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Discovery of Higgs boson

Mu=125GeV.
consistent with SM prediction.

SM is completed.

The Nobel Prize in
Physics 2013
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Baryogenesis

There remains mystery in particle physics.
We do not understand
dark energy 74% Dark Eneray
dark matter

why energy density of atom is \
so large.(baryon asymmetry) —

"B  (8.68+0.05) x 10~

S
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Sakharov’s three

conditions
1. Violation of baryon number

2. Violation of C and CP

Initial state : C and CP symmetric
Final state : C and CP asymmetric

3. Out of thermal equilibrium

otherwise inverse process exists.
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Conditions in SM

1. Violation of baryon number

%  sphaleron process breaks B+L number.

2. Violation of C and CP
* CKM phase, strong 6 term

3. Out of thermal equilibrium
%  impossible within SM
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Decay of heavy particle

[Yoshimura 1978]

Conventional scenario: Decay of heavy particle, X

—— — — —— —

decay rate <M=
no asymmetry@tree level T'(X — ijiz) —T(X — iyiz) =0

L= g1 XiYi1 + g2 Xilis + gsYilis + gaYilis + h.c.
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Decay of heavy particle2

One-loop diagram

If both of coupling&loop integral 1 has imaginary
part, the difference between baryon and anti
baryon appears.

F(X — 51&2) — P(X — llzz) X Im(])Im(g’fgzgﬁgl)
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observation

Now we have the standard model.
(Maybe) Neutrino Majorana mass

A
Aq

HHLSL;

* v mass~0.1eV after EWSB
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observation2

Higgs mass may indicate that SM is valid up to very
high scale.

In the early universe, the Higgs field may develop the
large field value.

Then, the lepton number is strongly violated in high

scale minimum.
We utilize this for baryogenesis. Aq

HHLSL,

Decay of left handed neutrino may generate

asymmetry.
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Plan

1. What happens if
<H>>> (EW scale) @ early universe
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Mass spectrum

- Masses as functions of Higgs VEV, <H>.
(H)? 1

M, = Mw = —go(H
A, W 2Jz< )
- 0.1eV
A; = 6 X 10“Gev< “9 )

*  For <H>>> (EW scale),
these particles are supermassive.
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Decay of vL

» The decay of the left handed neutrino

neutrino mass should be larger than W mass.
roughly,

(H) > %2/\1 ~ 1.5 x 1014GeV
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Interesting point

» The decay of the left handed neutrino

charged lepton Yukawa

CP phase is Dirac phase in PMNS matrix,
which will be measured by future neutrino
oscillation experiment.
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Boltzmann equation

Ni=ni/ny, X=vi, z=M\/T

d _ |’ \-(,:’) , 'EQ <(7;mn('> T~ .
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decay&inverse decay pair annihilation
v decay washout by inverse decay
dz” °7h H(2)z AKX TP\ H(2) )X

— (<(;;(I‘>)”"'> AN p_ 1 N;,«—washout by 2—2 scattering

14/27



functions

=3 (fA 2)

* Iinterference between tree&one-loop

/
Im(YY")y; M, 1
o Z 111(' )1
87 M,11— M2, /M2,

. t
71=2,3 vy

* pair annihilation
5 1
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sphaleron process

sphaleron converts the lepton number into
the baryon number.

SNg + 4Ng
22N + 13Ng

ng = nNp_J,

Nr: number of generation Ns: number of doublet scalar

28/79 in the SM case.
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Result

w/ zero initial condition (Nv=Ng-L.=0@zjn)

My ightest=0.1eV, maximum CP phase.

["' 1 4 1
Lis ) Lini=—<

solid line: observed value

dot: numerical result

<H>IN <H>//

below the observation value...
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Two Higgs doublets

If we add the second Higgs boson,

AL = yp;;E;HoLj + - -

the asymmetry increases by the decay of charged
Higgs boson.

A -
H, OH,.
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functions

decay rate

1 My, : h?
['x(z) = — 2 (y-;;) -+ )

87 2A2

interference between tree&one-loop

3 Im(y295)% M,
€
87 (y2y3)i; MH

i,j=1---3 2
pair annihilation
L (!/f )2 1
Oann¥l = Oy ——5— opv~ | 22 _
1\11“12 477 ."II-IJ
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Result2

ly2il=1, maximum CP.

dot: numerical result

- solid line: observed value

20/27



Plan

2. Thermal history

How to realize <H> >> (EW scale) in early universe,
<H> = (EW scale) in current universe.

21/27



scalar potential(T=0)

We add singlet scalar S.

Tree-level potential

Viree(h, S) = —H&hz + MR 4+ kh2S? — —7‘7‘1%52 + AgS*
4)\g 4 2

h: Higgs boson, S: SM singlet scalar

position of minimum




Thermal correction

V= Vireelh, ) + Vrr (1, S, T) 1 Vring (h, 5, T)

finite temperature part

!
Ver(h,T) = Tﬂ, [./,,»(17)',“:(7‘)/'7"2) 6Jp (myy /T?) + 3J(m%/T?) 12.1,.-(171;“),/T2)]
Je(r?) = ) lzz?in (1—e Vo), Jp(r?) = /n\ln.zln | 4 e~V
5(r?) /, (1- ). Je(t) = [ doatin (14 )

gl

r 3/2 l \ 9D 251 /2\3/2
Veina(h, T) = — 75— <2”;; Tt (”!1 +¢g — [(ag —¢g)” +4b l“)‘

I , o a1/ n3/2 1. 60,0270 1., o e Dt
‘+2\ﬁ (a, + ¢ + [(@, — cg)° + -lh_jl]" ‘) o —l”(/“h“]" € - g[(g“ + g~ )h*)? “)

| 249 11 D J—, | 1y 2 1 4 9 11
= =g“h® + —g°T", b, = —=gg h~, Cog = =g h"+ —g
4 6 ' 7 : ' 6
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Higgs potential for various T

- At high temperature, symmetry is restored.

1. y . | |
Viree(h, S) = —K %h E/\h,4 + kh?S? — 57‘71%52 + AgS*

(h) =0,(S) =0

- Utilizing high temperature expansion, critical
temperatures of h&S phase transition are

| 2v/31/2v%\
I's =

\/h "Jr—())\s |

I

\/9{/3 + 39% + 12y7 + 8k + 12
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Thermal history

mg o 1. . e o ,,
thih,s)::—+pzzih2+-—Ah4ﬁ—ﬁthz———4n§Szﬂ-AsS4
s 1 >

(h) = 0,(S) =0
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Asymmetry can be produced

Example of successful parameter set:

k=0.7As=15X=04,(h) =2 x 10°GeV

TS =~ 1.9’03 TS =~ 2.0’03

Np_r ~26x10""sindcp NB_L.obs = 4.8 x 107°

Observed asymmetry is successfully generated.
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Summary

The discovery of the Higgs boson may indicate the flat
potential at high scale.

high scale vacuum appears in the early universe.

useful for baryogenesis.
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(X — i1i2) < |g1|* + Re(g919593951)

['(X — i1i2) o< |g1|* + Re(g} g295941)

D(X — dyip) — T'(X — i142) oc Im(I)Im(g7 g29594)



<Ounnz-"> = 3

(T"> M,)

("< M,)
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During inflation

We can make Higgs take large VEV during inflation
by adding

AL = ER|®|? = —3(1 — 3w)EH|D|?

Hint ~1013GeV is enough to destabilize the origin
and to make vacuum around 1014-15GeV
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