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Introduction

* Light neutrino mass — adding RH neutrinos

Seesaw mechanism

MV — —MD MR_ 1Mg Phys. Lett. B67 (1977) 421-428

Conf. Proc. C7902131 (1979) 95-99

mass terms tightly restricted by the U(1),__; 5 symmetry

*x 0 0 *x 0 O\N/ O O\/x 0 O
0 0 =]=10 = 0f(0O O *=]{0 = O block-diagonal
0O = 0 0O 0 =/ \0 x 0/ \0 O =

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



Introduction

» Spontaneous breaking of U(l)La_LB symmetry

introducing additional scalar fields

% 3 3 E 3 %
M;l ~ (* 0 *) or MV = (O 0 *)
*x % [0

X * *

-

Two-zero conditions lead to strong predictive power!
>im;,0,a,,as, ...



Minimal models

Model 1 : SM + 3 RH neutrinos + 1 scalar singlet
Model 2 : SM + 3 RH neutrinos + 1 scalar doublet



Model 1

« Setup AL =—yeemLH — y G L, H — yori L HY
SM —~ANE(Le - H) = \,N&(L, - H) — \,NE(L, - H)
- 1
3 RH neutrinos = 5 MeeNENE = My NpN7 = Ay NN, = Aer0" NENE + e
scalar singlet o v e
» Charge assignment Lhits = = (e v)Mp | Ni| = 5 (NG NG N My | N |+ e
N¢ N¢
A 0 O Mee  Aeplo) Aer(o)
L, eg, N, 0 Mp = % 0 A, O Mg = | Aeplo) 0 M,,
L[,U KR, Nﬂ +1 0 0 A )\er<0'> M, 0
LT! TR N‘r '1 eq . Ye 0 0
o 1 £ = —(er, pr. )M | 1§ | +hec. M, = 7 0 y, O

TR 0 0 vy,



Model 2

« Setup
SM
3 RH neutrinos

scalar doublet ®,

U(l)LH—LT(Cbl) = +1

U(l)LH—LT(Cbl) = -1

)

AL =— yeeﬁaLeq); - yu:“i%LM(D; - yTszLT(D; - y/wei%Luq)J{ - yeTT}che(I)I

Mp =

— ANE(Le - B2) — A NE(Ly, - @) — A NE(L, - @)

1
= AreNE(Ly - ®1) = AuNj(Le - @1) = S M NENE = My NN + e,

1 )\ev2 )\e,uvl 0 Mee 0 0 1 YeU2 0 Yer1
E 0 Atz 0 Mr=1 0 0 M, | M= E Yuer Yuv2 0
Aol 0 A Vs 0 M, 0 0 0 Yr Vs

AL = — yoeSLe®) — y pus L, ®) — v 7o L ®) — yr o€ Ly ® — Yo, i Lo®!

Mp =

— ANE(Le - B2) = NNE(Ly, - Ba) — A, NE(Ly - By)
C C 1 C C C C
= NueVE(Ly - ®1) = Aer NE(Le - ®1) = S Mo NENE = My NpN5 o+ he,

0 YeV2  Yeult 0
75 | Mwerr M 0| Me=| 0 M, | Me=T5 1 0 w0

Aels 0 Aervn M. 0O
0
0 0 A Us 0 MMT 0 Yrelt 0 Yrv2



LFV process in Model 2

2 2 9 2
N gZ/mT m _ mZ/ e
/F(T —eZ') = 198 sin” 20, (2 + le) (1 2 )
me 0 0 —
sin26;, =0 M,=U;|l 0 m, 0 |U}
/ 0 0 m, Z'
6; ~0orm/2 0 0 1 0O 0 O -1 0 0
C —~U,=(0 1 0| =) Q, ., =|0 1 0 ]->|0 1 0>=Q”_e
e.g. 1 0 O 0 0 -1 0O 0 O
m, below EW scale
U(DL,-L, P O D ot aove: 5

JHEP (2018) 2018: 94
PRL 113, 091801



Neutrino mass structure



Analysis of M,, : Model 1

solve

om? Am

TR s = v~ {_
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Analysis of M,, : Model 2 with v, , (@) = +1

| )\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] =
A2v3 Aep Arv102 AeAreV1V —
2Me2e 0 ng + 21\/[{381 ) Mv =10 *
2
M, = — 0 0 AuArvy * * *
oM,
)‘elL)‘TUlUQ + AeAreV1V2 )‘HATU% )\72.61)%
M. 9M,. 9M . 9M,.
/

Predictions of };;m;,8,a,, a5...
[UZU;MNSMgul-’I-MNSU[T]eM =0 i 2,13

[UZU;MNSMgUgMNSUZ]W =0

12



Input parameters

global-fitting group

NUFIT 4.0 (2018)

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax? = 9.3)

bfp £1o 30 range bfp £1o 30 range

sin? 012 0.310755%3 0.275 — 0.350 0.31075575 0.275 — 0.350
012/° 33.8210-78 31.61 — 36.27 33.8210-78 31.62 — 36.27
sin? 023 0.5827 5015 0.428 — 0.624 0.5821 0015 0.433 — 0.623
623 /° 49.7199 40.9 — 52.2 49.7192 41.2 — 52.1
sin? 613 0.0224079-090650.02044 — 0.02437 | 0.0226370:090%5  0.02067 — 0.02461
613/° 8.6170 13 8.22 — 8.98 8.6570 13 8.27 — 9.03
Scp/° 217139 135 — 366 280153 196 — 351

Am%l +0.21 +0.21
05 o2 7.3970-21 6.79 — 8.01 7.3970-21 6.79 — 8.01

Am%e

103 eV?

+2.5257 031

+2.431 — +2.622

—2.51277 551

—2.606 — —2.413




Neutrino phenomenology : Model 1

U(l)Lu—LT Normal ordering :

0.25— | . 2— —
0.2+ The tight bound set by -
Planck exp. 1.5
= 0.15 xim; <012 eV
2 |PlanckTTsowPensingext—""__ | > ) Planck, arXiv:1807.06209 = 1
e W
W 0.1
0.05- A -\ the region favored by
T experiments ; .
| [ | | e | | | | | I
0 42 44 46 48 50 52 0 42 44 46 48 50 52

623 [°] 623 [°]
U(l)L,,L—LT Inverted ordering

. Incorrect mass ordering, no real 6
U(l)Le—Luv U(]‘)Le—LT g CP



Neutrino phenomenology : Model 1

U(l)Lu—LT Normal ordering :

u > u
0.2 n.d > dp
d— u
W_ > e_
0.151 . vV "
The strongest bound set W- e > e
° - by KamLAND-Zen exp. d—o U
~ 0.1F —
5 (mggp) < 61~165mev N 1 d- > dp
e KamLAND—Zen PRL 117, 082503 (2016) u > u
0.05 ,
I' < G% X <m55> X |Mnucl‘2
0 | | | | | |

_ 2 1.2 .2 2 2 ias 2 i(a3—20) ‘
(mgs) = ‘ E (Upmns ) mi‘ = ’012013m1 T S12C13€° "My + 8736 ms
i
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Neutrino phenomenology : Model 2

U(1)p,-1, Normal ordering with U(1),,,— (®1) = +1:

0.25— | | —
02/ SR The tight bound set by
SR Planck exp.
= 0.15 SRR >ym; <012 eV
'% | _PlanckTT+lowP+lensing+ext _ _ A . 1: - _ S Planck, arXiv:1807.06209
N 0.f -
0.05- A all U(1),,-., models with two
A scalar doublets are excluded
0 ] | | | | |




Summary



Summary

* Minimal U(1),_-— models are analyzed in this work

* Only one survives experimental constraints

U(1)LM_LT extension with an extra scalar singlet

- Normal ordering
-2;m; = 0.12eV

- 0,3 =~ 52°

- (mgg) = 0.016 eV

* Minimal gauged U(1);__ models are driven into a corner



Leptogenesis



Leptogenesis

15
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Yap= B ~grx107l>0 2B 20
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o I3

_ T(Ny — HE) —T(Ny — H*2)

Gl= —

T(N; — HE) + T (N; — H*)

G = 0

20



Backup



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 process

1 x107° for my =10 MeV and gz =5 x 1074

7x 107 f , =100 MeV and gz = 1073
|Sin2¢9L|<{ X or my ev and gz

0 1 0

HL,R ~ (0 or 7T/2 0O O 1
U r =
1 0 O

)= o

(

0 0
0 1
0 0

me
‘ Symmetry group S;: M; = D3(g)| O

g =|geur ) gerulll

0

UL, -1,

U(

|

—L

U

|

—L

0 -1 0 0
0]>{0 1 0]=Q.
-1 0 0 0

0 0

m, 0 |D3(g)
0 m;

m, below EW scale

ruled out by experiments
JHEP (2018) 2018: 53

JHEP (2018) 2018: 94

PRL 113, 091801
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LFV decay [ 0 0 cosfpr 0 e sindy g

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

0 0 m, —e%sinfLr 0 cosOLr

tanfnr  m,

_ 0 T T I 71 o
Ly = gzlf '}/'u |:ULQ/L—TULPL + URQM—TURPR:| 14 ZM tand, = -

0 0 O
Qur-=101 0 [Yervi| = ) B
uw—T 0 O 1 eT \/(mg + mg) + (mg — mg) COS 2(9L

2 2

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

32T m,

BR(t™ — e ptp™) < 2.7x 1078 BR(T — ey) <3.3x 1078
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

2,12 /o i

/ vy Y119 Y339 \
i 0 o (i + )

1 ’U2y’ y/ 1
M, | =3 0 0 Lot 2 | vroa(
vyvg (Ui 4 Yisdiz) V3Y52Y33 V395
LV2\ "y Mas Mas M1 / \

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
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Basic |dea of the analysis




Analysis of M,

Scalar-doublet case




Analysis of M,, : Model 2 with v, , (@) = -1

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



Mass ordering

Normal

-V,

-Vp

-VT

Inverted

2
M3 - I —

m

—_—

o

m2
1 1

atmospheric
~2x1073eV?

E solar~7x10™3¢V?2

solar~7x103¢V?2

atmospheric
~2x1073eV?

—

2
-,

2
__ITII

m -
—_— 3
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Majorana phase
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