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Naturalness of electroweak symmetry breaking in weak scale supersymmetric theories may suggest the
absence of the conventional supersymmetric desert. We present a simple, realistic framework for
supersymmetry in which (most of) the virtues of the supersymmetric desert are naturally reproduced
without having a large energy interval above the weak scale. The successful supersymmetric prediction for
the low-energy gauge couplings is reproduced due to a gauged R symmetry present in the effective theory
at the weak scale. The observable sector superpotential naturally takes the form of the next-to-minimal
supersymmetric standard model, but without being subject to the Landau pole constraints up to the
conventional unification scale. Supersymmetry breaking masses are generated by the F-term and D-term
vacuum expectation values of singlet and U(1) gauge fields, as well as by anomaly mediation, at a scale
not far above the weak scale. We study the resulting pattern of supersymmetry breaking masses in detail
and find that it can be quite distinct. We construct classes of explicit models within this framework, based
on higher-dimensional unified theories with TeV-sized extra dimensions. A similar model based on a
non-R symmetry is also presented. These models have a rich phenomenology at the TeV scale, and allow

for detailed analyses of, e.g., electroweak symmetry breaking.
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I. INTRODUCTION

Weak scale supersymmetry provides an elegant frame-
work for explaining the origin of electroweak symmetry
breaking. In its simplest realization, one assumes that the
fundamental scale of nature is extremely large, of order the
Planck scale Mp,, and that supersymmetry is (dynamically)
broken at a hierarchically small scale [1]. This picture of a
supersymmetric desert, in fact, seems to be supported by
the apparent unification of the three gauge couplings at a
scale of M, = 10'® GeV. Suppressions of various higher-
dimension operators, such as the ones leading to proton
decay, are also naturally explained in this picture.

On the other hand, the fact that no definite sign of
supersymmetry has been seen so far has put models based
on the picture described above in a somewhat unpleasant
situation. Given the current experimental constraints, pa-
rameters of these models must typically be fine-tuned to
reproduce the correct scale for electroweak symmetry
breaking. Looking at this more carefully, the problem
typically arises for (one of) the following reasons:

(i) The Higgs mass squared parameter receives radia-
tive corrections that are proportional to the top
squark squared masses. These corrections arise
from the entire energy interval between the weak
scale and the scale where the supersymmetry break-
ing masses are generated and so are enhanced by the
logarithm of the ratio of these two scales. For ex-
ample, in the case where supersymmetry breaking is
mediated by gravitationally suppressed interactions
[2], the logarithm is inevitably large, giving a large
negative contribution to the Higgs mass squared
parameter. This leads to fine-tuning, since the large
negative contribution must be canceled to a high
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degree by some positive contribution, such as the
one coming from the supersymmetric mass term.

(i) The amount of cancellation required to reproduce

the correct scale for electroweak symmetry breaking
becomes smaller if the mass of the physical Higgs
boson, My;ee,, becomes larger. In the minimal super-
symmetric standard model (MSSM), the value of
Myjgys is bounded from above by the Z boson
mass, my, at tree level, so that we need an extra
source of Mg, to make the Higgs boson signifi-
cantly heavier than m. This is, however, not so easy
to achieve, because the extra coupling (the Higgs
quartic coupling) needed to make My, large is
subject to the Landau pole constraint, and thus often
not large enough to push up My, to the level
enough to eliminate fine-tuning.

It is, of course, possible to evade these difficulties and
eliminate fine-tuning within the supersymmetric desert
framework. For example, the large logarithm between the
weak and Planck scales may be avoided due to a special
renormalization group property of moduli and anomaly
mediated supersymmetry breaking, leading to a natural
model of supersymmetry [3,4]. Alternatively, a large
Higgs quartic coupling needed to obtain large My;ge,
may arise as a result of strong gauge dynamics, giving
some of the low-energy states as composite particles [5—8].
Nevertheless, it is still true that none of these models are
particularly simple. The physics of electroweak symmetry
breaking would be much simpler if all of the relevant
physics occurred at energies not far from the weak scale.

In this paper, we thus take the viewpoint that the diffi-
culties described above are suggestive hints for the absence
of the supersymmetric desert. Note that these difficulties
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are associated with the existence of the supersymmetric
desert, and not that of weak scale supersymmetry itself.
Without the large desert, weak scale supersymmetry in-
deed allows for the possibility of constructing a fully
natural model of electroweak symmetry breaking, adopt-
ing, for example, the scheme discussed recently in Ref. [9].
A natural question then is to what extent the successes of
the conventional supersymmetric desert picture are pre-
served in such a scenario. These include, in particular, a
simple understanding of the weakness of gravity, the suc-
cessful unification prediction for the low-energy gauge
couplings, with the apparent unification scale close to the
gravitational scale, and natural suppressions of certain
higher-dimension operators such as the ones leading to
rapid proton decay and large neutrino masses.

In this paper we present a simple, realistic framework for
supersymmetry in which (most of) the virtues of the super-
symmetric desert are naturally reproduced without a large
energy interval above the weak scale. We show that the
features usually attributed to the successes of the super-
symmetric desert can in fact be preserved in a relatively
simple setup with a low fundamental scale of O(10 ~
100 TeV). Lowering the fundamental scale to the TeV
region was first proposed in the context of solving the
gauge hierarchy problem without supersymmetry [10].
(For earlier work on lowering the fundamental scale, see
[11].) The possibility of obtaining a prediction for the low-
energy gauge couplings with a lowered fundamental scale
was discussed in various (unification) scenarios [12-14],
and supersymmetry breaking with a TeV-sized extra di-
mension was studied in [15-17]. Mechanisms of suppress-
ing unwanted operators were also considered, for example,
in [18]. We present in this paper a complete, effective field
theory framework in which all of these issues are simulta-
neously addressed in a consistent manner. The framework
has several general implications, for example, on the form
of the observable sector superpotential and the pattern of
supersymmetry breaking masses, leading to various inter-
esting phenomenological consequences. Classes of explicit
models can be constructed within this framework. We find
it significant that fully realistic theories with a low funda-
mental scale are obtained, which allow for detailed phe-
nomenological analyses, including electroweak symmetry
breaking.

We construct our framework in two steps. We first
identify the structure of the theory at the weak scale.
This theory is supposed to be an effective field theory
describing physics below the cutoff scale M,.. The value
of M, can be restricted by various phenomenological
requirements; in particular, lower bounds of order a few
TeV are obtained from the precision electroweak data in the
context of particular models. In this paper we mainly take
M., to be between of order a few and a hundred TeV, to
make the resulting theory the most natural in terms of
electroweak symmetry breaking. Higher values of M,
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however, are also possible. We find that an U(1); symme-
try that assigns the same charge for all the matter and Higgs
supermultiplets plays an important role in this framework.
In particular, we consider the gauging of this symmetry by
canceling its mixed anomalies with the standard model
gauge group by a nontrivial shift of a singlet (moduli) field.
We then find that the successful supersymmetric prediction
for the low-energy gauge couplings is automatically repro-
duced, if the singlet field has a certain vacuum expectation
value (VEV). Generating the required VEV within the
regime of effective field theory is nontrivial, but we dem-
onstrate that it is possible. An important consequence of
this setup is that the superpotential for the Higgs fields
takes the form of the next-to-minimal supersymmetric
standard model: W = ASH, H, + («x/3)S°, and this is
true even though the U(1)z symmetry is spontaneously
broken at the cutoff scale. (It is possible to consider a
MSSM-type superpotential if there is additional dynamics
generating the supersymmetric mass for the Higgs dou-
blets.) Since the fundamental scale of our theory is now of
O(10 ~ 100 TeV), however, the couplings A and « are not
subject to the strong Landau pole constraint up to the
conventional unification scale of = 10'® GeV. This is an
interesting result. Since the scale where the superparticle
masses are generated is also very low (of order M), and so
there is no large logarithmic running, the present frame-
work provides a perfect platform for realizing the ASUSY
models of Ref. [9], discussed recently from the viewpoint
of eliminating fine-tuning in electroweak symmetry break-
ing. We discuss possible sources of supersymmetry break-
ing in our framework and study their implications on the
pattern of supersymmetry breaking masses.

We next seek possible theories above the scale M.,
which reduce to the effective theory described above below
the energy scale of M,.. We construct classes of realistic
models based on higher-dimensional unified field theories,
in which the standard model gauge fields propagate in an
extra dimension(s) of size = M, !. These models provide
an understanding of the universal contribution to the tree-
level standard model gauge kinetic terms, which cannot be
fully understood in the effective theory below M,. They
also provide an explicit framework which allows us to
relate supersymmetry breaking masses to the fundamental
parameters of the theories. We discuss the consistency of
these models as effective field theories, including suppres-
sions of proton decay and the absence of unphysical
modes, and study the resulting pattern of supersymmetry
breaking masses as well as the masses of the lightest
Kaluza-Klein (KK) excitations.

The paper is organized as follows. In the next section we
describe the structure of the theory below M,.. We show
that the successful prediction for the gauge couplings is
reproduced in this theory and that a consistent vacuum can
be obtained. In Sec. III we discuss phenomenological
implications of the theory, especially those on supersym-
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metry breaking. In Sec. IV we present classes of higher-
dimensional models describing physics above M. up to the
fundamental scale M,. We study their phenomenological
implications, including the pattern of supersymmetry
breaking masses and the spectrum of the lightest KK states.
Discussion and conclusions are given in Sec. V.
Appendix A gives the expressions for soft supersymmetry
breaking masses in the minimal higher-dimensional model
of Sec. IV, and Appendix B presents an alternative class of
theories in which a non-R U(1) gauge symmetry is used
instead of the gauged U(1)z symmetry.

II. FRAMEWORK

In this section we present our framework. We first
present a basic physical picture and then discuss some
details about the viability of the framework.

A. Basic picture

We consider that physics above a few hundred GeV is
described by a four-dimensional (4D) supersymmetric
standard model. The quadratic divergence for the Higgs
mass squared parameter is then cut off, as usual, by loops
of superparticles. We assume that this theory is an effective
field theory valid only below the cutoff scale M, =
O(10 ~ 100 TeV), which is close (or equal) to the funda-
mental scale of nature, M.,." Our first question then is, what
is the basic structure of this effective field theory? In
particular, we ask if there is a simple way of reproducing
the successful supersymmetric prediction for the low-
energy gauge couplings, and if so, what are the generic
implications of it.

We consider, as usual, that the standard model quarks,
leptons, and Higgs boson are embedded into chiral super-
fields: Q;, U;, D;, L;, E;, H,, and H;, where i = 1, 2, 3 is
the generation index [19]. The Yukawa couplings are then
given by the superpotential:

Wyukawa = )i Q:U;H, + (v4);;0:D H,
+ (ve)i;LiE;Hy. (1)

Note that these are the only superpotential terms whose
existence is (almost certainly) required from the low-
energy data. The ‘“fundamental” mass term for the
Higgsinos, W = uH,H,, may or may not exist. For ex-
ample, if there is a singlet field S, the effective Higgsino
mass term can arise from the superpotential term W =
ASH, H, through the VEV of S, so that we do not need
the term W = uH, H,.

'The value of M, can be as low as a few TeV as long as it is
consistent with the precision electroweak data, which is deter-
mined in the context of particular models above M.. We denote
the range of M, between of order a few and a hundred TeV
roughly as M, = O(10 ~ 100 TeV), throughout the paper.
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The superpotential of Eq. (1) possesses an U(1)z sym-
metry under which all the chiral superfields have a charge
of +2/3, in the normalization that the superpotential car-
ries a charge of +2. This is, obviously, the unique U(1)g
symmetry if we require that all the chiral superfields carry
the same charge, which may have some motivation in the
ultraviolet theory. Now, suppose that we consider gauging
this U(1)g symmetry (or its discrete subgroup Zy z with
sufficiently large N,” e.g. N = 5). We then find that U(1)g
(or Zy ) has the following mixed anomalies with respect
to the standard model gauge group, SU(3)c X SU(2); X
U(l)y:

Ug-UM3: A =3(-HOE+4+1+1+1)
+ (=G +D)
1

5!

3(=9G X4 + (=G X 2) +2
= 1

)
3(-Hd x 4) +3

=1, 2)

U(1)g-SUQ2)%: A,

U(1)g-SU(3)%: Az

which must somehow be canceled. (Note that the gauginos
have a charge of +1 under U(1)g, while the quarks,
leptons, and Higgsinos have a charge of —1/3.) Here, we
have taken the “SU(5)-normalization” for U(1)y, and have
assumed that the MSSM quark, lepton, and Higgs super-
fields are the only states charged under the standard model
gauge group. The U(1)y-U(1)% anomaly is automatically
vanishing, and we do not consider the U(l); or
U(1)g-(gravity)? anomalies because they depend on un-
known fields that are singlet under the standard model
gauge group.

The anomalies of Eq. (2) can be canceled by the (gen-
eralized) Green-Schwarz mechanism [20]. Assuming that a
single moduli field M is responsible for the cancellation,
the interactions between M and the standard model gauge
fields are given by

A
L=-5 = fdQBM'W?“W?a +He, 3
1=1,23

where I = 1, 2, 3 represents U(1)y, SU2);, and SU(3),
respectively, W9 the field strength superfields with a
representing the adjoint indices, and ¢ a real constant.’®
The moduli field M is normalized such that the coefficient
of the MM term in the Kihler potential is of order the
fundamental scale M2, and transforms as M —
M + iac/167? under U(1)g, where a represents the
U(1)g transformation parameter in the normalization that

2Given our normalization convention for the R charges, N of
Z,\é r does not have to be an integer.

“The field M can be a linear combination of various moduli
fields existing in the theory above M.
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a chiral superfield with a charge g transforms as ®(x, ) —
e'1%®(x, e '®). The coefficients in Eq. (3) are then de-
termined such that the anomalies of Eq. (2) are canceled by
the classical transformation of Eq. (3). (In the case of a
discrete Zy » symmetry, a = 277/N.) Here we choose the
constant ¢ to be of O(1). This corresponds to giving a small
“charge” of O(1/167%) to M and is necessary for the
theory to stay within the regime of effective field theory
(see the next subsection). With the terms in Eq. (3), we can
gauge the R symmetry, under which all the MSSM chiral
superfields have a charge of +2/3.

We now consider the gauge couplings in this theory.
Since the coefficients of the terms in Eq. (3) have indefinite
signs, we need other positive gauge kinetic terms for (at
least some of) the standard model gauge fields. We assume
that these terms are universal for the standard model gauge
group [in the SU(5) normalization], and that the gauge
kinetic functions for SU(3)¢, SU(2);, and U(1)y are given
by the sum of the universal contribution and the ones from
Eq. (3). Assuming that the universal piece arises from the
VEV of a chiral superfield, which we denote by T, we
obtain

la

1 A
L= /d20<—T ——’M)W;m ¢ +Hc (4)
1=123,3 4 ¢

This form requires some justification from the theory
above the cutoff scale M; in particular, the normalization
(coupling to T) of U(1)y should be explained. We will give
examples of such theories in Sec. IV. Here we simply note
that the form of Eq. (4) is technically natural. As long as
the VEV of T is of order unity or larger (which is the case
we are interested; see below), corrections to the gauge
kinetic functions that do not respect the form of Eq. (4)
are of order 1/872 or smaller, and thus are negligible for
our purpose.

We assume that the VEVs of T and M are stabilized
(dynamically) with (T), (M) = O(1). (Note that the T and
M fields are dimensionless in our convention.) The stan-
dard model gauge couplings, g;, at the scale M, = O(10 ~
100 TeV) are then given by

44,
c

Loy =@ -, 5)
87

An important point here is that the anomaly coefficients A;
are exactly proportional to the corresponding MSSM beta-
function coefficients b;:

b, 33/5 ~11/5 A,
D))
b3 -3 1 A3

We then find that the gauge couplings of Eq. (5) satisfy
exactly the same relation as that arising in the conventional
supersymmetric desert picture:
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1 1 b M
Loy =Ly by Mo
81 gy 8w M,

: )

where g;; =~ 0.7 is the unified gauge coupling at the uni-
fication scale M, ~2 X 10'® GeV. (The gauge couplings
in both Egs. (5) and (7) are the holomorphic gauge cou-
plings.) The explicit correspondence between the two
theories is given by

1
(T) = o ®)
U
3¢ M
M) = S 0 ®)

and the relation among the low-energy gauge couplings by
I 121 51

& T8 T&
The relation of Eq. (10) is, in fact, renormalization group
invariant and well reproduces the observed QCD coupling,
g3, in terms of the electroweak gauge couplings, g; and g,,
at my. The correspondence of Eq. (9) implies that M should
be stabilized with (M) taking a positive value of O(1). This
is not entirely trivial to achieve and will be discussed in the
next subsection.

In general, if we assign the R charge of +2/3 for all the
(charged) chiral superfields in the theory, we always obtain
the relation A; = —b;/3 for any gauge group I present in
the theory. Then, assuming that the mixed anomalies for
the R symmetry are canceled by the (generalized) Green-
Schwarz mechanism with a single modulus M, as in
Eq. (4), we always obtain the correspondence between
the threshold effects from (M) and the running effect, given
by Eq. (9). This originates from the relation between R and
dilatation symmetries in supersymmetric theories,
although the R symmetry considered here is not the exact
supersymmetric partner of the (broken) dilatation symme-
try.4 It is fortunate that the Yukawa couplings are dimen-

(10)

“Here we consider an R symmetry that is not the exact super-
symmetric partner of the (broken) dilatation symmetry but is a
(unbroken) linear combination of it with some other U(1)
symmetry. The dependence of the superspace density, or the
Kihler potential, on the M field is then ‘“arbitrary” in the
effective field theory; in particular, the U(1); gauge field V,
and the combination —(872/c)(M + M') can be used inter-
changeably as far as U(1); gauge invariance is concerned.
Here we consider the case that the M field appears simply in
the gauge kinetic functions to cancel the mixed anomalies, so
that its VEV leads to the large threshold effects without (much)
affecting the superspace density. In particular, we assume that
U(1)r gauge invariance of the (observable sector) superspace
density is recovered by the appropriate appearance of the U(1)g
gauge field Vi, including the “anomalous’ pieces. (Note that the
cutoff scale is ‘“charged” under a part of the supersymmetric
U(1)g gauge symmetry.) This assumption should ultimately be
understood in the ultraviolet theory above M, (or it perhaps
suggests a certain structure for the ultraviolet theory), but it is a
stable assumption in the framework of effective field theory.
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sionless and thus allow this particular R charge assignment.
(Other possible charge assignments, preserving the unifi-
cation prediction, will be discussed briefly in Sec. V.)

The prediction of Eq. (10) receives corrections at higher
orders if we take the g;’s to be the canonically defined
gauge couplings. In particular, the prediction in our frame-
work differs from that in the desert picture at higher orders,
since some of the two-loop running effects between My,
and M, are absent in our case. (Part of the effects are
retained through rescaling anomalies associated with the
gauge multiplets [21].) The difference, however, is small,
of O(1/87?), and is the same size as the effect arising from
incalculable, nonuniversal corrections to Eq. (4).

Similar dynamics relating the low-energy gauge cou-
plings to chiral anomalies were considered earlier in the
context of string theory. A pseudoanomalous U(1) gauge
symmetry was considered in Ref. [22] to obtain the weak
mixing angle without grand unification, through the uni-
versal nature of the mixed gauge anomalies in weakly
coupled heterotic string theory. A pseudoanomalous gauge
symmetry with nonuniversal mixed anomalies was consid-
ered in Ref. [14] in the context of (more general) string
theory, in an attempt to lower the string scale (mainly) to an
intermediate scale, although a proper implementation of
the dynamics was not successfully realized. Here we
present a viable and realistic effective field theory frame-
work, in which the fundamental scale can be lowered to the
(10 ~ 100) TeV region, preserving automatically the suc-
cessful supersymmetric prediction for gauge coupling uni-
fication. As we have seen and will see in more detail in the
next subsection, this provides nontrivial constraints on
physics associated with M, e.g. the transformation property
and the stabilization dynamics.

An important consequence of the present way of obtain-
ing the prediction for the low-energy gauge couplings is
that we cannot write a direct mass term for the Higgs
doublets, W = wH, H,, since it is forbidden by the
(gauged) R symmetry. Here we have assumed that the M
field does not appear in the tree-level superpotential, which
may be justified in a theory above M. The simplest way to
generate the Higgsino mass term, then, is to introduce a
singlet field S which has a charge of +2/3 under the R
symmetry. The most general superpotential is then given
by

W = ASH,H, + §S3 + Wyakawa (11)

where Wy awa 18 given by Eq. (1), and we have imposed
the standard matter parity, or R parity, under which Q;, U;,
D;, L;, and E; are odd while H,, H;, and S are even. It is
interesting that we are naturally led to the form of the
superpotential of the next-to-minimal supersymmetric
standard model. The Higgsino mass then arises from the
VEV of §, which should be generated through supersym-
metry breaking. It is also interesting that higher-dimension
operators in the superpotential, such as the ones leading to
rapid proton decay and large Majorana neutrino masses,
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are suppressed by the R symmetry.” (The possibility of
generating mass terms, e.g. W = uH, H,, without using a
singlet VEV will be discussed in the next subsection.)

Since the fundamental scale in our framework, M., is of
order 10 ~ 100 TeV, the couplings A and « appearing in
Eq. (11) are not subject to the Landau pole constraint up to
the unification scale M. This allows us to have large
couplings, e.g. A < 2 and k =< 1, at the weak scale, which
in turn allows us to have a large mass for the lightest Higgs
boson, reducing fine-tuning. In fact, it has recently been
shown that a large value of A can eliminate fine-tuning in
electroweak symmetry breaking while naturally preserving
consistency with the precision electroweak data, because
of extra contributions to the electroweak T parameter
coming from the Higgs boson and Higgsino states [9].
For fine-tuning to be really eliminated, however, it is also
necessary that there is no large logarithm between the weak
scale and the scale where the superparticle masses are
generated. Our framework also addresses this issue.
Since supersymmetry will be broken and mediated at the
scale = M, (or M.,), there is no large logarithm between
the mediation scale and the weak scale. The explicit pattern
of supersymmetry breaking masses, and thus the form of
the Higgs potential, depends on how supersymmetry is
broken. In fact, there are many possible ways to incorpo-
rate supersymmetry breaking in our framework, and some
of them will be discussed in the next section. An explicit
analysis of electroweak symmetry breaking in some of
these supersymmetry breaking scenarios will be given in
a separate publication [23].

We finally discuss physics associated with the R sym-
metry and the moduli fields 7 and M. If the gauged R
symmetry is a continuous U(1)z symmetry, a nonvanishing
and positive Fayet-Iliopoulos term of O(M3,) will be gen-
erated for U(1); [24]. Here, Mp, appears because the
observed gravitational scale is large, Mp =~ 10'® GeV,
which may arise from the fact that gravity propagates in
(large) spatial dimensions in which the MSSM states do
not propagate [10]. We assume that this term is canceled by
the VEV of some field ¢ that has a negative charge under
U(1)g.° The kinetic term for this field must be enhanced by

It will be necessary to have a constant term in the super-
potential to cancel the cosmological constant after supersymme-
try breaking, which can be regarded as a soft breaking term of
the R symmetry (arising dynamically). This term can affect the
form of the Kihler potential but not that of the superpotential,
because of the supersymmetric nonrenormalization theorem, and
our discussions are not affected by its existence. The term,
however, may affect the mass of the light pseudo-Goldstone
boson state, which could arise from spontaneous R symmetry
breaking occurring associated with supersymmetry breaking.
The constant term in the superpotential will be discussed further
in Sec. III.

®Neither the MSSM scalars nor the S scalar will obtain
(disastrously large) VEVs from the U(1); D-term, since they
all have an U(1)y charge of +2/3.
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M3,/M? so that the ¢ VEV does not far exceed the
fundamental scale. Such an enhancement occurs if ¢
propagates in the same spacetime dimensions as the gravi-
tational multiplet. The U(1)r gauge supermultiplet then
becomes massive, absorbing the ¢ supermultiplet. The
generated mass is only of order M,, because the U(1)g
gauge coupling must also receive a volume suppression of
order M,./Mp, and the U(1) gauge boson mass is given by
the product of the U(1); gauge coupling and the canoni-
cally normalized ¢ VEV. (These issues will be elaborated
on further in the next subsection.) Depending on the R
charge of ¢, an unbroken discrete R symmetry may remain
at low energies.’

Supersymmetry breaking will also contribute to U(1)g
breaking, because the gaugino masses violate U(1)g,
although by a much smaller amount than that from the ¢
(or M) VEV. A potential R axion from supersymmetry
breaking will obtain a mass from operators involving the
¢ VEV, or from a (effective) constant term in the super-
potential that should arise as a soft symmetry breaking
term of U(1)g (see footnote 5). Masses for the T and M
fields can be generated, i.e. their VEVs can be stabilized,
through couplings of these fields to a gauge group(s) other
than that in the standard model. This issue will be studied
further in the next subsection.

The story will be similar in the case that the gauged R
symmetry is a discrete Zy z symmetry, except for the issues
related to the U(1)g gauge multiplet and the D-term po-
tential. The Zy p symmetry will be spontaneously broken
through supersymmetry breaking (to the Z,  subgroup),
and the moduli fields 7 and M can still be stabilized by
some gauge dynamics.

We note that all the VEVs and masses appearing in the
analysis above can stay within the regime in which the
effective field theoretic description is applicable (see the
next subsection for more details). Despite the apparent
appearance of the scale Mp ( > M..), no knowledge about
physics above M., is required to describe the phenomena
discussed above.

B. Stabilizing moduli: producing the effective desert

As we have seen in the previous subsection, it is crucial
that the M field can be stabilized with (M) taking a positive
value (M)/c = 0.25 [see Eq. (9)]. The T field should also
be stabilized with (T') = 2 [see Eq. (8)]. In this subsection

"An interesting alternative would be to cancel the Fayet-
Iliopoulos term by the VEV of M without introducing the ¢
field, which is a priori possible if the kinetic term of M is
enhanced by the factor of M3 /M2. This is because the kinetic
term of M takes the form o fd40(M + M+ (c/872)Ve)? +
- - -, where Vy is the U(1) gauge supermultiplet and thus gives a
term linear in M in the auxiliary component of V. This,
however, fixes the VEV of M such that ¢(ReM) < 0, leading to
a wrong prediction of In(M;/M_) <0 in the correspondence of
Eq. (9).
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we discuss the issue of stabilization of these fields, con-
centrating on the case that the gauged R symmetry is a
continuous U(1)z symmetry.

For definiteness, we consider the case that the M field
does not propagate in large gravitational extra dimensions.
(The case in which it does can be treated similarly.) In our
convention, the M field is dimensionless. The Kihler po-
tential for this field is then given by

K=M£;F<M+MT +#VR>, (12)

where Vy is the U(1)g gauge supermultiplet and F(x) is an
arbitrary polynomial in x with the coefficients of O(1) up to
symmetry factors. The origin of M, M = 0, is chosen such
that the standard model gauge kinetic functions take the
form of Eq. (4). The form of Eq. (12) immediately tells us
that ¢ cannot be much larger than of order unity, since then
the required value of (M) =~ 0.25¢ would exceed = 1, going
outside the regime of effective field theory.

Let us first address the issue of the stabilization of 7. In
general, the stabilization of 7 is related dynamically to that
of M, leading to a complicated potential minimization
problem. It is, however, possible that the two dynamics
are practically decoupled. The most straightforward way to
realize that is to consider a gauge group(s) G which does
not have a mixed anomaly with U(1)g. This can be easily
arranged by assigning appropriate U(1)g charges for the
fields that transform nontrivially under G. We can then use
conventional mechanisms for dilaton stabilization to stabi-
lize T. For example, we can adopt one of the models
discussed in Ref. [25], which do not violate U(1)g invari-
ance. Alternatively, the stabilization of M can be much
stronger than that of T, in which case the stabilization of T
can be analyzed independently from that of M, after M is
fixed. We thus focus only on the stabilization of M below,
assuming that T is independently stabilized.®

We consider the possibility that the M field is stabilized
strongly without using supersymmetry breaking effects.
This requires that the superpotential contains the effect of
U(1) breaking, since otherwise the M dependence of the

8An interesting, alternative possibility is to introduce extra
vectorlike matter states that are neutral under U(1)g and charged
under the standard model gauge group. These states then give
extra contributions to the anomaly coefficients A; in Eq. (2).
Assuming that they have the quantum numbers of 2 pairs of 5 +
5% of SU(5) D SU(3)c X SU(2), X U(1)y, the extra contribu-
tions  are 8A; = -2, leading to (A}, Ay A3 =
(=21/5,—=7/3, —1). This can give the observed values of the
standard model gauge couplings for (M)/c = 0.25, without ever
introducing the 7" W$* W¢_ term. Masses for the extra states of
order the weak scale or somewhat larger can be generated
through Kihler potential terms (see discussions in Sec. IV).
While this possibility is not realized in the explicit models of
Sec. IV, where T always appears as a field parameterizing the
size of an extra dimension(s), it may be a viable option if the
theory just below M, is 4D (other than the gravitational
dimensions).
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superpotential is completely fixed by U(1)g, which does
not allow the strong stabilization of M. How does the effect
of U(1)g breaking appear in the superpotential? It can
appear through the VEV of the field ¢ that absorbs the
large Fayet-Iliopoulos term of U(1)g: ¢ = 2M3,. For the ¢
field to be able to absorb &, ¢ must propagate in large
gravitational extra dimensions. This is because if ¢ does
not propagate in these dimensions, the ¢ VEV is simply
bounded as (¢) =< M., in the effective field theory, so that it
cannot absorb & >> M2. On the other hand, if ¢ propagates
in the large gravitational dimensions, its kinetic term is
enhanced by the volume factor M3, /M2, so that the canoni-
cally normalized 4D (zero-mode) field ¢ = (Mp;/M.)d
can take a VEV as large as Mp; and thus can absorb the
large Fayet-Iliopoulos term of O(M3)). Note that the U(1)
D-term potential is then given by

_ 8k 1 _2\apl?

A o U O L R
where ry, (<0) is the U(1)g charge of the ¢ field [26].°
Here, we have assumed the minimal form of the superspace
density for ¢, and gy is the 4D U(1)g gauge coupling,
which receives a volume suppression of order M., /Mp.
The generated U(1); gauge boson mass is of order
gr{d) = M., which is compatible with the effective field
theory treatment of the dynamics.

We now present an explicit example of a model stabiliz-
ing the M field with the correct value of (M). We consider a
supersymmetric SU(2) gauge theory with four “quark”
chiral superfields Q; (i = 1, ---,4). We assume that the
U(1)g charge of Q;’s is universal, which we denote by r.
The mixed U(1)g-SU(2)*> gauge anomaly coefficient is
then givenby A = 4(1/2)(r — 1) + 2 = 2r, and the gauge
kinetic function for SU(2) is given by

L= fd%(iz - éM)W““Wg +He, (14
4g5 ¢

D

where W4 is the field strength superfield for SU(2) with
a representing the adjoint index. The tree-level term 1/g3
may come from the VEV of some moduli field, which may
or may not be 7, and which we assume to be stabilized
independently with M. The values of g, can be naturally of
O(1), as for the standard model gauge group.

There are six gauge-invariant meson operators con-
structed out of Q;, which can be decomposed into a 5-
plet (© 9),, (m =1, -+, 5) and a singlet (Q Q) under the
SP(4) subgroup of the flavor SU(4) symmetry.
Nonperturbative SU(2) dynamics induce VEVs for these
operators (Q Q)2 + (Q Q)?> = A%, where A is the dy-
namical scale of SU(2) [27]. We now introduce the super-
potential term W =kZ,(99),, where Z, is a

°The U(1)g charge of the ¢ field, r,, should be negative in
order for the graviton kinetic term to have the correct sign at the
vacuum.
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SU(2)-singlet chiral superfield and & a coupling constant.
This leads to ((2 Q),,) = 0 and {(Q Q)) = A2, which can
be used as a general scale generation mechanism through
the (Q Q) operator [28]. For a sufficiently large value of k,
this does not disturb possible other dynamics associated
with (Q 9).

We now use the dynamics described above to stabilize
M. We assume that the ¢ field, which absorbs the large
Fayet-Iliopoulos term, has an U(1)gr charge of —2r. We
then introduce the superpotential

S

W= nX(Mi(QQ) - m3) (15)
Pl

where X is a chiral superfield with an U(1)g charge of +2,
d; is the (canonically normalized) 4D mode of ¢, and 7
and M% are coefficients of O(1) and O(M2), respectively.
Here, the X field, as well as the SU(2) sector, are supposed
not to propagate in the gravitational dimensions, and the
Mp, suppression in the first term in the bracket arises from
the large volume factor associated with the ¢ field. As
discussed above, the SU(2) dynamics effectively replaces
(Q Q) with the square of the dynamical scale A, which in
turn is given by

A = M*eSTrZ/ng — M*e*ZWz((]/g%)*Sr(M/C))) (16)

where b = —4 is the beta-function coefficient for SU(2),
and 1/g*> = 1/g3 — 4AM/c is the inverse-squared SU(2)
gauge coupling at the scale M,.. We then obtain the super-
symmetric minimum from the vanishing of the D- and
F-term potential, given by Eqs. (13) and (15). In particular,
the vanishing of Fy= —(0W/dX)* leads to
exp[—47(1/g3 — 8rM/c)] = (M3./M2)(Mpi /(b)) =
O(1), giving

<M>=L2+0< 12>, (17)
c 8rgg 327°r

which stabilizes M. The VEVs of the other fields are given
by (X) =0 and ($) = O(Mp,), and the masses of the
excitations around the minimum are all of order M., im-
plying that the stabilization can be very strong. The result
obtained here, including the value of (M) given in Eq. (17),
is not affected if we replace the first term in the bracket of
Eq. (15) by an arbitrary function of the U(1)g-invariant
combination (b /Mp)(Q Q).

We find from Eq. (17) that the phenomenologically
required value of (M)/c =~ 0.25 can be obtained with a
natural choice of parameters, rgj = 0.5. In particular, hav-
ing (M)/c = O(1) is quite natural in the present stabiliza-
tion mechanism. This implies that the apparent closeness
of the unification scale M; and the gravitational scale Mp,
can be naturally explained in the present context. For
example, if gy, = gy [e.g. due to certain unification of
SU(2) with the standard model gauge group at or above
M..], then a natural choice of r=1 leads to the correct value
for the apparent unification scale, My ~2X 10'¢GeV, in
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Eq. (9). In fact, the origin of this desired property is very
simple and general. Let us imagine that the gauge coupling
of the stabilizing gauge group G, as well as those of the
standard model gauge group, are given by the sum of O(1)
contributions and the contributions from (M). Then, if
there is a superpotential interaction relating the dynamical
scale of G with some scale of order M, [as in Eq. (15)], the
value of (M)/c is fixed to be of order unity, which in turn
implies that the apparent unification scale is hierarchically
larger (or smaller) than the weak scale. The gauge coupling
of the stabilizing group G is generically large at M., but
can still stay within the field theory regime, for example,
by taking the relevant mass parameter in the superpotential
[My in Eq. (15)] somewhat smaller than M..

We now discuss the robustness of our Higgs sector
superpotential in Eq. (11), and more generally the impli-
cation of U(1) on the form of the observable sector super-
potential. Since U(1) is broken strongly by the VEV of ¢,
one might think that U(1), invariance does not give any
constraint on the form of the superpotential. However,
since the superpotential is holomorphic in fields and the
U(1)g charge of ¢ is negative, we find that no linear or
quadratic term can appear in the observable sector super-
potential through the VEV of ¢. The form of the Higgs
sector superpotential, Eq. (11), is thus robust at the renor-
malizable level. On the other hand, higher-dimension op-
erators can in general be induced through the ¢ VEV. For
example, if we choose r = 1 in the example of the M
stabilization discussed above, the U(1)g charge of ¢ be-
comes —2, allowing e.g. the operator W =
k(LH,)*H,H,;/M3, which leads to Majorana masses for
the observed neutrinos of O(0.1 eV) for k ~ 1073 and
M, ~ 100 TeV. (Possible proton decay operators, e.g.
W ~ QQQLH,H,, should somehow be forbidden.) The
existence of higher-dimension operators, however, is
model dependent. For example, if we choose the U(1)g
charge of ¢ to be irrational, then no higher-dimension
operators are induced in the observable sector superpoten-
tial through the ¢ VEV.

The argument given above does not entirely exclude the
possibility of having linear and/or quadratic terms in the
observable sector superpotential. For example, we can
consider a supersymmetric SU(2) gauge sector which has
an identical structure to that used above in stabilizing M,
but with the U(1) charge of the quark fields Q; fixed to be
+1/3. This can lead to a mass term for the Higgs doublet
w~ A?/M, through the tree-level superpotential cou-
pling W~ (Q Q)H,H;/M,, where A’ is the dynamical
scale of SU(2). By choosing A’ and/or the coefficient of the
superpotential operator appropriately, this allows us to
reproduce the weak scale supersymmetric mass for the
Higgs doublets without introducing a singlet field. The
dynamics described here, in fact, can also be applied in a
theory with a singlet field S. In this case, we obtain the
Higgs sector superpotential Wygpoe = ASH, H; + wH H;+
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L%S+(M/2)S* + (k/3)S?, where the second, third, and
forth terms arise from couplings to a SU(2) gauge-invariant
operator (Q Q). An interesting property of this theory is
that the mass parameters appearing in the superpotential
are naturally of the same order, u ~ Lg ~ Mg ~ A"?/M.,,
which can be taken to be of order the weak scale by
appropriately choosing the value of A’. This, therefore,
can be used to realize a general ASUSY setup discussed
in Ref. [9]. In the rest of the paper, however, we focus for
simplicity on the case of Eq. (11), which does not require
additional dynamics generating dimensionful parameters
in the observable sector superpotential.

III. PHENOMENOLOGICAL IMPLICATIONS

In this section we discuss general phenomenological
implications of the framework described in the previous
section.

A. Supersymmetry breaking

There are in general many possible ways to incorporate
supersymmetry breaking in our framework. Here we iden-
tify several sources of supersymmetry breaking, intrinsic to
our setup. We study the resulting superparticle spectrum
and its phenomenological implications.

In general, any field that is singlet under the standard
model gauge group has the potential to provide supersym-
metry breaking effects in the observable sector, through its
auxiliary component VEV. In our context, natural candi-
dates are given by the VEVs of the auxiliary components of
the 7 and M supermultiplets, F; and F;,. Nonvanishing
values for Fr and Fj, can be generated through the stabi-
lization mechanisms of 7 and M. Here we study their
phenomenological implications without specifying explicit
dynamics generating these VEVs. For earlier related stud-
ies, see e.g. [29].

The couplings of the 7 and M superfields to the
SU@3)c X SUQ2), X U(1)y gauge multiplets are given by
Eq. (4). This gives a definite prediction for the gaugino
masses. At the scale M., the SU(3)- X SU(2), X U(1)y
gaugino masses, M; (I = 1, 2, 3), are given by

M, 1 2b,;

P 5 Fr e Fuy, (18)
where g; are the standard model gauge couplings at M.,
and we have used Eq. (6). In fact, since M;/g? are renor-
malization group invariants, the gaugino masses at an
arbitrary scale wp are given by Eq. (18) with g, interpreted
as the standard model gauge couplings at the scale pp. In
the limit F,; — O, these gaugino masses reproduce the
ones arising from the standard “unified gaugino mass
assumption”: M; « g2. In the other extreme limit of F —
0, the gaugino masses satisfy M; « b;g?, the same relation
as that in anomaly mediated supersymmetry breaking [30].
The effects of real anomaly mediation in the present con-
text will be discussed later.

015005-8



SUPERSYMMETRY WITHOUT THE DESERT

Since the three gaugino masses, M, are determined by
two free parameters F; and F),/c, we have one relation
among them:

M

_23 _12 %22 _3 %, (19)

83 T g Tg&
regardless of the values of Fy and F,,/c, where we have
used (b4, by, b3) = (33/5, 1, —3). The ratios between two
of the M;’s, e.g. M, and M3, depend on the ratio between
Fy and F,/c. An interesting property for the gaugino
masses in Eq. (18) [or Eq. (19)] which appears if F; and
F); are real (more precisely, if the complex phases of Fr
and F,, are the same) is that when these masses, as well as
the gauge couplings, are extrapolated naively to high or
low energies using the MSSM renormalization group equa-
tions, the three gaugino masses M; (not M;/g?) meet at a
point at some (fictitious) energy scale. The scale where
they meet depends on the ratio between Fy and F,;/c, and
is given by

87 F
My =My exp<— Zag %) (20)

where My is the conventional gauge coupling unification
scale, My =~2X10'"°GeV, and ay=g? /47 the unified
gauge coupling strength, a;; =~ 1/24. From a purely low-
energy point of view, this phenomenon is reminiscent of
that in mixed moduli-anomaly mediated supersymmetry
breaking [31], although the underlying physics picture is
very different. For FrFy, > 0 (<0), the effective gaugino
mass unification scale, M i‘], is below (above) the effective
gauge coupling unification scale M. In particular, for
Fr/(Fy/c)=6, M}, is between My and the weak scale =
100 GeV. Note, however, that from a theoretical point of
view there is no particular reason that M7, must be in this
region.

The couplings of the T and M superfields to the matter
and Higgs superfields are not determined within the effec-
tive field theory below M. In Sec. IV we give models in
which T is identified as the radion superfield associated
with an extra dimension(s) in which the standard model
gauge fields propagate. The couplings of T to the matter
and Higgs fields then depend on the wave function profiles
of these fields in the extra dimension(s), as well as the
higher-dimensional spacetime curvature. The couplings of
M can also contain arbitrary functions of M + Mt +
(c/87?)Vy in the effective theory. The issue of supersym-
metric flavor changing neutral currents should thus be
addressed in a theory at or above M,.. The models in
Sec. IV provide examples of such a framework. An alter-
native possibility is to consider some flavor symmetry,
ensuring flavor universality for the squark and slepton
masses.

Another interesting source of supersymmetry breaking
in our framework comes from a possible nondecoupling
U(1)g D term. (For earlier work on supersymmetry break-
ing in a theory with gauged U(1), see e.g. [32].) Suppose,
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for example, that the field canceling the U(1)g Fayet-
Iliopoulos term, ¢, has a supersymmetry breaking mass
squared m? of order the weak scale or somewhat larger (in
the basis where ¢ is canonically normalized). Such a mass
can arise from the VEV of Fr (and/or Fy,) if the T (and/or
M) field propagates in the large gravitational dimensions,
in which case the size of m can naturally be of the same
order as other supersymmetry breaking masses arising
from F; (and/or F,). In this case, the minimization of
the potential leads to a nonvanishing D-term VEV for
U(l)g, Dr = O(m?), regardless of the value of the U(1)g
gauge coupling. This gives a supersymmetry breaking
squared mass of (r; —2/3)(—Dy) to a scalar field that
has an U(1); charge of r; through the U(1)g D-term
potential ( — Dy is positive in our notation). Since all the
quark, lepton, and Higgs superfields have an U(1), charge
of +2/3, however, this contribution is absent in our the-
ory."” A nonvanishing contribution may arise if there are
direct couplings of the form [d*6(¢pte*sVrgp) X
(Qfe*"#3Q.) in the superspace density, where Q; repre-
sents generic quark, lepton, and Higgs chiral superfields.
Since these couplings are not flavor universal in general,
we may need to impose a nontrivial flavor symmetry if they
give nonnegligible contributions.

A nonvanishing U(1)z D-term VEV also gives a contri-
bution of (2/3)y;Dp to the scalar squared masses, since the
cutoff is charged under a part of the supersymmetric U(1)g
gauge symmetry [i.e. we must include terms involving Vi
to cancel anomalous variations of the superspace density
under U(1), transformations]. Here, 7y; represents the
anomalous dimension of Q;, defined by dInZ;/dInug =
—2v,; with Z; the wave function renormalization for Q;.
This gives a positive and approximately flavor universal
contribution to the first two generation squark and slepton
squared masses (at the scale = M), which becomes im-
portant if the value of /| Dg| is somewhat larger than the
weak scale and if the direct couplings between ¢ and Q;
are suppressed in the superspace density, e.g. by locality in
an extra dimension.'' While this contribution leads to some
amount of flavor violation, especially in the top squark
sector, it is sufficiently small. Note that the contributions
from a nonvanishing U(1)z D-term VEV discussed above
preserve the gaugino mass prediction of Eq. (19).

'The theory allows us to write a kinetic mixing term between
the U(1)z and U(1)y gauge fields at tree level. The supersym-
metry breaking squared masses for the scalars can then obtain
contributions proportional to their U(1)y hypercharges. If the
mixing term has an O(1) coefficient in the basis where the gauge
couplings appear in front of the kinetic terms, these contributions
can be of order m?. Note that a coefficient of O(1) is phenom-
enologically harmless, since this term is suppressed by gp =
O(M../Mpy) in the basis where the gauge fields are canonically
normalized.

UTn fact, this contribution can naturally be the dominant one if
we do not introduce ¢ from the beginning, since then Dp =
O(M?). In that case, however, we must come up with an alter-
native model for the M stabilization.
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The contribution from anomaly mediation [30] can also
be sizable if the T (and/or M) field propagates in the large
gravitational dimensions. Suppose that (one of) the domi-
nant contribution to observable sector supersymmetry
breaking comes from F7, and that T propagates in all the
gravitational dimensions. This is indeed the case if T
parameterizes the size of an extra dimension(s), as in the
models discussed in the next section. Let us now consider
the 4D effective theory obtained after integrating out all the
extra dimensions. In this theory, the positive contribution
to the vacuum energy from supersymmetry breaking 6V is
of order F#M3,, which is canceled by a (effective) constant
term in the superpotential (W) = O(F;M3,), where Fy is
of order the weak scale. (Both F; and (W) should arise
from dynamical breaking of the R symmetry.) Note that
these values of 8V and (W) (8V > M? and (W) > M3)
are consistent with the effective field theory treatment of
the dynamics, as the apparent large scales arise simply
from the large volume factor associated with the large
gravitational dimensions. This implies that the effective
bulk cosmological constant is negative before supersym-
metry breaking. The F-term VEV of a chiral compensator
field Fc, which controls the size of anomaly mediation,
depends on the mechanism of T stabilization, but it typi-
cally takes a value in the range F; < F. < 8m*Fy. (For
analyses in the context of the conventional desert frame-
work, see e.g. [33].) Since the anomaly mediated contri-
bution to the observable sector superparticle masses,
Mmamsg. is of order F/87, we obtain

Fr

32 =< mavsg = Fr. (21

We thus find that the contribution from anomaly mediation

can be comparable to that from F; (and /|Dgl|) in the
present framework.'? An interesting point is that since the
anomaly mediated contribution satisfies M; « b;g?, it does
not destroy the gaugino mass prediction of Eq. (19). [F,/c
in Eq. (20) should be replaced by F,,/c +3F/32>.] The
gravitino mass is given by mj3/, = F¢, which is typically in
the range of O(100 GeV ~ 10 TeV). Note that if the domi-
nant contribution to observable sector supersymmetry
breaking comes from a field that does not propagate in
the gravitational dimensions, the gravitino mass is very
small mj3/, = O(m2,/Mp), and the anomaly mediated
contribution, masp =3,/ 872, is completely negligible.

121t is possible that the dynamics stabilizing 7 is localized to a
subspace in the direction of the gravitational dimensions. In this
case the mass of the T field is of order M2/Mp = 0(0.01 ~
10 eV), because of the volume suppression factor associated
with the gravitational dimensions. The wave function of this
state can be (highly) nontrivial if the mass is close to the scale of
the gravitational dimensions L~ ! which can occur if the number
of these (flat) dimensions is two. On the other hand, the VEVs of
T and F; always tend to have constant profiles along these
dimensions (in the flat space case), because of the associated
kinetic energy. Therefore, the low-energy, or zero-energy, 4D
consideration leading to Eq. (21) is still valid in this case.
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We finally comment on other possibilities for supersym-
metry breaking in our framework. We can consider that the
dominant source of supersymmetry breaking comes from
the auxiliary field VEV(s) of a chiral superfield(s) other
than 7 and M. For example, we can consider a chiral
superfield Z which couples to the standard model gauge
fields as [ d>0Z W5 W9 with arbitrary coefficients for
SU@B)¢, SUQ2);, and U(1)y. (The lowest component VEV
of Z should be small/vanishing in order not to contribute to
the gauge couplings.) This can give arbitrary masses for the
gauginos, which do not respect Eq. (19). In fact, this
scenario can be naturally accommodated in a higher-
dimensional scenario discussed in Sec. IVB. The cou-
plings of Z to the matter and Higgs fields can be naturally
suppressed, leading to the spectrum of gaugino mediation
[34] but with a very low compactification scale M, =
O(10 ~ 100 TeV). The Higgs fields and (a part of) the
third generation scalars may have different masses than the
other scalars. An interesting property of this model is that
the gauginos are significantly heavier than the scalar par-
ticles, typically by a factor of a few. We leave detailed
studies of these and related possibilities for future work.

B. Gravity, proton decay, and neutrino masses

Since the fundamental scale of nature M, is of order
M, = (10 ~ 100) TeV in our framework, suppressions of
various operators and interactions must be explained with-
out using energy scales larger than M.,.. Here we list several
possibilities for achieving this.

The weakness of gravity can be explained if there are
large gravitational dimensions in which the MSSM or §
states do not propagate [10]. Assuming that the sizes of
these dimensions are (approximately) equal, we find
L™ = (M2 /M3, giving L7' = 107" — 1 GeV
(L=10"1—10" m)forn=2---,6and M, = (10 ~
100) TeV. Here, n is the number of extra gravitational
dimensions, and we have assumed that the extra space is
flat. (In the case that supersymmetry is broken by the
auxiliary field VEV of a bulk supermultiplet, such as a
radion, this implies that the bulk cosmological constant is
negative in the limit of unbroken supersymmetry, which is
canceled by a positive contribution from bulk supersym-
metry breaking.) Dimensions of these sizes are not con-
strained by the existing submillimeter gravitational
experiments, although there are astrophysical constraints
for n = 2 [35].

Proton decay should be suppressed much more strongly
than what is naively expected based on the scale M,. In
Sec. IV, we present models above M, based on higher-
dimensional unified field theories. In these models there
exist KK states for the unified gauge fields and colored
Higgs multiplets, and the requirement that proton decay
should not be caused by the exchange of these states gives
nontrivial constraints on the structure of the models. There
are also possible tree-level proton decay operators. These
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can be suppressed if the quark and lepton supermultiplets
are localized at different positions in extra dimensions. The
relevant dimension for the separation can be one of the
large gravitational dimensions as originally considered in
[18], but can also be a dimension of O(M_ '), orthogonal to
the ones used in explaining the weakness of gravity. A
model accommodating such a possibility will be presented
in Sec. IV B. Alternative ways of suppressing these opera-
tors include imposing an appropriate (gauged) discrete
symmetry, or a continuous gauged baryon and/or lepton
number broken on a distant brane.

Small neutrino masses can be generated by introducing
right-handed neutrino superfields NV having an R charge of
+2/3. Note that dangerous superpotential operators W ~
(LH,)?, giving too large Majorana neutrino masses, are
forbidden by the R symmetry, and they are not regenerated
unless there is a nonvanishing VEV carrying an R charge of
—2/3 (assuming that the M field does not appear in the
superpotential). If the N fields propagate in (a part of) the
large gravitational dimensions, the 4D neutrino Yukawa
couplings W ~ LNH, are suppressed by a factor of
(M../Mp)™'", where m is the number of dimensions in
which N propagates, giving naturally small Dirac neutrino
masses [36]. For example, a neutrino mass of O(0.01 ~
0.1 eV) relevant for atmospheric neutrino oscillations is
naturally obtained for m=n and M, =100 TeV.
Alternatively, small Majorana neutrino masses may be
generated from higher-dimension operators, such as W ~
(LH,)*H,H,, through the ¢ VEV, as discussed in
Sec. II B.

In general, large mass scales can be obtained effectively
for any higher-dimension operators by making the relevant
field(s) propagate in large extra dimensions. For example,
the QCD axion can be obtained by coupling the axion
superfield & to the SU(3). gauge field as
[ d>0O W4« W4, and making ® propagate in (a part
of) the large gravitational bulk [37]. The (effective) axion
decay constant is then given by f, =~ M.(Mp/M,)"'",
where m is the number of dimensions in which &
propagates.

With M, = O(10 ~ 100 TeV), most other higher-
dimension operators are phenomenologically harmless.
The operators leading to flavor changing neutral currents,
however, also need some suppressions. For instance, the
coefficients of the operators leading to the K°-K° mixing
must be smaller than of order 10~2(M,, /100 TeV)? in units
of M.. [The coefficients must be even smaller by a factor of
=~ 100 if they have O(1) phases.] The origin of these
suppressions is presumably related to the physics giving
the Yukawa couplings. For example, we can consider the
situation in which the wave function renormalization fac-
tors for lighter generation quarks and leptons are enhanced
compared to the heavier ones. After canonically normaliz-
ing the fields, this leads to realistic Yukawa couplings as
well as suppressions of flavor changing higher-dimension
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operators. In fact, this situation can easily be realized if
lighter generation quarks and leptons propagate in extra
dimensions somewhat larger than M, I An alternative
possibility to suppress flavor changing neutral currents is
to impose a flavor symmetry whose breaking resides only
in the Yukawa couplings.

IV. EXPLICIT MODELS

In this section we present possible theories above M.,
which reproduce the effective theory below M, discussed
in the previous sections. In particular, we present models in
which the structure of Eq. (4), especially the universal
coupling of the standard model gauge fields to 7, is natu-
rally reproduced. Below we provide models based on 5D
spacetime, in which the standard model gauge fields propa-
gate. The existence of additional (orthogonal) large gravi-
tational dimensions, however, should be understood as
discussed in Sec. III B. It is also straightforward to extend
these models to higher dimensions, which will be
discussed.

A. Minimal model

Let us consider a 5D supersymmetric gauge theory. We
consider that the fifth dimension, y, is compactified on an
S'/Z, orbifold, 0 < y = 7R, and that the gauge group in
the bulk is SU(5). We assume that the compactification
radius is stabilized with R~! = O(10 ~ 100 TeV), which
we typically take to be a factor of a few smaller than the
fundamental scale M...

The 5D gauge supermultiplet can be decomposed into a
4D N =1 vector superfield V(A,, A) and a 4D N =1
chiral superfield 2 (o + iAs, A’), where both V and X, are
in the adjoint representation of SU(5). We assume that
these fields obey the following boundary conditions:

(+,4) (+,+) (+,+) | (=,+) (=.+)
(+.4) (+.,+) (+,4) | (=, +) (=.+)

Vil (+,4) (+,+) (+,+) | (=, +) (=,+) ], 22)
(=,4) (=+) (=, +) | (+,+) (+.+)
(=4) (=,+) (=, +) | (+,+) (+,+)
(=,=) (=,=) (=,=)|(+,=) (+,-)
(=,=) (=) (=) |+.,-) (+.-)

i (==) (=) (=,=) | (+,=) (+,-) (23
(+.,-) (+.-) (+,=) | (=.-) (=,-)
(+,-) (+,-) (+., =) | (=.-) (=,-)

where + and — represent Neumann and Dirichlet bound-
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ary conditions, respectively, and the first and second signs
in parentheses represent boundary conditions at y = 0 and
y = @R, respectively. This reduces the gauge symmetry at
low energies to SU(3) X SU(2) X U(1), which we identify
as the standard model gauge group SU(3)c X SU(2), X
U(1)y (321). The active gauge group on the y = 0 brane is
321, while that in all other places in the extra dimension is
SU(5) (see e.g. [38]). The typical mass scale for the KK
towers is R~! = 0(10 ~ 100 TeV), which we identify as
M. in the previous sections.

The gauge couplings for the low-energy 321 gauge
fields, g; (I = 1, 2, 3), receive contributions both from
the bulk and brane gauge couplings. Here we assume that
the brane contributions are small, giving only O(1/87?)
corrections to the inverse square couplings 1/g. This
assumption is technically natural, and may be justified
from physics above M,. The 321 gauge couplings at the
scale M, = 1/R are then given by the bulk contribution.
An important point is that this contribution is SU(5) sym-
metric: 1/g? = wR/g2, where g, is the 5D SU(5) gauge
coupling. Denoting the radion chiral superfield associated
with the fifth dimension as T and appropriately choosing
the normalization for this field, we find that we exactly
reproduce the first term of Eq. (4). In particular, this
explains the particular normalization for the coupling of
U(1)y gauge field to T.

We now gauge an U(1); symmetry in this theory. Since
U(1)g does not commute with the 5D Lorentz symmetry
[U(1)r contains the subgroup of SU(2)y in the 5D super-
symmetry algebra that commutes with the 4D Lorentz
symmetry], gauging it is associated with breaking of the
5D Lorentz symmetry to the 4D one. Specifically, it will
lead to a (small) nontrivial warping along the fifth dimen-
sion. Here we assume that the resulting warping is small
such that we can treat our 5D spacetime approximately flat,
which can be the case depending on the explicit 5D setup.
[For an analysis of gauged U(1); symmetries in 5D space-
time, see e.g. [39].] The case with nontrivial warping will
be discussed in Sec. IV C.

In general, an U(l)y symmetry gauged in our system
could have anomalous matter content. The resulting
anomalies depend on the U(1); charge assignment for
matter, i.e. on what linear combination of the geometric
U(1)g [the subgroup of SU(2)g] and other “flavor” U(1)’s
we gauge as our U(1)g gauge symmetry. To reproduce the
effective theory of Sec. II below M., we introduce three
generations of quark and lepton supermultiplets, as well as
a pair of Higgs doublet supermultiplets and a singlet su-
permultiplet, in the bulk. Each of these 5D supermultiplets
(hypermultiplets) is decomposed into two 4D N = 1 chiral
superfields ®(¢, /) and (¢, 4°) with opposite gauge
transformation properties. The U(1)g charge assignment is
then given by ®(2/3) and ®¢(4/3) for all matter and Higgs
hypermultiplets (the 4D matter and Higgs superfields arise
from ®; see below), leading to mixed U(1); anomalies
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given in Eq. (2). The U(1)g charges of V and 3 are zero.
The cancellation of these anomalies can then occur through
the (generalized) Green-Schwarz mechanism with a modu-
lus M, as discussed in Sec. II. Assuming that M is a brane-
localized chiral superfield for simplicity, the M field as
well as the couplings of M to the standard model gauge
multiplets must be located on the y = 0 brane (the 321
brane), since they do not respect SU (5)."% The coefficients
of these couplings are determined by the anomaly cancel-
lation conditions. This essentially reproduces the second
term of Eq. (4) at the scale M., although it may have a
slight modification arising from the existence of extra
moduli and/or matter fields. Such a modification may, in
fact, be necessary to ensure the consistency of the effective
field theory. A more detailed analysis of the anomaly
cancellation in higher dimensions, as well as the consis-
tency of the higher-dimensional theory, will be given later.

We now discuss matter and Higgs fields in more detail.
We impose boundary conditions on these fields such that
each SU(3)¢c X SU(2); X U(1)y multiplet arises as the
zero mode of a single SD hypermultiplet that transforms
as a definite representation under SU(5). Consider, for
example, a hypermultiplet {2, D¢} transforming as 5* of
SU(5). [In our notation, a conjugated field has the opposite
transformation property from a nonconjugated field, and
we specify the transformation property of a hypermultiplet
by that of the nonconjugated chiral superfield; for instance,
D and DF transform as 5° and 5 under SU(5), respec-
tively.] We choose the boundary conditions for this hyper-
multiplet as follows:

D =Dy Y3150 D VA,2) ), (24)

De=Do B 1) 150D (1,2),,  (25)

The right-hand side of these equations shows the decom-
position of D and D¢ into representations of 321 (in an
obvious notation), as well as the boundary conditions
imposed on each component [in the same notation as that
in Egs. (22) and (23)]. With these boundary conditions, the
only massless state arising from {D, D¢} is the zero mode
of Dp(3*,1) /3, which we identify as the low-energy down-
type quark superfield D. The other quark and lepton super-
fields are also obtained similarly. Specifically, we intro-
duce three generations of hypermultiplets {Q;, Q¢}(10),
{u, ’Uf}(l()), {D, in}(S*), {L, £f}(5*), and {&,, 55}(10)
(i =1, 2, 3) for the quarks and leptons, obeying the fol-
lowing boundary conditions:

Q =97"32)0 Q53 1)y
011, (26)
3The case with a bulk M field can also be considered with M

completed into an appropriate 5D (vector or tensor) supermul-
tiplet; see e.g. [40].

015005-12



SUPERSYMMETRY WITHOUT THE DESERT
U =UG;32) 60 U3 1),
o U1, 1), 27)

D =Dy P30 DU VA2)  (29)
L=rL5"3 ;@ £89a, 2) 1 (29

E=6,132) 6083 Doyse 1),
(30)

where we have omitted the generation index i. [The bound-
ary conditions for the conjugated fields are given by + «
—, as in Eqgs. (24) and (25).] The only massless states
arising from these hypermultiplets are the zero modes of
Q0B3.2)16, Uy 1) 2s3, Dp3* )13, LL(1,2)-1),
and £x(1, 1), which we identify as Q, U, D, L, and E in
Sec. II. For the Higgs fields, we introduce {H, FH }(5),
{H, H Y5, and {S, S°}(1), obeying the boundary con-
ditions:

H=H PG 0 HSD1,2),, 3D
H =", 3@ Hiaq, 21 (32

S =8, 1), (33)

(Again the boundary conditions for the conjugated fields
are given by + < —.) The massless states arise from the
zero modes of H r(1,2), /5, H r(1,2)_, )5, and Ss(1, 1),
which we identify as H,, H;, and S in Sec. II. Note that the
boundary conditions of Egs. (22), (23), and (26)—(33) can
be imposed consistently with the interactions of the
theory.14

A bulk hypermultiplet {®, &} can generically have a
mass term in the bulk, which is written as

TR
S = / d*x f dy / d’60M 4 ® P + H.c., (34)
0

"“Note that the signs * for the boundary conditions in these
equations represent the Neumann/Dirichlet boundary conditions
in the interval y: [0, 7R]. In the orbifold picture, the boundary
conditions of e.g. Eq. (27) can be obtained effectively as follows.
We prepare a hypermultiplet obeying the boundary conditions
U="U,"' 3250 Uy 3D 550 U (1L 1),
where the first and second signs in the parentheses represent
transformation properties under the reflection y — —y and (y —
7R) — —(y — wR), respectively. We then introduce a 321-
brane-localized chiral superfield transforming as (1, 1)_; under
321, and couple it to the ’US””(I, 1), state from U. This
reproduces the boundary conditions of Eq. (27) in the limit
that this coupling (brane mass term) becomes large. A similar
(or more straightforward) construction also applies to the other
multiplets. The fact that the boundary conditions of Eqs. (22),
(23), and (26)—(33) can be reproduced in the orbifold picture by
taking a consistent limit guarantees their consistency.
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in the basis where the kinetic term is given by Sy, =
[d*x [dy[ [d*O(DTD + DeDet) +{[d>9Dd, D +H.c.}].
The parameter M4, controls the wave function profile of the
zero mode. For Mg > 0 ( < 0) the wave function of a zero
mode arising from @ is localized to the y = 0 (y = 7R)
brane; for Mg = 0 it is flat. [If a zero mode arises from ¢,
its wave function is localized to the y = 7R (y = 0) brane
for Mg >0 (<0) and is flat for Mg = 0.] Explicit con-
straints on Mg in our theory depend on the detailed setup,
e.g., on the source of supersymmetry breaking. There is,
however, one constraint that generically applies regardless
of these details. Suppose, for example, that we want to
localize the zero mode of Dj(3%,1)/3 to the y = 7R
brane by taking Mp — —oo. In this case, however, we
find that the lightest KK state from 2, (1,2)_,/, and
D5 (1,2);/, becomes exponentially light, with the former
(latter) degrees of freedom localized to the y = 7#R (y =
0) brane. This is, in fact, expected because the Dy, state is
localized to the y = 7R brane, where the active gauge
group is SU(5), so that it locally requires a SU(5) partner,
which is provided by the D, state. Since the D, state is
massive in 4D (due to the boundary conditions), it must be
in a vectorlike representation, hence the existence of DZ
localized at y = 0. Since any extra vectorlike state is not
observed in nature, this gives a constraint on Mp from
below. Applying similar considerations also to the other
multiplets, we find

MgR = —(1~2), (35)

ford® = 9, U, D,, L;,&;, H,and H ,implying that the
wave functions of the low-energy states Q;, U;, D;, L;, E;,
H,.and H, should not be strongly localized to the y = mR
brane [the SU(5) brane]."®

With the structure for the matter and Higgs sectors
described above, no rapid proton decay is induced by an
exchange of the bulk SU(5) gauge boson, whose mass is
only of order 1/R = (10 ~ 100) TeV. This is because
quarks and leptons that would be unified into a single
SU(5) representation in standard grand unified theories
now arise from different SU(5) multiplets in the bulk.
[Note that this preserves a SU(5) understanding of the
quark and lepton quantum numbers, especially quantiza-
tion of U(1)y hypercharges.] The colored-Higgs KK states
with masses of O(10 ~ 100 TeV) do not induce proton

'50One may think that for a {D, D} multiplet with M — —oo,
we can introduce a 321-brane-localized field L'(1,2)_,/, and
couple it to D5 on the 321 brane, leading to the low-energy
states Dp, and D, (with a slight mixture from L’), which may be
identified as D and L. (The {£, £¢} multiplet should then be
eliminated.) In fact, this construction can work for a 5° (D
D + L) state, although a similar construction fora 10 (D Q +
U + E) state does not because it would lead to rapid proton
decay caused by an exchange of the bulk SU(5) gauge boson.
This opens a possibility in which (some of) the 5 states are
strongly (or exactly) localized to the SU(5) brane.
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decay either, because of the special form of the mass
matrices for these states, dictated by higher-dimensional
gauge invariance. (See Ref. [38] for details.) Possible tree-
level proton decay operators may be forbidden by impos-
ing an appropriate discrete (gauge) symmetry or if the
quarks and leptons are separated in an extra dimension
orthogonal to the dimension y (see Sec. IV B).

The superpotential interactions arise from the y = 0
(321) and/or y = 7R [SU(5)] brane(s). Because of the
gauged U(1)r symmetry, these interactions must be cubic
in fields. Locating them on the 321 brane for simplicity, we
obtain

S = fd“xﬁﬂRdyB(y)fdzH(Q’U}[Jr QDH

+ LEH + SHIH + S?) + He, (36)

where we have omitted generation indices as well as
(dimensionful) coefficients, and we have assumed the stan-
dard matter parity (R parity). These interactions reproduce
the interactions of Eq. (11) below M,.. (Small neutrino
masses can be generated by introducing a brane or bulk
right-handed neutrinos N together with a superpotential
term of the form LN H ; see Sec. III B.) Note that there is
no unwanted unified mass relation between the quarks and
leptons, since different 321 multiplets come from different
bulk multiplets.

We now discuss anomaly cancellation for the U(1)g
symmetry in the present theory in more detail. In general,
when one performs an U(1) transformation, variations of
the Lagrangian caused by the anomalous matter content are
confined to the branes at y = 0 and y = R [41]. In our
theory, the generated anomalies take the form

Ay —l—g A" a
el () (2)-() @
A} l1—a AT a

where A(IO) and Agﬂ) (I =1, 2, 3) represent the mixed
U(1)g-321 anomalies located at the y =0 and y = @R
branes, respectively. The constant a is given by a =
—5/12 in the model described above, although the value
of a changes in general if we locate (some of) the quark,
lepton, and Higgs multiplets strictly on the 321 brane. The
mixed anomalies of Eq. (37) can be canceled by a combi-
nation of the Green-Schwarz mechanism and anomaly
transfer in the bulk. By introducing a bulk Chern-Simons
term with an appropriate coefficient, we can ““transfer’’ the
mixed anomalies from y = 7R to y = 0 by an amount of
a. The rest of the anomalies can then be canceled by
introducing the terms

S = f d*x ﬁ ™ dyé‘(y){—l_lzyz,}% / POM W We.

+ He. } (38)
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with the coefficients chosen to be {; = A; = Ago) + AE”) :
Here, [§ 8(y)dy = 1 for € >0, and M transforms as M —
M + iac/167? under U(1)g. After integrating out the fifth
dimension, the interactions of Eq. (38) lead exactly to the
second term of Eq. (4) at the scale M... (The first term arises
from the bulk gauge kinetic term.)

A (potential) problem with the setup just described is
that the interactions of Eq. (38) give a negative brane-
localized kinetic term for SU(3). after the modulus M
obtains the required VEV of Eq. (9). (Note that (M)/c >
0 and {3 = 1.) While the zero mode of the SU(3), gauge
field has a positive gauge kinetic term, the negative brane
kinetic term could cause problems in processes involving
higher KK states. Suppose that the coefficients of the bulk
and brane kinetic terms for a bulk gauge field are given by
1/g% and 1/g>, respectively. [For the SU(3). gauge field
considered here, 1/g2 = 1/g2 and 1/g> = —4(M)/c.] We
then find that for 1/g> < 0, the KK decomposition leads to
a mode that has a negative kinetic term (ghost), whose
“mass” wq (> 0) is given by the solution to

2
tanh(7R o) = — S3£2 (39)
z

In order for the 5D effective field theory to be consistent,
this mass must be larger than the cutoff scale: uo = M.,
leading to the condition 1/g* = —1/g2M... For the case of
SU(3)¢, however, the values of 1/g? and 1/g% are deter-
mined by the phenomenological requirements of Egs. (8)
and (9) as 1/g* =~ —1 and wR/g2 = 2. This yields M, <
2/@R =~ 1/R, implying that the cutoff scale of the 5D
theory should be at or below the scale of the masses of
the first KK excitations. This clearly casts doubt on the
viability of the 5D theory as a theory describing physics
“above M,.”

There are essentially two approaches we could take to
deal with this issue. One is to consider that the size of the
extra dimension, 7R, is in fact not much larger than the
cutoff length M, !. In this case, the 5D theory described
above may not be a fully viable effective field theory.
However, we can still take the view that it suggests the
basic structure, e.g. the gauge symmetry structure and
matter content, of the fundamental theory at M., e.g. string
theory. This is an interesting proposal for future string
model-building. The other approach is to consider that
the problem arose because of the particular (too minimal)
structure of the model described above, and that we can
(slightly) modify the theory so that it does not suffer from
the problem. Below we take this latter approach and find
ways to avoid the problem within effective field theory.

A simple way of avoiding the sizable negative gauge
kinetic term for SU(3)¢ on the y = 0 brane is to introduce
another modulus M’, which is localized on the y = #R
brane and has the interaction
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TR
S = fd“x[ dyd(y — mR)
0
!
x Jl—é, fdzﬁM’W“"‘W‘; 4 Hc} (40)
C

where ¢’ and ¢’ are real constants, W% is the field
strength superfield for SU(5), which contains 321 as a
subgroup, and the field M’ transforms as M'—
M' + iac'/167% under U(1)g. Note that the active gauge
group on the y = 7R brane is SU(5), so that the coefficient
[’ is universal for 321. In this case, the coefficient for the
bulk Chern-Simons term should be chosen such that mixed
anomalies of the amount a — ¢’ are transferred from y =
7R to y = 0, and the coefficients ¢; in Eq. (38) chosen as

G=A—17, (4D)

where (A}, A,, A3) = (—11/5, —1/3, 1). Now, let us con-
sider, for example, that ¢’ = 1. In this case the coefficients
of the 321-brane-localized interactions take the values
(&), &, &) = (—16/5,—4/3,0), so that the VEV of
(M)/c > 0 does not lead to a negative brane kinetic term
for SU(3)c, SU2);, or U(1l)y. In fact, assuming that
(M"y/c' < 1/167% (not necessarily [(M')/c'| < 1/1672),
we can make our 5D theory a viable effective field theory
in a (moderately) large energy interval above M, = 1/R.
To reproduce the observed gauge couplings, we must have
My 3 M

~ U ~

(M)

c/

TR 4¢
g2

(M) = (T) ~ 4

= ]. (43)

By choosing the 5D SU(5) gauge coupling to be strong at
the scale M., i.e. 1/g2 = CM, /167> with C =5 a group
theoretical factor, we find that M..R can be as large as = 30
for |(M")/c'| << 1. These choices of parameters do not
disturb any of the arguments before, e.g. technical natural-
ness for the smallness of the tree-level brane gauge kinetic
operators. The fields M and M’ can be stabilized easily
with the desired values of (M)/c and (M')/c' along the
lines of Sec. II B. For instance, we can consider two super-
symmetric SU(2) gauge sectors each localized on the y =
0 and y = 7R branes, which are responsible for the stabi-
lizations of M and M’, respectively.

An alternative way of avoiding the problem is to intro-
duce extra matter fields that are vectorlike under 321 and
obtain masses through U(1); breaking. Let us, for ex-
ample, introduce chiral superfields ®(5) + ®(5*) on the
y = 7R brane which have a vanishing U(1) charge. Here,
the numbers in parentheses represent the transformation
properties under SU(5). In this case, these fields produce
the mixed anomalies of —1 localized on the y = 77R brane,
so that A\™ in Eq. (37) are replaced as A\ = a — a — 1.
The anomaly transfer by a Chern-Simons term should then
be a — 1, and the coefficients ¢; in Eq. (38) become {; =
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A; — 1 =0, avoiding the problem. The required values of
(T) and (M) are given by Egs. (42) and (43) (with (M’) set
to zero), and we find, following the argument below
Egs. (42) and (43), that there can be a (moderately) large
energy interval up to a factor of M,R = 30 in which the
effective 5D field theory is applicable. A mass for the ®
and ® states of order the weak scale or somewhat larger
can be generated through the Kihler potential term
[ d*0CtCD®D on the y = 7R brane, where C represents
the chiral compensator field. (This requires that supersym-
metry is broken in the bulk of the gravitational dimensions,
in which case F is of order the weak scale or somewhat
larger; see Sec. IIT A.) To preserve the successful predic-
tion for the gauge couplings, the absence of similar vector-
like states on the 321 brane which do not fill a complete
SU(5) multiplet must be assumed. A similar comment also
applies to states that obtain masses through the VEV of ¢,
the field absorbing the large Fayet-Iliopoulos term of
U(1)g.

We emphasize that the mechanisms presented above for
avoiding a sizable negative brane kinetic term for SU(3).
are actually simple—much simpler than how they might
naively look. We simply assume that the mixed U(1)g
anomalies are canceled by a combination of the M field
and the M’ field (or extra vectorlike states). The interac-
tions (quantum numbers) of M’ (vectorlike states) are
universal for 321 because of the location of the field(s),
so that the successful supersymmetric prediction for the
low-energy gauge couplings is preserved. Note that this
requires some reinterpretations of the formulas given in the
previous sections, for example Fr in Egs. (18) and (20)
should be replaced by Fr + (4{'/c)F,,, but the essential
physics is unchanged. The size of the 5D energy interval
MR takes a value between a factor of a few and = 30. We
thus arrive at the picture given in Fig. 1. This completes our
discussion on the basic construction of the model repro-
ducing the effective theory of Sec. II below M..

Let us now discuss supersymmetry breaking and its
implications in this theory. As discussed in Sec. III A,
one of the natural possibilities is that the T field, the radion
supermultiplet associated with the dimension y, obtains a
nonvanishing VEV in the auxiliary component, F; =
O(100 GeV). This induces supersymmetry breaking
masses for the gauginos as well as the bulk scalar fields.
(For flat spacetime, this is equivalent to the Scherk-
Schwarz mechanism [42]. For earlier work on Scherk-
Schwarz supersymmetry breaking, see e.g. [15-17].)
Since the generated scalar masses and scalar trilinear in-
teractions depend on bulk mass parameters Mg, this ge-
nerically introduces the supersymmetric flavor problem.
One way to avoid this problem is to assume that the bulk
masses are flavor universal, which may be the result of
some flavor symmetry. This can lead to interesting phe-
nomenology, with a variety of spectra for the squarks and
sleptons depending on arbitrary bulk mass parameters.
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energy ,
UV (string?) theory
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321 SU(S)
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FIG. 1. The schematic picture of our minimal theory. The
standard model (SM) is the effective theory up to a scale of
100 GeV ~ 1 TeV, where it is replaced by a 4D (A)SUSY
model: a 4D N = 1 supersymmetric standard model with the
superpotential given by Eq. (11) (in the minimal case). This
model is further replaced at M, = (10 ~ 100) TeV by the mini-
mal 5D SU(5) theory described in the text, which is the effective
theory for the next factor of (2 ~ 30). Finally, at the scale M, =
(2 ~30) X M, the theory is embedded into a fundamental
ultraviolet theory, which may be string theory.

Another possible way, which we focus on below, is to
strongly localize the quark and lepton multiplets to a brane,
since then the generated tree-level supersymmetry break-
ing masses for the squarks and sleptons are exponentially
suppressed. Flavor universal squark and slepton masses
can be generated by gauge loops through the gaugino
masses (approximately flavor universal contributions can
also come from the U(1), D-term VEV), and scalar tri-
linear interactions proportional to the Yukawa matrices are
also generated by gauge loops as well as by the tree-level
contribution through the Higgs fields. Since we have a
constraint on Mg, in Eq. (35), we should then take

1
Mo, My, Mp, Mg, Mg, > R (44)

implying that the low-energy Q;, U;, D;, L;, and E; states
are localized to the 321 brane.'® The required amount of
localization, however, is not very strong; MR =2 is
enough for the first two generations, and the degree of
localization can be even milder for the third generation.
For the Higgs and S fields, there are no strong constraints
on their bulk masses from flavor violating processes. The
constraints, however, may arise from electroweak symme-
try breaking, depending on details of the setup, for ex-

'°One of the main reasons we did not localize these states
strictly on the 321 brane from the beginning is that we would
then lose the SU(5) understanding of the matter quantum num-
bers in the 5D effective theory. The correct quantum numbers,
however, can arise naturally if the fundamental theory is higher
dimensional and has a larger gauge group, as in Ref. [43].
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ample, to avoid too large volume suppressions for the low-
energy A and « couplings in Eq. (11) and/or to have a
sufficiently large scalar trilinear coupling between the S
and Higgs fields.

In Fig. 2 we present a schematic picture of the model
described here. The wave function profiles for the S and
Higgs fields are depicted arbitrarily. The structure of this
theory is somewhat similar to that in Ref. [44], although we
now have a low compactification scale of 1/R = (10 ~
100) TeV and the gauged R symmetry. These two ingre-
dients provide extra constraints on the location of the
matter and Higgs fields, as well as on the form of the
superpotential, given in Egs. (35) and (36).
Supersymmetry breaking masses also show a characteristic
pattern. Motivated by suppressions of flavor changing
neutral currents, let us consider the situation in which the
source of supersymmetry breaking resides in nonvanishing
Fr, Dg, and anomaly mediation (see Sec. III A). In this
case, soft supersymmetry breaking masses at the scale
M, =1/R = O(10 ~ 100 TeV) are given as follows. For
the gaugino masses M; (I = 1, 2, 3), we have

— i, (45)

where g; are the 321 gauge couplings at M., gi> = g2/mR
with g, the 5D SU(5) gauge coupling, and b, are the beta-
function coefficients defined by d(1/g?)/dInug =
—b;/87?%. (The value of g/, would agree with the unified
gauge coupling in the conventional supersymmetric desert,
gy = 0.7, for ' = 0.) The mass parameters /i1 and 71 are
given by

ﬁ’lTE_—FT, I’;\’ECE_Fc. (46)
The two terms in Eq. (45) give comparable contributions
for sy =~ mc/8m> [ = O(100 GeV)]; otherwise, one

321 SU(5)
SU(5)
0:, Ui, D;
Li,E;
e S,Hy, Hy
T
e e |
T~ \»_
T |
— T
y=0 y=7R

FIG. 2. The schematic picture of the minimal model described
in the text. The quark and lepton supermultiplets are localized
(strongly) to the y = 0 brane. The wave function profiles for the
S and Higgs fields are depicted arbitrarily.
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dominates the other. The scalar trilinear interactions, de-

fined generally by L = —3 45 c(@apc/6)bpadbpdc +
H.c., are given by
aspc = —Yapcllaw, + ap, + ag, )iy
+ (Yo, T Yo, + Yo )iich 47)
where y,pc are the Yukawa couplings W =

> aB.capc/6) P4, PP, with 4 and ¢4 representing a
generic 4D chiral superfield and its scalar component,
respectively.!” The coefficient aq, is given in flat space by

27TRM¢,

= e 48
4o = anRM, _ | (48)

where M, is the bulk mass of the hypermultiplet {¢, ¢}
giving ® as the zero mode of ¢, and 7y is the anomalous
dimension of @, defined by dInZg/dInug = —2y4 with
Zg the wave function renormalization for ®.'® The soft
supersymmetry breaking scalar mass squared mé for a 4D

chiral superfield & is given by

. . 1 dye
my = —yomp + colmrl* + 3 dinpy

+ {(Zb’ABcP(ach +ag, + agp,)

YABC

4

ng IV o o

+ - F)meC + H.C.}, (49)
o 8U 981

||

IYa®
lyagcl?

where the mass parameter 71y, is given by

. 2
mh = =3 (50)

which is positive and can take a value of order the weak
scale, or somewhat larger,'® and the coefficient cq, is given
(in the flat space limit) by

7Our sign convention for the soft supersymmetry breaking
parameters agrees with that of SUSY Les Houches Accord [45].

"¥Note that the 4D Yukawa couplings y,pc also receive sup-
pressions with factors zg,2¢,2e., Where zg = (2M,/(1 —
e 2RM )0 )Y/2 The suppression factors, however, could differ
if these couplings receive nonnegligible contributions from the
brane couplings located at y = 7wR. The expressions for the
scalar trilinear couplings a,pc also change in this case from
that in Eq. (47). This can happen, for example, for the couplings
A and k, practically making the corresponding scalar trilinear
interactions, a, and a,, independent free parameters.

In the presence of an U(1)g-U(1)y kinetic mixing term on the
321 brane, the scalar squared masses receive contributions
proportional to their U(1)y hypercharges. Writing the gauge
kinetic terms as [d?6{(1/4g%) W& Wy, + (1/45;%)2\/\/fq/1/“Y +
(e/2) W& W} +H.c. in 4D, the first term of Eq. (49) is then
modified to (—yq — 3€g2Yq/2)ih%, where Yq is the U(l)y
hypercharge of the chiral superfield ® in the SU(5) normaliza-
tion. Although it is (technically) natural to have a small value for
€, it can also be of O(1) without contradicting phenomenological
constraints.
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mRM, )2. 1)

o™ <sinh(7TRM¢,)

The last term in the right-hand side of Eq. (49) is the
interference term between F; and F [31], and we have
assumed the absence of direct couplings between the ob-
servable sector fields and ¢, the field absorbing the Fayet-
Iliopoulos term of U(1)g. More explicit expressions for the
scalar trilinear interactions, a,pc, and scalar squared
masses, mé, in the present setup are given in Appendix A.

The soft supersymmetry breaking masses derived above,
Egs. (45), (47), and (49), do not lead to the supersymmetric
flavor problem, as long as the conditions of Eq. (44) are
satisfied (at least for the first two generations). They do not
lead to the supersymmetric CP problem either, if the
complex phases of /iy and i (Fy and F) are aligned,
which is indeed the case if T is stabilized through a single
gaugino condensation [31,46], or if one of sy and i
dominates the other. (All the soft supersymmetry breaking
masses, as well as the couplings A and «, can be made real
by choosing the appropriate phase convention for S and
H,H, and by using the appropriate R-rotation.) These soft
supersymmetry breaking masses show a variety of inter-
esting patterns. For example, if the contribution from
anomaly mediation is small, fii-/87% < iy, fp /4, we
find that the gaugino masses satisfy the standard ‘‘unified
mass relation” M; « g while the squark and slepton

masses take the form m? = —ypmp, where F = Q, U,

D, L, E (at least for the first two generations).20 The
Higgs squared masses are arbitrary, and there are scalar
trilinear terms (A terms) proportional to the Yukawa ma-
trices. Note that these masses are given at the scale M, =
O(10 ~ 100 TeV), only a few orders of magnitude above
the weak scale. In the case that Fr is suppressed, on the
other hand, we find that the spectrum is given by the sum of
the anomaly mediated contributions and the scalar masses
from the U(1); D-term VEV, again at the scale M, =
O(10 ~ 100 TeV). This can happen if there is a supersym-
metry breaking field Z in the gravitational bulk, which does
not directly couple to the MSSM states. In general, the
superparticle spectra derived in Eqgs. (45), (47), and (49)
have a very rich structure, including the possibility of
nonuniversality in the third generation sfermion masses
caused by nontrivial profiles of the wave functions of these
states in the extra dimension. In addition, the gaugino
masses may also have a contribution from F,;, which
affects the scale of effective gaugino mass unification.
We can even consider some interesting variations of the
model. For example, we can change the boundary condi-

tions of S (and/or H , 3‘[F)_t0 (+, =) or (=, +) [only
(+, —) is available for H r, H ;]. In this case, the tree-
level contribution to the supersymmetry breaking mass

*OThis is the case if the Fayet-Iliopoulos term for U(1)g is not
absorbed.
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squared m% (and/or mé_[, mé—_[) can be negative in a certain

parameter region. A detailed study of electroweak symme-
try breaking for some of these spectra will be given in
Ref. [23].

We finally discuss physics associated with the KK states,
which have masses of order M.=1/R = 0(10~
100 TeV). These states form multiplets of 4D N = 2 su-
persymmetry, with small mass splittings inside each super-
multiplet due to F7. Interesting quantities among others are
masses of the lightest KK excitations for the gauge fields.
These are determined independently of bulk mass parame-
ters, and thus provide relatively model-independent pre-
dictions. We find that the masses of the KK gauge states
associated with SU(3)¢, SU(2),, U(1)y, and SU(5)/321
are given by M3 = (g3/g)R™", M5 = (¢5/¢))R™", M} =
(¢1/g7)R™", and My = (1/2)R™, giving

7]
My:M5:MMYy = g%:g%:g%:%}, (52)
where g; are the standard model gauge couplings at M.,
and g2 = g2/mR with g. the 5D gauge coupling. The
masses of the KK states for the matter and Higgs fields
are highly model dependent, since they depend on bulk

masses for these supermultiplets.

B. Models in higher dimensions

In the previous subsection we have presented a model
based on SU(5) in 5D. There are a variety of ways to
extend this to higher dimensions and/or a larger gauge
group, as was the case in higher-dimensional grand unified
theories at a high scale of order My [47,48]. There are,
however, new constraints in our framework. First, proton
decay caused by the exchange of higher-dimensional uni-
fied gauge fields, as well as colored-Higgs multiplets, must
be suppressed. This can be achieved, for example, by
extracting different standard model multiplets from differ-
ent bulk multiplets, as in the minimal model in the previous
subsection. Another constraint comes from the [U(1)] R
symmetry which must exist to reproduce the successful
supersymmetric prediction for the low-energy gauge cou-
plings. This restricts the form of possible superpotential
terms, giving potential constraints on the Higgs sector,
including the sector breaking the unified symmetry (if
any), as well as on ways of obtaining realistic fermion
masses (although terms violating the R symmetry could
be generated through spontaneous breaking of R).

To illustrate an example of new possibilities that open up
by going to higher dimensions, here we consider a SU(5)
unified theory in 6D. We consider that the theory possesses
N = 2 supersymmetry in 6D, which corresponds to N = 4
supersymmetry in 4D, and that the extra two dimensions,
x> and x°, are compactified on a 7%/(Z, X Z}) orbifold:
0= x’=<27Rs and 0 < x% = 27R¢. The 6D N = 2 su-
persymmetry guarantees that the gauge anomalies in the
6D bulk automatically cancel. It also requires that the only
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bulk field is the 6D SU(5) gauge supermultiplet, which can
be decomposed into a 4D N = 1 vector superfield V and
three 4D N = 1 chiral superfields X5, 3¢ and ®, where X5
and 3¢ contain the fifth- and sixth-dimensional compo-
nents of the gauge field, A5 and Ag [49]. We now impose
the following boundary conditions on these fields. Along
the sixth direction, x%, we impose

V(+) +)) E6(_’ _);

2s5(+, +), O(—, -),

(33)

where + and — represent Neumann and Dirichlet bound-
ary conditions, respectively, and the first and second signs
in parentheses represent boundary conditions at xX® = 0 and
x® = 7Rq. Along the fifth direction, x>, we impose the
ones in Eq. (22) for V and 34 and the ones in Eq. (23) for
35 and ®, with the first and second signs in parentheses
representing boundary conditions at x> = 0 and x> = 7R,
respectively. These boundary conditions reduce the low-
energy theory to be the 4D N =1 supersymmetric
SU@3)c X SU(Q2), X U(1)y gauge theory. The only mass-
less state arising from the 6D gauge multiplet is the 321
component of V.

The resulting supersymmetry and gauge symmetry
structures in the extra two dimensions are quite rich.
There are four 5D fixed lines x® = 0, x® = 7R¢, x> =0,
and x> = 7Rs, each having SU(5), SU(5), 321, and SU(5)
gauge symmetries with 5D N = 1 (4D N = 2) supersym-
metry, and there are four 4D fixed points (x°, x6) = (0, 0),
(0, mRg), (7Rs, 0), and (7Rs, mRg), each having 321, 321,
SU(5), and SU(5) gauge symmetries with 4D N = 1 su-
persymmetry. The theory possesses an U(1)r symmetry
analogous to the one in the previous sections, which is a
linear combination of an U(1) subgroup of SU(4)g in the
6D supersymmetry algebra and certain flavor U(1)’s. The
U(1)g charge assignment for the gauge multiplet is given
by V(0), 25(0), 24(0), and ®(2), and that for the matter and
Higgs fields, which are introduced on 5D or 4D subspaces,
is essentially identical to the one in the minimal model of
Sec. IVA. Upon gauging this symmetry, we find the mixed
U(1)r anomalies given by Eq. (2). These are canceled
(essentially) by a shift of a single modulus M through the
generalized Green-Schwarz mechanism, with the cou-
plings of M to the 321 gauge fields located at the (x°, x°) =
(0,0) or (0, 7Rs) fixed point (for brane-localized M).
Together with an extra moduli field M’ or vectorlike states
located on a SU(5)-preserving brane, we can have a con-
sistent 6D effective field theory describing physics above
the compactification scale M, as discussed in the previous
subsection.

This setup can be used for various purposes. Let us
assume, for simplicity, that the shape modulus, Rs/Rg, is
fixed (strongly) such that Rs is (somewhat) larger than Ry.
In this case, the low-energy theory below R ! is essentially
the 5D SU(5) theory described in Sec. IVA. However,
there are now a variety of possibilities for where to locate
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the fields. For example, we can introduce the quark hyper-
multiplets {Q;, Q5}(10), {U;, UsH10), and {D,, DS}5")
on the x = 7R, fixed line and the lepton hypermultiplets
{L;, L}5*) and {&€,;, £5}(10) on the x® =0 fixed line,
where i = 1, 2, 3 is the generation index. Imposing the
boundary conditions as in Egs. (26)—(30), the only
low-energy states below Rs I are the three generations of
the 4D N = 1 quark and lepton supermultiplets, Q;, U;, D;,
L;, and E;. Locating two Higgs hypermultiplets
{H, H}1,2),/, and {FH, H}1,2)_,, on the x> =0
fixed line, with the boundary conditions given by
H+, +), He(—, —), H(+,+), and H(—, —) along
the sixth direction, we obtain two 4D N = 1 Higgs doublet
supermultiplets H, and H; from these multiplets at low
energies.”' The Yukawa couplings W ~ QUH, + QDH,
and W ~ LEH; must be located at (x°, x%) = (0, 7R;) and
(0,0), respectively.”® This setup realizes a geometrical
separation between the quarks and leptons in an extra
dimension, and thus may be used to suppresses possible
tree-level proton decay operators. There is, however, a
possible tension coming from the fact that we cannot
make Rg very large, since it would increase incalculable
nonuniversal contributions to the low-energy 321 gauge
couplings that arise from radiatively generated gauge ki-
netic operators on the x> = 0 line. Thus we will still need
to make some assumptions on the spectrum for the heavy
states around the cutoff scale.

The story for supersymmetry breaking can be similar to
that in the minimal model. For R larger than Ry, the T field
corresponds mainly to the modulus controlling the size for
Rs, although it has a small mixture with that for Rg.
Assuming that the source of supersymmetry breaking is
in nonzero F;, Dg, and anomaly mediation, the supersym-
metry breaking masses at the scale M, are given by
Egs. (45), (47), and (49) (although ays, a4, ¢4, and
¢ 4 will now be suppressed somewhat because the Higgs
fields are brane fields in the 5D effective theory).

Higher-dimensional setups may also be used analo-
gously to understand the quark and lepton masses and
mixings in terms of the wave function profiles of matter
fields, e.g., in the sixth dimension, although the issue of
flavor changing neutral currents must be carefully ad-
dressed in such cases. Alternatively, the 6D setup described
here can be used to realize the scenario discussed at the end
of Sec. IIT A. For example, we can locate all the quark and
lepton supermultiplets on the x® = 0 fixed line and the
supersymmetry breaking field Z on the (x° x°) =
(0, mRg) fixed point. In this case the 321 gaugino masses

2! Quantization of U(1)y hypercharges for these multiplets must
come from physics above the cutoff scale, M.,.

22The S field can be introduced either on the x5 = 0, x5 = 0, or
x¢ = TR, fixed line, or on the (x3, x6) = (0, 0) or (0, 7R,) fixed
point. The Yukawa coupling W ~ SH, H, arises from the
(x>, x%) = (0,0) and/or (0, wR,) fixed point, while W ~ §3
from the (0, 0), (0, 7R;), (77R5, 0) and/or (7Rs, mR) fixed point.
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can be all independent, and the squark and slepton masses
are generated through gauge loops and thus flavor univer-
sal. Another use of the setup includes geometrically sepa-
rating the ¢ field from the quark and lepton
supermultiplets, ensuring the absence of potential flavor
violating operators of the form [d*6(¢Te?+Vrgp) X

(Qfe?e30)).

C. Models with warping

So far, we have considered that the extra dimension(s) in
which the 321 gauge fields propagate is (approximately)
flat. It is, however, possible that there are nonnegligible
warping effects. This is, in fact, a natural possibility be-
cause the gauging of U(1)g is associated with breaking of
higher-dimensional Lorentz invariance. Here we study the
effect of warping, taking as an example the minimal 5D
SU(5) model of Sec. IVA.

We consider that the 5D spacetime of the model of
Sec. IV A has a nontrivial warping. The metric is given by

ds* = e *Dly  dxtdx” + dy?, (54)

where k is the inverse curvature radius of the warped (AdS)
space, which is taken to be somewhat smaller than the
fundamental scale M,. This corresponds to choosing the
y =0 (321) and y = @R [SU(5)] branes to be the ultra-
violet (UV) and infrared (IR) branes, respectively. Unlike
the case of Ref. [50], however, here we take the scale of the
UV brane, k, to be of O(10 ~ 100 TeV). We consider that
the warp factor e~ ™R is of 0(0.01 ~ 0.1), so that the scale
of the IR brane is given by k' = ke ™k = O(1~10TeV).

The gauge group, matter content, and boundary condi-
tions are taken to be identical to those in Sec. IVA. The
model then works analogously to the flat space case. An
important difference is that the wave function of the light-
est (zero) mode of T is now localized to the IR brane, so
that its F-term VEV is suppressed in 4D by the warp factor
e~ ™R This can thus be used to explain the small hierarchy
between M, and Fr ( = the weak scale) without using any
small parameter. The soft supersymmetry breaking masses
are still given by Egs. (45), (47), and (49), although the
explicit expressions for ag and cg are changed.”> Another
difference is that, since the KK towers in warped space are
localized to the IR brane, where the active gauge group is
SU(5), their spectrum is approximately SU(5) symmetric.
In particular, the masses of the KK gauge states associated
with SU3)¢, SUQ2),, U(1)y, and SU(5)/321 are now
roughly universal M} =~ M), =~ M| =~ M. Splittings among
these masses, however, arise from the UV brane gauge

*In a warped space model, the contribution from anomaly
mediation may be naturally suppressed #iic/87% < rivy, fip.
This is because the T field is expected not to feel (effectively)
the large gravitational dimensions, as suggested by the ‘““‘dual”
description of the theory (given below). The scale of fundamen-
tal supersymmetry breaking is then small, of O(TeV), giving a
very small gravitino mass, n3/, = O(TeV?/Mp).
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kinetic operators, which are determined by the observed
321 gauge couplings (for a fixed value of ’; see Sec. IVA).
Precise relations are given by

M = M, (1 +gg7%> (55)
r=x 3 gl In(k/K))

where M) (I =1, 2, 3) are the masses of the first KK
excitations for the 321 gauge bosons, M the mass of the
lightest SU(5)/321 gauge boson, g3 = gZ/mR with g, the
5D SU(5) gauge coupling, and g; the 321 gauge couplings
at the scale M = (37r/4)k’. We thus find that M} > M/} >
M| > M’ with each mass splitting typically of about 10%.
[The second term in the bracket is =
0.25g%(In(10)/ In(k/k")) for ' = 1.] The model described
here is similar to that in Ref. [51], but now the scale of the
UV brane is much smaller X = O(10 ~ 100 TeV) and the
gauge coupling evolution above this scale is mimicked by
the M VEV through the operators of Eq. (38). This has the
advantage that the 5D theory is (more) weakly coupled,
since we can have a larger value of M,/wk with fixed
values of the 4D gauge couplings. Relatively large mass
splittings of O(10%) among the KK gauge boson states can
be a consequence of this lowered fundamental scale. [The
corresponding mass splittings are of order a few percent in
the model of Ref. [51], since the second term in the bracket
of Eq. (55) is then =~ 0.0Sg%.]

The present model can be interpreted as a purely 4D
theory (except for possible gravitational dimensions)
through the AdS/CFT correspondence [52]. In the 4D
picture, the theory contains a strongly interacting (quasi-
)conformal gauge sector G, whose conformality is sponta-
neously broken at the scale k. The G sector possesses a
SU(5) global flavor symmetry, of which the SU(3) X
SU(2) X U(1) subgroup is explicitly gauged and identified
as the standard model gauge group 321. There are quark,
lepton, and Higgs supermultiplets, Q;, U;, D;, L;, E;, H,,
H,, and S, which are charged under 321 (except for S) and
neutral under G. At the fundamental scale M., the gauge
kinetic terms (gauge couplings) of 321 come purely from
the terms of the form L=—3",_,,3 [d*6({{M)/c)X
W W4 +H.c., where {; = A; — {' with ¢/ = 1. The
remaining universal piece then comes from an asymptoti-
cally nonfree contribution from the G sector: 8(1/g2)|; =
(bg/87*)In(k/k'), where bs (> 0) is the beta-function
coefficient for the contribution from G, and the universality
of the contribution is guaranteed by the global SU(5)
symmetry. The required numerology can be read off from
Eqgs. (42) and (43) in the case of ¢’/ = 1: (M)/c = 0.25 and
(bg/87*)In(k/k') =~ 1. Note that the understanding of the
coefficient {; is quite simple in this context. The quantities
A; and — ¢’ represent the mixed U(1)g-321 gauge anoma-
lies carried by the elementary (quark, lepton, Higgs, and
321 gauge) states and the G states, respectively, and the
sum of them, A; — ¢’ = £, is canceled by the shift of M.
Supersymmetry breaking is caused by the IR dynamics of
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the G sector at the scale &/, and is transmitted to the MSSM
(and S) states through mixings between the elementary and
G states and by 321 gauge loops.

The 4D description of the theory given above allows us
to make a simple estimate for the scales appearing in the
theory. First, from the observed values of the 321 gauge
couplings, we find that the contribution from the G sector
to the 321 gauge couplings should be
1 _be kK __
poll B lnk/—2 Z. (56)
Let us now focus on the case with ¢/ = 1 for simplicity,
although similar results are also obtained for other values
of ¢’ unless ¢’ is tuned such that §(1/g?)|; < 1. (Note that
' =2 to reproduce the observed 321 gauge couplings
with bg > 0). Since k/k' = e™R = 0(10 ~ 100) in the
present setup, Eq. (56) gives bg = (20 ~ 30), implying
that the G sector is quite “‘large” when viewed from the
321 sector. (This is important to guarantee that the 5D
picture is weakly coupled.) Now, let us assume that super-
symmetry breaking is induced by the strong G dynamics
that do not involve any particularly small or large numbers.
In this case, the mass of the superparticles can be estimated
using large-N scaling [53]; in particular, we find that the
321 gaugino masses M; are given by

M, = 81 beM,, (57)
1672

where M, = 7k’ represents the mass scale for the reso-
nances in the G sector, i.e. the mass scale for the KK towers
in the 5D picture. (For similar analyses, see [54].) This
equation implies that for a large G sector of bg =~ (20 ~
30), the mass hierarchy between the superparticles and the
KK resonances is only of a factor of = 10. We thus expect
that the masses of the KK gauge bosons, which are ap-
proximately SU(5) symmetric, are (only) of order a few
TeV. Note that in the conventional desert case, e.g. in the
model of [51], the large desert of In(k/k’) = 30 leads to
bg =< (4 ~ 5), making the KK masses much higher. This
opens the exciting possibility that some of these states may
be observed at the Large Hadron Collider (LHC).
Moreover, the value of b; may be measured from mass
splittings among these states. Using the AdS/CFT corre-
spondence, we find that Eq. (55) can be written as M/ =
M (1 + g2bg/127%). If we find a value of bg that is
significantly larger than = 5 from these mass relations [or
through Eq. (57)], it would provide a strong experimental
suggestion, possibly together with large values of A and/or
K, that the fundamental scale of nature is not that far above
the weak scale.

V. DISCUSSION AND CONCLUSIONS

Unraveling the physical origin of electroweak symmetry
breaking will be one of the central themes in particle
physics in the next few years. The LHC will start exploring
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an energy region well above the masses of the electroweak
gauge bosons within two years, which may reveal some
new physics beyond the standard model whose existence is
intimately related to electroweak symmetry breaking. It is
then crucial that we extract as much information as pos-
sible from this data both experimentally and theoretically.
In particular, it will be important to explore possible inter-
pretations of the data, which may eventually allow us to
uncover some basic aspects of the fundamental theory of
nature.

Supersymmetry is one of the leading candidates for new
physics at the electroweak scale. Its successes are often
stated in the context of the supersymmetric desert—weak
scale supersymmetry stabilizes the large hierarchy be-
tween the Planck and the weak scales, and it leads to a
successful unification of the three gauge couplings at a
high energy close to the Planck scale. In our view, the most
robust success of supersymmetry, however, lies in the fact
that it stabilizes the hierarchy between the weak scale and
the scale that suppresses most of higher-dimension opera-
tors of the standard model. From the LEP data, we know
that this (small) hierarchy almost certainly exists.
Supersymmetry provides one of the best ways to stabilize
it without leading to an immediate conflict with the preci-
sion electroweak data, since the electroweak symmetry is
still broken by the VEVs of Higgs fields that are perturba-
tive at the weak scale. While aspects associated with the
existence of the desert may well be an illusion, being the
result of a vast extrapolation in many orders of magnitude
in energy, we feel that the feature of supersymmetry just
described should play a role if weak scale supersymmetry
is actually realized in nature.

In this paper we have studied a framework of weak scale
supersymmetry in which (most of) the virtues of the super-
symmetric desert are naturally reproduced without actually
having a large energy interval above the weak scale. Such a
picture may, in fact, be suggested from naturalness of
electroweak symmetry breaking, since fine-tuning in con-
ventional supersymmetric theories often arises from the
large logarithmic running of supersymmetry breaking
masses and/or the conflict of a large coupling(s) with the
Landau pole constraint, neither of which applies in the
absence of the large desert. We have shown that a (gauged)
U(1)r symmetry that assigns the same charge for all the
matter and Higgs supermultiplets may play an important
role—it may reproduce the successful supersymmetric
prediction for the low-energy gauge couplings because of
its relation to conformal symmetry. We have demonstrated
that this can indeed be realized in effective field theory and
have constructed classes of explicit models based on
higher-dimensional unified field theories. The U(1)g sym-
metry can have important consequences for the form of the
observable sector superpotential; in particular, the Higgs
sector superpotential is expected not to contain any dimen-
sionful parameters. This allows, together with a low fun-
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damental scale, for making the mass of the lightest Higgs
boson rather large, = (200 ~ 300) GeV, helping to elimi-
nate fine-tuning in electroweak symmetry breaking. The
consistency with the precision electroweak data can be
recovered through the contributions from the Higgs sector
and/or new states at a multi-TeV region, such as the KK
states associated with the standard model gauge fields.

There are many natural sources of supersymmetry
breaking in this framework—the auxiliary component
VEVs of various singlet (moduli) fields, U(1); D-term
VEV, and anomaly mediation. An interesting aspect here
is that what is usually referred to (broadly) as gravity
mediation now occurs at a scale not much far above the
weak scale. We have calculated the resulting pattern of
supersymmetry breaking masses and find that it can be
quite distinct. For example, in the case that these masses
are dominated by the U(1)g D-term VEV and the auxiliary
component VEV of the field giving the universal contribu-
tion to the standard model gauge couplings, we obtain
gaugino masses proportional to the square of the gauge
couplings and squark and slepton masses proportional to
their anomalous dimensions at the scale where these
masses are generated (between of order a few and a hun-
dred TeV). Since such a pattern of superparticle masses
does not arise very naturally in the conventional desert
framework, its observation at the LHC may provide a
nontrivial hint for the absence of the desert.

Finally we comment on possible variations of the basic
framework presented in this paper. We have mainly con-
sidered the fundamental scale M, to be in the range of
O(10 ~ 100 TeV). It should, however, be obvious that
there is no real upper bound on this scale, except that it
should probably be smaller than the 4D (not reduced)
Planck scale =~ 10'° GeV. While lower values of M,
may be preferred from naturalness of electroweak symme-
try breaking, there is nothing really wrong with other
values; for example, the case with intermediate scale M,
may be an interesting possibility.”* Such a variation of M,
will have interesting consequences on the superparticle
spectrum and the resulting phenomenology. The charge
assignment for U(1); may also be modified. For example,
one may consider a family-dependent charge assignment,
which does not modify the prediction for the gauge cou-
plings as long as it commutes with SU(5). The Yukawa
couplings are then generated through the VEV of the ¢
field, which may partly explain the origin of the observed
Yukawa hierarchy if the ¢ VEV is somewhat smaller than

2#An alternative, amusing application of our models is to
consider M. to be at the gravitational (or the conventional string)
scale with R™!' close to M,. The effective gauge coupling
unification scale can then be lower than M, if (M)/c is negative,
reproducing the conventional unification scale of My =
2 X 10'° GeV for (M)/c = —(0.03 ~ 0.05). Such a value of
(M)/c can, in fact, be generated through stabilization discussed
in this paper or through standard gaugino condensation.
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the cutoff scale, due to, e.g., a large U(1), charge for ¢.
Theories which use a non-R U(1) gauge symmetry, instead
of an U(1)z gauge symmetry, can also be considered, and
we present this possibility in Appendix B. Finally, the large
gravitational dimension may be strongly warped, in which
case our basic picture may have to be modified. For ex-
ample, we can attach a strongly warped gravitational di-
mension to the basic module of Sec. II. The resulting
theory can then be a 5D supersymmetric theory with the
metric given by Eq. (54) in which all the MSSM and S
states are localized to the IR brane at y = 7R. The scales at
the UV and IR branes can be chosen to be of order the 4D
Planck scale and (10 ~ 100) TeV, respectively. This pic-
ture is then close to that of Ref. [50], but with the small
hierarchy between the IR brane cutoff scale and the weak
scale stabilized by supersymmetry and with the successful
gauge coupling prediction reproduced through interactions
of the form of Eq. (3). The way this theory avoids the
Landau pole constraints is similar to that in [7], although
the absence of the standard model gauge fields in the bulk
allows for the 5D theory to be more weakly coupled. Note
that this theory in fact possesses a large energy desert, as
can be clearly seen in the 4D dual picture. The desert,
however, is simply not relevant for the MSSM and S states
in this picture because they are composite states generated
at the scale of (10 ~ 100) TeV.

In summary, we have presented a simple and realistic
framework for supersymmetry which does not possess a
large energy desert above the weak scale. The framework
has rich phenomenological implications and allows for
detailed analyses of, e.g., electroweak symmetry breaking.
If the LHC finds superparticles whose spectrum shows
features discussed in this paper and/or if it discovers a
Higgs sector which indicates some of the couplings are so
large that they hit the Landau pole before the conventional
unification scale, then it would provide a strong suggestion
that the fundamental scale of nature may not be far above
the weak scale. It is exciting that we may indeed be able to
explore this possibility in the next few years.
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APPENDIX A: SOFT SUPERSYMMETRY
BREAKING PARAMETERS IN THE MINIMAL
MODEL

In this appendix we present explicit expressions for the
soft supersymmetry breaking terms in the model of
Sec. IVA. The gaugino masses are given by Eq. (45).
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The scalar trilinear interactions are given in general by
Eq ({7) Deﬁning ‘Esofl (au)ijqi (ad)qul J
(a.)ijliéihg —(a, ),jl,njh —a)sh,h;— (aK/3)s +H.c.,
this gives

(a)ij = —Owijlagmy + (yo, + Yu, T Yu ), (Al

(ag)ij = —a)ijlagimr + (vo, + vp, + yu)ic), (A2)

(a)ij = —Oe)ijlagmr + (yr, + ve, + yu)hc), (A3)
[(a,)ij = =()ijlagcing + (yr, + vy, + v, i)l
(A4)

ay = —AMlas + agr + aj)my + (ys + yu, + yu)ic),
(AS)

a, = —3klagir + ygiic), (A6)

where a, (¢ = H, H, S) are given by a, =
27RM,,/(e*™Ms — 1) [see Eq. (48)]. Here, we have
used Eq. (44), and the neutrino Yukawa couplings (y,);;
in Eq. (A4) are defined analogously to the other Yukawa
couplings in Eq. (1).

The soft supersymmetry breaking scalar squared masses
are given by Eq. (49). For the squarks and sleptons, this
gives

1 d'yF
2 _ 2 +_ i1 |2
me = ~YrM 2 dinpg el
CF
Zg g’ gt +He), (A7)
1 dy 1 /1
2 ~2 2 03 2 4 S (2
ms. szmD+2d1 l7cl 877_2<2(yta.7'[
+yba3_[)—ZCQ )(mT +Hc), (A8)
R 1 d')/U R 1
M, = Y0t + 3 gl + oo (as
g4
—ZCU ’2> it + Hee.), (A9)
U
me = —yp 1 703| 2 y2a
3 DDy dlnpg ¢ 8 \UPTH
g4
ZC}’—/’z (s + He.), (A10)
] gU
1 d'yL 1
2 _ ~2 _ 3 ~ |2 = 2 (24 -
m. YL,Mp 2d1n,U«R| cl 3 2<2(y7'a_7-[
4
g A Ak
+y2as) — Zc} g—,’z)(meC + H.c.), (A11)
1 U
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2 ~2 1 dYEs

Mg = ~YEMp + =

N 1
| cl* + W()’%aj{

- ZCE /2>( riig. + He), (A12)
N 1 dyy, .
|:m12\73 - _7N3m2D + E dl : | C|2
1
+ - — y3, a5 (Mg + He. )} (A13)

where F = Q, U, D, L, E (and N), the index i = 1, 2 runs
over the first two generations in Eq. (A7), and CI are the
group theoretical factors given by (Cf,CL, CY) =
(1/60,3/4,4/3), (4/15,0,4/3), (1/15,0,4/3),
(3/20,3/4,0), (3/5,0,0), and (0,0,0) for F = Q, U, D,
L, E, and N, respectively. Here, we have retained only the
third generation Yukawa couplings y, = (y,)33, yp =
(Va)zzs ¥r = (¥o)a3, and y,, = (y,)33 (which may not be
valid for the neutrino Yukawa couplings). We have also
used one-loop expressions for yg in the last terms in the
right-hand sides of Eqgs. (A7)—(A13) for illustrative pur-
poses. The first and second terms are the contributions
from a nonvanishing U(1)z D-term VEV and pure anomaly
mediation, respectively.
For the Higgs fields &, h,, and s, we find

1 dyH
2d1

m%l = ~7VH, mD + Cj-[|mT|2

u

In% I?

1 /1
+ W<_{(3yt2 +y5, + Aagr + Vag + Vagl

- ZCH g’)(mT +He) (A14)
m%d = ~VYH, mD + CgflmTP ; ddIYHd |l
+ 812<1{(3yi +y2+ Aag + Nag + Vag)
— ZCH )(mT “ 4+ Hc.), (A15)
m% = _’YSmD + C$|mT|2 ; dcll'jfg | AC|2
%{()\2 +3K)as + Nag + Nag}
X (it + He), (A16)

where (CY, C¥, C¥) = (3/20,3/4,0). The coefficients c,
(o=H, H, S) are given (in flat space) by c, =
(mRM,/ sinh(mRM ,))* [see Eq. (51)].

APPENDIX B: THEORIES WITH A NON-R U(1)
GAUGE SYMMETRY

In this appendix we present an alternative class of theo-
ries in which a non-R pseudoanomalous U(1) gauge sym-
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metry is used instead of the gauged R symmetry. This class
of theories has a potential advantage in that the cutoff scale
does not have to be charged under the U(1) gauge symme-
try, i.e. one can regulate the theory in such a way that there
is no anomalous transformation of the superspace density
under a supersymmetric U(1) transformation. This may
allow us to rely less on the structure of the ultraviolet
theory above M, to explain the form of the low-energy
effective Lagrangian.25 As we will see below, this is
achieved at the expense of somewhat arbitrary choices of
the matter content and the U(1) charge assignment.

Let us first consider the effective theory below M.. We
introduce, as usual, the standard model quark, lepton, and
Higgs chiral superfields, Q;, U;, D;, L;, E;, H,, and H,
(i =1, 2, 3), which have the Yukawa couplings of Eq. (1).
We then introduce a (pseudoanomalous) U(1), gauge
symmetry, under which the matter and Higgs fields carry
charges of +1/2 and —1, respectively. While the Yukawa
couplings are invariant under this charge assignment, the
fundamental mass term for the Higgsinos, W = uH, H,, is
not. We thus introduce a singlet field S(+2) together with
the interaction W = ASH, H,, which gives a necessary
mass term for the Higgsinos after S obtains a VEV and
also provides an extra contribution to the physical Higgs
boson mass.

At this point, the mixed U(1)4-321 gauge anomalies are
given by A; = 12/5, A, = 2, and A; = 3, which do not
take the necessary formof A; « b; + b (I = 1, 2, 3), where
b; are the MSSM beta-function coefficients, (b, by, b3) =
(33/5,1, —3), and b is a constant which does not depend
on the gauge group /. To fix this “problem,” we introduce
fields X, X5, and X3 which transform as adjoints under the
321 gauge group, i.e. X;(1, 1)y, X,(1, 3),, and X5(8, 1),
and carry an U(1), charge of +3. The mixed anomalies are
then given by A; = 12/5, A, =8, and A; = 12, which
satisfies

A= —b;+0. (B1)
These mixed anomalies are canceled by terms of the form
of Eq. (3) upon introduction of a moduli field M that
transforms as M — M + (¢/167*)A under U(1),, where
A is the gauge transformation parameter superfield for
U(1), in the normalization that a chiral superfield with
an U(1), charge ¢ transforms as ® — e ®. [The
U(1)y-U(1)% anomaly is automatically vanishing, and we
do not consider the U(1)3 or U(1)4-(gravity)? anomalies
since they depend on unknown fields that are singlet under
the 321 gauge group.] Introducing the universal contribu-

*5For example, it may be easier in these theories to conceive
that U(1) invariance of the (observable sector) superspace den-
sity is ensured purely by the U(1) gauge multiplet V, while that
of the gauge kinetic functions (at the quantum level) by a moduli
field M. This will be the case, e.g., if the matter and Higgs fields
are geometrically separated from the M field in extra spatial
dimensions in which the standard model gauge fields propagate.
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tion (7') to the 321 gauge kinetic functions, as in Eq. (4), we
find that the 321 gauge couplings at M., g,, take exactly the
same form as that arising in the conventional supersym-
metric desert picture, Eq. (7). The correspondence between
the two theories is now given by

36 1
(T) == () = —, (B2)
U
M
(M) — 32—;2 lnﬁf, (B3)

instead of Egs. (8) and (9), and the relation among the low-
energy gauge couplings is given by the standard super-
symmetric one in Eq. (10). The required VEVs of (T) =
O(1) > 0 and (M)/c = O(0.1) > 0 can be generated in the
way discussed in Sec. IIB. With ¢ = O(1), this can be
done within the regime of effective field theory.

In order for the model to be realistic, the adjoint fields
X, X;, and X5 must obtain masses of order the weak scale
or larger (at least for X, and X3). We thus introduce a
singlet field ¢ with an U(1), charge of —6, together with
the superpotential interactions W = (A;/2)¢pX} +
(A2/2)$pX32 + (A3/2)pX3, where the couplings A;’s may
or may not respect the SU(5) relation, A\; = A, = A3, ata
scale = M_. The ¢ field obtains a VEV of order M,./4 to
cancel the Fayet-Iliopoulos term for U(1),. The Fayet-
Iliopoulos term is generated after the M field obtains aJ

Qi Ui
1/2 1/2

D, L E

U(1): 12 1/2 1/2

An interesting point is that, despite the absence of U(1),
we are again led to the form of the superpotential of the
next-to-minimal supersymmetric standard model. (The ab-
sence of M in the superpotential is assumed, as always.)
Some of the dangerous higher-dimension operators in the
superpotential, such as the one leading to large Majorana
neutrino masses, are suppressed by the (broken) U(1)4
symmetry. The standard matter parity (R parity) also arises
automatically as a discrete subgroup of U(1),, if the Kdhler
potential is made U(1), invariant purely by the U(1),
gauge multiplet, V4, and not by the combination
—(872/c)(M + M1). (The stability of protons can be en-
sured in a way discussed in Sec. III B.) Note that a constant
term in the superpotential, necessary to cancel the cosmo-
logical constant, can be introduced without breaking

The model can be embedded into higher dimensions
analogously to Sec. IV. Both flat space and warped space
models can be constructed. The U(1), charge assignment
for 5D supermultiplets {®, ®} (b = Q,, U, - - +) is deter-
mined by Eq. (BS), with a conjugated field carrying the
opposite U(1), charge from a nonconjugated field. With
the help of an extra moduli field M’ or vectorlike states

N) H, H; S ¢ X X X3
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VEV, since its Kihler potential is given by K =
M2FM + Mt + (c/87%)V,), where V, is the U(l),
gauge multiplet and F(x) is an arbitrary polynomial in x
with coefficients of O(1) up to symmetry factors. We
assume that the generated Fayet-Iliopoulos term is posi-
tive, in which case ¢ can absorb (most of) this term. The
fact that ¢ absorbs, and not H,, and H,, should be deter-
mined energetically after supersymmetry breaking effects
are included. We can alternatively generate a larger VEV
for ¢, of order M., if we introduce the superpotential W =
Y(¢pp — M?), where Y and ¢ are chiral superfields with
U(1), charges of 0 and +6, respectively. A nonvanishing
(¢) gives masses to the adjoint fields X, X, and X3. It also
provides the S3 term in the superpotential through W =
¢S /M,

Summarizing, the superpotential of the model is given
by

n

W= WYukawa + /\SHqu + 3M*

A
b8 + 5 $Xi

A A
+ 32 HX2 + 3* dX2, (B4)

where ¢ obtains a nonvanishing VEV of O(M../47 ~ M.,
and Wy kawa 18 given by Eq. (1). The U(1)4 charge assign-
ment for the fields is given by

(B5)

12 -1 -1 2 -6 3 3 3

{
located on the SU(5)-preserving brane, we can have a
consistent effective field theory describing physics above
the compactification scale M.

The story for supersymmetry breaking is similar to the
U(1)g case. We have in general contributions from Fr, Fy;,
anomaly mediation, as well as a nonvanishing D-term for
U(1),, D4, which is generated, e.g., if the ¢ field has a
supersymmetry breaking mass of order the weak scale. In
the case that the contributions arise from Fy, D,, and
anomaly mediation, the supersymmetry breaking masses
at the scale M, are given by Egs. (45), (47), and (49) but
with the first term in the right-hand side of Eq. (49) re-
placed as

~ Yollih = qoip, (B6)
where gg is the U(1), charge of a superfield ®, and 73, is
now given by M3 = —D, instead of Eq. (50). In the
presence of gauge kinetic mixing between U(1), and
U(1)y at tree level, this term is given by (g¢ —
€g1Y )3, where € is the coefficient of the kinetic mixing
term and Y the U(1)y hypercharge of the chiral superfield
@ in the SU(5) normalization (see footnote 19).
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