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Table I. The particle assignments under maximal subgroups of Es. We
refer to the chiral multiplets as ¢ for left-handed quark, / left-handed
lepton, # right-handed up type quark, & right-handed down type quark,
e right-handed charged lepton and v right-handed neutrino. The
‘exotics’ are denoted as D, D¢ L, L and N° whose quantum numbers
under Gsu can be read through Table III. The superscript ¢ represents
their charge conjugated states.

Maximal Subgroup Particle Assignment

SO(10) x U(1): 16=(d° 1, q, u®, e° v°), (a)
10=(D, L%, D¢ L), 1=N°¢

16=(D", L, g, u°®, ¢°, N°), (b)
10=(D, L5 d°, ), 1=v°

SUB)x SU(2)x (15,1)=(D, I, q, D°, N°},

- d® L° ef
(69 2)(uc L Vc)

SUBYx SU2), (15,1)=(D, L, g, d* v%),

_ D L g°
(6’2)_(u= ! N“)

SU(6)x SU(2), (15,1)=(D, L*, g, u°, &),

_ de 1 v

(6'2)”(1)': I N”)

SU(6) X SU(2). (15, D=(D*, &%, v¢, d°, u®, D, N°),
(6,2)=(q, L5, L, 1)

SU(3)e x SU3).x SU(3)x (3,3, 1)=(q, D),

(3,1,3)=(a°, ut, DY),

w1 3):(3 L z)

et v¢ N°

SU(3)e X SU3). x SU(3); (3,3,1)=(q, D),
. 3, 1,3)=(D° u°, d°,

= ! L
(ll 3: 3)_(Qc Nc ]}c)

SU(3)e X SU(3). X SU(3); 3,3,1)=(q, D),
8.1,3)=(d°, D°, u°),

_ ! L L
3=
(1.3.3) (yc Ne e")

Y.K. and M. Tanaka, “Scalar Mass
Spectrum as a Probe of E; Gauge
Symmetry Breaking”, Prog.
Theor. Phys. 91, (1994) 949-957.

> SU(B) xU (1) xU (1)

S SU(5), xSU(2), xU(1),

> SU(5)xSU(2),. xU (1),

S SU(5). xSU(2). xU(1),

> SU(5). xSU(2), xU (1),
> SU(3). x SU(2), xSU(2), xU (1),

> SU(3). xSU(2), xSU(2) xU (1),

> SU(3). xSU(2), xSU (2)- xU (1),



Table I. The particle assignments under maximal subgroups of Es. We
refer to the chiral multiplets as ¢ for left-handed quark, / left-handed
lepton, # right-handed up type quark, & right-handed down type quark,
e right-handed charged lepton and v right-handed neutrino. The
‘exotics’ are denoted as D, D¢ L, L and N° whose quantum numbers
under Gsu can be read through Table III. The superscript ¢ represents

their charge conjugated states.

Maximal Subgroup

Particle Assignment

SO(10) x U(1);

16 =(d°, L°,q,D°,v°,N°),
10=(D,1,u°,L), 1=¢°

SUB)x SU(2)x

(15, )=(D, {, g, D°, N},

- d® L° ef
(69 2)(uc L Vc)

SU(G)X SU(Z)I

(15,1)=(D, L, g, d¢, v°),

_ D L g°
(6’2)_(u= ! N“)

SU(6) % SU(2),

(15,1)=(D, L, g, u®, &),

_ de 1 v
(6’2)(D° L N”)

SU(6)x SU2),

(5, V)=(D*, &°, v*, d°, u°, D, N°),
(6,2)=(q, L5, L, 1)

SU(3)e x SU3) X SU(3)x

(3,3, 1)=(¢, D),
(3,1,3)=(d°, u¢, D%,

= e L !
(1! 3! 3)_-(ec l/c NC)

SU(3)C X SU(B)L X SU(3)1

(3,3,1)=(q, D),
(3.1,3)=(D% u°, d°),

= ! L
(ll 3: 3)_(Qc Nc ]}c)

SU(3)e X SUB). X SU(3);

(3,3,1)=(q, D),
3.1,3)=(d°%, D%, u°),

- ! L Lf
3 —
(ll 35 ) (Vc Nc ec)

Y.K. and M. Tanaka, “Scalar Mass
Spectrum as a Probe of E; Gauge

Symmetry Breaking”, Prog.
Theor. Phys. 91, (1994) 949-957.

> SUB),xU@Q)=xU(2)

S SU(5), xSU(2), xU(1),

> SU(5)xSU(2),. xU (1),

S SU(5). xSU(2). xU(1),

> SU(5). xSU(2), xU (1),
> SU(3). x SU(2), xSU(2), xU (1),

> SU(3). xSU(2), xSU(2) xU (1),

> SU(3). xSU(2), xSU (2)- xU (1),



SU(5) = (1) U(1): mit=mi

Wa — Mg
SUB) e U(L)ax U(L) My —mi=ma—mip
SU4) x SU2) x SU(2)e x U(1) mit—me=mi*—ms",

e lm i — g’ )= gi(ma* —mg®) ,
mt—mi=ms—ma

SUR)ex SU2)e X SU(2)p % U(L)e-r X U1} Wit — it = mat— mia®

SU4) x SU(2), x SU(2); x U(1) g (ma® —m)=gf(m*—md), (#)
Geif(me—ma®)=(gé~ go;*Vm :*—m®) (%)
SU(B) x SU(2)x M —mge=ma —mg

g (m it —me) =g (ma —mi*),
mi— mit=ma— ma®

SUB)e > U(1)e X SU(2)e m— mlt=mat— mgt
SU(B) x SU(2), mi—mai=ms —mi
SUG)r > N1 )ex SU(2); mi—mi=mi—mi
SU(B) = SU(2), mi=mi,
M = Mi —ms
SUB) % U(1)g-x SU(2), ma=mig,
M=t =ma"
SU(B)x SU(2): W — =g — Mg
=mi—mg,
mat=mst
SUG)prx U{1)am x SUEE}L M — =M —ma , (SU(2)z)
or
ma—me=mi*—ms, (SU(2):)
SU(3)e = SU(3)e x SU(3)s M — M =me— M,
G (= m ) =g (ma —ma +wmt—m®) (»)
SU(3)ex SU(3)e x SU(2)e x UL)r me—m =mi —ma

SU(e x SU2)ex U(1): x SU(3)x mE—mit=mi—mi




N PRPEE K 5 — Bl DL ik
- Family symmetry Z0DE A
(#)) E,xSU(2).xUQ),

N. Maekawa, Y. Muramatsu and Y. Shigekami, “Sizable D-term
contribution as a signature of the E;XSU(2).XU(1), SUSY GUT
model”, Prog. Theor. Exp. Phys. 2014, (2014) 113B02.

- Extra dimensions M3 A

O (5] w7,

Y.K. and T. Miura, “Classification of standard model particles
in E4 orbifold grand unified theories”, Int. J. Mod. Phys. A28,
(2013) 1350055.



- Extra dimensions O& A

Y.K. and T. Miura, “Classification of standard model
particles in E4 orbifold grand unified theories”, Int
J. Mod. Phys. A28 (2013) 1350055.

AR TTOEALLKY, BDhHETS
oY) Gty hHECS 0 sIED® S,

E. ©SO(10) xU (1), o SU(5) xU (1), xU (1),
27 =16+10+1= (5 H10+1) +(5} 5) +1
Gt 027 & {540k +(535) +1),

+ {(5 +10+1)+ (5 +1}R
o0 = (SR)C = EL,




E, grand unified theories on %
E6 — SU (5) x U (1)2 x U (1)3
27 = {(5, +10} 1) + (5, +5) +1},
+{(5+10+1) + (5 4(5)}+ Lj;
— (1OL)—1,1 + (5R)2,—2

charge

— (10 L )—1,1 (EL ) -2, Zconjugaﬁon
BRaik o gETELS cf. (ElL)B,l (52'—)‘2’_2




(B1) (10)45+(5) 22 = (100) 45 + (k)

2 2 2 2 2
Me=Mz=m_.=m.=m, - D, +D,

2 2 22
m; =mz. =m- =m, —2D, + 2D,

My, =M;=M, =M, =m,
DBifT, 2Amfy—M2)=mZ - M2,

(ElL)S,l (EZL)—Z,—Z mé = mg + 3D1 + D2
2
5

m: =m; —2D, -2D,
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Family symmetry
Quasi NG fermions of SUSY models

String models
Orbifold family unification models



Family symmetry
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N. Maekawa, “Non-Abelian horizontal symmetry and anomalous
U(1) symmetry for the supersymmetric flavor problem”, Phys.

Lett. B 561, (2003) 273-278. E, xSU(3),, xU(),

N. Maekawa, Y. Muramatsu and Y. Shigekami, “Sizable D-term
contribution as a signature of the E;XSU(2):XU(1), SUSY GUT
model”, Prog. Theor. Exp. Phys. 2014, (2014) 113B02.



Quasi NG fermions of SUSY models
[3THACERDHI]

E7
/(SU (5)x SU (3) xU (1)) coset SUSY o model

T. Kugo and T. Yanagida,
¢ “Unification of families based
on a Coset space

(E 3)+ (10 §)+ (5 1) E./SUGBG)XSUB)XU(1)”, Phys.
’ ! ! Lett. B 134, (1984) 313-317.

F-theory OFLHTO3HACDRE R

S. Mizoguchi, “F-theory family
unification”, JHEP 07, (2014) 018.



String models
E, x E; heteroticstring theory

— Classification of various 4 - dim. models

Y. Katsuki, Y.K, T. Kobayashi, N. Ohtsubo, Y. Ono
and K. Tanioka, “Zy Orbifold Models”, Nucl. Phys. B
341, (1990) 611-640.

— 27, 27 and 27 of E,

T. Kimura and S. Mizoguchi, “Chiral generations on
intersecting 5-branes in heterotic string theory’,
JHEP 04, (2010) 028.

— E, SUSY GUT with three generations

M. Ito, S. Kuwakino, N. Maekawa, S. Moriyama, K. Takahashi,
K. Takei, S. Teraguchi and T. Yamashita, “E; grand unified

theory with three generations from heterotic string theory’,
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Orbifold Family Unification Models

SO(10) SUSY GUT on M(TA)

= 3 adj. chiral multiplets & 3 fixed points = 3 families

T. Watari and T. Yanagida, “Higher-dimensional supersymmetry
as an origin of the three families for quarks and leptons”, Phys.
Lett. B 532, (2002) 252-258.

= gauginos, magnetic fluxes & orbifolding = 3 families

T. Abe, Y. Fujimoto, T. Kobayashi, T. Miura, K. Nishiwaki,

M. Sakamoto and Y. Tatsuta, “Classification of three-generation
models on magnetized orbifolds”, Nucl Phys. B 894, (2015) 374-
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“Orbifold family unification”,
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(2) 6:RICHF72 [SUN) M“xT%M

M =234,6

Y. Goto, Y.K. and T. Miura,
“Orbifold family unification
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SU(N) — SU(3). xSU(2), xSU(p,)---xSU(p,)xU@)’
Examples of models withn . =n =n . =n.=n, =3

| [N, K] | (p1,p2,P3,Pa.p5, 6. P7.p8) | (g, By, v4) | (a—,B-,7-) |

[9,3]

(3,2,0,0,0,3,0,1)
(3,2,0,0,0,3,0,1)
(3,2,0,0,0,3,1,0)
(3,2,0,0,0,3,1,0)
(3,2,0,0,3,0,0,1)
(3,2,0,0,3,0,0,1)
(3,2,0,0,3,0,1,0)
(3,2,0,0,3,0,1,0)
(3,2,0,3,0,0,0,1)
(3,2,0,3,0,0,0,1)
(3,2,0,3,0,0,1,0)
(3,2,0,3,0,0,1,0)
(3,2,3,0,0,0,0,1)
(3,2,3,0,0,0,0,1)
(3,2,3,0,0,0,1,0)
(3,2,3,0,0,0,1,0)
(3,2,0,0,1,2,0,1)
(3,2,0,0,1,2,0,1)
(3,2,0,0,1,2,1,0)
(3,2,0,0,1,2,1,0)
(3,2,0,0,2,1,0,1)
(3,2,0,0,2,1,0,1)
(3,2,0,0,2,1,1,0)
(3,2,0,0,2,1,1,0)
(3,2,1,2,0,0,0,1)
(3,2,1,2,0,0,0,1)
(3,2,1,2,0,0,1,0)
(3,2,1,2,0,0,1,0)
(3,2,2,1,0,0,0,1)
(3,2,2,1,0,0,0,1)
(3,2,2,1,0,0,1,0)
(3,2,2,1,0,0,1,0)

0.1,1
0,1,0

0,1,1
0,1,0
0,1,1
0,1,0

2

0,1,1

0,1,0
1,0,1
1,0,0
1,0,1

27

1,0,0

(

(

(

(

(

(

(

(

(

(

(

( ? 7
(1,0,1
(1,0,0
(1,0,1
(1,0,0
(0,1,1
(0,1,0
(0,1,1
(0,1,0
(0,1,1
(
(
(
(
(
(
(
(
(
(
(

2

0,1,0

2

0,1,1

0,1,0
1,0,1
1,0,0

27

1,0,1

2

1,0,0

1,0,1
1,0,0
1,0,1
1,0,0

2

)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)
)

0,1,0

20

0,1,1

0,1,0
0,1,1
0,1,0
0,1,1

20

0,1,0

0,1,1
1,0,0
1,0,1
1,0,0

1

1.0,1

(0,1,0)
(0,1,1)
(0,1,0)
(0,1,1)
(0,1,0)
(0,1,1)
(0,1,0)
(0,1,1)
(1,0,0)
(1,0,1)
(1,0,0)
(1,0,1)
(1,0,0)
(1,0,1)
(1,0,0)
(1,0,1)
(0,1,0)
(0,1,1)
(0,1,0)
(0,1,1)
(0,1,0)
(0,1,1)
(0,1,0)
(0,1,1)
(1,0,0)
(1,0,1)
(1,0,0)
(1,0,1)
(1,0,0)
(1,0,1)
(1,0,0)
(1,0,1)

70

0,1,1

20

0,1,0

0,1,1
1,0,0
1,0,1

A}

1,0,0

1,0,1
1,0,0
1,0,1
1,0,0
1,0,1

2

Do = (_1)I1+I2+I3+|4 (_1)k77|?i _ (_1)I1+I2+I3+I4+ai
P = (_l)|1+|2+|5+|6 (_]_)knliir _ (_:|_)I1+I2+I5—,+I6+,Bi
,OZi _ (_1)|1+|3+|5+|7 (_:L)knkZlL — (_1)|1+|3+|5—i-|7-1-)/ir



SU(N) — SU(3). xSU(2), xSU(p,)---xSU(p,)xU D)’
parameters: (Ps,--+, Py; ., Buy (7))

Total numbers of models withn . =n,=n . =n_.=n =3

T%/Z,

T%/Z;

T%/Z,

%/ Zg

[9,3_]:32

[9,;3]:8

[9,;3]:8
[9,4]:32

[10,3]:30
10,4]:108

[11,3]:80
[11,4]:80

[11,4]:80

[11,3]:20

[11,3]:84
11,4]:144
11,5:156

[12,3]:120

[12,3]:80

[12,4]:88
[12,6]:240

12,3]:392
12,4]:120
[12,5]:72
12,6]:552

|

[13,3]:144

[13,4]:40

[13,3]:712
13,4]:88
[13,5]:140
[13,6]:200

continued
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- BNETE & RFIKIC

Eg pure super YM theory on M4 X(T?2/Z,)

K. S. Babu, S. M. Barr and B. Kyae,

“Family unification in five and six
dimensions” Phys. Rev. D65 (2002),
115008.
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CD“(X, WL, w22)= a)kCD“(X, Z, Z)
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27,3)

Zg 1 1 ), C()Z
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Z =X +ix°

i@@] b T’ SM gauge bosons W =€ 3
/'

V4D :[\/(78,1) +V(1 8) +V(27 3) +V(

27,3)

/ 3 1 1 w COZ
__—~ Quarks & leptons

2 = Z(78,1) + Z(1,8) T Z(27 3)|T Z(— 3

27,3)

2
Z, 0 1 W
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SM gauge bosons ? 3 families of quarks
& leptons ?
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