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Gk - 4 - In 1967, Andrei Sakharov [82] (the Nobel Peace Prize 1975) pointed out in a famous work
that CP violation must be the cause of the asymmetry in the universe. It contains more matter

Envice Fermi Institute, High Energy Kyoto Sangyo

than antimatter. The CP violation that the KM Model gives rise to 1s most probably not

Unjversiy ot Chiicago: Accelerator Research  lInAversibys: Vil enough to explain this phenomenon. To find the origin of this CP violation we probably have

Chicago, IL, USA Organization (KEK)  Institute for to go beyond the Standard Model. Such an extension should exist for other reasons as well. It
Tsukuba, Jzpan Thearstical Physics is believed that at higher energies other sectors of particles, so heavy that the present day
(YITP), Kyoto accelerators have been unable to create them. will augment the model. It is natural that these

particles will also cause CP violations and in the tumultuous universe just after the Big Bang
these particles could have been created. These particles would have been part of the hot early
universe and could have influenced it. by an as yet unknown mechanism. to be dominated by
b. 1921 b. 1944 b. 1940 matter. Only future research will tell us if this picture is correct.
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o Sakharov , too early. Read by nobody
« M.Y, and others, 1978-1979
GUT scenario
Right time for physics beyond standard model

e Leptogenesis: A new twist made possible by
subtle finite temperature effects of standard
model

e Discovery of neutrino oscillation boosted idea
of leptogenesis
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* Observational evidence against symmetric cosmology DEE§§§§§§ -
E <107° near earth
He *
low energy p spectrum
No evidence of ¥ from N +N —> 72-0 4 ... i—ﬁn
» Theoretical problem with B-symmetric cosmology Kineticgnergy (GeV)”
N, _Ng _ O[100] ~10%*  @T _my
n7 n7 My mpl <GV>NN 50

much smaller than observed 10~

No working model of domain separation
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Generation of B-asymmetry

o Key quantity

(h) = O[l]x[B_Ej
n7 after annihilation B+B before annihilation

Observation & = 0[10—10}
n7

imply 1 excess of B out of 10" pairs
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In the early universe
Necessary ingredients

B @ outof equilibrium

Need of arrow of time
without suppression of inverse process,

AB = (AB) +(AB) =0
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X —>aa,ql
 One way decay, no inverse decay
H>T'(=am,)
L _L6J/NT? @T =m,
m

pl

Otherwise, Boltzmann suppression by n, ocexp(—m, /T)
Typically leading to
m, >0[0.01Jam, ~10°GeV

Need for high unification scale T
Reheating after inflation > My
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CPOMIWE: =FTHUE
Baryon excess from a pair of particle and
antiparticle process, e.g. X X

‘91f1+ ng2+""2_‘91*f1+ gz*fz"'"'

= —41m(g,9, )Im(f f,7 )+ -
Im(g,g, ) %0 CP violation
Im(f,f,))#0 Rescattering phase

Interference computed by Landau-Cutkovsky rule
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o B/ unsuppressed o M«»/'T  atfinite T s
. AN\
y=olla,‘T @T>>M,~omev] "\ /\ /
) KM phase TUNNELING @ T=0

e Out of equilibrium: 18t order phase transition via
bubble formation

/B/ Potential BELOW Tc

ﬂ\

BUBBLES BELOW Tc
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Higgs
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FALSE VACUUM GROUND STATE
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 No strong 15t order phase transition due to
experimental Higgs mass bound

e _ o[10?2 ~10%]

e Magnitude too small n—
Y
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TUNNELING @ T=0
Electroweak baryon noncnoservation

suppressed at T=0 by .5;:_137
enhanced at finite T by barrier crossing

Can destroy preexisting B and L while keeping B-L

_ GAUGE

HIGGS FIELDS

£ OCCUPIED BY
QUATKS & LEPTONS

Mechamsm aue 10 Ievel Crossing ot Termions caused
by nontrivial gauge and higgs configuration

MRS SS RE™ [ of sphaleron and alike
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e L-genesis of amount AL first and
electroweak conversion into B, via

B = 28 AL
79

For standard model of 3 generations

Interesting in view of possible connection to observed
neutrino masses
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Thermal L genesis

Fukugita-Yanagida
« Minimal extention of standard model with
seesaw

Right-handed Majorana decay 41
CP asymmetry with neutrino mass matrix m =m M, mg

T * -
_ 3 M, Im(m, m,my*);, B C)[Mlmv }
2 i - 2

167 v (mD mD)ll v
Assuming mass hierarchy for 3 R-Majoranas N

_(hh™)y V2 = (MpMp )y ;j
V |\/|1 Ml P

O = CP phase N— A N
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With hierarchy of masses, dependence on 3 parameters Giudice

SM MSSM
et a
- 30 ranges . 3o ranges
: ) ? ;
g E E
:’E -
17 11 1% 5

e 10
0.08 0.1 012 0.14 016 0.08 0.1 012 0.14 0.16
heaviest vmass m; meV heaviest vmass m; meV
Fiﬂ' l{J L eptoger b und on neutrino masses. The plot shows the measured

1‘ ,.' ,’ ontal line) ¢ pru ed w 1‘.’ the imal leptogenesis value as func-

. Connection to neutrino masses =
m, <0.13eV heaviest neutrino (WMAP,LSS 0.7eV

M, > 5.108Gey llghtest R-neutrino

* Reheat temperature Ty > M,
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Gravitino problem: a possible nightmare both for
GUT B- and L-genesis

e Superpartner of graviton
mass m,,, =0[TeV]

. . 3
lifetime [ = O[22 ] = O[(10° sec)‘l(;]n *2)°]
eV

pl

e Usual estimate of gravitino abundance and
constraint from nucleosynthesis, mcludlng

hadronic decay o y 10+

n 1" 16-=

012 s >

g 1n-14 1610

pl = 1ot e i L ] i1

2 10— 1p-m

H ip—w __H 1o

TRH < 10 6 - 10 8 GeV 104 ﬂ{' S I 1M

1. = 1T 1.

= i« my=fB. 10, 3] x LM [+ gill

Possible to produce NR’ H>< ? T e L
WKLY L e s
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o MT-UL\F'H Thield condensate

Afleck-Dine #tgEZ DEH2

L=

e Electroweak TeV R4 — L TOHF I IE
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(i8; — i3 - V) = imoop®

¢5.0(@) = o7, e PTu(f, ) + el (5, —n)err [ 22T
| 17 17 Ep — hp
u(p h):l\/ Ep — hp ( p+hp3 )

(—io2)u” (P, h)

2\ pEp(p + hp3) \ h(p1 + ip2)
TN ;Tre 4
> i 317 = 3 lip 3P + Sijg o (3668 — 5 - GOT)
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. — 1.0K
 —— 19K

. —— 30K

Ll

my = 0.1, 1. bmeV

a1el anne|ay

IRFIRILF—
Photon energy

Threshold reduction 1/2x1/2 = 1/4

For m_1 < afew meV, temperature measurement is not difficult

WIBER LR L 2
09F3H28H  EHRAE



A FIEEE G CILEGRATELG LV FH DR

INY A IEXTF

12T =30 DR
IEEMEDIER
FEEIR/LEX—

_I’[ﬁ_\g c:9| _l_*ﬁTt il == O):]:%ﬂﬂlj: <7Ld~é
&R - EEREIEFDHEFMEENEE

h ¢

’%’v

MBS URID LA 22
0943 A28H LIPS



Yaed.

qll

o FEHD/NIFVIEMTEDRAIIIREREZZZ S

-1 E
o INFA-IR)I{EIHE TIE SR BAK £

IO

BRI D

o« NUFVEFMLIRERDELLMNEA ., HE.

—
—
vy 4
1
v

1—hI/REIT—REDBEETL I 2RV RIS

=]
. RASFEE(LTPUHIERT) . BT REERAR
;&.JEE%)
MBEED RO L 23

O9%3H28H ERAE



	CP非対称性の破れと物質反物質非対称性問題、�発展と展望
	小史
	私にとっての１９７８年
	物質・反物質不均衡という事実はどれだけ確実か
	Generation of B-asymmetry
	サハロフ３条件
	重い粒子崩壊の非平衡条件
	CPの微妙さ：　量子干渉効果
	標準理論でのバリオン生成
	電弱バリオン生成の困難
	レプトジェネシスからバリオン転化
	Thermal L genesis  �                            Fukugita-Yanagida
	ニュートリノ質量値の衝撃：　宇宙の熱史への影響
	Gravitino problem: a possible nightmare both for GUT B- and L-genesis
	種々の説
	レプトン生成かバリオン生成か
	実験からのさらなるヒントが重要
	励起原子マクロ超放射によるニュートリノ研究
	マヨナラかディラックかの質量タイプ決定法
	宇宙背景ニュートリノ検出原理
	素粒子標準理論では説明できない宇宙の謎
	まとめ
	バックアップ
	宇宙と素粒子分野の統合�最初の示唆：宇宙における物質・反物質不均衡��
	標的原子とその環境候補
	パリティ非保存効果
	M/D ニュートリノ質量・混合角依存性



