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Motivation

e Use of higher dimensional unified theories
e 4 dimensional effective theory

e Unify gauge and Higgs sectors

e Unify fermion interactions with gauge and Higgs fields
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N =1, SYM of gauge group G theory in 10D manifold M

S = /dx < oy DMy — Tr{FMNFMN}>
Introduction

L4 M:M4X B
e B=S /R Coset Space
e S R Lie Groups and R is a subgroup of S
° M,N:O,...,Q/M,V:O,...,3/a,b:1,...,6
e 4D coords x"
e 6D coords y? = x

0
® gMN = < 0 _gab >

® UW = diag{la _17 _13 _1}
e g is the metric of the coset space

3+a
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o TM (TM TN} = 2gMN 5,
e N=1in10D
e ) Weyl - Majorana spinor = 8 d.o.f.
e Ay has 8 d.o.f.
Introduction ° DI\/I — al\/l _ igAM _ 9M v
FMN — gMAN _ gN AM o o1AM AN]

e O™ is the spin connection

e Fields: non trivial dependence from y?, but we impose
the condition that a symmetry transformation by an
element of the isometry group S of B is compensated by
a gauge transformation.

e [ is independent of y? just because is gauge invariant

CSDR = Lup

23-5



SUB)/ yyx u@)

Georgios Orfanidis

Coset Space Geometry

Coset Space: B=S /R

e S isometry group
e R isotropy group

Coset Space
Geometry

Generators of R : Q;
Generators of S : Q;, Q,
The commutation

relations are:

[Qi, Q]
[Qia Qa]
[Qa; Qb]

23-6

f,'j'( Qk
foQp + f,Ja Qj
f:;ib Qi + f;,cb Qc

e 0 because S, R reductive
groups, since R is
compact

e 0 in the case that the
coset space is symmetric

The general element of the
group S can be written as

s = exp{w*?Q,+ w'Q}
exp{y®d2 Qa}GXP{Cf)i Qi}

Where r is the element of the
group R.
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Coset Space: B=S /R
e S isometry group
e R isotropy group

Generators of R : Q;
Generators of S : Q;,

The commutation
relations are:

Coset Space
Geometry

Qi Q] = fFQ«

(@1, Qa] = £2Qs+| Q)

[Qa;Qb] = f:;ibQi“F fachc
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e 0 because S, R reductive
groups, since R is
compact

e 0 in the case that the
coset space is symmetric

The general element of the
group S can be written as

exp{w®02Q, + w' Q;}
exp{y®d2 Qa}GXP{Cf)i Qi}
L(y)r

Where r is the element of the
group R.
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The Mauren-Cartan (MC) 1-form

e(y) = L7H(y)dL(y)
eh Qady”
Coset Space — ea Qa + eiQi

Geometry

e 7 : coframe
e ¢' : R-connection

e' can be expanded in the coset vielbeins as:
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Reduction to
the 4D theory
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Reduction to the 4D theory
The Action in 10D theory of gauge group G = Eg is given

i 1
S = /dx4dy6\/7—g <;¢rMDM¢ — 2Tr{FMNFMN}>

Imply the Symmetric condition

Au(x,y) =g(s)Au(x,s y)g (s)
Aa(x,y) =g(s)J3As(x, s y)g 1 (s) + &(5)Pag 1(s)
P(x,y) =F(s)Qy, s)(x, s 1y)F1(s)

< g(s) : gauge transformation for the gauge fields (adj G)
< f(s) : gauge transformation for the fermion fields (rep F of G)
< (s, y) : rotation of spinor field for coordinate transformation

— Jg : Jacobian for coordinate transformation

It connects transformation of S/R coordinates and gauge
transformation

Coordinate transformation is compensated by a gauge transformation
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i - i -
Leff = T/JFMDWJ - Elﬁr aDY

— STHEWF) 4 5 (Dua) (DF6) — V()

e V() = g“g‘”’ Tr{FabFea}
Fab = £56¢ — [@a, 0]
f structure constants of S
® Dy=0,—Au Still V(¢) only formal since ¢,
e D,=0,—0,— ¢, must satisfy

1
e 0,= Eeabczbc falD¢D - [d)a’ ¢’] =0
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4D
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Gauge group and it's reps in 4D

Gauge bosons in 4D‘
The gauge group H in 4D is the centralizer of R in G

GDODRgxH — H:CG(R)
Then the gauge group is H.
Es D U(1) x U(1) x Es

In the case when R (= U(1) x U(1)) is Abelian group then the
centralizer of G (= Eg) is

H = Cg,(U(1) x U(1)) = Es x U(1) x U(1)
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| Scalar fields in 4D |

GDRgxH
The adjG decomposes under Rg x H as:

adjG = (adjR, 1) + (1,adjH) + > _(ri, h)

Gauge group 5 D) R
and it's reps in

0 The adjS decomposes under R as:

adjS = adjR + Z S;

Vs; :s;=rj = hj is a representation of the scalar fields

23-11
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The 248 = adjEg decomposes under U(1) x U(1) x Eg

248 = 1(070) + 1(0’0) + 78(0’0)

+1( 1)+1_ 1 + 10,1

+27(3,1) + 2731y + 270, 1) [adiU(1) + adjU(1) + adjEs]
g+l + oy

Gaugﬁ ety +77( 377 + 27 ) + ﬁ(o,l)

and it's reps in

4D

S =5U(3) and SU(3) D U(1) x U(1). The adjSU(3) =8
decomposes under U(1) x U(1)

8 =(0,0) +(0,0) adju(1) + adjU(1)
1 1
+(3, 5) + (737 5) —+ (07 —]_) The U(1) x U(1) charges will
1 1 survive in 4D theory
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SUG)/ vyt For G =Eg and R = U(1) x U(1)
Georgios Orfanidis Eg D U(].) X U(l) X E6
The 248 = adjEg decomposes under U(1) x U(1) x Eg

248 = 1(070) + 1(0’0) + 78(0’0)

\
Hen sy +le-y \
2750y + 2T g1y + 200 _qy| (200 F adUCL) + adje]

s+ 1 1)+l
Gouge group 205 1)+ 25 1)+ 20
4D

S =5U(3) and SU(3) D U(1) x U(1). The adjSU(3) =8
decomposes under U(1) x U(1)

8= (Oa 0) + (0, 0) adjU(1) + adju(1)
1 1
‘ +(3, 3) + (737 3) —+ (07 —]_) ‘ The U(1) x U(1) charges will
= 1 = 1 survive in 4D theory
e +(_37_§)+(3’_§)+(0a1)



For G = Eg and R = U(1) x U(1)
Es D U(1) x U(1) x E¢

The 248 = adjEg decomposes under U(1) x U(1) x Eg

SU3)/ (1) x u(1)

Georgios Orfanidis

248 = 1(0,0) + 1(0,0) + 78(0,0)

+1( 1)-‘1-1_ 1 +1(07,1)
+273 +27 (~3,1) +27(07,1)

[adjU(1) + adjU(1) + adjEs ]

13 5+ 1 5+ 1oy
Souge group 275y + 20 1) + 270
4D

S =5U(3) and SU(3) D U(1) x U(1). The adjSU(3) =8
decomposes under U(1) x U(1)

8 =(0,0) +(0,0) adju(1) + adjU(1)
1 1
+(3, 7) + (737 7) —+ (07 —]_) The U(1) x U(1) charges will
2 2 .
1 survive in 4D theory
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Gauge group
and it's reps in
4D
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‘Scalar Potential in 4D

2 2
V(a',a, 8, 8,4, v) = const. + ( 42R12 - iz)"‘ia" + ( 42Rlz %)Ea
RZRZ  R? RZRZ  R?
+< 4R s )B’B + ( i s )Eﬂ
202 | 2 i 2 p2 2
RZR2  R2 RIRZ  R2
+( 4R3 8 ) i ( R2 8 )7
- = )7 - =)
2 2 2 2 P2 2
RIRZ R3 R1R2 R3
R, R R
+[\/an( Ly 2= >d,‘jkalﬁj’y
RyRy  RiR3  RoRy

R R, R
+\/§80( + 43 )aﬁ’y + h.c]
RyR3  RR;  RoRy

1 . . . . . . 2
e (/6™ + 86y + 46y

. . . . 2
+% (a’(35{)aj +a(3)a + B'(—38)8; +E(73)3)

40

D1 1 1 1 ; . B 2
+ 2 (G ha +a)a+ 88 + B8+ 4 (18] + (-1
6 2 2 2 2
kim

+ 400¢i3jdijkd a/Bm +40ﬁi"/jdijkdklm3/’7m +40ai7jd;jkdklma/'ym

+40(aB)(aB) + 40(B7)(B7) + 40(Fa)(va)
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‘Scalar Potential in 4D

Soft Breaking Terms

Vied e, B, 8,7 ) . 4R7 S Y ealo + 4Ry 8\
a,a,B,B8,v,7) = const. ( 227—2)(1&; ( 227—2)0404
R2R3 Rl R2R3 Rl
( 4R3 8 )B’B +( 4R3 8 )EB
202 p2 i 202 p2
RZRZ  R3 RZRZ  R3
( 4R3 8 ) i ( RZ 8 )7
+ — = |7 - = )7
2 p2 2 2 p2 2
R1R2 R3 RIRZ R3
R, R L
+[\/§80< 2 4 i)dyka’ﬁwk
RyRs  RiR3 RZR
ot Jay +he]
RiR —— JaBy + h.c

1 2

+6( (6™ + B'(6G*)iB; +~'(6%) ’Y,)
0/ ; B 2

+;(a (35{)aj+a(3)a+ﬁ( 351 )8 + B( 3)3)

0/ ;1 -

+ 2 (G ahag + TG+ FC oG+ BB + 4 (180 + 710 )

+ 400’ B djy d"'™ oy B + 408~ djy demB/’Ym + 400+ dj d"™ pym

+40(aB)(aB) + 40(B7)(87) + 40(7a)(var)
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‘Scalar Potential in 4D

2 2
V(a',a, 8, 8,7, v) = const. + ( 42R12 iz)"‘ia" + ( 42Rlz - %)Ea
RIRZ  R2 RIRZ  R?
+< 4R B)B’B+<4R22 S)Eﬂ
202 p2 i 202 p2
RZRZ  R2 RZRZ?  R3
+<4R§ 8), +(4R32 8)7
- = )Yt = — = )7
2 p2 2 2 p2 2
RIRZ R3 R1R2 R3
R R R :
+[\/an( 1 2 i)dgka’swk
RoRs  RiR3  RoRy

Ry R, R
+\/§80( + 43 )aﬁ’y + h.c]
RyR;  RR;  RoRy

i (af(ca)f“j +6(G)8; + wf(G“)’,:vj)
07 iiasi _ i i _
te (a (367)ayj +@(3)a + B'(—367)8; + B(—3)8

W0/ ;1 1 i1y 1 oo _
+— o (;6’.)041- +a(;)o¢ +8 (;51-)51' +ﬁ(;)5+’7 (=18))v; +7(=1)v

+ 400¢i6jd;jkd“’"’a/ﬂm +40Bi“/jdfjkdklm617m +40ai’yjdijkdklmarym

+40(aB)(aB) + 40(B7)(B7) + 40(Fa)(var)

D-Terms
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‘ Scalar Potential

in 4D

40
6

4R? 8 )7
- — oo
2 2 2 p2 2
R2R3 R2R3 Rl
(2B Yo (2 L)
2p2  R2 i 2p2  p2
R1R3 R2 R1R3 R2
+(4R§ 8), +(4/?32 8)7
- 5 )Y i - > |77
2 p2 2 2 p2 2
RIRZ RS RIRZ R3
Ry R R3 i A
+[\@so(7 + + )d,-jkoz'ﬁj’yk

RyRs  RiR3  RoRy

R Ry Rs
+ )aﬂw + hf]
RoR3s RiR3  RoRy

+\f280<
1/ . ) ) . ) N
+g (al(Gaﬂaj + ﬁ'(Ga){ﬂj + W'(Gaﬂwj)

10 i . _ i . _ 2
+€ (a (38))cj + @(3)a + B'(—381)B8; + 3(73)6>

i1 1 PO P | o 2
+ 2 (e +a)a+ 8o+ B+ 4 (18] + (1))

+40a’ B djyd

ki i J ki i _J ki
T Bm + 408"y digd " Biym + 400’y dipd " jym

+40(aB)(aB) + 40(B7)(87) + 40(7a)(ve)

F-Terms
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’ Fermion fields in 4D

The spinor representation of G
decomposes under R x H

F = Z(ti, h,)

and the spinor representation
of SO(d) decomposes under R

Ud:E aj

VO'J': oj =t — h; is a
representation of 4D theory

The spinor in D — Dimenssions can be decomposed

SO(1,D — 1) D SO(1,3) x SO(d)
= SU(2), x SU(2)g x SO(d)

d=D —4if d odd
op =(2,1,04) +(1,2,04)
and if d even

op =(2,1,04) +(1,2,54)
+(2,1,54) + (1,2, 04)

In even dimensions we can impose the Weyl condition
(F*W = £WV) and that leads

(with "+")

opy, = (2,1,04) +(1,2,54)

(or with " — " then op,,, = (2,1,54) + (1,2, 04))
If D = 4n + 2 dimensions, the spinor is further re-
ducible, we can impose also Majorana condition

(v =)
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In case we have Dirac fermions in higher dimensions then
it is imposible to get chiral fermions in 4D. For odd
dimensional theories there is no hope to obtain chiral
fermions by that method.

When F is a vector like representation and we are in even
dimensions then we can impose the Weyl condition and
get a chiral theory but with 2 identical copies.

In the case F is a vector like representation, D = 4n + 2,
then we can aply also Majorana condition and we get
chiral theory.

In 10D with Weyl-Majorana condition we can obtain
chiral theory with CSDR.
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Es D U(1) x U(1) x Eg

F vector like 248 = adjEg The 4 representation of SO(6)
decomposes under v(1) x u(1) x E decomposes under U(1) x U(1)

248 = 1(0,0) + 1(0,0) + 80,0 ‘4/4-; (0,0) | Gauginos

Heptlantlon (B HF(31)+0.-1)
Gauge group +27(31%) + 27(7371) + 27(0771)
and it's reps in

H 131 +1a-1) + 1o
+27( 5 1)+ 275 1)+ 270

CHIRAL

Thus applying the CSDR rules we find that the surviving fields in four dimensions are three N' = 1 vector
multiplets V<, V(1), V(2) (where a is an Eg, 78 index and the other two refer to the two U(1)’s)
containing the gauge fields of E5 X U(1) X U(1). The matter content consists of three N' = 1 chiral
multiplets (Ai, Bi, Ci) with i an Eg, 27 index and three N = 1 chiral multiplets (A, B, C) which are Eg

singlets and carry only U(1) x U(1) charges.
23-16
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Yukawa Terms and Gauginos masses in 4D‘

= LT D = LUV + BV

e [? are the -matrices — {I'a, Moy = —2g%k;
ab . 1 1 1 1 1 1
® P =dig{=, = = ===}

Gauge group. ) Va = —83 =+ *f;‘bcerera'bc + ¢a
and it's reps in 2
4D

e 0, =06 =0,aty =0
— Yukawa terms

o V= éracabcabc

e Depends on torsion 7, which is free parameter.
— Gaugino masses
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Wilson Flux
FS/R =75 CW
Ay = ’73Au7??1

where v3 = diag(]_g’(.‘L)]_Q7 wzlg), w = e2i7r/3

d=uwyd, B=wyf, 7=uwy

a=wa, B=wh, y=uwly
After the Zs3 projection the gauge group reduces to

AR, A e SU(3)c x SU(3), x SU3)r

asz ~ (3¢ L, 3) (3,1/2)> B2 ~ (37:_)’1 1)(—3,1/2)) 1~ (]-a 3, ‘5’)(0,—1

Among the singlets, only (g, _1) survives.

)
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(3,1,3) — (¢, (3.3,1) — Q2 (1,3,3) — L]

d
“=(dr ur Dr),Q=| u [,
Dy
HY Hf v
Wilson Flux L = HC? HS er

VR eRr S
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Breakings of SU(3)* to SM gauge
group

L=

:U<oo
o oo

SU(3)e x SU(3)L x SUB)r x U(1)a x U(1)s
—SU(3)c x SU(2). x SU(2)g x U(1)
—SU(3)c x SU(2). x U(1)

o O O
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General remark about neutrino mass in a SU(3)3

If we just assume that the vevs in the theory have big scale
difference Vs > Vg > v, then it leads to neutrino mass

N G
" 5g2 V3

e y is the unified Yukawa coupling

Breakings of . ape .
SU(3)* to SM e g is the unified gauge coupling
gauge group

e M is the gaugino Mass
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Elegant way to reduce from extra dimensions to a 4D
theory.

Chiral theory is achieved.
N =1 softly broken theory.
Get SM particle content.

Conclusions
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