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<> [ 1. Motivation

Quarks and leptons (SM particles) have the generation structure.

Quarks and leptons have mass differences and a flavor mixing.

Especially leptons have a large flavor mixing.

It can’t be explained in SM.
Then we need new physics beyond the SM.

Altareli and Feruglio impose discrete symmetry(flavor symmetry)
among generations. G. Altarelli and F. Feruglio, Nucl. Phys. B741 (2006), 215-235.

|In this study, we choose A, symmetry as flavor symmetry.l

|In addition, we suppose three Higgs doublets model(SHDM). |

In general, the SM has one Higgs doublet.
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We built new flavor model
and perform the analysis.




@ [ 2. A,symmetry ]

A, symmetry . Fourth order alternating group, | Smallest group containing triplet |

Algebraic relation : S?2 = (ST)3 =T3=1 (S, T . generators)

T
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Extend SM Higgs doublet to 3 (12 real scalar fields) Potential minimum conditions

(e, (97 . _ (9%
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ov
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1%
Higgs Potential in 3HDM under SU(2), QU (1)y <6¢ )
3 3 2/ p1=(p1).P2=(d2).P3=(3)

V== mg(sfe) t5 Y Aga(fe) (ei0)

(5%,
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‘v Spontaneous symmetry breaking

3 degrees of freedom are eaten by W and Z bosons.
=) ¢ is represented by the expansion of 9 (=12-3) real scalar fields

(ii) Two CP-odd scalar fields
(iii) Four charged scalar fields
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@ [ Higgs potential analysis ] Multiplication rule of A,
@y B1
SHDM+A,symmetry <Z§>3 = <§§>3
: . - 4 +_ + .t .t = (11 + 23 + a3f2)1
Consider ¢ as A, triplet : ¢ = (¢, P2, ¢3)s | P = b1, P35, P, D (azfs + a1z + axf1)y
1 0 o0 D (azB; + a1fs + azfi)y
) i 2 4 + )2 T = (0 a2 0) 2011 — azf3 — asf
Calculate Higgs potential V = —u2¢pTe + 1(pTo) 0 0 o @ | 2a3f3 — 12 — azfy
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<5> [ Vacuum structure ]

Potential

V=—u?pTe +(pTe)’
= —w?(|P11? + 121 + |P31?) + 21|d? + 2¢2¢3|2 + A, | % + 2¢3¢1|2 + 13|93 + 219,
+A4 “9’5% — ¢2¢3|2 + |¢% - ¢3¢1|2 + |¢32, — ¢1¢2|2]
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Potential minimum conditions
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Local vacuum expectation values (1; # 44,21, + 1, + 13 + 1, # 0)
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[ 4. Flavor model ]

= (L, l;, ;) R MR TR VR ¢ = (p1, 92, ¢3)
SU(2), 2 1 1 1 1 2
Ay 3 1 1" 1’ 3 3

SM gauge and A,invariant Lagrangian mass term « Ly = L; + Ly + Ly, + h.c.

(1) Mass terms of charged leptons : L; = y.lger + y,l¢ ug + y.loty

(2) Mass term of Dirac neutrino : Lp = ypldvg
(3) Mass term of right-handed Majorana neutrino : L,, = Mv§vg

\ 4

Calculate mass matrices of charged leptons and left-handed Majorana neutrino



<>

[ Calculation of mass matrices J

(1) Mass terms of charged leptons

L = + Yl g + y IR
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[ Calculation of mass matrices J

(2) Mass term of Dirac neutrino

Lp

= Yp MVR
L\ [
= |Yp lu R\ ¢3
L b2
t/ 3 3 3
Yps
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Mass matrix of Dirac neutrino
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<s> [ Calculation of mass matrices J

(3) Mass term of right-handed Majorana neutrino

LM = EMVI%VR . . ' .
Mass matrix of right-handed Majorana neutrino
Vs v
1 R1 R1 1 . L M 0 O
— E1\/[ 7S, | Q| Vk2 = EM(val + v5v3 + v§v2) » Mp=10 0 M
Vi3 VR3/ 3 0 M O

Calculate mass matrix of left-handed Majorana neutrino by using type-I seesaw mechanism

_1ast Minkowski ’77; Gell-Mann, Ramond, Slansky, Yanagida; Glashow; Mohapatra, Senjanovic 79
m, = —MpMp "M

—4y}s(2vF + v,v3) + 9YBav,V3 4yps(2yps — 3¥pa)vi + (4vhs — 24ypsYpa — 9¥ba)viv2  4Yps(2yps + 3ypa)vi + (4yhs + 24Ypsypa — 9YBa)v1v3
18M 36M 36M
— 4yps(2yps — 3Ypa)v5 + (4yhs — 24ypsypa — Yha) V1 V2 —(2yps — 3¥pa)®vi + 8yps(2yps + 3ypa)v1vs —4y}s (v + 5v,v3) + 9yB4(vE + v,13)
36M 36M 36M
4yps(2yps + 3Ypa)v5 + (4yhs + 24ypsypa — 9Yha) V1 V3 —4y}s (v +5v,v3) + 9yB4(vZ + v,13) 8Yps(2Yps — 3Ypa)v1v, — 9(2yps — 3ypa)*v3

36M 36M 36M



[ Calculation of Yukawa couplings J

2
@Calculate |y, [y, ly:|?

Mass matrix of charged leptons VEV
YeV1 YuV2 YiVU3 (2 117 CO?ﬁ
Denote he = [yel? hy = |y he = Iyl My =|YeVs YuV1 YiV2 <v2> = | Zvsiné
YeV2 YuV3z YV R Vs %vsinﬁ

h,v?cos?(B) +%(hu + hy)v2sin?(B) _\/_17 (he + hy)v2cos(B)sin(B) + %h,vzsin2 (B) _\/_17 (he + hy)v?cos(B)sin(B) + %huvzsin2 (B)
MlMlT = —i(h + h, )v?cos(B)sin(B) + 1h Lv2sin?(pB) h,v?cos?(B) + 1(h + hr)vzsinz(ﬁ) _\/_1§ (hy + hy)v?cos(B)sin(B) +%hevzsin2(ﬂ)

1
\/_(h + h)v?cos(B)sin(B) + = h v?sin?(B) ——(h + hy)vicos(B)sin(B) + = h v2sin?(B) h,v?cos?(B) +§(he + hy,)v?sin?(B)

Diagonalize M;M; with unitary matrix Vv, Solve the eigenvalues equation

m?2 ( Tr(MM]) = m2 +mZ +m?
viM,mMty, = m2 »
l : : m? { det (MIMT) mgmgmz
m, = 0.51099 MeV [T (MIMIT)] — Tr (MM MM]) = 2(mZm? + mZm2 + m2mZ)
m, = 105.658 MeV

m, = 1776.86 MeV We get h

— 2
e — |)’e|
https://pdg.1bl.gov

= |Yu|2:hr = |)’T|2



@ [ Calculation of physical quantity ]

@Calculate unitary matrix V,

Substitute the obtained [y,|2, [.|", [y;|? into M, =)  Calculate unitary matrix V,

®Consider the same for neutrinos and find the unitary matrix V, that diagonalizes m,m?

@Calculate Upyns = VITVV which parameterized by mixing angles 6,,, 653,03

C12€13 ' $12C13 _
@Calculate 6CP Upmns = | —S12€23 — C12513523i;5“’ C12C23 — 5125135233“:;”
S12523 — €12513C23€ °F  —C12523 — 512513C23€ "CF
JarISkOg invariant . ]CP = Im I:UalUﬁ*lU;i’]Uﬁ]] = Im[UelU‘ZlU;Zuuz] = 512C12523C23513C123Sin66'p
* *

. Im|Ueq U1 U, U

% Sindcp = >

$12€12523€23513C13

d 2 _ 2 2 2 2 2 ST2553 + cf2513¢53 — |Upq|?
and  |Urq|* = s12553 + €12513C53 — 2512523C12513C23C088¢p - coSOcp =

2512523€12513C23
Calculate 6.p from sind.p and cosd.p

s1ze~"0cP

C13523
C13C23

®Calculate effective mass m,, in neutrinoless double beta (0vBf3) decay experiment and Majorana phases 1,1,

|



(@MUse the data from PDG(2021) and NuFIT 5.1.

[e]

Numeric calculation

1
J=3

Mass m = (548.579909070 + 0.000000016) x 106y
Mass m = 0.5109989461 + 0.0000000031 MeV

(m — m__|/m< 8x107% CL=090%
Qe+ + G|/ < 4x 1078
Magnetic moment anomaly

(g—2)/2 = (1159.65218091 + 0.00000026) x 10~°
(8e+ — 8e-) / Baverage = (—0.5 £ 2.1) x 1012
Electric dipole moment d < 0.11 x 10728 ecm, CL = 90%
Mean life 7 > 6.6 x 1028 yr, CL = 90% (]

H =3
Mass m = 0.1134289257 + 0.0000000025 u
Mass m = 105.6583745 £ 0.0000024 MeV
— 1

Mass m = 1776.86 + 0.12 MeV

https://pdg.1bl.gov

with SK atmospheric data

Normal Ordering (best fit)

Inverted Ordering (Ax? = 7.0)

bfp +1o
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bfp +1a
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o A=+0.77
33457075

AEn+0.019
0.450%4016
49 1+1.1
42175

0.0224619:00062
a+0.12
8.627013
. 36
230738

1n+0.2
7.42 } (J.2fll

=1 H0.027
+2.5102 5 027

0.269 — 0.343
31.27 — 35.87

0.408 — 0.603
39.7 = 50.9

0.02060 — 0.02435
8.25 — 8.98

144 — 350

6.82 — 8.04

+2.430 — +2.593

4+0.013
0.304Z5 15

ag 4=+0.78
33.457 o2

= +0.016
0.570 7y 922

19,042

541 +0.00074
0.022417 5 ggp62

0.14
8.61%513

mo+22

27875,
10+0.21
7.42 0.20

9 4 +0.026
—2.490 0.028

0.269 — 0.343
31.27 — 35.87

0.410 — 0.613
39.8 =+ 51.6

0.02055 — 0.02457
8.24 — 9.02

194 — 345

6.82 — 8.04

—2.574 — —2.410

®Take [ at

(p) =(v2 | =

VEV of

V1

U3

random

Higgs

vcosf

1
—vsin
7z snh

L
—vsinf

V2

http://www.nu-fit.org/
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@ [ 5. Result ]

Numerical result (1)

Prediction of 8-p and sin?6,5

150
100

50

6CP[° |

30 range from NuFit5.1.
-50}

-100

-150}

|
Strong prediction of &.p



[ Numerical result (2) ]

Prediction of the effective mass m,, of the
electron neutrino in the OvBpS decay experiment
and the lightest neutrino mass mj;gp,

Effective mass of electron neutrino

— 2 2 2
Mee = |m1Ue1 + mZUez + m3UeS

0.100 90% confidence level upper limit from
. the KamLAND-Zen

-y

10 ~0.0471[eV]

o
o
=
—_—
limit from cosmology

o* 0001  0.010
Might [€V]

Prediction of Majorana phases n,,n,

n=z[" 1

-150

-100

-50 0 5 100 150
ml’ |




@ [ 6. Conclusion ]

We consider A, symmetry as Flavor symmetry. v cos B
We consider Higgs field ¢ as A, triplet. e 8

— We perform Higgs potential analysis and obtain local VEV. (¢)=|+v2

—vsinf

‘ V2

We build new flavor model by using 3HDM and A, symmetry.
We calculate mass matrices of charged leptons and neutrinos under new flavor model.

Mass matrix of charged leptons  Mass matrix of left-handed Majorana neutrinos
YeV1 )’uvz YzVU3 ZU 1 1
_ 3 T3 T3’ 0 G M
Ml =|YeVs YuV1 DYiV2 mv = _MDMRlM?)- o 1 2 1 " Ypa 0 _ Ypa M, =
YeVa YuVs YV p=Yos| —3v2 F¥a —3u|tIma| T v n| Mgp=10
LR 1 1 2
V4

-,

—3V3 —3"1 3

3 3

¥

We perform numerical analysis and calculate d.p , effective mass m,, and Majorana phases ny, 7.
We obtain strong predictions of §.p and m,, (m,, =~ 0.0471[eV]).
—This flavor model is confirmed by neutrino experiments in near future.



[ Alternating group J

Alternating group . the set of even permutations of the symmetric group
B

symmetric group(permutation group) « set of n—dimensional permutation

even permutation : permutation expressed as a product of even number of transposition
H#



[ parameter J

SM  Yukawa coupling—3*3%2=18
Flavor structure Yukawa coupling—ve,v,, Vs, ¥ps, Ypa $pa— 6

Model parameter
Ye» Yu Yo, Yps» Ypa, Ppa, B
Physical quantity
Mme, My, Mg, Am%p Am%z» 012,023,013, 0cp, Mee, N1, 12
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