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Abstract

In supersymmetric extensions of the standard model there is no basic difference be-
tween Higgs and matter fields, which leads to the well known problem of potentially
large baryon and lepton number violating interactions. Although these unwanted
couplings can be forbidden by continuous or discrete global symmetries, a theoretical
guiding principle for their choice is missing. We examine this problem for a class of
vacua of the heterotic string compactified on an orbifold. As expected, in general
there is no difference between Higgs and matter. However, certain vacua happen to
possess unbroken matter parity and discrete R-symmetries which single out Higgs
fields in the low energy effective field theory. We present a method how to identify
maximal vacua in which the perturbative contribution to the p-term and the expec-
tation value of the superpotential vanish. Two vacua are studied in detail, one with
two pairs of Higgs doublets and one with partial gauge-Higgs unification.



1 Introduction

In the standard model there is a clear distinction between Higgs and matter: Quarks and
leptons are chiral fermions whereas a scalar field describes the Higgs boson. The most
general renormalizable lagrangian consistent with gauge and Lorentz invariance yields a
very successful description of strong and electroweak interactions [1|. Furthermore, with
appropriate coefficients, the unique dimension-5 operator can account for Majorana neu-
trino masses, and the baryon number violating dimension-6 operators are consistent with
the experimental bounds on proton decay.

In supersymmetric extensions of the standard model the distinction between Higgs and
matter is generically lost. Since the lepton doublets and one of the Higgs doublets have
the same gauge quantum numbers the most general supersymmetric gauge invariant la-
grangian contains unsuppressed R-parity violating terms which lead to rapid proton decay.
In grand unified models (GUTs) [1] colour triplet exchange can also generate dangerous
baryon number violating dimension-5 operators. These problems can be overcome by in-
troducing continuous or discrete symmetries which distinguish between Higgs and matter
fields, such as R-symmetry, Peccei-Quinn type symmetries or matter parity. However, in
the context of four-dimensional (4D) field theories the origin and theoretical justification
of these symmetries remain unclear.

Higher-dimensional theories provide a promising framework for unified extensions of the
supersymmetric standard model [2|. In particular the heterotic string |3| with gauge group
Eg x Eg is the natural candidate for a unified theory including gravity. Its compactifications
on orbifolds [4, 5| yield chiral gauge theories in four dimensions including the standard
model as well as GUT gauge groups. During the past years some progress has been made
in deriving unified field theories from the heterotic string [6-8|, separating the GUT scale
from the string scale on anisotropic orbifolds [9], and a class of compactifications yielding
supersymmetric standard models in four dimensions have been successfully constructed
[10-12].

The heterotic string model [10] has a 6D orbifold GUT limit, where two compact
dimensions are much larger than the other four, with 6D bulk gauge group SU(6) and
unbroken SU(5) symmetry at two fixed points. The corresponding supergravity model has
been explicitly constructed in [13], and it has been shown that all bulk and brane anomalies
are canceled by the Green-Schwarz mechanism. Furthermore, a class of vacua has been
found which have a pair of bulk Higgs fields and two SU(5) bulk families in addition to
the two SU(5) brane families. At the SU(5) fixed points these fields form an SU(5) GUT
model. In 4D one obtains one quark-lepton ‘family’” and a pair of Higgs doublets from split
bulk multiplets together with the two brane families.

What disdinguishes Higgs from matter fields with the same SU(5) quantum numbers
in an orbifold GUT? In the vacuum studied in [13] there is no distinction, which leads
to unacceptable R-parity violating Yukawa couplings. In [11] interesting 4D vacua with
unbroken matter parity were found, which allow to forbid the dangerous R-parity violating
couplings. Some of these vacua also have gauge-Higgs unification for which an intriguing
relationship exists between p-term and gravitino mass. Indeed, several vacua with semi-



realistic Yukawa couplings could be identified where to order six in powers of standard
model singlets p-term and gravitino mass both vanish.

In this paper we further analyse the vacua of the 6D orbifold GUT [13]. Since Mgyt <
Mtring, we consider vacua with expectation values (VEVs) of all 6D zero modes. One then
obtains further vacua with unbroken matter parity. The localized Fayet-Iliopoulos terms
of anomalous U(1) symmetries may indeed stabilize two compact dimensions at the GUT
scale |13, 14] but the study of stabilization and profiles of bulk fields [15] is beyond the
scope of this paper. In the following we shall assume that locally consistent vacua can be
extended to globally consistent ones.

The existence of a matter parity is not sufficient to distinguish Higgs from matter. One
also needs that the p-term is much smaller than the decoupling mass of exotic states. In
principle, there are two obvious solutions: Either a non-zero p-term is generated at very
high powers in standard model singlets, or the perturbative part of the p-term vanishes
exactly and a non-perturbative contribution, possibly related to supersymmetry breaking,
yields a correction of the order of the electroweak scale. In Section 4, we shall discuss how
to identify ‘maximal’ vacua with vanishing u-term, as well as extended vacua with u-terms
generated at high orders. This is the main point of our paper.

The maximal vacua with vanishing p-term do not include the case of gauge-Higgs
unification. Instead, we find a vacuum with two pairs of massless Higgs doublets and one
with partial gauge-Higgs unification only for H, which gives mass to up-type quarks. This
is perfectly consistent with the fact that a large top-quark mass is singled out. The original
symmetry between 5- and 5-plets is violated by selecting vacua where matter belongs to
5- and 10-plets.

There are also other promising approaches which use elements of unification to find
realistic string vacua. This includes compactifications on Calabi-Yau manifolds with vector
bundles [16-20], which are related to orbifold constructions whose singularities are blown
up |21, 22|. Very recently, also interesting GUT models based on F-theory have been
discussed [23-25].

The paper is organized as follows. In Section 2 we recall some symmetry properties
of effective SU(5) field theories, which are relevant for the p-term and baryon number
violating interactions. The relevant features of the 6D orbifold GUT model [13] are briefly
reviewed in Section 3. New vacua of this model with vanishing p-term and gravitino
mass are analyzed in Section 4, and the corresponding unbroken discrete R-symmetries are
determined. Yukawa couplings for these vacua are calculated in Section 5.

2 Effective low energy field theory

The heterotic 6D GUT model [13] has local SU(5) invariance. Hence, the superpotential
of the corresponding low energy 4D field theory has the general form,

W = pH,Hg+ mH,56 + CL10010) H, + CV5 10, Hy

(RE g B)
+CVB 100,51 + OB Hu By Ho + Clyp) 10 10,1095 (2.1)



where we have included dimension-5 operators. Here i, j, ... denote generation indices, and
for simplicity we have kept the SU(5) notation. Note that the colour triplets contained
in the Higgs fields H, = 5 and Hy; = 5 are projected out. p; and C® yield the well
known renormalizable baryon (B) and lepton (L) number violating interactions, and the
coefficients C) and C'®) of the dimension-5 operators are usually obtained by integrating
out states with masses O(Mguyr). In supergravity theories also the expectation value of
the superpotential is important since it determines the gravitino mass. One expects

if the scale Mgw of electroweak symmetry breaking is related to supersymmetry breaking.

Experimental bounds on the proton lifetime and lepton number violating processes
imply p; < p, O < 1 and C®) <« 1/Mgur. Furthermore, one has to accomodate
the hierarchy between the electroweak scale and the GUT scale, Mgw /Mcur = O(1071).
On the other hand, lepton number violation should not be too much suppressed, since
C®) ~ 1/Mgyr yields the right order of magnitude for neutrino masses.

These phenomenological requirements can be implemented by means of continuous or
discrete symmetries. Imposing an additional U(1) factor with

SUG) x U(l)x C SO(10)
SUGB)xU(l)x D SUB)xSUR2)xU(l)y xU(1)p_g , (2.3)
where Y denotes the standard model hypercharge, one has p; = CH = C®) = 0, since

these operators contain only B — L violating terms. On the other hand, C®) conserves
B — L and is therefore not affected. The canonical U(1), charges read

1 _ 3 2 2
tx(10) = = t = —= tx(H,) = —= tx(Hy) = = 2.4
X( 0) 57 X(5) 57 X( U) 57 X( d) 57 ( )
with
4
tp_r =tx + 5 ty . (25)

The wanted result, u; = CH = 0, C) #£ 0, can be obtained with a Z5 subgroup of
U(1)y, which contains the ‘matter parity’ Py [26],

Matter parity, however, does not solve the problem C®) #£ 0, and also the hierarchy
Mgw/Mgur < 1 remains unexplained.

In supersymmetric extensions of the standard model, electroweak symmetry breaking
is usually tied to supersymmetry breaking. It is then natural to have yu = p; = 0 for
unbroken supersymmetry. One easily verifies that in this case, for C = CB) = 0, the
superpotential aquires a unique Peccei-Quinn type U(1) po Symmetry with charges
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together with an additional U(1), symmetry with R-charges
R(10)=R(5)=1, R(H,) = R(H)=0. (2.8)

Note that the U(1) ,-symmetry implies the wanted relations p = pu; = C® = 0B = (),
with C¥) unconstrained. On the other hand, the Peccei-Quinn symmetry only yields
= = ) =,

The same relations can be obtained by imposing a discrete ZgQ subgroup with PQ-
parities

PpQ(]_O) = PpQ(Hd) =-1 , PPQ(S) = PPQ(Hu) =1. (29)

On the contrary, the familiar R-parity, which is preserved by non-zero gaugino masses,

Pr(10) = Pr(5) = =1, Pr(Hy) = Pr(Ha) =1, (2.10)

implies p; = O = 0, whereas j, %) and C®) are all allowed.

In summary, the unwanted terms in the lagrangian (2.1) can be forbidden by a continu-
ous global R-symmetry. Supersymmetry breaking will also break U(1), to R-parity, which
may lead to an R-axion. The dangerous terms p and C®) will then be proportional to the
soft supersymmetry breaking terms and therefore strongly suppressed. Alternatively, the
unwanted terms in (2.1) can be forbidden by discrete symmetries, such as matter parity,
PQ-parity or R-parity.

In ordinary 4D GUT models continuous or discrete symmetries can be introduced by
hand. It is interesting to see how protecting global symmetries arise in higher-dimensional
theories. The global U(1)g symmetry (2.8) indeed occurs naturally [27], and it has been
used in 5D and 6D orbifold GUTs [28]. However, as we shall see in the following sections,
orbifold compactifications of the heterotic string single out discrete symmetries, which may
or may not commute with supersymmetry.

3 Heterotic SU(6) model in six dimensions

Let us now briefly describe the main ingredients of the 6D orbifold GUT model derived
in [13]. The starting point is the Eg x Eg heterotic string propagating in the space-time
background (X4 x Y3)/Zy x My. Here Xy = (R*/Ag,xsus))/Zs, Yo = (R*/Aso)) and
M, represents four-dimensional Minkowski space; R*/Aq,xsus) and R?/Agoq) are the tori
associated with the root lattices of the Lie groups Go x SU(3) and SO(4), respectively. By
construction the Zg_11 = Z3 X Zs twist yielding the orbifold has Zs and Z, subtwists which
act trivially on the SO(4) and the SU(3) plane, respectively. As a consequence, the model
has bulk fields living in ten dimensions and fields from twisted sectors, which are confined
to six or four dimensions.

The model has twelve fixed points where the Eg x Eg symmetry is broken to differ-
ent subgroups whose intersection is the standard model gauge group up to U(1) factors.
The geometry has an interesting six-dimensional orbifold GUT limit which is obtained
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Figure 1: The six-dimensional orbifold GUT model with the unbroken non-Abelian subgroups
of the ‘visible’ Eg and the corresponding non-singlet hyper- and chiral multiplets in the bulk
and at the SU(5) GUT fixed points, respectively. Fixed points under the Zo subtwist in the
SO(4) plane are labelled by tupels (n2,nb), those under the Zs subtwist in the SU(3) plane
carry the label ng = 0,1,2. The Zg¢ fixed point in the Gy plane is located at the origin.

by shrinking the relative size of X, as compared to Y5. Such an anisotropy can account
geometrically for the hierachy between the string scale and the GUT scale. The space
group embedding [10] includes one Wilson line along a one-cycle in Xy, and a second one
as a non-trivial representation of a lattice shift within Y5. This leads to the MSSM in the
effective 4D theory [10, 11| with the 6D orbifold GUT shown in Figure 1 as intermediate
step [13]. At two equivalent fixed points, labelled as (nq,n}) = (0,0), (0,1), the unbroken
group contains SU(5); at the two other fixed points, (ng,n5) = (1,0), (1,1), the unbroken
group contains SU(2) x SU(4).!
The 6D orbifold GUT has N = 2 supersymmetry and unbroken gauge group

Gs = SU(6) x U(1)* x [SU(3) x SO(8) x U(1)?], (3.1)
with the corresponding massless vector multiplets

(35;1,1) +(1;8,1) 4+ (1;1,28) + 5 x (1;1,1) . (3.2)
In addition one finds the bulk hypermultiplets

(20;1,1) + (1;1,8) + (1;1,8,) + (1;1,8.) +4 x (1;1,1), (3.3)

where we have dropped the U(1) charges. It is convenient to decompose all N' = 2 6D
multiplets in terms of A" = 1 4D multiplets. The 6D vector multiplet splits into a pair of

LA 5D orbifold GUT model with the same bulk and brane gauge symmetries and gauge-Higgs unification
has been constructed in [29]; the matter and Higgs sector, however, is very different from the model [13].



4D vector and chiral multiplets, A = (V, ¢), whereas a hypermultiplet contains of a pair of
chiral multiplets, H = (Hy, Hg); here ¢ and Hy, are left-handed, Hp is right-handed.

As we shall see, the four non-Abelian singlets, denoted as U;...Uy, play a crucial role in
vacua with unbroken matter parity; the SU(6) 20-plet contains part of one quark-lepton
generation. At the SU(5) fixed points one has

35=24+5+5+1, 20=10+10. (3.4)

In addition to the vector and hypermultiplets from the untwisted sector of the string,
there are 6D bulk fields which originate from the twisted sectors 75 and Ty of the Zg 1
orbifold model. For simplicity, we shall list in the following only the states of the ‘visible’
sector, the complete set of fields can be found in [13|. For each of the three fixed points in
the SU(3) plane, one finds

3X (65 + 6, + Y, +Y,,), n3=0,1,2, (3.5)

where the omitted U(1) charges depend on n3. The multiplicity factor 3 is related to three
different localizations in the Gq plane; Y,,, and Y, denote singlets under the non-Abelian
part of Gg. At the SU(5) fixed points ny = 0, Eq. (3.5) reads

3X (Bry + 5y + Xy + Xpy + Yo, +Yo,), n3=0,1,2, (3.6)

where X,,,, X,,, denote SU(5) singlets. Note that each N' = 2 hypermultiplet H contains
two N = 1 chiral multiplets H and H¢ with opposite gauge quantum numbers.

At the four fixed points in the SO(4) plane N/ = 1 chiral multiplets from the twisted
sectors 11 /T5 and T3 are localized. At each SU(5) fixed point one has

5+10+N°+ S +...+ Ss. (3.7)

This provides two quark-lepton families and additional singlets whose vacuum expectation
values, together with those of X,, and Y,,, can break unwanted U(1) symmetries. Note
that 5, 10 and N°¢ form together a 16-plet of SO(10) which is unbroken at two equivalent
fixed points of the 6D orbifold TG/ZG,H. Hence N°€ is one of the ‘right-handed’ neutrinos
in the theory.

According to Egs. (3.4) and (3.6), the 6D theory dimensionally reduced to 4D is vec-
torlike. In terms of A/ = 1 chiral multiplets there are two 10’s, two 10’s, 19 5’s and 19
5’s. The chiral spectrum in 4D is a consequence of the further orbifold compactification.
At the fixed points of the SO(4) plane two chiral families, 5 + 10, occur. Furthermore,
the boundary conditions for the 6D bulk fields at the fixed points lead to a chiral massless
spectrum. Zero modes require positive ‘parities’ for bulk fields at all fixed points. As
shown in |13|, positive parities at the SU(5) fixed points reduce the 18 5’s and 18 5’s in
Eq. (3.6) to 10 5’s and 8 5s, i.e., to a chiral spectrum.

The model clearly has a huge vacuum degeneracy. In most vacua the standard model
gauge group will be broken. This can be avoided by allowing only VEVs of the SM singlet
fields,

U, Us, Xoy ooy X5, Yo, o YE Sy, 0, Ss (3.8)
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but most vacua will have a massless spectrum different from the MSSM. An interesting
subset of vacua can be identified by observing that the products 5,,5¢, and 5,,5,, are
total gauge singlets for which one can easily generate masses at the SU(5) fixed points.

This allows the decoupling of 6 pairs of 5’s and 5’s [13],

W D M, (505§ + 505 + 5155 + 5157 + 5255 + 5:55) (3.9)
after which one is left with three 5-plets, five 5-plets and two 10-plets,

5,5, 55, 55, 51, 51, 55, 5y; 10, 10°. (3.10)

We are now getting rather close to the standard model. The bulk fields, together with the
localized fields (3.7), can account for four quark-lepton families, and the additional three
pairs of 5- and 5-plets may contain a pair of Higgs fields.

How can one distinguish between Higgs and matter fields and which fields should be
decoupled? The discussion in Section 2 suggests to search for the U(1) symmetry amoung
the six U(1) factors at the SU(5) fixed points, so that the extended SU(5) x U(1), gauge
symmetry contains U(1)5 ;,

5

4
tx :;aiti—ka@-tg, tpr=1tx + ctv. (3.11)
Here ty,...,tJ are generators of the six local U(1) factors? at ny = 0 (cf. [13]), and ¢y is

the hypercharge generator in SU(5). For completeness all charges of the remaining SU(5)
multiplets and the singlets (3.8) are listed in Tables 3.2 and 3.3, respectively.

We can now demand the canonical U(1), charges (2.4) for the localized fields and
the bulk 10- and l_Oc—plets. This fixes four coefficients: a; = as = 2a4,a3 = —1/3,a6 =
1/(15). Two 5- and two 5-plets then have the charges of the Higgs multiplets H, and Hy,
respectively,

—e 2 _ . 2
tx(5) =tx(5y) = —=, tx(5) =1tx(5;5) = £ (3.12)
This leaves 51, 55 and 5, as candiates for matter fields. The requirement to identify two
5-plets which, together with 10 and 10°, form two generations, uniquely determines the

last two coefficents, a; = 1 and a5 = 1/6, so that
bx = b+t — by + by 4ty + 10 (3.13)
x =l = gla+ glat ol + 1 le: .
The remaining charge assignments read
2 - 3

tx(51) = ~tx(51) = ==, tx(52) = x(55) =~ . (3.14)

One can also embed the U(1)p, symmetry (2.7) in the product U(1)°. One finds

tpo = 1(t+t)+1t VPRV RN ) (3.15)
PQ = 9 1 2 63 24 65 156" .



5 56 5 5 5¢ 5 5, 55

O T N R T
SUB) xSU@) | (1,2) (3.1) (L,2)|(L2) (3,1) (L2) (3,1) (1,2
U)p_p 0 —2 0 0 2 0 -z -1
MSSM H,? H,? | Hy? Hy?  ds 3

Table 3.1: SU(5) non-singlet chiral multiplets at no = 0. SU(3) x SU(2) representations,
B — L charges and MSSM identification refer to the zero modes.

However, in the vacua considered in the next section, this symmetry is completely broken.
To proceed further we now consider the zero modes of the 5- and 5-plets listed in
Table 3.1: 5, and 5§ yield exotic colour triplets and therefore have to be decoupled,

W > M! 505 . (3.16)

5, and 55 contain a canonical colour-triplet and lepton doublet, respectively. Finally, 5
and 5; are candidates for H,, whereas 5 and 5, are candidates for H,.
For the matter fields we now have a clear picture. There are two localized brane families,

(ng,n;) = (0,0) : 5(1), 10(1), (ng,n;) = (0, 1) : 5(2), 10(2), (317)

and two further families of bulk fields,

53 =55, 103 =10; 5.4 =5y, 104 = 10°. (3.18)

At the fixed points ny = 0, these chiral N' = 1 multiplets form a local SU(5) x U(1)y
GUT theory. The corresponding Yukawa couplings are 4 x 4 matrices which are generated
locally [13],

u d) g
Wywe = Oi(j )10@)10(]')[‘.]” + Cl(j )5(1')10(]')]‘.](1, (319)
according to the string selection rules. Projecting the bulk fields to their zero modes,
10°:(3,2)=¢q, 10:(3,1) =u", (1,1)=¢",
5,:(3,1) =d° 55:(1,2) =1, (3.20)
yields 3 x 3 matrices for quark and lepton Yukawa couplings,

Wy = Y, uq; H, + Y;E-d)diqud + Yig-”lieiﬂm (3.21)

J

which avoid the unsuccessful SU(5) prediction of 4D GUTs.
Like all U(1) factors at the SU(5) fixed points, the U(1), symmetry has to be spon-
taneously broken at low energies. As we saw in Section 2, it is then crucial to maintain

ZNote that the ¢; are orthogonal but not normalized, ¢; - t; = diag(1,1,6, 1, 3,30), where ts = .
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a Zsy subgroup, which includes matter parity, to distinguish between Higgs and matter
fields. In order to see whether this is possible in the present model one has to examine
the U(1) charges of the singlet fields (3.8), which are listed in Table 3.3. In the vacuum
selected in [13| fields with tx = £1 obtained a VEV breaking U(1) completely. This led
to phenomenologically unacceptable R-parity violating couplings.

Varying the discrete Wilson line in the SO(4) plane, in [11] 4D models with conserved
matter parity were found. In these models only SM singlets with even B — L charge aquire
VEVs. These fields are zero modes of the 4D theory. In a 6D orbifold GUT model, in
principle all 6D zero modes can aquire VEVs, even if they do not contain 4D zero modes,
since the negative mass squared induced by the local Fayet-Iliopoulos terms can compensate
the positive Kaluza-Klein GUT mass term. Hence, one can include the fields U; and Uy,
which have tp_, = £2 (see Table 3.3), in the set of vacuum fields. Not allowing VEVs of
singlets with t5_; = 41 then preserves matter parity. Note that not all vacua of the 6D
orbifold GU'T can be obtained from the 4D zero modes.

The pairwise decoupling (3.9), the decoupling of the exotic 5- and 5-plets, and the
matter parity preserving breaking of U(1); ; can be achieved with the minimal vauum

SO - {Xo,Xg, UQ,U4,SQ,S5}. (322)
For the decoupling masses in Eqs. (3.9) and (3.16) one obtains,
M, = (X§S585) , M. = (X;SS5) . (3.23)

As we shall discuss in detail in the following section, the couplings needed to decouple
the 55-pairs satisfy all string selection rules. Note that no exotic matter is located at the
fixed points ny = 0. Most of the exotic matter at no = 1 can be decoupled by VEVs of
just a few singlet fields (cf. [13]). This decoupling takes place locally at one of the fixed
points, which is a crucial difference compared to previous discussions of decoupling in four
dimensions [10,11]. The unification of gauge couplings yields important constraints on
the decoupling masses M, and the GUT scale Mgyr. This has been studied for the 6D
model 28] in [30] and for a heterotic 6D model similar to the one described here in [31].

The minimal vacuum Sy has two pairs of Higgs doublets. In order to have gauge
coupling unification, one pair has to be decoupled. This can be done in various ways by
enlarging the minimal vacuum. For the decoupling the 6D gauge couplings are important.
For the bulk fields from the untwisted sector one has

Ly D \/§g/d29 Hy(20)H(20)¢(35) + h.c.
) \/ig/cﬂe 10°10 5 + h.c.. (3.24)
Identifying the 5-plet from the gauge multiplet with one Higgs multiplet, H, = 5, therefore
yields the wanted large top-quark Yukawa coupling [10,11, 13].

For the Higgs field H; we shall consider both options, H; = 5; and Hy = 5, to which
we refer as partial and full gauge-Higgs unification, respectively. In the first case, the 6D

10



Multiplet | t; | to | t3 | tq4 | t5s | 2 | Ry | Ry | Ry | k | kng | tx | Ri | Ro
10 il o oo |3 |-1{0o0ojolo | i|-1%
10° s l=3lo0ofoflo|3 o |=1]0/0 0| +|-1|
5 ojojlofo|lo|—6]0]0]|-1|0]0 |2 0] 2
5 ojojofo|lo|6 |00 ]|-1l0o]O0 ]| 2 0]?¢

100,10 | 0 | =g =3 | 5 | 0 | 3 ||=5|-3|-2|1] 0| 5 |-1| 1

5B | 0 =5 3 | 3|0 |-3|-5|-35|-3/1|0[-3]1]|g
5¢ 0| 2 |-1[=2]0 |1 |-2|-3]|01]4] 0 21| 2
56 0|+ |1 |-2]0|-1|-2|-3|0 4 0 |-2]|0] %
5 0 |-3|-1|-%|-1|-1|—-3|-3|0 |2 2 |-2]|0] 2
5 sl 210 | —%]-1|1|-3|-23]0]2]| 2 20| ¢
S IR IR = I AR N AR
59 0 |-2| 1 |—-%] 1|1 |-3|-3]0]2]44]|-2]-1]-3

Table 3.2: SU(5) non-singlet chiral multiplets at no = 0. The subscripts (1) and (2) denote
localization at n%y = 0 and n}, = 1, respectively. The charges %tx and Ry agree mod 1.

gauge interactions,
Ly > Vg / 020 (H%(6)6(35) H (6) + HS(8)6(35)Hy(6)) + hic.
) %@/ﬁ@@&%+Xﬁ%+Xﬁ£+Xﬁﬁ+Xﬁ$+Xﬁﬁ% (3.25)

can be used to decouple the pair 55;. The VEV (X{) # 0 yields the needed mass term.
On the other hand, (X¢) = 0 is required to keep the field 5 massless. Full gauge-Higgs
unification needs (X¢) = X¢ = 0. Note that VEVs of X, Xy and X$ do not lead to mass
terms for zero modes of 5 and 5.

The decoupling terms (3.23) require VEVs of both bulk and localized fields. Note
that the localized singlets Sy and S5 correspond to oscillator modes. As we will see in
Section 5, bulk and brane field backgrounds are typically induced by local FI terms. The
non-vanishing VEVs of localized fields are related to a resolution of the orbifold singularities
|21,22|. The study of the blow-up of the 6D orbifold model to a smooth manifold, and the
geometrical interpretation of the localized VEVs is beyond the scope of this work.
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., 5% are localized at n,

.,Sg and S7, ..

Table 3.3: Non-Abelian singlets at no = 0. 51, ..

and nly = 1, respectively.
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4 Vanishing couplings and discrete symmetries

The heterotic landscape has a tremendous number of vacua. Orbifold compactifications
correspond to a subset of vacua with enhanced symmetries. For ‘non-standard’ embeddings
of the space group into the Eg x Eg lattice, to which our Zgs_11 model belongs, Fayet-
Tliopoulos terms related to anomalous U(1)’s imply that the orbifold point in moduli space
is a ‘false vacuum’. In ‘true vacua’ some scalar fields aquire a non-zero VEV, which
spontaneously breaks the large symmetry Gy at the orbifold point to a sbgroup Gyac.
For a given orbifold compactification with typically O(100) massless chiral superfields a
huge vacuum degeneracy exists. The identification of standard model like vacua and their
stabilization still is a major problem.

In the 6D orbifold GUT model described in the previous section, we have identified fields
which provide the building blocks of a local SU(5) GUT. The couplings of the effective field
theory are generated by expectation values of products of SU(5) singlet fields. The singlet
fields with non-zero VEVs define a vacuum & which is restricted by the requirement that
states with exotic quantum numbers are decoupled and N = 1 supersymmetry is preserved.

The appearence of a coupling between some SU(5) non-singlets in the effective field
theory requires the existence of an operator which involves additional singlets from the
vacuum S. Such operators are strongly restricted by string selection rules, which can be
expressed as a symmetry Gioy at the orbifold point. A necessary condition for the absence
of a certain coupling is then the requirement that for the singlets of the vacuum S the
corresponding operators do not exist. The vacuum S has unbroken symmetry Gyae C Gyot.
Obviously, a sufficient condition for the absence of a coupling between SU(5) non-singlets
is its non-invariance under Gy,.. Both conditions will be studied in the following.

The main question in this section is the absence of unwanted superpotential terms in
the effective theory. We focus on the p-term, but the discussion can easily be extended
to dimension-5 proton decay operators as well as other couplings. We shall provide an
algorithm for finding ‘maximal vacua’ which are ‘orthogonal’ to unwanted terms, and we
present a method which allows to calculate vanishing tree-level couplings to all orders in
powers of singlets.

4.1 Orbifold geometry and discrete symmetries

The geometry of the compact space, its invariance under discrete rotations and the local-
ization of fields at fixed points and fixed planes lead to discrete symmetries [32] of the
superpotential in 4D as well as in 6D at the orbifold fixed points. The discrete rotations in
the Gy, SU(3) and SO(4) planes are associated with three R-charges R;, i = 1,2, 3, which
are conserved modulo the order [; = 6, 3,2 of the twist in the respective plane,

Zjo):_l mod 6. ZRg‘):_l mod 3, ZR§1>:_1 mod 2 (4.1)
j J ’

where the sum is over all fields of the particular superpotential term.
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Fields from different twisted sectors Ty, k = 1, ..., 6 have different localization properties.
For k = 1,5 fields are localized at fixed points; k£ = 2,4 and k£ = 3 correspond to brane
fields in the SO(4) and SU(3) planes, respectively. For each superpotential term one has

D k9 =0 mod6 . (4.2)
J
Furthermore, couplings of fields localized in the SU(3) and SO(4) planes have to satisfy
the constraints

SU(3) plane : Zk(j = 0 mod 3, (4.3)

SO(4) plane Zk(] = 0 mod 2, Zk(j)n;(j) =0 mod?2. (4.4)

The constraints (4.1) - (4.4) correspond to a discrete symmetry which acts on the 6D
brane and bulk fields. From Tables 3.2 and 3.3 one reads off that R-charges of fields from

the twisted sector Tj, have the form R;[¢r] = —k/l;mod 1. This implies that the discrete
rotations
g = SR men (4.5)

which are of order [?, form the group 7Z;, x Zz(,-k)- The group element lies in the latter factor

for m = Omod ;. The superpotential has to transform as
gIW = e LW, mez, (4.6)

under this product group. For i = 1 one deduces that the selection rule (4.2) is implied by
the discrete R-symmetries (4.1) and not an additional independent condition.

We can make the product structure explicit by expressing the actions of the two sub-
groups as

VAR h('L _ QWii(mRi mod k) Zl(k) . il(l), _ e27r1 lik m’m/ c7. (47)

7" 7 i m Y

This decomposition applies for all three discrete R-symmetries. The groups Z ) and Z

are subgroups of Zé ) 50 that the total R-symmetry of the lagrangian is given by

Grp =2 x 78 x 78 x 7V, (4.8)

The space selection rules (4.3) and (4.4) correspond to further discrete symmetries Zs
and Zs, respectively, which commute with supersymmetry. One then obtains for the full
discrete symmetry,

Gdiscrete = Zé%l X Zé{z X Z§3 X Zék)] X Z?B X lecng X Zg’nz/ . (49)
R
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Introducing the ‘discrete charge vector’

K = (Ry, Ry, R3, k, kng, kna, knj), (4.10)
all superpotential terms have to obey

K(W) = Kac, (4.11)
where the ‘discrete vacuum charges’ are given by

Kyae = (—1mod 6, —1 mod 3, —1 mod 2,0 mod 6,0 mod 3,0 mod 2,0 mod 2) . (4.12)

Covariance of the superpotential W corresponds to invariance of the lagrangian W |ge.
Together with the gauge symmetry

Gange = SU(5) x U(1)* x [SU(3) x SO(8) x U(1)*], (4.13)
the full symmetry at the SU(5) fixed points of the 6D orbifold GUT is

Giot = Ggauge X Giscrete- (4.14)
Defining for the U(1) symmetries the charge vector

Q = (t1, ... tQ), (4.15)
gauge invariance of the superpotential implies

Q(W) = (0,0,0,0,0,0). (4.16)

Localized FI-terms, related to anomalous U(1)’s, lead to nonvanishing VEVs of some
6D brane and bulk fields. This breaks the symmetry of the 6D theory spontaneously,

Gtot - Gvac . (417)

We are interested in vacua which preserve SU(5). We therefore devide all fields into two
sets, SU(5) non-singlets ¢; and SU(5) singlets s;. A set S of singlets which aquire VEVs,

S = {si] tsu)(si) = 0, (s;) # 0}, (4.18)
defines a vacuum of the 6D orbifold GUT.
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4.2 Maximal vacua for vanishing couplings

Consider now a vacuum S and a superpotential term which can lead to a coupling for the
product ® = [T, ¢} of SU(5) non-singlet fields,

N
W=xp, A=][s" si€S n,NeN. (4.19)
The two conditions (4.11) and (4.16) can be evaluated separately. First, we factorize a part
of A which transforms non-trivially under gauge transformations by introducing a ‘special
monomial’ A,

A=XA, QD) =0, Q) =0. (4.20)

Generically, the set of monomials

N
ker Q(S) = {)\0 ] Xo=]]s" si €8, i€z, Q)= 0} (4.21)

is a space of dimension larger than one. Note that we allow both Ay and A; to have sub-
monomials with negative exponents n;, in contrast to their product A. Clearly, results for A
cannot depend on the choice of the special monomial ;. Covariance of the superpotential
under the discrete symmetries (4.9) requires

K(Xo) = Kyae — KA ®) (4.22)

which defines the subset of monomials in ker Q(S) yielding a non-vanishing coupling A.
In order to identify vacua where the superpotential term (4.19) is forbidden we proceed
as follows. The elements of ker Q(S) are given by the solutions of the equations

Qo) = ZniQ<Si) =0 (4.23)

for the charge vector ). The solutions can be represented by vectors (ng,...,ny) which
are linear combinations of some basis vectors. These correspond to basis monomials whose
products are the elements of ker Q(S).

We now examine the discrete symmetries. After the choice of a special monomial A,
Eq. (4.22) can be evaluated for the basis monomials of ker Q(S). Starting from a sufficiently
small set S which does not satisfy (4.22), one can subsequently add further singlets until a
‘maximal vacuum’ is reached for which the term (4.19) is forbidden to all orders in powers
of singlets. The generalization of this algorithm to the case of more than one forbidden
coupling is straightforward.
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’ Name \ Monomial \ Ry Ry Rj \ k \ kns ‘
0 X§55255 0 0 —-1]6| 0
Qs X1Y25555 0 -1 -1]6| 6
Qs X0X15557 0 -1 —-1]6| 3
Q | XoXqYoUUy | =3 =2 06| 6

Table 4.1: Basis monomials of kerQ(S1) and the corresponding discrete charges. All mono-
mials have kng = knb, = 0.

4.2.1 Full gauge-Higgs unification

As a first example, consider the p-term in the context of full gauge-Higgs unification in
our model, H, =5 and H; = 5. In that case

O =dgpy = H,H; =55, Q(P)=0, K(®)=0. (4.24)
Note that ® is a complete singlet. This leads to A; = 1 and the condition

K(Ao) = Kuac (4.25)
for an allowed p-term. Let us now define the vacuum

S =8 U {Xy1, X1,Ys, 57} (4.26)

One easily verifies that the dimension of ker Q(S;) is four. Basis monomials §2; are listed
in Table 4.1 from which one reads off that it is impossible to satisfy R;(£2;) = —1mod6.
Hence, the p-term is absent in the vacuum &; to all orders in the singlets.

The vacuum & is maximal since adding any further singlet respecting matter parity
leads to a p-term. This is demonstrated by Table 4.2 where for each possible additional
singlet the order is listed at which a p-term appears. It is intriguing that for some vacua
a p-term only occurs at very high orders in the singlets.

As discussed in Section 3, there is another candidate for H; with even matter parity,
5, from the twisted sector T5. The vacuum S; has only full gauge-Higgs unification if the
field 5, is decoupled by means of a large mass term together with 5; which also has even
matter parity.

Using the method described above we can easily study the mass term ® = 5;5,. Choos-
ing as special monomial A\, = (X;X;)™!, which satisfies Q(A\;5:5,) = 0, one obtains

The conditions for the existence of a p-term then read
K(Xo) = Kuae, ns(N) >0, (4.28)

where ng(A) is the exponent of the singlet s € S; in the monomial A = AgAs. The last
condition requires the appearance of at least one factor of €25, and €3 or {4 from Table 4.1
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Add Mass term for 55 Order Mass term for 5,5, Order
Yy | (XoX§X1Ya(S5)%)° 0y | 20 | (X)X X1 (Y2)?(Y2)?(S5) 0 | 21
}/20 ()/205'_257)29194 14 XOYé(}/26)2(32)3(55)2<S7)SQQQ4 21
U (XoX1Y2U8) 0, 8 X (¥2)2U£95 5 6
Us (XSUg(S5)2)QQQQ4 17 XOXS(Y2)2U2(U3)2U4(S5)491 15
S (X1 Y2S556) s 9 Xo(Y2)2UU1S55 7

Table 4.2: Addition of any further field to S1 generates monomials which induce mass terms
for 55 and 515,. Shown are lowest order examples. The monomials Q; are defined in table
4.1. Singlets which complete pairs A°A are not listed, since they always allows to form mass
terms proportional to Q1 A°A. We do only consider singlets which conserve matter parity.

in the monomial \y. However, the R-charges of these monomials imply that again it is
impossible to satisfy the first condition (4.28) for the vacuum S;. Hence, also the mass
term 5,5, vanishes to all orders in the singlets. Analogously, one easily verifies that the
mass terms 55; and 5,5 vanish as well.

Adding further singlets to the vacuum S; leads to a non-zero 5;5; mass term as demon-
strated in Table 4.2. The mass terms for 55 and 5,5, are roughly of the some order in the
singlets. It is intriguing that in same cases very high orders occur, which could explain the
hierarchy between the electroweak scale and the GUT scale. However, the main result of
this section is that the vacuum S; does not correspond to gauge-Higgs unification. Instead,
it represents a model with two pairs of Higgs doublets. This may be phenomenologically
acceptable, but it is inconsistent with gauge coupling unification.

4.2.2 Partial gauge-Higgs unification

Consider now the case of partial gauge-Higgs unification, H, = 5 and Hy = 51,

d = dpapy = H,Hy = 551, (4.29)
which can be realized with the vacuum

Sy = Sy U {XT, X1,Yy, Ys, U, Us, Se, St } . (4.30)

As discussed in Section 3, the 5,5 pair can be decoupled with the VEV (X¢) # 0. For
the new vacuum ker Q(S2) is again easily calculated, it has dimension eight. A set of basis
monomials is listed in Table 4.3.

For partial gauge-Higgs unification the u-term is the 55; mass term. Choosing as
special monomial A\, = (X;)~!, with Q(\;55;) = 0, one obtains

K(\s551) = (0,0,—1,0,0,0,0). (4.31)
The conditions for the existence of a u-term now read

K(Xo) = (=1 mod 6, —1mod 3,0mod 2,0 mod 6,0 mod 3,0 mod 2,0 mod 2) ,
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’ Name \ Monomial \ R, Ry, Rs \ k \ kns ‘

Q) X§5255 0 0 —1/61] 0
Q X§X0Ys -2 -1 0]12] 12
QL X5(S5)2Us -2 1 —-1[6] 0
Q) XX, 5557 0 -1 —1]61] 3
Qr | XoX§XeXUf | -2 -3 0]12] 6
OF | XoXgX1Ya(Ss)” [ -2 —1 —1]12] 6
Qb | XoX§X1Ya(Se)2 | 2 -3 —1]12] 6
Q| XoXeXsX\UUy | =4 =2 0]12] 6

Table 4.3: Basis monomials of kerQ(Sz2) and their discrete charges. All monomials have
kng = knb, = 0.

ns(A) >0, (4.32)

where ng(A) is the exponent of the singlet s € Sy in the monomial A = AgA;. The last
condition requires the presence of at least one factor of €, QL. Qf, Q7 or 2. Since all basis
monomials have even R charge the first condition (4.32) is always violated by monomials
in ker Q(S,). Hence, the p-term vanishes again to all orders in the singlets.

The vacuum S, is also maximal, since the only possibility to enlarge it without breaking
matter parity is to add singlets A (A°) whose N = 2 superpartners A° (A) already belong
to Sz. One then obtains the u-term

n = )\0/\3, )\0 = AAC(QQ)‘?, (433)

which is of order 16 in the singlets. This power may be sufficiently high to provide an
explanation of the hierarchy between the electroweak and the GUT scale.

4.2.3 p-term and gravitino mass

The method of maximal vacua also allows to relate the existence of different couplings. In
particular, one can show for full and partial gauge-Higgs unification that the existence of a
p-term and a singlet contribution Wy to the superpotential, which determines the gravitino
mass Mz, < (W), are equivalent.

For full gauge-Higgs unification the equivalence follows directly from the fact that p
and Wy are given by invariant monomials in ker Q(S) [11],

u®Pcpu allowed < Wy = p allowed . (4.34)

For partial gauge-Higgs unification the condition for a pu-term g = ppAs depends on the
quantum numbers of the Higgs fields,

IC(,LL()) = ’Cvac — IC()\SCDPGHU) = IC(W()) — IC()\SCI)pGHU). (435)
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From Eq. (4.31) and Table 4.3 one reads off

K(AsPrperu) = K(Q)) = K£(Q))*), (4.36)
which implies

NCI)PGHU = ,U/O()\S(DPGHU) allowed = Wg = /,L()Qll allowed s (437)

Wy allowed = Wy(Q2,)*(A\@paru) allowed. (4.38)

Note that Q) = X¢S5S5 is the monomial used for the decoupling of 55 pairs in Section 3.
Our analysis demonstrates that the p-term and the gravitino mass are closely related,
in particular for vacua with full and partial gauge-Higgs unification.

4.3 Unbroken symmetries
In a given vacuum S the symmetry at the SU(5) fixed points

Giot = Ggauge X Giscrete (4-39)
is spontaneously broken to some subgroup,

Giot = Grac(S), (4.40)

which can be identified in the standard manner. Knowledge of Gy..(S) is obviously very
valuable since it restricts possible terms in the superpotential. Forbidden couplings for
Yukawa matrices correspond to ‘texture zeros’.

Consider a singlet s; € §. Under the symmetry G it transforms as

5; — Xtk g (4.41)

Here the vectors o and 7,
Ty T2 T3 Ty Ts Te T7
a=(ay,...,aq), a; €R, :<—,—,—,—,—,—,—),T"€Z, 4.42
(a1, G6) ;@ 67372763272/ (4.42)
parametrize the continuous and discrete symmetries of the theory.
A parametrization of the unbroken group Gy..(S) in terms of vectors o’ and ' can be
found by solving the equations

5; = 2@ QR gy g e S (4.43)

Knowing the allowed vectors o’ and 1/, the group Gy..(S) can be determined.
One unbroken discrete subgroup in both vacua &; and S; is easily identified since Us
and Uy are the only fields with non-zero U(1) charge,

The smallest U(1), charge is tx(10) = 1/5. Hence, U(1) is broken to the discrete
subgroup Z; with elements g;, = exp (2mi2tx), m € Z, which contains matter parity,

Py = (5t (4.45)
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The identification of the further unbroken symmetries is more cumbersome. We find
that in both vacua no continuous U(1) symmetry survives. Solving explicitly equations
(4.43) we find for the vacuum &,

Goac(S1) = Z8 x ZX, (4.46)

The elements of the Z3 R-symmetry are g},(é) = exp (2#1%@1), m € Z, with

~ (515 5 o1
o =

R1:Oz1~Q+T1'/C, 5,7,0,5,—§,§> s T1:(5,0,0,0,0,0,0). (447)

The ‘vacuum R-charge’ is given by
71 Kyae = Imod 3. (4.48)

The R, charges of the SU(5) non-singlets are listed in Table 3.2. Note that Ry is embedded
in the R-symmetry as well as the U(1) symmetries of the theory.
Following the same procedure for the vacuum Ss, one obtains the unbroken group

Grac(S2) = 72 x X, (4.49)

The elements of the Z; R-symmetry are g,(i) = exp <27ri% (mﬁ’Q mod tx>>, m € 7, with

~ T3 7 7
Ry=ay-Q+ry- K, az= (7707——

67 Za Ev _1_5> , o = (7707070,070,0), (450)

and vacuum R-charge
Ty - Kyae = 1 mod 2 . (4.51)

Ry is again a non-trivial linear combination of U(1) and discrete R-charges. The Rl—charges
of the SU(5) non-singlets are listed in Table 3.2.

Once the unbroken subgroups are known one can calculate the corresponding zeros of
the superpotential. Consider again a term of the form (4.19), which transforms under the
discrete symmetry Z;,, l; = 3,2, generated by RZ-, with 7 = 1, 2, respectively, as

W= —>Aglg" d=c"0"" W mnez. (4.52)

m

We thus obtain as sufficient condition for the appearance of a vanishing coupling,

. 1

Ri(®) # 1  Kyae modl; V §tX((I)) #0mod10 = (\)=0. (4.53)
Given the R; charges of the SU(5) non-singlet fields ¢; this condition is easily evaluated.

We can now confirm the result from the previous section that the vacuum S; has two
massless Higgs pairs. From Table 3.2 we read off

R1(55) == R1(515) == R1(551> == fi1<5151) == Omod3
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# 1mod3 =71y - Kyac. (4.54)

Extending the vacuum S; by one of the singlets listed in Table 4.2 preserves 73, but breaks

Zf;‘l. As a consequence, Higgs mass terms are generated.

Likewise we can study the symmetry transformations of the above terms in the vacuum
827

Ry(55) = Ry(55,) = 0mod 2, Ry(5,5) = Ry(5:5,) = 1 mod2. (4.55)

Furthermore, all Z3 charges vanish. Recalling (4.51), this shows that the unbroken R-
symmetry forbids the generation of mass terms for 55 and 55, but allows them for the
two remaining combinations. Indeed, at lowest order we find the mass term

W= (X)5.(5+¢€51), €= (XoXcXYLS6Sy) . (4.56)

This shows that 5; decouples together with a linear combination of 5 and 5;. The orthog-
onal linear combination is the down-type Higgs,

Hd = 51 —€5. (457)

It is interesting that the vacuum &, leads to a down-type Higgs with dominant component
from a twisted sector. In contrast, the up-type Higgs H, = 5 is a pure gauge field in six
dimensions, which is the reason for the large top-quark mass. Compared to the case of
full gauge-Higgs unification, where both Higgs fields arise from the untwisted sector, this
induces non-trivial discrete R-charges for the product H,H,.

5 Local Yukawa Couplings

In the previous section we have identified two vacua with conserved matter parity and
vanishing p-terms. The first vacuum &) corresponds to a model with two pairs of massless
Higgs doublets, and thus without gauge coupling unification. We therefore focus on the
second vacuum Sp with partial gauge-Higgs unification.

The vacuum S, contains the brane fields S, S5, Sg, S7 localized at (ng,n}) = (0,0), to
which we now add the fields S5, St, S§, S% at the equivalent fixed point (ns,n)) = (0, 1),

SO = {X07X87 U27 U47 527557 Sév SEI')} ) (51)
82 == SO U {chth }/267 }727 Ulcv U37 567 577 Sé? S’/Y} .

The Higgs fields are H, = 5 and H; ~ 5;. The vacuum S, has the following properties:
e U(1)y is spontaneously broken to Z3\, containing matter parity,
e all vector-like exotics at ny = 0 decouple,

e all D-terms at ny = 0 vanish locally,
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e the p-term vanishes to all orders in the singlets,
e (W) vanishes to all orders in the singlets.

The remarkable last two features are a consequence of an unbroken discrete R-symmetry.
The vacuum &, is maximal in the sense that adding more singlets either breaks matter
parity or generates a p-term.

Low-energy supersymmetry requires vanishing £'- and D-terms. In the 6D theory with
localized Fl-terms the corresponding equations have complicated solutions, leading to non-
trivial profiles for bulk fields [15]. We do not study the full problem here but focus on the
local conditions at the GUT fixed points ny = 0. We expect that the local VEVs can be
extended to full dynamical solutions in six dimensions.

The local D-term cancellation conditions at n, = 0 read

gM trt

where ¢’ is the U(1), charge of the singlet s;. For non-anomalous U(1)’s the conditions
(5.3) can be fulfilled in the vacuum S, since each of the singlets appears in one of the gauge
invariant basis monomials Q; of ker Q(S,) (cf. Table 4.3). At ny = 0 the model has an
anomalous U(1), [13],

0 = —dty + 5ty —t5 +tg,  trtd /| |* = (5.4)

Also for U(1),, Eq. (5.3) can be fulfilled since one can form monomials of singlets with
negative anomalous charge, which are gauge invariant otherwise. An example is

(X5)*(XT)* (X1)*(Un)* (Un)?, (5.5)
which has g., = —74/3.

The F-terms F; = 0W/0s; vanish trivially for all vacuum fields s; € Sy, since they
only arise from monomials which contain at least one other singlet with zero vacuum
expectation value. Thus only monomials of the form W = ([], s;)u, with s; € S, and
(u) = 0, induce non-trivial F-terms. For the vacuum S, there are six such terms, arising
from u € {Xg,)_(o,Xl,Xf,Yg,Y;}. Each of these singlets v has a partner u¢ which is
contained in Sy and thus has a non-vanishing vev. Note that u cannot be a singlet with

odd matter parity since the latter is preserved by Sy. The relevant part of the superpotential
is then given by

W = (w1 + au2(2))” + aus(Q5)° + -+ ) Qucu (5.6)

where the €2 were introduced in Table 4.3, and a,; are coefficients labeling all completely
invariant monomials which can be constructed from vacuum singlets. The F-term condi-
tions become

Fy o< ay1 + a2 () + ays () +---=0. (5.7)
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’ Coupling \ Order \

Monomial ‘

a1
12
a3
Q14
22
23
24
ass
34
Q44

4

S O Oy O O = Ot O =

( X5 )? S2 S5

( X§)* Sy S
( X6 )? (S2)* S5
( XG5 )? Sz (55)

( X5 )? S5 S5
(X5 )% (S5)* S§
( X6 )? S5 (55)
(X5)?(S2)%Ss

g
(X§)*S2(85)°

Table 5.1: Examples of lowest order monomials for C’Z(ju ) = a;; in the vacuum S,.

’ Coupling \ Order \ Monomial ‘
b3 10 | Xo (XG5 )* (X7 )* X1 Yo Uy Uy S5
b3o 10 Xo ( X§)%( fﬁ)2 X1 Yy Uy Uy S5
b33 6 X() Xf X1 1/2 SG S7
b3y 6 X¢ ( X¢)? Yy Se Sy
bay 1 S
byo 1 Sy
baa 2 (S5)?

Table 5.2: Examples of lowest order monomials for Ci(;l ) = bi; in the vacuum Ss.

We expect the existence of non-trivial solutions, with VEVs of the singlets s; € Ss de-
termined by the coefficients a,;. Explicit finite order examples for similar models were

discussed in [11].

In the framework of heterotic orbifold compactifications, all couplings of SU(5) non-
singlet fields arise from higher dimensional operators. In the vacuum S, to lowest order in
the singlets, we find the SU(5) Yukawa couplings for the two brane and two bulk families,

§4
§4
§5
55

" = (ay) =

§4
§4
§5
§5

55
§5
56

9

55
55

g
§6

0O 0 0 O
0O 0 0 O

C(d) - (blj) - 30 g0 6 6 (58)
=1 §1 §2 32

Here ™ denotes one or more monomial of order n. Explicit lowest order monomials are
given in Tables 5.1 and 5.2. Note that all vanishing terms are texture zeros which are pro-

tected by the unbroken discrete R-symmetry to arbitrary order.

After orbifold projection
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’ Coupling \ Order \ Monomial ‘

cn 11| (X0 )? (X§)* X1 Y5 Uy S5 S (57)°
C12 11| (X0 )? (X5)* X1 Y5 Uz S5 S6 (S7)°
C22 11| (Xo)? (X§5)* X1 Yy Us S5 S (57)°
C33 12 Xo(X§)H(XT)2UtU,UsS5, S5

C34 7 ( Xq )2 XS 2(1 U2 56 S7

Ca4 11| (Xo)® (X6)* (X1 )? Uf Us ((S6)°

Table 5.3: Examples of lowest order monomials for C’l(JL ) — cij in the vacuum So.

to four dimensions the Yukawa couplings for the zero modes read

ai; Q12 Q14 §4 §4 §5

Y(u) = 921 Q929 Q24 = §4 §4 §5 y (59)
az1 azz 34 § 8 g
bii bz bus 0 0 O

YO = by by by | =| 0 0 0 |, (5.10)
b41 b42 b44 51 51 52
bii bz bis 0O 0 0

YO = by by bos | =1 0 0 0 |. (5.11)
b31 b32 b33 510 510 5‘6

Clearly, these matrices are not fully realistic since m. = m, = my = ms = 0. On the other
hand, they show the wanted hierarchical structure with a large top-quark mass singled out.
Unsuccessful SU(5) mass predictions are avoided since the third 4D quark-lepton family is
a combination of split multiplets from two 6D families.

Since U(1)5_; is broken the model also predicts Majorana neutrinos. ‘Right-handed’
neutrinos with tg_; = 1 can be inferred from Table 3.3. Via the seesaw mechanism they
generate light neutrino masses. We obtain for the coefficients CX) (cf. (2.1)) of the
corresponding dimension-five operator, which can be calculated directly,

gll 511 0 0

gll 511 0 0
0 0 §12 g? . (512)
0o 0 3§ 34

CW = (ciy) =

Examples of lowest order monomials are given in Table 5.3. Projection to four dimensions
yields for SU(2) doublet zero modes the 3 x 3 sub-matrix with 7,7 = 1,2, 3.

By construction, the p-term vanishes to all orders in the vacuum S; since it is protected
by an unbroken discrete R-symmetry. However, this symmetry is not sufficient to forbid
dangerous dimension-5 proton decay operators. This can be seen from the Rg—charges in

Table 3.2, e.g.
Ry(51y10(1)10(1y10(1)) = 1mod 2, Ry(Kyse) = 1mod?2 . (5.13)
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Since these charges agree and the total Z, charge vanishes, the proton decay term is not
forbidden in the superpotential (2.1). Indeed, we find a lowest order monomial at O(7),
Cith = (X§)2X X, Y5 SsSr.

Note that the methods presented in Section 4 allow to design vacua with vanishing
p-term and dimension-5 proton decay terms to all orders in the singlets. An example is
the vacuum Sy, leading to p = C’,ﬁ% = 0. However, this vacuum has other problems.
It is incompatible with local D-term cancelation, has no gauge-coupling unification and
vanishing down-type Yukawa couplings, C’i(f ) = 0. This demonstrates that the various
phenomenological properties of a vacuum are closely interrelated.

In summary, the vacuum Ss leads to too rapid proton decay, and also the quark and
lepton mass matrices are not fully realistic. However, they show the correct qualitative
features of the standard model, and we are optimistic that a systematic scan of the heterotic
‘mini-landscape’ can lead to phenomenologically more viable models.

6 Conclusions

How to distinguish between Higgs and matter is a crucial question in supersymmetric
extensions of the standard model, in particular in compactifications of the heterotic string.
We have analyzed this question for vacua of an anisotropic orbifold compactification which
has an effective 6D supergravity theory as intermediate step between the GU'T scale and
the string scale.

Our main result is that for generic vacua, there is no difference between Higgs and
matter, as there is nothing special about the standard model gauge group. However,
certain vacua with standard model gauge group and particle content can possess discrete
symmetries which single out Higgs fields. They are distinguished from matter fields by a
matter parity, and a mass term allowed by gauge symmetries is forbidden by an elusive
discrete R-symmetry, a remnant of the large symmetry exhibited by the fundamental
theory.

We have identified maximal vacua of a heterotic orbifold model with local SU(5) uni-
fication for which the perturbative contribution to the u-term vanishes. Nonperturbative
corrections, possibly related to supersymmetry breaking, may then have the size of the
electroweak scale. Alternatively, a non-zero u-term suppressed by high powers of singlet
fields can appear in extensions of the maximal vacua.

We have also determined the unbroken discrete R-symmetries of the maximal vacua.
They are judiciously embedded into the large symmetry of the theory, which is a con-
sequence of the large number of singlet fields forming the vacuum. It is intriguing that
the maximal vacua do not include gauge-Higgs unification, but rather partial gauge-Higgs
unification for the Higgs field H, which gives mass to the up-type quarks. The original
symmetry between 5- and 5-plets is broken by selecting vacua where matter belongs to 5-
and 10-plets.

The method developed to find maximal vacua can be applied to all theories where
couplings are generated by higher-dimensional operators. We have focussed on the u-
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term, but one can also determine maximal vacua for several couplings, like the p-term
and dimension-5 proton decay operators. In addition to the vanishing of some couplings
one may require the appearance of certain couplings, like Yukawa couplings or Majorana
neutrino masses.

The features of the standard model imply strong constraints on phenomenolocially
allowed vacua. Further important restrictions will follow from supersymmetry breaking
and stabilization of the compact dimensions. Given the finite number of heterotic string
vacua one may then hope to identify some generic features of standard model vacua, which
can eventually be experimentally tested.
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