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We discuss the necessary conditions for expaining the matter-antimatter asymmetry in our uni-
verse and show how it can be realized by baryogenesis via leptogenesis. We study how the lepton
number asymmery can occur in standard leptogenesis and introduce the process of conversion of
the lepton number asymmetry into the baryon asymmetry through a sphaleron effective at finite
temperature. The method to calculate the lepton number asymmetry generated from the decay
of the heavy Majorana neutrino is presented. We derive the Boltzmann equation for the heavy
Majorana neutrino, as well as the B — L to see how the lepton number asymmetry can survive
without being completely washed out, and we discuss the physical implications of the contributions
to the Boltzmann equation. By numerically solving the Boltzmann equation, we see how the lepton
number asymmetry depends on the model parameters that reflect wash-out of the lepton number,
and we find numerical results for the model parameters and the input variables, leading to the

observed value of the bayron asymmetry in our universe.
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E sphalerons
/ \

gauge field vacua

Fig. 1. Potential energy as a function of Ngg and
Sphaleron energy. Sphaleron process is the one that tran-
sits one vacuum to another over the energy barrier [21].
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o Y o (tree) =9, HAIH (vertex) =9, ZHA| oA 7] (self-energy)
/ SHS LehaIt 9] A (20) oA 2 % o], AARS
Y W2 AT Tm(Fy) o] AT F a5t of
1, K A Tm(Fy) 7} o 8A B@EEA] 48] Lohuzy,
WA, A g Ade, SuGd F40a)
ol z et %4l zfol 7] W] thekat Zgtol sis -ttt
ShAIRE, A%e] a5 ol tfajAle ohg 7]ojt hsait,

Fig. 2. Feynman diagrams contributing to Eq. (20).

d*k 1 F+p+ My, d—k+ M
Fy = i P P P
N ’/(2@4 k2 — M2 Rx(k+p)2fM12Vk "k —pNy)? — M2
d*k 1 1 qd—F
— iMn.P 21
MNP [ (s R G W (et 2y

SaHE G0 SEFLE 10 LY BPSHT ¢ FEo 274E 4] (A18, Al9, A25)E o|-5to] HEA O
o] E5F2 FAAl teid = pE, 8l 2zt o of tst AlgHut Axtsld chot e A A7 Hot
ANAHL p 5 AT AYSHAE, Np, o S5FE
P, = p—p/ ©Iek. B2l HAFS My, o] ThE AFEo Im(Fy) = Pt (MN> 24
a]5) o 2 7] o] My, o Hlelsof gk, uhapA, 167 My, * \ M3,
% AvHe 74§ (on shell) 24 Aol gl T o ot ol =t
- _ _ _ X < LS O 71 o Z
(M. My — 0)% FSA ek, A BopA ap) gy 7V ET ()& HEk Eel Feran.
A, kS patE ol sste] 25/l NAH py = —p—py, ]
3} py = —py, & B OIsHA HEL oheat P fl@)=Ve [1 +(1+2)n(1+ ) (25)
Fy = iMy, PRy, C" (22) o2 iMof 7]odahe ZHA v ] gk BAE AL
1714 5HA. Ng, o] apzehit Z4dn)zke] 7] uj2o] 244 ofui=]
BAol 7)ojots g2 % sk o]u, iM o] Sl5Hel Bl
o= | il Ko (23) b= mEAL e U
(@m)* (k2 = MZ,)(k+p1)2(k + p1 +ps)? cm T '
J
. . , d'k 1 p+My,  KF+py
Im(z./\/l) = (hljhkjhki + hljhkjhki)PR X / (271_)4 ﬁ qu — M12Vk PR (k +pN1)2
. dk kP 1
= 2hijhush PR | ey (26)

(

147 Bl el cha} 22 ATE 98 4 o b (12,
Im(iM) = hi;hijheiPr 167 My, M]Q\h (27)



< Review Article > A Detailed Understanding of Leptogenesis - - -

oI71A, &= g(z) & Hat 2ol Ao

g(@) = %5 (28)

D(Ny = 1¢) —T(Ny = 1¢%) =

['(Ny = 1lp¢) +T(Ny = lp¢*) =

19] Al
=t

(hht)qp 0] A

<.
I

kel
ral

— Sangbaek LEE - Sin Kyu KaNG 273

HAH BT AA o x] 2 4

BAteh £ thgat ol F

M2 M?
j=2,3 j MN1 MN1

(hh')11 My,

(30)

o7l gz, j & 258 Ale 2ol 1. HFHLR 9 BYEEFE ¢ 2 et 2ol

M2 M2
IO N
T T hhT Z R [ (M?vl)w(M?vl)]

1677 hhT

9 A FRAA AT MR, > MR, (x> 1) 5ol
ol tha o] ZAMA S A8

f@)=—5 = o= (32)
SIoIA 78 o SRR FYAE WP e T 2ol
T+ 4= S} [11,23].
ng, —nr €1
1A, s AR Woln], AR o] thalA 5 —

7.04n, ©]1L, g, = 5 oY A Hkof 7|95t =4
ol QS o] 247 HZE o] isAE g, 2ol 106.76°]
ot My k= 1RO 2L gto g AAxpe O/‘E (washout)
o] og ke e 3], 18
factor) 2tk S|t} [26].

212} (efficiency

6. WHo2LEo| &

e

SJo14 AYAS S o

—E_ H= =2
O]A| Sakharov o] AIHAl £ FT 28] A2l H|F

Fol Adote 20 oA, AL npxehd F/40|
A} (Ng,)7F 82 42ret 23 By o] AYA= 5 ==
gl A 9] F182 A (18) ol FolX 'y, ©lth. 2% T

Z Im[(hh')? MNl (31)

oA 5|5 B3E (Hubble expansion rate) - Th-3F 0]

2 [g.m3 T?
H(T) == -
=3V

(34)

A71A, My = 1.22x 101 GeV &= S 3 AaFolek. Ty,
o H(T) ol oAl 2l v8a 2702 th-33t go] F
Eil=g

Ung, < H(T)|r<my, (35)

Z, 2%} My, 3R 242 of npxehy S40]2ke] B2
&Lyl oo W S HTh LW By 9pAL g9l
3§ ezt Ht

A0l B AR EE o] AL Hoju=x]2 Ak
stsl] Sl5f, et 2o =
7 olgiet [27).

-

B ¥4 (decay parameter)

FNR ml
K :71 P
A7NA, iy = e mubmel FAulA A

& (effective neutrino mass) ©]2til StH, m,
(167202 /3Mp1)\/g.7/5 =~ 1 x 1073 eV.

Aol el HE Ky, ol Hish 22 B3 =5H
o] 918 272 Ky, < 10]c}, 1o} o] 2712 uf3
2 22010 ok AL Rtk A $5 270
A8 A dA S vt A o] 2keof whet o] g A Msh=A]

e

I‘Ir‘



N
~
=~

o
o
N

L D | VI oSS
Mz
[N
o
i)
N
>,

=2
Ir =

94& Folo} gk, Bxut
] o1

ok
Lo 4>
ol
on, et
o
D)

S

T

— 0
o,

o

rfo
H'1
é
_a
J}L

c Q-

HC
Qar
N
=
el
2
Ho
N
rlo
H
il

ol
=i

i 2 N 1

olo
ofd == 7HAoF sh=A1E Z—-ﬂ’%% b= QA i
£ A U2 B Ky, o ghell et
Fgetxm, BFEA] Ky, < 10]ojof @Ajo] T
TEohs A2 ofyH. Ky, o #holl wet S Ak
Jo| o] gtz =x] tjekz ol EAL ol 7] 9
7= zoto] doth | ot Ky, <14
oFeh 4 oﬂg% (weak washout regime), Ky, > 1

2,
I_H_ELE_Z:MIN

N

L4 Koo

oN‘ ﬂllﬂl o

N

]_

o2 2 T omi % rfo rE r
gd
ol

12 it
j% rlo ]

2

df L
iu)
i
 ©
=
x
o 1

0,

Al 4 H (strong washout regime) ©]2taL
Q4 |9t 0 W 2ol
Al FoIx] AL, 71 = 9 7 G Aol s B A EH=A

2
=
ol
12
o
9
kT
N
t
o
iy}

e
[

ot AR Y T EE
70 (evolution) = =% & 7]%& 5}
, f(7, 0)dBPrd3v = AR d3rd3 o ol A
ShAEIE hebd, [ () d R
)7t B E. f(r,0) ol et =
Zol4lc,

o, oX

J
R rlO
il ol

2 o

1

c}.
5

N
EO
W

1_

oX Al oX =
IR A o 3o
il

!

<y

IN'

r—|-4 —_

ok O mlu o >

}_ﬂ
&
B

.
<L

L{f] = C[/] (37)

apm L7 C+ 27} 219" (Liouville) 7 &
Qatztolet. 7 A<l (geie ) 214
olmtQl A2 (affine connection) g, < o]-&
o] m@T 4 ok,

(collision)
1 ]_ ]—;(]—__

g.510] th-g3}

2t 713 oFf 9] ‘in’ T} ‘out’ & B0 2= (KA Q—IE) A2et
Pohe (£REE) GAE e o2 ST Ny - 1o
B A=, Ngol Y= (/‘“ﬂﬂl_) ?JZ}O]—TL, @1%401]
A= Npol oot (BAsHE) Qapolrt, £, &

New Physics: Sae Mulli, Vol. 67, No. 3, March 2017
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Programming Results (K = 10%,5; = —1.0 x 107)
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and log Ng_ vs. logz (lower) for Ky, = 102, and
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N}'\,Rl = 2,10% and 1073, respectively.
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Programming Results (K = 1072,¢; = —1.0 x 107°)
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Fig. 5. (Color online) log Ng_ 1, vs. log z for Ky, = 1072,

€1 = —1075. The meaning of colors are the same as in
Fig. 3.
Table 1. Ky, and ¢; leading to N};_L in the case of
strong washout with Nli\fnl =32 Nf | is obtained from
Eq. (63).

Kn, 10 100 1000

€1 —26x107% —3.7x10° —46x10"*
N L (x1078) 4.1 3.82 3.72

WA ek A& ¢ 4 ook V), &
thel eheat gol A TAS Btk Alo] FeiA

ATt [2].

79 0.30 e
Nf ~ Nﬁt _
oL 51180 Kn, (In Ky, )0
(63)
Table 12 N};,R — 39 A9 Ny, = X2 HEsE

Ky, & e 35T 1 e AL Nt gto] At B
o]tk Table 1914 & 4 Q15| Ky, ©] 242 & 9
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At
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Programming Results (K = 1072, ¢, = —6.4 x 107%)
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Fig. 6. (Color online) Same as Fig. 5, but for 1 = —6.4
1078 (up) and g1 = —4.2 x 1075 (down).
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Table 2. Ky, and e; leading to Ng,fL in the case of

weak washout with N}VR = %. Ngt_ ;, is obtained from
1

Eq. (64).

Kn, 107t 1072 1073

€1 —6.6x107% —64x107% —6.7x1078
Nt L (x1078) 5.7 5.5 5.8

Table 3. Ky, and €; leading to N};fL for N};,Rl =1073.

Kn, 107! 1072 1073
€1 —4.5x%x 1076 —4.2x%x107° —4.8x107°

Ni,, = 1% oFet 4o Beole Ni_, = Ky, 3l
A ofESHA e & = vt T Ny, =107
7390, Table 3 =

N}, e 33 Ky, 250l 9&sh= d 94, Ky, ©]
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