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Abstract

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 supersym-
metric 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 su-
persymmetric 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 VEVs of singlet and U(1)g gauge fields, as well as by anomaly
mediation, at a scale not far above the weak scale. We study the resulting patten of super-
symmetry 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 the-
ories 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.


http://arXiv.org/abs/hep-ph/0608253v2

1 Introduction

Weak scale supersymmetry provides an elegant framework 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
My =~ 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, parameters 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:

e The Higgs mass squared parameter receives radiative 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 breaking masses are gener-
ated, and so are enhanced by the logarithm of the ratio of these two scales. For example, in
the case where supersymmetry breaking is mediated by gravitationally suppressed interac-
tions [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 degree by some positive contribution, such as the one coming
from the supersymmetric mass term.

e The amount of cancellation required to reproduce the correct scale for electroweak sym-
metry breaking becomes smaller if the mass of the physical Higgs boson, Mpiges, becomes
larger. In the minimal supersymmetric standard model (MSSM), the value of My is
bounded from above by the Z boson mass, my, at tree level, so that we need an extra
source of Mpjges to make the Higgs boson significantly heavier than my. This is, however,
not so easy to achieve, because the extra coupling (the Higgs quartic coupling) needed to
make Miiggs large is subject to the Landau pole constraint, and thus often not large enough
to push up Miiggs to the level enough to eliminate fine-tuning.

It is, of course, possible to evade these difficulties and eliminate fine-tuning within the super-
symmetric 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]. Alter-
natively, a large Higgs quartic coupling needed to obtain large Myje.s may arise as a result of
strong gauge dynamics, giving some of the low-energy states as composite particles [5, 6, 7].
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 difficulties described above are suggestive
hints for the absence of the supersymmetric desert. Note that these difficulties are associated



with the existence of the supersymmetric desert, and not that of weak scale supersymmetry
itself. Without the large desert, weak scale supersymmetry indeed allows for the possibility of
constructing a fully natural model of electroweak symmetry breaking, adopting for example the
scheme discussed recently in Ref. [8]. A natural question then is to what extent the successes
of the conventional supersymmetric desert picture are preserved in such a scenario. These in-
clude, in particular, a simple understanding of the weakness of gravity, the successful 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 supersymmetric 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 supersymmetric 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 [9].
(For earlier work on lowering the fundamental scale, see [10].) The possibility of obtaining a
prediction for the low-energy gauge couplings with a lowered fundamental scale was discussed in
various (unification) scenarios [11, 12, 13], and supersymmetry breaking with a TeV sized extra
dimension was studied in [14, 15, 16]. Mechanisms of suppressing unwanted operators were
also considered, for example in [17]. We present in this paper a complete, effective field theory
framework in which all of these issues are simultaneously 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
interesting phenomenological consequences. Classes of explicit models can be constructed within
this framework. We find it significant that fully realistic theories with a low fundamental scale are
obtained, which allow for detailed phenomenological 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., however, are also possible. We find that a U(1)g
symmetry 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 reproduced, 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 demonstrate 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 = A\SH,Hy + (x/3)S3, and this is true even though the



U(1)g symmetry is spontaneously broken at the cutoff scale. (It is possible to consider an
MSSM-type superpotential if there is additional dynamics generating the supersymmetric mass
for the Higgs doublets.) Since the fundamental scale of our theory is now of O(10~ 100 TeV),
however, the couplings A\ and x 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 framework provides a perfect platform for realizing the
ASUSY models of Ref. [8], discussed recently from the viewpoint of eliminating fine-tuning in
electroweak symmetry breaking. We discuss possible sources of supersymmetry breaking 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 de-
scribed 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 under-
stood 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 suppressions 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 section 3 we discuss phenomenological
implications of the theory, especially those on supersymmetry breaking. In section 4 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 section 5. Appendix A gives the expressions for soft supersymmetry breaking masses
in the minimal higher dimensional model of section 4, 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)g
symmetry.

2 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.

2.1 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 fundamental 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 em-
bedded into chiral superfields: @Q;, U;, D;, L;, E;, H, and Hy, where i = 1,2, 3 is the generation
index. The Yukawa couplings are then given by the superpotential:

Wrikawa = (Yu)i5 QiU Hy + (Ya)ijQiDjHa + (ye)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 example, 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 superpotential of Eq. (1) possesses a U(1)g symmetry under which all the chiral super-
fields have a charge of 42/3, in the normalization that the superpotential carries 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)z symmetry (or its discrete subgroup Zy g with sufficiently large
N2 eg 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(1)y:

CORUWE s A= 3(-R()E i+ i)+ (DG ) = -4
U)p-SU2)3: Ay = 3(=3)(4x4)+ (-1)( x2) +2 = -1 (2
UL)g-SUB)E: A3 = 3(—3)(3x4)+3 1,

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 superfields
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(1)% or U(1)g-(gravity)? anomalies
because they depend on unknown fields that are singlet under the standard model gauge group.

The anomalies of Eq. (2) can be canceled by the (generalized) Green-Schwarz mechanism [18].
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

Ly &

=123 €

/ 20 MW WE, + e, (3)

'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 determined 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.

2Given our normalization convention for the R charges, N of Zy g does not have to be an integer.



where I = 1,2,3 represents U(1)y, SU(2); and SU(3)¢, respectively, W§* 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 MTM term in the Kahler potential is of order the
fundamental scale M2, and transforms as M — M +icc/167% under U(1)g, where o represents
the U(1)g transformation parameter in the normalization that a chiral superfield with a charge
q transforms as ®(z,0) — €“4“®(x, fe*). The coefficients in Eq. (3) are then determined such
that the anomalies of Eq. (2) are canceled by the classical transformation of Eq. (3). (In the
case of a discrete Zy g symmetry, o = 27/N.) Here we choose the constant ¢ to be of O(1).
This corresponds to giving a small “charge” of O(1/1672) 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
= > a0 (1T— —M)W Wi, + h. (4)
=123
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 section 4. 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
1/87? 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 standard model gauge
couplings, g7, at the scale M. = O(10~100 TeV) are then given by

(M) = (7) = =00, )

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

by 33/5 ~11/5 A
b |=| 1 |=-3| -1/3 |=-3| 4, |. (6)
b3 -3 1 A3

We then find that the gauge couplings of Eq. (5) satisfy exactly the same relation as that arising

3The field M can be a linear combination of various moduli fields existing in the theory above M..



in the conventional supersymmetric desert picture:

1 1 by My

(M) = = 4 L 2 7

S(M) = = + 5 3 7
where gy ~ 0.7 is the unified gauge coupling at the unification scale My ~ 2 x 10'¢ GeV. (The
gauge couplings in both Eqgs. (5) and (7) are the holomorphic gauge couplings.) The explicit
correspondence between the two theories is given by

1
(T) < 2 (8)
() o Shmil ©

and the relation among the low-energy gauge couplings by

1 12 1 51
g5 Tgi Tgt (10)
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 ¢o, at myz. 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 cor-
respondence 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 the-
ories, although the R symmetry considered here is not the exact supersymmetric partner of the
(broken) dilatation symmetry.? It is fortunate that the Yukawa couplings are dimensionless and
thus allow this particular R charge assignment. (Other possible charge assignments, preserving
the unification prediction, will be discussed briefly in section 5.)

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 framework differs from

4Here we consider an R symmetry that is not the exact supersymmetric 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 Kéhler potential, on the M field is then “arbitrary” in the effective field theory; in
particular, the U(1) g gauge field Vi and the combination —(872/¢)(M + M) can be used interchangeably as far
as U(1)r 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) g gauge invariance of the (observable
sector) superspace density is recovered by the appropriate appearance of the U(1) g gauge field Vg, including the
“anomalous” pieces. (Note that the cutoff scale is “charged” under a part of the supersymmetric U(1)r 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.



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 [19].) 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 couplings to chiral anomalies were considered
earlier in the context of string theory. A pseudo-anomalous U(1) gauge symmetry was considered
in Ref. [20] to obtain the weak mixing angle without grand unification, through the universal
nature of the mixed gauge anomalies in weakly-coupled heterotic string theory. A pseudo-
anomalous gauge symmetry with nonuniversal mixed anomalies was considered in Ref. [13] 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 framework, in which the
fundamental scale can be lowered to the (10 ~ 100) TeV region, preserving automatically the
successful supersymmetric prediction for gauge coupling unification. 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 obtaining the prediction for the low-energy
gauge couplings is that we cannot write a direct mass term for the Higgs doublets, W = uH,Hy,
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, + gs?’ - Woaas (11)

where Wyyawa is 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 S, which should be generated
through supersymmetry 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, 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 k appearing in Eq. (11) are not subject to the Landau pole constraint up to the unification
scale My . 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

5Tt will be necessary to have a constant term in the superpotential to cancel the cosmological constant after
supersymmetry breaking, which can be regarded as a soft breaking term of the R symmetry (arising dynami-
cally). This term can affect the form of the Kéhler 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 section 3.



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 7" parameter coming from the Higgs-boson and
Higgsino states [8]. 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 incorporate 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 [21].

We finally discuss physics associated with the R symmetry and the moduli fields T" and
M. 1If the gauged R symmetry is a continuous U(1)g symmetry, a nonvanishing and positive
Fayet-Tliopoulos term of O(Mg,) will be generated for U(1)r [22]. 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 [9].
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 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 gravitational multiplet. The U(1)x gauge supermultiplet
then becomes massive, absorbing the ¢ supermultiplet. The generated mass is only of order
M., because the U(1)r gauge coupling must also receive a volume suppression of order M, /Mp,
and the U(1)r gauge boson mass is given by the product of the U(1)r gauge coupling and
the canonically 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 superpotential that should arise as a soft symmetry
breaking term of U(1)g (see footnote 5). Masses for the 7" 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 r symmetry,
except for the issues related to the U(1)g gauge multiplet and the D-term potential. The Zy g

6Neither the MSSM scalars nor the S scalar will obtain (disastrously large) VEVs from the U(1)gr D-term,
since they all have a U(1)g charge of +2/3.

”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 oc [d*0(M + M+ (c¢/87%)Vg)? + - - -, where Vg is the U(1) g gauge
supermultiplet, and thus gives a term linear in M in the auxiliary component of Vz. This, however, fixes the
VEV of M such that ¢(ReM) < 0, leading to a wrong prediction of In(My /M.) < 0 in the correspondence of

Eq. (9).



symmetry will be spontaneously broken through supersymmetry breaking (to the Zs g subgroup),
and the moduli fields T 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.

2.2 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 we discuss the issue of stabilization of these fields,
concentrating on the case that the gauged R symmetry is a continuous U(1)g symmetry.

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

K:Mf]:(M+MT+8—7CT2VR), (12)
where Vg is the U(1)g gauge supermultiplet and F(x) is an arbitrary polynomial in z 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 T'. In general, the stabilization of T 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 stabilize T'. For example, we can adopt one of the models discussed in Ref. [23],
which do not violate U(1)g invariance. Alternatively, the stabilization of M can be much stronger
than that of 7', 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.®

8 An interesting, alternative possibility is to introduce extra vector-like matter states that are neutral under
U(1)r 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 4+ 5*
of SU(B) D SUB)c x SU(2)r, x U(l)y, the extra contributions are d4; = —2, leading to (A1, A2, 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 TW¢“W7{, term. Masses for the extra states of order the weak scale or somewhat
larger can be generated through Kéhler potential terms (see discussions in section 4). While this possibility is
not realized in the explicit models of section 4, 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).



We consider the possibility that the M field is stabilized strongly without using supersymme-
try breaking effects. This requires that the superpotential contains the effect of U(1)g breaking,
since otherwise the M dependence of the 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-Tliopoulos term of U(1)z: & ~ 2Mg,. 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 canonically
normalized 4D (zero-mode) field ¢ = (Mp/M,)¢ can take a VEV as large as Mpy, and thus can
absorb the large Fayet-Iliopoulos term of O(M%,). Note that the U(1)g D-term potential is then

given by ,
v, gR ! { <r—g>A2}, 13
e N YET VR &+ (1o —3) 10l (13)
where 74 (< 0) is the U(1)x charge of the ¢ field [24].7 Here, we have assumed the minimal form
of the superspace density for ¢, and gg is the 4D U(1)g gauge coupling, which receives a volume
suppression of order M, /Mp. The generated U(1)x gauge boson mass is of order gr(¢) < M,,
which is compatible with the effective field theory treatment of the dynamics.

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

L— /d2 <— - —M)W“O‘W“ +he, (14)
4g¢ ¢

where W is the field strength superfield for SU(2) with a representing the adjoint index. The

tree-level term 1/g2 may come from the VEV of some moduli field, which may or may not be T,

and which we assume to be stabilized independently with M. The values of gg can be naturally

of O(1), as for the standard model gauge group.

There are six gauge-invariant meson operators constructed out of Q;, which can be decom-
posed into a 5-plet, (QQ),, (m =1,---,5), and a singlet, (QQ), under the SP(4) subgroup of
the flavor SU(4) symmetry. Nonperturbative SU(2) dynamics induce VEVs for these operators
(QQ)2 + (QQ)* = A, where A is the dynamical scale of SU(2) [25]. We now introduce the
superpotential term W = kZ,,(QQ),,, where Z,, is an SU(2)-singlet chiral superfield and k a
coupling constant. This leads to {(QQ),,) = 0 and ((QQ)) = A?, which can be used as a general
scale generation mechanism through the (QQ) operator [26]. For a sufficiently large value of £,
this does not disturb possible other dynamics associated with (QQ).

9The U(1)g charge of the ¢ field, ry, should be negative in order for the graviton kinetic term to have the
correct sign at the vacuum.
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We now use the dynamics described above to stabilize M. We assume that the ¢ field, which
absorbs the large Fayet-lliopoulos term, has a U(1)g charge of —2r. We then introduce the
superpotential R

W= (55-(00) - %) (15
Pl

where X is a chiral superfield with a U(1)g charge of +2, ¢ is the (canonically normalized) 4D
mode of ¢, and  and M% are coefficients of O(1) and O(M?2), 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 (QQ) with the

square of the dynamical scale A, which in turn is given by

82 —or2( L —grM

A= ]\4*6?7972 = M,e (55 ‘ ), (16)
where b = —4 is the beta function coefficient for SU(2), and 1/¢* = 1/g2 —4AM /c is the inverse-
squared SU(2) gauge coupling at the scale M,. We then obtain the supersymmetric minimum
from the vanishing of the D- and F-term potential, given by Eqs. (13, 15). In particular, the
vanishing of Fx = —(0W/0X)* leads to exp{—47r2(1/gg — 87“M/c)} = (M%/M?)(Mp /{})) =

O(1), giving ” X X
= 1
c 8rga * O<327r27’)’ (17)

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,, implying 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)z-invariant combination (¢/Mp)(QQ).

We find from Eq. (17) that the phenomenologically required value of (M)/c ~ 0.25 can be
obtained with a natural choice of parameters, rg2 ~ 0.5. In particular, having (M)/c = O(1) is
quite natural in the present stabilization mechanism. This implies that the apparent closeness
of the unification scale, My, 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 ~ 2 x 106 GeV, in 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,.
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We now discuss the robustness of our Higgs sector superpotential in Eq. (11), and more
generally the implication of U(1)r on the form of the observable sector superpotential. Since
U(1)g is broken strongly by the VEV of ¢, one might think that U(1)g 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 superpotential through the VEV of ¢. The form of the
Higgs sector superpotential, Eq. (11), is thus robust at the renormalizable level. On the other
hand, higher dimension operators 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
¢ becomes —2, allowing e.g. the operator W = k(LH,)?>H,Hy/M3, which leads to Majorana
masses for the observed neutrinos of O(0.1 eV) for k ~ 1072 and M, ~ 100 TeV. (Possible proton
decay operators, e.g. W ~ QQQLH, Hy, 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
superpotential 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 super-
symmetric SU(2) gauge sector which has an identical structure to that used above in stabilizing
M, but with the U(1)g charge of the “quark” fields Q; fixed to be +1/3. This can lead to
a mass term for the Higgs doublet u ~ A?2/M, through the tree-level superpotential coupling
W ~ (QQ)H,Hy/M.,, where A’ is the dynamical scale of SU(2). By choosing A’ and/or the co-
efficient 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 Witiges = ASH, Hy+ pH, Hy+ L3S+ (Mg/2)S? +(k/3)S?,
where the second, third and forth terms arise from couplings to an SU(2) gauge-invariant oper-
ator (QQ). 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. [8]. 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.

3 Phenomenological Implications

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

3.1 Supersymmetry breaking

There are in general many possible ways to incorporate supersymmetry breaking in our frame-
work. Here we identify several sources of supersymmetry breaking, intrinsic to our setup. We
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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 supersymmetry breaking effects in the observable sector, through its auxiliary component
VEV. In our context, natural candidates are given by the VEVs of the auxiliary components of
the T"and M supermultiplets, Fr and Fj;. Nonvanishing values for Fr and F); can be generated
through the stabilization mechanisms of 7" and M. Here we study their phenomenological
implications without specifying explicit dynamics generating these VEVs. For earlier related
studies, see e.g. [27].

The couplings of the T and M superfields to the SU(3)¢ x SU(2), 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

— = —5Fr = 5 Fur, (18)

where g; are the standard model gauge couplings at M., and we have used Eq. (6). In fact, since
M;/g? are renormalization group invariants, the gaugino masses at an arbitrary scale up are
given by Eq. (18) with g; interpreted as the standard model gauge couplings at the scale pg. In
the limit Fj; — 0, these gaugino masses reproduce the ones arising from the standard “unified
gaugino mass assumption”: M; o< ¢g7. In the other extreme limit of F; — 0, the gaugino masses
satisfy M7 oc brg?, the same relation as that in anomaly mediated supersymmetry breaking [28].
The effects of real anomaly mediation in the present context will be discussed later.
Since the three gaugino masses, M, are determined by two free parameters Frr and Fy;/c,
we have one relation among them:
Ms; 12My, 5M;

9  Tg Tgl’ 19)
regardless of the values of Fr and Fj/c, where we have used (by,bq,b3) = (33/5,1,—3). The
ratios between two of the M;’s, e.g. My and Mjs, depend on the ratio between Fp and Fj,/c.
An interesting property for the gaugino masses in Eq. (18) (or Eq. (19)) which appears if Fr
and F); are real (more precisely, if the complex phases of Frr 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 equations, 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 Frr and F)s/c, and is given by

F
M{} = My exp (—;—WU%) ) (20)
where My is the conventional gauge coupling unification scale, My ~ 2 x 106 GeV, and ay =
g% /A the unified gauge coupling strength, ay ~ 1/24. From a purely low-energy point of
view, this phenomenon is reminiscent of that in mixed moduli-anomaly mediated supersymmetry
breaking [29], although the underlying physics picture is very different. For FrFy, > 0 (< 0),
the effective gaugino mass unification scale, My, is below (above) the effective gauge coupling
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unification scale My. In particular, for Fr/(Fy/c) 2 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 de-
termined within the effective field theory below M,.. In section 4 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 wavefunction 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+ M1+ (c/87%) Vg in the effective theory. The issue of supersymmetric flavor changing neutral
currents should thus be addressed in a theory at or above M,.. The models in section 4 provide
examples of such a framework. An alternative 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 pos-
sible non-decoupling U(1)gr D-term. (For earlier work on supersymmetry breaking in a theory
with gauged U(1)g, see e.g. [30].) Suppose, 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 F)y) if the T' (and/or M) field propagates in the large grav-
itational dimensions, in which case the size of m can naturally be of the same order as other
supersymmetry breaking masses arising from Fp (and/or Fj;). In this case, the minimization
of the potential leads to a nonvanishing D-term VEV for U(1)r, 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)(—Dg) to a scalar field that has a U(1)g charge of r; through the U(1)z D-term po-
tential (—Dp is positive in our notation). Since all the quark, lepton and Higgs superfields have
a U(1)g charge of +2/3, however, this contribution is absent in our theory.!® A nonvanishing
contribution may arise if there are direct couplings of the form [ d49(¢T62T¢VR¢)(QIe4VR/ 3Q;) in
the superspace density, where (); represents 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)r D-term VEV also gives a contribution of (2/3)v;Dg to the scalar
squared masses, since the cutoff is “charged” under a part of the supersymmetric U(1)r gauge
symmetry (i.e. we must include terms involving Vi to cancel “anomalous” variations of the
superspace density under U(1)g transformations). Here, 7; represents the anomalous dimension
of Q;, defined by dln Z;/dIn ur = —2v; with Z; the wavefunction renormalization for ;. 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 important if the value of \/|Dg| is

19The theory allows us to write a kinetic mixing term between the U(1)g and U(1)y gauge fields at tree
level. The supersymmetry 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
phenomenologically harmless, since this term is suppressed by gr = O(M,/Mp)) in the basis where the gauge
fields are canonically normalized.
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somewhat larger than the weak scale and if the direct couplings between ¢ and @); 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)gr D-term VEV discussed above preserve
the gaugino mass prediction of Eq. (19).

The contribution from anomaly mediation [28] can also be sizable if the T (and/or M)
field propagates in the large gravitational dimensions. Suppose that (one of) the dominant
contribution to observable sector supersymmetry breaking comes from Fr, 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 §V is of order F2 M3,
which is canceled by a (effective) constant term in the superpotential (W) = O(FrM3,), where
Fr is of order the weak scale. (Both Fp and (W) should arise from dynamical breaking of
the R symmetry.) Note that these values of 6V and (W) (§V > M} and (W) > M32) 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 supersymmetry
breaking. The F-term VEV of a chiral compensator field Fi», which controls the size of anomaly
mediation, depends on the mechanism of T' stabilization, but it typically takes a value in the
range Fr < Fo < 8m2Fp. (For analyses in the context of the conventional desert framework,
see e.g. [31].) Since the anomaly mediated contribution to the observable sector superparticle
masses, mamss, is of order Fir /872, we obtain

Fr

Q S MAMSB S FT. (21)

We thus find that the contribution from anomaly mediation can be comparable to that from Fr
(and (/| Dg|) in the present framework.'? An interesting point is that since the anomaly mediated
contribution satisfies M; o< b;g?, it does not destroy the gaugino mass prediction of Eq. (19).
(Fypr/c in Eq. (20) should be replaced by Fys/c + 3F¢/3272.) The gravitino mass is given by
mg/s ~ Fe, which is typically in the range of O(100 GeV ~10 TeV). Note that if the dominant
contribution to observable sector supersymmetry breaking comes from a field that does not prop-
agate in the gravitational dimensions, the gravitino mass is very small mg, = O(mZ,../Mp1),
and the anomaly mediated contribution, mamss ~ ms/2/ 872, is completely negligible.

17Tn fact, this contribution can naturally be the dominant one if we do not introduce ¢ from the beginning, since
then Dr = O(M?2). In that case, however, we must come up with an alternative model for the M stabilization.

121t is possible that the dynamics stabilizing T is localized to a subspace in the direction of the gravitational
dimensions. In this case the mass of the T field is of order M?2/Mp; = O(0.01~10 eV), because of the volume
suppression factor associated with the gravitational dimensions. The wavefunction 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 Fr 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 supersymmetry 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?0 Z W“W$ with
arbitrary coefficients for SU(3)¢, SU(2), 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 section 4.2. The couplings of Z
to the matter and Higgs fields can be naturally suppressed, leading to the spectrum of gaugino
mediation [32] 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 particles, typically by a factor of a few. We leave detailed studies of these and related
possibilities for future work.

3.2 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 without 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 S states do not propagate [9]. Assuming that the sizes of these dimensions are
(approximately) equal, we find L~ & (M2+"/M2)/", giving L™! ~ 1071 —1 GeV (L ~ 10716 —
107" m) forn =2,---,6 and 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 supersymmetry breaking.) Dimensions of these
sizes are not constrained by the existing submillimeter gravitational experiments, although there
are astrophysical constraints for n = 2 [33].

Proton decay should be suppressed much more strongly than what is naively expected based
on the scale M,. In section 4, 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 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 [17], 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 section 4.2. Alternative ways of
suppressing these operators 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
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N 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 [34]. For example, a neutrino mass of
0(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,4, through the ¢ VEV, as discussed in
section 2.2.

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*0 ® W*W5. |
and making ¢ propagate in (a part of) the large gravitational bulk [35]. 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 1072(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 wavefunction renormalization factors for lighter generation quarks and leptons are
enhanced compared to the heavier ones. After canonically normalizing the fields, this leads to
realistic Yukawa couplings as well as suppressions of flavor changing higher dimension operators.
In fact, this situation can easily be realized if lighter generation quarks and leptons propagate
in extra dimensions somewhat larger than M_!. An alternative possibility to suppress flavor
changing neutral currents is to impose a flavor symmetry whose breaking resides only in the
Yukawa couplings.

4 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 T, is naturally
reproduced. Below we provide models based on 5D spacetime, in which the standard model
gauge fields propagate. The existence of additional (orthogonal) large gravitational dimensions,
however, should be understood as discussed in section 3.2. It is also straightforward to extend
these models to higher dimensions, which will be discussed.
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4.1 Minimal model

Let us consider a 5D supersymmetric gauge theory. We consider that the fifth dimension, vy, 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 (A4, \)
and a 4D N = 1 chiral superfield ¥(o + 745, \'), where both V' and ¥ are in the adjoint
representation of SU(5). We assume that these fields obey the following boundary conditions:

(+>+) (+>+) (+>+) (_>+) (_>+)
(+>+) (+>+) (+>+) (_>+) (_>+)
V. (+7+> <+7+> <+7+> (_7+> (_7+> ) (22)
(_>+) (_>+) (_>+) (+>+) (+>+)
(_7+> (_7+> (_7+> (+7+> <+7+>
(_>_) (_>_) (_’_) (+>_) (+>_)
(_7_) (_7_) (_7_> (+7_) (+7_)
¥ (_7_) (_7_) (_7_> (+7_) (+7_) ) (23)
(+7_) (_'_7_) (_'_7_) (_7_> (_7_)
(+7_) (_'_7_) (_'_7_) (_7_> (_7_)

where + and — represent Neumann and Dirichlet boundary conditions, respectively, and the
first and second signs in parentheses represent boundary conditions at y = 0 and y = 7R,
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. [36]). The typical mass scale for the KK towers is R~ = O(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) symmetric: 1/g? = 7R/g?, 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 a U(1)r symmetry in this theory. Since U(1)g does not commute with the 5D
Lorentz symmetry (U(1)g contains the subgroup of SU(2)g in the 5D supersymmetry 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 dimension. 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
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setup. (For an analysis of gauged U(1)g symmetries in 5D spacetime, see e.g. [37].) The case
with nontrivial warping will be discussed in section 4.3.

In general, a U(1)g symmetry gauged in our system could have anomalous matter content.
The resulting anomalies depend on the U(1)g charge assignment for matter, i.e. on what linear
combination of the geometric U(1)r (the subgroup of SU(2)gr) and other “flavor” U(1)’s we
gauge as our U(1l)g gauge symmetry. To reproduce the effective theory of section 2 below
M., we introduce three generations of quark and lepton supermultiplets, as well as a pair of
Higgs-doublet and a singlet supermultiplets, in the bulk. Each of these 5D supermultiplets
(hypermultiplets) is decomposed into two 4D N = 1 chiral superfields ®(¢, 1)) and ®¢(¢°, 1¢) 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)g anomalies given in Eq. (2). The U(1)g charges of
V and ¥ are zero. The cancellation of these anomalies can then occur through the (generalized)
Green-Schwarz mechanism with a modulus M, as discussed in section 2. 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).!13 The coefficients of these couplings are determined by the anomaly
cancellation 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 consistency 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 5D hypermultiplet that transforms as a definite representation under SU(5). Consider, for
example, a hypermultiplet {D, D} transforming as 5* of SU(5). (In our notation, a conjugated
field has the opposite transformation property from a non-conjugated field, and we specify the
transformation property of a hypermultiplet by that of the non-conjugated chiral superfield; for
instance, D and D¢ transform as 5* and 5 under SU(5), respectively.) We choose the boundary
conditions for this hypermultiplet as follows:

D = DHP(3 1)y @D (1,2) 0, (24)
D = Dy (3,1) 15 ® D5 (1,2). (25)

The right-hand-side of these equations shows the decomposition 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 Eqs. (22, 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 superfields are also
obtained similarly. Specifically, we introduce three generations of hypermultiplets {Q;, Q5}(10),
{U;,Us}(10), {D;, DS H(5"), {Li, LSH(5*) and {&;, EF}(10) (i = 1,2, 3) for the quarks and leptons,

13The case with a bulk M field can also be considered with M completed into an appropriate 5D (vector or
tensor) supermultiplet; see e.g. [38].
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obeying the following boundary conditions:

0 = 053,260 Q5 (3,1) b @ Q5 (1, 1), (26)
U = uQ (3,2)16 U (351) g @ U (1,1),, (27)
D = D(++(3*,1)1/3@D(_’+)(1 2) 1/, (28)
L = (3* 1)1 3@5 (1 2)_ 1/2; (29)
£ = (3,2)16 @ EG T34, 1) g @ £S5V (1, 1), (30)

where we have omitted the generation index 7. (The boundary conditions for the conjugated
fields are given by + < —, as in Eqgs. (24, 25).) The only massless states arising from these
hypermultiplets are the zero modes of Q(3,2)1/6, Uy (3*,1)-2/3, Dp(3*,1)1/3, L1(1,2)_1/2 and
Er(1,1);, which we identify as @, U, D, L and E in section 2. For the Higgs fields, we introduce
{H, H}(5), {H, H}(5*) and {S,S°}(1), obeying the boundary conditions:

H o= HST3,1) 1 0 HET(,2), ), (31)
H o= HS DB )0 1 (1,2) ), (32)
S = S5(1,1),. (33)

(Again the boundary conditions for the conjugated fields are given by + < —.) The massless
states arise from the zero modes of Hp(1,2), /2, Hr(1, 2)_1/2 and Sg(1,1)p, which we identify
as H,, Hy and S in section 2. Note that the boundary conditions of Eqgs. (22, 23, 26 — 33) can
be imposed consistently with the interactions of the theory.'4

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

TR
5= / s / dy / 420 My®P + h.c., (34)
0

in the basis where the kinetic term is given by Sy, = [d'z [dy [[d*0 (DT D+D°DT)+-{ [d?0 DD, P+
h.c.}]. The parameter Mg controls the wavefunction profile of the zero mode. For Mg > 0 (< 0)
the wavefunction of a zero mode arising from & is localized to the y = 0 (y = wR) brane; for
Mg = 0 it is flat. (If a zero mode arises from ®¢, its wavefunction is localized to the y = 7R
(y = 0) brane for Mg > 0 (< 0) and is flat for Mg = 0.) Explicit constraints on Mg in our theory
depend on the detailed setup, e.g., on the source of supersymmetry breaking. There is, however,

4Note 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 =
Z/lg’Jr)(.?u, 2)1/6 @L{,(J+’+)(3*, 1)_93 @L{g’ﬂ(l, 1)1, where the first and second signs in the parentheses represent
transformation properties under the reflection y < —y and (y—7R) < —(y—nR), respectively. We then introduce
a 321-brane localized chiral superfield transforming as (1, 1)_; under 321, and couple it to the Z/{SE+’+)(1, 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 Egs. (22, 23, 26 — 33) can be reproduced in the orbifold picture by taking a
consistent limit guarantees their consistency.
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one constraint that generically applies regardless of these details. Suppose, for example, that we
want to localize the zero mode of Dp(3*,1);/3 to the y = 7R brane by taking Mp — —oo. In
this case, however, we find that the lightest KK state from Dy (1,2)_1/, and D7 (1, 2) /2 becomes
exponentially light, with the former (latter) degrees of freedom localized to the y = 7R (y = 0)
brane. This is, in fact, expected because the Dp state is localized to the y = 7R brane, where
the active gauge group is SU(5), so that it locally requires an SU(5) partner, which is provided
by the Dy, state. Since the Dy, state is massive in 4D (due to the boundary conditions), it must
be in a vector-like representation, hence the existence of Dj localized at y = 0. Since any extra
vector-like state is not observed in nature, this gives a constraint on Mp from below. Applying
similar considerations also to the other multiplets, we find

MyR z —(1~2), (35)

for ® = Q;,U;, D;, L;, E;, H and H, implying that the wavefunctions of the low-energy states Q;,
Ui, D;, L;, E;, H, and Hy 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 an SU(5) understanding of the quark and lepton quantum
numbers, especially quantization of U(1)y hypercharges.) The colored-Higgs KK states with
masses of O(10 ~ 100 TeV) do not induce proton decay either, because of the special form
of the mass matrices for these states, dictated by higher dimensional gauge invariance. (See
Ref. [36] for details.) Possible tree-level proton decay operators may be forbidden by imposing
an appropriate discrete (gauge) symmetry or if the quarks and leptons are separated in an extra
dimension orthogonal to the dimension y (see section 4.2).

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

S = / iz /0 "y 5(y) / d*0 (QUH + QDH + LEH + SHH + %) + h.c., (36)

where we have omitted generation indices as well as (dimensionful) coefficients, and we have
assumed the standard 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 LNH; see section 3.2.)

150ne may think that for a {D, D¢} multiplet with Mp — —oo, we can introduce a 321-brane localized field
L'(1,2)_1 /2 and couple it to DF on the 321 brane, leading to the low-energy states Dp and Dy, (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* (O D + L) state, although a similar construction for a 10 (D Q4+ 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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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 a U(1)g transformation, variations of the Lagrangian
caused by the anomalous matter content are confined to the branes at y = 0 and y = 7R [39].
In our theory, the generated anomalies take the form

AP ¥ A a
AP | =] —5-a |, AP [ =1|a |, (37)
A(O) 1—a A(W) a

where Ago) and Agﬂ) (I =1,2,3) represent the mixed U(1)g-321 anomalies located at the y = 0
and y = mR 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
combination 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

5= /d%: /OWRdy 5(y){—

with the coefficients chosen to be (; = A; = A§°) + A&“). Here, [56(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)s 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/¢g2 and 1/g?, respectively. (For the SU(3)c gauge
field considered here, 1/g2 = 1/g% and 1/g* = —4(M)/c.) We then find that for 1/§* < 0, the
KK decomposition leads to a mode that has a negative kinetic term (ghost), whose “mass” pyg
(> 0) is given by the solution to

3 C—Cf / 420 MOWSWe. + h.c.}, (38)

1=1,2,3

2
tanh(r Ry) = —g%‘;o. (39)

In order for the 5D effective field theory to be consistent, this mass must be larger than the cutoff
scale: g & M,, leading to the condition 1/§* & —1/g2M,. For the case of SU(3)c, however,
the values of 1/g% and 1/¢2 are determined by the phenomenological requirements of Egs. (8, 9)
as 1/g* ~ —1 and 7R/g? ~ 2. This yields M, < 2/7R ~ 1/R, implying that the cutoff scale of
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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 = wR brane and has the
interaction

TR C’
_ 4 _ > 2 / acA)a
S—/daz/o dy 8(y WR){ > /d oMW Wa+h.c.}, (40)

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’ /1672 under U(1)g. Note
that the active gauge group on the y = R 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 transfered from y = 7R to y = 0, and the coefficients
(7 in Eq. (38) chosen as

G =Ar—¢, (41)
where (Aj, As, A3) = (—11/5,—1/3,1). Now, let us consider, for example, that (' = 1. In
this case the coefficients of the 321-brane localized interactions take the values ((i, (2, (3) =
(—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, SU(2), or U(1)y. In fact, assuming that (M’)/¢’ < 1/167% (not necessarily
[(M')/c| S 1/167?), 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

(M) 3 . My

~ | ~ 0.2 42
e VA (42)
TR AC (M)

By choosing the 5D SU(5) gauge coupling to be strong at the scale M,, i.e. 1/g? ~ CM, /1673
with C' ~ 5 a group theoretical factor, we find that M, R can be as large as ~ 30 for [(M") /| <
1. These choices of parameters do not disturb any of the arguments before, e.g. technical
naturalness 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 section 2.2. For instance, we can consider two supersymmetric SU(2) gauge sectors each
localized on the y = 0 and y = 7R branes, which are responsible for the stabilizations of M and
M, respectively.
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An alternative way of avoiding the problem is to introduce extra matter fields that are vector-
like under 321 and obtain masses through U(1)g breaking. Let us, for example, introduce chiral
superfields ®(5) + ®(5*) on the y = 7R brane which have a vanishing U(1)x 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 = 7R brane, so that A?r) in Eq. (37)
are replaced as Agﬂ) = a — a — 1. The anomaly transfer by a Chern-Simons term should then
be a — 1, and the coefficients (; in Eq. (38) become (; = A; — 1 < 0, avoiding the problem.
The required values of (T") and (M) are given by Eqs. (42, 43) (with (M) set to zero), and we
find, following the argument below Eqs. (42, 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*0 CTC®® on the y = 7R brane, where C represents the chiral
compensator field. (This requires that supersymmetry is broken in the bulk of the gravitational
dimensions, in which case F¢ is of order the weak scale or somewhat larger; see section 3.1.)
To preserve the successful prediction 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 though the VEV of ¢, the field absorbing the
large Fayet-Iliopoulos term of U(1)x.

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 vector-like states). The interactions (quantum numbers) of
M’ (vector-like 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 formulae given in the previous sections, for example
Frin Egs. (18, 20) should be replaced by Fr+ (4("/c)Fy, but the essential physics is unchanged.
The size of the 5D energy interval M, R 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 reproducing the effective theory of section 2 below M...

Let us now discuss supersymmetry breaking and its implications in this theory. As dis-
cussed in section 3.1, one of the natural possibilities is that the 7' field, the radion supermulti-
plet associated with the dimension y, obtains a nonvanishing VEV in the auxiliary component,
Fr = 0(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 [40].
For earlier work on Scherk-Schwarz supersymmetry breaking, see e.g. [14, 15, 16].) Since the
generated scalar masses and scalar trilinear interactions depend on bulk mass parameters Mg,
this generically 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 phenomenology, with a variety of spectra for the squarks
and sleptons depending on arbitrary bulk mass parameters. 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 breaking masses for the squarks and sleptons are exponen-
tially suppressed. Flavor universal squark and slepton masses can be generated by gauge loops
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Figure 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 minimal 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 (UV) theory,
which may be string theory.

through the gaugino masses (approximately flavor universal contributions can also come from
the U(1)g D-term VEV), and scalar trilinear 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

MQi’MUmM’DwMEwM& > i? (44)
TR

implying that the low-energy Q;, U;, D;, L; and E; states are localized to the 321 brane.!6 The
required amount of localization, however, is not very strong; M R 2 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 symmetry breaking, depending
on details of the setup, for example to avoid too large volume suppressions for the low-energy A
and k couplings in Eq. (11) and/or to have a sufficiently large scalar trilinear coupling between

160ne 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 numbers 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. [41].
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Figure 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 wavefunction profiles for
the S and Higgs fields are depicted arbitrarily.

the S and Higgs fields.

In Fig. 2 we present a schematic picture of the model described here. The wavefunction
profiles for the S and Higgs fields are depicted arbitrarily. The structure of this theory is
somewhat similar to that in Ref. [42], although we now have a low compactification scale of 1/R ~
(10 ~100) TeV and the gauged R symmetry. These two ingredients 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, 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, Dr and anomaly
mediation (see section 3.1). In this case, soft supersymmetry breaking masses at the scale
M, =1/R = 0(10~100 TeV) are given as follows. For the gaugino masses M; (I = 1,2,3), we
have

2 2
91 - bigi .

M, = + , 45

I gng o2 (45)

where g; are the 321 gauge couplings at M., g/? = g2/7 R with g, the 5D SU(5) gauge coupling,

and by are the beta-function coefficients defined by d(1/¢%)/dInpur = —br/87%. (The value
of g;; would agree with the unified gauge coupling in the conventional supersymmetric desert,
gu ~ 0.7, for ' = 0.) The mass parameters mr and m¢ are given by

12

o = —%]FT, e = —Fe. (46)
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The two terms in Eq. (45) give comparable contributions for /iy ~ e /872 (= O(100 GeV));
otherwise, one dominates the other. The scalar trilinear interactions, defined generally by Lg.¢ =

— > apclaapc/6)padpdc + h.c., are given by
aapo = —yape{(da, + asy + aoc) iir + (Yo, + Yo, + Yoc) Mo }, (47)

where y4pc are the Yukawa couplings W = >4 5 o(yapc/6)PaPpPc, with 4 and ¢4 repre-
senting a generic 4D chiral superfield and its scalar component, respectively.!” The coefficient

ag is given in flat space by
2rRM,

o = omr T (48)

where M, is the bulk mass of the hypermultiplet {¢, ¢°} giving ® as the zero mode of ¢, and v¢
is the anomalous dimension of ®, defined by dln Zg/dInur = —27v¢ with Zg the wavefunction
renormalization for ®.'* The soft supersymmetry breaking scalar mass squared mé for a 4D
chiral superfield ® is given by

1 dve
2dln,uR

0 10 L
-+ {( Z ‘yABc|2(CLq>A -+ a% —+ CLq)C)&2 + Z %%)quﬂnc —+ h.C.}, (49)
YABC Olyasc| g1 9U dg7

[rc|?

mz = —’y<psz+Cq>|mT|2+

where the mass parameter mp is given by

2

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

TRM, ?
= (i) o

The last term in the right-hand-side of Eq. (49) is the interference term between Fr and F [29],
and we have assumed the absence of direct couplings between the observable sector fields and ¢,

17Qur sign convention for the soft supersymmetry breaking parameters agrees with that of SUSY Les Houches
Accord [43].

8Note that the 4D Yukawa couplings yapc also receive suppressions with factors zg A R0 Zdy, Where zg =
(2M,/(1—e2mBEMe) N, )1/2. The suppression factors, however, could differ if these couplings receive nonnegligible
contributions from the brane couplings located at y = wR. The expressions for the scalar trilinear couplings aspc
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.

19Tn the presence of a U (1) g-U(1)y kinetic mixing term on the 321 brane, the scalar squared masses receive con-
tributions proportional to their U(1)y hypercharges. Writing the gauge kinetic terms as [d?6 {(1/49%)W&Wga +
(1/4g)WEW10 + (6/2)WEW14 } +hic. in 4D, the first term of Eq. (49) is then modified to (—vye — 3egiYa /2)M%,
where Y3 is the U(1)y hypercharge of the chiral superfield ® in the SU(5) normalization. Although it is (tech-
nically) natural to have a small value for €, it can also be of O(1) without contradicting phenomenological
constraints.
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the field absorbing the Fayet-Iliopoulos term of U(1)g. More explicit expressions for the scalar
trilinear interactions, aapc, and scalar squared masses, mi, in the present setup are given in
Appendix A.

The soft supersymmetry breaking masses derived above, Eqs. (45, 47, 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 C'P problem either, if the
complex phases of mr and m¢ (Fr and F¢) are aligned, which is indeed the case if T" is stabilized
through a single gaugino condensation [29, 44], or if one of My and m¢ 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,Hy and by using the appropriate
R-rotation.) These soft supersymmetry breaking masses show a variety of interesting patterns.
For example, if the contribution from anomaly mediation is small, 7h¢/87% < 1y, p /4T, we
find that the gaugino masses satisfy the standard “unified mass relation”, M oc g?, while the
squark and slepton masses take the form m% ~ —vypm3, where F = Q,U, D, L, E (at least
for the first two generations).?® The Higgs squared masses are arbitrary, and there are scalar
trilinear terms (A terms) proportional to the Yukawa matrices. 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)g D-term VEV, again
at the scale M. = O(10~100 TeV). This can happen if there is a supersymmetry breaking field
Z in the gravitational bulk, which does not directly couple to the MSSM states. In general,
the superparticle spectra derived in Eqs. (45, 47, 49) have a very rich structure, including the
possibility of nonuniversality in the third generation sfermion masses caused by nontrivial profiles
of the wavefunctions 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 conditions of S (and/or Hr, Hr) to (+,—) or (—, +) (only (+, —) is available for Hp,
Hpr). In this case, the tree-level contribution to the supersymmetry breaking mass squared m2
(and/or mj,, m3,) can be negative in a certain parameter region. A detailed study of electroweak
symmetry breaking for some of these spectra will be given in Ref. [21].

We finally discuss physics associated with the KK states, which have masses of order M, =
1/R = O(10~100 TeV). These states form multiplets of 4D N = 2 supersymmetry, with small
mass splittings inside each supermultiplet due to Fp. Interesting quantities among others are
masses of the lightest KK excitations for the gauge fields. These are determined independently
of bulk mass parameters, and thus provide relatively model-independent predictions. We find
that the masses of the KK gauge states associated with SU(3)¢, SU(2)r, U(1)y and SU(5)/321
are given by Mj = (g3/9¢)R™", My = (¢3/97)R™", Mj = (gi/97)R™" and My = (1/2)R™",
giving

2
MéiMéiM{:Mkzgiigizgf:%U,

where g are the standard model gauge couplings at M., and g = ¢2/mR with g, the 5D

(52)

20This is the case if the Fayet-Iliopoulos term for U(1)g is not absorbed.
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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.

4.2 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 [45, 46]. There are,
however, new constraints in our framework. First, proton decay caused by the exchange of higher
dimensional unified gauge fields, as well as colored Higgs multiplets, must be suppressed. This
can be achieved, for example, by extracting different standard model multiplets from different
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 couplings. 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 an 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 z°, are compactified on a T?/(Z, x Z}) orbifold: 0 < 2° < 27 Rj5 and
0 < 2% < 27Rg. The 6D N = 2 supersymmetry guarantees that the gauge anomalies in the
6D bulk automatically cancel. It also requires that the only 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, ¥ and ®, where Y5 and Yg contain the fifth and sixth dimensional
components of the gauge field, A5 and Ag [47]. We now impose the following boundary conditions

on these fields. Along the sixth direction, 2%, we impose

V(+>+)> 25(+>+)> 26(_a_)> (I)(_>_)a (53)

where + and — represent Neumann and Dirichlet boundary conditions, respectively, and the first
and second signs in parentheses represent boundary conditions at 2% = 0 and 2% = 7Rs. Along
the fifth direction, x°, we impose the ones in Eq. (22) for V and ¥4 and the ones in Eq. (23) for
Y5 and ®, with the first and second signs in parentheses representing boundary conditions at
2% = 0 and 2° = mRs, respectively. These boundary conditions reduce the low-energy theory to
be the 4D N = 1 supersymmetric SU(3)c x SU(2) x U(1)y gauge theory. The only massless
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 2° = 0, 2% = 7Rg, 2° = 0, and 2° = 7 R5, each having
SU(5), SU(5), 321, and SU(5) gauge symmetries with 5D N =1 (4D N = 2) supersymmetry,
and there are four 4D fixed points (2°,2%) = (0,0), (0,7 Rs), (7R5,0), and (7Rs,7Rg), each
having 321, 321, SU(5), and SU(5) gauge symmetries with 4D N = 1 supersymmetry. The
theory possesses a U(1)g symmetry analogous to the one in the previous sections, which is
a linear combination of a U(1) subgroup of SU(4)g in the 6D supersymmetry algebra and
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certain “flavor” U(1)’s. The U(1)g charge assignment for the gauge multiplet is given by V'(0),
¥5(0), 36(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 section 4.1.
Upon gauging this symmetry, we find the mixed U(1)z 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 couplings of M to the 321 gauge fields located at the (2° 2°) = (0,0)
or (0,7Rg) fixed point (for brane-localized M). Together with an extra moduli field M’ or
vector-like states located on an SU(5)-preserving brane, we can have a consistent 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 R is (somewhat) larger than Rg. In this case,
the low-energy theory below Rg' is essentially the 5D SU(5) theory described in section 4.1.
However, there are now a variety of possibilities for where to locate the fields. For example,
we can introduce the quark hypermultiplets {Q;, Q5}(10), {U;, U }(10) and {D;, DS }(5*) on the
2% = 7R fixed line and the lepton hypermultiplets {£;, £¢}(5*) and {&;, ££}(10) on the z° = 0
fixed line, where ¢« = 1,2, 3 is the generation index. Imposing the boundary conditions as in
Egs. (26 — 30), the only low-energy states below Rz ' 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)12 and {H, H}(1,2)_1/2 on the 2° = 0 fixed line, with the boundary conditions
given by H(+, +), H°(—, —), 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, + QDHy and W ~ LEH,; must be located at (x°, 2%) = (0, 7 R¢)
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 kinetic operators on the 2% = 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
R5 larger than Rg, 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 Fr, Dr and anomaly mediation, the supersymmetry breaking masses at
the scale M, are given by Eqs. (45, 47, 49) (although ay, ag, ¢y and cg will now be suppressed
somewhat because the Higgs fields are brane fields in the 5D effective theory).

Higher dimensional setups may also be used analogously to understand the quark and lepton
masses and mixings in terms of the wavefunction profiles of matter fields, e.g., in the sixth dimen-
sion, although the issue of flavor changing neutral currents must be carefully addressed in such

21Quantization 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, 26 = 0 or w6 = 7R fixed line, or on the (2°,2°%) = (0,0)
or (0, 7Rg) fixed point. The Yukawa coupling W ~ SH, Hy arises from the (z°,2°) = (0,0) and/or (0, 7 Rg) fixed
point, while W ~ S3 from the (0,0), (0,7Rs), (7R5,0) and/or (mRs5, 7 Rg) fixed point.
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cases. Alternatively, the 6D setup described here can be used to realize the scenario discussed
at the end of section 3.1. For example, we can locate all the quark and lepton supermultiplets
on the 2 = 0 fixed line and the supersymmetry breaking field Z on the (2%, 2%) = (0, 7 Rg) fixed
point. In this case the 321 gaugino masses can be all independent, and the squark and slepton
masses are generated through gauge loops and thus flavor universal. Another use of the setup
includes geometrically separating the ¢ field from the quark and lepton supermultiplets, ensuring
the absence of potential flavor violating operators of the form [d*(¢Te?sVrg)(QleVr/3Q;).

4.3 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 because the gauging of U(1)y 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 section 4.1.
We consider that the 5D spacetime of the model of section 4.1 has a nontrivial warping. The
metric is given by
ds?* = e Wy, do"da” + 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) andy = 7R
(SU(5)) branes to be the ultraviolet (UV) and infrared (IR) branes, respectively. Unlike the
case of Ref. [48], 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=™¥ is of 0(0.01~0.1), so that the scale of the IR brane is
given by k' = ke ™E = O(1~10 TeV).

The gauge group, matter content, and boundary conditions are taken to be identical to
those in section 4.1. The model then works analogously to the flat space case. An important
difference is that the wavefunction of the lightest (zero) mode of 7" is now localized to the IR
brane, so that its F-term VEV is suppressed in 4D by the warp factor e ™*#. 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 Eqs. (45, 47, 49),
although the explicit expressions for as and ce 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 SU(3)¢c, SU(2)r, 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
kinetic operators, which are determined by the observed 321 gauge couplings (for a fixed value

2In a warped space model, the contribution from anomaly mediation may be naturally suppressed ¢ /872 <
mp,mp. 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 “fundamental” supersymmetry
breaking is then small, of O(TeV), giving a very small gravitino mass, mg/, = O(TeV?/Mp)).
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of (’; see section 4.1). Precise relations are given by

! ! 2 g%
M;~My |14+ -——"F——
I X < 39/2 hl(k‘/k’,)) ) (55)

where M) (I = 1,2,3) are the masses of the first KK excitations for the 321 gauge bosons,
MY the mass of the lightest SU(5)/321 gauge boson, g2 = ¢g?/m R with g, the 5D SU(5) gauge
coupling, and g; the 321 gauge couplings at the scale M% ~ (37/4)k’. We thus find that
M} > M) > M| > MY with each mass splitting typically of about 10%. (The second term in
the bracket is ~ 0.25¢%(In(10)/ In(k/k")) for ¢’ = 1). The model described here is similar to that
in Ref. [49], but now the scale of the UV brane is much smaller £ = 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, /mk 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. [49], since the second term in the bracket of Eq. (55) is then ~ 0.05¢%.)

The present model can be interpreted as a purely 4D theory (except for possible gravitational
dimensions) through the AdS/CFT correspondence [50]. In the 4D picture, the theory contains
a strongly interacting (quasi-)conformal gauge sector GG, whose conformality is spontaneously
broken at the scale k’. The G sector possesses an 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,, Hy
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 £ = —3 ;- 93 [d*0 (((M)/c) Wi*WY, + h.c., where ¢ = A; — ¢’ with (" > 1. The
remaining universal piece then comes from an asymptotically non-free contribution from the
G sector: §(1/g?)|c = (be/87%)In(k/k'), where bg (> 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 Egs. (42, 43) in the case of
¢'=1: (M)/c~0.25 and (bg/87%)In(k/k') ~ 1. Note that the understanding of the coefficient
(7 is quite simple in this context. The quantities A; and —(’ represent the mixed U(1)g-321
gauge anomalies 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 the G sector at the scale k', 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 bg . k

= In—~2—(.
gl 8m? t ¢ (56)
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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 6(1/¢%)|¢ < 1. (Note that ¢’ < 2 to reproduce
the observed 321 gauge couplings with bg > 0). Since k/k’ = ™% = O(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 supersymmetry 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 [51]; in particular, we find that the 321 gaugino masses
M7 are given by

2
L1
M ~ @bGMp, (57)

where M, ~ 7k’ represents the mass scale for the resonances in the G sector, i.e. the mass scale
for the KK towers in the 5D picture. (For similar analyses, see [52].) 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 approximately SU(5) symmetric, are (only) of order a few TeV. Note
that in the conventional desert case, e.g. in the model of [49], 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 LHC. Moreover, the value of b may be
measured from mass splittings among these states. Using the AdS/CFT correspondence, we
find that Eq. (55) can be written as M} ~ M (1 + g7bg/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 much far above the weak scale.

5 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 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 possible from
this data both experimentally and theoretically. In particular, it will be important to explore
possible interpretations 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 supersym-
metry stabilizes the large hierarchy between 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 op-
erators of the standard model. From the LEP data, we know that this (small) hierarchy almost
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certainly exists. Supersymmetry provides one of the best ways to stabilize it without leading
to an immediate conflict with the precision electroweak data, since the electroweak symmetry is
still broken by the VEVs of Higgs fields that are perturbative 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 supersymmetric 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 conventional 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)g 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)r symmetry can have important consequences for the form of the
observable sector superpotential; in particular, the Higgs sector superpotential is expected not
to contain any dimensionful parameters. This allows, together with a low fundamental scale,
for making the mass of the lightest Higgs boson rather large, ~ (200 ~ 300) GeV, helping to
eliminate 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)g 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 contribution 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 hundred 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 considered 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 symmetry breaking, there is
nothing really wrong with other values; for example, the case with intermediate scale M, may
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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)z may
also be modified. For example, one may consider a family-dependent charge assignment, which
does not modify the prediction for the gauge couplings 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 the cutoff
scale, due to, e.g., a large U(1)g charge for ¢. Theories which use a non-R U(1) gauge symmetry,
instead of a U(1)g 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 example, we can attach a strongly warped
gravitational dimension to the basic module of section 2. 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 = wR. 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 picture is then
close to that of Ref. [48], 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 phenomeno-
logical 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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A Soft Supersymmetry Breaking Parameters in the Min-
imal Model

In this appendix we present explicit expressions for the soft supersymmetry breaking terms in the
model of section 4.1. The gaugino masses are given by Eq. (45). The scalar trilinear interactions
are given in general by Eq. (47). Defining Lot = —(au)ijGitijhy — (aa)ijGidiha — (ae)ijli€iha —
(ay)ijlinghy, — axshyhg — (a,/3)s* + h.c., this gives

()i = —(u)ij (aHmT + (V. +w; + 78, m0)> (58)

(ad)ij = —(a)ij(amr + (Yo, + vp, + vu,)M0), (59)

(ac)i; = —(We)is(armhr + (v, + g, +ym,)0c), (60)

(@) = —@)i(arir + (v, + 9, + w00, (61)
ar = —A((as + ax + ag)ivr + (vs + Y, + Y1,)M0), (62)

a, = —3k(asmr + vsme), (63)

where a, (¢ = H,H,S) are given by a, = 2nRM,/(e*"#Me — 1) (see Eq. (48)). Here, we have
used Eq. (44), and the neutrino Yukawa couplings (y,);; in Eq. (61) 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

. L dyr | . Cl g1
2 2 ; 2 1 91
T R 5 - 5 h. 64
sz‘ szmD_‘_ 2dlnuR|mC| ;87‘(2 gU( T C+ C) ( )
~ 1 d’y N 1 1 g4 A
2 _ 2 Q: 2 2 2 QII *
mg, = TYQsMp T+ 2dln JR [mc|” + Fo) <§(yt ar + Ypan) — ; Cr e (mec + h.c.)65)
N 1 d’)/U g . -
mh, = w4 ey L <ytan -y opd (meC he). (66)
~ 1 d’}/L ~ 1 1 q
2 2 2 oL91
mi. = —YLyMp + 5 dln ;R el + ) <§(yTaH + y,,3a71 Z 9U> ( mpmg + h.c. 968)
~ 1 d’}/E ~ 1 q
2 2 3 2 2 e Y1
By T 5 T e 1 Cr h. 69
my. YEsp + 2d1HMR|mC| + 3 <yTaH ZI: 9U>( g + c) (69)
m% = =N + 1 _dyw, el + 12 a (m ¢ + h.c. ) (70)
Ny~ T Ns"p TG dn jin 32 y,,3 H{MTMme

where F' = Q,U,D,L,F (and N), the index ¢ = 1,2 runs over the first two generations in
Eq. (64), and CF are the group theoretical factors given by (C{,CL CF) = (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,
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respectively. Here, we have retained only the third generation Yukawa couplings y; = (yy)ss,
W = (Ya)ss, Yr = (Ye)s3 and y,, = (y,)33 (which may not be valid for the neutrino Yukawa
couplings). We have also used one-loop expressions for v¢ in the last terms in the right-hand-
sides of Eqgs. (64 — 70) for illustrative purposes. The first and second terms are the contributions
from a nonvanishing U(1)r D-term VEV and pure anomaly mediation, respectively.

For the Higgs fields h,,, hy and s, we find

1 dym
2 _ ~ 2 A2 - u | 2
mhu - fyHumD + CH|mT| =+ 2 dlnIUR|m |

1 (1 g
+@<§{(3yf+yﬁg+A2)aH+A2aﬁ+A2a5} Z cf ,g)( i +he.), (71)

mid = —yu,mp + caling)? + 2dnp [rc|?
L (1 2 2 2 2 2 Hgl
+8W2<§{(3yb + 2+ N)ag + Nay + Nash — Z ( rig +he), (72)
1 dys
2 _ . a2 so2 4 So2
mg = —Yysmp + cs|mrl +2d1HMR|m |
+i{()\2—|—3/€2)a + Ma +)\2a-}(m me +hc) (73)
ST 2 S H H TMCo .C. |,

where (CH,CH CH) = (3/20,3/4,0). The coefficients c, (¢ = H,H,S) are given (in flat space)
by ¢, = (WRM /sinh(mRM,))? (see Eq. (51)).

B Theories with a Non-R U(1) Gauge Symmetry

In this appendix we present an alternative class of theories in which a non-R pseudo-anomalous
U(1) gauge symmetry 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 symmetry, 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.?> 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 (pseudo-anomalous) U(1)4

Z5For example, it may be easier in these theories to conceive that U(1) invariance of the (observable sector)
superspace density 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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gauge symmetry, under which the matter and Higgs fields carry charges of +1/2 and —1, re-
spectively. While the Yukawa couplings are invariant under this charge assignment, the “fun-
damental” mass term for the Higgsinos, W = puH, H,, is not. We thus introduce a singlet field
S(42) together with the interaction W = ASH,Hy, 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, Ay = 2 and
Az = 3, which do not take the necessary form of A; o< by +b (I = 1,2,3), where b; are the
MSSM beta function coefficients, (by, by, b3) = (33/5,1, —3), and b is a constant which does not
depend on the gauge group I. To fix this “problem,” we introduce fields X, X, and X3 which
transform as adjoints under the 321 gauge group, i.e. X;(1,1)g, X2(1,3)p and X3(8,1)9, and
carry a U(1)4 charge of +3. The mixed anomalies are then given by A; = 12/5, Ay = 8 and
Az = 12, which satisfies

Ar=—-br+9. (74)

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)4, where A is the gauge
transformation parameter superfield for U(1) 4 in the normalization that a chiral superfield with a
U(1) charge q transforms as ® — % ®. (The U(1)y-U(1)% anomaly is automatically vanishing,
and we do not consider the U(1)% or U(1)4-(gravity)? anomalies since they depend on unknown
fields that are singlet under the 321 gauge group.) Introducing the universal contribution (T°)
to the 321 gauge kinetic functions, as in Eq. (4), we find that the 321 gauge couplings at M., gy,
take exactly the same form as that arising in the conventional supersymmetric desert picture,
Eq. (7). The correspondence between the two theories is now given by

e = (75)
(M) = = ln%, (76)

instead of Eqs. (8, 9), and the relation among the low-energy gauge couplings is given by the
standard supersymmetric one in Eq. (10). The required VEVs of (T)) = O(1) > 0 and (M) /c =
0(0.1) > 0 can be generated in the way discussed in section 2.2. 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, X5 and X3 must obtain masses of
order the weak scale or larger (at least for X, and X3). We thus introduce a singlet field ¢ with a
U(1) 4 charge of —6, together with the superpotential interactions W = (\;/2)¢p X7+ (Xo/2)p X2+
(A3/2)$ X2, where the couplings A\;’s may or may not respect the SU(5) relation, \; = Ay = A3,
at a scale & M,.. The ¢ field obtains a VEV of order M, /47 to cancel the Fayet-Iliopoulos term
for U(1)4. The Fayet-Iliopoulos term is generated after the M field obtains a VEV, since its
Kihler potential is given by K = M2 F(M + MT + (c¢/87%)V,), where Vy is the U(1)4 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 positive, in which case ¢ can
absorb (most of) this term. The fact that ¢ absorbs, and not H, and Hy, should be determined
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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 (¢¢— M?), where Y and
¢ are chiral superfields with U(1)4 charges of 0 and +6, respectively. A nonvanishing (¢) gives
masses to the adjoint fields X, X, and Xj3. It also provides the S? term in the superpotential
through W = n¢S3/M..

Summarizing, the superpotential of the model is given by

N
3M,

where ¢ obtains a nonvanishing VEV of O(M, /47 ~ M,) and Wyykawa is given by Eq. (1). The
U(1)a charge assignment for the fields is given by

A A A
W = Wrtawa + ASH,Hy + - 05° + 50XT + T 0X5 + 510X3, (77)

Q U D L E (N;) H, Hi S ¢ Xi Xo Xj

UMa: 1/2 1/2 1/2 1/2 1/2 1/2 -1 -1 2 -6 3 3 3 (78)

An interesting point is that, despite the absence of U(1)g, we are again led to the form of the
superpotential of the next-to-minimal supersymmetric standard model. (The absence 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) 4, if the the Kéhler potential is made U(1),4 invariant purely by
the U(1)4 gauge multiplet, V4, and not by the combination —(872/c)(M + MT). (The stability
of protons can be ensured in a way discussed in section 3.2.) Note that a constant term in
the superpotential, necessary to cancel the cosmological constant, can be introduced without
breaking U(1) 4.

The model can be embedded into higher dimensions analogously to section 4. Both flat
space and warped space models can be constructed. The U(1)4 charge assignment for 5D
supermultiplets {®, ®°} (& = Q;,U;, ) is determined by Eq. (78), with a conjugated field
carrying the opposite U(1)4 charge from a non-conjugated field. With the help of an extra
moduli field M’ or vector-like states 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, F);, anomaly mediation, as well as a nonvanishing D-term for U(1)a,
Dy, 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 Fr, D4 and anomaly mediation, the
supersymmetry breaking masses at the scale M, are given by Eqgs. (45, 47, 49) but with the first
term in the right-hand-side of Eq. (49) replaced as

where gg is the U(1) 4 charge of a superfield ®, and m3, is now given by m?, = —D, instead of
Eq. (50). In the presence of gauge kinetic mixing between U(1)4 and U(1)y at tree level, this
term is given by (g — €gYs )%, 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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