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Baryon asymmetry of the Universe
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•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

ηb ≡
nb − nb

s
= 8.41 − 8.75 × 10−10

[PDG 2024]

•A mechanism to reproduce this  
asymmetry is needed

‣ EW baryogenesis
‣ Leptogenesis

[Kuzmin et al., PLB155 (1985)]

[Fukugita & Yanagida, PLB 174 (1986)]



Electroweak sphaleron
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鞍点(saddle point) = least-energy path上のmaximum-energy configuration

NCS=1

NCS=0

vacuum

vacuum

Energy

configuration
space

least-energy path/gauge trf. = noncontractible loop
↕

highest symmetry config.
[Manton, Phys. Rev. D28 ('83)]

—Sphaleron  process  and  Leptogenesis — 19/73

Sphaleron

• Saddle points of field configuration space in SU(2) gauge theory

• EW sphaleron is obtained by considering a noncontractive loop 

• Baryon number is violated via sphaleron processes

[Funakubo-san’s slide]

Vacuum

Energy

[Manton: PRD 28 (1983)]

Existence of EW sphaleron is a sufficient condition for BAU?



Sphalerogenesis
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 Good points of this scenario 

① Baryon asymmetry : EW sphaleron processes
② CP violation : CP asymmetry in EW sphaleron processes
③ Non-thermal equilibrium : decoupling of EW sphaleron processes

•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

[Kharzeev et al., PRD 102 (2020)]

•Which kinds of new physics models can realize this scenario?



Baryon number violating processes
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d3xϵijk (Wa

i ∂jWa
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1
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ϵabcWa
i Wb

j Wc
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• Topological distinct vacua are distinguished by Chern-Simons numbers

sphaleron

• Zero temperature: instanton process

• Finite temperatures: sphaleron process

Esph(T = 0) = 1.92
4πv

g
≃ 9 TeV

Δ(B + L) = 6 [NCS (t) − NCS (t = − ∞)]

• Chiral anomaly

Γinstanton ∼ exp [−16π2/g2] ≪ 1

Γsph ≃ A(T )exp [−Esph(T )/T]

instanton

[t’Hooft, PRL 37 (1976)]



Sphaleron transition rate 
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energy barriers separating degenerated vacua are orthogonal
to the axis of NCS. The sphalerons are located on the saddle
points on the barriers. According to the picture, the positive
eigenmodes ofM are along the barrier and donot change the
Chern-Simons number, while the negative eigenmode (the
direction to roll down the barrier) changes theChern-Simons
number. Thus, we naively guess that the negative eigen-
function is the steepest direction changing the Chern-
Simons number, i.e., the gradient of NCS: δNCS=δΦ.
Therefore, the choice Eq. (6) would be appropriate.
Using the flow equation Eq. (1) with Eq. (6), we can

obtain the sphalerons quite easily. All that needs to be done
is to evolve an initial configuration by the flow equation,
Eq. (1), keeping some appropriate boundary conditions. In
the following sections, we explicitly show numerical results
that strongly suggest that the method with the choice
Eq. (6) works well for the sphalerons.

III. THE MODEL

In this section, we actually apply the formulation to the
SUð2Þ-Higgs model, which is well known for the existence
of the sphaleron [8,9,15,16], and show that our method
works well to obtain the sphaleron.

A. SU(2)-Higgs Model

We give a brief review of the SUð2Þ-Higgs model in four
dimensions based on Ref. [16]. The action of the model in
four dimensions is given by

S ¼ 1

g2

Z
d4x

!
−
1

2
trðFμνFμνÞ þ ðDμΦÞ†ðDμΦÞ

−
λ
g2

"
Φ†Φ −

1

2
g2v2

#
2
$
; ð9Þ

where the covariant derivative is Dμ ≡ ∂μ þ Aμ, Φ and
Aμ ¼ Aa

μðσa=2iÞ are a scalar field and a SUð2Þ gauge field,
respectively. σa means Pauli matrices. The field strength is
defined by Fμν ¼ ½Dμ; Dν&. Here we use the Minkowski
metric diag ðþ;−;−;−Þ.
Imposing the spherically symmetric condition, the model

reduces to two-dimensional Uð1Þ gauge theory, which is
coupled to two complex scalar fields. The ansatz for
spherically symmetric configurations for Aμ and Φ are
described by [17]

A0ðxÞ ¼
1

2i
fa0ðr; tÞx̂jσjg; ð10Þ

AiðxÞ¼
1

2i

!
ffðr;tÞ−1ge

1
i

r
þhðr;tÞe

2
i

r
þa1ðr;tÞe3i

$
; ð11Þ

ΦðxÞ ¼ fμðr; tÞ þ iνðr; tÞx̂jσjgξ; ð12Þ

where x̂ and ξ are a radial unit vector and a two component
complex unit vector, respectively. The coordinates feki g are
defined by

e1i ¼ ϵijkx̂kσj; ð13Þ

e2i ¼ ðδij − x̂ix̂jÞσj; ð14Þ

e3i ¼ x̂ix̂jσj: ð15Þ

For the sake of convenience, we introduce two complex
scalar fields χ ≡ f þ ih, ϕ≡ μþ iν and a field strength for
the two-dimensional gauge field aμ as fμν ¼ ∂μaν − ∂νaμ.
Hereinafter, the subscripts μ and ν run 0 and 1. Then the
action in four dimensions (9) reduces to one in two
dimensions as

S ¼ 4π
g2

Z
dtdr

%
1

4
r2fμνfμν þ jDμχj2

þ 1

2r2
ðjχj2 − 1Þ2 þ r2jDμϕj2 − Reðχ'ϕ2Þ

þ 1

2
ðjχj2 þ 1Þjϕj2 − λ

g2
r2
"
jϕj2 − 1

2
g2v2

#
2
&
; ð16Þ

where Dμχ ¼ ð∂μ − iaμÞχ and Dμϕ ¼ ð∂μ − iaμ=2Þϕ.
The finite energy configurations should satisfy the

following conditions:

χ → eiω; ϕ → ei
ω
2
gvffiffiffi
2

p ; aμ → ∂μω ð17Þ

as r → ∞, and

jχj → 1; Dμχ → 0; χjϕj2 → ϕ2 ð18Þ

FIG. 1. The naive picture of the sphaleron in the configuration
space. Red points are the infinitely degenerated vacua. Blue points,
which are saddle points of the energy, are the sphaleron solutions.

OBTAINING THE SPHALERON FIELD CONFIGURATIONS WITH … PHYS. REV. D 101, 096014 (2020)
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•Sphaleron transition rate Γsph ≃ A(T )exp [−Esph(T )/T]
Fluctuations around the true sphaleron are taken into account

•Sphaleron-like transition processes are important in our scenario

[Hamada & Kikuchi, PRD 101 (2020)]



Decoupling of sphaleron processes
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Decoupling of sphaleron processes
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Decoupling of sphaleron processes
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Decoupling of sphaleron processes
Early Universe



Sphalerogenesis
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All Sakharov’s conditions can be satisfied via sphaleron decoupling

Baryon asymmetry can be produced via sphaleron decoupling

① Baryon asymmetry : sphaleron processes
② CP violation : CP asymmetry in sphaleron processes
③ Non-thermal equilibrium : decoupling of sphaleron processes

[Kharzeev et al., PRD 102 (2020)]



Sphaleron-like transition rate
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•Sphaleron-like transition rate is determined by lattice simulations

number. In the symmetric phase, calibrated cooling can be
directly applied to the configurations generated by the heat
bath evolution. Deep in the low-temperature broken phase
the situation is more complicated. Although the Langevin
dynamics is still correct, the potential barriers between the
topological sectors become very large, because the Higgs
field has to vanish in the core of the sphaleron. Hence, the
rate becomes very small, and it is not practical to measure it
in normal simulations. This difficulty can be overcomewith
a special multicanonical Monte Carlo computation, where
the multicanonical method itself is used to calculate the
height of the sphaleron barrier (∼ sphaleron energy), and
special real-time runs are performed to calculate the
dynamical prefactors of the tunneling process. The physical
rate is then obtained by reweighting the measurements. For
details of this intricate technique, we refer to Refs. [14,29].
As we will observe, in the temperature range where both
methods work, these overlap smoothly.
Simulation results.—We perform the simulations using

lattice spacing a ¼ 4=ð9g23Þ [i.e., βG ¼ 4=ðg23aÞ ¼ 9 in
conventional lattice units] and volume V ¼ 323a3. In
Ref. [14] we observed that the rate measured with this
lattice spacing in the symmetric phase is in practice
indistinguishable from the continuum rate, and deep in
the broken phase it is within a factor of 2 of our estimate for
the continuum value. This accuracy is sufficient due to the
exponential suppression of the rate. Indeed, other system-
atic effects that would not be removed by the continuum
limit dominate our final error estimates, as described below.
In fact, our multicanonical algorithm becomes severely
inefficient deep in the broken phase at significantly smaller
lattice spacings, which makes a more controlled continuum
limit very costly. The simulation volume is large enough for
the finite-volume effects to be negligible [14].
In Fig. 2 we show the sphaleron rate as a function of

temperature. The straightforward Langevin results cover
the high-temperature phase, where the rate is not too
strongly suppressed by the sphaleron barrier. In fact, we
were able to extend the range of the method through the
crossover and into the broken phase, down to relative
suppression of 10−3.
Using the multicanonical simulation methods, we are

able to compute the rate 4 orders of magnitude further down
into the broken low-temperature phase. The results nicely
interpolate with the canonical simulations in the range
where both exist. In the interval 140≲ T ≲ 155 GeV the
broken phase rate is very close to a pure exponential and
can be parametrized as

log
ΓBroken

T4
¼ ð0.83$ 0.01Þ T

GeV
− ð147.7$ 1.9Þ: ð7Þ

The error in the second constant is completely dominated
by systematics. We conservatively estimate that the uncer-
tainties of the leading logarithmic approximation and
remaining lattice spacing effects [14] may affect the rate

by a factor of 2. The omitted hypercharge U(1) in the
effective action (with physical θW) can change the spha-
leron energy by ≈1% [16] and shift the pseudocritical
temperature by≈1 GeV [17]. These errors have been added
linearly together to obtain the error above.
In the symmetric phase the rate (divided by T4) is

approximately constant and can be presented as

ΓSymm=T4 ¼ ð8.0$ 1.3Þ × 10−7 ≈ ð18$ 3Þα5W; ð8Þ

where, in the last form, factors of ln αW have been absorbed
in the numerical constant. In pure SU(2) gauge theory the
rate is Γ ≈ ð25$ 2Þα5WT4 [24,30]. A difference of this
magnitude was also observed in Ref. [27].
In Fig. 2 we also show the perturbative result calculated

by Burnier et al. [13]. We note that the full rate in Ref. [13]
is obtained by including a large nonperturbative correction
to the perturbative rate, logðΓ=T4Þ ¼ logðΓpert=T4Þ−
ð3.6$ 0.6Þ, where the correction is obtained by matching
with earlier simulations in the broken phase [29]. However,
these simulations were done with a Higgs mass ≈50 GeV,
which is far from the physical one studied here. With the
correction included, their result is a factor of ≈150 below
our rate, albeit with large uncertainty. In Fig. 2 we have
removed this ad hoc correction altogether, and the resulting
purely perturbative rate agrees with our results well
within the given uncertainties of both the lattice and the
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multicanonical
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log[αH(T)/T]

FIG. 2 (color online). The measured sphaleron rate and the fit to
the broken phase rate, Eq. (7), shown with a shaded error band.
The perturbative result is from Burnier et al. [13] with the
nonperturbative correction used there removed; see main text.
Pure gauge refers to the rate in hot SU(2) gauge theory [21]. The
freeze-out temperature T% is solved from the crossing of Γ and
the appropriately scaled Hubble rate, shown with the almost
horizontal line.

PRL 113, 141602 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending

3 OCTOBER 2014

141602-3

Tsph

TEW

[D’Onofrio et al., PRL 113 (2014)]

[Hong, Kamada, Yokoyama, PRD 108 (2023)]

Γsph(a, T ) =
e−Esph(a,T)

∫ da′￼e−Esph(a′￼,T)/T Γlattice(T )

H(Tsph)
Tsph

•Small/Large sphalerons are decoupled earlier than true sphalerons

Size of sphaleron-like fields
is parameterized by a



Two problems in sphalerogenesis
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① How to estimate the CP violation (CPV) in sphaleron process? 

Eg) Interactions b/w emitted fermions and gauge fields

Sphaleron

ψ ψ

Emission rate for fermions is different from that for anti-fermions  
→ CP asymmetry can be produced [Burnier & Shuryak, PRD 84 (2011); 

 Shuryak & Zahed, arXiv: 1610.05144]

Problem

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

‣ Extension of their method to new  
physics is not trivial

Our new point: a new method to estimate the CPV is suggested
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② Sphalerogenesis cannot explain the observed BAU in the SM

The SM prediction based on sphalerogenesis: ηb ∼ 10−14 ≪ 10−10

→ New physics is needed even if we consider sphalerogenesis
[Kharzeev et al., PRD 102 (2020); Hong et al., PRD 108 (2023)]

Two problems in sphalerogenesis

Problem

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

‣ How can we test the scenario of sphalerogenesis? 

Eg) EW Weinberg operator

Good observable: Electron electric dipole moments (EDM)

𝒪W̃ = −
g

3Λ2
ϵijkW̃i

μνWjνρWkμ
ρ



Loop parameter as dynamical variable
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Φ(μ, r, θ, ϕ) =
v

2 {(1 − h(r))( 0
e−iμ cos μ) + h(r)U(μ, θ, ϕ)(0

1)}
Wμ(μ, r, θ, ϕ) = − if(r)∂μU(μ, θ, ϕ)U−1(μ, θ, ϕ), Wr = 0

•Ansatz for the sphaleron configuration

•Sphaleron action in the SM

Ssph = ∫ dt [ M(Q)
2 ( dQ

dt )
2

− Vsph(Q)] ≡ ∫ L dt

•Non-contractive loop describes the time evolution of fields: μ → μ(t)

Q(t) = μ(t)/(gv)Dynamical variable: [Aoyama, Goldberg & Ryzak, PRL 60 (1988);
 Funakubo et al., PTP 87 (1992); 
 Nauta, PLB 478 (2000); 
 Tye & Wong, PRD 92 (2015); 
 Funakubo et al., arXiv: 1612.05431]

[Manton: PRD 28 (1983)]



Sphaleron action with CPV operators
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•The operator                                             causes a term with ·Q3

Ssph = ∫ dt [ M(Q)
2 ( dQ

dt )
2

− Vsph(Q)]

𝒪W̃ = −
g

3Λ2
ϵijkW̃i

μνWjνρWkμ
ρ

‣ Dynamical evolutions along  and  can be differentQ > 0 Q < 0

CP asymmetry in sphaleron processes is produced dynamically

•Note: other dim6 operators cannot cause  terms·Q3

We found   is a dominant source of CP asymmetry𝒪W̃

+G(Q)( dQ
dt )

3

tr [WμνW̃μν] Φ†Φ ∝ ·Q → No contribution to the sphaleron action

[Nauta, PLB 478 (2000), Nauta & Arrizabalaga, NPB 635 (2002)]
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CP asymmetry in sphaleron process
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ℋsph =
1

2M(Q)
π2

Q −
G(Q)
M3(Q)

π3
Q + Vsph(Q) , πQ ≡

∂L
∂ ·Q

•Hamilton formalism

•Mean velocity at Q = ± Q

v±(Q) =
⟨ ·Q Θ(± ·Q)δ(Q ∓ Q)⟩
⟨Θ(± ·Q)δ(Q ∓ Q)⟩

•CP asymmetry in sphaleron process 

⟨𝒪⟩ ≡
1
Z0 ∬ dQdπQ𝒪e−ℋsph/T

ACP =
v+(Qsph) − v−(Qsph)
v+(Qsph) + v−(Qsph)

Qsph = μ/(gv)
μ=π/2

μ/π

v+v−

[Nauta, PLB 478 (2000), Nauta & Arrizabalaga, NPB 635 (2002)]



CP asymmetry in sphaleron process
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•Precise formula of  with the sphaleron ansatzACP

ACP(a, T ) =
8T

gv(T )
G(Qsph)

[M(a, Qsph, T )]3/2

•The previous estimation of  could not include information  
of sphaleron size  and temperature

ACP
a [Kharzeev et al., PRD 102 (2020)]

→ Our scheme is more reasonable for new physics models

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

∵ CP-violating higher-order operators related to CKM phase is
   only applicable when T < 5 GeV [Brauner, Taanila, Tranberg &Vuorinen, JHEP 11 (2012)]

G(Qsph) =
256π

15 [ v(T )
Λ ]

2



Boltzmann equation
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−HT
dnB

dT
+ 3HnB = − ΓB(T )nB + P(T ) ,

P(T ) = ∫
al (T )

amin

da Γ̃ sph(a, T ) + ∫
amax

au(T )
da Γ̃ sph(a, T ) (Tsph < T < TEW)

Γlattice(T ) ⋅ ACP(a = 1,T ) (T < Tsph)
,

ΓB(T ) =
39
4T3 ∫

au(T )

al(T )
daΓsph(a, T ) (Tsph < T < TEW)

0 (T < Tsph)
.

•Boltzmann equation for baryon asymmetry

•Source term  and washout term P(T ) ΓB(T )

[Hong, Kamada, Yokoyama, PRD 108 (2023)]

al(T ) au(T )

amin = 0.005 , amax = 5 , Γ̃ sph(a, T ) ≡ 3Γsph(a, T )ACP(a, T )



Final results
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de

e
=

g2me

96π2Λ2
= 3.1 × 10−30 cm ( 38 TeV

Λ )
2

•Deviation in the electron EDM

•Current strongest constraint from JILA

de

e
< 4.1 × 10−30 cm ≡

dobs
e

e

•Observed BAU can be  
explained if  
with satisfying the current 
EDM constraint from JILA

Λ ≃ 38 TeV

[Roussy et al., Science 381 (2023)]

[Panico, Pomarol & Riembau, JHEP 09 (2019);
 Deken & Stoffer, JHEP 10 (2019); 
 Kley, Theil, Venturini & Weiler, EPJC 82 (2022);
 Abe, Sato & Yamanaka, JHEP 09 (2024); 
 Banno et al., JHEP 02 (2025)]

[MT, arXiv: 2505.09984]
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•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 𝒪W̃

𝒪W̃ = −
g

3Λ2
ϵijkW̃i

μνWjνρWkμ
ρ

‣ No first order EW phase transition
‣ No new fields and particles

•The BAU can be explained while evading restrictions from electron 
EDM measurements if  Λ ≃ 38 TeV

Sphalerogenesis is 
a minimal baryogenesis

‣ 73% improvement of EDM measurements is required
‣ Completely testable at forthcoming EDM measurements


