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What�is�Baryogenesis?

One�of�unsolved�physics�problems�

We�are�sure�that�we�live�in�matter�Universe�(not�
antimatter�Universe)��

Why�is�there�more�matter�than�antimatter�in�
observable�Universe?�

Baryogenesis�=�Baryon�+�Genesis



Anti�particle
Dirac�equation�for�free�electron:

Two�solutions
electron�
almost�identical�to�electron�
with�opposite�electric�charge�

Existence�of�antiparticle�is�theoretically�predicted�(1928)

Discovery�of�positron�(1932)

anti-electron
=

All�particles�have�antiparticles
Same�mass,�same�spin,�opposite�charge



Definition�of�anti-particles
Quantum�ElectroDynamics��

Symmetric�under�Charge�conjugation��

Weak�gauge�theory�(SM)�

Charge�conjugation�symmetry�is�hardly�broken�

CP�symmetry�is�an�approximate�symmetry 
(It�is�broken�by�KM�phase)

In�the�weak�theory,�it�is�natural�to�define�antiparticle��
not�by�C�conjugation�but�by�CP�conjugation�



Observations

Earth,�Sun,�Solar�system,� �

Cosmic�ray�from�our�galaxy

We�mainly�observe�matter�(not�antimatter)

the antiproton spectral index decreases more rapidly than
the proton spectral index and for the highest rigidity
interval, 60.3 ≤ jRj < 450 GV, the antiproton spectral
index is consistent with the proton spectral index.
Figure 3(a) presents the measured (p̄=p) flux ratio.

Compared with earlier experiments [2,6], the AMS results
extend the rigidity range to 450 GV with increased
precision. Figure 2 of Supplemental Material [18] shows
the low energy (< 10 GeV) part of our measured (p̄=p)
flux ratio. To minimize the systematic error for this flux
ratio we have used the 2.42 × 109 protons selected with the
same acceptance, time period, and absolute rigidity range
as the antiprotons. From 10 to 450 GV, the values of the
proton flux are identical to 1% to those in our publication
[16]. As seen from Fig. 3(a), above ∼60 GV the ratio
appears to be rigidity independent.
To estimate the lowest rigidity above which the (p̄=p)

flux ratio is rigidity independent, we use rigidity intervals
with starting rigidities from 10 GV and increasing bin by
bin. The ending rigidity for all intervals is fixed at 450 GV.
Each interval is split into two sections with a boundary
between the starting rigidity and 450 GV. Each of the two
sections is fit with a constant and we obtain two mean
values of the (p̄=p) flux ratio. The lowest starting rigidity of
the interval that gives consistent mean values at the
90% C.L. for any boundary defines the lowest limit.
This yields 60.3 GV as the lowest rigidity above which
the (p̄=p) flux ratio is rigidity independent with a mean
value of ð1.81 " 0.04Þ × 10−4. To further probe the behav-
ior of the flux ratio we define the best straight line fit over a
rigidity interval as

ðp̄=pÞ ¼ C þ kðjRj − R0Þ; ð4Þ

whereC is the value of the flux ratio atR0,kis the slope, and
R0 is chosen to minimize the correlation between the fitted
values of C and k, i.e., the mean of jRj over the interval
weighted with the statistical and uncorrelated systematic
errors. The solid red line in Fig. 3(a) shows this best straight
line fit above 60.3 GV, as determined above, together with
the 68% C.L. range of the fit parameters (shaded region).
Above 60.3 GV, R0 ¼ 91 GV. The fitted value of the slope,
k¼ ð−0.7 " 0.9Þ × 10−7 GV−1, is consistent with zero.
With the AMSmeasurements on the fluxes of all charged

elementary particles in cosmic rays, p̄, p, eþ , and e−, we
can now study the rigidity dependent behavior of different
flux ratios. The flux ratios and errors are tabulated in Tables
II and III of Supplemental Material [18]. For the antiproton-
to-positron ratio the rigidity independent interval is 60.3 ≤
jRj < 450 GV with a mean value of 0.479 " 0.014. Fitting
Eq. (4) over this interval yields kðp̄=eþ Þ ¼ ð−2.8 " 3.2Þ×
10−4 GV−1. For the proton-to-positron ratio, the rigidity
independent interval is 59.13 ≤ jRj < 500 GVwith a mean
value of ð2.67 " 0.05Þ × 103 and kðp=eþ Þ ¼ ð−0.9"
1.0Þ GV−1. Both results are shown in Fig. 3(b) together
with the 68% C.L. range of the fit parameters (shaded
regions). In the study of the ratios, we have taken into
account the correlation of the errors due to uncertainty in
the ECAL energy scale in Φe" [15].
In Fig. 4 of Supplemental Material [18] we present our

measured antiproton-to-electron and proton-to-electron
flux ratios. Both of these flux ratios exhibit rigidity
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FIG. 2. The measured antiproton flux (red, left axis) compared
to the proton flux (blue, left axis) [16], the electron flux (purple,
right axis), and the positron flux (green, right axis) [15]. All the
fluxes are multiplied by R̂2.7. The fluxes show different behavior
at low rigidities while at jRj above ∼60 GV the functional
behavior of the antiproton, proton, and positron fluxes are nearly
identical and distinctly different from the electron flux. The error
bars correspond to the quadratic sum of the statistical and
systematic errors.
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FIG. 3. (a) The measured (p̄=p) flux ratio as a function of the
absolute value of the rigidity from 1 to 450 GV. The PAMELA [6]
measurement is also shown. (b) The measured (p̄=eþ ) (red, left
axis) and (p=eþ ) (blue, right axis) flux ratios. The solid lines show
the best fit of Eq. (4) to the data above the lowest rigidity consistent
with rigidity independence together with the 68% C.L. ranges of
the fit parameters (shaded regions). For the AMS data, the error
bars are the quadratic sum of statistical and systematic errors.
Horizontally, the data points are placed at the center of each bin.
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Baryon�Asymmetry

Baryon�to�photon�ratio�

Baryon�to�entropy�ratio�

Baryonic�fraction

There�are�several�ways�to�describe�BAU

Conserved�during�
the�expansion�of�
Universe

(at�the�present�age)

Baryonic�fraction�is�related�to�η�as�



Baryon�asymmetry

Cosmic�Microwave�Background�

Abundance�of�light�elements

How�can�it�be�determined�by�observations?

or





Cosmic�Microwave�Background
Discovery�of�3K�
microwave�background�
is�the�first�evidence�of�
the�Big�Bang.�

Fluctuations�of�CMB�provides�us�rich�information�
of��our�Universe



Power�spectrum�of�CMB

– 100 –

Fig. 32.— The nine-year WMAP TT angular power spectrum. The WMAP data are in

black, with error bars, the best fit model is the red curve, and the smoothed binned cosmic
variance curve is the shaded region. The first three acoustic peaks are well-determined.

(A color version of this figure is available in the online journal.)

WMAP�(2013) Temperature�
fluctuations
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Dependence�on�parametersCMB Anisotropies 27
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Plate 4: Sensitivity of the acoustic temperature spectrum to four fundamental cosmological
parameters (a) the curvature as quantified by Ωtot (b) the dark energy as quantified by the
cosmological constant ΩΛ (wΛ = −1) (c) the physical baryon density Ωbh2 (d) the physical
matter density Ωmh2, all varied around a fiducial model of Ωtot = 1, ΩΛ = 0.65, Ωbh2 = 0.02,
Ωmh2 = 0.147, n = 1, zri = 0, Ei = 0.

28 Hu & Dodelson

popular belief, any one of these alone is not a standard ruler whose absolute
scale is known even in the working cosmological model. This is reflected in the
sensitivity of these scales to other cosmological parameters. For example, the
dependence of ℓa on Ωmh2 and hence the Hubble constant is quite strong. But
in combination with a measurement of the matter-radiation ratio from ℓeq, this
degeneracy is broken.

The weaker degeneracy of ℓa on the baryons can likewise be broken from a
measurement of the baryon-photon ratio R∗. The damping scale ℓd provides an
additional consistency check on the implicit assumptions in the working model,
e.g. recombination and the energy contents of the Universe during this epoch.
What makes the peaks so valuable for this test is that the rulers are standardize-
able and contain a built-in consistency check.

There remains a weak but perfect degeneracy between Ωtot and ΩΛ because
they both appear only in D∗. This is called the angular diameter distance degen-
eracy in the literature and can readily be generalized to dark energy components
beyond the cosmological constant assumed here. Since the effect of ΩΛ is in-
trinsically so small, it only creates a correspondingly small ambiguity in Ωtot for
reasonable values of ΩΛ. The down side is that dark energy can never be isolated
through the peaks alone since it only takes a small amount of curvature to mimic
its effects. The evidence for dark energy through the CMB comes about by al-
lowing for external information. The most important is the nearly overwhelming
direct evidence for Ωm < 1 from local structures in the Universe. The second is
the measurements of a relatively high Hubble constant h ≈ 0.7; combined with a
relatively low Ωmh2 that is preferred in the CMB data, it implies Ωm < 1 but at
low significance currently.

The upshot is that precise measurements of the acoustic peaks yield precise de-
terminations of four fundamental parameters of the working cosmological model:
Ωbh2, Ωmh2, D∗, and n. More generally, the first three can be replaced by ℓa, ℓeq,
ℓd and R∗ to extend these results to models where the underlying assumptions
of the working model are violated.

4 BEYOND THE PEAKS

Once the acoustic peaks in the temperature and polarization power spectra have
been scaled, the days of splendid isolation of cosmic microwave background the-
ory, analysis and experiment will have ended. Beyond and beneath the peaks
lies a wealth of information about the evolution of structure in the Universe and
its origin in the early universe. As CMB photons traverse the large scale struc-
ture of the Universe on their journey from the recombination epoch, they pick
up secondary temperature and polarization anisotropies. These depend on the
intervening dark matter, dark energy, baryonic gas density and temperature dis-
tributions, and even the existence of primordial gravity waves, so the potential

W.�Hu�and�S.�Dodelson,�
astro-ph/0110414

https://map.gsfc.nasa.gov/resources/camb_tool/
You�can�play�a�game�at

https://map.gsfc.nasa.gov/resources/camb_tool/


Big�Bang�Nucleosynthesis24. Big-Bang nucleosynthesis 3

Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by
the standard model of Big-Bang nucleosynthesis—the bands show the 95% CL range
[5]. Boxes indicate the observed light element abundances. The narrow vertical
band indicates the CMB measure of the cosmic baryon density, while the wider
band indicates the BBN concordance range (both at 95% CL).
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One�of�a�great�success�of�
the�Big�Bang�cosmology�
is�BBN

?

It�is�controlled�by�BAU�



Baryogenesis

The�observations�(CMB,�BBN)�strongly�suggest�
baryon�asymmetric�Universe

How�can�we�produce�the�appropriate�amount�of�
asymmetry�in�baryon�symmetric�Universe?

Baryogenesis

One�comment:
In�inflation�scenario,�primordial�baryon�number�is�
diluted�by�reheating�of�Universe

Baryogenesis�should�occur�after�inflation!



After�inflation,�before�BBN�(T=O(MeV))



Sakharov’s�conditions

Baryon�number�is�violated�

Both�C�and�CP�are�violated�

There�is�an�interaction�outside�of�thermal�equilibrium

In�order�to�produce�BAU,�the�following�three�conditions�
should�be�satisfied.



Baryon�number�violation

In�the�SM�Lagrangian,��
there�is�an�accidental�global�U(1)B�symmetry

Proton�decay�search�constrains�such�interactions

U(1)B+L�is�broken�by�anomaly�(explained�later)�

In�BSM,�baryon�number�violating�interaction�can�
be�introduced

GUT:�X�boson�(leptoquarks)�
MSSM:�R-parity�violating�terms

#B�conservation no�BAU�is�obtained

(no�asymmetry)



C�and�CP�violation
In�C�symmetric�Universe,

B�and�anti-B�are�produced�with�the�same�rate!

In�CP�symmetric�Universe,�let’s�consider�the�process
=

Then�the�B�and�anti-B�are�produced�with�the�same�rate!

≠

=



C�and�CP�violation
More�precisely,�

Density�operator:�

Observable:

Time�evolution�of�the�density�operator�is�described�by�
Liouville�equation

Initial�condition:�Baryon�symmetric�Universe



C�and�CP�violation
Universe�is�C�or�CP�symmetric or

Baryon�number�is�odd�under�C�and�CP
or

Therefore,

or

Both�C�and�CP�should�be�broken�!



Out�of�equilibrium�
In�thermal�equilibrium,

The�produced�Baryon�number�is�washed�out�by�
the�inverse�process!

Any�baryogenesis�must�happen�under�conditions�
outside�of�thermal�equilibrium

e.g.�Heavy�particle�decay�in�expanding�Universe

(radiation�dominant�era)
The�process�becomes�out�of�equilibrium



Boltzmann�equation
How�to�treat�out-of-equilibrium�processes?
The�out-of-equilibrium�is�caused�by�Hubble�expansion,�
and���the�process�is�homogenous

We�can�use�Boltzmann�equation



Current�anomaly�in�SM
B,L�currents�are�anomalous�in�the�SM

B-L�is�conserved

B+L�is�violated�due�to�the�vacuum�structure��

Chern-Simons�number



Vacuum�structure
Classical�vacuum�of�the�SU(2)�gauge�system

0 1 2 NCS
Tunnelling�effect�

Thermal�transition

The�vacuum�is�characterised�by�NCS

Tunnelling�rate

Thermal�transition�rate

It�is�significant�at�finite�temperature

symmetric�phase�
broken�phase



Sphaleron
“Sphaleron�process”�leads�to�the�effective�operator

All�left�handed!4 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Sphaleron

Figure 1. One of the 12-fermion processes which are in thermal equilibrium in
the high-temperature phase of the standard model.

These processes have a profound effect on the generation of the cosmological baryon asymmetry.
Equation (2) suggests that any B + L asymmetry generated at temperatures T > TEW will be
washed out. However, since only left-handed fields couple to sphalerons, a non-zero value of
B + L can persist in the high-temperature, symmetric phase if there exists a non-vanishing B − L
asymmetry. An analysis of the chemical potentials of all particle species in the high-temperature
phase yields the following relation between the baryon asymmetry ηB and the corresponding L
and B − L asymmetries ηL and ηB−L, respectively [13],

ηB = asphηB−L = asph

asph − 1
ηL. (5)

Here asph is a number O(1). In the SM with three generations and one Higgs doublet one has
asph = 28/79.

3. Leptogenesis

3.1. A qualitative overview

The deep connection between baryon and lepton number in the early universe has led to the
realization that lepton number violating processes, whose presence is predicted by the see–saw
model for light neutrino masses [4, 5], can be responsible for the observed cosmological baryon
asymmetry.

In the see–saw model, the smallness of light neutrino masses is explained through the mixing
of left-handed neutrinos with right-handed neutrinos νR which are not present in the SM but are
predicted in certain models of grand unification. The interactions of the SM are supplemented
by the following Yukawa couplings of neutrinos,

LY = lLhνRφ + νc
RMνR + h.c., (6)

where M is the Majorana mass matrix of the right-handed neutrinos, and the Yukawa couplings
h yield the Dirac neutrino mass matrix mD = hv after spontaneous breaking of the electroweak

New Journal of Physics 6 (2004) 105 (http://www.njp.org/)

Taken�from�hep-ph/0406014

log a ~ log(T�–1)

log t
–

Hubble

sphaleron
electroweak

1015GeV 1012GeV Tc

電弱相転移直後 v(TC) ≪ 200GeV (弱い一次、または二次転移)のとき、

Tdec < T < TC =⇒ t̄(br)
sph > H(T )−1 となるTdecが存在する。

−→ 非対称相でさえ、スファレロン過程は化学平衡

Ȝ phaleron  decoupling  and  E hase  transitio Ȝ /5-23

Funakubo’s�slide

The�process�is�in�the�thermal�bath�at��



Sphaleron
B+L�is�violated�(only�in�the�left-hand�fermions)�

B-L�is�conserved�

The�process�is�relevant�when�T=100GeV-1012GeV

B-L�is�produced�before�the�sphaleron�decoupling�era.�

B�is�produced�by�the�1st�order�electroweak�phase�
transition�just�before�the�sphaleron�decoupling.

Because�of�the�sphaleron,�all�the�baryogenesis�scenarios�
are�classified�into�two�cases



Sphaleron
“Sphaleron�process”�leads�to�the�effective�operator

All�left�handed!4 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Sphaleron

Figure 1. One of the 12-fermion processes which are in thermal equilibrium in
the high-temperature phase of the standard model.

These processes have a profound effect on the generation of the cosmological baryon asymmetry.
Equation (2) suggests that any B + L asymmetry generated at temperatures T > TEW will be
washed out. However, since only left-handed fields couple to sphalerons, a non-zero value of
B + L can persist in the high-temperature, symmetric phase if there exists a non-vanishing B − L
asymmetry. An analysis of the chemical potentials of all particle species in the high-temperature
phase yields the following relation between the baryon asymmetry ηB and the corresponding L
and B − L asymmetries ηL and ηB−L, respectively [13],

ηB = asphηB−L = asph

asph − 1
ηL. (5)

Here asph is a number O(1). In the SM with three generations and one Higgs doublet one has
asph = 28/79.

3. Leptogenesis

3.1. A qualitative overview

The deep connection between baryon and lepton number in the early universe has led to the
realization that lepton number violating processes, whose presence is predicted by the see–saw
model for light neutrino masses [4, 5], can be responsible for the observed cosmological baryon
asymmetry.

In the see–saw model, the smallness of light neutrino masses is explained through the mixing
of left-handed neutrinos with right-handed neutrinos νR which are not present in the SM but are
predicted in certain models of grand unification. The interactions of the SM are supplemented
by the following Yukawa couplings of neutrinos,

LY = lLhνRφ + νc
RMνR + h.c., (6)

where M is the Majorana mass matrix of the right-handed neutrinos, and the Yukawa couplings
h yield the Dirac neutrino mass matrix mD = hv after spontaneous breaking of the electroweak

New Journal of Physics 6 (2004) 105 (http://www.njp.org/)
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電弱相転移直後 v(TC) ≪ 200GeV (弱い一次、または二次転移)のとき、

Tdec < T < TC =⇒ t̄(br)
sph > H(T )−1 となるTdecが存在する。

−→ 非対称相でさえ、スファレロン過程は化学平衡

Ȝ phaleron  decoupling  and  E hase  transitio Ȝ /5-23

Funakubo’s�slide

The�process�is�in�the�thermal�bath�at��



Scenarios�of�Baryogenesis
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Figure 1. Leptoquark decays.
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Figure 2. Radiative corrections to leptoquark decays important for CP-violation.

where δCP is the asymmetry in leptoquark decays,

δCP =
Γ(X → qq) − Γ(X̄ → q̄q̄)

Γtot

, (4)

Γtot is the total width of X, Neff is the number of effectively massless degrees of freedom, and
Smacro is a factor taking into account the kinetics of the leptoquark decays.

The progress over last 30 years is quite impressive: one can distinguish more than 44 different
ways to create baryons in the Universe! Here is the list taken from the titles of numerous papers
on this subject:

1. GUT baryogenesis. 2. GUT baryogenesis after preheating. 3. Baryogenesis from
primordial black holes. 4. String scale baryogenesis. 5. Affleck-Dine (AD) baryogenesis. 6.
Hybridized AD baryogenesis. 7. No-scale AD baryogenesis. 8. Single field baryogenesis. 9.
Electroweak (EW) baryogenesis. 10. Local EW baryogenesis. 11. Non-local EW baryogenesis.
12. EW baryogenesis at preheating. 13. SUSY EW baryogenesis. 14. String mediated EW
baryogenesis. 15. Baryogenesis via leptogenesis. 16. Inflationary baryogenesis. 17. Resonant
leptogenesis. 18. Spontaneous baryogenesis. 19. Coherent baryogenesis. 20. Gravitational
baryogenesis. 21. Defect mediated baryogenesis. 22. Baryogenesis from long cosmic strings.
23. Baryogenesis from short cosmic strings. 24. Baryogenesis from collapsing loops. 25.
Baryogenesis through collapse of vortons. 26. Baryogenesis through axion domain walls. 27.
Baryogenesis through QCD domain walls. 28. Baryogenesis through unstable domain walls.
29. Baryogenesis from classical force. 30. Baryogenesis from electrogenesis. 31. B-ball
baryogenesis. 32. Baryogenesis from CPT breaking. 33. Baryogenesis through quantum gravity.
34. Baryogenesis via neutrino oscillations. 35. Monopole baryogenesis. 36. Axino induced
baryogenesis. 37. Gravitino induced baryogenesis. 38. Radion induced baryogenesis. 39.
Baryogenesis in large extra dimensions. 40. Baryogenesis by brane collision. 41. Baryogenesis
via density fluctuations. 42. Baryogenesis from hadronic jets. 43. Thermal leptogenesis. 44.
Nonthermal leptogenesis.

2

Now�even�more

Shaposhnikov,�J.Phys.Conf.Ser.171:012005,2009.
Very�many�scenarios�are�considered�in�literatures



Baryogenesis

1. B-L�is�produced�before�the�sphaleron�decoupling�era.�

2. B�is�produced�by�the�1st�order�electroweak�phase�
transition�just�before�the�sphaleron�decoupling.

There�are�two�possible�cases�of�Baryogenesis

Let�us�first�consider�the�case�1�



Conversion�to�#B
Number�densities�in�terms�of�chemical�potential�(μ)

Gauge+Yukawa+Sphaleron�are�in�thermal�equilibrium

Sphaleron:

Yukawa:

Hyper�charge�conservation:

Here,�flavour�effect�is�neglect�for�simplicity

6�parameters

5�equations



Conversion�to�#B
With (in�the�unit�of�T2/6)

#(B-L)�is�converted�to�#B

If�#L�is�produced,�it�is�converted�to�#B� Leptogenesis



Thermal�Leptogenesis

Introducing�Right-handed�neutrinos�to�the�SM�

By�seesaw�mechanism,�light�neutrino�masses�are�
generated�

Right-handed�neutrino�decay�produces�lepton�number�

The�lepton�number�is�converted�to�the�Baryon�number�
by�sphaleron�process

Basic�idea:
M.�Fukugida&T.�Yanagida,�PLB174,45;�
W.�Buchmüller,�P.�Di�Bari,�and�M.�Plümacher,�Annals.�Phys.�315,305;��
G.�F.�Giudice�et�al,�NPB685,89�....



Seesaw�model

RNs�are�singlet�under�SM�gauge�group�

RNs�have�Majorana�mass�terms

Introducing�Right-hand�neutrinos�(RNs)�to�the�SM

RNs�are�integrated�out

e.g.�
Tiny�neutrino�mass�is�naturally�generated

PMNS�matrix



Sakharov’s�conditions
Baryon�number�is�violated�

Both�C�and�CP�are�violated�

There�is�an�interaction�outside�of�thermal�
equilibrium

Sphaleron

RH�decay

RH�decay



Introduction
FlavouredLeptogenesis
Finitemasscontributions

Summary

CPviolationinNdecay
LeptonasymmetrycanbeproducedbytheNdecay:

N
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φ
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lL

φ

Y†
N YN

Y†
N

=++

(upto1-loop)

ϵ1=
Γ(N1→lLφ)−Γ(N1→l̄Lφ̄)

Γ(N1→lLφ)+Γ(N1→l̄Lφ̄)

=
1

8π(YNY†
N)11

∑

i̸=1
Im

[

(YNY†
N)2i1

]

f
(

M2
i
M2

1

)

CP�violating�RN�decay

Primordial�B-L�is�washout�by�inverse�decay�of�N1

In�general,�CPV�comes�from�the�interference�of�
tree�and�one-loop�amplitude



CP�violating�RN�decay
,

In�the�seesaw�model,
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CP�violating�RN�decay

If�



Davidson-Ibarra�bound
We�can�parameterise�YN�as

matrix�of�eigenvalues

Then,�

Davidson-Ibarra�bound



Boltzmann�equations
Out-of-equilibrium�decay�is�described�by�Boltzmann�
equations�

Coupled�equations�for� and

Source Washout



Boltzmann�equations
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N1 contribution to neutrino masses. Stronger (weaker) restrictions are obtained if there are
less (more) than 3 right-handed neutrinos.
In conclusion, measuring neutrino masses does not fix m̃1 and mN1 , which remain as

free parameters. Therefore we compute η as function of mN1 and of m̃1 renormalized at
the high scale mN1 (at high scales m̃1 is about (20–30)% larger than at low energy).

4.0.4. Results
Fig. 7 shows the evolution of the N1 and B−L abundances at our sample ‘atmospheric’

point: m̃1(mN1) = r("m2
atm)1/2 = 0.06 eV and mN1 = 1010 GeV. For these values the N1

abundancy remains close to thermal equilibrium, so that leptogenesis is mainly determined
only by the later stages of the evolution at relatively small temperatures. This explains why,
despite the significant variations at higher temperature, there is only a mild correction to
the final baryon asymmetry. Proper subtraction of on-shell scatterings reduces wash-out by
a 3/2 factor. This gives a 3/2 increase of the efficiency, as can be seen from the analytical
approximation of Ref. [29].

(a)

(b)

Fig. 7. Evolution of YN1 (blue curves) and |YB−L/ϵN1 | (red curves) with temperature in the SM. We fix
mN1 = 1010 GeV and m̃1(mN1 ) = 0.06 eV. The dashed line shows the thermal abundance of YN1 . (a) Full
computation, the efficiency is η = 0.0036. (b) No new effect included (and on-shell scatterings incorrectly
subtracted), η = 0.0017. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

For�more�realistic�analysis,��
thermal�mass�corrections�etc�are�taken�into�account

Giudice�et�al.,�NPB685,�89(2004)

B-L�is�frozen�out



Thermal�leptogenesis
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(a) (b)

(c) (d)

(e)

Fig. 8. Efficiency η of leptogenesis in the SM, assuming zero (dashed red line), thermal (continuous blue line) or
dominant (long dashed green line) initial N1 abundancy. (a), (b) η as function of m̃1 (renormalized at mN1 ) for
mN1 = 1010 GeV. (c)–(e) Contours of η(m̃1,mN1 ) = 10−6,−5,...,0,1. In the shaded regions the neutrino Yukawa
couplings are non-perturbative. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Giudice�et�al.,�NPB685,�89(2004)

efficiency

sphaleron
CPV

For�zero�N1,�



Bound�on�M1

and

Thermal�leptogenesis�can�works��
in�the�inflation�scenario�with�TR>109GeV



Variations

Flavour�effects�

Resonant�leptogenesis�

Leptogenesis�with�charged�singlet�scalar�

Leptogenesis�from�N�oscillation�

RN�~TeV�
is�possible



Electroweak�Baryogenesis

1. B-L�is�produced�before�the�sphaleron�decoupling�era.�

2. B�is�produced�by�the�1st�order�electroweak�phase�
transition�just�before�the�sphaleron�decoupling.

The�second�one�is�electroweak�baryogenesis



Electroweak�Baryogenesis
How to satisfy the Sakharov’s conditions?

Kuzmin, Rubakov, Shaposhnikov, PLB155,36

Baryon�number�is�violated�

Both�C�and�CP�are�violated�

There�is�an�interaction�outside�of�thermal�
equilibrium

Sphaleron

Chiral�gauge�int.�
Complex�phases�

1st�order�EWPT�with�
expanding�bubble�wall



Vacuum�structure
Classical�vacuum�of�the�SU(2)�gauge�system

0 1 2 NCS
Tunnelling�effect�

Thermal�transition

The�vacuum�is�characterised�by�NCS

Tunnelling�rate

Thermal�transition�rate

It�is�significant�at�finite�temperature

broken�phase�
symmetric�phase



1st�order�or�2nd�order?相転移の次数

T > T  > 0c T > T  > 0c

Veff(v;T) – Veff(0;T)

v v

v0

v0

vC

v0

v(T)

T

v(T)

v0

vC

TC TTC

2nd order PT 1st order PT

標準理論
mpbcp n_p_kcrcp8

⟨Φ⟩ =
1√
2

(
0
ϕ

)

,,, /qr mpbcp CUNR
⇕

vC ≡ lim
T↑TC

ϕ(T ) ̸= 0

ȜůOHFŔRZHDN�%DU\RJHQHVLϳ Ȝ 6-07

Funakubo’s�slide

order�parameter

Higgs�vev

=

In�EWBG,�1st�order�
EWPT�is�necessary



Phase�diagram�in�the�SM
M.�Shaposhnikov,�Phil.Trans.Roy.Soc.Lond.�A373,�20140038
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Figure 5. A possible history of the Universe from inflation until the present time. (Online version in colour.)
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Higgs phase

symmetric phase
critical point
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Figure6. Thephase diagramof the electroweak theory andof the vapour–liquid system. The critical point (endpoint of the line
of the first-order phase transition) has coordinates T crit = 109.2 ± 0.8 GeV,Mcrit

H = 72.3 ± 0.7 GeV. (Online version in colour.)

is no phase transition [20], but instead a smooth crossover with the temperature given in the
lowest order of perturbation theory by

Tc ≃ v

(
M2

H
M2

H + M2
W + M2

Z/2 + m 2
t

)1/2

, (4.1)

and shifted by non-perturbative effects to Tc ≃ 160 GeV [21]. The phase diagram of the
electroweak theory on temperature versus Higgs mass plane is similar to the phase diagram of the
vapour–liquid system on the pressure–temperature plane: one can transfer from the symmetric
‘phase’ (vapour phase) to the Higgs ‘phase’ (liquid phase) continuously, without crossing any
phase transition boundary (figure 6).

(c) Dark matter
The N1 HNL can be sufficiently stable to play the role of the dark matter particle [22–29]. It is
produced in the early Universe via processes like ll̄ → νN1 (figure 7) at a temperature in the region
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Mechanism�of�EWBG

Broken�phase

symmetric�phase

CP

vwall
h�i

z

f, f̄ f̄ , f
CP

broken

�(b)
B < H �(s)

B > H

symmetric

1.�Asymmetry�is�produced�by�CPV�but�no�#B�

nB = nL
b � nL

b̄ + nR
b � nR

b̄ = 0
nB

CP



Mechanism�of�EWBG

Broken�phase

symmetric�phase

CP

vwall
h�i

z

f, f̄ f̄ , f
CP

broken

�(b)
B < H �(s)

B > H

symmetric

2.�Sphaleron�affect�LH�fermions

nB = nL
b � nL

b̄ + nR
b � nR

b̄ = 0
nB

CP

BAU

changed



Broken�phase

Mechanism�of�EWBG

symmetric�phase

vwall
h�i

z

f, f̄ f̄ , f
CP

broken

�(b)
B < H �(s)

B > H

symmetric

3.�The�#B�can�survive�if�
nB

CP

in�broken�phase

If�sphaleron�is�fast,�#B�is�washed�out

CP



Test�of�the�scenario

Broken�phase

symmetric�phase

CP

We�cannot�repeat�the�EWBG�in�laboratory
But�we�can�test�the�necessary�conditions

Probe�by�CP�violating�
phenomena�

electric�dipole�moment

Probe�by�Higgs�physics�
at�zero�temperature��
Collider�experiments



Strong�1st�order�EWPT

In�broken�phase

Sphaleron

Esph�is�proportional�to�the�Higgs�vev�
Then,�large�Higgs�vev�
after�EWPT�is�required��

EWPT�should�be�strong�1st�order

In�the�SM,� for�125�GeV�Higgs



EWPT�in�the�SM
In the high temperature approximation,

1st order PT is possible 
due to the cubic term

In SM, Higgs should be lighter than 50GeV mh=125GeV

Extension of the SM at TeV scale is necessary

It can be tested by 
experiments

Light Higgs is required !!

New bosonic loop contribution

Higher dim. term in the potential

…

NEW CP phases are also necessary for successful baryogenesis
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H = 72.3 ± 0.7 GeV. (Online version in colour.)

is no phase transition [20], but instead a smooth crossover with the temperature given in the
lowest order of perturbation theory by

Tc ≃ v

(
M2

H
M2

H + M2
W + M2

Z/2 + m 2
t

)1/2

, (4.1)

and shifted by non-perturbative effects to Tc ≃ 160 GeV [21]. The phase diagram of the
electroweak theory on temperature versus Higgs mass plane is similar to the phase diagram of the
vapour–liquid system on the pressure–temperature plane: one can transfer from the symmetric
‘phase’ (vapour phase) to the Higgs ‘phase’ (liquid phase) continuously, without crossing any
phase transition boundary (figure 6).

(c) Dark matter
The N1 HNL can be sufficiently stable to play the role of the dark matter particle [22–29]. It is
produced in the early Universe via processes like ll̄ → νN1 (figure 7) at a temperature in the region
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72.3GeV

109.2GeV

1st�order

2nd�order

cross�over

125GeV



How�to�enhance�EWPT?

Bosonic�loop�

Higher�dimensional�terms�

相転移の次数

T > T  > 0c T > T  > 0c

Veff(v;T) – Veff(0;T)

v v

v0

v0

vC

v0

v(T)

T

v(T)

v0

vC

TC TTC

2nd order PT 1st order PT

標準理論
mpbcp n_p_kcrcp8

⟨Φ⟩ =
1√
2

(
0
ϕ

)

,,, /qr mpbcp CUNR
⇕

vC ≡ lim
T↑TC

ϕ(T ) ̸= 0

ȜůOHFŔRZHDN�%DU\RJHQHVLϳ Ȝ 6-07

Negative�contribution�is�necessary

In�many�cases,��
Higgs�potential�(at�zero�temperature)�is�modified

It�may�be�tested�by�collider�experiments



Bosonic�loop

Vev�dominant�

Mass�param.�dominant

Scalar�does�not�always�enhance�it
The�scalar�mass�consists�of�two�parts

no�cubic�term

contribution!

Large�coupling�and�small�M2�are�required



An�example,�2HDM
Strong�1st�order�EWPT�requires�extension�of�the�SM

Extended�Higgs�sector!�
e.g.�2HDM

Kanemura, Okada, Senaha,PLB606,361

 Contour plot of Δλhhh/λhhh and ϕc/Tc in the mΦ-M plane 
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sin(α-β) = -1, tanβ = 1
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FIG. 1: The straight line stands for the critical line which satisfied the condition, ϕc/Tc = 1. The

dashed lines are the deviation of hhh coupling from the SM value, where ∆λTHDM
hhh ≡ λeff

hhh(THDM)−

λeff
hhh(SM).

sphaleron process should be sufficiently suppressed. The most reliable condition has been

obtained from the lattice simulation study [20]. It is expressed as

ϕc

Tc
=

2E

λTc

>∼ 1. (13)

For mh = 120 GeV, this condition can be satisfied when the masses of the heavy Higgs

bosons are above 200 GeV. We can see from Eq. (4) that the correction to the hhh coupling

can be large in such a parameter region. Although the high temperature expansion gives

a qualitative description of the phase transition, the approximation breaks down when the

masses of the heavy Higgs bosons become larger than the critical temperature. We there-

fore evaluate the effective potential numerically and search the parameter space where the

condition (13) is satisfied.

In Fig. 1, we show the parameter region where the necessary condition of the electroweak

baryogenesis in Eq. (13) is satisfied in the mΦ-M plane. We take sin(α−β) = −1, tan β = 1

and mh = 120 GeV. For the heavy Higgs boson mass, we assume mH = mA = mH±(≡ mΦ)

to avoid the constraint on the ρ parameter from the LEP precision data [21]. In the numer-

ical evaluation, we take into account the ring summation for the contribution of the Higgs

bosons to the effective potential at finite temperature [18, 22]. For fixed values of mΦ and

M , we calculate the effective potential (6) varying the temperature T and determine the

6

λ=1

λ=2

Extra�Higgs�bosons�as�H,A�H±

λ=O(1) is required

Testable@Collider�exp.

Extra�boson�loop�can��
enhance�φc/Tc

The�boson�mass�should�be�dominated�by�Higgs�VEV�
Heavy�mass�(strong�coupling�with�Higgs)�is�preferable�



EWPT in the MSSM

~

0  For larger MTR, the effect is smaller

Light stop is necessary

Carena et al.,PLB380,81;…

where the maximal contribution case is considered;

Even with such a maximal case, it’s not easy to get φc/Tc>1
Carena et al.,NPB812,243; Funakubo,Senaha,PRD79,115024

Lighter stop loop can contribute

MSSM should be also modified at TeV scale for EWBG

No new coloured particles at LHC

mh=125GeV

large top Yukawa coupling

enhance



What�are�possible�models?

SUSY�

MSSM,�NMSSM,�U(1)’-MSSM,� �

Extended�Higgs�sector

EWBG�in�the�SM�has�been�excluded!

1st order EWPT CPV
real singlet OK NG

complex singlet OK OK
MHDM (M≥2) OK OK
real triplet OK NG

complex triplet OK NG

EWPT�is�O.K.�and�CPV�is�O.K.



Summary
Baryogenesis�is�a�big�problem�in�the�SM�

In�many�scenarios,�sphaleron�in�the�SM�is�used�

Two�typical�scenarios�are�introduced�

Thermal�leptogenesis�

Electroweak�baryogenesis�

Baryogenesis�may�be�a�key�to�BSM�physics
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授業全体のまとめ
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