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1 Heterotic String Orbifolds and Orbifold GUTs

2 Phenomenological guidelines

We use the following guidelines when searching for “realistic” string mod-
els [65,66]. We want to:

1. Preserve gauge coupling unification;

2. Low energy SUSY as solution to the gauge hierarchy problem, i.e. why
is My << Mg;

3. Put quarks and leptons in 16 of SO(10);

4. Put Higgs in 10, thus quarks and leptons are distinguished from Higgs
by their SO(10) quantum numbers;

5. Preserve GUT relations for 3rd family Yukawa couplings;

6. Use the fact that GUTs accommodate a “Natural” See-Saw scale O(M¢);
7. Use intuition derived from Orbifold GUT constructions, [67,68] and

8. Use local GUTs to enforce family structure [69-71].

It is the last two guidelines which are novel and characterizes our approach.

2.1 Egx Eg 10D heterotic string compactified on Zs x Z,
6D orbifold

There are many reviews and books on string theory. I cannot go into great
detail here, so I will confine my discussion to some basic points. We start
with the 10d heterotic string theory, consisting of a 26d left-moving bosonic
string and a 10d right-moving superstring. Modular invariance requires the
momenta of the internal left-moving bosonic degrees of freedom (16 of them)
to lie in a 16d Euclidean even self-dual lattice, we choose to be the Eg x Eg
root lattice.!

'For an orthonormal basis, the Eg root lattice consists of following vectors,
(n1,ne,-+- ,ng) and (n; + %,ng + %, ,ng + %), where ni,no, - ng are integers and
Zle n; = 0mod 2.
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Figure 1: G5 & SU(3) & SO(4) lattice. Note, we have taken 5 directions with
string scale length ¢, and one with length 27 R > ¢,. This will enable the
analogy of an effective 5d orbifold field theory.

2.1.1 Heterotic string compactified on T°/Zg

We first compactify the theory on 6d torus defined by the space group action
of translations on a factorizable Lie algebra lattice Gy @ SU(3) ® SO(4) (see
Fig. 5). Then we mod out by the Zg action on the three complex compactified
coordinates given by Z' — e*™riveZi i = 1,23, where vg = £(1,2,-3) is
the twist vector, and r1 = (1,0,0,0), ry = (0,1,0,0), r3 = (0,0,1,0).2

The Zg orbifold is equivalent to a Zs X Zs orbifold, where the two twist
vectors are vy = 3vg = 5(1,0,—1) and vy = 2vg = 3(1,—1,0). The Z, and
Z3 sub-orbifold twists have the SU(3) and SO(4) planes as their fixed torii. In
Abelian symmetric orbifolds, gauge embeddings of the point group elements
and lattice translations are realized by shifts of the momentum vectors, P,
in the Eg x Eg root lattice® [72], i.e., P — P+ kV +IW, where k, [ are some
integers, and V and W are known as the gauge twists and Wilson lines [73].
These embeddings are subject to modular invariance requirements [74, 75].
The Wilson lines are also required to be consistent with the action of the
point group. In the Zg model, there are at most three consistent Wilson
lines [76], one of degree 3 (W3), along the SU(3) lattice, and two of degree
2 (Wy, W), along the SO(4) lattice.

2Together with ry, = (0,0,0,1), they form the set of positive weights of the 8, rep-
resentation of the SO(8), the little group in 10d. £r4 represent the two uncompactified
dimensions in the light-cone gauge. Their space-time fermionic partners have weights
r= (:i:%7 :I:%, :i:%, :I:%) with even numbers of positive signs; they are in the 84 representa-
tion of SO(8). In this notation, the fourth component of vg is zero.

3The Eg root lattice is given by the set of states P = {ny,na,--- ,ng}, {ni + %,ng +

%7 cee,ng + %} satisfying n; € Z, Z?Zl n; = 27.
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Figure 2: G5 & SU(3) & SO(4) lattice with Zs fixed points. The T3 twisted
sector states sit at these fixed points. The fixed point at the origin and the
symmetric linear combination of the red (grey) fixed points in the Go torus
have v = 1.

The Zg model has three untwisted sectors (U;, i = 1,2, 3) and five twisted
sectors (T;,i=1,2,---,5). (The T and Tg_j sectors are CPT conjugates of
each other.) The twisted sectors split further into sub-sectors when discrete
Wilson lines are present. In the SU(3) and SO(4) directions, we can label
these sub-sectors by their winding numbers, ng = 0,1,2 and ny, nj, = 0,1,
respectively. In the G5 direction, where both the Z, and Zj3 sub-orbifold
twists act, the situation is more complicated. There are four Z, fixed points
in the G5 plane. Not all of them are invariant under the Z3 twist, in fact three
of them are transformed into each other. Thus for the T3 twisted-sector states
one needs to find linear combinations of these fixed-point states such that
they have definite eigenvalues, v = 1 (with multiplicity 2), e”™/3, or "7/3,
under the orbifold twist [76,77] (see Fig. 6). Similarly, for the 754 twisted-
sector states, v = 1 (with multiplicity 2) and —1 (the fixed points of the T, 4
twisted sectors in the Gy torus are shown in Fig. 7). The T; twisted-sector
states have only one fixed point in the G5 plane, thus v = 1 (see Fig. 8). The
eigenvalues v provide another piece of information to differentiate twisted
sub-sectors.

Massless states in 4d string models consist of those momentum vectors P
and r (r are in the SO(8) weight lattice) which satisfy the following mass-shell
equations [72,74],

/

1
Sk = N+ 5 e+ kv +ak =0, (1)
o g, L 2 k
—mL:NL+§|P+kX| +aj =0, (2)
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Figure 3: G2 @ SU(3) @ SO(4) lattice with Zj fixed points for the T, twisted
sector. The fixed point at the origin and the symmetric linear combination
of the red (grey) fixed points in the G5 torus have v = 1.
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Figure 4: Gy & SU(3) & SO(4) lattice with Zg fixed points. The T} twisted
sector states sit at these fixed points.
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where o is the Regge slope, N and N¥ are (fractional) numbers of the right-

and left-moving (bosonic) oscillators, X = V 4+ ngWj3 + no Wy + njy W) and

a%, a¥ are the normal ordering constants,

3
1 1 - -
dy = —s+53 Jkul (1—|mi|),
2 2i:1
3
1 — —_
i —1+§izl|k;vi| (1= 1kud) | (3)

with kv; = mod(kv;, 1).

These states are subject to a generalized Gliozzi-Scherk-Olive (GSO) pro-
jection P = %Z?:o A* [72]. For the simple case of the k-th twisted sector
(k = 0 for the untwisted sectors) with no Wilson lines (ng = ny = n = 0)
we have

A =y exp {m [(2P+k:X)-X— (2r + kv) v” (4)

where ¢ are phases from bosonic oscillators. However, in the Zg model, the
GSO projector must be modified for the untwisted-sector and 75 4, T3 twisted-
sector states in the presence of Wilson lines [68]. The Wilson lines split each
twisted sector into sub-sectors and there must be additional projections with
respect to these sub-sectors. This modification in the projector gives the
following projection conditions,

P V-r,.v=72 (1=1,23), P-W3, P- Wy, P W,=%7 (5
for the untwisted-sector states, and
T274ZP'W2,P'W,2:Z, T3ZP'W3:Z, (6)

for the T5 5 4 sector states (since twists of these sectors have fixed torii). There
is no additional condition for the T} sector states.

2.1.2 An orbifold GUT — heterotic string dictionary

We first implement the Zs sub-orbifold twist, which acts only on the G,
and SU(3) lattices. The resulting model is a 6d gauge theory with NV = 2
hypermultiplet matter, from the untwisted and 75 4 twisted sectors. This 6d
theory is our starting point to reproduce the orbifold GUT models. The next
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step is to implement the Z, sub-orbifold twist. The geometry of the extra
dimensions closely resembles that of 6d orbifold GUTs. The SO(4) lattice
has four Z, fixed points at 0, 7R, 7R’ and 7(R + R'), where R and R’ are
on the e5 and eg axes, respectively, of the lattice (see Figs. 6 and 8). When
one varies the modulus parameter of the SO(4) lattice such that the length
of one axis (R) is much larger than the other (R') and the string length scale
(¢), the lattice effectively becomes the S'/Zjy orbi-circle in the 5d orbifold
GUT, and the two fixed points at 0 and 7R have degree-2 degeneracies.
Furthermore, one may identify the states in the intermediate Z3 model, i.e.
those of the untwisted and 754 twisted sectors, as bulk states in the orbifold
GUT.

Space-time supersymmetry and GUT breaking in string models work ex-
actly as in the orbifold GUT models. First consider supersymmetry breaking.
In the field theory, there are two gravitini in 4d, coming from the 5d (or 6d)
gravitino. Only one linear combination is consistent with the space reversal,
y — —v; this breaks the N’ = 2 supersymmetry to that of ' = 1. In string
theory, the space-time supersymmetry currents are represented by those half-
integral SO(8) momenta.* The Zz and Z, projections remove all but two of
them, r = £(1,1,1,1); this gives N = 1 supersymmetry in 4d.

Now consider GUT symmetry breaking. As usual, the Z, orbifold twist
and the translational symmetry of the SO(4) lattice are realized in the gauge
degrees of freedom by degree-2 gauge twists and Wilson lines respectively. To
mimic the 5d orbifold GUT example, we impose only one degree-2 Wilson
line, Wy, along the long direction of the SO(4) lattice, R.> The gauge
embeddings generally break the 5d/6d (bulk) gauge group further down to
its subgroups, and the symmetry breaking works exactly as in the orbifold
GUT models. This can clearly be seen from the following string theoretical
realizations of the orbifold parities

P — p62ﬂ'i [P-Vg—r-vg] ’ P/ —_ p€27'ri [P-(V2+W2)—r-v2] 7 (7)

4Together with r4y = (0,0,0,1), they form the set of positive weights of the 8, rep-
resentation of the SO(8), the little group in 10d. 4r4 represent the two uncompactified
dimensions in the light-cone gauge. Their space-time fermionic partners have weights
r= (:I:%7 i%, :I:%7 :I:%) with even numbers of positive signs; they are in the 8, representa-
tion of SO(8). In this notation, the fourth component of vg is zero.

SWilson lines can be used to reduce the number of chiral families. In all our models,
we find it is sufficient to get three-generation models with two Wilson lines, one of degree
2 and one of degree 3. Note, however, that with two Wilson lines in the SO(4) torus we
can break SO(10) directly to SU(3) x SU(2) x U(1)y x U(1)x (see for example, Ref. [78]).
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where Vo = 3Vy, and p = v¢ can be identified with intrinsic parities in the
field theory language.® Since 2(P -V, —1-v,), 2P - Wy = Z, by properties of
the Fg x Fg and SO(8) lattices, thus P? = P = 1, and Eq. (136) provides
a representation of the orbifold parities. From the string theory point of
view, P = P’ = + are nothing but the projection conditions, A = 1, for the
untwisted and T5 4 twisted-sector states (see Eqs. (133), (134) and (135)).
To reaffirm this identification, we compare the masses of KK excitations
derived from string theory with that of orbifold GUTs. The coordinates of the
SO(4) lattice are untwisted under the Zj action, so their mode expansions are
the same as that of toroidal coordinates. Concentrating on the R direction,
the bosonic coordinate is X7 r =z p + pp g(T £ 0) + oscillator terms, with

Pr, Pr given by

pr= g (L= 4IWoP) 2+ B

Pr = pbr — 2TZ§R ) (8>

where m (ng) are KK levels (winding numbers). The Z, action maps m
to —m, ny to —ny and Wy to —Wy, so physical states must contain linear
combinations, |m, ny)£|—m, —ny); the eigenvalues +1 correspond to the first
Zs parity, P, of orbifold GUT models. The second orbifold parity, P’, induces
a non-trivial degree-2 Wilson line; it shifts the KK level by m — m+P - W,
Since 2Wy is a vector of the (integral) Eg x Fjg lattice, the shift must be
an integer or half-integer. When R > R’ ~ (,, the winding modes and the
KK modes in the smaller dimension of SO(4) decouple. Eq. (137) then gives
four types of KK excitations, reproducing the field theoretical mass formula
in Eq. (112).

2.2 MSSM with R parity

In this section we discuss just one “benchmark” model (Model 1) obtained
via a “mini-landscape” search [65] of the Egx Fg heterotic string compactified

6For gauge and untwisted-sector states, p are trivial. For non-oscillator states in the
T5,4 twisted sectors, p = v are the eigenvalues of the G'o-plane fixed points under the Z,
twist. Note that p = + and — states have multiplicities 2 and 1 respectively since the
corresponding numbers of fixed points in the G5 plane are 2 and 1.



on the Zg orbifold [66].” The model is defined by the shifts and Wilson lines

1 1 1 1 1 1 1 1 1 11

V = (57_57_57070707070> (57_67_57_57_57_57_575) Q9a>

1 1 11 7 7T 97

W, = (0,—=,—= —= - 4,23, L 4 3L 2 D) gp

2 (07 2 9’ 272707070> ( ’ 37 9’ ) 37 9’ 272> (9 )
1

1 1111111\ /1 2 5
Wy = (—=,—=,2, ===, = = ~,0,0,2,0,=,-2,0) . 9
3 ( 27 2767676767676> (37 ) 737 737 ) ) (C>

A possible second order 2 Wilson line is set to zero.
The shift V' is defined to satisfy two criteria.

e The first criterion is the existence of a local SO(10) GUT ® at the T}
fixed points at zg = 0 in the SO(4) torus (Fig. 8).

P-V =7; P € SO(10) momentum lattice. (10)

Since the 77 twisted sector has no invariant torus and only one Wilson
line along the x4 direction, all states located at these two fixed points
must come in complete SO(10) multiplets.

e The second criterion is that two massless spinor representations of
SO(10) are located at the x4 = 0 fixed points.

Hence, the two complete families on the local SO(10) GUT fixed points
gives us an excellent starting point to find the MSSM. The Higgs doublets
and third family of quarks and leptons must then come from elsewhere.

Let us now discuss the effective 5d orbifold GUT [81]. Consider the
orbifold (7?)3/Zs plus the Wilson line W3 in the SU; torus. The Zs twist
does not act on the SOy torus, see Fig. 7. As a consequence of embedding
the Z3 twist as a shift in the Eg x Fg group lattice and taking into account the
W3 Wilson line, the first Eg is broken to SU(6). This gives the effective 5d
orbifold gauge multiplet contained in the N’ = 1 vector field V. In addition
we find the massless states ¥ € 35, 20+20° and 9 (6+6°) in the 6d untwisted
sector and T5, T, twisted sectors. Together these form a complete N' = 2
gauge multiplet (V' + X) and a 20 + 9 (6) dimensional hypermultiplets. In

"For earlier work on MSSM models from Zg orbifolds of the heterotic string, see [69,70].
8For more discussion on local GUTs, see [69,71]



fact the massless states in this sector can all be viewed as “bulk” states
moving around in a large 5d space-time.

Now consider the Z, twist and the Wilson line W5 along the x4 axis in the
SO, torus. The action of the Z, twist breaks the gauge group to SU(5), while
Wy breaks SU(5) further to the SM gauge group SU(3)c x SU(2), x U(1)y.

Let us now consider those MSSM states located in the bulk. From two of
the pairs of N' =1 chiral multiplets 6 + 6°, which decompose as

2% (6+6°) O [(1,2)11+ 8. 1) 5] + (1251 + G Dz )
205+ B ) G s] + [(L2) 0+ B 155 G

we obtain the third family ¢ and lepton doublet, [. The rest of the third
family comes from the 10410 of SU(5) contained in the 20+ 20° of SU(6),
in the untwisted sector.

Now consider the Higgs bosons. The bulk gauge symmetry is SU(6).
Under SU(5) x U(1), the adjoint decomposes as

35 — 244 5.1 + 5%, + 1. (12)

Thus the MSSM Higgs sector emerges from the breaking of the SU(6) ad-
joint by the orbifold and the model satisfies the property of “gauge-Higgs
unification.”

In the models with gauge-Higgs unification, the Higgs multiplets come
from the 5d wector multiplet (V;X), both in the adjoint representation of
SU(6). V is the 4d gauge multiplet and the 4d chiral multiplet ¥ contains
the Higgs doublets. These states transform as follows under the orbifold
parities (P P'):

+ 4+
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+ 4+
|
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Figure 5: The two families in the T} twisted sector.
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Hence, we have obtained doublet-triplet splitting via orbifolding.

2.3 D, Family Symmetry

Consider the Z, fixed points. We have four fixed points, separated into an
SU(5) and SM invariant pair by the Wy Wilson line (see Fig. 9). We find
two complete families, one on each of the SO; fixed points and a small set of
vector-like exotics (with fractional electric charge) on the other fixed points.
Since W5 is in the direction orthogonal to the two families, we find a non-
trivial Dy family symmetry. This will affect a possible hierarchy of fermion
masses. We will discuss the family symmetry and the exotics in more detail
next.

The discrete group Dy is a non-abelian discrete subgroup of SUs of order
8. It is generated by the set of 2 x 2 Pauli matrices

D4 = {:l:l,:l:Ul,:i:Ug,:l:iUQ}. (15)

1
10 ) takes F} < F5,

In our case, the action of the transformation o; = (

11



1 0
0 -1
of the string. The first is an unbroken part of the translation group in
the direction orthogonal to W5 in the SO, torus and the latter is a stringy
selection rule resulting from Z, space group invariance. Under D, the three
families of quarks and leptons transform as a doublet, (F;, F5), and a singlet,
F3. Only the third family can have a tree level Yukawa coupling to the Higgs
(which is also a Dy singlet). In summary:

while the action of g3 = takes Fy, — —F5,. These are symmetries

e Since the top quarks and the Higgs are derived from the SU(6) chiral
adjoint and 20 hypermultiplet in the 5D bulk, they have a tree level
Yukawa interaction given by

TR
95
dy20° ¥ 20 = H, t° 16
Ny /0 Y 9c q (16)
where g5 (g¢) is the 5d (4d) SU(6) gauge coupling constant evaluated
at the string scale.

e The first two families reside at the Z, fixed points, resulting in a Dy
family symmetry. Hence family symmetry breaking may be used to
generate a hierarchy of fermion masses.’

2.4 More details of “Benchmark” Model 1 [66]

Let us now consider the spectrum, exotics, R parity, Yukawa couplings, and
neutrino masses. In Table 9 we list the states of the model. In addition to
the three families of quarks and leptons and one pair of Higgs doublets, we
have vector-like exotics (states which can obtain mass without breaking any
SM symmetry) and SM singlets. The SM singlets enter the superpotential
in several important ways. They can give mass to the vector-like exotics via
effective mass terms of the form

EE°S" (17)

where E, ¢ (S' ) represent the vector-like exotics and SM singlets respectively.
We have checked that all vector-like exotics obtain mass at supersymmetric

9For a discussion of D, family symmetry and phenomenology, see Ref. [79]. For a gen-
eral discussion of discrete non-Abelian family symmetries from orbifold compactifications
of the heterotic string, see [80].
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points in moduli space with ' = D = 0. The SM singlets also generate
effective Yukawa matrices for quarks and leptons, including neutrinos. In
addition, the SM singlets give Majorana mass to the 16 right-handed neutri-
nos n{, 13 conjugate neutrinos n; and Dirac mass mixing the two. We have
checked that the theory has only 3 light left-handed neutrinos.

However, one of the most important constraints in this construction is
the existence of an exact low energy R parity. In this model we identified
a generalized B— L (see Table 9) which is standard for the SM states and
vector-like on the vector-like exotics. This B — L naturally distinguishes the
Higgs and lepton doublets. Moreover we found SM singlet states

which can get vacuum expectation values preserving a matter parity Z;"
subgroup of U(1) 1. It is this set of SM singlets which give vector-like exotics
mass and effective Yukawa matrices for quarks and leptons. In addition, the
states y; give Majorana mass to neutrinos.

2.5 Gauge Coupling Unification and Proton Decay

We have checked whether the SM gauge couplings unify at the string scale
in the class of models similar to Model 1 above [81]. All of the 15 MSSM-like
models of Ref. [66] have 3 families of quarks and leptons and one or more
pairs of Higgs doublets. They all admit an SU(6) orbifold GUT with gauge-
Higgs unification and the third family in the bulk. They differ, however,
in other bulk and brane exotic states. We show that the KK modes of the
model, including only those of the third family and the gauge sector, are not
consistent with gauge coupling unification at the string scale. Nevertheless,
we show that it is possible to obtain unification if one adjusts the spectrum
of vector-like exotics below the compactification scale. As an example, see
Fig. 10. Note, the compactification scale is less than the 4d GUT scale
and some exotics have mass two orders of magnitude less than M., while
all others are taken to have mass at Mgrring. In addition, the value of
the GUT coupling at the string scale, ag(MsrrinG) = Qsiring, Satisfies the
weakly coupled heterotic string relation

1
GN = 3 Ustring O/ (19)

8
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# | irrep label # | irrep label
313,21 1)(1/3 1/3) i 3 (571'1 1)( —4/3,-1/3) Ui
31 (1L,1;1,1) €S 8 | (1,2;1,1) ., m;
4By, | LGB g1y |
4 (L2216 1 (1,2,1,1) 4
L] (L21,1) i 1| (1,2;1,1) i
6 | (3,1;1, 1)(2/32/3) o5 6 | (3, 1;1,1) o5 93 |0
14 (1,1;1,1), 55 141 (1,11,1),, Si
16 | (1,1;1,1) né 131 (1,1;1,1) ) n;
51 (1L,1;,1,2) ns 51 (1,11,2), ni
10 | (1,1;1,2) h; 2 (1,2;1,2) Yi
6 ] (1,1;4,1), fi 6| (1,14, 1)(0,*) i
2 | (L,L;4,1) ., i 2 | (114, 1)(1,1) e
4 (1715171)(0,&) Xi 32 (171§1>1)(0,0) 5
2 | B L1,1) Ly | v 2 | Bl 1) 5 o | i

Table 1: Spectrum. The quantum numbers under SU(3) x SU(2) x [SU(4) x
SU(2)'] are shown in boldface; hypercharge and B— L charge appear as
subscripts. Note that the states s, f;, fi and m; have different B — L
charges for different ¢, which we do not explicitly list [66].

or
1 1 Mp;

ast'r’mg

20
8 * MsrrinG (20)

In Fig. 11 we plot the distribution of solutions with different choices of
light exotics. On the same plot we give the proton lifetime due to dimension
6 operators. Recall in these models the two light families are located on
the SU(5) branes, thus the proton decay rate is only suppressed by M2
Note, 90% of the models are already excluded by the Super-Kamiokande
bounds on the proton lifetime. The remaining models may be tested at a
next generation megaton water cerenkov detector.

3 Conclusion

We have discussed an evolution of SUSY GUT model building in these lec-
tures. We saw that 4d SUSY GUTs have many virtues. However there are
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Figure 6: An example of the type of gauge coupling evolution we see in these
models, versus the typical behavior in the MSSM. The “tail” is due to the
power law running of the couplings when towers of Kaluza-Klein modes are
involved. Unification in this model occurs at Mgrring ~ 5.5 x 1017 GeV,
with a compactification scale of M, ~ 8.2 x 10'® GeV, and an exotic mass
scale of Mgx ~ 8.2 x 10'3 GeV.

some problems which suggest that these model may be difficult to derive
from a more fundamental theory, i.e. string theory. We then discussed orb-
ifold GUT field theories which solve two of the most difficult problems of 4d
GUTs, i.e. GUT symmetry breaking and Higgs doublet-triplet splitting. We
then showed how some orbifold GUTs can find an ultra-violet completion
within the context of heterotic string theory.

The flood gates are now wide open. In recent work [66] we have obtained
many models with features like the MSSM: SM gauge group with 3 fami-
lies and vector-like exotics which can, in principle, obtain large mass. The
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Figure 7: Histogram of solutions with Mstring > M. 2 Mgx, showing
the models which are excluded by Super-K bounds (darker green) and those
which are potentially accessible in a next generation proton decay experiment
(lighter green). Of 252 total solutions, 48 are not experimentally ruled out by
the current experimental bound, and most of the remaining parameter space
can be eliminated in the next generation of proposed proton decay searches.

models have an exact R-parity and non-trivial Yukawa matrices for quarks
and leptons. In addition, neutrinos obtain mass via the See-Saw mechanism.
We showed that gauge coupling unification can be accommodated [81]. Re-
cently, another MSSM-like model has been obtained with the heterotic string
compactified on a T°/Z,5 orbifold [82].

Of course, this is not the end of the story. It is just the beginning.
We must still obtain predictions for the LHC. This requires stabilizing the
moduli and breaking supersymmetry. In fact, these two conditions are not
independent, since once SUSY is broken, the moduli will be stabilized. The
scary fact is that the moduli have to be stabilized at just the right values to
be consistent with low energy phenomenology.

16



References

1]

[5]

[6]

[10]

[11]

[12]

J. Pati and A. Salam, Phys. Rev. D8 1240 (1973). For more discussion
on the standard charge assignments in this formalism, see A. Davidson,
Phys. Rev.D20, 776 (1979) and R.N. Mohapatra and R.E. Marshak,
Phys. Lett.B91, 222 (1980).

H. Georgi, Particles and Fields, Proceedings of the APS Div. of Par-
ticles and Fields, ed C. Carlson, p. 575 (1975); H. Fritzsch and P.
Minkowski, Ann. Phys. 93, 193 (1975).

H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32 438 (1974).

S. Dimopoulos, S. Raby and F. Wilczek, Phys. Rev. D24, 1681 (1981);
S. Dimopoulos and H. Georgi, Nucl. Phys. B193, 150 (1981); L. Ibanez
and G.G. Ross, Phys. Lett. 105B, 439 (1981); N. Sakai, Z. Phys. C11,
153 (1981)

M. B. Einhorn and D. R. T. Jones, Nucl. Phys. B196, 475 (1982); W.
J. Marciano and G. Senjanovic, Phys. Rev. D 25, 3092 (1982).

W.-M.Yao et al. (Particle Data Group), J. Phys. G 33, 1 (2006) and
2007 partial update for the 2008 edition.

P. Langacker and N. Polonsky, Phys. Rev. D 52, 3081 (1995)
[arXiv:hep-ph/9503214].

M. L. Alciati, F. Feruglio, Y. Lin and A. Varagnolo, JHEP 0503, 054
(2005) [arXiv:hep-ph/0501086].

M. S. Carena, S. Pokorski and C. E. M. Wagner, Nucl. Phys. B 406,
59 (1993) [arXiv:hep-ph/9303202].

M. Gell-Mann, P. Ramond and R. Slansky, in Supergravity, ed. P. van
Nieuwenhuizen and D.Z. Freedman, North-Holland, Amsterdam, 1979,
p. 315.

S. Weinberg, Phys. Rev. D26, 287 (1982); N. Sakai and T Yanagida,
Nucl. Phys. B197, 533 (1982).

G. Farrar and P. Fayet, Phys. Lett. B76, 575 (1978).

17



[13]

[14]
[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]

[23]

S. Dimopoulos, S. Raby and F. Wilczek, Phys. Lett. 112B, 133 (1982);
J. Ellis, D.V. Nanopoulos and S. Rudaz, Nucl. Phys. B202, 43 (1982).

L.E. Ibanez and G.G. Ross, Nucl. Phys. B368, 3 (1992).

For a recent discussion, see C.S. Aulakh, B. Bajc, A. Melfo, A. Rasin
and G. Senjanovic, Nucl. Phys. B597, 89 (2001).

V. Lucas and S. Raby, Phys. Rev. D54, 2261 (1996) [arXiv:hep-
ph/9601303]; T. Blazek, M. Carena, S. Raby and C. E. M. Wagner,
Phys. Rev. D56, 6919 (1997) [arXiv:hep-ph/9611217].

G. Altarelli, F. Feruglio and I. Masina, JHEP 0011, 040 (2000)
[arXiv:hep-ph/0007254].

R. Dermisek, A. Mafi and S. Raby, Phys. Rev. D63, 035001 (2001);
K.S. Babu, J.C. Pati and F. Wilczek, Nucl. Phys. B566, 33 (2000).

S. Dimopoulos and F. Wilczek, “Incomplete Multiplets In Supersym-
metric Unified Models,” Preprint NSF-ITP-82-07 (unpublished).

K. S. Babu and S. M. Barr, Phys. Rev. D 48, 5354 (1993) [arXiv:hep-
ph/9306242).

See talk by M. Shiozawa at SUSY 2008, Seoul, S. Korea.

See talks by Matthew Earl, NNN workshop, Irvine, February (2000);
Y. Totsuka, SUSY2K, CERN, June (2000); Y. Suzuki, International
Workshop on Neutrino Oscillations and their Origins, Tokyo, Japan,
December (2000) and Baksan School, Baksan Valley, Russia, April
(2001), hep-ex/0110005; K. Kobayashi [Super-Kamiokande Collabo-
ration|, “Search for nucleon decay from Super-Kamiokande,” Pre-
pared for 27th International Cosmic Ray Conference (ICRC 2001),
Hamburg, Germany, 7-15 Aug 2001. For published results see Super-
Kamiokande Collaboration: Y. Hayato, M. Earl, et. al, Phys. Rev.
Lett. 83, 1529 (1999); K. Kobayashi et al. [Super-Kamiokande Collab-
oration|, [arXiv:hep-ex/0502026].

T. Goto and T. Nihei, Phys. Rev. D59, 115009 (1999) [arXiv:hep-
ph/9808255]; H. Murayama and A. Pierce, Phys. Rev. D65, 055009
(2002) [arXiv:hep-ph/0108104].

18



[24]

[28]

[29]

[30]

[31]

M. Chanowitz, J. Ellis and M.K. Gaillard, Nucl. Phys. B135, 66 (1978).
For the corresponding SUSY analysis, see M. Einhorn and D.R.T.
Jones, Nucl. Phys. B196, 475 (1982); K. Inoue, A. Kakuto, H. Komatsu
and S. Takeshita, Prog. Theor. Phys. 67, 1889 (1982); L. E. Ibanez and
C. Lopez, Phys. Lett. B126, 54 (1983); Nucl. Phys. B233, 511 (1984).

H. Georgi and D.V. Nanopoulos, Nucl. Phys. B159, 16 (1979)

J. Harvey, P. Ramond and D.B. Reiss, Phys. Lett. 92B, 309 (1980);
Nucl. Phys. B199, 223 (1982).

T. Banks, Nucl. Phys. B303, 172 (1988); M. Olechowski and S. Poko-
rski, Phys. Lett. B214, 393 (1988); S. Pokorski, Nucl. Phys. B13 (Proc.
Supp.), 606 (1990); B. Ananthanarayan, G. Lazarides and Q. Shafi,
Phys. Rev. D44, 1613 (1991); Q. Shafi and B. Ananthanarayan, ICTP
Summer School lectures (1991); S. Dimopoulos, L.J. Hall and S. Raby,
Phys. Rev. Lett. 68, 1984 (1992), Phys. Rev. D45, 4192 (1992); G.
Anderson et al., Phys. Rev. D47, 3702 (1993); B. Ananthanarayan, G.
Lazarides and Q. Shafi, Phys. Lett. B300, 245 (1993); G. Anderson et
al., Phys. Rev. D49, 3660 (1994); B. Ananthanarayan, Q. Shafi and
X.M. Wang, Phys. Rev. D50, 5980 (1994).

G. Lazarides, Q. Shafi and C. Wetterich, Nucl. Phys. B181, 287 (1981);
T. E. Clark, T. K. Kuo and N. Nakagawa, Phys. Lett. B115, 26 (1982);
K. S. Babu and R. N. Mohapatra, Phys. Rev. Lett. 70, 2845 (1993)
[arXiv:hep-ph/9209215].

B. Bajc, G. Senjanovic and F. Vissani, Phys. Rev. Lett. 90, 051802
(2003) [arXiv:hep-ph/0210207].

H.S. Goh, R. N. Mohapatra and S. P. Ng, Phys. Lett. B570, 215 (2003)
[arXiv:hep-ph/0303055]; H. S. Goh, R. N. Mohapatra and S. P. Ng,
Phys. Rev. D68, 115008 (2003) [arXiv:hep-ph/0308197]; B. Dutta,
Y. Mimura and R. N. Mohapatra, Phys. Rev. D69, 115014 (2004)
[arXiv:hep-ph/0402113]; S. Bertolini and M. Malinsky, [arXiv:hep-
ph/0504241]; K. S. Babu and C. Macesanu, [arXiv:hep-ph/0505200].

LEP Higgs Working Group and ALEPH collaboration and DELPHI
collaboration and L3 collaboration and OPAL Collaboration, Prelimi-
nary results, [hep-ex/0107030] (2001).

19



[32]

[33]

[41]

[42]

M. Carena and H. E. Haber, Prog. Part. Nucl. Phys. 50, 63 (2003)
[arXiv:hep-ph/0208209].

L.J. Hall, R. Rattazzi and U. Sarid, Phys. Rev. D50, 7048 (1994); M.
Carena, M. Olechowski, S. Pokorski and C.E.M. Wagner, Nucl. Phys.
B419, 213 (1994); R. Rattazzi and U. Sarid, Nucl. Phys. B501, 297
(1997).

T. Blazek, R. Dermisek and S. Raby, Phys. Rev. Lett. 88, 111804 (2002)
[arXiv:hep-ph/0107097]; Phys. Rev. D65, 115004 (2002) [arXiv:hep-
ph/0201081];

K. Tobe and J. D. Wells, [arXiv:hep-ph/0301015].

D. Auto, H. Baer, C. Balazs, A. Belyaev, J. Ferrandis and X. Tata,
[arXiv:hep-ph/0302155].

C. Balazs and R. Dermisek, arXiv:hep-ph/0303161.

H. Baer, S. Kraml, S. Sekmen and H. Summy, JHEP 0803, 056 (2008)
[arXiv:0801.1831 [hep-ph]].

J. A. Bagger, J. L. Feng, N. Polonsky and R. J. Zhang, Phys. Lett. B
473, 264 (2000) [arXiv:hep-ph/9911255].

F. Gabbiani, E. Gabrielli, A. Masiero and L. Silvestrini, Nucl. Phys.
B 477, 321 (1996) [arXiv:hep-ph/9604387]; T. Besmer, C. Greub, and
T. Hurth, Nucl. Phys. B 609, 359 (2001) [arXiv:hep-ph/0105292].

H. Georgi and C. Jarlskog, Phys. Lett. 86B 297 (1979).

K.S. Babu and R.N. Mohapatra, Phys. Rev. Lett.7T4, 2418 (1995);
V. Lucas and S. Raby, Phys. Rev. D54, 2261 (1996); T. Blazek, M.
Carena, S. Raby and C. Wagner, Phys. Rev. D56, 6919 (1997); R. Bar-
bieri, L.J. Hall, S. Raby and A. Romanino, Nucl. Phys. B493, 3 (1997);
T. Blazek, S. Raby and K. Tobe, Phys. Rev. D60, 113001 (1999), Phys.
Rev. D62 055001 (2000); Q. Shafi and Z. Tavartkiladze, Phys. Lett.
B487, 145 (2000); C.H. Albright and S.M. Barr, Phys. Rev. Lett. 85,
244 (2000); K.S. Babu, J.C. Pati and F. Wilczek, Nucl. Phys. B566, 33
(2000); G. Altarelli, F. Feruglio, I. Masina, Ref. [?]; Z. Berezhiani and
A. Rossi, Nucl. Phys. B594, 113 (2001); C. H. Albright and S. M. Barr,

20



Phys. Rev. D64, 073010 (2001) [arXiv:hep-ph/0104294]; R. Dermisek
and S. Raby, Phys. Lett. B622, 327 (2005) [arXiv:hep-ph/0507045].

S. Weinberg, I.I. Rabi Festschrift (1977); F. Wilczek and A. Zee, Phys.
Lett.70B 418 (1977); H. Fritzsch, Phys. Lett.70B 436 (1977).

H. D. Kim, S. Raby and L. Schradin, Phys. Rev. D 69, 092002 (2004)
[arXiv:hep-ph/0401169].

L. J. Hall and A. Rasin, Phys. Lett. B 315, 164 (1993) [arXiv:hep-
ph/9303303].

P. Minkowski, Phys. Lett.B67, 421 (1977).

T. Yanagida, in Proceedings of the Workshop on the unified theory and
the baryon number of the universe, ed. O. Sawada and A. Sugamoto,
KEK report No. 79-18, Tsukuba, Japan, 1979; S. Glashow, Quarks
and leptons, published in Proceedings of the Carg‘ese Lectures, M.
Levy (ed.), Plenum Press, New York, (1980); M. Gell-Mann, P. Ra-
mond and R. Slansky, in Supergravity, ed. P. van Nieuwenhuizen and
D.Z. Freedman, North-Holland, Amsterdam, (1979), p. 315; R.N. Mo-
hapatra and G. Senjanovic, Phys. Rev. Lett. 44, 912 (1980).

R. Dermisek and S. Raby, Phys. Lett. B 622, 327 (2005) [arXiv:hep-
ph/0507045].

R. Dermisek, M. Harada and S. Raby, Phys. Rev. D 74, 035011 (2006)
[arXiv:hep-ph /0606055

M. Albrecht, W. Altmannshofer, A. J. Buras, D. Guadagnoli and
D. M. Straub, JHEP 0710, 055 (2007) [arXiv:0707.3954 [hep-ph]].

W. Altmannshofer, D. Guadagnoli, S. Raby and D. M. Straub,
arXiv:0801.4363 [hep-ph].

C.D. Froggatt and H.B. Nielsen, Nucl. Phys.B147 277 (1979).

R. Dermisek, S. Raby, L. Roszkowski and R. Ruiz De Austri, JHEP
0304, 037 (2003) [arXiv:hep-ph/0304101]. R. Dermisek, S. Raby,
L. Roszkowski and R. Ruiz de Austri, JHEP 0509, 029 (2005)
[arXiv:hep-ph/0507233].

21



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

S. M. Barr and S. Raby, Phys. Rev. Lett. 79, 4748 (1997) [arXiv:hep-
ph /9705366].

A. Masiero, D. V. Nanopoulos, K. Tamvakis and T. Yanagida, Phys.
Lett. B115, 380 (1982); B. Grinstein, Nucl. Phys. B206, 387 (1982).

R. Dermisek, S. Raby and S. Nandi, Nucl. Phys. B 641, 327 (2002)
[arXiv:hep-th/0205122].

L. J. Hall and Y. Nomura, Phys. Rev. D 64, 055003 (2001) [arXiv:hep-
ph/0103125].

K. R. Dienes, E. Dudas and T. Gherghetta, Nucl. Phys. B 537, 47
(1999) [arXiv:hep-ph/9806292].

R. Contino, L. Pilo, R. Rattazzi and E. Trincherini, Nucl. Phys. B 622,
227 (2002) [arXiv:hep-ph/0108102].

D. M. Ghilencea and S. Groot Nibbelink, Nucl. Phys. B 641, 35 (2002)
[arXiv:hep-th/0204094].

L. J. Hall and Y. Nomura, Phys. Rev. D 66, 075004 (2002) [arXiv:hep-
ph/0205067).

H. D. Kim, S. Raby and L. Schradin, JHEP 0505, 036 (2005)
[arXiv:hep-ph/0411328].

M. L. Alciati, F. Feruglio, Y. Lin and A. Varagnolo, JHEP 0611, 039
(2006) [arXiv:hep-ph/0603086].

N. Arkani-Hamed, T. Gregoire and J. G. Wacker, JHEP 0203, 055
(2002) [arXiv:hep-th/0101233].

O. Lebedev et al., “A mini-landscape of exact MSSM spectra in het-
erotic orbifolds,” Phys. Lett. B645, 88 (2007).

O. Lebedev et al., “The heterotic road to the mssm with R parity,”
arXiv:0708.2691 [hep-th].

T. Kobayashi, S. Raby and R. J. Zhang, Phys. Lett. B 593, 262 (2004)
[arXiv:hep-ph/0403065].

22



[68]

[69]

[70]

[71]

[72]

[78]

[79]

[80]

T. Kobayashi, S. Raby and R. J. Zhang, Nucl. Phys. B 704, 3 (2005)
[arXiv:hep-ph/0409098].

W. Buchmuller, K. Hamaguchi, O. Lebedev and M. Ratz, Phys. Rev.
Lett. 96, 121602 (2006) [arXiv:hep-ph/0511035].

W. Buchmuller, K. Hamaguchi, O. Lebedev and M. Ratz, Nucl. Phys.
B 785, 149 (2007) [arXiv:hep-th/0606187].

S. Forste, H. P. Nilles, P. K. S. Vaudrevange and A. Wingerter, Phys.
Rev. D 70, 106008 (2004) [arXiv:hep-th/0406208|.

L. E. Ibanez, J. E. Kim, H.-P. Nilles and F. Quevedo, Phys. Lett. B
191, 282 (1987); L. E. Ibédnez, J. Mas, H. P. Nilles and F. Quevedo,
Nucl. Phys. B 301, 157 (1988); A. Font, L. E. Ibdnez, F. Quevedo
and A. Sierra, Nucl. Phys. B 331, 421 (1990); D. Bailin, A. Love and
S. Thomas, Phys. Lett. B 194, 385 (1987); Y. Katsuki, Y. Kawamura,
T. Kobayashi, N. Ohtsubo, Y. Ono and K. Tanioka, Nucl. Phys. B 341,
611 (1990).

L. E. Ibénez, H.-P. Nilles and F. Quevedo, Phys. Lett. B 187, 25 (1987).

L. J. Dixon, J. A. Harvey, C. Vafa and E. Witten, Nucl. Phys. B 261,
678 (1985); Nucl. Phys. B 274, 285 (1986).

C. Vafa, Nucl. Phys. B 273, 592 (1986).

T. Kobayashi and N. Ohtsubo, Phys. Lett. B 257, 56 (1991); Inter. J.
Mod. Phys. A 9, 87 (1994).

L. Dixon, D. Friedan, E. Martinec and S. Shenker, Nucl. Phys. B 282,
13 (1987).

T. Asaka, W. Buchmiiller and L. Covi, Phys. Lett. B 523, 199 (2001);
L. J. Hall and Y. Nomura, hep-ph/0207079.

P. Ko, T. Kobayashi, J. h. Park and S. Raby, Phys. Rev. D 76, 035005
(2007) [Erratum-ibid. D 76, 059901 (2007)] [arXiv:0704.2807 [hep-ph]].

T. Kobayashi, H. P. Nilles, F. Ploger, S. Raby and M. Ratz, Nucl.
Phys. B 768, 135 (2007) [arXiv:hep-ph/0611020].

23



[81] B. Dundee, S. Raby and A. Wingerter, arXiv:0805.4186 [hep-th].

[82] J. E. Kim, J. H. Kim and B. Kyae, JHEP 0706, 034 (2007) [arXiv:hep-
ph/0702278]; J. E. Kim and B. Kyae, Phys. Rev. D 77, 106008 (2008)
[arXiv:0712.1596 [hep-th]].

24



