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1, Introduction

Extension of SM gauge sector by lepton flavor symmetry
SU(3)- x SU(2), x U(1)y x U(1)

@ Anomaly in flavor physics

Ex) B — K*u 1~ anomaly

@ Dark matter

- >MV< -
DM SM
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1’ I nt rOd U CtiO n T. Araki, J. Heeck, and J. Kubo (2012)

U(1) gauge symmetry and neutrino mass matrix

U(1)r,—1, gauge symmetry

‘ Majorana mass

0]0
(0 0 ) strong constraints

0 0

‘ Light neutrino mass
~ —MpMp' M

AC -0 )

U(1)L, -1, gauge symmetry ‘ Spontaneously breaking
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1’ I nt rOd U CtiO n T. Araki, J. Heeck, and J. Kubo (2012)

U(1) gauge symmetry and neutrino mass matrix

SM singlet scalar o breaks

7U(1)Lﬁmsymmetm
‘ Majorana mass
0 strong constraints
0

SM singlet scalar o breaks ‘ Mass matrix has strong constraint

the U(1)ys symmetry even if the U(1),s symmetry was broken
Two zero minor structure is especially interesting !




Abstract of this talk

Extra U(1) gauge symmetry
SU(3) . X SU(2); x U(l)y X U(1)

!

2 zero minor structure

‘ ‘ Dirac Yukawa couplings

neutrino mass CP phase r D.NC(L . H)
(0% (8
mi, Mo, M3 d, (g, QU3 -
Effective Majorana neutrino mass

Leptogenesis

<m[3[3 > as fuNCtions of 6, fys. f1. 5. Am? | S18N of baryon asymmetry
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2, Analysis of mass matrix

Minimal gauged U(1); _; model

Gauge sector Charge assignment
G=0Gsm xU(l)L,—L, field UD)r,-L,
Fields €L,R; Ve; Ne 0
SM ,UJL,RaV/uNu +1
+ 3 right-handed neutrinos TL.RsVr, N- —1
: Ney, N, N, o +1
+ 1 singlet scalar : o others 0
Lagrangian
AL = —ANE(Le-H) = A\,NS(L, - H) — A\, NE(L, - H)
_% MoNENE — Mz NENE ~Aeuo NENE — Aera® NENE + hec.
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2, Analysis of mass matrix

U(l)LM_LT gauge symmetry and neutrino mass matrix
Mass matrices
"Dirac mass *Majorana mass
" e 0 O
MD — E 0 /\u 0 Mee )\e 0> /\67' <0>
0 0 /\‘r MR = /\eu <0'> M =
* charged lepton mass Aer (0) M, rﬁl
Ye 0 0
v
Mi=—72| 0 y O (u,u) and (z,7) components
V2 0 0 .
! vanish

Both are diagonal
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2, Analysis of mass matrix

Two zero minor conditions

The mass matrix can be diagonalized
by PMNS matrix

MI/L — _MDM_RlMg UgMNSMVLUPMNS - dia‘g(mlamZam3)

> M= —(MPHYT MM DM = Upynsdiag(my ' my ' ma )Uby v d

Seesaw mechanism

—10
C12C13 $12€13 size” " 1
U = — — i _ i6 i32
PMNS = S12C23 — C12523513€ C12C23 — S12523513€ 523C13 €
5 i5
( 812893 — C12C23S513€" —C12823 — $12C23513€"°  C23C13
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2, Analysis of mass matrix

Two zero minor conditions

The mass matrix can be diagonalized
by PMNS matrix

Seesaw mechanism

MI/L — _MDM_RlMg UgMNSMVLUPMNS - dia‘g(mlamZam3)
# M, =—(Mp )TM .MD # M; = UPMNSdlag(ml y T 1,m3 UEMNS]
UPMNSdiag(ml l,mz 1,m3 )UIZMNS — _(MBI)TMRMBI
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2, Analysis of mass matrix

Two zero minor conditions

(u, n) and (7, 7) components on the both sides vanish

T S =

(LHS) = (RHS) = [ = [0] x

. [0]

Two zero minor conditions

)-)

* * ¥
*x O ¥
O * ¥

Upnnsdiag(my*,my",mz YUpyns = - ( * ) (
%
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2, Analysis of mass matrix

° ° ] & V
Two zero minor conditions |, (et e s ot V(o
PMNS = | s e 2n )07 e
1 1 . 1 .
2 2 12 2 1oy
— V2 + —V23e? 4 —VZ%e =0
my mao ms
1 1 . 1 .
2 2 2 2
— Vo + —V5he™ + — Ve =
mi mao ms

Point

Neither the U(1), _, breaking singlet VEV {(ag) nor
Majorana masses appear in these conditions explicitly

This analvsis has little dependence
on the U(1); _; —symmetry breaking scale
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2, Analysis of mass matrix

Analysis of two zero minor conditions

Two zero minor conditions include the CP phases (8, a,, a3) and the
neutrino mass (mq)

my, 0, ag, a3 = f(012, 013,023, 6m*, Am?)

4 Mixing angle \ /Squared mass diﬁé]h

. m?
1 0 0 COSO];; 0 Sillgl;g(’_m A -V,
UPMNS = 0 COS 923 sin 923 0 1 0  — vll
0 —sin 023 CcOS 023 — sin 0]3("0 0 CcOS 0]3 Normal -V, Inverted
costhy sinf2 0 ms2 ] Am?dm? = AmZ,,
X —sinfyy cosfyp 0 solar~7x10~5e V2 :
4m,?
0 0 1 atmospheric : 1
3 ~2x1073eV2 , Am? = Am?,,, — =Am2,
atmospheric avm 2 80
~2x1073eV?

Iﬂz
-

J=1 m %L
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2, Analysis of mass matrix

Analysis of two zero minor conditions

Two zero minor conditions include the CP phases (8, a,, a3) and the

neutrino mass (mq)
2 2
m1,0, s, a3 = f(012,013,023,0m=, Am~)

complex egs : more than three complex eqs: zero or one
= generally no solution = fewer predictions

‘ Two zero minor structure is interesting !
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2, Analysis of mass matrix

Summary so far

Two zero minor conditions

X Xk X

: — — — —I\T _

Upunsdiag(mi',my ', mz YUppyns = * @ x_ |=—-MpH) MpMp'
]

neutrino mass CP phase Effective Majorana neutrino mass

my,ma,Mms3 5, a9, (3 <m,3,3>
as functions of 6,5, 65, 615, dm?, Am?

ma, 0, ao, a3 = f(012, 013, 023, 0m>, Am?>)
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Abstract of this talk

Extra U(1) gauge symmetry
SUB3)s x SU(2), x U(1)y x U(1)

1 zero minor l 3 zero minor 4 zerominor e e e

2 zero minor structure

‘ ‘ Dirac Yukawa couplings

neutrino mass CP phase r D.NC(L . H)
(0% (8%
mi, Mo, M3 d, (g, QU3 “
Effective Majorana neutrino mass

Leptogenesis

<mﬁﬁ> as fuNCtions of 6, fys. f1. 5. Am? | S18N of baryon asymmetry
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3, Predictions for neutrino parameters

U(l),,_1. a) Dirac CP phases

faz [°]

dark (light) red band
. uncertainty coming from the 1@ (20)
errors in the parameters 6,5, 0,5, 6m?,

and Am?

dark (light) green band
. 1o (20) favored region of §
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3, Predictions for neutrino parameters

U(l)LM_LT b) Neutrino masses and sum of them

" Planck experiment

0.15 - | ] 0.5 | vai < 0.23eV
Quasi-Degenerate 7 (Planck TT+lowP+lensing+ext)
Normal Ordering | - 0.4
— =
S i
> D 0.3
- S (Cenc TTrowbonsngiet N P
< S 02 b -
—0.05 N
my — 0.1 .
mo =======<
oas: QRN
o | | | | | 0 | | | | |
39 40 41 42 43 39 40 41 49 43
Bas [°] Oas [°]
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3, Predictions for neutrino parameters

U(l)L“_LT c) Effective Majorana neutrino mass

015 | 7\ 7\
4 4ip
n.d > i
\ \d/’ - ]‘/-\L/\‘ \ EJ/I
W- /\"e €
; 0 ]. B ’d Wf\f\f\) ) \e
q) / i ' /u\
— nid: > dip
“a KamLAND-Zen 4" : Y
A Sttt trleeiietietteieiuiindeieiet 5 it ey Ov _ Ov Ov |2 2
=005 = (T1/2) =G |M | (mpp)
uncertainty of the nuclear matrix

136

element for *7 Xe
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4, Implications for leptogenesis

Sign of baryon asymmetry thermal

Decay of right-handed neutrino N; | \

Asymmetry parameter

11 (/e 21 (M
€1 > o (S\S\T) _z: Im {(/\/\T)lj} f <—12>
|

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis



4, Implications for leptogenesis

Sign of baryon asymmetry

The mass matrix can be diagonalized
by PMNS matrix

Seesaw mechanism

M,/L = —MDMﬁlMg UbyinsMu, Upnns = diag(my, ma, m3)
# M, =—(Mp )TMRMD :> .M,f = UPMNSdlag(ml , Mo, 1,m3 UI’EMNS]
. T
Mpr = —MpUpnnsdiag(my, ms, m3)UppyingM D

function of neutrino oscillation parameters 6,5, 655, 013, 6m?, Am?

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018 19



4, Implications for leptogenesis

Sign of baryon asymmetry

Majorana mass M g is a function of
the neutrino Yukawa couplings

MD — diag()\e, )\“, )\T)

Mp = —M pUpynsdiag(my, ma, m3)UpyinsM D

function of neutrino oscillation parameters 6,5, 655, 013, 6m?, Am?
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4, Implications for leptogenesis

Sign of baryon asymmetry

Yukawa couplings R
diag(Ae, A\yy Ar) = Adiag(cos €, sin @ cos ¢, sin 6 sin ¢) L

= \n

Asymmetry parameter
1 A2 2 M?
~ oat 3
€1 = o G Z Im [{(nn )1j} 1 f (M%)

Sign of the asymmetry parameter
depends on (8, ¢)
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4, Implications for leptogenesis

Baryon asymmetry and asymmetry parameter

Relation between baryon and lepton generated
ng/s 28

—— <0
nr/s 79

Observed baryon asymmetry of the universe

Yag =B ~87x10"1 >0

S

Sign of asymmetry parameter is negative
€1 <0

Kento Asai, Univ. of Tokyo

The minimal gauged U(1)ys model and leptogenesis




4, Implications for leptogenesis

U, 1,

a) Sign of asymmetry parameter

A
2

* Contours show the right handed
neutrino mass ratio M, /M,

____________ “\VAsymmetry parameter €; can be negative
< 0) when some of the right handed

o &3t
SE

Kento Asai, Univ. of Tokyo

The minimal gauged U(1)ys model and leptogenesis
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4, Implications for leptogenesis

Ul), 1 b) Scale of asymmetry parameter
2 i
2x107° :
i 1x107° 2
@ 2 0

“1x107°
—_2x107°

Baryon asymmetry is enough large for M, ~ My ~ M3 g

0 (U
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5, Other U(1) gauge symmetries
X §/m Yimg [eV]  (mgg) [eV]

2 0.15F ; ; .
0.4+ i ‘
1.5
. 0.35-
K > |
s T | 1 e | ‘
B o Le o 3Lu + LT : : W 0.25+ PIanckTT+IowP j i
0.5 | +lensing+ext
0 \ \ i | \ |
40 41 42 43 44
623 [°]
2 0.12
0.1
1.5¢
;0.08
8 1 2. 0.06
W 0.04/
0.02- |
o:! L ‘ ‘ ‘ ok \ l ! | ou ! \ ! l
39 40 41 42 43 39 40 41 42 43 39 40 41 42 43
023 [°] ) [o] 923 [ ]
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5, Other U(1) gauge symmetries

X

o/

(mgap) [eV]

B+L.—3L,

B+L.—L,

— L,

— 3L,

Kento Asai, Univ. of Tokyo

o/t

2 ‘
1.5

40 44 48 52

623 [°]

L | | |
39 40 41 42 43
023 [°]

>im; [eV]
0.072——————1
0069 |
S R
q) | ‘ ‘ |
—0.066- -
e Co
W L
0.063- 7
[ [ | | |
0.06 40 42 44 46 48 50
623 [°]
0.08
0.06-
>
()
- 0.04
e
N
0.02+-
ol 1\ | o |
39 40 41 42 43
623 [°]

0
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5, Other U(1) gauge symmetries

T S S
2 2 2 F ——————————————————————————————
T e= =/\r T X/\3=AH=/\ T
m _— L ________ _ et e N RS ! —_ R R | | _ —_—t e
Sign 4 T o
g ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, st Y X /o n
11 . 10 2.0| 15| 13 1.1 E1<O
% I3 LS % T b % T s
4 2 4 2 4 2
¢ ¢ ()
5 5 T
3x1075t . 3x1075+ . 3x107°+ . 3x107°
2x1075t . 2x107°F  tane=t J 2x107°H . 2x107°
-5[ i -5 0. i -5
NS 1x10 oD — NS 1x107%H]/tano=05 NS 1x10
LF 0 LF 0 g 0
Sca Ie -1x1o-5—\/ f . -1x107°F 1 -1x107°
tan8=1 tan6=15 tan6=15
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6, Conclusions

@ 5 U(1) gauge symmetries satisfy two zero minor condition and

consistent with the neutrino oscillation data.

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018 28



6, Conclusions

@ 5 U(1) gauge symmetries satisfy two zero minor condition and

consistent with the neutrino oscillation data.

@ By analyzing two zero minor condition, we found the prediction,
which is independent of the U(1) breaking scale, for the CP phases,
the neutrino masses, and the effective Majorana neutrino mass.
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consistent with the neutrino oscillation data.

@ By analyzing two zero minor condition, we found the prediction,
which is independent of the U(1) breaking scale, for the CP phases,
the neutrino masses, and the effective Majorana neutrino mass.

@ We found that, for all five U(1) symmetries, the correct sign of the baryon
asymmetry can be obtain, and it is possible that enough large baryon
asymmetry can be obtain.
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1, Introduction

U(1) gauge symmetry and neutrino mass matrix

U(l)yeLe—{—yuLM—(ye—i—yu)LT U(l)B—:ceLe—qu“—(S—xe—a}“)LT

[ 0]0
0 0 B-L.,—3L,—L. [0[0]0
Le—L, 00 \" [0]0
00 (0] |o
B—L.+L,—3L, 00
0lo0 \ 0|00

3 00
Lp—Lr [ 0]0 B+L.—3L,~L, |0][0]0
0 0 010
0| |o
0]0 B+L,—L, 3L, 00
Lo— L, 0 0 0/0f0

00 and eight others
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1, Introduction

U(1) gauge symmetry and neutrino mass matrix

0

U(l)yeLe—i—yuL”—(ye—i—yu)LT U(l)B—xeLe—x“L“—(S—xe—x“)LT

0 B—Le—3L,,+LT( )

Le— L, ( 0 ) 0

[+70)

L,— L, ( 0 ) B+Le—3L,,—L,( 0)
0 0

(L

B—Le+LM—3LT
0 0)

0 B+L.—-L,-3L,
L.— L, :
0 and eight others

e

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



2, Analysis of mass matrix

Minimal gauged U(1); _; model
Charge assignment |

field [N, N, N,

Ul)p, . | 0 +a —a

o] 1
U(1)p,, 1. charge of N5 Lg

+1 —1
—a+1 —a-1
+a+1 +a-—-1

Only(e, e) component in M, can be non-zero

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



2, Analysis of mass matrix

Analysis of two zero minor conditions

Two zero minor conditions

1 1 ; 1 .
V2 + V2 eux2 V2 eutg =0
{ my M omg M2 i mg M3

1 1 : 1 :
_V2 _V2 eza2 _V2 eles —
ma Tl + mo T2 + ms 73

= e = Z2Ry(9), € = T2 Ry(9)

mq mi

ma 1 ms 1
; my  |[Re(8)]” my  |R3(6)|

Ratio

Q#H’

0

SORSy

Neutrino mass ratios can be obtain as functions

of the Dirac CP phase

Kento Asai, Univ. of Tokyo

The minimal gauged U(1)ys model and leptogenesis

PPAP, 8/3/2018




2, Analysis of mass matrix

Analysis of two zero minor conditions

Sm?2 = m? _
—> o (|R2<5>| 1)
om? 5 1 2 2
- ( ) my = f(9127923791375m ,Am )
om?
:> [Rs(8)| (1 = [R2(9)]) — €| B2(O)| (1= [Rs(B)) =0, €= 757 < |

m— (612,023, 613, ¢

Dirac CP phase and neutrino masses can be obtain
ento sl UniIER functuions of the neutrino oscillation parameters




2, Analysis of mass matrix

Quantum corrections to neutrino mass matrix

U(l)LH_LT symmetry breaking scale >> electroweak scale

Large quantum corrections break two zero minor structure
of M, ?

Result

The two-zero minor neutrino-mass structure in our model
IS robust against quantum corrections

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



2, Analysis of mass matrix

Quantum corrections to neutrino mass matrix

The right-handed neutrinos are integrated out to give
the following dimension-five effective operator:

1
Ceff — §ﬁ(La . H)(LB . H) +hC
% X X
Caﬁ — x 0 %
x % 0

@ right-handed neutrino mass scale

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



2, Analysis of mass matrix

Quantum corrections to neutrino mass matrix

The right-handed neutrinos are integrated out to give

the following dimension-five effective operator:

1
Lefr = 5 ap(La - H)(Lg - H) 4 h.c.
The renormalization group equation of the Wilson coefficient C,z

at one-loop level is
dC 3
H—F— = 5
d 327

K
ty \T 1] 4
(V1Y) " O+ O(YIYe)] + 1250

with
K = —3¢2 +2Tx (3Y]Y, +3Y] Y, + Y]V, ) +2A

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



2, Analysis of mass matrix

Quantum corrections to neutrino mass matrix

Higgs quartic coupling

1
EQuart — _5/\(HTH)2

SU(2), up-type, down-type, and charged-lepton
gauge coupling Yukawa matrices

K = —3¢2 +2Tx (3Y]Y, +3Y] Y, + Y]V, ) +2A

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



2, Analysis of mass matrix

Quantum corrections to neutrino mass matrix

dC 3
_ ty \T f |
i 393 (YY) C+C(YYe)] 16”2(1

K = =363 +2Tr (3Y,[Y, + 3V, + Ye’fye) +2)

K

Y. : diagonal
C(t) = Ik(OTOCOITE) % 713 disgonal
where _—
t = In (,u/,ug) [o : initial scale
t t
Ik (t) = exp ! K(tdt'|, IZ(t) =exp |— 5 YIY, (t")dt']

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



2, Analysis of mass matrix

Quantum corrections to neutrino mass matrix

K

dC 3
AT ty \T f .
e 3973 (YY) C+C(YYe)] 167T20

K = =363 +2Tr (3Y,[Y, + 3V, + YJYe) +2)

C(t) = Ik (t)Z(t)C(0)Z(1)

Clo=Ccl(0)=0= C }t)=C}t) =

TT TT

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



3, Predictions for neutrino parameters

Neutrino oscillation parameters

a) Normal Ordering (NO) F. Capozzi, et al. [2017]

Parameter Best fit lo range 20 range

om?/10=%eV*® 737 721 -754  7.07—7.73
Am?/1073eV® 2525  2.495 — 2.567 2.454 — 2.606
sin® 015/1071 297 281 —3.14  2.65—3.34
sin®fy3/1071  4.25 410 —4.46  3.95—4.70
sin®6,3/107Y  2.15 2.08—222 199 —2.31

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



3, Predictions for neutrino parameters

Neutrino oscillation parameters

b) Inverted Ordering (IO) F. Capozzi, et al. [2017]
Parameter Best fit lo range 20 range
om?/10=°eV*  7.37 7.21 — 7.54 7.07 —7.73
Am?/1073eV?  2.505 2.473 — 2.539 2.430 — 2.582
sin® f15/1071  2.97 2.81 — 3.14 2.65 — 3.34
sin® g3 /1071 5.89  4.17 —4.48® 5.67 — 6.05 3.99 — 4.83® 5.33 — 6.21
sin® f13/1072  2.16 2.07 — 2.24 1.98 — 2.33

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



3, Predictions for neutrino parameters

U(1)y symmetry and two zero minor structure

Five U(1) symmetries have two zero minor structure and consistent
with neutrino oscillation data

X Mpr  Mass Ordering
B—L9+L,4_3L‘r:
L,-L, 0 ) NO
0 B+L.-3L,—L, :
0
B—Le 3L,1,+LT 0 O ? IO B+ L.—L, —3L .

Kento Asai, Univ. of Tokyo The minimal gauged U(1),+ model and leptogenesis PPAP, 8/3/2018



3, Predictions for neutrino parameters
U(l)p,—r. z)Mass ordering

10 | | |

mg/ml

0.02 I I I [ [ I
m3/m1 """

8 — .
0.01L T Normal Orderll?g |
J§ Inverted Ordering
6 | |

= L, 0
oC 4 L B Né-
o0t ﬁ\
) -
. ! \%I;;W -0.02—1—L—L— Not physical
623 [°]
Mass : not physical |0 : excluded, NO : OK
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3, Predictions for neutrino parameters

a) Mass Ordering
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3, Predictions for neutrino parameters

U(I)B—Le—kLu—SLT b) Dirac CP phase
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3, Predictions for neutrino parameters
U(l)B_L6+Lu_3LT b) Dirac CP phase
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3, Predictions for neutrino parameters

U(l)B—Le+Lu—3LT c) Neutrino masses and sum of them
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3, Predictions for neutrino parameters

U(l)B—Le+L“—3LT d) Effective Majorana neutrino mass
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3, Predictions for neutrino parameters
U(),,—r. b) Dirac CP phases
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3, Predictions for neutrino parameters

c) Neutrino masses and sum of them
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3, Predictions for neutrino parameters

U(l)Lu_LT d) Effective Majorana neutrino mass
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4, Implications for leptogenesis

U(l)B—Le+LM—3LT a) Sign of asymmetry parameter

t
2

* €1 < 0 can be obtain in large region

" €1 can be negative even if the right handed
neutrinos are not degenerate in mass
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4, Implications for leptogenesis

U(l)B—Le+L,,,—3LT 0) Scale of asymmetry parameter

LS
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tan6=15

Even in regions where Ny masses are not degenerate,
enough large €; can be obtain
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