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Baryon Asymmetry of the Universe (BAU)

We need a baryon asymmetry! 

nB

s
⇠ 10�11
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nB : baryon number density
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s : entropy density
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Sakharov’s conditions

• Baryon number violation

• CP violation

• Out-of-thermal equilibrium process
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Baryogenesis in the SM

Sphaleron process (B+L violation process)

Cabbibo-Kobayashi-Maskawa  (CKM) phase

“strong” first-order electroweak phase transition

• Baryon number violation

• CP violation

 [ Kuzmin, V. A., Rubakov, V. A. and Shaposhnikov, M.E.(1993)]

• Out-of-thermal equilibrium process
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• : EWPT is not of strong first order. (Lattice simulation)mh ≃ 125GeV

Electroweak Baryogenesis in the SM
• CP violatiffi
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Critical temperature of EWPT
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Electric dipole moment (EDM) measurement

・An additional CP violation

・”Strong” first-order EWPT

EWBG needs:
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However, an additional CP violation is stringently 
constrained by EDM measurement!

How do we generate the observed BAU by EWBG consistent 
with the EDM measurement?

[W. Bernreuther, M. Suzuki (1991)]

SM contributions 
are tiny.



• We consider the extension of the SM with SU(3)C×SU(2)R×SU(2)L×U(1)X , 
which is spontaneously broken to SU(3)C×SU(2)L×U(1)Y

• First-order SU(2)R×U(1)X  → U(1)Y phase transition generates B-L 
asymmetry by a SU(2)R sphaleron process.                                   
(Generated B-L asymmetry is transferred by a SU(2)L sphaleron 
process.)

Electroweak-like Baryogenesis

• The breaking scale of  SU(2)R×U(1)X  → U(1)Y  is around 10TeV scale!
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Model (1)
• Higgs sector:

GLR ⌘ SU(3)C ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X
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GSM ⌘ SU(3)C ⇥ SU(2)L ⇥ U(1)Y
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HR(1,1,2,
1

2
) : GLR ! GSM

HL(1,2,1,
1

2
) or �(1,2,2, 0) : GSM ! SU(3)c ⇥ U(1)EM,
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(SU(3)C , SU(2)L, SU(2)R, U(1)X)



Model (2)
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• SM quarks and leptons:

•In this minimal extension, B-L is not broken by SU(2)R 
chiral anomalies.

B-L is not generated by the SU(2)R sphaleron process!

We need additional chiral fermions to violate B-L !
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• A portal coupling between new leptons and SM leptons:

E and N asymmetries are transferred into SM lepton asymmetry.
10

Model (3)
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Ēi
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eL Ē + yXH
†
R
eL X̄ + h.c.

<latexit sha1_base64="okMHC47/LzU5i5O5sVFw1/wa1ng="></latexit>

Lint = g
i
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 [J.E. Kim  (2017) arXiv:1703.10925]• New leptons:

New fermions (three generations)!

CKM phase in the new lepton sector.

To cancel the gauge anomaly
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Bubble wall

EL(NL)
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ĒL(N̄L)

<latexit sha1_base64="RgCLIzQG4Ny0tkuW2EwAmvPW2+k="></latexit>

hHRi 6= 0

<latexit sha1_base64="zPz/u9jcAED6KL3FuGfdrKmqIok="></latexit>

hHRi = 0

<latexit sha1_base64="arscs/rQY7AvAbwfWH1GPLJAgEU="></latexit>

Generation of B-L asymmetry

• B-L can be generated if the SU(2)R sphaleron 
process is decoupled in the symmetric phase.

• A bubble wall reflects new leptons and 
anti-new leptons.

• A reflection coefficients of new lepton and 
their antiparticles are different.

• A first-order phase transition proceeds 
through a bubble nucleation.
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Field (Higgs) space:
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Real space:
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(III)

Figure 1: An illustration of a lepton asymmetry generated by the E lepton scattering with the bubble

wall is given in the left panel. Here, EL(R) and ĒR(L) are the left (right)-handed E lepton and its

anti-particle. For instance, EL particles are injected from the symmetric phase hHRi = 0. Some are

reflected by the bubble wall while others are transmitted into the broken phase hHRi 6= 0. Thickness of

the arrows describes the strength of reflections and transmissions. Due to the CP violation, the particles

and anti-particles are reflected or transmitted di↵erently. A nonzero lepton number in the symmetric

phase is washed out. In the right panel, a schematic picture for the evolution of asymmetries is shown.

LSM and BSM denote the lepton number and baryon number asymmetries carried by the SM leptons

and quarks, respectively. The steps (I), (II) and (III) are explained in the main text.

lepton number rather than baryon number is generated by a nontrivial bubble wall

scattering process.

The first-order GLR ! GSM phase transition proceeds via bubble nucleations. Nucle-

ated bubbles expand and eventually coalesce with each other until they fill the Universe.

During this process, the bubbles interact with thermal plasma. Since the Ni and Ei fields

coupled to HR acquire masses via the Higgs mechanism inside the bubble, a flux of the

new leptons outside the bubble see the bubble wall as a potential barrier, and hence

they are quantum mechanically scattered. If CP-violating interactions are involved in

this scattering process, the reflection coe�cients of the new leptons and their antipar-

ticles are di↵erent from each other. Then, a lepton number asymmetry LNE carried by

the new leptons Ni, Ei, N̄i, Ēi is generated in front of the bubble wall. Since the lepton

number is globally conserved in the wall scattering process, the same amount of LNE

with opposite sign is produced inside and outside the bubble. The SU(2)R sphaleron

processes convert a part of LNE outside the bubble into an asymmetry LEX carried by

L̃, Ē , X̄ and a B + L asymmetry of the SM particles. The produced B + L asymmetry

is washed out by the SU(2)L sphaleron processes. This process is schematically shown

in the left panel of fig. 1 for the E lepton scattering.

The generated L asymmetry is transferred into a B asymmetry through the following

three steps. (I) Since a B � L violating process associated with the SU(2)R gauge
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• (I)  asymmetry is generated by the 
moving bubble wall.

LNE

• (II) These asymmetries are transferred to 
the SM lepton and baryon asymmetries by 
the ordinary  sphaleron process.SU(2)L

• (III) Finally, new leptons decay into 
the SM leptons!
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• (I) The  sphaleron process converts 
a part of   asymmetry into SM B+L and 

 asymmetries.

SU(2)R
LNE

Lℰ𝒳

Generation of the baryon asymmetry



Baryon asymmetry in our model
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Dimensionless quantity
Critical temperature of 
the phase transition.
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Large Yukawa couplings can generate the observed BAU！



Result

Figure 6: The parameter region that produces 0.1 � 10 BAU for the extended model. In the left

panel for the (yE2/yE3 , yE3)-plane, the model parameters are taken as gR = 1.55, �R = 0.014, g̃E =

1.17, J 0 = 0.08, yN1 = 0.03, yN2 = 0.89 and yN3 = 1.35. In the right panel for the (gR, yE3)-plane,

we take yE1 = 0.1yE3 , �R = 0.014, J 0 = 0.08, yN1 = 0.03, yN2 = 0.89, yN3 = 1.35 and vw = 0.48.

The coupling g̃E is chosen in such a way that 3⌦� = l�1
w is satisfied. The gray colored region does

not satisfy the perturbative requirement, mEi < 4�E . The zero-temperature e↵ective potential is not

stable for �R < 10 vR in the green colored region.

We can instead introduce interactions with additional particles. For instance, if there

exist Dirac SU(2)L doublets ˜̀i and
˜̀̄
i, the following Yukawa coupling can be introduced:

L = g̃EH
(†)
L

˜̀̄
iEi + h.c., (3.59)

where HL or H†
L
depends on the U(1)X charge of ˜̀̄

i. To straightforwardly apply the

formulation in sec. 3.5.1, we assume the universal g̃E, giving a universal contribution

�⌦2
E
= g̃2

E
T 2/8 to ⌦E defined in eq. (3.31) for simplicity. We take the value of g̃E so

that the level crossing occurs in the small momentum and thin-wall regions where the

perturbative computation for �E(!) can be applied.

The left panel of fig. 6 shows the region with nB/s = 0.1 ⇥ BAU ⇠ 10 ⇥ BAU

including the additional thermal mass �⌦2
E
for gR = 1.55, �R = 0.014, g̃E = 1.17, J 0 =

0.08, yN1 = 0.03, yN2 = 0.89, yN3 = 1.35, and vw = 0.48. In this benchmark point, we

obtain vR(Tn)/Tn = 3.96 and lwTn = 15. To show that the observed baryon asymmetry is

realized for the parameter region (i), we have included only �9
E
(!) without the possible

N lepton contribution �N(!). The right panel shows the viable region on the (gR, yE3)-

plane for �R = 0.014, J 0 = 0.08, yE1 = 0.1yE2 , yN1 = 0.03, yN2 = 0.89, yN3 = 1.35 and

vw = 0.48. The value of g̃E is determined in such a way that 3⌦� = l�1
w

is satisfied to

maintain the thin-wall approximation. We have confirmed that vR(Tn)/Tn ' 4.2 does not

change significantly for 1.4 < gR < 1.7. The kink of the blue band at gR ' 1.55 appears

40
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Phenomenology (1): Collider constraints
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Figure 7: The constraints on gR and vR at the LHC. The red and blue shaded regions are excluded

by Z 0 and W 0 searches, respectively. The gray solid line denotes a prospective constraint from the W 0

search at the HL-LHC. Below the green solid lines, the potential of HR becomes unstable at an energy

scale below 10vR for the minimal and extended models. The red and magenta dashed lines show 10%,

5% and 1% fine-tuning in the SM Higgs mass-squared parameter against quantum corrections from the

heavy gauge bosons, with the SM Higgs being a bi-doublet and an SU(2)L doublet, respectively.

mass mZ0 and the relative strength �0. Currently, the most stringent bound comes from

the ATLAS dilepton search with a luminosity of 139 fb�1 [99]. The bound on mZ0 and

�0 depends on the parameter ✓M defined above. In our model, for gR within [0.5, 1.7], ✓M
varies within an approximate range of [0.8, 1.1]. According to ref. [98], the mass limit is

almost the same for ✓M in this range. We thus ignore the di↵erence of ✓M and adopt the

constraint on the Z 0
�
model in ref. [99]. The Z 0 boson can also decay into new leptons.

To be conservative, we assume that all the new leptons except for N3 are lighter than

mZ0/2. Under this assumption, the branching ratios of Z 0 into electrons and muons are

reduced by a factor of two in comparison with the Z 0
�
model.

The charged W±
R

bosons can be also produced and decay into right-handed fermion

pairs, including SM fermions and new leptons. We rescale the bound in ref. [100] by the

square of gR/g and the branching ratios.

The current constraints on gR and vR from the LHC are shown in Fig. 7. We can see

that vR & 10 TeV is required for gR ⇠ 1. Lower bounds on gR from the stability of the

e↵ective potential are also shown in the figure. Here, the Yukawa couplings are the same

as those in Fig. 2. We choose �R = 0.01 and 0.014 for the minimal model and the model

with an extra interaction, respectively. For these values of �R, the lower bound on gR
from the sphaleron decoupling condition is weaker than that from the stability condition.

The prospective constraint from the High-Luminosity LHC (HL-LHC) experiment is also

plotted in Fig. 7. The W±
R

boson mass and coupling are expected to be further probed

by the HL-LHC [101].

42

• New gauge bosons  are 
produced by colliders and decay 
into pair of SM fermions.

Z′￼, W±
R

• Below green solid line, the Higgs 
potential is unstable at ϕR < 10vR .

• Radiative corrections to the SM Higgs 
mass from  require a fine-tuning.Z′￼, W±

R

is required!
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Phenomenology (2): The GW spectrum
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Figure 9: The generated GW signal for a benchmark point of yN3 = 1.35, yN2 = 0.89 gR = 1.55,

�R = 0.014, vw = 0.48 and vR = 15TeV (blue dashed). Colored regions are probed by LISA, DECIGO,

BBO and U-DECIGO.

phase transition and the SU(2)R sphaleron process play essential roles in generation of

the B � L asymmetry in a similar way to the SM electroweak baryogenesis. To avoid a

B � L wash-out inside the bubble wall, the strength of the phase transition is required

to satisfy the sphaleron decoupling condition. The B � L asymmetry carried by new

leptons is generated by quantum mechanical reflections of the new leptons by the wall.

In our model, a new source of CP violation is a complex phase in the mixing matrix of

the new lepton sector similar to the CKM phase. The reflection coe�cient is computed

by solving the e↵ective Dirac equation on the thermal and bubble wall backgrounds. We

have taken account of damping e↵ects on quasiparticles in the e↵ective Dirac equation,

and in sec. 3.5.1, obtained an analytical expression for the produced baryon asymmetry

by using a perturbative expansion with thin-wall and small-momentum approximations

when new leptons are su�ciently light. We also qualitatively estimated the amount of

the baryon asymmetry for heavy new leptons in a small momentum regime, for light new

leptons in a large momentum regime, and for heavy new leptons in a large momentum

regime in secs. 3.5.2, 3.5.3, and 3.5.4, respectively. By the detailed analysis, it turned

out that the observed baryon asymmetry can be explained for very heavy new leptons

in a large momentum regime. In the model with the extra interaction (3.59), we found

that the observed baryon asymmetry may be produced for light new leptons in a small

momentum regime where the perturbation theory is reliable.

There are some ambiguities in our estimation of the baryon asymmetry. In the small

new lepton mass regime, we reduced the computation of the scattering coe�cient to a

one-dimensional problem and simply introduced a cut-o↵ to the momentum parallel to

48
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Phenomenology (3): Dark Matter candidate?
•  lepton is singlet under the SM gauge group, and hence, it 
can be dark matter candidate if it is stable.
N1

• With this   symmetry, BAU may be generated.Z2

E and N asymmetries are transferred into  asymmetry.𝓔
Then,  asymmetry is transferred into the SM lepton asymmetry!𝓔

Lint = g
i
ĒHL`i Ē + g

ij
EHR

¯̀
iEj + g

ij
NH

†
R
¯̀
iNj + h.c.,

<latexit sha1_base64="aZMa4ZbXxn/Iy/84SUNwOvJS0wY="></latexit>

LR = y
ij
EHRL̄iEj + y

ij
NH

†
RL̄iNj + yEHR

eL Ē + yXH
†
R
eL X̄ + h.c.

<latexit sha1_base64="okMHC47/LzU5i5O5sVFw1/wa1ng="></latexit>

<latexit sha1_base64="HhfUUBs4UW1sp91lRNizSksrzx8="></latexit>

(Li, Ēi, N̄i) ! �(Li, Ēi, N̄i) symmetry:Z2

Ongoing work! 17



Conclusion
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• Our model can produce the observed baryon asymmetry.

• EWBG needs an additional CP violation, which is 
stringently constrained by the EDM measurement. 

• We consider a first-order phase transition associated with 
new chiral gauge symmetry breaking occurring at around 
10TeV scale.


