescription such that the Wightman functions have the on-shell structure

1
< _
In the albsence of the wall-gradient, the system should be A _ 2_77 A Meq = Bku _ n
. e . g = - nlquA
in local thermal equilibrium (n = +1) ) S <
nleq = nleq + n
Distribution will be modified by the wall-gradient Nisg — 1 (k, )

e.g., for bosonic case, the zeroth order Wightman functions are PiiA) o = 2mnsign(k°)6(Q2)



