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Supersymmetric Standard Model from the Heterotic String
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We present a Z6 orbifold compacti�cation of the E8 � E8 heterotic string which leads to the
(supersymmetric) Standard Model gauge group and matter content. The quarks and leptons appear
as three 16{plets of SO(10), whereas the Higgs �elds do not form complete SO(10) multiplets. The
model has large vacuum degeneracy. For generic vacua, no exotic states appear at low energies and
the model is consistent with gauge coupling uni�cation. The top quark Yukawa coupling arises from
gauge interactions and is of the order of the gauge couplings, whereas the other Yukawa couplings
are suppressed.

The problem of ultraviolet completion of the (su-
persymmetric) Standard Model (SM) has been a long{
standing issue in particle physics. The most promising
approach is based on string theory, however explicit mod-
els usually contain exotic particles and su�er from other
phenomenological problems. The purpose of this Letter
is to show that these diÆculties can be overcome in the
well known weakly coupled heterotic string [1] compact-
i�ed on an orbifold [2, 3]. The emerging picture has a
simple geometrical interpretation.

In the light cone gauge the heterotic string can be de-
scribed by the following bosonic world sheet �elds: 8
string coordinates Xi, i = 1 : : :8, 16 internal left-moving
coordinates XI , I = 1 : : :16, and 4 right-moving �elds
�i, i = 1 : : :4, which correspond to the bosonized Neveu-
Schwarz-Ramond fermions (cf. [4]). The 16 left-moving
internal coordinates are compacti�ed on a torus. The
associated quantized momenta lie on the E8 � E8 root
lattice. The massless spectrum of this 10D string is 10D
supergravity coupled to E8�E8 super Yang{Mills theory.

To get an e�ective four{dimensional theory, 6 dimen-
sions of the 10D heterotic string are compacti�ed on
an orbifold. A ZN orbifold is obtained by modding a
6D torus together with the 16D gauge torus by a ZN

twist, O = T
6 
 TE8�E

0

8
=ZN . On the three complex

torus coordinates zi, i = 1; 2; 3, the ZN twist acts as

zi ! e2�i v
i

N zi, where NvN has integer components andP
i v

i
N = 0. This action is accompanied by the shifts

of the bosonized fermions �i and the gauge coordinates
XI , �i ! �i � �viN ; XI ! XI + �V I

N , where NVN
is an E8 � E8 lattice vector. Further, if discrete Wilson
linesW I

l are present [3], the torus lattice translations are
accompanied by the shifts XI ! XI + �nlW

I
l with in-

teger nl. In addition to the requirement that NVN and
nW , where n is the order of the Wilson line, be E8 � E8

lattice vectors, VN and W are constrained by modular
invariance (cf. [5, 6]). At each �xed point of the orbifold,
a local ZN twist, composed of VN and discrete Wilson
lines, breaks E8 � E8 to a subgroup (cf. [7]). Given an
orbifold, a torus lattice together with the shift VN and
the Wilson lines, the massless spectrum of the orbifold
can be calculated. It is supersymmetric by construction
and consists of the states which are invariant under the
twisting and lattice translations.
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FIG. 1: G2 � SU(3)� SO(4) torus lattice of a Z6-II orbifold.

In our construction we choose a Z6-II orbifold based
on a Lie torus lattice G2 � SU(3) � SO(4) (Fig. 1) with
a twist vector v6 =

�
1
6
; 1
3
;�1

2

�
[5]. In addition to V6, we

require two Wilson lines: one of order two in the SO(4)
plane, and another of order three in the SU(3) plane. In
an orthonormal basis, the shift and the Wilson lines are
given by

V6 =
�
1
2
; 1
2
; 1
3
; 0; 0; 0; 0; 0

� �
1
3
; 0; 0; 0; 0;0;0;0

�
;

W2 =
�
1
2
; 0; 1

2
; 1
2
; 1
2
; 0; 0; 0

� �
�

3
4
; 1
4
; 1
4
;�1

4
; 1
4
; 1
4
; 1
4
;�1

4

�
;

W3 =
�
1
3
; 0; 0; 1

3
; 1
3
; 1
3
; 1
3
; 1
3

� �
1; 1

3
; 1
3
; 1
3
; 0; 0; 0; 0

�
:

The model has twelve �xed points which come in six in-
equivalent pairs, with the local groups

SO(10)� SO(4) ; SO(12) ; SU(7) ;
SO(8)� SO(6) ; SO(8)0 � SO(6)0 ; SO(8)00 � SO(6)00

up to U(1) factors and subgroups of the second E8. The
standard model gauge group, GSM = SU(3)c � SU(2)L �
U(1)Y , is obtained as an intersection of those groups.
The surviving gauge group in 4D is

G = GSM � [SO(6)� SU(2)]�U(1)8 ; (1)

where one of the U(1)'s is anomalous, and the brackets
indicate a subgroup of the second E8. The matter mul-
tiplets are found by solving the masslessness equations
together with the twist- and translation{invariance con-
ditions. The resulting spectrum includes both untwisted
(U , \bulk") and twisted (Tk, \localized") states, and is
given in Tab. I. The twisted states can belong to any of
the twisted sectors Tk (k = 1; 2; 3; 4) depending on their
string boundary conditions. There are no left{chiral su-
per�elds in the T5 sector.
Let us now discuss some properties of the spectrum.

We �rst note that the V6 shift is chosen such that the
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name Representation count name Representation count

qi (3;2;1;1)1=6 3 �ui (3;1;1;1)
�2=3 3

�di (3;1;1;1)1=3 7 di (3;1;1;1)
�1=3 4

�̀
i (1;2;1;1)1=2 5 `i (1;2;1;1)

�1=2 8

mi (1; 2;1;1)0 8 �ei (1;1;1;1)1 3

s
�

i (1;1;1;1)
�1=2 16 s

+

i (1;1;1;1)1=2 16

s
0
i (1; 1;1;1)0 69 hi (1;1;1;2)0 14

fi (1; 1;4;1)0 4 �fi (1;1;4;1)0 4

wi (1; 1;6;1)0 5

TABLE I: The GSM � [SO(6)� SU(2)] quantum numbers of
the spectrum.
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FIG. 2: Local gauge symmetries in the SO(4) plane (at the
origin in the G2 and SU(3) planes). Two 16{plets arise from
the orbifold �xed points.

local gauge symmetry at the origin is SO(10)� SO(4)�
U(1) and the twisted matter at this point is a 16{plet of
SO(10) plus SO(10)-singlets. When the SU(3)�SU(2)�
U(1) � SO(10) factor is identi�ed with the SM group
GSM (with the standard GUT hypercharge embedding),
the 16{plet of SO(10) gives a complete generation of the
SM matter, including the right{handed neutrino. Since
there are two equivalent �xed points in the SO(4) plane
(Fig. 2), there are 2 copies of the 16{plets. Due to our
choice of Wilson lines, the remaining matter has the SM
quantum numbers of an additional 16{plet plus vector{
like multiplets. This can partly be understood from the
SM anomaly cancellation. Thus, we have

matter: 3� 16 + vector-like : (2)

Two generations are localized in the compacti�ed space
and come from the �rst twisted sector T1, whereas the
third generation is partially twisted and partially un-
twisted:

2� 16 2 T1 ; 16 2 U; T2; T4 : (3)

In particular, the up{quark and the quark doublet of the
third generation are untwisted, which results in a large
Yukawa coupling, whereas the down{quark is twisted and
its Yukawa coupling is suppressed.
It is well known that the heterotic orbifold models have

large vacuum degeneracy which gives enough freedom for
realistic constructions [8, 9, 10]. There are many at di-
rections in the �eld space along which supersymmetry

is preserved but some of the gauge symmetries are bro-
ken. In particular, all of the U(1) factors of Eq. (1) apart
from the hypercharge are broken by giving vacuum ex-
pectation values (VEVs) along D{ and F{at directions
to some of the 69 singlets s0i . We note that cancellation of
the Fayet{Iliopoulos D{term associated with an anoma-
lous U(1) requires that at least some of the VEVs be close
to the string scale. Choosing all the singlet VEVs of or-
der the string scale, the U(1) gauge bosons are decoupled,
and we have

G �! SU(3)c � SU(2)L �U(1)Y � Ghidden ; (4)

with Ghidden = SO(6) � SU(2). This leads to complete
separation between the hidden and observable sectors.
One of the main problems of string models is the pres-

ence of exotic states at low energies. Generically, such
states are inconsistent with experimental data and de-
stroy gauge coupling uni�cation. Even if the exotic states
are vector{like with respect to the SM, they are still
harmful unless they attain large masses. However, one
cannot assign the mass terms at will. They must ap-
pear due to VEVs of some singlets and be consistent with
string selection rules [11,9]. In most cases, the latter pro-
hibit many of the required couplings such that the exotic
states stay light. One of the achievements of our model
is that all of the exotic vector{like states can be given
large masses consistently with string selection rules.
To proceed, let us briey summarize these rules [5].

The coupling

	1	2 : : :	n (5)

between the states 	i belonging to twisted sectors Tki
(including also the untwisted sector) to be allowed, the
total twist has to be a multiple of 6:

P
i ki = 0 mod

6. There are further restrictions on the �xed points that
can enter into this product, called a space group selec-
tion rule. For example, in the SO(4) plane it amounts

to
P

i(n
(i); n(i)

0

) = (0; 0) mod 2, where (n(i); n(i)
0

) are
the coordinates of the �xed points in the orthonormal
basis, n(i); n(i)

0

= f0; 1g. Similar rules apply to the
SU(3) and the G2 planes. Further, there is a require-
ment of gauge invariance

P
i pi = 0, where pi are the

(shifted) momenta in the E8 � E8 gauge lattice. Finally,
theH{momentum in the compact 6D space must also be

conserved,
P

iR
(i)
1 = �1 mod 6,

P
iR

(i)
2 = �1 mod 3,

P
iR

(i)
3 = �1 mod 2, where R1;2;3 are the H{momenta

associated with the G2, SU(3) and SO(4) planes, respec-
tively.
Based on these selection rules, we analyze allowed su-

perpotential couplings involving vector{like pairs of ex-
otic �elds xi�xj and the SM singlets sa:

W = xi�xjhsasb : : : i : (6)

We �nd that all of the exotic states enter such super-
potential couplings. This requires a product of up to 6
singlets. In order to decouple the exotic states one has


