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Where did anti-matter disappear ?

e Baryon density of the universe
pp = 5 % 1O_w3ON—3l(g/Cm3)
—np =Ny X pgp =3 X 10_6N_7/Cm3

e Photon number density of the universe
ny = 2.404L. = O(750/cm3)
v 4 2
T = 3 K background black body radia-
tion. '
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Particle Physics Model for gener-
ating Baryon number asymmetry

— Three Ingredients: Sakharov
1. B-L violation at high energy
2. CP violation

3. Thermal non-equilibrium:
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Why Baryogenesis through Lep-
togenesis ? |
(Fukugita and Yanagida)

A simple baryogenesis scenario based on GUT

does not work under the presence of anomaly.
B+ L is not conserved.(The effect is signif-
icant for T'> 1(TeV).)

Caup+ip#Eo @)
Primordial B+ L will be washed out as (B+

L) primordial €XP[—t/7] and the present baryon
number is proportional to B — L.

B = L)yrimords
22Ng n 13NH( )pmmordzal

Bnow —

1
~ E(B — L)p'rimordial

Particle Physics model must break B — L
at high energy. B — L is gauge symmetry
spontaneously broken or it must be explicitly
broken.
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CP violation

Standard model can not account for
baryvon number though it is good at ex-
plaining the present measured CP violation
phenomena observed in Kaon and B me-
son system. -

— some new source of CP violation other
than Kobayashi Maskawa phase is re-
quired.
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The Seesaw Models (=the stan-
dard model + heavy Majorana neu-
trinos), |

B — L is broken and the other two conditions
(CP violation and thermal non-equilibrium)
can be satisfied.

This talk is about:

1. How well can we predict the baryon
number asymmetry based on a specific
model ?

2. How can we test the model in the
laboratory experiments 7
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Three conditions in the seesaw baryo-
genesis

Heavy Majorana neutrinos Np With Mp =
(Mq,Mo,..My).

vi;(i=1~ 3): left-handed neutrinos.

| = e, p, 70 charged leptons with m; = (me, my, mz).

1
£ = —[vrmpNg + S(Nr)"MRrNR
+Izmylp] — he.[Ngmbrr...]  (2)

1. Lepton number violating mass
term. |

Np — exp(i@)Ng :

(NR)CMRNR — exp(i29) (NR)CMRNR. |
2. CP violating Dirac mass terms
mp

Im(mp) # 0 — CP violation:
CP[TEmpNR|CP~1 = Ngmiyvy.
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Lorimordial ~ TIN = 17¢T] = T[N — 1T¢7]

Lprimordial 1S 9enerated with the mechanism
known as " Direct CP violation” in K and B
physics. | |

Direct CP violation

BT — Ktn%] — B~ — K~ =9

~ Im(aoa,l"_‘) Siﬂ(5o — 51)

Amp.(BT — KTx9) agexp(1dg) + ajexp(iby)
Amp.(B~ — K™ n”) = agexp(ibp) + ajexp(i63)
Im(agai®) : weak interaction CP violating
phase (In SM, KM phase).

§: strong phase.(phase due to threshold ef-

fect of intermediate or final states interac-
tions). |
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The formulae for
" Direct CP violation” (asymmetry).
N = 2 case.

_TMi-T _ 3M; Im[{(mp'mp)12}?]
M+T1-  2MV2  (mp'mp)11

where V = ;/47”) with v = 246 GeV.

—L = yp¥,dNg

€1

mp
YD ~ ——
v

Lprimordial May be only generated in the early
hot universe. T' > Mpg.
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3. Lyrimodial IS Produced under the non-
equilibrium condition. In the thermal equi-
librium, the decay process and production
process are balanced and the net produc-
tion of lepton number is zero. N «— l_gb"‘
In the expanding universe,e.qg.,in the Fried-
mann Universe: - _

ds? = dt? — a(t)2(dz? + dy? + d=2).

Time evolution of the number density of
heavy Majorana neutrino n(t) and lepton
number density L(t).

dT;it) +3Hn(t) = ~F[N](n— neg).

d{’iit) F3HL() = ‘ :
(FIN = 17¢%] — TN =17 D(n—neg) (@)

t = 16129*]‘1{31, Initial condition:@ 7 =

101° (GeV)

?’L:neq,L:O
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The result depends on M[N],
__ [[N=I=¢T)-[[N=IT¢]

Direct CP violation” € = PN T FFINoI 6]

and expansion rate of the universe (Hubble)

H =% Lyimodiqr May be easily produced if

the non-equtlibrium condition is satisfied.

H > M[N] (5)
Fig.l —» —Y; = % (s entropy density).
T 112
T, = (mDEfD)ll — r_[J\A;_]_g_/_ V = Varv,v =
1

256GeV.
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-YL * 10710

0.01 0.02 0.03 0.04 0.05
x1l ev

The maximum possible lepton number den-
sity (=Y7) as a function of z; for three
different My. From up to bottom, M; =
3,2,1 x 1011 Gev.
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Is the CP “violation of baryogenesis related
to CP violation in low energy 7

P(vy — ve) — P(v, — De) =
AmZ,L ~Am3sL _Am3,L
OF
J = Im (Ut U U Upz) -

4 J[sin(

Branco Morozumi Nobre and Rebelo
(Nucl.Phys.B617) show, in general, there
may be some relation.

L =Dmyl"' + v*mpy; Ngj + 5 (VR;)*M;NEj, (6)
| (3, N)model.

The basis all flavor mixing and CP origin
are in the Dirac mass term of neutrino mp.
M; = Diag.(Mr, M>,..My),m; = Diag.(me, my, mz).

Lins ~ Im(mpmp)3;, (i # 5) :

1 | niy 0 O
—UTmD_mDTU* =] 0 np O
M 0 0 na
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Both J and L are related to CP phases in

L+ Im(mp) — Im(U) — J.
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o How are J and B(L) related ? Identi-
fying the low energy CP phase which is
related to leptogenesis.

— For quantitative analysis on the cor-
relation, we must fix the parameters
of the model. What kind of physical
observables are needed to fix all pa-
rameters ? Write J in the parametriza-
tion which apply for the most general
case.

e Give a specific example which shows a
direct link " correlation” between J and

B.

— The general case and numerical anal-
VSIS!:
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sector of seesaw model.

Independent number of parameters in neutrino

model (3,N) | (3,3) | (3,2)
M N 3 2
Re(mp) | 3 N 9 6
Im(mp) | 3N-3 | 6(3) {3 (1)
total .- 7N-3 |. 18 | 11

(blue) Independent number of CP phases for lepto-
genesis. (mp'mp);;(i & j) Low energy observables:
=7 < 11 (Minimal model:N = 2).

mixing angles 2 + |Ues|
Am? 2 (solar, atm.)

neutrinoless double (3 |(Mefs)eel
CP violation in oscillation 1 (AP)

total 7

We adopt four high energy physical quanti-
ties as input. Heavy Majorana masses (M1, M>)
and their decay widths (I"'1,5.)
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We can fix 11, parameters of the minimal
seesaw (3,2) model.

7 (low energy observables)4+ 4 (high en-
ergy observables)=11. Besides Mq,M>, 9
parameters in mp is parametrized as:

mi1 ™Mi12
| m21 moo
m31 M32
| 0 O
Urp | mo 0 VR(: ULmVR)'
0 ms3

mp

Ur: 3x 3, Vg2 X 2 unitary matrix.

Up, = 0(0123)U(01,13,61,)0(0112)

xdiag.(1, exp[—i%], eXD[ﬂL])

Ve — [ SR SR exp(—ii) 0
TR —SR CR 0 exp(z‘lQli) '
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Among 3 CP phases(éy,vr,vYr) Yr — lepto-
genesis.

e ~T[Ny —=17¢T] =[Ny —1T¢7]

~ —Im[(mhmp)3,]

~ ___(m32 . m22)23R26R2

si_n 29R.

vr has impact on low energy CP J through

MNS, U. U is determined as a unitary ma-

trix diagonalizing me¢s = ~mpirm¥.

UTmechU* = diag.(n1,no,n3)

1
meff — —UL(?’TLVRMVRTWLT)ULT

U=U;Kpg, |
, O O 0 O O O
Kpl| O Zpy Zp3 KE’, = 0 ny O
0 232 Z33 0O O n3

Z,,;j = Zij(Mi:mia'YRa QR) n1 = 0 one neutrino
IS massless.
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K g low energy manifestation of high energy
physics. (vgr,0r, M;, m;).

Kpg

26

2

10 0
= 0 cos 6 sin 6 exp[—id]
0 —sinfexplig] cos 6
1 0 0
x | 0 expliq] 0

0 0 exp|—ia]

_ - (2|23, Z>3 + Z%5Z33)|

B A_Tg'mn( |Z33]* — | Z22/? ) O
AT‘g.(ZSzZQ;:, -+ Z’2k3Z33) = YR
Arg. (cos? 0Z2o + sin® 6233 exp(—2i¢)
—sin 20753 exp(miqb)) < YR

|

All three CP phases contribute to
J = Im[UelU:;]_ :QUNQ]'

J =
_|_

1 : . ' . , .
5 sin 204,10 sin 260113[cr13 co0s 20 sin 61, sin 20103
Cr1? sin 26 Sin((SL — YL — qﬁ) COS 20103

{ |
> 51125113 51N 20 5in 20153 5IN(261 — 71 — )]

1
s sin 20 sin 20153 sin{~r + ¢)

% (sin 20110cp1358012 — SiN20p138013¢112)-
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We can get the values of 6 and ¢ from

1) high energy physics input (M1, M5, 1,2)+
2) neutrino mass eigenvalue eq. |
det.(meffmlff — ?’L2) = 0, (n2 = /Am2, =

sol.
7 x 1073(eV),n3 = \/Am2,, =5 x 1072).

With the input we can determime (mo2,ms,vr,0r)
which leads to the prediction of 8,46 and also lep-
ton number asymmetry e;.

cos2vp = n3 :-I{ ns —x? — x5 = (mptmp)i _
 2(z1z0 —Mon3) M; Z

— 3M;y 2 2 2 2
@ = o (2 - 0 () - (r)?)

where ny = ns +n> and z4 = 1 + x».

The range of (8,¢) which is consistent with
baryogenesis is limited.

The lower bound of M; is obtained from
lepton number asymmetry.

The decay width "y (or z1) has upper bound
from non-equilibrium condition (obtained from
solving Boltzman equation.)
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3.5.10710F | ]
3.1071°}
2.5-10°}
_yr,  2-1077
1.5-107"%¢
1.107%°}

5.107 7

O- ”.“ . { 2 ‘m:_‘ — .

0 0.02 0.04 0.06 0.08 0.1
X2 eVv ‘

Lepton number density (—Y7,) as a function
of x5 for My = 2 x 1011 GeV. Solid line cor-
responds to x1 = 0.01 eV. The long dashed
line corresponds to 1 = 0.03 eV and the
dotted line corresponds to x1 = 0.05 eV.
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Unmns =~

. — — !
CL12 sp12 spize L+ spqosge” ™
—SL[12C[23 CL12CL23 5123
SL128123 —CL125L23 . CL23
o xP(a/, —a')
—38 89 Py
((Upns)esl = Is13e™ +Ee ),
1 : S9
J~=|sr13sinér +—=sin ¢’
2 ( £138IN 0L + 73 ¢’) :
2 _4id —1i 50 _—ig'\2
[(meegpee| = !—2”€4m + nz(spise L + —=e79)2.
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Here we give an example for the model in
‘which J is determined by leptogenesis phase
vr. Suppose Uy, is a real orthogonal matrix
as U;, = 053012. MNS matrix U has the
following form; Taking 8703 = w/4, 011> =
w/4, we have;

R " U=

cos 6 sin 0 exp[—ig] \

A2 V2
cos 0—+/2 sin 8 exp[id] sin § exp[—i¢]++/2 cos b

2 2
_ cosB++2sinfexplig] —sinfexp[—ip]++v2cosd )
2 2
xP.(1,a, —a),
1
J = sin 268 sin
¢8\/§_g

I ﬂl
|—l
NI = 1T

YR+ 0& J #= 0.

The sign (excess of matter (antimatter))
has also correlation in the case.
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0.03 \\
J \
0.02 “\ \
0.01 7 - \\\\\
14 -12  -10 -8 -6 -4 -2 0 . |
epl * 1076 Correlation be-

tween lepton number asymmetry €1 and neu-
trino CP violation J, for My = 2x 101! GeV.
The large (small) contour corresponds to
x1 = 0.03(0.01) eV. The thick solid lines
show the allowed region from baryogenesis.
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Summary

e leptogenesis phase (vg) certainly affects
the neutrino oscillation CP violation through

(#)

e However, in general ground, we can not
distinguish the phase coming from lep-
‘togenesis (¢) and another phase ~;, in
Ur; because only a combination appear
as ¢ -+ ~vy. The isolation must be done
using some other quantities, double 3
decay etc.

o Leptogenesis formule is written in terms
of physical quantities: Heavy neutrino
mass and decay width and light neutrino
mass.
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