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Attractive point and issue in E, X U(1) 4 model
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[M. Bando and N. Maekawa, PTP106 (2001)]

@ E, x U(1), model must be consistent with the cosmology

¥ Is observed baryon asymmetry generated or not in this scenario?




Universe content

Baryon asymmetry P

dark matter 27%

dark energy 68%

@ Visible matter =~ “matter”, not “anti-matter”

@ Observed baryon asymmetry ST T
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Leptogenesis

@ A requirement from v oscillation:
right-handed (RH) neutrino

@ Seesaw mechanism: SM + gauge singlet Majorana fermion

_ 1 _
L= Lsy + AaiNoli H + §MaNaNa + h.c.

[P. Minkowski, PLB67 (1977)]
[T. Yanagida, Proceedings of the workshop (1979)]

@ In early universe, RH neutrino decays to lepton or anti-lepton
with different rate out of thermal equilibrium




Leptogenesis

L asymmetry - B asymmetry

@ In early universe, RH neutrino decays to lepton or anti-lepton
with different rate out of thermal equilibrium

C and CP violation Interactions out of equilibrium




Leptogenesis

@ Conditions for baryogenesis (Sakharov conditions) are satisfied

¥ Leptogenesis: promising scenario

L asymmetry - B asymmetry

@ In early universe, RH neutrino decays to lepton or anti-lepton
with different rate out of thermal equilibrium

C and CP violation Interactions out of equilibrium




Beyond the simplest leptogenesis

@ Thermal corrections
[e.g., G. F. Giudice, et al, NPB685 (2004)]

Thermal masses

(!

(!

CP asymmetries

etc.

(!

¥ Heavier RH neutrino contribution

¥ Spectator process
[W. Buchmuller and M. Plumacher, PLB511 (2001)]

M Flavor effect

[R. Barbieri, P. Creminelli, A. Strumia and N. Tetradis, NPB575 (2000)]
[E. Nardi, Y. Nir, E. Roulet and J. Racker, JHEPO1 (2006)]




Judge the scenario from leptogenesis

@ Applying leptogenesis to generate B asymmetry in this scenario

A E, x U(1), model predicts values for leptogenesis,
e.g., RH neutrino mass, neutrino Yukawa

Possible to judge whether this scenario
leads to matter dominant universe or not

@ Need precise calculation of lepton asymmetry to correctly
judge this issue




Key ingredients and aim of work

\

@ key ingredients to precisely calculate L asymmetry

m Enhancement of physical mass of RH neutrino

= SUSY extension

= Effect of final lepton flavor

A Aim of work

® To judge whether this scenario leads to
matter dominant universe or not

= To show the leptogenesis can be a nice
probe to E; x U(1),, model

J
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2. Leptogenesis
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2. Leptogenesis




Setup in this talk

@ Framework: Type-I seesaw
_ 1 _
L=Lsm+ Aa; NoJ;H + §MaNaNa + h.c.

N, (a = 1,2,3) : right-handed neutrino
l; (i =e,u,1): left-handed lepton

@ Thermal leptogenesis with zero initial abundance of RH neutrino

@ No finite temperature correction
[analysis in finite T theory -> see, e.qg., G. F. Giudice, et al, NPB685 (2004)]

@ Hierarchical in RH neutrino mass M; <« M,, M,
[resonant leptogenesis -> see, e.g., S. Iso, K. Shimada, M.Y., JHEP1404 (2014)]




Thermal leptogenesis

v Process of thermal leptogenesis \

®m Production of RH neutrino in thermal bath

m Decoupling from thermal equilibrium

“Summary” of leptogenesis

R

m CP violating decay out of equilibrium |

m Evolution of lepton asymmetry

—
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Thermal leptogenesis

Production of RH neutrino

Production reactions

lL Q3 Nl
N, H
DL +
g t I

All of reaction rates o (241)

Production rate is calculated by
Boltzmann Eq.

1072 107! 10° 10!
zZ = Ml/T

1o

J




Evolution of RH neutrino

@ Boltzmann Eqg. for RH neutrino

dn N1
dt

+ BH'n»Nl — _<PN1> (nN1 - n?\?l) - Z(UN”"U> (anni N n[e\?ln?q)

T

l; @ Controlled by decay parameter

Ny / Decay rate of N; at T =0
i . I'(N; - L+ H)
H(T = M,)
production decay

Hubble parameter at T = M,




Evolution of RH neutrino

4 Large K makes ny, to be
in equilibrium

4 Otherwise ny, can not
reach thermal equilibrium

¥ Large K leads large
production of RH neutrino

@ Large K also leads large
L asymmetry?
— No, due to two reasons

Yy, and Yﬁll

Z:MI/T




Thermal leptogenesis

€q
Yy, YN [Yg g
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zZ = MllT

Decoupling from thermal equilibrium

When and why does it decouple?

= T>M;
Large scattering rate (ov)n; > H

m Tle

(O-v)nl' < H and (FN1> * (FN1>ID due to
delay factor in decay reaction

@ Also controlled by decay parameter

P &




Evolution of RH neutrino

4 Large K keeps ny, to be
equilibrium distribution

4 Otherwise ny, largely
deviates from ny!

@ Smaller K leads sufficient
decoupling for baryogenesis

@ Important: favored K is
opposite from N; production

Yy, and Yﬁll

Z:MI/T




Thermal leptogenesis

@ CP violating decay out of equilibrium

@ Unequal rate of L violating decays
s N, generate L asymmetry

'(N; » lH) # T'(N; - [H")

¥

€q
Yy, YN [Yg g

L number # L number

1072 107! 10° 10! 10°




CP asymmetry in N, decay

@ CP asymmetry from interference between tree-level amplitude
with 1-loop contributions

T(N, — IH) — T(N; — [H") Z ST 5]

For My < M
T(N,  (H) + T(N, s [HY) (\TN),, M (For My < Mp)

EN, —
B#1

[L. Covi, E. Roulet and F. Vissani, PLB384 (1996)]




CP asymmetry in N, decay

@ CP asymmetry from interference between tree-level amplitude
with 1-loop contributions

TNy = H) —T(N, = [H) 3 > ST 5] ar,

— = ~ For M < M
“MT DN, - H) + T(N, > [HT) 167 o), (For Mi<Mp)

B#1

Casas-Ibarra parametrization
[J. A. Casas and A. Ibarra, NPB618 (2001)]

Aaj = v ! [mR\/ﬁUTL

J
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(Z m@-RTiRgi)
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@ If the orthogonal matrix R is real, no CP violation arises

¥ This statement is not valid in flavored leptogenesis




Thermal leptogenesis

€q
Yy, YN [Yg g

1072 107! 10° 10!

Evolution of lepton asymmetry

A part of L asymmetry converts to
B asymmetry via B + L violating
sphaleron processes

A part of L asymmetry is washed
out by various reactions

L asymmetry is calculated by
coupled Boltzmann Egs.




Evolution of L asymmetry

@ Coupled Boltzmann Egs. for L asymmetry

dn e e e
d?l +3Hny, = —(T'n,) (nn, — ) — Z(JNliU> (nn,ni —niy n?)

)

VA
dnB—L

dt +3Hnp_r =en, (I'ny) (an N ni?l)

— (ov(INy — Qst)) np_rnn, — (ov(lQs — Nit)) ”B—L”qua

[e.g., M. A. Luty, PRD45 (1992)]




Evolution of L asymmetry

@ Coupled Boltzmann Egs. for L asymmetry

dn e e e
dfl +3Hny, = —(T'n,) (nn, — ) — Z(JNN;’U> (nn,ni —niy n?)

)

(
dnp_1p,

_— +3Hnp_ =N (Ty) (nx, =1y, )

— (ov(INy — Qst)) np_rnn, — (ov(IQ3 — Nit))np_rng,

Source term of L asymmetry « K < K

Washout term of L asymmetry o« K

@ Large K leads strong washout, and makes L asymmetry to be small| 28

@ Important: contrary to N; production, smaller K is favored




Summary of unflavored leptogenesis

@ Final B asymmetry is controlled by
m Decay parameter K

—

= CP asymmetry ey,

@ (In general) CP asymmetry is given by Majorana parameter,
and is not observable quantity

¥ Generated L asymmetry partially converts into B asymmetry

@ The conversion rate is derived by equilibrium conditions of
gauge interactions, top Yukawa interaction, and sphaleron
processes




Summary of unflavored leptogenesis

@ K ~ 1 is favored by
- N, thermal production
- departure from equilibrium
- washout of L asymmetry

K>1 K<1

. _ large departure from equilibrium
advantage sufficient N; production
weak washout of L

_ small departure from equilibrium . _
disadvantage insufficient N; production
strong washout of L




3. Leptogenesis with flavor effect




Outline of flavored leptogenesis

@ A part of process depends on temperature regime, which
leads 0(1) correction in final B asymmetry (flavor effect)

¥ Process of thermal leptogenesis \

m Production of RH neutrino in thermal bath @ Same with non-flavored

®m Decoupling from thermal equilibrium leptogenesis

m CP violating decay out of equilibrium

m  Evolution of lepton asymmetry /
.l. m Flavor dependent CP asymmetry:

m (spectator effect)




When is flavor effect important?

@ If leptogenesis occurs at T < 1012 GeV, evaluation of lepton
asymmetry must include flavor effects

@ Why T = 102 GeV?

@ Comparison of Hubble rate and charged Yukawa int. rate

'(H — 1) _ 0.93( Y, ) ( s )—1/2 (1012 GeV)

H 1.02 x 10—2 106.75 T




When is flavor effect important?

''H<1atTz= 102 GeV A
¥ Universe does not “observe” lepton flavor

v Lepton produced in the RH neutrino decay is in a coherent state

@ No lepton flavor effect on the leptogenesis
.

J

@ Comparison of Hubble rate and charged Yukawa int. rate

F(H—>lz‘)_093 Y, ( s )—1/2 1012 GeV
H - 1.02 x 102/ \106.75 T




When is flavor effect important?

/H <1atT = 102 GeV

Universe does not “observe” lepton flavor

v Lepton produced in the RH neutrino decay is in a coherent state

No lepton flavor effect on the leptogenesis

J

'/H >1atT s 1012 GeV

@ Universe “observes” lepton flavor

¥ Lepton produced in the RH neutrino decay is no longer the
interaction state, which is projected onto each flavor state

& CP asymmetry and washout effect become flavor dependent /

B




What is difference in each temperature regime?

@ What we should evaluate to show successful baryogenesis?

Unflavored leptogensis (B — L) asymmetry ng_;

Once interaction state is projected onto flavor state,
each flavored L asymmetry evolves separately

Flavored leptogensis flavored (B — L) asymmetry n,,
(Ai = B/3 — Lir Np_1 = TlAe + nAH + nAT)

@ Important for the evaluation: which reactions are in equilibrium?




What is difference in each temperature regime?

@ L asymmetry is partially converted into (B — L) asymmetry

[J. A. Harvey and M. S. Turner, PRD42 (1990)]

How to determine conversion rate:

1. Express asymmetries of each particle species with chemical potential

2. Express total L and (B — L) asymmetries with chemical potential
3. Relate these asymmetries each other with equilibrium conditions
imposed by fast reactions, and find the relation of L and (B — L)

@ Important for the evaluation: which reactions are in equilibrium?




What is difference in each temperature regime?

@ L asymmetry is partially converted into (B — L) asymmetry

[J. A. Harvey and M. S. Turner, PRD42 (1990)]

How to determine conversion rate:

1. Express asymmetries of each particle species with chemical potential

2. Express total L and (B — L) asymmetries with chemical potential
3. Relate these asymmetries each other with equilibrium conditions
imposed by fast reactions, and find the relation of L and (B — L)

@ The conversion rate of flavored L asymmetry is sensitive to
m Which Yukawa interactions are in equilibrium

m EW-spharelon is active or not




Specific regime and flavor structures

T (GeV) Equilibrium Constraints

102 -10'%  + hy, h, interactions b=Qs—H
t=1,—H

101 -10? + EW-sphalerons Y (B3Q;+1,)=0
Cc = QZ + H

10°-10"" 4+ h, hy, hy, interactions s=Q,—H
u=1l,—H
u = Ql + H

« 108 All Yukawa interactions d=0Q, —H
e=I1,—H

Chemical potentials are labeled with the fields, i = y;

Top Yukawa and gauge interactions are always in equilibrium




3.1 decay parameter

Decay parameter K ‘ Flavored decay parameter K, K,, K;




Flavored decay parameter

@ Once lepton interaction state is projected onto flavor state,
each flavored L asymmetry evolves separately

@ Flavored L asymmetry is controlled by flavored decay parameter

¥ Flavored decay parameter

(N, = I H)

K, = = K -BR(N; = I.H
H(T = M) (N1 = 1H)
(N, - 1, H)

K, = P = K -BR(N; — [, H

H H(T:Ml) R( ]-_>)UJ )
(N H

K, = (V1 = 1 ):K-BR(Nl—MTH)

H(T = M)




Flavored decay parameter

¥ Large K ensures sufficient N; production
(All of flavors contribute to N; production)

¥ Small K, and K, lead to weak washout of L asymmetry

For K =5
¥ Flavored decay parameter

T(N, = I.H)

K. — — K -BR(N, — [H) = 0.1K
H(T = M) (N1 = 1H)
T(N, > 1, H)

K — 1) g CBR(N, — 1, H) = 0.2K

H H(T: Ml) R( 1 — K ) 0

F(Nl —)lTH)

K, = — K -BR(N, = I, H) = 0.7K
H(T = M) (N1 = I-H)

Reference value



Flavored decay parameter

¥ Large K ensures sufficient N; production
(All of flavors contribute to N; production)

¥ Small K, and K, lead to weak washout of L asymmetry
@ Picking the best of both, and enhancement of L asymmetry

K>1 K<1

large departure from equilibrium

advantage sufficient N; production
weak washout of L




3.2 CP asymmetry

- CP asymmetry &y, ‘ Flavored CP asymmetry eﬁ,l,e,‘él, EN,

- Additional CP violating source




Flavor dependent CP asymmetry

@ CP asymmetry in unflavored leptogenesis

_ 2
T(N, — 1H) —T(N, = 1HT) 3 SN, ] a

(N, — [H)+T(N; — [Ht) — _16—%;}&l (ATA),, M;

EN, = (For My, < Mjp)

Including the sum over the final lepton flavor

@ CP asymmetry has to be calculated for each lepton flavor

. D(Ny = [,H) —T'(Ny — LHT)
DY [F(N1 = LiH) + T(Ny — LHT)]

My M?
)\)\T Z S {)\53 1 [ )\)\T)ﬁl ﬁﬁ + ()\)\T)lﬁ ]\/[;g] } (FOI‘ M, < Mﬁ)

[L. Covi, E. Roulet and F. Vissani, PLB384 (1996)]




Flavor dependent CP asymmetry

@ In general, T(N; - [;H) # T(N; —» [H"), and hence K; # K;

@ Additional contribution to CP asymmetry

. TK,-TK,
NT AT

AK; rY _
“_“6N11(2+ 9 J (K;):J, AKJ_KJKJ)

@ CP asymmetry has to be calculated for each lepton flavor

. D(Ny = [,H) —T'(Ny — LHT)
M [F(Nl — [;H) +T(N; — LHT)]

M,y M?

[L. Covi, E. Roulet and F. Vissani, PLB384 (1996)]




Flavor dependent CP asymmetry

@ In general, T(N; - [;H) # T(N; —» [H"), and hence K; # K;

@ Additional contribution to CP asymmetry

. TK,; -TK; AK, (KO R )
7

~ 0 _J =K. K.
gNl— F_l_f _6N1}(j+ 9 IR AKJ—KJ KJ)

vk

2
S (O, =3 {MM (Z miR;iRm)

= Total asymmetry vanishes for real orthogonal matrix R




Flavor dependent CP asymmetry

@ In general, T(N; - [;H) # T(N; —» [H"), and hence K; # K;

@ Additional contribution to CP asymmetry

i FKj—ij AKJ (Kozrg _
7

~ 0 _J =K _ K.
gNl— F_l_f _6N1}(j+ Fot AKJ—KJ KJ)

v

A MM
€-3V1 RN [(A@j)\){j) ()\)\T)ﬁl} _ 7l ’83 [(Z miR;{iRﬁi) (Z \/mkmlezR’{kUJ*lUjk)
7 k.l

= Flavored CP asymmetry exists even for real R

= For a real R, g,{,l o« 3[U;; U], and hence leptogenesis
could be checked in low energy experiments




3.3 Boltzmann Eq.




Evolution of flavored (B — L) asymmetry

@ Flavored (B — L) asymmetry is evaluated by coupled Boltzmann
Egs. for Y, Yap Ya, and Y, _

dYn z YN
dz sH(z = 1) (Ygg )[’nﬁ vss + 4vst]
dz sH(z=1){(Y§‘f )E”D+ T‘Zj 5 (G +C) o

Y, ! CJH l H 78\ | Ya
T (Yﬁf — 1) (Cij’Yss + — s + (QC?;_;' + C; ) (’Yst + 5 ) Y7

m Y, =n;/s (s:entropy density)

m Z=M1/T

m oy, (ySS, yst): reduced thermal averaged decay rate (cross section)




Evolution of flavored (B — L) asymmetry

m Conversion rate of flavored L asymmetry
onto flavored (B — L) asymmetry

® Yy, = —(ClYa, + CiyYa, + CiYa)

dYa, . Z Y, 0 I H
dz SH(z—l){(Y 1)6117D+K Z[ (Gt &)

— N1
Y, ! CH ! H 5.\ | Ya,
+ (Yﬁr{f - 1) (C 375' + 775'1: + (207:3' + Cj ) (f)/St + 9 ) Y-leq

m Conversion rate of spectator contribution
onto flavored (B — L) asymmetry

ml

Yy =Yg = —(C'Ya, + Ci'Ya, + Ci'Ya,)

(!




Evolution of flavored (B — L) asymmetry

@ Each conversion rate is determined by various constraints
with equilibrium conditions in each temperature regime

T (GeV) Equilibrium Constraints
Cc = Qz + H
108 - 101* + he, hg, hy, interactions s=Q,—H
@ Example 1: u=1l,—H

| (906 —120 —120 |
Cl=——|-7 68 -28]), C"= 35 3T 52 52)
—75 —28 688




Evolution of flavored (B — L) asymmetry

@ Each conversion rate is determined by various constraints
with equilibrium conditions in each temperature regime

T (GeV) Equilibrium Constraints
W Example 2:
u = Q]_ + H
« 108 All Yukawa interactions d=0Q,—-H
e=1l,—H

221 —16 —16
-16 221 -16|, CY*=_—(1 1 1)

i T =14
M\ _16 —16 221




3.4 result and discussion




Impact of flavor effect

107 § - : - \
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1072 107! 10° 10" 10
7= Ml/T

¥ Large enhancement with respect to unflavored case

& Nonetheless production rates of e and u are lower than 7, they
yield large contribution due to small washout

@ Strongly depends on flavored decay parameter and CP asymmetry



Impact of flavor effect

107 : : : \
flavor

non-flavor -----------

1010 F

Yg !

ey, = =7 x 1077
gk =1:2:4

108 GeV < T < 1011 GeV

-11

10 N 0

100 10 10 10 10
K /

@ Importance of flavor effect becomes larger for larger K, because
small K; can keep large L; asymmetry which is yielded by large K

¥ Similar K dependence also in other temperature regimes




4. Leptogenesis in Eg x U(1), SUSY GUT




Leptogenesis in E x U(1), GUT model

@ 2 SM singlets from matter representation 27 will be RH neutrinos

. :0 * =, . , “‘
27 = 16,[10; +5_5 3§ 15] 3 10_5[5_ + 53] + ];"4[10] i
. . Parameter  value comment
@ Interaction of X,Y,Z are determined =% 5.000 X 10°Gav _ GUT scale
by U(l)A Cha rges x, Yy, Z M, = )\1:‘AG 5.656 X 10f GeV 1st RH neutri%lo mass
My = 2As 2.571 x 108GeV  2nd RH neutrino mass
My = M'Ae 1.169 x 10°GeV  3rd RH neutrino mass
xX+y+z ’
A y XYZ M, = M°A¢ 5.312 x 10°GeV  4th RH neutrino mass
M; = XN"Ag  4.989 x 10" GeV  5th RH neutrino mass
A =~ 0.22: parameter to Mg = NAg  2.268 x 102 GeV  6th RH neutrino mass
fit mass matrices Vi = 1P 5.318 x 10~ 11 component of Y,
Y = Ao 1,134 % 10~ 12 component of Y,
Yig = X5® 2477 % 107 13 component of Y,
@ RH neutrino masses and neutrino Ya=A"  1134x 107 21 component of ¥,
. . Yo —: A28 2.417 x 1074 22 component of Y,
Yukawa couplings are predicted Yis= N0  5154x10~ 23 component of ¥,
by the symmetry of E, and U(1),4 BERY

R



Enhancement of RH neutrino mass

@ RH neutrino mass term W, W;HH
(original Majorana mass M;)

E. singlet, but not U(1), singlet

Ubal 3 £ 2 3 1 -4 -1

Field contents and charge assignment
under E, x U(1),4

v, v, v, H H C C A
Es |27 27 27 27 27 27 27 78

@ Many U(1), singlet higher dimensional interactions 0,0, ... W;%;HH

O, (x=ab,..): Eg singlet scalar

@ Additional Majorana masses of same order with M after ®, acquire

Vev




Enhancement of RH neutrino mass

@ Enhancement of physical mass of RH neutrino is reflected onto
decrease of decay parameter

YY) M /87 5 (5.7 x 107 GeV)

H|, o 1.66g22M2/M,, M,

I'n

KE@XU(l)A = -

@ With enhancement of M;, strong washout - weak washout

@ Additional Majorana masses of same order with M after ®, acquire
vev




d ~
Ny N Ns

SUSY extension

@ Corrections by SUSY extension

= Relativistic degrees of freedom: g™ = 106.75 - g2V = 228.75

® Additional contributions to CP asymmetry

= Additional final states of RH neutrino decay

@ CP asymmetry in RH neutrino decay

*

Q""-dz

)
)

- D(N, = IH) = T(N, = [HT) + T(Ny — [H) —=T(N, —

ENG — — o
[(N, — [H) + (N, — [Ht) + T(N, — IH) + (N,

H
H

*

C“-‘?




SUSY extension

@ Corrections by SUSY extension

= Relativistic degrees of freedom: g2 = 106.75 - g2UsY = 228.75

® Additional contributions to CP asymmetry

—

= Additional final states of RH neutrino decay

—

@ SUSY extension leads to enhancement L asymmetry generation,
in particular for the case of small K




Effect of final state lepton flavor

[R. Barbieri, P. Creminelli, A. Strumia and N. Tetradis, NPB575 (2000)]

@ If T < 102 GeV, the lepton produced in the decay is no longer
the interaction state, which is projected onto each flavor state

@ L asymmetry must be calculated with flavor dependent CP
asymmetry and washout effect

@ Flavor dependent decay parameter in E, x U(1), model

g DN — ) (5.7 x 107Ge\/)

) H(T = M) M Small K, (K,) leads to
e PNV, — L) » (5.7 % 107 Gev) weak washout of L

z H(T = M) M,
v _ DN = LH) o (5-7 x 107 GeV) Large K, ensures

’ H(T = M) M, sufficient N; production




Numerical result

Evolutions of total (B — L)
asymmetry and each
flavor (B — L) asymmetries

J

w E, x U(1), GUT vyields observed B asymmetry (grey band)

@ Required physical mass of RH neutrino: 16 < M, /M? < 17

Important suggestion to the RH neutrino sector

Y (land [Y, |

100

<
)

<
=

''''''

M,=16 x M
SUSY+flavor

10!

in this scenario from baryogenesis




Numerical result

@ Enhancement by 3 ingredients
with respect to simplest one

m SUSY extension

= Effect of final lepton flavor

= Enhancement of physical
mass of RH neutrino

Large K smal

| K

107 F

i

10-1() 5

non SUSY+non flavor
non SUSY+flavor
SUSY+non flavor
SUSY+flavor

10-11

20 40 60
Enhancement factor M 1/M(1)

80

@ Important result explicitly shown for the first time:

SUSY extension can lead to large enhancement even in the
strong washout regime when flavor effect is taken into account

100




5. Summary



Summary

¥4

¥4

¥4

E, x U(1), GUT is a promising model, which derives neutrino
Yukawa, RH neutrino masses, and so on

Aim: to judge whether E, x U(1) 4 can yield observed Baryon
asymmetry or not

We applied leptogenesis mechanism, and calculated lepton
asymmetry by taking into account 3 key ingredients

= SUSY extension

m Effect of final lepton flavor

m Enhancement of physical mass of RH neutrino
This scenario successfully accounts for matter dominant universe

L asymmetry is a nice probe to RH neutrino sector in E, x U(1), GUT




Backup slides




Hubble rate and charged Yukawa int. rate

I = 1660522 — 141 x 10°G V( . ) ot
g 8 “Y\106.75 1012 GeV

1 m? am2 \*/? ; Y, T
(H = 1) = -~ Fm (1 = —2) = 1.31 x 10° GeV (1.02 - 10_2) (1012 GeV)

T2\ 2m2, +m% + 2m? + m7
m%fm—T?(lT’?) e

[e.g. Thermal Field Theory, Le Bellac]




Seesaw mechanism

@4 Type-I seesaw

@ Type-II seesaw




CP asymmetry in N; decay

@ Non-zero CP asymmetry comes from interference between
tree-level amplitude with 1-loop contributions

D(Ny —1H) - T(N, — [HY)
I'(Ny = [H) + T(Ny — [HY)
3

e e A - (3 (e D] [ )

B#1
3 J[(AU‘)m] My
e Z ()\T)\)ll M, (FOI‘ M, < ﬂ/fﬁ)

p#l [L. Covi, E. Roulet and F. Vissani, PLB384 (1996)]

ENl




Flavor dependent CP asymmetry

@ Relation between flavored CP asymmetry and decay parameter
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Light neutrino mass by seesaw mechanism

@ Framework: Type-I seesaw
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Integrating out RH neutrino , NN
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Naturally accounts for tiny neutrino mass by 0(1) Yukawa
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[P. Minkowski, PLB67 (1977)]
[T. Yanagida, Proceedings of the workshop (1979)]

c.f. Am2,, = [m3 —m3| =~ 2.4 x 107 3eV?




Numerical result in flavored leptogenesis
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Figure 1: The total baryon asymmetry including flavours (upper) and within the one-flavour
approximation (lower) as a function of z. The chosen parameters are K.. = 10, K,, = 30,
K. =30, €0 =2.5x 1075, €up = —2 X 1075 e, = 1077 and M; = 10'°GeV.
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Figure 2: The total baryon asymmetry including flavours (upper) and within the one-flavour
approximation (lower) as a function of z. The chosen parameters are K., = 5 x 1072, K pp = 1072,
Krr =103 e =25 x 107% €., = =2 x 1075, €77 = 1077 and M; = 10" GeV.
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Corrections by flavor effect
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Production of RH neutrino in thermal bath

v Process of thermal leptogenesis
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Evolution of lepton asymmetry /

m Modification of CP asymmetry

m Flavor dependent washout parameter

m Additional source of L asymmetry Leptogenesis and low energy
observables can be connected

Correction to washout strength

can yield large enhancement of

L asymmetry




