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Baryon asymmetry of the Universe

« The Standard Model (SM) is consistent with collider experiments

« Unsolved problems in the SM

» Baryon asymmetry of the Universe (BAU)

» Existence of dark matter

» Big Bang nucleosynthesis
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« A mechanism to reproduce this
asymmetry is needed

> EW baryogenesis
> Leptogenesis
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Electroweak sphaleron

e Saddle points of field configuration space in SU(2) gauge theory
e EW sphaleron is obtained by considering a noncontractive loop

 Baryon number is violated via sphaleron processes
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Sphalerogenesis

(D Baryon asymmetry : EW sphaleron processes

(2 CP violation : CP asymmetry in EW sphaleron processes

(@ Non-thermal equilibrium : decoupling of EW sphaleron processes

Good points of this scenario

 1st order EW phase transition is not needed

« Extensions of the SM are not required (unfortunately, incorrect)

Problems in this scenario (new parts in our work)

 Estimation of the CP asymmetry in the EW sphaleron process



Baryon number violating processes

- Topological distinct vacua are distinguished by Chern-Simons numbers
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» Chiral anomaly
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» Zero temperature: instanton process
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* Finite temperatures:
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Sphaleron transition rate

« Sphaleron transition rate  I'y,, ~ A(T)exp [—Esph(T)/T]

Fluctuations around the true sphaleron are taken into account

« Sphaleron-like transition processes are important in our scenario
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[Hamada & Kikuchi, PRD 101 (2020)]
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Decoupling of sphaleron processes

Early Universe




Decoupling of sphaleron processes
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Decoupling of sphaleron processes
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Decoupling of sphaleron processes

Early Universe
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Decoupling of sphaleron processes

Early Universe

11



Sphalerogenesis

All Sakharov’s conditions can be satisfied via sphaleron decoupling

(D Baryon asymmetry : sphaleron processes

(2 CP violation : CP asymmetry in sphaleron processes

@ Non-thermal equilibrium : decoupling of sphaleron processes
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Sphaleron-like transition rate

« Sphaleron-like transition rate is determined by lattice simulations

e _Esph(a’T)

Lopn(a 1) = Ida'e—Esphch)/TFla“ice(T) Size of sphaleron-like fields

IS parameterized by a

« Small/Large sphalerons are decoupled earlier than true sphalerons
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Two problems in sphalerogenesis

(D How to estimate the CP violation (CPV) in sphaleron process?
Eg) Interactions b/w emitted fermions and gauge fields

Emission rate for fermions is different from that for anti-fermions

[Burnier & Shuryak, PRD 84 (2011);
- CP asymmetry can be prOdUCGd Shuryak & Zahed, arXiv: 1610.05144]

Problem

Sphaleron

> Dynamics of fermion emission from
the sphaleron process is not known

» Extension of their method to new
physics is not trivial
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Two problems in sphalerogenesis

(2 Sphalerogenesis cannot explain the observed BAU in the SM

The SM prediction based on sphalerogenesis: 7, ~ 107!* « 1071

— New physics is needed even if we consider sphalerogenesis

Problem

> What kinds of new physics can make the CP asymmetry
in the EW sphaleron process large?

Eg) EW Weinberg operator Oy = — %%W’ Wik

> How can we test the scenario of sphalerogenesis?

Good observable: Electron electric dipole moments (EDM)
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Loop parameter as dynamical variable

« Ansatz for the sphaleron configuration

v 0 0
O(u, 1.0, h) = N {(1 - h(r))(e_,-ﬂ o ﬂ> + h(NU(u, 0, ¢><1> }
W, (s 7, 0, ) = — if(9, UG, 0, )U~ (1, 0, 4), W, =0

» Non-contractive loop describes the time evolution of fields: u — u(1)

Dynamical variable:

« Sphaleron action in the SM

» o2 _
Ssph=de (Q) <_Q> — V(0 EJLdl

2 dt
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Sphaleron action with CPV operators

» The operator Oy = — %e,]kWLUWJWWﬁ” causes a term with Q°
M(Q) (dQ dQ \’ '
SSph = Idt " ( At > G(Q)< > o sph(Q)

> Dynamical evolutions along O > 0 and QO < 0 can be different

CP asymmetry in sphaleron processes is produced dynamically
» Note: other dim6 operators cannot cause O’ terms

tr [WWW“”] ®'® « O — No contribution to the sphaleron action



CP asymmetry in sphaleron process

* Hamilton formalism

1 G(Q) dL
=g g et @ =g

* Mean velocity at 0 =+ 0
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* CP asymmetry in sphaleron process
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CP asymmetry in sphaleron process

* Precise formula of A-p with the sphaleron ansatz

8T G(Qypn) "W(T)]
Aena,T) = \/ oh 60, = 2567 [w(T)

gV(T) [M(CZ, Qspha T)]3/2 15 ] A ]

* The previous estimation of A-p could not include information
of sphaleron size a and temperature

— QOur scheme is more reasonable for new physics models

* However, our formalism does not work well in the SM

-~ GP-violating higher-order operators related to CKM phase is
only applicable when T < 5 GeV



Boltzmann equation

« Boltzmann equation for baryon asymmetry a(T) a,T)
dn, —EE
_HT_ + 3HFZB —_— = FB(T)I’ZB + P(T) . [ T TR137GeV
dT = o]
« Source term P(T) and washout term I'g(T)

P(T) = <

a[(T) — Amax —_—
[ daT (@, T) + J daT (@ T) (T < T < Tgy)

min au(T) ’
krlattice(T) ) ACP(a = L.T) (T < Tsph)
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— dal’ .. (a,T) (T ., <T < Tgw)
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Final results

e Deviation in the electron EDM

d 2 38 TeV \ 2
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« Current strongest constraint from JILA
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» Observed BAU can be
explained if
with satisfying the current
EDM constraint from JILA
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Summary

* In sphalerogenesis, all Sakharov’s conditions are simultaneously
satisfied via the decay of EW sphaleron-like configurations

- Observed BAU can be explained by just adding the operator O

g ~. . k
@’W’ = — meljkWLuW]Uprﬂ

> No first order EW phase transition ~ Sphalerogenesis is
> No new fields and particles a minimal baryogenesis

« The BAU can be explained while evading restrictions from electron
EDM measurements if A ~ 38TeV

> 73% improvement of EDM measurements is required
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