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Baryon asymmetry

anti-matter

np — ng
n’Y 10
— (6.1240.04) x 10~
Planck 2018
Parameter(s) Q h? Q.H? 1006yc H, ng In(10'°A))

Base ACDM ....... 0.02237 £ 0.00015 § 0.1200 £ 0.0012  1.04092 +£0.00031 67.36+0.54 0.9649 +0.0042 3.044 +0.014
F e e e e e e 0.02237 £0.00014 § 0.1199 + 0.0012  1.04092 +£0.00031 67.40+0.54 0.9659 +0.0041 3.044+0.014
dn,/dInk.......... 0.02240 £ 0.00015 § 0.1200 £ 0.0012  1.04092 +£0.00031 67.36 +0.53 0.9641 +0.0044 3.047 +£0.015
dng/dInk,r ........ 0.02243 +0.00015 § 0.1199 +0.0012 1.04093 + 0.00030 67.44+0.54 09647 +£0.0044 3.049 +0.015
d’n,/dInk?,dn,/dInk . 0.02237 +£0.00016 § 0.1202 + 0.0012 1.04090 + 0.00030 67.28+0.56 0.9625 +£0.0048 3.049 + 0.015 |
Nef ooooiieee i 0.02224 + 0.00022 § 0.1179 + 0.0028 1.04116 + 0.00043 663+14 0.9589 + 0.0084 3.036 +0.017 .
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Baryogenesis via leptogenesis

Baryon asymmetry } Electroweak
baryogenesis |
Affleck-Dine
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GUT baryogenesis
| Leptogenesis CP violation
—— v
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-
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Baryogenesis via leptogenesi

Big Bang

Seesawscalg

(1014 GeV)

1012 GeV ---p§ 8 ---- reeeeeaa-
sphaleron _
processes leptogenesis

109 GeV -- in equilibrium - --------.

106 GeV --

TeV scale--
EW scale --

GeV scale
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Sakharov conditions for baryogenesis

C/CP violation

Out of equilibr

ilum dynamics

EREBICLELAZE.

15, [BEBBINT/ELD

ICHEZE T, Sakharov=£4ENESLRME



Sakharov conditions for leptogenesis

C/CP violation

SM L/B-L violation

Out of equilibrium dynamics

RARMEEMNE?  Lgy=L +L,+L,



Origin of neutrino masses

. A
< Weinberg Operator Lw = %ZQLHC%LH + h.c.
Lepton number violation Majorana masses
2
_\YH A 15

-~ Seesaw mechanism

(H°) x X (H?)

Z N EIENIRS

Ny

> *

Uy singlet fermion Vg

T 7 7 YaVpr —13gT
LD YL AN+ MiN,NS +h.c. (M)g= ) v = MMMy
] I
Minimal seesaw: I = 1,2; General: [ = 1,2,3
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Classical thermal leptogenesis

~ Recipes of thermal leptogenesis (in type | seesaw)

' RH neutrino N [l C & CP violation Out of equilibrium |
[Fukugita,

\U, \U, \U, Yanagida,
: 1986]
Decay of lightest N,

Complex Yukawas

© Boltzmann equation ;= m,/T Decay and D =T,/H;

Inverse decay

dNy, .
dz ~(D+8) (N, = Ny Scattering S=1¢/Hz
dNpg_ .
dzz L _ —e1 D (Ny, — NN%) — W Np_,, Washout W =T'y,/Hz

I'(N, - L H)—-T(N, - L:H")
F(Nl — LaH) + F(Nl —> ZGHT)

o CP asymmetry 6= Y

a=e,u,t

’ H
A
x Im Z Y A X
a=e,u,t Ny lo

Covi, Roulet, Vissani, hep-ph/9605319



An example

107° 10" > 1 0° 10’ 102
10" . e s N - - o
- aea N A ——— _ 1_1])(T — O) 5
eq - — — f
10 1 - NN1 //’ H(T: Ml) . 10 1
] / Strong washout: K = 100 .
10° e CPasymm: |¢;| = 10~ P
" Ny, Buchmuller, Di Bari, Plumacher, 0401240 1
10° ¢ o
107 ¥ ///'” \ ? 10”7
3 I NB—LI ~ // \/"‘ ''''' ~— 1:
107° L // ,,,,,, ~ -
3 /’/ i
107" CE Y NN L 107"
o 107 10° 10’ 10°
z=M./T
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Evolution of leptogenesis works

Baryogenesis Without Grand Unification #1
M. Fukugita (Kyoto U., Yukawa Inst., Kyoto), T. Yanagida (Tohoku U.) (Jan, 1986)
| Published in: Phys.Lett.B 174 (1986) 45-47

Date of paper pdf ¢ DOI [= cite %) 3,906 citations Most Recent
Citation Summary
Exclude self-citations @
Citeable ®» Published ®
Papers 3,427 2,487
1986 2022 Citations 169,493 153,832
h-index ® 179 171
Number of authors
Single author - Citations/paper (avg) 49.5 61.9
10 authors or less 3,771 Papers ~ _ Citeable — Published
1.4K
1.2K
Exclude RPP 1K
Exclude Review of Particle 800
Physics 600
3,899 400
N
0 w4 L4136
Document Type 0 1-9 10-49 50-99 100-249 250-499 500+
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Thermal production of gravitinos
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Towards a complete theory of thermal leptogenesis in the SM and MSSM

CP violating decays in leptogenesis scenarios . o , _ .
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Variations of leptogenesis

Big Bang

Seesaw scal

(104 GeV)
1012 GeV ---

10° GeV --

Fukugita, Yanagida, 86

sphaleron

T 2T
106 GeV --fobl--- BT
TeV scale-- B
EW scale -- "““sphaleroniBfg T T Ty

T2 2 =072 | = S
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Variations of leptogenesis

Big Bang
Seesawscalgq =
(1014 GeV)
1012 GeV - -l - - - "~ """ " "= "--=m=-se--m-e--m-me-ssses-sose---oa--
T flavour effect
109 GeV -- === eSS S S e SE S S s S ST s ss ST esssmeemsmesecsae—aa-
sphaleron
T4 TF u flavour effect
106 GeV --fobol---- BEFEH - e
e flavour effect
TeV scale--f ghl 2 B Cline, Kainulainen, Olive, 9401208; "~~~
EW scale -- |"" “sphaleroniB3® " Barbieri, Creminelli, Strumia,
Tetradis, 9911315; Vives, 0512160;
GeV scale deeb ool oo Nardi, Nir, Roulet, Racker, 0601084;
Abada, Davidson, Josse-Michaux,

L osada, Riotto, 0601083: Blanchet,
Di Bari, 0607330, ......
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Variations of leptogenesis

Big Bang
Seesawscalgq =
(1014 GeV)
1012 GeV == -~ = mmmmmmemeeeemeeeeoccc-cseooco-ssmoooo-one
T flavour effect
10° GeV -- ==== eSS S S S S S S S S S TS ST iessscc-e-sssacaecaana-
sphaleron
T4 TF g flavour effect
106 GeV -- B 2
e flavour effect
TeV scale-- - - resonant leptogenesis ---------------------
EW scale - " sphaleroniBEBE T S L o o T

Pilaftsis, hep-ph/9702393, hep-ph/9707235;

Pilaftsis, Underwood, hep-ph/0309342
GeVscale f=ab -l -mm e mmm e
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Variations of leptogenesis

Big Bang
Seesawscalegg
(1014 GeV)
1012 GeV == ---= = =rmmmmmsmsmsmsmsmssesescscsessssossosoeoe

T flavour effect
109 GeV -- === eSS S S S S T e eSS ssssS ST Tesssmmmemssmeeeaaaaaa-

sphaleron
TR TF u flavour effect

106 GeV --1- - B -

e flavour effect

. leptogenesis via

TeV scale--f=f~--- - resonant leptogenesis - N eNirinG ----
EW scale -~ |” " “sphaleroniEs® ~TT TS oscillation ----
GeVscaledealeal - ccccmmmmeemmaaaaa

Akhmedov, Rubakov, Smirnov, hep-ph/9803255

Drewes, Garbrecht, Gueter, Klaric, 1606.06690, 1609.09069;
Hernandez, Kekick, LOpez-Pavon, Racker, Salvado, 1606.06719
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Variations of leptogenesis

Big Bang

Seesaw scal

(1014 GeV)
1012 GeV ---

TeV scale--f
EW scale - -

GeV scale-{--

sphaleron - -
R4 TF p flavour effec
co-- BRSO
e flavour effect
. leptogenesis via
s - resonant leptogenesis - neutrino -
|” "“sphaleroniEg® ~TTT TS oscillation ----
scale of right-

handed neutrinos
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Flavour effects

KRN EEBEZE ——BUARTe, u, tiiYukawaid 52 L 1E
sphaleronS ¥ EFE5 R FIRAUEREF R EERE

U, o sHiges) = O - 107 X y7 T vs H ~ 1.66g, T°/M,,
T > 102 GeV, 7, <b L. < B, up <» L,<B
10° < T < 102 GeV, 7, < L. < B, jip <> L,<B

T > 10°GeV, ep < L, < B

20



Resonant leptogenesis Pilaftsis, 9707235; 9702393; 9812256

© CP asymmetry used in classical thermal leptogenesis

_ (N, > lH)-T(N, = [HT) .
= T(V, = 1H) + T(N, — IHY) 1@ B Bk S

2
1 S[AM)3] {{_@(1_ (1+Lf§)) ln(1+1v_112)] | [ M; /M ]}
8w £ (AT, M, M? M3 1 — (M{/M3)
3« SI(AN)5] My

- 167 8£1 ()\TA)H ]Wﬁ

€N

(For M; < Map)
[L. Covi, E. Roulet and F. Vissani, PLB384 (1996)]

© CP asymmetry in the limit M| ~ M,

1 Im[(ATA)Z] My Mso(M2 — M?)
ANi 8 (M —MP)2+ A2 A= MT, - MT,

€, =

Enhanced in the resonant region

© These results are all obtained at zero temperature



Leptogenesis via RH neutrino oscillation

Akhmedov, Rubakov,
Smirnov, hep-ph/9803255

Sterile neutrino oscillation in early Universe

Production - Propagation ¥ Annihilation
[ 0
Lo g . 4L
0 [
H o
. : P.. 7, H
““‘ Na GZ xN/L N/BI .Q.
*. PozB : :
qguarks, vectors in 0 I quarks, vectors in
the thermal plasma the thermal plasma

The “generalised” lepton number L. = L + L, is conserved.

tAMQ
, 2F

P(N, — Ng) — P(N, — Ng) oc Im{exp(—1 a(t)dt) }x Im{Yo; Y5, Y, Y5}

CPANMTETEZUREFR, MIERTIREPR, XBEFIFN
UMSM (neutrino minimal Standard Model): 2 GeV RHN + 1 keV vDM
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Theory development I: density matrix approach

Oscillations of interaction states — M= FHF3W

_— . . .d
e.g., oscillation of active neutrinos ZE lv,) = Z H, 5 vp)

p=e.p.t

matter

1
H = EMUMZ +H

Damping and Boltzmann evolution — 2Bk FEEZR EREL

e.g., evolution of RHN and SM lepton number densities in classical leptogenesis

Combined together — Density Matrix formalism Raffelt, Sigl, 93

Density matrix approach in ARS leptogenesis

Hernandez, Kekic, Lopez-Pavon, Racker, Salvado, 1508.03676; 1606.06719

1 T?
gN,ij — |Nz>fz] <N]| HN: E NM;+8_E/“/1
PN .
7 - — l[HN, ,ON] + {I'%, PN} + {FR/’ P](:}q _PN}
d . aHi oscillation annihilation production
dt da

24



Theory development II: closed-time-path approach

~ QFT at zero temperature or  ~ QFT in non-equilibrium
In thermal equilibrium case

Observable

Observable

wgm”"d
¢ - > ¢

MRESERITEENY, MBENEHLED
IREE)L, = 1), TRARFMIEZIFIRENL
Im(t)

[

out

Re(t)

C=C+UC_

St (Q(1,) | O] Q1)) (Qt;,) | O1Qt;,)) -

formalism

formalism

Reviews e.g., Quiros, hep-ph/9901312; Berges, hep-ph/0409233
25



Out|ine RO AT
Physics Reports
References BN

Volume 118, Issues 1-2, February 1985, Pages 1-131
Show full outline ~,

Cited By (927) Equilibrium and nonequilibrium formalisms
made unified

Kuang-chao Chou, Zhao-bin Su *, Bai-lin Hao, Lu Yu

Show more v
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Theory development II: closed-time-path approach

~ Propagators

t to

Feynman ST, (z1,22) = (T[la(21)l5(12)]) ———_2 017
af 1,42 ge’ 1)t8 2)]

Dyson ST (w1, w2) = (T[la(x1)ls(72)]) — < —T
Sss(an,a2) = —(p(@2)la(ar)) ————

Wightman ~ ®
Sap(1,22) = (ba(1)ls(72)) — w—— —

mlf — (tlafl) 5175 — (t27a_§2)

~ Kadanoff-Baym equation SH — §T _ g+ sH — 3T _ 3+

1
(id — M)S* — THS+ — THSH z>S< ¥<5>)

Kinetic & Self Dispersion Collision
oscillation enerqy term

~ Applying CTP approach in EW baryogenesis and phase transition

B R RFIRES

27



Classical formalism vs CTP formalism

~ Applying CTP in leptogenesis

| —2¢(qY)ImIIZ
Higgs H A = [¢2 + RellZ]2 + [Ifnng]z’{ﬁ(“o) +fB’|‘J°|($)}’
—2e(k9)ImXx 2
Leptons L & N S,f’> = [kz n Re;)({]“]);i [Ikmzézz]z {ﬁ(qzko) - fF,IqOI("E)}PLkPR,
Lepton number density obtained 1
n, ~ tr(y“S _

from Wightman operator L (r"57) S; = E(Sf +57)

-~ CP violation source — —Either in oscillation or collision terms

~ CPV source in RHN decay

| N, 7L CPV source in
m > < > classical formalism

h
=\
/\

Self energies
including CPV source
in CTP formalism

2/L
Sy
Sl

Anisimov, Buchmuller, Drewes, Mendizabal, 1012.5821
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Comparison with the classical calculation

Dev, Garny, Klaric, Millington, Teresi, 1711.02863.

s 10-1L.. 77 . NGO — KB
5g 10 -==" Boltzmant
8 102 o NU ]
<
10—3 N
10_4 4 3 2 1 0 1 2
10 10™ 10™ 10" 10" 10" 10
(M2 — M5)IM;
KB: a general Kadanoff-Baym approach, two-time evolution

Wigner: one-time treatment of KB approach as follows

IS (0, X) = / A4 &SN (X +7/2,X —1/2)

29
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Direct test of leptogenesis

1071y
i
103 NN eeeeee
! ~ e
- '~',»\.SER‘2 x,,\
07 \ ¢ n
' NAG2 ' N
\

” 3 \ \\
107 ¢ , ‘\ \ \
DUNE | me J |\

~ ) o Qs \ : \
~ \ [ HUSE: ‘\l,”('; displaced
10_9 E \ \"Ui]) AN ('l;:[’(' [ |
[ » A \\‘ nl . ¥ "

=

N/ FCC-ee
1071} ' ~—
10-13 | Miightest = 0 €V
--- Thermal initial conditions
. — Vanishing initial conditions
[ " | , 2 3 !
10 10 10 10~ 10 10

M [GeV]
(M, — M;| < M =M, + M, + M,)/3 Drewes, Georis, Klaric, 2106.16226



Leptogenesis vs charged LFV

mq = 0
-1
]_O E B - "'K"l B UL | B '.":"'l .'.' LU | R S| g 8 "'?
102
__ 107
D E E
S (U
SR
5 Mude
~ 107 ¢ COMET
Su . i
~< 107 ¢ PRISM/PRIME
AN
1078 = RHN Thermal Initial Abundance (TIA)
1079 —— VIA p—rey pAl —eAl
---------- TIA —  u—eee —— pTi—eTi
10—10 ~ . .......105 . .,..1..11 1‘.......i2 . ....1.133 . .......i4 — T
10 10 10 10 10 10
M (GeV)
BR(p — ey) < 4.2 x 1071 (90% C.L.), CR(p3Ti — e55Ti) < 4.3 x 1072 (90% C.L.),
BR(p — eee) < 1.0 x 10712 (90% C.L.), CR(pPgAu — e'fAu) < 7.0 x 10713 (90% C.L.).
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Leptogenesis vs neutrino oscillation experiments

‘“ | ? (q ,d ?f.m} ‘;? % }f i 4 du /,( » FUSHHEPE » R RAT » English » o ER2EBE » JL30 5B

Institute of High Energy Physics Chinese Academy of Sciences

BHR | B | P BHFBME | BHBEECR | BFSAE | BL)E | BotiaE | EERRW | IR | BHALHE | EEEN | EEATT | MLEWMRE | BRE | BHE |

)

O CIEMOIE: 7> Fisha > BAEEN > 201248 B AL

KT PRTF LBRERIHEFRTHRS

2012-03-08| ek PE: | [k # /]

iw%nswlg) REA, BAEEHT T ALk
| TS RO BENHIECPBIA, NERTE -

fifrwwﬁ 1%, EU—T—EEI'::' RIE ‘aaez

H%A%%ﬁi %_W%%M—E*ﬁﬁﬁ %Eﬁﬁﬁﬁ*ﬁﬁ$TﬁE(Wﬁﬁﬁn$ﬁ2)

o 2 1R RE BRI ST BRI 5 20034E 5 H AR, ) 3 ) R TV A S S SR P AR B KR BE I, R IR F X S =Rk, B
R LA Fisin®201 358 7% . 1 H G AR L TR BORIABE LR, O3 MUR IR I — AN AR BY, HBIIA /MR T
RIETTEE REVERIMER . IRERBK, BATRAEREAT T — AR R IR IR 8 FARA AT RV CPBEIR,  DUBR AR5 -
VIRARFRIGR , B8 p R RZ G o B NFRA TR A S0 E ] BT T —ARSEH

R Fh S A TR X DUAR 95028 BL B0 R ML A% L AR S B LT Py, 3B A0, R AR TSR B IR R A R B HERY 2 — B R T
 ——
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Connecting leptogenesis with low-energy experiments

Casas-Ibarra Parametrisation

M, =YM'Y"v? — —U\/ R/ My,

(3 RHN assumed)

C12€13 $12€13 si1ze” " 1 0 0
PMNS ) id a21
. U = | —s12c23 — €12523513€"° C12C23 — S12523513€"°  $23C13 Oe=2 0
matrix i6 i6 ;oal
$12823 — C12€23513€"°  —C12823 — S12€23513€"° C23C13 0 0 €2
Complex 1 0 0 c2 0 s2 c3 s30
orthogonal R=10 ¢ s 0 10 —s3¢3 0 RIR =RRT =1
matrix 0 —s1 1 —59 0 c¢o 0 01
c; = cos(x; + iy;) s; = sin(x; + iy;)

New parameters from the heavy sector: M;, x; + iy, for I = 1,2,3
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Leptogenesis from low-energy CP violation

In minimal seesaw (only 2 RHNS)

20~ T T 4 20— T T 4
[ (a) ] [ (b) ]
1.5+ 10Q] 1.5 -
BE ]
- (100 ] -
S 1.0_— —_ S 1.0 -
05- _- 0.5 -_100 100 _-
109 : [ :
i . i 100 -
oo — ~—r+—+r | . T 100 O N
0.0 0.5 1.0 0.0 0.5 1.0
o/t o/

Figure 4.2. In the m; = 0 case with 2z being real (i.e., z = 0), the contour lines of
M, /(1010 GeV) for successful flavored leptogenesis are shown (a) in the #-o plane by
assuming § = 0 and (b) in the #-0 plane by assuming o = 0.

Xing, Zhao, 2008.12090
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Leptogenesis from low-energy CP violation

5
\c
\

d_’---\\\

’ | S ————_g—

e - -
e e

60 120 180 240 300
Figure 9: The two-dimensional projections for intermediate scale leptogenesis with M, =
1.29 x 108 GeV for z1 = 0, yo = 0, 3 = 180°, y1 = yo = 180°, with CP violation provided

Moffat, Pascoli, Petcov, Turner, 1809.08251
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Leptogenesis with flavour textures

SEIPHFIEICRR O T RAEEARIRES W TR FREHEFRE RSB

G, SETHENIRE
qutrinos Top-down

charged leptons

S
]
S
o
¥

v , , Bottom-up
\b d C )
» Lepton mixings are large [NUFIT 5.1 (2022)]
0.801 — 0.845 0.513 — 0.579 0.143 — 0.156
UY/eSKAm 5939 0507  0.459 — 0.694  0.629 — 0.779
30

0.260 — 0.526 0.470 — 0.702 0.609 — 0.763
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Leptogenesis with flavour textures

Resonant leptogenesis in minimal seesaw with TM1 mixing

M)

[ 2/\/6 1/v/3 0 )
-1/v6  1/V3  1/V2 |
\ 1/v6  —1/V3 1/v2)

(0 0)
= Vlz 0|U

\0 y)

Xing, S. Zhou, 0607302

sinf,, = (1 — 2tan%6,,)/3.
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Leptogenesis with modular-type flavour texture

The observed baryon asymmetry allows to determine the flavor scale A,

1078

1079 ]

= ] [Qu,Liu,Ding,2208.x
J2 10710 ® ] XXXX]

o R

10—11

10_12 L L lllllll L A lllllll 1 L lllllll 1 1 L 1lll

10? 1010 10!! 1012 1013
Ay (GeV)

A, =3.4x10"° GeV T——> Y, =8.721x10""

Right-handed neutrino mass:
M, =7.844x10" GeV, M, =1.826x10" GeV, M, =2.517x10" GeV
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ULYSSES: Universal LeptogeneSiS Equation Solver

© a python package calculating the baryon and lepton

asymmetry in type-l seesaw https://github.com/earlyuniverse/ulysses

Model example input file | Description

1IDME IN3F.dat DME 1 RHN Density Matrix Equation
2DME 2N3F.dat DME 2 RHN

3DME 3N3F.dat DME 3 RHN

1BE1F 1IN1F.dat one-flavoured BE 1 RHN Boltzmann Equation
1BE2F IN2F.dat two-flavoured BE 1 RHN

1BE3F IN3F.dat three-flavoured BE 1 RHN

2BE1F 2N1F.dat one-flavoured BE with 2 RHN

2BE2F 2N2F.dat two-flavoured BE with 2 RHN

2BE3F 2N3F.dat three-flavoured BE with 2 RHN

3DMEsct | 3N3F.dat DME 3 RHN including scattering effects

1BE1Fst | 1N1F.dat 1BE1F evolving in scale factor

2RES Res.dat 2BE3F in the resonant regime

2RESsp | Res.dat 2RES including spectator processes

Table 1: Overview of built-in plugins. We abbreviate density matrix equations, Boltzmann equations and
(decaying) right-handed neutrino as DME, BE and RHN respectively. The evolution variable is z = M; /T

for all plugins other than 1BE1Fsf which evolves in the cosmological scale factor.
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New mechanisms?

> In the framework of Type-Il seesaw

* Type-ll leptogenesis Ma, Sarkar, 9802445
CP violation from triplet Higgs decay A — LLand A" —» LL

e Via Affleck-Dine Mechanism  TFFEERkAAIIRE
Barrie, Han, Murayama, 2106.03381; 2204.08202

Lepton asymmetry directly generated from phase transition

* Only a time-varying Weinberg operator
Pascoli, Turner, Zhou, 1609.07969; 1808.00470; 1808.00475

* Including RH neutrinos
Long, Tesi, Wang, 1703.04902; Huang, Xie, 2206.04691

CPT violation/Lorentz violation

Barenboim, Salvado; Fujikawa, Tureanu; Sarkar ...
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Testability

Most well-motivated: neutrino oscillation experiments
— — test only mixing parameters and low-energy CP violation

Direct detection
— — GeV ~ 10 TeV RHN, for ARS/resonant leptogenesis

> Indirect constraints by Charged LFV
— — up to 104 TeV RHN

New test: Stochastic GW background detection

e GW generated from phase transitions
— — for phase transition temperature up to 108 TeV

e GWSs generated from cosmic strings
— — requires U(1) breaking
— — for the symmetry-breaking scale up to 1014 TeV

— — requires RHN gain masses from a Spontaneous Symmetry Breaking

Ay @ NIN§ —> My = Anvy
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An example: GWs in Majoron model

1070

100 g E E TianQin / UG?\(}
Di Bari, Marfatia, YLZ, arXiv:2106.00025  '0"¢ :Taiji ! EF’
105 g . 10—10 é N".\ ‘..:':f A|0N ':. é
N 10-12§ ‘ AEDE‘é'é": :
< * = : LISA A ;
= 10° E Céj 10—142_ ‘ \_//\ —Z.
i A1
*x E 3
: A3* 10_16; A4 é
o A2 ** - B A3\
i A4 10—18iE A é
| Ll Ll L] L] —20E : f | :
10(1)0-5 107 1073 0.01 0.1 10
(87
Inputs Predictions
mg/GeV  1/GeV  M/GeV wvy/GeV | T,/GeV a B/H, ag

Al | 0.06190 0.0005857 0.5361 3.5873 | 0.6504  0.1248 2966 0.05951

A2 156.2 13.15 465.6 1014 721 0.04139 754.8 0.3886

A3 1036 13.72 7977 44424 9180 0.08012 1975 0.06268

A4 | 43874 1856 181099 567378 | 247807 0.05611 809.7 0.1944
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GW from cosmic strings

Cui, Lewicki, Morrissey, Wells, 1808.08968
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Towards a complete theory — GUT

> RHN with a U(1) symmetry can be easily embedded into a
SO(10) GUT

> In GUTs, quark and lepton’s masses and mixing are correlated
together. RHN neutrino mass spectrum are not free.

M, = Mo+ M + Mo,
My = ri Mo + roMise + T3 M2,

— —1agT
M, = riMio — 3roMize + AryMiao, M, = MpMp "M,
D
M, = Mo — 3Mi26 + AMi20,
Mp = M »cvp!/v,,, Dutta, Mimura, Mohapatra, 0406262

> N1 leptogenesis or N2 3 leptogenesis?
— —In some GUT theory, mass and Yukawa coupling of N+
may not allow N+ leptogenesis. N2 leptogenesis main
dominate the lepton asymmetry.

Di Bari, Riotto, 1012.2343; Di Bari, King, 1507.06431
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Towards a complete theory — GUT
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King, Pascoli, Turner, YLZ, 2005.13549
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