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§1 [NTRODUCTION

Compactification of 10-d heterotic string
theory may provide a unified framework for all
fundamental interactions in 4-d.

Compactification of 6 space dimensions
(1) Calabi-Yau manifold

tensor product of minimal N=2 Geprer
superconformal theories
(2) Orbifold

. standard Z orbifold
Eg XEg — EgXSU(3) XEg

.orbifold with Wilson lines
homomorphism of the space group
defining the torus into EgXEg ‘
» gauge symmetry breakingy — realistic
- number of generations } models
E;x Eq
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Rank of the gauge group is not changed and
many extra U(1) s survive.
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Are large rank gauge groups a characteristic
feature of chiral string models in 4—dimensions?

The purpose of this talk is
to give a powerful method to construct

chiral string models in 4—d with lower
rank gauge groups.

L orbifold
6-dimensional torus T8 = R8/ g
[Fg: lattice defining the torus

Zsinvariance (point group)
6: " — exp(2xi/3)1®
- a=1,2,3 (R® in complex nqtatjon)
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space grodp

Orbifold with commuting Wilson lines

St 2% — (87 + ¢° e
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TS/Zs ~ R&/S
fixed pomts -
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_bosonic formulation

space group
I— (8I)'+ &% a=n23
embedding in gauge degrees of freedom

X'— (OX) + V* L=t 16
©: automorphism of group lattice
Weyl rotation
V': commuting Wilson lines (in Cartan
subalgebra) corresponding to shifts
{' in rs :
homomorphism: (8, ¢) — (O,V) °

(rotation) X (shift) noncommutative
=> reduction of the rank of subgroup

It is rather difficult to construct realistic
models on_purely stringy basis. | |
= Field theory approximation
e flat direction in the potential
« anomalous U(1)



§2 NONCOMMUTING WILSON LINES

fermionic formulation

¥ unified treatment of both Abelian
and non—Abelian embedding

¥¢ systematic model building

%% no field theoty approximation

orbifold with Wilson lines
(R® with background gauge field)/S

A B 8

B)= e 7))
% fixed. poinl v mﬂ,.Wﬂwﬁ*
| A=8 wlo stift o Wailsen ,
in Lallica Line

fixed point < shift in lattice < Wilson line

fixed point < conjugacy class of S
< twisted Hilbert space

QO Wilson lines corresponding to different
fixed points are noncommuting.

This noncommutability may reduce the rank
of the gauge group.

Fixed point on the Z orbifold is denoted by
(p,q r); p,q,r =0, +1 mod 3 specify location
of the fixed point on the three complex z%

planes. o=123

27k/3 rotation & shift pel+qeZ+rel
k=1,2 for fixed point f=(p,q,r).

Wilson line corresponding to this shift

O,k = exp[27mi(pay+aby+re)]
u
Znak=Au -(e'y) ,etc.

Internal degrees of freedom of the heterotic
string 1s described by

¥,y (=L, e, 16)
which transform as vectors of SO(16)XS0(16).

Embedding of Z3 into EgXEg is given by
rotation matrix Q for ¥

Q =expl2mi¢tig], 3&% =0mod I

Hp : Cartan subalgebra of EgXEg: Ju=1

L2=1--,16
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Boundary condition on orbifold

for gauge fermions

n-k
Y(o1+m, 02) = (1) Q O¢ (¥ (01, 02)

m h
Y(o1, 00+m) = (-1) Q O¢ ¥ (01, 02)

nondiagonal in matrix notation
n,m : Spin

Automorphism of order 3 structure

k
6 exp[2mik/3] & we K= Q @f,k

- # of automorphisms wys = # of fixed points f -

= # of twisted Hilbert spaces

Noncommuting wj and Wg for different fixed
points f, g

[wg, wgl # 0 = reduction of the
rank of gauge group

Quantum numbers invariant under w4 determine

the gauge symmetry of the subgroup.

§3 GAUGE SYMMETRY BREAKING

Commutability of wg k= Q ()f,k depends on
the choice of background gauge fields A;t

(i) Abelian embedding
Atz in the Cartan subalgebra

all wf k commutable
=> diagonalized simultaneously

This case is equivalent to the embedding
of the space group by shifts in the EgXEg
lattice, : .

Q“0¢ | = expllmikvi Hgl , k=0, %1

L L
vi = ¢+ (paj+abi+rey)
Pt n-, 16

v¢ corresponds to a shift in the EgXEg
[attice in the bosonic formulation.

Modylar invariance in the presence of back-
ground gauge fields
<> the level matching condition,
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condition of modular invariance

a'-—-
NZ&%=0 mod?
NZvi =0 mod 2 (N=3)
N(Z ()%= Z(€9% = 0 mod 2

Here £*detemines the boundary condition
for the right-moving NSR fermions:

(o, 07) = (1) exp(27 ik €9 1%(a 1, o)

m
Mo, ogatm) = (-1) exp(Qmih €9 A% o, o2)
£ = (1/3,1/3,-2/3,0) TR

condition of group invariance

string states on orbifold must be invariant
under Z5

ek f/Dvf + (- KE™/D) €% 4 my = 0
. : mod 1
Y & EgXEg lattice
K* & S0(8) vector or spinor lattice
m - eigenvalue of the twist operator

A R
2R,

3=¢

~ AL .
P ? 29 = CZ“B 2%

Massless spectra

(1) untwisted sector

% gauge boson
helicity £1€ 8, of SO(8)
K€%= 0 mod 1
group invariant condition

= Vv§ = 0 mod 1

+ massless fermions
helicity 1/2€ 8¢ of S0(8)
K*¢%= 2/3 mod 1

= Vi = 1/3 mod 1
® twisted sector

% massless fermion
1 2 2
O+ VP2 + N - F=
NL: number of | oscillation

Mass spectrum is the same as the one obtained
by embedding shifts in the EgXEg lattice.
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(ii) Non—-Abelian embedding
A

i not restricted to Cartan subalgebra

= wg  noncommutable

Quantization of string states needs to
diagonalize the boundary conditions:
K -1 R

Q @f,k = Uf exp[ZxckfoL] Ug

transformation matrix Uy & SO0(16)XS0(16)

eigenvalue vg: 3v$?0 mod 1 Z3 invariance
String states associated with each fixed point
are expressed in the different .basis.
String Hilbert space is tnvariant under

we (= S?K()f’k , automorphism of Z3

% Gauge symmetry is determined by invariance

under wy¢ | for all f
Vzvf =0 mod 1
= Ug E, Ug'= By — alaays salisfied

-1 = "
Us HI. Ug ' = Hl — reduce e rank
of subgrowp

Chiral fermions

(1) untwisted sector
Vlv% = 1/3 mod I
Ugty U™ = 1,

Singlefs with the noninvariant U(l) charge
are projected out,
(2) twisted sector
massless condition
’Z(Ve-i- yef)z + N ——;i =0 unchanged

N : number of zy oscillation

.Modular invariance of the truncated theory

partition function for the left-moving gauge
fermions for the boundary condition (k,h)¢

Z(k, ), = Tr[Qk@f’ hexp(27i zHe )]

= Tr[exp(Znihv%HI)exp(ZRi tHf’k)]

H,,: Hamiltonian in the (k, h)¢ sector
invariant under S0(16)XS0(16)
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Partition function does not depend on Ug. -

(Inner)automorphism corresponding to Us is
commutative with modular transformation,

=> the level matching condition for eigen
values V¢ is sufficient for modular
invariance

The discarded zero modes are singlets of
the unbroken non—Abelian group.

=> Anomaly cancellation with respect to
unbroken subgroup is not changed.

Remark

' © Gauge symmetry and mass spectra are

determined by the eigen value v¢ of the
boundary conditions for gauge fermions.

= Different Wilson lines with the same Vg

give the same symmetry and mass spectra,

= degenerate orbifold

@© When the subgroup contains U(l), some of
them might be anomalous.

§4 MODEL BUILDING

(1) Z3 embedding
Q =explini {'2 sz

§=:;’(z.l.'.°r; o'y standard
v J.m':ed&ina.
(2) Possible Wilson lines

1J
@f, k= expl? n i(pak+qbk+fck) TU]
Tyg: SOC16)XSO0(16) generators

Electroweak symmetry should not be violated.
SOC18) adjoint 120 5 SO(10)XSU(4) )

120 = (45,1) + (10,6) + (1, 15) -
Su)g b}-ea«.:v L‘7 SUl%) oF SUL3) Lreo.k;n}

% electroweak symmetric Wilson lines

(3, 1) + (1,15) of SU(2)pXSUC4)

Wilson lines

SU(2p, SUCD)
SU()RXSU(D), SU(3) -
SUC)RXSUE3), SUC4) -
SUC2)pXSU4)

redqction of rank

P A D e
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Y Simple model

Eg XEg — SU(3)XSU(3) XSU(3)R

. X S0(14) XU(LY
(1) 73 embedding

& = 3 (er+erres—Legrer+le))

e;: orthogonal basis

& is invariant under SU(9)XSO0(14)XU(1).
(2) one Wilson line from SU(3)
a"TIJ - %(2H|+H2+H3)

diagonalized by
SO(16)\SU(Y) rotation which
-feaves & invariant. =

Symmetry breaking :

V-& =0 = EgXEs — SUCY)XSO(14)XU(LY

V-a =0 = SU(9) — SU(3) XSU(3) XSU(3)g |

X1
L— killed by
H,* Hy
' $0(16)NSU(9)
2H,+ H,* Hy

rotation

Chiral fermions

@ untwisted sector

3{G3,3,3) +3(1,1,1))
L (- — (4,11)
{H,f“,_ X
2H, tHyt Hy X

two of them are projected
out by SOC16)(NSU(Y) rotation

@ twisted sector
27 {(1,3,1) + 3,1, 1) + (1,1,3))

Q

. More elaborate examples are.constructed

by choosing Z3 embedding, ¢ and Wilson lines,
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(2.0) orbifobdl

ank Eg * E?/ "’

gauge groups Wilson lines massless fermions

T | E xu(1)x s0(14)* x u(1)* su(2) 1227 + 811
SU(6) x SU(3) , SU(2), 3(15,3) + 9(15,1)

7 X $0(14) " x U(L)* + 36(6,1) + 45(1,3)
6 | B xsoqe) xucny su(3) 327 +327 +541
[4 SU(6) X U(L) X E} xU(L)* | SU(2)pxSU(2) | 915+ 36 6+ 18 6 + 81 1
& | so(10) x s0(14)* x U(L)* SU(4) 3i5_+5_12+3_1”§+ 36 1
'y su(s)xz;k xu(L)* SU(2)pxSU3) [ 315 +3 15+ 246+ 26 6

L) SUE) x Uay +56 1

,g.

SUC4)  x SU2), SU(2)p x SUC4) | 3(4,2) + 12(4,1) + 6(4,1)

XE} X U(L)" +30(1,2) + 6(6,1)

+3(6,1) + 36(1,1)

9_ SU(B)cx SU(Z)Lx U(l)Y SU(Z)lkx SU(4) | 6(3,2) + 3(5,2) + 33(1,2)

XE! x U(1)" xU(1)y +9(3,1) +3(3,1)

)

L

(0,0,b) . 3 {‘(3,1)+ 3CLY)+3(3,1)+(3,1)+3(1,1,}

+27 simybels F=o t, b, T,
F=1 u d, e, --- 3 aenrw\t‘ow
= '4‘ CI sl f‘l i

(o, 1,w): 3{40,0)+(T, 2}
5 mitror Conjugele
(o,-4,w) 1 3 {4,243 )

§5 CONCLUSIONS

1. We have proposed a powerful method to
construct orbifold models with lower—
rank gauge groups.

non—commuting Wilson lines

= automorphism of 73, Wi
for twisted Hilbert space Hy

[wg, wg] £ 0 forf # g

2. Unified treatment for Abelian (no rank-
reduction) and non-Abelian embedding

. . . .
more general than bosonic formulation

3. Purely stringy construction of models
with lower—rank gauge group

no field theory approximation
flat direction of potential

= (¢) # 0

4. Need more study to construct realistic
models

choice of Z3; embedding and Wilson lines





