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U(l)Le—Lu U(D)L, -1,

 Transforming the lepton sector nontrivially
compatible with the existing experimental data?

ULy, -1,
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* Light neutrino mass — adding RH neutrinos

Seesaw mechanism
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I mass terms tightly restricted by the U(l)La_LB symmetry
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* Light neutrino mass — adding RH neutrinos

Seesaw mechanism
MV — —MD ME 1Mg P. Minkowski, Phys. Lett. B67 (1977) 421-428

T. Yanagida, Conf. Proc. C7902131 (1979) 95-99

I mass terms tightly restricted by the U(l)La_LB symmetry

(%l 0 0 « 0 0\/* 0 O0\/* 0 0
ko 0 */]=[(0 x o][o o ][0 = 0O block-diagonal
O« 0] \NO O *x/\0 *x 0/\0 O =

this simple structure fails to explain the sizable neutrino mixing...




Introduction

» Spontaneous breaking of U(l)La_LB symmetry

introduce only one additional scalar field

X 3 3
M;1 ~ (* 0 *) or | M, =
*x % [0

S
* O *
* OO
B X
o

Two-zero structure leads into strong predictive power!
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A brief summary

(U(D),-1,
The Standard Model & <U1)., -1,
kU(l)LH—LT

® 3 RH neutrinos

( an extra scalar singlet )
an extra scalar doublet

( normal mass ordering )
3 inverted mass ordering



A brief summary

M Phys.Rev. D99 (2019) no.5, 055029
The Standard Model ® <M

kU(l)Lu_LT

® 3 RH neutrinos

& ( an extra scalar singlet )
an-extra-scalar-doublet

normal mass ordering
® ( )

. i Lo

excluded by neutrino oscillation data,
cosmological bound on }; m;, etc



» Charge assignment

L,—L; e, 1L, T €R, LR, TR ot o "

U(l)y —% 1 0 0 _|_%
U, 1, | 0411 | O+1-1 | 0411 | +1| 0

SU(2) 2 1 | 1 .




Charge assignment

Ly —Le Leyr | erRybRsTR | Nepr | 0 | H

U(1l)y -1 -1 0 0 | +3
UL, . | 0411 | 0411 | 0411 [ +1 | 0

SU(2) 2 1 1 1 | 2

AL = — yeeG L HY — y uG L HY — g, 76 L HY

~ ANE(Le - H) = \yN¢(L,, - H) — A\, N&(L, - H)
1 C C C C (& C * C C
= S MeeNENE = M NN7 = Ao NENj = Nero™ NENT + e



Neutrino physics



After the SSB of ¢

* Lepton mass matrices



After the SSB of ¢

* Lepton mass matrices

neutrino sector




After the SSB of ¢

* Lepton mass matrices

neutrino sector

e 0 O
(V)
Mp=—1]10 X, O
D \/g 0
0 0 A\
charged lepton sector
M, =

M€€
Mg = | Aeplo)
Aer(0)
Ye 0 0
0 wy, O




Analysis of M,,
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Analysis of M,

A 0 O Mee  Aep(o) Aer(o)
MD:% 0 A 0| Mp=|Xno) 0 M,
0 0 A Arlo) M, 0

Upmns = Uerv

M, = —Mp,Mz*M]

\ : ; ;
Myt = —(MpD)TMgMp" = <* 0 *) = U,(M)~tU] {

* * |0/ two-zero minor

M, = UsM3U;]




Analysis of M,

A 0 O Mee  Aep(o) Aer(o)
MD:% 0 A 0| Mp=|Xno) 0 M,
0 0 A Arlo) M, 0

|ULUpmins (M)~ Ufyns UL ]uu =0

|ULUpmns (M) Upuns UL | =0

TT

match Upmns = U, U,

\' x k% !
Myt = —(MpD)TMgMp" = <* 0 *) = U,(M)~tU] {

* * |0/ two-zero minor

M, = —Mp,Mz*M]

M, = UsM3U;]




Analysis of M,,
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Input parameters

global-fitting group

NuFIT 4.1 (2019)

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax? = 10.4)

bfp 1o 30 range bfp £1o 30 range

sin? 612 0.31079-913 0.275 — 0.350 0.31075-913 0.275 — 0.350
012/° 33.8210.78 31.61 — 36.27 33.8270-78 31.61 — 36.27
sin? 623 0.563+5-9%¢ 0.433 — 0.609 0.565%0:057 0.436 — 0.610
023/° 48.67 79 41.1 - 51.3 48.871°% 41.4 — 51.3
sin? 6,3 0.0223770-00966  0,02044 — 0.02435 | 0.0225919:9906%  (0.02064 — 0.02457
013/° 8.607015 8.22 — 8.98 8.647013 8.26 — 9.02
dcp/° 221139 144 — 357 282123 205 — 348

Am%l +0.21 +0.21
T 7.3910-21 6.79 — 8.01 7.3910-21 6.79 — 8.01

A’m%g

+2.52819-029

+2.436 — +2.618

—2.51079:5%0

—2.601 — —2.419




Results

Minimal gauged U(l)Lu—LT model, normal mass ordering
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Results

Minimal gauged U(l)Lu_Lt model, normal mass ordering
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< 015F 1 ; Ila
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W 0.1 - \ 4
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Leptogenesis in the minimal
gauged U(l)Lu—LT mode|

K. Asai, K. Hamaguchi, N. Nagata, S.-Y. Tseng, in preparation
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» Baryon asymmetry in the universe  Yap=—~87x10""



Leptogenesis

npg

» Baryon asymmetry in the universe  Yap=—~87x10""

« Decays of RH neutrinos generate lepton asymmetry
~ T(N—IH)—T(N - IHT)

E - —
[(N - IH)+T(N - IHT)
.M 0,0 LoH .- H




Leptogenesis

npg

» Baryon asymmetry in the universe  Yap=—~87x10""

« Decays of RH neutrinos generate lepton asymmetry

1 1
(87) [ATA]n Zlm HLAT)41%) g (%)

J A: Yukawa coupling

g(x) = Vx 1x | 1—(1—|—x)ln(1i_x>_ x].:M_fz
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Leptogenesis

np

» Baryon asymmetry in the universe  Yap=—~87x10""

« Decays of RH neutrinos generate lepton asymmetry

SL
SL

tr
» Sphaleron processes \ |

V. A. Kuzmin et al., Phys. Lett. 155B (1985) 36 cr \ /// br

28 dy, —>—- Sphaleron »—<— by

np = 79 X(ng —ng) //]\\

Vr

dr,

ur, Vi

Ve



Right-handed neutrino sector

* RH neutrino mass matrix Mp = —M M; M,



Right-handed neutrino sector

* RH neutrino mass matrix Mp = —@M;lMD

 Parameters (Aes Ay A7) = A(cos 8, sin O cos ¢, sin 8 sin ¢)



Right-handed neutrino sector

* RH neutrino mass matrix Mp = —M M; M,

 Parameters (Aes Ay A7) = A(cos 8, sin O cos ¢, sin 8 sin ¢)

- ) ZAM (Lo - H)Nf — —ZMg;agNCNC h.c.

a=e,u, 7 1=1

Mp = Q" M50 | N Z QLNE L Xai =Y AapQpi

(6NN & 2



Non-thermal leptogenesis

* RH neutrino non-thermal decay : Ty = ( 920 )4 VI, Mp < M,
T4y



Non-thermal leptogenesis

90
T2 g,

)4 VIsMp < M;

* RH neutrino non-thermal decay : Ty = (

 Pairs of RH neutrinos generated from inflaton decays

 Taking o as inflaton AL = — yoeS, L H' — yupS, L, HY — y 7oL HY
— ANE(Le - H) — \yNE(Ly, - H) — A NE(L, - H)
1

= SMeNENG = My NiN; = A[GNEN; = AJTINENS + e



Non-thermal leptogenesis

* RH neutrino non-thermal decay : Ty = ( 920 )4 VI, Mp < M,
T4y

 Pairs of RH neutrinos generated from inflaton decays

 Taking o as inflaton
L, =

‘aua‘z

(1 —lo|?/A2)%

— &(lo]* = (0)")?




Non-thermal leptogenesis

* RH neutrino non-thermal decay : Ty = ( 920 )4 VI, Mp < M,
T4y

 Pairs of RH neutrinos generated from inflaton decays

 Taking o as inflaton » = V2Re(0)
Lo a8 (@)] .
Lo = 5(09)° — kA" |tanh (\@\) (A) ﬁ:tanh(ﬁ




Non-thermal leptogenesis

* RH neutrino non-thermal decay : Ty = ( 920 )4 VI, Mp < M,
T4y

 Pairs of RH neutrinos generated from inflaton decays

 Taking o as inflaton
m, ~ 3.4 x 1013 x ((g) /A) GeV

from CMB normalization



Non-thermal leptogenesis

* Inflaton o
m, ~ 3.4 x 1013 x ((g) /A) GeV

 Pairs of RH neutrinos generated from inflaton decays

* RH neutrino non-thermal decay : Ty = ( 00 )4 VI.Mp < M,

T2 g,

» Baryon asymmetry
Ng n Ny ny Npg
Yp =— = P N w L x
S S ng ny ng




Non-thermal leptogenesis

38



Non-thermal leptogenesis

Ng TL¢ , Ny v ny v Ng
iB — —

2 Z?=1 EiBr(gb - NiNi) + Zmin(em + En) BT(¢ - NmNn)




Non-thermal leptogenesis
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Result

log1o/\

A=10.01,8 = 60° ¢ = 30°

 all neutrino oscillation
parameters determined by

the NUFIT inputs

O m0-<2MN1
0.1 MN1 < TR

A<(0)
] cosmic string

17

log10(a)
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Result

log1o/\

A=10.01,08 = 60° ¢ = 30°
all neutrino oscillation

parameters determined by
the NUFIT inputs

O m0-<2MN1
0.1 MN1 < TR

A<(0)
] cosmic string

It works!

log10(a)
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Summary



Summary

« Among minimal U(l)La_LB models, only one survives constraints

U(l)Lu—LT extension with an extra SU(2);, scalar singlet

* Minimal gauged U(DLgy-Lg models are driven into a corner

« Potential of successful leptogenesis



Backup



Inflaton mass 0 (C(R) R = (206 (F + F) 2 - 27 (k)

(=———0¢
po W ¢ XY —
<~ 12m2 MV dn¥(¢)?  12m(V7)2Mg
4
B kA© K © ? ! © 2 P
— 967T2M1§>{1_ [K coth (ﬁ)] }smh (\/_T) tanh (\/_A)
N K Ne(A2_<J>2) 2
~6n2| T MpA , AV ()’
=4 ] — ——
mi=m|  =wmior (1=

Fe = 21x107 me ~ 3.4 x 1013 x ((c) /A) GeV

50\% /10 GeV (o)*\ 7
aY) _2 —_— -
K~ 2.9 x 10 x(N) x( A ) (1 A2>




Non-thermal leptogenesis

 Taking ¢ as inflaton

1
Ea = 5(8@) — /€A4

tanh? (

V(@)




Inflaton potential

3.5x1070 - V(®)

3.0x1070 -

25x1070 -

L | L |
1x101®  2x1018  3x1018

-1.5x101% -1.0x 1015 -5.0x 1014 0 5.0x101% 1.0x10'® 15x101°
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Cosmic string

L =D, 3D*3t — iF,WF*“’ — N®'® — o?/2)’
- %:/rdrd&?i: —/rdrd@L
_ /Ooo/:?r-rdrdﬂ [%g 2+ %?a% _iedy® 2+V(<I>)+—2—
I U = o’

2

7
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Cosmic string

Gu < 2.4x1077

mam) o < 3.4x10'° GeV
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What are the contents?

e The SM
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What are the contents?

* The SM
L—(VL €ER —<UL URr dR H
€r, dL
SU(3)c 1 1 3 3| 3 |1
SU(2)r, 2 1 2 1 |1 |2
oy | -3 4] & [ &[4[}

 Three RH neutrinos




What are the contents?

* The SM
L—(VL €ER —<UL URr dR H
er, dL
SU(3)c 1 1 3 3|3 |1
SU(2)r, 2 1 2 1 |1 |2
Gy | -3 |4 & [ &[-4[3

 Three RH neutrinos

* One extra scalar field




Case (i)

one SU(2), scalar singlet o with Y = 0 and Q(U(I)La_LB) = +1

Case (ii)

one SU(2)y, scalar doublet ®; with Y = +1/2 and Q(U(1),-;) = +1

Case (iii)

one SU(2)y, scalar doublet ®; with Y = +1/2 and Q(U(1),-L;) = -1

Ly — L, Leyr | ey WR, TR | Neyr o | P9
U(l)y -1 -1 0 0 | +3
UM, 1, | 0411 | 0411 | 041-1 | +1 | +1,0
SU(2) 2 1 1 1 2




« Case (i)

« Case (ii)

« Case (iii)

AL =~y L H — y uS L, H — y, 76 L HY
— AN (Le - H) = A NG (L, - H) = ArNZ(L; - H)
1

= S M NENG = My NENT = Ao NEN, = Acr NN 4 b

A'C - = yee%Ler; o y,u:u%[/,uq); - yTT]C{LT(I); _ y,ueeiz[/,uq){ - yeTT]%Leq)I
—ANE(Le - ®2) = \uNE(Ly, - Ba) — A NE(L, - ®2)

1
~ AreNE(Lr - 1) = Ay Nji(Le - ®1) = S Mo NENG = My NiNg + e

AL =— yeei}Leq); o yu:u;%[’uq); - yTTj%LT¢£ o yTeecRLT®-{ - ye,u,u%l/eq)]i
— ANE(Lg - @) — Ay NE(Ly, - Do) — A, NE(Ly - By)

1
= MueNE(Ly - ®1) = Aer NE (L - 1) = 5 Mee NENE = M NENT + e

55



After the SSB...

. :
Case (I) Ae 00 Mee  Aep(0) Aer(0) ye 0 O
v v
MD_E 0 A, 0 Mr=1]X,(0) 0 M, ME_E 0 yu O
0 0 A\ Aerlo) M, 0 0 0 y,
 Case (ii) Ay Aoy 0
1
MD - —= 0 A V2 0 MR —
V2 s
)\761)1 0 )\TU2
« Case (iii)

| )\6’02 0 )\eTvl
MD = ﬁ )\Mevl )\ILL’UQ 0 MR —
0 0 )\7-’(}2




After the SSB... ' cases (i), (i)

v =Jv? +v? = 246 GeV

. .
Case (I) X 0 0 Mee  Aeplo) Aer(o) Y 0 O
v v
MDZE 0 >\/J 0 MR: )\€M<O-> 0 M/“- MEZE 0 y,u 0
0 0 A Nolo) M, 0 0 0 vy
. .
Case (“) 1 )\ev2 Aeuvl 0 Mee 0 0 1 YeU2 0 Yer U1
Mp = 7 0 A2 0 Mr=1 0 0 M, | M= NG YueV1 Yuv2 0
AreU1 0 A Us 0 M, O 0 0 Yr U2
» Case (iii
( ) { )\eUQ 0 )\eTUI Mee 0 0 1 YeV2  Yepn V1 0
MD — —2 )\uevl )\ILL/UQ 0 MR — 0 0 M/M ME — ﬁ 0 YuU2 0
0 0 )\7-?}2 0 M’m- 0 YreU1 0 Yr Uy



Introduction

* Possible extension of SM
|5U(3)cXSU'(Z)LXU(l)Y,XU(l)La—LB @B Ee

Mod.Phys.Lett. A6 (1991) 527-530
Gsm Phys. Rev. D 43, R22

*U(D)p,-1L, models

g —2:
PRD 64, 055006 (2001),
PRD 84, 075007 (2011),

v JHEP 03, 105 (2014)



Leptogenesis

—ex105/A2

=N
»

\
— tan6=0.5

tan6=1
tan6=1.7
— tan6=15

a2 A A A
o = N O

o = N W », G O N o0 o©

\/\

7
/

n 28
Yap= 2 ~87x 1071 >0 B . 2
nj, 79

NS

&3

(Ae, Ay, A7) = A(cos B, sin 6 cos ¢, sin 6 sin ¢)

M; /M,

o~

&y = (]

NN
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Leptogenesis

e
&> |3
1

/\(}:/\p:)‘r

o &3

NS
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N~
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R TR LT, o KR h: L (L, A .|
::::::‘.4"

L.— L-
excluded
My [GeV] !

JHEP (2018) 2018: 94

1 M, < 100xg, GeV
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LFV process in cases (ii) and (iii)

2 2 2 2
I'(r—eZ)= 92107 2 201, (2 + sz ) (1 — mZQ/)
m

mZ’ T

-
5in 20, | < 7x107° for my = 100 MeV and gz = 1077 BR(r — eX) < 2.7 x 10-3 /
1 x 10_5 for My = 10 MeV and gz = 5 X 10_4 Z.Phys. C68 (1995) 25-28 A
OLr = 0orm/2 0 0 1 0O 0 O -1 0 O
C —~Ur=(0 1 o)™ (Q, ., =(0 1 0 |—->|0 1 0]=0Qu
1 0 O 0 0 -1 0O 0 O
me O 0 me O 0
M=U/| 0 m, 0 U} » Symmetry group S5: Ds;(g)| 0 m, 0 |DI(g)
0 0 m; 0 0 m;

9 = Geurr»YJer M M m, below EW scale
\ H : Hni . )\ al J ruled out by experiments

I I JHEP (2018) 2018: 53

JHEP (2018) 2018: 94
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LFV process

(&
10 MeV < m, < 100 MeV 02
5x107* S g, 1073 “
-
- Ly = 920" U Qu-UpPy + URQu -UnPr| (2,
g2m m2 m2,\ 2 8107 ]
[(r—eZ)=22Z"Tsin’20; (24— || 1-—Z
1287 m, m2
M sa,(10)
, oa,(20)
BR(T — eX) < 2.7 x 1073 W -trident
ARGUS, Z. Phys. C (1995) 68: 25 - V:'rzteridfon
/= A EENN..._ Bt
1072 1072 1077 10°
charged lepton-mixing are constrained severely by experiments mz/GeV prp 95, 055022
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LFV decay me 0 0 cosfpr 0 e sindy g

My=U; [0 m, 0|U: Urr= 0 1 0

0 0 m. —€Z¢ SiHQL’R 0 COSQL’R

Lz = gzl'y" [UzQu—TULPL + U]T%QM—TURPR} 'z, tanOp _ me

tanf;,  m.,

(m? — m?) sin 267,

|ye7'vl| — 5
v (m2 +m2) + (m2 — m2) cos 20y,

2

2 2\ 2
D = e2') = Z2 (UL QuerUs) ) + | (UhQuerUr) | (2 T ) (1 - m2/>

327 m,

BR(T = eX) < 2.7x 1073 BR(t™ = e utp™) < 2.7 x 1078 BR(7 — ey) < 3.3x 1078
Z.Phys. C68 (1995) 25-28 PLB 687:139-143,2010 PRL 104:021802,2010



U — e mixing

Massless m,
BR(u - eX) S 10°°
Phys. Rev. D 34, 1967
13 MeV < m,< 80 MeV

BR(u — eX) < 10°°

Phys. Rev. D 91, 052020
m, < 100 MeV

BR(u —» eX) s 107*
Phys. Rev. Lett. b7, 2787

Z' contributes to u — ey loop corrections
BR(u — ey) S 10713
Eur. Phys. J. C (2016) 76: 434



Analysis of M., : Model 1

M, = —MpMz"'Mj,
)\e O O Mee )\eu<0-> )\67' <0>
(Y
Mp=—10 X, O M Ae 0 M,. .
el B S *L M, = U;MZU]
0 0 M Aer(0) M, 0
— 7t
V% UPMNS = UL Uv

|
—-ié

{ C12€C13 S12€13 S13€ \ 1 0 0 + T
_ . a2 — —
UPMNS = | —S12€23 — C12323313e"5 C12C23 — 5123233139"5 S23C13 0 e 0 — UL Uv — D3 (g)Uv

i8 i8 =2
S12823 — C12€23513€ —C12S23 — S12€23513€ C23C13 0 0 ez

Two-zero minor "o = 2 (Upnns)ajve; (@ =e.u.7)

*k
* |0 *\ = U, (M) ™UT = D3(9)Upmns (M) Ufmns D3 (9)
* x| 0




Analysis of M,, : Model 1

[D3(9) Upnnsdiag(mi ', m; ", m:;l)UgMNng(g)]

[Ds(9) Upynsdiag(mi*,my ', ms " )Ubyns Ds (9)]

o

TT

=0

=0

om? = Am?2,),

1
Am? = Am? —Am?

atm 2 sol
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Analysis of M,, : Model 2

Qr, -1, (®1) = -1

Qu,-L.(P1) =+1

2,,/2 i i
/ v3Y Y119 Y339 \

i 0 (i BE)

_l ’U2y’ y/ _l
M, | =3 0 0 Lot 2 | vroa(
vyvg (Ui 4 Yisdiz) V3Y52Y33 V395
M11 M23 M23 Mll / \

2,12
VaY11
M1

Y11991 €
My,

0

/ / / /
Y119 Y229
o1 (M 4 hs)

2 12
9’229/13) V1951
Mos M1
”%yéﬂés
M23

2,/ /
V2Y22Y33

0

Mo3

0

68



Basic |dea of the analysis




Analysis of M,

Scalar-doublet case




Analysis of M,, : case(iii)

Agvg Aer Ap0102 4+ AeApe¥102 0
2Mee 2Ml,l/7‘ 2M€6
M — Aeq-)\/J,’U]_’UQ _|_ >\e>\HeU1’U2 AZQ’U% >\'u>\7-vg
)\M)\Tvg
0 Lo 0

[D3(9>UP*)MNSdiag(m17 ma, m3)UPT>MNSD§(g)} =0

eT

[D?)(g)UP*’MNSdiag(mlv ma, m3)UFT>MNSD§(g)} =0

TT



Analysis of M,, : case (ii)

| )\6’02 )\e,uvl 0 Mee 0 0
MD — E 0 )\uvz 0 MR — 0 0 MMT
Mt 0 Ay 0 M, 0 Two-zero texture
x 0] =
202 AepArU102 Ae AreV102 —
2Mee m gMy,T _l_ 2Me¢: MV — O *
. )\H)\Tvg
M, = 0 m S * ok %
)\6/_,L>\7'Ulv2 + AeAreV1V2 AHATU% A?’ev%
2M,+ 2M 2M i+ 2Mee
I

Predictions of );;m;,6,a,, a;...
[D3(Q)U;MNsMgUgMNSDg(g)]e” =0 1 3

[Ds (g)U;MNSMgUgMNSDg(g)]H# =0

12



Neutrino phenomenology : case (i)

U(l)Lu_L‘t normal ordering :

K

~~

e

1.5

1

0.25— l T i — \
021 / The tight bound set by
excluded i Planck exp.
=0.15F N Yym; <012 eV
'2' PlanckTT+lowP-+lensing+ext :_ - Planck, arXiv:1807.06209
W 0.1+ !
0.051 i \ around experimental
T 30 bound
0 42 44 46 48 50 52
623 [°]

U(l)Lu—LT inverted ordering
UMLe-1, U(D)L,-L,

. P
| - | |

42

|
46
623 [°]

44 48 50 52

:|- Incorrect mass orderings, no real écp solutions



Neutrino phenomenology : case (i)

U(l)Lu_L‘t normal ordering :

u > u
0.2 — n.d > dp
d— u
W > e
0.15f . V. _
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Neutrino phenomenology : cases (ii), (i)

U, -1, normal ordering with U(1)LM_LT(CI>1) =41

0.25 T | | L

02/ ] The tight bound set by
| - Planck exp.

< 0.15F o >ym; <012 eV

0.0} S U(1)L,-1, Models with an extra

L. . i | scalar doublet are excluded
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Update of the results for case (i)

 The latest result of NuFIT
NuFIT 4.1 released in 2019

 Adopting different constraint on };; m;
degenerate m;s are assumed in the Planck results

 From a new analysis,
Yim; < 0.121 eV (degenerate)
Y.im; < 0.146 eV (normal)ff We need this one.

2.im; <0.172 eV (inverted)  5xiv:1907.12598 [astro-ph.CO]
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Majorana phase
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