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Motivation & Outline

Concrete construction

Unorthodoxy



Motivation

Room

for

Rich spectra of quarks and leptons Dark
Matter?
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onl
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Three families (?) of quarks and leptons
Description: SU.(3) and SU.(2)xU(1)

Varieties in Yukawa couplings

Keys to open the door to a next stage



[ Outline ]

Dirac’s spinor field for electron

Va 4
U

Diversity of Quarks and Leptons

Multi-spinor fields

Triplet fields for bundles of quarks and leptons

‘I’abc X Kba wb wc Ax4x4 = 64



Weinberg-Salam (WS) theory

_ (Y ¢t
Y = e) er VR b = 0

Chiral doublet & singlet Higgs doublet
[
Standard Model (SM)
U

Extended SM in multi-spinor formalism



WS mechanism to triplet fields

Chiral spinor fields

Chiral triplet fields

EW doublet

Y = (Ue)
e
L

—
EW singlets
/libVR — (Ve )R
"beR — ( € )R

EW doublet

(%),

EW singlets
U f— (\Il'u,)R
D = (¥Yy)r

vy

Nalve extension




Sequential scheme with four families

e300, 30T

Excluded by LHC experiments (?,!)

L-R twisted scheme with (3+1) families

Fourth family for dark matter

U U
v, = ¢ \IJ(U) : () Yp = ‘ ) : ‘Ij(d)
, D ()

G = SUC(?)) X SUL(2) X Uy(]_)
G, = SU.(3) X SUR(2) x Uy-(1)
2x4x (34+1) % (34+1) =128



Triplet field and triplet algebra

\Ila,bc X wa wb wc

Ar=A, ® A, ® A,



[ Triplet algebra ]

Dirac algebra
A")/ — {19 '7“9 Guua 75’7”9 '75} — <’7p,>
Triplet algebra

Ar ={p®R®q®r:p,q,r€ Ay}
= (7,011,187, 01,1Q01Q7,)

Criterion for physical subalgebra

Closed and irreducible under permutation group Ss

PRGRITr — qg&rRXp etc



Ar algebra

AP = (7 7, @7 ) spacetime
=707, 8y, «<— xt
I.T, + [T, = 25,1
I=1®1®1
S = = (L = TuT) = 0 @ 70 © 0
[s = —il'T' T = 75 ® 75 ® 75

T — "I,

[ AF = {]_, F“, Ep,l/a ]__‘51_‘“, F5} — <]‘_‘N) < A»Y ]




Lorentz transformation for triplet field ¥(z) = (P4p.) ()
't = QM 0 Q0% = N
Dirac spinor field |
V(@) = s()p(z)  s(R) = exp (‘ﬁ'%wﬂ")
Triplet fields
'(2) = S(2)¥ () S(0) = exp (_izwwuv)

)
Y = _E(FHFV —I) =0, ®ou Qo

External subalgebra A., ={X,,} C Ap

Chirality for triplet fields
1 1
_— —_ e F
L 2(I I's), R 2(I—|— 5)



Centralizer of Ar algebra

CI‘:{X € Ar: [ X, Fu] = 0} Fu:7u®7u®7u

[Cr=<1®'7u®'m, 7u®1®7u>]

[Ar:<vu®7“®7“>]

AT — AFCF, AI‘ ﬂCI‘ —_ (D

Ar
Coleman-Mandula theorem

External subalgebra A., ={X,. } C Ap
Internal subalgebra A;, C Cr



Internal subalgebra A;, C C

color algebra
AC

family algebra

Ay

g

Irreducible

quark : lepton

visible : dark

A, Ag

Isomorphic at algebraic level



commutative Pauli a[gebra
1 = Yoy O2 = 1775 O3 = 75 € Ay

Triple-tensor-products
VvV

family algebra
Ay Csu(4) C Cr

Pauli algebra
P1 = Y23y P2 = ¥Y3V1s P3 = 1Y172 € Ax

Triple-tensor-products
Vv

color algebra ‘ ‘
isomorphic
A° C su(4) C Cr




( =3(01Q01®1+0:Q0:®1),
2 (01®02Q 03— 02Q 01 R 03), 511(2)
s (1®03R035—03501® 03),
=1(01®R1®o1+02 1R 0s3),
_%(0'1®0'3®0'2“0'2®0'3®0'1)a
1(1®R01®o1+1RQ 02 ® 02),
=1(03Q 01 Q02— 03 02R01),

5u(4)< _21%(1@)0'3@0'34—0'3@1@0'3—20'3®0'3®1)

su(3)

9=:(1R0c1 Q01— 1R 02 R03),
T =—1(03Q001 Q02+ 03R 02 ® 01), g

3
7711:%(0'1®1®0'1“0'2®1®0-2)9 Closed
T2 = —%(01®03®02+02®0‘3®01)9 Irreducible
77132%(0'1@0’1@1—0'2@0’2@1),

71'14:1(0'1®0'2®0'3+0'2®0'1®0'3),




Ar =(7,011,1%7,01,101®7,)

16 X 16 X 16

AT = (7,97, ®7, )

Cr=(1®07,@% 7,917, )
16 X 16
o1 Ro1 Qo1 =1

o2 QR 09 QR o3 = _iFOFE)
o3 R o3 R o3 =T

o1R1R1 = (o1 Xo1X0o1)(1XoyX0o1) = Tog(1Xo1X0o1)

154+ 349 =27



Action of S5

|771=%(0'1®0'1®1+0'2®0'2®1), |
|71'2=%(0'1®0'2®0'3—0'2®0'1®0'3)|, 5u(2)

71'3:%(1@0'3@0'3—0'3@1@0'3),

m=1(0181Q0+0:01RQ0), |
|7T5=%(0'1@)0'3@0'2—0'2@0'3@0'1),'

M =1(1R0n®on+1R0®05), |

su(3)

|777:%(0'3®O'1®0'2—0'3®0'2®0'1)9 |

7"8=%(1@)03@034—0’3@1@0’3—20'3®0'3®1)

1
71'152—6(1®0'3®0'3+0'3®1®0'3—|—0'3®0'3®1) u(]_)

7
. . su(3) Visible sector
Ss irreducibility ——> u(1) Dark sector



Projection operators for family modes

=
|

_%(1—1—1@03@0‘3—0'3®1®0'3_‘73®0'3®1)\
lI-1R005003+0301R03 — 0303 R 1)
\H?,:%(I-—1®03®03——03®1®03+03®03®1))

5
||

[H4:%(I+1®03®0'3+0'3®1®03+0'3®0'3®1) ]

ILI; = 6,11, Y I =1

Projection operators to visible and dark modes

I,y =11, + 11, + 113
:i(SI—1®03®03—03®1®0’3—0’3®0’3®1

@ =114

=iI+1Q035Q03+03501Q035+03Q031)




Visible and dark subalgebras

A, ={Il,, m, w2, -+, s } su(3)

Ag={114} u(1)

Hv:i(3I—1®03®03_03®1®03_03®0—3®1)

HdZ%(I+1®03®03+0‘3®1®O’3+0‘3®03®1)
(75, ] = 2f;25)ﬂ'z

4
{7‘l‘j s Tk } — géjk:nv - 2d§-i)l7'l'l



Projected family component fields

U,(x) = I,;¥(x) (i=1,2, 3; 4)

e @D
) )

Three family Additional 4-th
visible mode dark mode

Chiral triplet fields



family algebra

A, T

color algebra

A€ {)‘z}



Operators for extended color charge &
(
Arz%(I—Fl@ps@ﬂs—03®1®93—P3®03®1)\,

A(Q) :Ar+Ag+Ab
=;BI-1®p3Qps—p3@1Qps—ps @ p3 Q1)

Ag=3T—-1Qp3®@p3+p3RQ1RQps —p3Q@p3 1),

\Abz%(I—1®03®P3—P3®1®03+P3®93®1)j

=

TI+1Rp3@ps+ps @1 R ps + p3 @ ps @ 1) |

1
[A(E):Ag:4(I—|—1®93®P3+03®1®P3+93®93®1]

Operators for (baryon — lepton) charge

B -1 :%A(Q)_A(E)

:—%(1®p3®p3—|—p3®1®;03+P3®P3®1)



Color algebra {\i} = su(3)

f )\1=%(P1®Pl®1+[)2®[)2®1)\

A2 =3 (P1 Q@ p2® ps — p2 ® p1  ps) , Lie group for
: Color SU(3)

A=5(1RpsRp3—p3R1R ps3),

AM=3(P1®1p1+p2Q01Q p2),

>\5=%(P1®P3®P2—P2®P3®P1)9
X=3(10pRp1+1Rp:® p2),

A =32(p3s®@p1Qp2— p3s®p2® p1) ,
)\8221%(1®P3®P3+93®1®P3—2P3®P3®1)

family algebra

Ap {m;}

color algebra

Isomorphic at algebraic level




Projection operators to color subalgebras
1
Aq:2(31—1®P3®P3—P3®1®03—P3®P3®1)

1
AgzZ(I‘F1®03®P3+P3®1®P3+03®P3®1)

Color subalgebras A" =

AT = { A9 A, Ag, -+, Ag } 511(3)
AL = [ A%} u(1)
[Aj,)\k:]-—-z (3))\l

{AJ s Ak } — _5JkAq + ng:l?l



W =(W,|+|Vd

Visible sector Dark sector
v, =11,V v, =11,V
SU.(3) SU.-(3)

Extended color subalgebras for visible and dark sectors

c ___ q q
A= | AL, Al AL Ay
A7 = L AT A Ao e A
(a) (a)’® (a)ly NMa)2s s \(a)8
Al = Ha)A? A(a)j = H(a)A;

£ £
Alay = {A(a> }

£
A(G) — H(a)A.



Family modes

Three visible families
Ui(z) = 1LY (z) (¢=1, 2, 3)
Fourth dark family

Uy(z) = I,T(x)

Color states in visible and dark sectors
Tricolor fermions : Quark states
(a)(w) = II(o)A’ U(x) (i =mr, g, b)
Colorless fermions : Lepton states

¥t () = (A T ()



Model building
with
a pair of triplet fields



Sequential model with four families

Fundamental representations
G = SUC(?)) X SUL(Z) X Uy(].)

L field
W, = t( Wiy, Y2y, ¥(3): P )L EW doublets

R field
Uay Up) Ug @ Un

Vp=" : ) EW singlets
( D@uy, D@y, De Daw ),

Excluded by LHC experiments ?, !

U

We discard this possibility



[ L-R twisted model ]
G = SU.(3) x SUL(2) x Uy(1)  for visible sector
G, = SU.(3) x SUR(2) x Uy«(1) for dark sector

Fundamental representation

L fiela Ty ‘EWdoubIet H
. ) . oo I

Ua
Py = t ( "I’('u) D ) — U(d) .
@ /L EW* singlets
D (a) L
R field )
> EW singlets
g = t ( U(’v) ‘I’(d)> D, \l J
D -
(v) -




L field

U
\IIL — t (‘Il(’v) . (d) )
D@y ),

Quark states

gla) _ [ wuu cce ttt
~ \ ddd sss bbb ],

Lepton states

@ _ [ Ve Vup V¢
\IJ“’)_(e iz T)L

U((g — ( Vs )L
fol)) — ( €x )L




\I’R:t<U(v) . \I’(d)
D . Y s

Quark states

U — ( wuu ccc tit )

(v) — R

D) = (ddd sss bbb ),

Lepton states

U((fg =(ve Vu vr)p

DG =(e n ),

G




Lagrangian density of L-R twisted model

Kinetic and gauge parts

[ Lr, = Vpil*D, ¥y + Wril*D, Vg ]

Yukawa parts

[ Ly = \IJLy(Higgs)\IJR—l—h.c.]

Y : Kernel for Yukawa couplings
in terms of TTi H(t)



Two Higgs fields

. pt o (so:i' )
e L =
" ©,
Visible Higgs Dark Higgs
G G,
Higgs potential

Vi = Vo — p2olo + A(ele)? — plole, + A(@le,)?

+ 2)\I(I<PT<P)

{ele.]

Bi-quadratic coupling



Visible Sector Dark Sector
g, Wia Za Yo P g*a W*:ta Z*a '7*9 P x

Three families 4-th family

OX6X6
(O —

2Xr(¢T ) (Pley)

PO O

Bi-quadratic
@ @ coupling
G



[ Simplest scheme ]

Breakdown of Gwsx = SUg(2) X Uy.(1) symmetry

My, > My, + M,

Uy, — dy + €, + vy

3
Only one stable hadron Spin 5
1 .
Dark hadron AT =[did,d,] = %ezjkdi d! d*
Dark atom H,= (A, + &)

Dark molecule (H,), = H,H,

Candidates of DM (Hy)2, H,, A, e., vV, : ViR

No nuclear reaction : Simple thermal history



Breakdown of two symmetries
Gws = SUL(2) X Uy(].)
Gws, = SUR(2) X UY*(].)

Ve = Vo — 1?0lo + AeTe)? — p2ele. + A(ple.)?

+ 2)\1[90T90)l90190*)| Bi-quadratic coupling

Unitary decomposition

1 0
p(x) = EU(ﬁ(w)) ( o 4 () )
. Visible Higgs
1

Px(T) = V3 *(19*(:10))(

Vi + h*(a:)>
™~ Dark Higgs



— Interaction
2h? [ 2Arvv, hh, ode

Vir(h, hy) = ‘wh? H

+ Avh3 + )\*’u*hf — )\vahhz + Xjv, h?%h,
4+ ...

‘ m; = 2Av*(~ A?)

2 __
‘ m;, = 2\ v (>

Mass eigen-modes
Visible Higgs

LHC Higgs ~ / / Dark Higgs

H = cos@h —sinf h,
H' =sin@h + cos0 h,



Mass eigen-modes o |
Visible Higgs

LHC Higgs ~—__ . — DarkHiges
{ H =cos@h —sinf h,

H' =sin@ h + cos0 h,

21U,

tan 20 =
AV2 — Av?

Vu(H,H') = tm%H* + Im?, H? + ...

2
mzH ) = (Av® + A\ F \/()\fv2 — A02)2 + (2A7vv,)?

My,

Ay



Direct detection of dark matter

f’l* ‘,i\_* ﬂ\* ﬂ*
i‘fi— “f* ff* ,rf_*
| NE 'U'-,u' =111 f’,'i | :{?y!“ Co= ﬁ'
LHC Higgs —> H { | T
N N
ly Yor SIN O cos # L _ 1 _ 1 A1 Yds Yeff
2 dx* Jeft :rn% ?’TIQH* 4 )\*)\ — )\? VheUp,

LUX & Xenon 1t



Indirect detection of dark matter

AT AT AL AL

ff* ff,l.c fﬂ* ”]-'*

\ ?]'_J.U:r- sin f/ \ :_],?.f;:f, cos
L \
K \

A —+ Hn’ !

! %

H
LHC Higgs ~7 \ '
cos Ty ete sin Ty ete

Difficult to identify the process from decay products

Fermi & AMS-2



Early reheating stage

G and G, symmetric stage Quantum

Yukawa interaction correction
Ly =¥)YuUw) + ¥ ()pYpD (v

""Iy*uﬁ(d)cﬁiql(d) + y*dD(d)‘Pi\I’(di >

Higgs-Gauge interactions
Lu = (D) (Dup) + (P 0.) (Dups) — Va

1 1
?:DIJ:(}O — (iap.‘_ g(z)Al(f)aiTLa, - g(l)A’(JJl)E) C'O ‘

1 1
D = (10~ o2 AL oo — 00 40) ) 0. |

*1 o

Higgs potential
Ve = -+ 2)\1‘(90%)“@,01%)' + .-




Higgs-induced interactions between

visible and dark fermions > A
N d A Ay
\ Uy / W
b\ AP Bl
X)\[ :’)‘( )\I
3P4 \¢+ / \
> A @ \\ //
u// d \b WW

Era of quantum soup of visible & dark fields

Two sectors are in an inseparable phase of
thermal equilibrium in an early reheating period



Early reheating period : Inseparable phase

G and G, symmetric stage

Friedmann equation <3 All visible & dark fields

Effective number of relativistic d. o. f.

7 7
s = (28 + é X 90) + (28 + g X 30) = 106.75 + 54.25 = 161

T A
Decoupling of dark sector out of thermal equilibrium
"

Thermal histories of visible sector and dark sector



Mass of stable dark hadron

1 o
A = [dydyd,] = %eijkdi d! d*

(1) Era of common soup of visible & dark quanta

1 dark family : 3 visible families

(2) Same mechanism for baryogenesis in two sectors

(3) Era with stable nucleons N and dark hadrons A,

4 4

3 X 26.8
ma, : 3my = 26.8: 4.9 = ma, = my

\ 4.9

ma, < 16.4 GeV Data from Planck




LUX detection

=
(1]
=
10T}
L5
L5 ]
8
o
S
2
10
=
mMA, < 16.4 Ge ;
o L. . + T
10° 10° 5 10°
My (GEVIE)

7.6 x 107 cm*® at a WIMP mass of 33 GeV/c*



Results, problems
and
speculation



Results

Fundamental representation of chiral triplet fields

U U
Up(z) =" T : () Tpr(z) =" @ ¥ (a)
Da) D)
L R

Three families of visible Q’s and L’s
G = SUC(?)) X SUL(2) X Uy(]_)

Additional single family of dark Q’s and L’s
G, = SU - (3) X SUR(Z) X Uy*(]_)

Monotone world of dark matter

Y

Careful study of thermal history : Required



[ Problems }

Different treatments for color and electroweak symmetries
SU(3)
SU((2)xU(1)

A new type of multi-spinor field

Different treatment of color and family at the SM level

Isomorphic at algebraic level

{A, +Aq}  continuous symmetry?

{A7+ A} gauge symmetry



[ Question ]

Implication of triple-legs the triplet fields

Y 1 Yo Vi
T T . T b \Ilabc
~y ~y ~y 1 C
" v v
_ 1 1 1 +1+3
: —X =X =-—=—=—4 -4 —
Spin 1 Composyi&particle 5 x5 X3 5 T3

only
Composit@inor field?



[ Question ]

Implication of the triple-product of algebras

[T}

~/ ~/
/

I M Iy
~ ~/ ] 2
iz I B M
~y 2y ai 1
' ' T} -
Ar Ct
Fll:’}/p,@’y”,@’y“ {A’U + Ad}
xt { A7+ A%}

b

C

\Ilabc



Speculation

Geometrical interpretation?

\ Aea:
/\S T =7, 87, ® 7

A !
{ A7+ A*} \ spacetime
{ A'v "I— Ad }

{Age, A5} y
World with three sheets
ala Connes?



