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Standard Model of Elementary Particles and Gravity

three generations of matter

<> [ 1. Motivation ]

Quarks and leptons (SM particles) have the generation structure. | : 0

mass =22 MeWfc® =1.28 GeWc= =173.1 GeWic®
charge % ¥ ¥

spin | % u ¥ C % t
Mass differences p= charm =
(Quantum numbers are same.)
5&3 d §’33 S 5&3 b
Especially, leptons have a larger flavor mixing than quarks. down | swange | botiom
PMNS matrix (notation of PDG) https://pdg.1bl.gov @ 1@ |- @
_ 5 electron muon tau
C12C13 S12€13 Syze” 'ocP —
Upmns = | —S12C23 — €12513523€"%CP  €15Co3 — S125135,3€0CP C13523 oD | e | ol
1 6 1 6 electron muon tau
$12523 — C12513€23€'°CP  —C1283 — S12513C23€' %P C13Co3 neusine || neutrino J| neutrino

mixing angle(leptons) 6;, =~ 33° 8,5 =~ 42°, 8,3 ~ 8.5° (Normal Order)

interactions / force carriers
(bosons)

1] =124.97 GeVic® 0
0 0 0
1 g 0 H 2 G

gluon higgs graviton

1]

0

b
photon

=91.189 GeWic*
1]

. &

Z boson

=80.39 GeW/c*
1

. W

W boson

https://www.wikiwand.com/

mixing angle(quarks) 8, =~ 0.22° 8,3 ~ 0.041°, 6,53 ~ 0.0037° . NuFIT 5.2.

The flavor structure can’t be explained in the SM.
The Yukawa coupling is free parameter. s
—Then we want to extend the SM and discuss flavor structure.

PDG 2022



@ [ Motivation ]

We suppose a symmetry among generations. — flavor symmetry

In previous work, Altareli and Feruglio made a flavor model(AF model).

G. Altarelli and F. Feruglio, Nucl. Phys. B741 (2006), 215-235.
AF model

« A, symmetry (flavor symmetry) (A, symmetry is one of the non-Abelian discrete symmetry.)

- the new particle called ‘flavon’ (flavon is assigned to gauge singlet and A, triplet.)

« SUSY to decide vacuum alignment — high energy theory

In our study, we make new flavor model by using three Higgs doublets model(3HDM) instead of flavon.
— low energy theory

We do the numerical calculations for mixing angles, CP phases and effective mass of the neutrinoless
\double beta(0v3p) decay experiment. )




<3> [ 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
x S
=1 /N
14 \’\l

Irreducible 1 : S=1, T
Representation 1 : §=1, T = o3 = o2 ‘
1": §s=1 T — e‘%” —w regular tetrahedron
/-1 2 2 1 0 0
3 5=z 2 -1 2 T=10 w? 0
2 2 -1 0 0 w

1'=1",1"®1"=1, '®1"=1,3R3=101 1" 3P 3,

X
a1 B1
<“2> Q| B2 | = (a1f1 +axfs + azfy)1 @ (azfs + aifz + azf1)y D (azf; + a3 + azfi)q
3

2011 — azf3 — azpf; azf3 — azfs
D | 2a3f3 — 1B, —azf1 | D | a1f2 — azp;
3 34

20,8, — a3 — azf azfB1 — a1 f3



< [ 3.3HDM |

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

(o7, _(#7) . _ (9%
¢1_<¢1)’¢2 <¢2>’¢3 (cb:?)

ov
91 =0
L 1=(d1),2=(2),p3=(b3)

av
Higgs Potential in 3SHDM under SU(2);,®U(1)y <£> =0
3 e 2/ 1=(1).b2=(2) P3=(¢3)

1
V=— Z mZ (ol ¢;) S z Aijia(B7 ;) (Dl 1)

(5%, -0
i,j=1 i,j,k,1=1 E b1=(P1),02=(P2),P3=(3)

‘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

pi mass eigenstates (i) Three CP-even scalar fields
¢; = ,1=1,2,3
) (iii) Four charged scalar fields

1 .
ﬁ(vi +pi + X




<5> [ Higgs potential analysis ] Multiplication rule of 4,

aq B1
3HDM+A,symmetry (gil © /’;2
3
: : . Tt = (a1, + a5 + a3f;)
Consider ¢ as A, triplet : ¢ = (¢4, P2, P3)» (‘I" = (¢1, 93, ¢2)) ® (@385 + sy + sy
¥ 1 0 0 D (azf2 + a1 + azfi)q
T 0 w2 0 20101 — ayB3 — azf;
0 0\ D | 2a3P3 — a1, — azp;
20,8, — 183 — azpy 35

¢, b1 azf3 — asf;
( ) <¢> = (8191 + @103+ 9102), {1612 + 16212 + 1651 ea<a1ﬂz—azﬁl>

oF b3 azfy — a1 3 .

Calculate Higgs potential V = —u?¢T¢ + /1(¢T¢)2

w

b1 b1 b, b1
(pT0)°|= <i> ®<z) ®<¢;> ®<¢§> = (P11 + 202¢3)10 (1 b1 + 201B1), + (P22 + 203011 ®(p1 b + 293 9]) ,
s Ps \gl/  \ef/,

P11 — P2 ¢1 b1 — P13
+(p3¢3 + 2¢1¢2)1,®(¢;r¢; + Z(I)I o + D3z — P10, ¢2 ¢2 ¢;r¢;r
¢2¢2 ¢3¢1 Tt

¢3 ¢3 ¢1 ¢2 3

=||p2 +42¢2¢3|2 + P2 + 23| + |2 + 2102 |°
51167 = dats|” + (63 — ps¢a|” + 0% - ¢10|]




<€> [ Vacuum structure ]

Potential

V=—u?pTe +(pTe)’
= —u12(|p1 12 + |92 1% + |d3|?) + A4 |7 + 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]

|2

Potential minimum conditions

(6[/ > =0, i=123
—_— 5 l 2T
L ¢1_<¢1)1¢2 <¢2>" 3 <i 3>

Local vacuum expectation values (A1; # 44,21, + 1, + A3+ 1, # 0)
(p1) =11 Rewrite VEV with
v and S

Ay+As—2, N \/{_2)‘% +2AZ+23—-(A1—-322) (A2 +23)—321 A4 Jv? +%(2/'ll +Ay+A3+A,) 12

<¢2> = _2/11+/12+/13+/14. e 2/11+Az+/13+l4 ‘ <¢> B

Ay tAg—A, \/{—zz{u%+/1§—(;11—3,14)(/12+;t3)—3/11;t4}v§+§(z/11+12+/13+a4)u2 v . Higgs VEV
v * ALt Ayt Aa s [ . free parameter

(9’53) - =

204+, +A5+1,




[ 4. Flavor model ]

[ = (l;, l;, l_T) €R HRr TR Vg = (v, v,v3) | ¢ = (¢1, 02, P3)
SU(2); 2 1 1 1 1 2
Ay 3 1 1" 1’ 3 3

SM gauge and A,invariant Lagrangian mass terms -

(1) Mass terms of charged leptons -

(2) Mass term of Dirac neutrino -

LY=Ll+LD+LM+h.C.

Ly = Yelper + yuld ug + yeldty
Lp = yplovg
(3) Mass term of right-handed Majorana neutrino

\ 4

LM — MV}%VR

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




[ Calculation of mass matrices J

Multiplication rule of A,

a; B1
(1) Mass terms of charged leptons <22> ® <g2>
373 3/4
- _ _ = (@141 + azf3 + azf)4
L =m+ [ + v lpt D (a3fs3 + a1, + azf1)y
l ¢ ¢ BEE ¢ . D (a2B; + a5 + a3,81)1ln
| | 2101 — ayf3 — asps
] D (2“3,33 — a1, — a2ﬁ1>
€ ¢1 _ _ _ 203, — 1Bz — azfy 35
Ve | tu Q| P2 | ®(er)r = Ye(le(pl + lu¢2 + lr¢3)eR a,Ps — asf,
l_r 3 b3 3 D <a1ﬁz - “231)
3

‘ < ¢ >= (v1,V,,V3)

Ye(€Lvy + v, + T v3)eg

azf, — a1f3

> Ye(epvy + L vs + Tvy)eg + v, (TLvs + epvy + ppv)pg + ¥ (v, + TLv + e,v3)7

= (Yevi)eLeg + ()’uvz)éLﬂR + (yrv3)e Ty
+(ev3)it er + (WW)IILIJR + (V)i TR
+(Yev2)TLeR + (yuUS)fLMR + (Y1) TLTR

P

Mass matrix of charged leptons

Yz VU3
yfvz>
YeV1/




<s> [ Calculation of mass matrices J

(2) Mass term of Dirac neutrino

Lp = ypldvg
ze %1 VR1 2{19?1 — §2§§2 — ?3‘?3 {z@ — §39§3 Ve,
=vo| ] O ¢3 Q| Vr2 = % 2l3¢7 — l193 — [y + y% Lips — 1 ® (VR2>
L/, \§/, VR3/3 21,¢3 — I3y — Lo/ 5 L3¢ — Lidy/ 5, PR
3

- % [(2173171 — 17”172 — VTU3)VR1 -+ (2171-772 — 173773 — Vuvl)VRB + (217#1]3 —_ ]71_1)1 — VBUZ)VRZ]

y ) . _ _ _ _
+%A [(Vuvz — Vp03) Vg1 + (Vevs — Vuvl)VRS + (Vevy — vevz)sz]

Mass matrix of Dirac neutrino

2 1 1 1 1
§v1 _§v2 _§v3 O _EvZ Ev3
1 2 1 1 1
Mp = yps —§U2 §U3 —§U1 + Ypa Evz 0 _Evl
1 1 2 1
—=V3 el 7] el %)) —=U3 Evl 0

59 3 3 2

Multiplication rule of A,

ay b1
(“2) Q| B2
/e B3 5

= (a1, + azf3 + azfz)4
D (asfs + a1f, + azf1)y
D (azf, + a1B3 + azf)q

2011 — azB3 — azf;
D | 2a3B3 — 012 — a4
20,8, — 13 — azfy 35
a,f3 — azpf;
D | a1B2 — @254
3

azf1 — a1f3




[ 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| Vr2 = 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

—4y5s (2% + v,03) + 9Y5 AV, Vs 4yps(2yps — 3ypa)v3 + (4y5s — 24Ypsypa — 9V5)V1V2  4Yps(2yps + 3ypa)vs + (4yhs + 24Ypsypa — 9Yba) V13
18M 36M 36M
_ 4yps(2yps — 3ypa)vs + (4yhs — 24Ypsypa — Vb a) V102 —(2yps — 3¥pa)®v3 + 8yps(2yps + 3ypa) V13 —4yps(VE + 5v,13) + 9y 4 (v + v,v3)
o 36M 36M 36M
4yps(2yps + 3ypa)vs + (4yhs + 24ypsypa — Iyha)V1V3 —4yps(vf + 5v,13) + 9y (vE + v,v3) 8Yps(2Yps — 3¥pa)v1v; — 9(2yps — 3ypa)°v3

36M 36M 36M



@ [ Calculation of Yukawa couplings J

2
@Calculate |y, [y, ly:|?
Mass matrix of charged leptons VEV, 4 cosp
YeV1 YuV2 YiU3 U1 1 psin g
, L
Denote he = |ye|2!hu = |3’u| ,hT — |y‘r|2 Ml = <yev3 Yul1 yrv2> (ZZ) = x/li
YeV2  YuV3z YeVi/, o , 3 FZVsing
2V2cos?(pB) +1 h, + h;)v?sin?(B) _L he + hy)v?cos(B)sin(B) +lh7vzsin2([>’) —i(he + h)v2cos(B)sin(B) +1h v2sin?(B)
h 2 U \/E (2 2 \/E 2 "
MlMlT = —%(he + h, )v?cos(B)sin(B) + %hrvzsinz(ﬁ) h,v?cos?(B) + %(he + hy)v?sin®(B) _\/_li(hu + he)v*cos(B)sin(B) +%hevzsin2(ﬂ)
—%(he + hyv2cos(B)sin(B) + 7 h,vsin?(B) —%(hu +h)vPeos(B)sin(B) + 5 hov?sin?(B)  hevcost(B) +3 (he + h)visin?(B)
Diagonalize M;M; with unitary matrix V, Solve the eigenvalues equation
) ¢ Tr(M;M]") = m2 + m2 + m?
me
Y — 111219724992
VMMV, = my » ¢ det(MiM/) = mgmjms
. 2
myz i [Tr(MM])]" — Tr(M,M M M) = 2(mZm? + m2m2 + m2m2)

2
We get h, = |Ye|2: hu — |Yu| yhey = |)’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 UB2IS! = V'V, = U and mixing angles 6,5, 653,613

.I.

—id¢cp ; .
C12C13 5 512C13 .5 Slge elnl Ci2 = COSHlZ s S12 = Sln912

— L l 1 — — Qi
Upmns = | —S12C23 — €12513523€'°CP  C€15Cp3 — 51251353e'°CP C13523 e'’z C23 = COSy3 5 Sp3 = sinby3

i i C12: = cosO S;2 = Sinf
S12823 — €12513C23€ P —C1,S93 — S12513Cx3€ " CF C13C23 1 13 13 ° 713 =
U U
— tan—1 ez — tan—1[|Z#3 — cin—1
612 = tan < U_ B 023 = tan U P 913 = SIn |U63|
el 73




@ [ Calculation of physical quantity ]

®Calculate &.p

JarlSkOg inval‘iant . ]CP = Im[UalUB*lU;]UB]] = Im[UelU‘lle;ZU[lZ] = 512C12523C23513C123Sin66'p
Im[UelU,hUZzUuz]

Sln6cp = >
§$12€12523€23513C13

d U.I12 = 2.2 2 2 2 _ o 5 S12833 + Ci25{3¢53 — [Ury|?
and  |Urq|® = s13833 + €12513C23 — 2512523€12513C23C0S88¢p ) cosSp =

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

®Calculate effective mass mg; in neutrinoless double beta (0vBp) decay experiment and Majorana phases 7;,7,
g = |m U2 + mpUZ, + maUls

*
Ue1Ues
cosf;,c0s03sinf;ze'9CP

*
UezaUes ]
sinf,co0s0;3sinf;3e0CP

n, = arg| |s 72 =arg|



Numeric calculation

Normal Ordering (best fit) Inverted Ordering (Ay® = 6.4)
@USB the data fI‘0m PDG(ZOZI) and NUFIT 5-1. bfp £1o 3o range bip £1o 30 range
IEI o sin® 612 0.30370:013 0.270 — 0.341 0.303%5 013 0.270 — 0.341
o2 f12/° 33417073 31.31 — 35.74 33.41+°9°70 31.31 — 35.7
Mass m = (548.579909070 + 0.000000016) x 10 °u
Mass m = 0.5109989461 + 0.0000000031 MeV sin? a3 0.45170009 0.408 — 0.603 0.560F) 010 0.412 — 0.613
(mg —m__|/m< 8x1079 CL=90% . 1 Lo
B3/ 42.2+1-1 39.7 — 51.0 49.0*19 39.9 — 51.5

Qe+ + G|/ < 4x 1078
Magnetic moment anomaly

(g-2)/2 — (1150.65218001 + 0.00000026) x 105 sin” 013 0.0222510 00028 0.02052 — 0.02398 | 0.0222370 0002 0.02048 — 0.02416

with SK atmospheric data

(8e+ — 8o-) / average = (=05 £ 2.1) x 10712 f13/° 8.5810-11 8.23 — 8.91 8.5710:11 8.23 — 8.94
Electric dipole moment d < 0.11 x 10728 ecm, CL = 90%
Mean life 7 > 6.6 x 1028 yr, CL = 90% [l dop /° 232136 144 — 350 276+22 194 — 344
" -1 &mgl - 0.21 0.21
=3 T 7.411021 6.82 — 8.03 7.4110-2 6.82 — 8.03
—5 e F= : -
Mass m = 0.1134289257 + 0.0000000025 u T
Mass m — 1056583745 -t 0.0000024 MeV/ s D_;”gfu_g 425070026 L0497 5 42500 | —2.48670925 2570 — —2.406
T J=1 —
Mass m = 1776.86 & 0.12 MeV ®T http://www.nu-fit.org/
_— ake B at random
. EV of Higgs
https://pdg.1bl.gov VEV &8
vcosf
v 1 _ T T
1 —vsinp p:—==<p <=
((Ib) =V, | = \/E 2 2
V3 1 v =173 GeV

—vsinf

V2



<>

Numerical result (1)

5. Result

Prediction of 8-p and sin?6,5

150

100

50

6CP[° |

-50!
-100+

-150}

30 range from NuFit5.1.
i -Feme.,
-~ —684[° ~ —57.4[°]
~—112.8[°] ~ —115.6[°] o 1'243[0]'
S
0.45 0.50 0.55
sin623

Strong prediction of &.p



[ Numerical result (2) ]

Prediction of the effective neutrino mass mgg
in the OvBpB decay experiment and the lightest

OvBpB decay

neutrino mass mjjght N 3 _ : 3 D
d— u
o0 : . W\/_\/\/L—>— e
0.100 90% confidence level upper limit from Ve _
the KamLAND-Zen W- —— €
—— e d f\[\}\[\) u
& 0 ~0.0471[eV] n.d- - dip
— 0.010: u > u
Ny ? =
S NO é https://en.wikipedia.org/wiki/Double_beta_decay
0.001 g Decay rate
4 :
107% D
1074 0.001 0.010 Effective mass of electron neutrino
Myight [€V]
£ mgp = |mU% + myUg, + maUgs

Our model can be confirmed in the near future.




[ Numerical result (2) ]

Prediction of Majorana phases n,,n,

150
100
50 y o

0 s

nz[° 1]

-50 .
-100

-150

-150 -100 -50 0 50 100 150

*
Ue1Ues
cosf;,c0s03sinf;ze'0CP

*
Ue2Ues ]
sinf,c0s6;3sinf3e0CP

n, = arg| |s 72 =arg|



[ 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 yuvz YzVU3 2 1 1 Ypa Vpa
M; =|YeV3 YuV1 YiV2 m. = —M M—lM'I' §1U1 _2§U2 _?73 0~ S M
- = Y Y
YeV2 YuVs  YeVi/ g v PR Mp=yos| —zvy 3vs  —3vi [+y0a| 02 0 D4 Mz=|0
1 1 2
25,

—3V3 —3"1 3

3 3

¥

We perform numerical analysis and calculate §.p , effective mass mgp and Majorana phases n4,7,.
We obtain strong predictions of 8¢cp and mgg (mgp = 0.0471[eV]).
—This flavor model can be confirmed by neutrino experiments in the near future.



[ 7. Future work ]

We will add the soft breaking term to Higgs potential.

Potential
2
V=—2¢ptp + A(¢dTd) + (mip{, + h.c.)
= —12(1011% + 1021 + 19312 + 11|97 + 202003|” + 12| $3 + 20031 |” + 23|03 + 2616,

|2

+2, (|07 = 020" + 03 — 03[ + 0% — 91["]

+(m12¢f¢2 + h.c.)

» We try to solve domain wall problem and increase the heavy Higgs masses.



[ Quark sector ]

quark sector

~ u C t
_ 0= d U = u —((F L ( L))
L = y:q.das; + v Qubak; w=((a) &) (o
Ay 3 3 3 3 3 3 i =dry  9K2 =Sr2  qfts =

u __ u __ u
Qr1 = Ur1 qRr2 = Crz qgr3 = lR3

‘ However, the quark sector has strict restrictions on experimentation.
The mixing angles of quarks are precisely measured.



[ 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#i



[ parameter J

SM  Yukawa coupling—3#3+2=18
Flavor structure Yukawa coupling—ye,v,, Vs, ¥ps, Ypar ®pa—7

Higgs VEV parameter S

Physical quantity we used
v, me, m/,U m‘[r Am%li AmSZ’Z

Physical quantity(prediction)
012,023,013 =  Ocp,Mee, N1, 12
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