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Baryon Asymmetry of the Universe (BAU)

■ If the BAU is generated before 
T≃O(1) MeV, the light element abundances 
(D,3He,4He,7Li) can be explained by the 
standard Big-Bang cosmology.

[PDG 2012]
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Figure 20.1: The abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis [11] − the bands show the 95% CL range. Boxes
indicate the observed light element abundances (smaller boxes: ±2σ statistical
errors; larger boxes: ±2σ statistical and systematic errors). 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). Color version at end
of book.
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Baryogenesis = generate right η

❒ Our Universe is baryon-asymmetric.

η ≡ nB

nγ
=

nb − nb̄

nγ

= (5.1− 6.5)× 10−10 (95% CL)



Sakharov’s criteria

To get the BAU from initially baryon symmetric Universe,
the following conditions must be satisfied. [Sakharov, ’67]

(1) Baryon number (B) violation
(2) C and CP violation
(3) Out of equilibrium

What kind of model can satisfy these conditions?

❒ After inflation (scale is model-dependent)
❒ Before Big-Bang Nucleosynthesis (T≃1 MeV).

BAU must arise



Many possibilities
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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.
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[Shaposhnikov, J.Phys.Conf.Ser.171:012005,2009.]

❒ Electroweak baryogenesis (EWBG) is testable.

→ directly linked to the low energy observables, e.g. Higgs physics.



Electroweak baryogenesis

B violation: anomalous process (sphaleron)

C violation: chiral gauge interaction

CP violation: Kobayashi-Maskawa (KM) phase and other 
complex phases in the beyond the SM

Out of equilibrium: 1st order EW phase transition (EWPT) with 
expanding bubble walls

[Kuzmin, Rubakov, Shaposhnikov, PLB155,36 (‘85) ]
Sakharov’s conditions

❒ BAU can arise by the growing bubbles.

broken phase

symmetric phase



(B+L) transition

sphaleron rates (/time/volume):

Energy

sphaleron

instanton

Ncs0-1 1

Esph

sphaleron = static saddle point solution with finite energy of the gauge-Higgs system.
[N.S. Manton, PRD28 (’83) 2019]

(B+L) current is violated by the quantum anomaly. But (B-L) is conserved.

broken phase : Γ(b)
sph � T 4e−Esph/T ,

symmetric phase : Γ(s)
sph � κ(αW T )4, αW = g2

2/(4π), κ = O(1)

Γinstanton � e−2Sinstanton = e−16π2/g2
2 � 10−162.

thermal activation

tunneling

Tunneling probability:

(B+L)-violating process is active at finite T but is suppressed at T=0.

unobservable!

NCS(t) =
1

32π2

�
d3x �ijk

�
g2
2Tr

�
FijAk −

2
3
g2AiAjAk

�
− g2

1BijBk

�

1 gen., 0 ↔ uLdLdLνeLe.g.

Ng gen., 0 ↔
Ng�

i=1

(3qi
L + liL)

Δ(B+L)≠0
low T: tunneling 
high T: thermal activation

left-handed fermion only



nB

nL
b − nL

b̄

nR
b − nR

b̄

�Φ� �= 0
CP

nB = 0

nB

nB

nL
b − nL

b̄

nR
b − nR

b̄

�Φ� = 0
nB

�Φ� �= 0

If Γ(b)
B > H

nB = nL
b − nL

b̄� �� �
�=0

+nR
b − nR

b̄� �� �
�=0

= 0

Baryogenesis mechanism

Γ(b)
B < H

B+L
nB �= 0

nB → 0

(1) (2) (3)

by Γ(s)
B (> H)

nB = nL
b − nL

b̄� �� �
changed

+ nR
b − nR

b̄ → nB �= 0

(3) (2)
start with zero baryon number.

(1)

e.g.,1 gen. ūL → dLdLνeL
∆B = +1
∆L = +1

0

H:Hubble constant

is needed.



Γ(b)
B < H

what we need:
large Higgs VEV after the EWPT -> EWPT should be strongly 1st order.

Esph ∝ v

Esph is a sphaleron energy which is proportional to Higgs 
VEV

B-changing rate in the broken phase is

❒ sphaleron decoupling condition gives strong constraints on Higgs 
sector.

Γ(b)
B (T ) � (prefactor)

Γ(b)
sph

T 3
� (prefactor)e−Esph/T ,

❒ In most cases, collider signals of EWBG is consequence of this 
condition.



More on 

❒ sphaleron energy gives the dominant effect.

v

T
>

g2

4πE

�
42.97 + log corrections

�
Esph = 4πvE/g2 (g2: SU(2) gauge coupling),

After the EWPT, the sphaleron process must be decoupled.

Γ(b)
B (T ) � (prefactor)e−Esph/T

< H(T ) � 1.66
√

g∗T
2
/mP

❒ log corrections are subleading.
❒ Commonly, the sphaleron decoupling condition is evaluated at a 
critical temperature (Tc.).

g∗ massless dof, 106.75 (SM) mP Planck mass ≃ 1.22x1019 GeV

Γ(b)
B < H
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0.001 0.01 0.1 1 1 0 100 1000Higgs mass (λ) ⤴ ->  Esph ⤴

For mh = 126 GeV (λ = 0.13), E � 1.92 → v

T
>∼ 1.16

For simplicity, we evaluate sphaleron energy at T=0.

V0(Φ) = λ

�
Φ†Φ− v2

2

�2

L = −1
4
F a

µνF aµν + (DµΦ)†DµΦ− V0(Φ)

We take SM as an example. (U(1)Y is neglected)

Sphaleron energy

Esph =
4πv

g2
E

sphaleron energy:

[Klinkhammer and Manton, 
PRD30, (’84) 2212]



It turned out that the SM EWBG was ruled out.

■ KM phase is too small to generate the observed BAU. 
[Gavela et al, NPB430,382 (’94); Huet and Sather, PRD51,379 (’95).]

-> New Physics is required.

SM EWBG

■ EWPT is a crossover for mH>73 GeV.
[Kajantie at al, PRL77,2887 (’96); Rummukainen et al, 
NPB532,283 (’98); Csikor et al, PRL82, 21 (’99); Aoki et al, 

PRD60,013001 (’99), Laine et al, NPB73,180(’99)] 
(LHC exp., mH=126GeV)

Many directions to go: SUSY models or non-SUSY models etc.

182 M. Laine, K. Ruramukainen/Nuclear Physics B (Proc. Suppl.) 73 (1999) 180-185 
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The phase diagram of the Standard Figure 1. 
Model. The non-perturbative endpoint location 
has been studied with 3d simulations in [11-14] 
and with 4d simulations in [15-18]. In perturba- 
tion theory (dotted line), the transition is always 
of the first order. 

The U(1) group has here been neglected (i.e., 
sin 2 0w = 0), since its effects are small [10]. Let 
us denote 

2 2 4 x = v = m3(g l/g3. (41 

In the 4d simulations, one studies the 
SU(2)+Higgs theory, whose Lagrangian is pre- 
cisely Eq. (3) but in 4d. 

The theory in Eq. (3) has a first order phase 
transition for small Higgs masses (small values 
of x) [7]. The transition gets weaker for larger 
Higgs masses, and ends at m H  '~' 80 GeV [11], see 
Fig. 1. Recently, the interest has been in studying 
the endpoint region in some detail. Here, pertur- 
bation theory does not work at all and the dy- 
namics is completely non-perturbative. 

The fact that  there is an endpoint, was first 
reliably demonstrated in [11,12]. The endpoint 
location was determined more precisely in [13]. 
A continuum extrapolation of the endpoint loca- 
tion was made in [14], employing improvement 

formulas derived in [19]: 

Xc = 0.0983(15), Yc = -0.0175(13). (5) 

In [14], it was also shown that  the endpoint be- 
longs to the 3d Ising universality class. 

The values in Eq. (5) can be converted to the 
endpoint locations in different 4d physical the- 
ories, using the relations derived in [8]. Some 
values are given in Table 1. The errors here rep- 
resent the errors in Eq. (5): no additional errors 
have been added from dimensional reduction. 

With 4d simulations, the endpoint location in 
the SU(2)+Higgs model has been studied at a 
fixed (symmetric) lattice spacing in [15,16], and 
with an asymmetric lattice spacing in [17,18]. 
A continuum extrapolation has been carried out 
in [18], and that  result is shown in Table 1. It 
should be noted that  the exact MS gauge cou- 
pling to which the 4d simulations correspond, is 
not known. This affects strongly the critical tem- 
perature (Tc (x m H / g ) ,  while the endpoint loca- 
tion itself is not that  sensitive. 

We can now compare the 3d and 4d results for 
SU(2)+Higgs. Clearly, they are completely com- 
patible. 

Finally, consider the effect of sin 2 6w. In 
general, the hypercharge U(1) group makes the 
transition slightly stronger, though not by very 
much [10]. Thus one might also expect that  the 
endpoint location changes to somewhat larger x 
than in Eq. (5). The infinite volume and contin- 
uum extrapolation of the endpoint location has 
not been determined with sin 2 0w = 0.23, but it 
has been determined with finite volumes in [20]. 
On a lattice with 4/(g~a) = 8 and volume = 323, 
we get 

0 0.1043(22), y0 -0.02860(99) X c ~ 

1 _ 0.1045(14), y~ -0.02125(76), (6) X c 

where (0) refers to sin20w = 0 and (1) to 
sin 20W = 0.23. Hence Xc does not appear to 
depend significantly on sin 2 0w, while Yc changes 
a bit. Assuming that  the same pattern remains 
there at the infinite volume and continuum limits, 
the endpoint location in physical units is given in 
Table 1 also for sin 2 0w = 0.23. 

Recent topics of interest, other than the end- 
point location, include the excitation spectrum 

2nd order
end point

1st order

crossover



1st and 2nd order EWPTs

■ order parameter
= Higgs VEV

[From K. Funakubo’s slide]

■ EWBG requires
“1st order” PT  

This is what the 1st and 2nd order PTs look like.
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1st and 2nd order EWPTs

■ order parameter
= Higgs VEV

[From K. Funakubo’s slide]

■ A negative
contributions is 
necessary.

■ EWBG requires
“1st order” PT  

This is what the 1st and 2nd order PTs look like.

e.g.
Bosonic thermal loop

V (boson)
1 � −|const| · m(v)3/2T



excluded by LEP
way out: enhance E by adding new bosons.

sphaleron decoupling condition

Veff � D(T 2 − T 2
0 )ϕ2 − ET |ϕ|3 +

λT

4
ϕ4 →

T=TC

λTC

4
ϕ2(ϕ− vC)2

ESM � 1
4πv3

(2m3
W + m3

Z) � 0.01
0

0 50 100 150 200 250 300
 (GeV)

Veff

T=Tc

T>Tc

T<Tc

λTC � λ = m2
hSM/(2v2)

vC =
2ETC

λTC

⇒ vC

TC
=

2E

λTC

Γ(b)
B < H ⇒ vC

TC
>∼ 1 =⇒ mhSM <∼ 48 GeV

cubic coeff.

quartic coeff.
=

❒ TC is defined at which Veff has two 
degerate minima.

SM EWPT at 1-loop order

❒ 1st order EWPT is realized by the boson 
loops
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“Scalar does not always play a roll.”

Caveat

contribute

Suppose the scalar mass is given by

does not

⇒ ⇒ ⤴

nondecoupling

decoupling

nondecoupling scalar

m2 = M2 + λv2
M :
λ :

mass parameter in the Lagrangian

coupling between Higgs and a scalar

M2 � λv2

M2 � λv2

Veff � −λ3/2Tv3

�
1 +

M2

λv2

�3/2

Veff � −|M |3T
�

1 +
λv2

M2

�3/2

requirements: 1. large coupling λ, 2. small M

E = ESM + ∆E
vC

TC



Triple Higgs boson coupling
as a probe of EWBG

EWBG signal can appear in the triple Higgs boson coupling.



2 Higgs doublet model (2HDM)

V2HDM = m2

1
Φ†

1
Φ1 + m2

2
Φ†

2
Φ2 − (m2

3
Φ†

1
Φ2 + h.c.)

+
λ1

2
(Φ†

1
Φ1)2 +

λ2

2
(Φ†

2
Φ2)2 + λ3(Φ†

1
Φ1)2(Φ†

2
Φ2)2 + λ4(Φ†

1
Φ2)2(Φ†

2
Φ1)2

+
�
λ5

2
(Φ†

1
Φ2)2 + h.c.

�
,

❒ Additional Higgs doublet is added to the SM Higgs sector.

Φ1 → Φ1, Φ2 → −Φ2 (Type I, II etc)

❒ To suppress the FCNC processes, Z2 symmetry is imposed

Higgs potential

Φ1,2(x) =

�
φ+

i (x)
1√
2

�
vi + hi(x) + iai(x)

�
�

.

Higgs VEV CP-even Higgs
CP-odd Higgs

mh, mH , mA, mH±

6 free parameters (v and mh are known.) 

tanβ = v2/v1, (v =
�

v2
1 + v2

2 � 246 GeV)

mixing angle between h and H

charged Higgs

M2 = m2
3/(sinβ cos β)

m2
3, λ5 ∈ C

α :



c=1(2) for neutral (charged Higgs bosons)

λ2HDM

hhh
� 3m2

h

v



1 +
�

Φ=H,A,H±

c

12π2

m4

Φ

m2

h
v2

�
1− M2

m2

Φ

�3



 .

h

h

h

Loop corrections of heavy Higgs bosons

For M2 � λiv2 (m2
Φ �M2), the quantum corrections would be suppressed.

For M2 � λiv2 (m2
Φ � λiv2), the quantum corrections would grow with m4

Φ.

[S. Kanemura, S. Kiyoura, Y. Okada, E.S., C.-P. Yuan, PLB558 (2003) 157]

⇒ nondecoupling limit (coupling constants get large)

⇒ ordinary decoupling limit (1/mass)
Loop corrections are sizable if the heavy Higgs bosons have
nondecoupling property. (Successful EWBG enforces the former limit.)

Quantum corrections to hhh coupling

For sin(β − α) = 1 (SM-like limit)

m2
Φ �M2 + λiv

2
2 kinds of large mass limits 



 Contour plot of hhh/ hhh and c/Tc in the m -M plane 
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EWPT is strongly 
1st order 

❒ For vC/TC>1,  Δλhhh/λSM
hhh is greater than (10-20)%.

[S. Kanemura, Y. Okada, E.S.,PLB606 (2005) 361]

Correlation between Δλhhh/λSM
hhh and vC/TC 

❒ Heavy Higgs boson loops enhance the 1st order EWPT ➔ ∆E2HDM⤴



How about the MSSM?



stop mass

[Carena, Quiros, Wagner, PLB380 (‘96) 81]

light stop is needed!!

Light stop scenario

• LEP bound on mH

• ρ parameter
m2

q̃ � m2
t̃R

, X2
t , Xt = At − µ/ tan β.

To have a large loop effect, m2
t̃R

+ ∆T m2
t̃R

must be small.

mt̃1 < mt

Xt = 0 (no-mixing) maximizes the loop effect

At finite T , there is a thermal correction, ∆T m2
t̃R
∼ O(T 2) > 0.

m̄2
t̃2

= m2
q̃ +

y2
t sin2 β

2

�
1 +

|Xt|
2

m2
q̃

�
v2 + O(g2) � m2

q̃,

m̄2
t̃1

= m2
t̃R

+
y2

t sin2 β

2

�
1−

|Xt|
2

m2
q̃

�
v2 + O(g2).

m2
t̃R

(T ) ≡ m2
t̃R

+ ∆T m2
t̃R

= 0 ⇒ m2
t̃R

< 0 Charge-Color-Breaking vacuum

top Yukawa small soft SUSY mass

requirements: 1. large coupling λ, 2. small M



■ Coefficient of cubic term in Veff(T)
Veff � −(ESM + Et̃1)Tv3

Et̃1 � +
y3

t sin3 β

4
√

2π

�
1− |Xt|2

m2
q̃

�3/2

.

∆λMSSM
hhh

λSM
hhh

� m4
t

2π2v2m2
h

�
1− |Xt|2

m2
q̃

�3

=
2v4

m2
t m

2
h

(Et̃1)
2

∆λMSSM
hhh

λSM
hhh

� 0.05

For mh = 126 GeV, tanβ = 10, Xt = 0

Size of the loop effect is fixed by the 
top Yukawa coupling.

■ Deviation of hhh coupling

SUSY models based on the strong dynamics can have a larger coupling 
constant, so the deviation can be larger. (Toshifumi Yamada’s talk)

Δλhhh/λSM
hhh



 Current status of MSSM EWBG

[M. Carena, G. Nardini, M. Quiros, CEM. Wagner, NPB812, (2009) 243] 
❒ EWPT can be strong 1st order if mH <∼ 127 GeV, m

t̃1
<∼ 120 GeV

loophole

MSSM EWBG is not fully excluded but is more and more unlikely.

❒ This light stop scenario is now in tension with the current LHC data.

In this scenario, σ(gg -> H) ⤴, Γ(H->γγ) ⤵, Γ(H->VV) has no drastic 

change. ➔ Enhanced σ(gg -> H -> VV) is not favored by the LHC data.

t̃1 = mostly right-handed.

[M. Carena, G. Nardini, M. Quiros, CEM. Wagner, arXiv:1207.6330] 

Higgs invisible decay mode is open. 
➔ reduce σ(gg -> H -> VV) ➔ tension may be loosen. 

If mχ̃0
1

<∼ 60 GeV,

[D. Curtin, P. Jaiswall, P. Meade., arXiv:1203.2932]

For mH ≃125 GeV, MSSM EWBG is ruled out
at greater than 98% CL (mA>1 TeV),
at least 90% CL for light value of mA (~300 GeV)



Beyond the MSSM

❒ Next-to-MSSM (NMSSM)

❒ nearly-MSSM (nMSSM)

❒ U(1)’-extended-MSSM (UMSSM)

❒ 4 Higgs doublets+singlets-extended MSSM (Toshifumi Yamada’s talk)

“In the beyond the MSSM, the light stop is not necessarily required 
to have the strong 1st order EWPT.”

WNMSSM � λSHuHd +
κ

3
S

3

WUMSSM � λSHuHd

WnMSSM � λSHuHd +
m

2
12

λ
S

∵ 1st order EWPT is driven by singlet Higgs

∵ 1st order EWPT is driven by extra charged Higgs

W = λ

�
HdΦuζ + HuΦdη −HuΦuΩ− −HdΦdΩ+ + nΦΦuΦd + nΩ(Ω+Ω− − ζη)

�

− µ(HuHd − nΦnΩ)− µΦΦuΦd − µΩ(Ω+Ω− − ζη).



Summary

❒ Triple Higgs boson coupling is useful for probing the signal of EWBG.

❒ SM EWBG was ruled out.

❒ In the beyond the MSSM (e.g. NMSSM etc.), the light stop is not 
necessarily required to have the strong 1st order EWPT. 

❒ MSSM EWBG is not fully excluded but is more and more unlikely due 
to the recent LHC data. (light stop scenario is not favored.)

2HDM:  Δλhhh/λSM
hhh is greater than (10-20)% if the EWTP is strong 1st order.

EW baryogenesis Large corrections to λhhh test @LC

broken phase

symmetric phase

❒ Nondecoupling scalar is one of the possibilities to overcome the issue.



Outlook

❐ Most of the EWBG scenarios would be tested by the LHC data., 
especially by

❐ Thermal cubic term driven scenarios

σ · Br
(σ · Br)SM

λHS |S|2H2❐ Tree-level mixing driven 1st order PT scenarios driven by               
(S ⧧ inert) -> universal reduction of signal strengths.

-colored scalar loop -> enhancement of σ(gg -> H)
-charged scalar loop -> reduction of Γ(H->γγ)

❐ To have the strong 1st order EWPT, the Higgs sector must be modified.


