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ABSTRACT: We discuss gravitational backgrounds where supersymmetry is broken at the
end of a warped throat, and the SUSY-breaking is transmitted to the Standard Model via
gauginos which live in (part of) the bulk of the throat geometry. We find that the leading
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effect arises from splittings of certain “messenger mesons,” which are adjoint KK-modes of
the D-branes supporting the Standard Model gauge group. This picture is a gravity dual
of a strongly coupled field theory where SUSY is broken in a hidden sector and transmitted

to the Standard Model via a relative of semi-direct gauge mediation.
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1 Introduction

The standard paradigm for supersymmetric model building invokes a hidden sector where
SUSY breaks, the MSSM (or some suitable extension), and a set of messenger fields which
transmit the SUSY-breaking to the MSSM. For instance, in gravity mediation, the mes-
sengers are typically heavy fields which are integrated out at the string or Planck scale,



and induce cross-couplings between the field(s) carrying non-zero F-terms and the observ-
able sector. In minimal gauge mediation, instead, the messengers are taken to be massive
particles (y,x) with Standard Model gauge charges, which feel SUSY-breaking through
coupling to a gauge singlet spurion S:

Winess = SXX, S =M+ 6*F. (1.1)

Gauge mediated scenarios have been a subject of great interest — some classic references
are [1, 2] and an excellent review appears in [3]. This interest has largely been motivated
by the fact that such scenarios automatically incorporate a solution to the supersymmetric
flavor problem — the Standard Model gauge fields couple to the different generations of
quarks and leptons in a flavor-blind way. One recent direction has been to consider gen-
eralizations of the minimal gauge mediation scenario, to include more general possibilities
for the messengers and their interaction with the hidden sector. Here, we consider the new
possibilities that become calculable in light of gauge/gravity duality [4].

Our interest is in supersymmetric phenomenological scenarios that, following the stan-
dard paradigm, are specified by a Lagrangian of the factorized form

L = Lyisible + Lhidden + Lint - (1.2)

We assume that the model fully fits within the framework of local 4D QFT, with a UV
cut-off at a high scale A of order the GUT scale. The three terms in £ have the following
minimal characteristics:

e The visible fields constitute some supersymmetric extension of the Standard Model.
We assume that all (visible and hidden) matter particles are organized in complete
SU(5) multiplets, so that coupling constant unification is preserved. We denote the
visible gauge multiplet by V.

e The hidden sector is a strongly coupled supersymmetric gauge theory, that exhibits
metastable SUSY breaking at some scale Ag > TeV. It has a global symmetry group
G, that contains SU(5) as a subgroup. The corresponding current supermultiplet is

denoted by J(x,8,0).

e The interaction between the two sectors, at the linearized level, takes the form
Lint = 2gsm /d49 1294 (1.3)

where ggpr denotes the SM gauge coupling.

In this “general gauge mediation” formalism [5], the soft masses are directly extracted
from 2-point functions of 7, via relations that do not depend on whether the messenger
fields actively participate in the strongly coupled SUSY-breaking dynamics.

4D scenarios of the above general type admit a natural geometrization via the gauge/gravity
correspondence. The coupling (1.3) between the two sectors is of the right form to allow



replacing the strongly coupled hidden dynamics by the corresponding string dual. As-
suming that the hidden gauge group has sufficiently large rank and 't Hooft coupling, we
may approximate the dual theory as a classical supergravity theory living inside a warped
5D space time, cut-off at some radial location r = ryy (corresponding to the 4D cut-off
scale Ayy). The presence of the global symmetry G implies that the dual 5D supergravity
theory contains a gauge superfield V. Moreover, the gauge/gravity dictionary identifies
the classical supergravity action with fixed boundary values with the 4D effective action
obtained by integrating out the strongly coupled hidden sector gauge theory, with fixed
values of the SM gauge field V:

<eingL7> _ eiSsugra(V) (1‘4)

hidden

The visible Lagrangian remains localized at the boundary r = ryy, as an extra UV contri-
bution to the total 4D action. The SUSY-breaking dynamics is localized in the IR region
of the throat, and is communicated to the visible sector via the supergravity fields that
extend throughout the 5D bulk.!

Normally in AdS/CFT, the asymptotic boundary values of the 5D fields act like non-
dynamical sources. However, with the cut-off in place, the internal space is compact, and
the bulk fields have dynamical boundary values and normalizable zero modes. To extract
the low energy physics, one could in principle use a combination of the 4D RG (for the
boundary action) and a holographic RG (for the classical bulk theory). A more direct
route, however, is to apply the usual Kaluza-Klein reduction. In particular, the low energy
MSSM gauge multiplet arises as the zero mode of the 5D vector superfield V.

As in any phenomenological scenario that incorporates hidden matter charged under
the SM gauge group, special care is needed to avoid a Landau pole. This issue is particularly
relevant in our construction, since the hidden sector is a large N theory. The effective
number of extra charged matter fields shows up via the short-distance behavior of the
2-point function of the scalar component of the supercurrent (J(0)J(x)) ~ C/x*, which
results in an extra contribution Aby = —(27)*C to the beta function of the MSSM gauge
group. From the 5D point of view, the extra contribution to the RG running of l/ggM
between two scales is just given by the integral of the 5D gauge field action over the region
between the corresponding radial positions. The Landau pole problem thus translates into
an upper bound on the total radial range over which the 5D gauge field extends.

1.1 Basic setup and overview of results

We now describe the specific string dual of 4D gauge mediation that we will study in detail
in this paper. It has the following ingredients.

e As a gravity dual, we take the warped deformed conifold geometry with a small

number p of anti-D3 branes at its tip » = €2/3.2 The warped conifold is the most

!See for example [6-8] for other string theory constructions in which a SUSY-breaking sector resides at
the bottom of a warped throat and SUSY-breaking is mediated by a U(1) gauge interaction.

2For simplicity, we set o/ = 1 in most of the paper. It is straightforward to re-introduce the necessary
powers of o’ when needed.



explicitly known dual to a confining supersymmetric gauge theory [9], and adding
the anti-D3’s amounts to placing the theory in a metastable state, that breaks SUSY
at (due to the warping) an exponentially small energy Ag [10].3

e We place K D7-branes inside the conifold geometry. In the gauge theory, this amounts
to adding bifundamental messenger fields (x, x), that are charged under the hidden
gauge group and under the gauge group G=SU(K) on the D7-branes, that contains
the SM gauge group. The radial location 7 = p2/3 of the tip of the D7-branes sets
the mass of the messengers, which we assume is larger than the SUSY-breaking scale:
123 > €2/3. The anti-D3 and D7 branes are thus geometrically separated.

e We assume the chiral MSSM matter fields are localized at the UV end of the geom-
etry 7 = ryy. In other words, they are “elementary” matter fields, not composites
formed by strong CFT dynamics. As a result, their leading soft masses will arise by
communicating with the bulk gauge multiplet, which lives in the throat (extending
down to r = p?/ 3) and feels the leading effects of SUSY-breaking.

Note that the system is characterized by relatively few parameters: the SUSY-breaking
scale and messenger mass, and some discrete numbers such as the gauge group ranks.
Besides setting up the model, our main task will be to try and use the supergravity to
compute the soft masses of the MSSM particles.

Since the hidden and visible sector communicate via messenger fields (x, x), the gauge

current J is oK oK

J = 8—XaTabXb + a—iaTabf(b + ... (1.5)
where K(x, X, X, X, --) is the Kéhler potential of the theory and the T, are the appropriate
gauge matrices [36]. The messengers are in direct contact with, but do not take active part
in, the strongly coupled SUSY-breaking dynamics. From a 4D perspective, the model can
thus be thought of as a close relative of a “semi-direct gauge mediation” scenario [11].*
Below the hidden confinement transition, the messengers are regrouped into “messenger
mesons”, of the general form?®

®, =xO0,x, (1.6)

that transform in the adjoint representation under the MSSM gauge group. Here O,
denotes a hidden sector chiral operator, that transforms in the conjugate representation of
both y and y with respect to the hidden gauge group. We will see that it is the interaction
of these messenger mesons with the MSSM gauge multiplet that generates the leading soft
masses in the observable sector.

The organization of this paper is as follows. In section 2, we introduce the model in
more detail. In section 3, we compute the leading SUSY-breaking mass of the messenger

3There is a one-to-one correspondence between As and e. Because of this, we will often use them
interchangeably. The same applies to p and its associated scale A,,.

4«Close relative” because certain couplings in the holographic dual superpotential make the messenger
interactions with the hidden sector a bit more direct, but seem to contribute only subleading effects in the
gravity regime computations we perform.

5Besides scalar mesons, there are also vector messenger mesons.



Figure 1. Quiver diagram for the conifold.

mesons in the metastable SUSY-breaking vacuum. In section 4, we translate this into a
calculation of the gaugino mass and describe how the splittings in the gauge multiplet
translate (via gaugino mediation [12]) into soft masses for the MSSM matter multiplets;
we also show that a more direct coupling of the gaugino to the leading background super-
gravity solution which could cause a SUSY-breaking splitting is absent, so this semi-direct
mechanism is the leading effect. In section 5, we discuss the issue of Landau poles. We
close in section 6 with a description of future directions. In appendix A, for completeness,
we review some details of supergravity solutions that we use in the bulk of the paper; in
appendices B-E we detail some of the lengthier calculations that we refer to in the main
body; in appendix F we consider some orbifolds of the conifold setup.

Scenarios closely related to the one we describe in the present work were previously
considered, at a phenomenological level, in [13]. The goal of this work is in part to place
these models in a more complete microscopic setting, and in part to pave the way for future
work involving additional dynamics, which changes both the conceptual picture and the
phenomenology in important ways [14]. This further work is motivated by the intrigu-
ing ideas about supersymmetric composite models in [15]. Such models are intrinsically
strongly coupled, and gauge/gravity duality would offer one of very few techniques to gain
a quantitative handle on the strong dynamics. Their gravity duals have been explored, at
a phenomenological level, in [16]. One can clearly interpolate between our present model
and such composite models by moving in some (or all) of the chiral matter from r = ryy
to interior positions in the throat. The present work thus provides the first step in putting

such dual descriptions of composite models on a firm foundation.

2 The model

In this section we describe in some more detail the model we focus on in the rest of the
paper. As explained, we take the conifold theory as our large NV hidden sector. This theory
has an SU(N) x SU(N + M) gauge group, which results from taking N D3-branes and
M wrapped D5-branes (fractional branes) at the tip of the conifold. Its quiver diagram is
shown in figure 1. The model has an SU(2) x SU(2) global symmetry, with the invariant
superpotential given by

W = eijekl Tr AZBkA]Bl . (21)

where the 4, j are SU(2) indexes.



Figure 2. Metastable D3-branes at the tip of the KS background.

The fractional branes break conformal invariance and the theory undergoes a cascade of
Seiberg dualities, which gradually reduces the effective number of D3-branes and terminates
in confinement at an exponentially small scale (compared to the UV scale) € in the IR [9].
The gravity dual reflection of confinement is a solution which ends smoothly in the IR,
with a finite-sized 3-sphere characterizing the tip.

For N = kM —p (with k an integer) the hidden sector has a metastable, SUSY-breaking
vacuum, with vacuum energy S ~ pA‘é [10, 20]. While a field theory understanding of the
strongly coupled non-SUSY vacuum is still missing, it admits a clear description in the
gravity dual. The N D3-branes that are present in the UV gradually disappear and, after
k Seiberg dualities, we are left with p anti-D3 branes. The stability of the anti-D3 branes
and the tunneling decay to a SUSY vacuum with no anti-branes and M — p D3-branes via
annihilation against NS-flux has been studied in [10, 17-19]. Of particular use to us will
be the smeared supergravity solution which captures the large r physics of the metastable
SUSY-breaking state [20].

The next step is to endow the hidden sector with a global symmetry. The SM gauge
symmetry is a gauged subgroup of it. A global symmetry in 4d corresponds to a gauge sym-
metry in the bulk. In type IIB, we can introduce such bulk SM gauge fields via D7-branes
that extend radially. The D3-D7 strings give rise to chiral fields in the (anti)fundamental
representation of some of the conifold gauge groups. For this reason, such D7-branes are
referred to as flavor branes. For concreteness, we focus on realizing an SU(5) gauge group.
To do so, we introduce K > 5 flavor D7-branes. The model now has an SU(K) global
symmetry, the gauge symmetry on the worldvolume of the D7-branes, of which SU(5) is
a subgroup.

There are various ways in which D7-branes can be supersymmetrically embedded in the
conifold, which have been discussed in [21, 22] and many subsequent papers. For our pur-
poses, realizing the Standard Model gauge group on Kuperstein-embedded D7-branes [22]
will suffice. This embedding is defined as follows. If we choose complex coordinates z; in
which the defining equation of the deformed conifold geometry is

Zz? =2 (2.2)



Figure 3. The SM gauge fields live in the worldvolume of D7-branes.
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Figure 4. Quiver diagram for the conifold flavored by Kuperstein D7-branes.

then we embed a stack of K D7-branes on the divisor defined by the equation
24 = fu . (2.3)

The extended quiver which captures the field content of the gauge theory dual to K such
D7-branes in the warped deformed conifold geometry is shown in figure 4. In the non-
compact throat, the SU(K) gauge group on the D7’s is a global (flavor) symmetry group,
and the additional matter fields are flavors in the SU(N 4 M) x SU(N) gauge theory. When
the throat is glued into a compact Calabi-Yau manifold, the SU(K’) becomes weakly gauged.

The superpotential of the flavored theory becomes®

W = e9eM A; By A;j B + X* (A1B1 + A2Ba) Xa + 1 X" Xa + XXX (2.4)

with a = 1,..., K. The x, and x® transform as bifundamentals of one of the hidden
sector gauge groups and the observable SU(K) gauge group. We will refer to them as
messenger fields.

We pause here to note that the messenger mass p breaks R-symmetry, a necessary con-
dition for non-vanishing gaugino masses. Even in the absence of messengers, R-symmetry
is broken in the IR at the scale € by the dynamics associated with confinement. g can in
principle be much larger than e. Then, the R-symmetry breaking due to (2.4) is generally
a higher scale effect. These statements have a simple geometric realization. The equation

SThis expression can be obtained from the A/ = 2 parent theory, where the superpotential is fixed, upon
mass deformation for the adjoint scalars. Strictly speaking, (2.4) is correct for U(N) groups while for SU(N)
there are 1/N suppressed double trace terms.



defining the background geometry is (2.2); the U(1) R-symmetry (which is exact when
¢ — 0 but only approximate for non-zero €) acts by rotating z; — e~*z; From (2.2), we
see that the R-symmetry is broken down to Zs by the IR deformation. (It is also broken
to Zops in the UV, by background flux values in the deformed conifold solution [23], but
for M > 1 this still forbids a gaugino mass). More importantly, any massive D7-brane
embedding of the form (2.3) breaks R-symmetry completely. IL.e., as we said, R-symmetry
is not only broken at low energies, but it is already broken at energies of order pu.

In the non-compact geometry, the value of i is a boundary condition. We also hold p
fixed (i.e. forbid massless fluctuations of the adjoint scalars); in a fully detailed compact
setting this should be accomplished through moduli stabilization in the bulk of the Calabi-
Yau manifold. In the warped geometry, the lightest dynamical modes descending from the
adjoint scalars will then be KK modes. We now turn to computing their spectrum and
their splittings in the metastable SUSY-breaking state.

In what follows, we adopt the gauge theory convention for the mass dimension of
various parameters. We take [S] = 4, in accordance with it being a vacuum energy. In
addition, we take [e] = [u] = 3/2. In section 4.3, we discuss these conventions in more detail.

Before moving on, let us notice that if the operator Tr(A; By + AsBs) develops an
F-term in the SUSY-breaking state, the couplings in the superpotential (2.4) lead to a
tree-level non-SUSY splitting of the messengers (analogous to the one in minimal gauge me-
diation). This non-SO(4)-invariant F-term would preserve all symmetries of the metastable
anti-D3 state, and would provide the leading contribution to the mass splitting among the
messenger fields. If present, this would be the leading effect which generates a gaugino mass
term. However, we argue in section 4.2 that any SO(4) breaking effects are suppressed (rel-
ative to what we compute) by powers of ;22—//2 . Thus our scenario is similar to semi-direct
gauge mediation. Moreover, this argument implies that the smeared approximation of [20]
(which projects out all non-SO(4) invariant terms), is sufficient to capture the dominant
SUSY breaking physics for /2 >> €2/3.

3 The messenger mesons

In this section, we compute the supersymmetric masses and the SUSY-breaking soft masses
of the tower of KK mesons, which are the lightest states (other than the N = 1 gauge
multiplet) living on the D7-branes. Since the computations become somewhat technical,
we first describe the basic structure and goals of what we are doing, and reserve the fully
detailed computations to appendices C through E.

As described above, we consider the Kuperstein brane embedding (with abelian gauge
group, for now). We denote the KK multiplets corresponding to fluctuations of (2.3) by the
chiral superfields ®,, with n indexing the tower. The leading interactions and soft terms of

a mode in the tower are captured by

L= /d40 D, 0, + /d29 X,®,®, +cc., (3.1)



with X,, = M,, + 00 F,. From (2.3) it is easy to see that the ®, carry positive unit R-
charge,” and hence any R-breaking is entirely due to nonzero F,. Loops of KK modes can
generate a non-zero gaugino mass once F, # 0.8

The exact computation of the messenger mesons’ action in the warped-deformed coni-
fold is rather complicated (we compute their spectrum in the appendices). However, for
1> €, it suffices to compute them in an approximate SUGRA solution which captures the
large r behavior of the geometry. In the supersymmetric vacuum state, such a solution
was constructed by Klebanov and Tseytlin [24]; we henceforth refer to it as the “KT”
solution. The asymptotic supergravity solution corresponding to the metastable SUSY-
breaking states was determined in [20]; we will refer to this as the “DKM” solution. We
will warm up by computing the spectrum of meson masses {M,,} in the KT solution, and
then proceed to find the F;, by studying probe D7-branes in the DKM solution. Relevant
details about these supergravity solutions are summarized in appendix A.

The full computations even in the asymptotic backgrounds are still rather involved.
Instead of discussing the full computation in the main text, we present in section 3.1 a
simplified calculation which gives the correct basic physics for the supersymmetric spectrum
of mesons; in section 3.2 we include the DKM correction to the asymptotics (due to SUSY-
breaking) and find the mesonic soft masses; and in section 3.3 we discuss some important
qualitative features of the full KK tower gleaned from the more detailed computations
presented in the appendices.

3.1 Supersymmetric meson masses

Let us, to begin with, consider probe D7-branes in the KT background (whose details
are presented in appendix A). This will allow us to check our simplified calculation via
comparison to [22, 25]. The simplified approach is to consider the following truncated
expansion of the D7-brane action:

S=-1 / ov/Pl (921 70X 10X + 74" Fi Fua ) (32)

S

where X* corresponds to small fluctuations of (2.3). The metric v, is the induced metric
on the brane and g, is the 44 component of the KT metric in the z° coordinate system.
Note the absence of g44 and gzz terms. They vanish in KT, but are nonzero in DKM, and
are ultimately what lead to a gaugino mass. We discuss this in the next section.

Denote the Minkowski coordinates by x and the internal ones by y. We expand X* in
KK modes

X* = Z gbn(x) gn(y) > (3'3)

where the &, satisfy
9 (VI 92 9 0un()) = —X26(y) (3.4)

"The R-symmetry is geometrically realized as a rotation of the conifold coordinates z; — €% z;.

8SUSY-breaking but R-neutral terms cannot contribute to the gaugino mass at leading order, and this
is why we have omitted terms like [X X ®®] 5 in (3.1).




As discussed previously, we choose our boundary conditions at the end of the throat (where
we imagine the compactification “starting”) so as to mimic a D7 wrapping a rigid 4-cycle.
Operationally this means that the spectrum is gapped, A2 > 0. Since the KT background
has 4d /' =1 SUSY, we obtain upon dimensionally reducing (3.2) the action in (3.1) with
F,, = 0. In order to estimate M, it suffices to notice that (3.2) implies

/ dhy /] 941 1 Dat O4E

M? = (3.5)

' / d'y /Il h(r) G €€

where h(r) is the KT warp factor and tildes signify the un-warped metric. In KT we have

LA (r B 1
ey = Zen) gL (36

where Lz (r) ~ 4rgsNa/*In(r/rs). In terms of the hidden sector effective 't Hooft coupling
Aeft (1) = gsNee (1), we have Liz(r) = 4ma’? Ao (r). Now we make the replacement

/d4y\/\’y] — /UV dr r3 . (3.7)
|p|2/3

Assuming the &, are well-localized around r = ]u!Q/ 3 and by switching the integration
variable to 2 = r/|u|?/® we find that?

/3
M, x — B (3.8)
4WA€H(M)

Notice that the mesons are much lighter then their constituent messenger fields x, x. The

2/3

messengers have mass m, = p*/°, while the lightest meson mass and the mass spacing

in the tower are smaller by a factor of (gsNeﬂ‘)_l/ 2. Apparently, the strong dynamics of
the conifold theory provides a large binding energy. The above qualitative estimates are
confirmed via a more detailed calculation, presented in appendix E.

3.2 Inclusion of SUSY-breaking

The DKM solution provides a SUSY-breaking correction to (3.2):
5SDKM = —% /dSO' ]'y\ <g44 g“baaX46bX4 + 931 g“ble‘iabX‘I> .
S

The functions g44 = (gz3)* are given by

B _ 5 S
Jaa = D Y2g44 ~ ,UQT—S ; (3.9)

9When deriving (3.8) and similar expressions that follow, we have re-introduced the missing powers of
o’ appropriately.

,10,



where S is the SUSY-breaking order parameter (the vacuum energy sourced by the anti-D3
branes) in the DKM solution'? and as usual tilde denote un-warped quantities. The non-
zero g44 Will source the F}, in the 4d effective theory. By thinking about the KK reduction
of (3.9) to 4d we discern

/d4y 1] gaa Y™ Du€ D€
F, = . (3.10)

/d%ﬂhmss‘

Since the subsequent analysis is completely parallel to the analysis for M,,, we will just

state the result (details appear in appendix D):

-2
S
F, .
" T mr (1)

(3.11)

Note that this expression for F), manifestly displays the correct R-charge of minus two,
and that the power-law fall off of F), as y — oo is consistent with the restoration of SUSY
in the UV.

3.3 More detailed computation of the spectrum

The above heuristic analysis gives the correct parametric dependence of the meson masses
and soft terms on the parameters of the solution. However, it says nothing about how many
mesons there are localized at 7 = /3, nor how their energy levels and SUSY-splittings are
spaced. This will be important when summing the meson tower contribution to the gaugino
mass. A more complete numerical analysis, summarized in appendix D, indicates that

|3 2 [2S
—— Ihxn'—p0s .
A\ Aest (1) || 10734 Negp (12)

Naively one might have expected F), to decrease with n, due to the fact that in a

(3.12)

M, xn

system with spontaneously broken SUSY, one expects SUSY restoration at high energies.
However, probing greater total energy is not the same as probing shorter length scales. A
state localized at the holographic radius r probes a length scale in the gauge theory given
by [32, 33]:

\ gsN eff

r

| = (3.13)

even though its total energy may well exceed 1/1. This is precisely applicable to the mesons,
as all relevant states are located at the same holographic scale r = ;?/3 and therefore probe
the same length scale in the dual gauge theory. In fact, using scale/radius duality, one can
see that the nth excited meson corresponds to a state whose mass is ~ n times the cut-off
scale, were we to cut the theory off at r = p?/3 [32]. If we think of the meson as composed
of n elementary quanta, each with a fixed splitting v/F, then it should not be surprising
that its own splitting grows linearly with n. This is precisely what we have found.

The rapid fall-off of the perturbation visible in (3.9) is consistent with the fact that these are
normalizable perturbations to the conifold geometry, characterizing a state in the supersymmetric field
theory.

— 11 —



Remarks. It’s worth emphasizing that there are entire towers of meson localized at radii

2/3  which we are ignoring. For the purpose of computing SM soft terms, this is

> W
justified, since the mesons localized at a scale r = v%/3 > 112/3 will feel an F-term of order

<

S S
W[4/3 Xegr (v) 473 Aot (1)

4 Soft terms

In this section, we estimate the SUSY-breaking soft terms in our scenario. Such terms are
computed by integrating out the physics of the hidden sector. We can split the computation
into two parts, by integrating above and below the energy scale A, = 123 set by p.
Above A, the hidden plus messenger sector is a complicated strongly coupled theory,
whose contribution to the gaugino mass is computed holographically by supergravity. The
gaugino is a fermionic KK mode of the D7 Lagrangian, whose wavefunction was identified
in the literature [35, 38], and its effective mass at scale A, is induced by the coupling of
the worldvolume action with the background.

Below A, the effective theory the visible sector is coupled to is a weakly coupled
theory of mesons (almost free in the large N limit [46]). The fact that the D7-branes end
at r = p2/3 tells us that the visible sector is essentially decoupled from the KS dynamics
below A, and its only remnant is the tower of mesons. Since they are weakly coupled, we
can compute their contribution to the gaugino mass at 1-loop.

In section 4.1, we prove that no tree-level gaugino mass is induced by plugging the
D7 probe action into the DKM solution (though many of the calculations are relegated
to appendix B). In section 4.2, we provide macroscopic reasoning to estimate the a priori
expected gaugino mass (and justify the use of the smeared solution [20] in the computation).
We proceed to directly compute the leading contribution to the gaugino mass in section
4.3; it is generated by messenger loops, and is in accord with our estimate of section 4.2. In
section 4.4, we then determine the matter soft masses arising from gaugino mediation [12]:
the gaugino propagates up the throat geometry and transmits its SUSY-breaking mass to
the UV-localized matter fields.

4.1 Absence of gaugino mass in supergravity

Before calculating the tree-level gaugino mass in the DKM case let us briefly review the
results applicable for the supersymmetric torus compactification with imaginary self-dual
(ISD) flux [35]. The ten-dimensional Majorana-Weyl spinor ¢ can be decomposed into the
representations of the holonomy SU(3) group 0 + 3. At each point the singlet and two
of three vector states are massless and the third vector state is massive. Clearly in the
conifold case the definition of massive and massless vector modes will depend on location,
but the singlet is well-defined globally. In the SUSY case the singlet state is massless and
we identify it with gaugino .
On a more technical level, as we described in appendix B, the mass of X is sourced by
the (0,3) flux
TT(AQ)(G%?,)* ) (4.1)
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and by the (3,0) flux Tr(A?)G3y5 if a non-trivial D7-brane world-volume flux is present.
There is also a coupling between A and the vector states W;. Thus in the case of torus
compactification [35] there is coupling to the vanishing imaginary anti-self dual (IASD)
(1,2) flux

Tr(ANU)(Ag)*, Ay = G2, g% (4.2)

abc

In the conifold case there might be other couplings but they all must vanish if SUSY is
not broken.

To find the gaugino mass in the SUSY-breaking DKM background one would need
to compute the mass matrix for all four components of # and diagonalize it. Luckily, we
are interested in the leading correction to the unperturbed result. Therefore we can use
the definition of the unperturbed gaugino wave function as a singlet mode and compute
the coefficient in front of TrA? at the leading order in S. To this end we need to con-
sider how (4.1) would change under the perturbation of the 3-form flux, background and
induced metrics.

As we are working at the leading order in § we can consider the perturbations of flux
and metric independently. Clearly the perturbation of the 3-form will not contribute as
the DKM solution does not have (0,3) or (3,0) flux. Similarly the (1,1) perturbation of
the metric cannot change the flux type and hence does not contribute. The only non-
trivial contribution may come from the (0,2) perturbation of the bulk metric 597113 or the
combination of the induced metric and the world-volume flux §(M ! )5‘3 . The latter sources
a coupling of the gaugino to the ISD (1,2) flux

eaaéé(M_l)(ag)gﬁcggd(Ggad’)* ) (4.3)

and ISD (1,2) and IASD (2,1) fluxes
aad (Mg (G307 = Gy) - (44)
Recall that the fluxes G appearing here are the unperturbed ones. Clearly these terms do
not contribute in a near-KS backgrounds like DKM, since the KS background has purely
ISD (2,1) flux. In fact, no Calabi-Yau background (with sufficiently generic holonomy) has

non-trivial TASD (2,1) forms or ISD (1,2) forms.
The perturbation §¢®° sources two terms:

Eaééégagggegész’ef ) (4.5)
and
EaaB'Yaﬁégacgbd ((G%cc?)* - G%Ed) . (4.6)

Both are a priori potentially non-zero. Nevertheless, after substituting the DKM metric
and the 3-form flux into (4.5) and (4.6), they both vanish (see appendix B for details).
4.2 Expected parametric dependence of gaugino mass

Before computing the result, it is useful to summarize our expectations for the gaugino
mass. How will it depend on the standard model coupling gsm, the SUSY-breaking order
parameter S, and the p parameter of the D7-embedding?
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o We expect the leading gaugino mass to be proportional to t = ggMK . This is because
the hidden sector communicates to the D7 gauge theory only via the messengers y
and ¥, so the SUSY-breaking must vanish as ggy — 0, and the messengers come in
the K dimensional representations of the D7 gauge group. More precisely, we expect
this to be a one-loop contribution implying an additional factor of 16%.

e To argue for the correct S dependence, we use a strategy from [39]. The anti-D3
source perturbs the supergravity equations in two ways: by sourcing a tension-term
in the Einstein equations, and perturbing the RR gauge field C4. However, we can
imagine starting with a supergravity solution with an “imaginary brane” source at the
location of the anti-D3. The “imaginary brane” has negative D3 charge and negative
D3 tension; it therefore preserves the same SUSY as the background, and generates
no gaugino mass. The anti-D3 state differs from the “imaginary brane” background
by sourcing two additional units of (warped) D3 tension, but the coupling to the Cy
field remains unchanged. Hence the only perturbation to the supergravity equations,
on top of a theory where the gaugino has vanishing mass, involves the parameter S
to the first power. We therefore expect that the gaugino mass will be proportional
to S.

e R-charge considerations then fix the power of u; there must be a power of 1/1? to
compensate the R-charge of S.

Putting these considerations together, we expect a gaugino mass that scales like

t S

~N— — . 4.7
1672 p2 (47)

my

Because at strong 't Hooft coupling for the hidden sector one is not always sure of the
expected powers of Ao = gsNogr, we will remain agnostic about that until performing the
direct calculation.

How large should the corrections to (4.7) be? The leading corrections are related to
the fact that the DKM solution is a smeared solution. In a microscopic solution with
properly localized anti-D3 SUSY-breaking, one would expect a power series of corrections
to (4.7) that are R-neutral and give some function F'(e¢/u) that vanishes as € — 0. The fact
that such corrections exist is evident already from the computations in section 3 of [40],
where some of the perturbations to the supergravity due to localized anti-D3 sources are
computed in the near-tip region. These corrections are due to a dipole effect: the anti-D3
branes polarize the background five-form flux, and as a result, source supergravity fields
that they do not directly source via their DBI action. However, such effects (as expected
for dipole effects) are both proportional to the size of the dipole (and hence €) and fall off
rapidly as one moves away from the tip.

Finally, we should note that in the dual field theory, one would expect from (2.4) that
there would be a one-loop correction to the D7 gauge coupling function ~ TrAB, giving
rise to a potential gaugino mass from F4p. At least heuristically, the computations in [40]
appear to show that in the gravity regime, these effects are suppressed by powers of ﬁ
compared to the effect we calculate.
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4.3 Loopy gaugino mass

In section 3.2, we derived an action for the messenger mesons, ®,, including the SUSY-
breaking effects of DKM. Gauge invariance and SUSY allow us to non-abelianize (3.1)

L= /d49 Tr{®,e V' ®,} + /d29 X, Tr{®,®,} + c.c., (4.8)

where now the ®,, are adjoints of SU(N,.). The one-loop contribution to the gaugino
mass by the n-th meson is given by the standard gauge mediation formula (with the &,
performing the role of the messengers)
t t nsS
1672 M, 1672 12\/A7 Ao
where, again, t is the 't Hooft coupling of the MSSM gauge theory on the D7-branes. The

(4.9)

actual gaugino mass is obtained by summing the effect of all mesons:

¢ S 0
= " 4.10
T WP AT N o ;n ‘ (4.10)

We have made the phases in the sum explicit to emphasize that there could be phase

cancellations due to the fact that the F), are generally complex. Notice that up to the
numerical factor coming from the sum over the tower, and powers of the hidden sector 't
Hooft coupling, this is in accord with our expectations (4.7).

Although naively this sum looks divergent, it is important to realize that the description
in terms of mesons eventually terminates. A strict upper bound is placed on the sum by
the binding energy of the mesons, which is A, = 123, corresponding to the bound n <
(gsNeﬂ?)l/ 2. Above this scale the mesons de-confine and the full QFT dynamics including
the messenger fields (x, x) re-couples. However, an even lower upper bound might arise
due to the fact that around n = (gsNeg)'/* the DBI expansion breaks down. In fact this is
around when the mesons have masses of order those of massive closed string states localized
at r = u2/3. Thus we have

(gsNeff)l/4 < NMmax < (gsNeff)l/2- (411)

More thought is required to determine ny,,x more precisely, but if we work in the regime
of greatest interest with moderate values of the control parameters (e.g. 4mgs N ~ 10%) this
rough understanding will suffice for our estimates of soft masses.

Remarks.

e It is worth explaining the conventions in the formula (4.9). As we have already men-
tioned, one should interpret ©? as having dimensions of mass® and S as scaling as
a vacuum energy. Omne can understand the unconventional scaling of p by study-
ing (2.4); in the massless limit the yx fields should be assigned dimension 3/4, and
hence in a perturbation of that theory p has dimension 3/2. Alternatively, we can
derive the same scaling from (2.3), noting that the z; are quadratic in the chiral fields
of the quiver and thus have R-charge 1 and mass dimension 3/2. We can use the
same reasoning to show that [e] = 3/2.
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e We have derived a gaugino mass from an open-string loop of mesonic messengers. This
is the leading contribution due to the absence of a direct soft mass arising from the
D7-probe action in the DKM solution. The general form could have been anticipated
as p is the only R-breaking parameter in the (undeformed) conifold geometry. The
deformation parameter ¢ < pu also carries R-charge. Therefore, a priori one could
obtain a second contribution at order €S where € is the KS deformation parameter.
More precisely, such a term could look like

/3 S
A EREN W

Sm (4.12)

This correction is suppressed by a factor of ;22—//2 relative to (4.9).

4.4 Matter soft masses from gaugino mediation

In gaugino mediation, the MSSM scalars are usually imagined as being separated from
the SUSY-breaking in extra dimensions. This is of course the case with our scenario; for
1 > € even the gaugino itself is separated, but it couples much more strongly to the
SUSY-breaking than the UV-localized matter fields for p < 7"%/3

In this regime, the direct contribution to the scalar masses will be negligible [12].
Instead, they will be generated by RG running starting at the compactification scale with
only a gaugino soft mass (and vanishing scalar masses and A-terms). Assuming a unified
gaugino mass m) below the compactification scale (which should be identified with the
AdS radius L), one will find scalar soft masses:

m? ~ agy m3 log (LMyz) (4.13)

with coefficients determined by the quadratic Casimirs of the gauge group representation
in which any given scalar sparticle transforms. Here we consider the RG running down to a
scale given by the Z boson mass M. In the paper, we have considered the simplified case
of an SU(5) gauge group at all scales; the previous expression generalizes in the obvious
way upon breaking the GUT gauge group.

Note that the gaugino mediated contribution (4.13) to the scalar mass squared scales
as S2, and thus with the fourth power of the SUSY breaking scale. In general we should
also expect a non-universal gravity mediated contribution of the form ém? ~ S /M 5‘/ with
0 of order 1. We will assume that the scales can be arranged such that gravity mediation
is subleading, and sufficiently small to avoid dangerous flavor violating terms.

5 Geometric constraints

Our model necessarily incorporates a large number of additional matter fields charged
under the SM gauge group. Special care is therefore needed in order to avoid a Landau
pole. The amount of additional RG running due to the messengers can be controlled by
choosing their mass to be sufficiently heavy. In the geometric setting, this means that the
D7 branes can extend only over a rather limited range inside the warped throat geometry.
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In this section we compute the messenger contribution to the RG running and quantify the
associated geometric constraint.

For definiteness, we consider K = 5 D7 branes. To simplify the discussion, we take the
number of fractional branes M to be constant along the RG cascade.'! For scales below
i, the SU(5) running is controlled by the SM matter and the meson tower. Above p, the
messengers contribute to the running besides the SM matter. Since the hidden sector is
a large N theory, it is valid to work in the approximation in which the running above p
is entirely due to the messengers. We compute the RG evolution of the 4d SU(5) gauge

coupling. The beta function for the inverse squared gauge coupling x5 = 872/ gg is
3
Bs = 3Ne + 5 Z(Ri —1). (5.1)
7

where i runs over the fundamental and antifundamental messengers y and ¥ and N, = 5.12
To simplify our analysis further, we assume N > M. This condition amounts to considering
energies much larger than the hidden sector confinement scale, p > e. We assume that
the mass term in (2.4) is a small R-symmetry breaking perturbation. Then the second
term in the superpotential (2.4) determines that R, + Ra + Rp + Ry = 2, which implies
R, + Ry = 1. Substituting into (5.1), we get

3
§=3N. ~ SNy, (5.2)

where the number of flavors N is the rank of the KS node to whom the MSSM is attached.
When analyzing duality cascades, it is useful to refer to the cascade step associated

with a given energy scale. The steps in the cascade are determined via the usual expression

Mo (A
koy — ky = S955M 0, <ﬂ> (5.3)

2 A

A period in the cascade involves 2 dualizations. During the entire period, the beta function

due to the messengers is

B = —ng . (5.4)

Figure 5 presents a schematic picture of the RG flow.
The total variation of the squared inverse gauge coupling between p and a scale A is

ka—1
Ao =a(u) —2(A) = = Y Atf~ SM AL ~K) (5.5)
k=k,,

Here At denotes the constant (in the probe approximation for the D7-branes) spacing

between consecutive dualizations in the cascade. We can compute At to be

B 2
T 3g.M

At (5.6)

' For discussions of running M, we refer the reader to [21, 26-28].
12More generally, the sum over SU(5) flavors might involve more than one hidden sector node.
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Figure 5. Top: gravity dual. Bottom: running of the SM gauge coupling. Below p, the running is
driven by the SM matter (SM running). Adjoint mesons can also affect the running above € but,
for clarity, we do not include them in the figure. Above p, the running is driven by the hidden
sector (HS running), and the messengers x and y that connect the SM to the hidden sector start
driving the SM to strong coupling. The beta function is constant within each period of the duality
cascade (indicated with dashed lines).

1

Switching to a = 2mx ™", we get

_ _ 1
R~ agy ~ @(k%v — kir) - (5.7)

S
We can use this expression to constrain the length of the throat. We wish to cut-off
our geometry before the scale Arp of the Landau pole, at which axl = 0. We will find
that p ends up at a high scale, not too far below Arp. To get a rough estimate, suppose
we take a;l = 25 (a typical GUT scale value) and g5 = 1/4. From (5.7) we see that the
Landau pole already occurs after just a few cascade steps: kp,, < 5 . This provides an

awkwardly stringent constraint on both the length of the throat, and the depth at which
3gs M
2

the D7-branes are allowed to penetrate the throat. Using (5.6), and taking ~ 1, we
see that u lies at most two orders of magnitude below App.

We have derived the running of the SM gauge coupling in field theory. This running
has a very simple realization from a D-brane point of view as the volume spanned by the
D7-branes between the corresponding radial positions. It is not hard to show that the
result (5.7) can be reobtained by integrating the 8-d gauge coupling function [ V7Y h over
the 4 internal coordinates of the D7-brane between rg and ryy .

The above geometric constraints on our set up are serious enough that it makes sense to
try and look for ways to relax them by working with more general geometries. One possible
way of achieving this is by orbifolding. From a gravity perspective, this is a natural choice,
since it reduces the volume of the D7-branes by a factor equal to the order of the discrete
group. On the field theory side, the orbifold reduces the growth in the number of messenger
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fields.!3 A slight point of worry, however, is that the gain obtained by this effect is partially
off-set by the fact that the volume of the S3 at the tip is similarly reduced, which could
increase the minimal value of M for which the anti-D3 brane configuration remains stable.
We give some details of the orbifolding in appendix F.

6 Discussion

We have seen that it is possible to geometrize models of strongly coupled gauge mediation
using confining examples of AdS/CFT with massive flavors. The flavors provide messenger
mesons that naturally lead to models of semi-direct gauge mediation.

The precise example we studied here has very constrained phenomenology. The gaugino
mass is S

iy ~ 16%?(4@3%3)1/2 (6.1)
(with comparable scalar soft masses arising from gaugino mediation).'* Satisfying m, >
100 GeV with moderate control parameters ( /1672 ~ 1072, 47rgsNeg ~ 10? ) requires
S > 103 p? GeV (where recall u? should be interpreted as having dimensions of mass?).
The possibility of Landau poles forces one to consider moderately large p. With a scale for
w of around 102 GeV, one already has a SUSY-breaking scale SY/4 ~ 109-10'° GeV, which
is very close to intermediate scale, and (in absence of sequestering) gravity mediation will
be a competitive mechanism. While the throat geometries studied here are good candidates
for sequestering [31], it seems that to get a safely working model it would be best to study
the slightly more elaborate orbifold geometries briefly described in section 5, where the
pressure towards large p due to Landau poles can be relaxed.

Overall, our scenario represents a somewhat unusual hybrid mixed version of semi-
direct gauge mediation and gaugino mediation. Similar to many models of (semi-)direct
gauge mediation, the gaugino mass m) scales with an anomalously large power of F'//M (in
our case, F?/M? instead of F//M, c.f. [11, 41]). Normally, this will produce a low energy
spectrum in which the gaugino ends up being much lighter than the scalars. In our set-up,
this effect is compensated via the gaugino mediation mechanism, or equivalently, via the
presence of a large number of messengers, which enhances the gaugino mass by a relative
factor of v/N.

The models studied here have very few parameters, but one obvious multiparameter
extension would be to allow the locations of the chiral matter multiplets to vary as well.
Moving some of the generations in from r = ryy to live deeper in the throat geometry on
the gravity side, corresponds to having some of the Standard Model particles emerge as
composites during the RG cascade in the dual field theory. SUSY-breaking models with
composite generations have been studied in [15] and their gravity duals have been discussed,
at a phenomenological level, in [16]. The full understanding of gauge/gravity duality with

13A detailed analysis of cascades in orbifolds of the conifold can be found in [30].

MThis result assumes no phase cancellations and a maximum possible number of mesons Tmax ~
(47TgSNeff)l/2. Even if we just consider the contribution to the gaugino mass due to the the lightest meson,
the estimate for S*/# is only increased by an order of magnitude.
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such composites (including the dynamics of the RG cascade and the proper computation of
composite soft masses) is somewhat involved, and our results in this direction will appear
in a companion paper [14]. It would also be interesting to combine the kinds of ideas and
techniques discussed in this paper, with the new ideas about constructing GUT models in
F-theory (for a recent review, see [42]).
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A The conifold and a normalizable non-SUSY deformation

We start introducing some conventions about the conifold geometry. The unwarped metric
on the singular conifold is

ds?=dr® + 724 S ((e%)? + (7)) + (V) ¢ (A1)
i=1,2

where we defined the following 1-forms on T!:

1 1 1

0; _ ) i — 0 0. Ao v i

e’ = db; , e¥i = sin6; dy; | eV == |dy— g cost;dy; | . (A.2)
V6 NG 3 g

The unwarped Kahler form and holomorphic form are given by

J=rdrNe¥ + Z r2 el p e (A.3)
i=1,2
Q= %rQew (dr + irew) A (601 +ie‘p1) A (692 —|—ie“"2) . (A.4)
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In fact dJ = d2 = 0. We can introduce holomorphic coordinates which make explicit the

SO(4) symmetry of the geometry:

z = % P3/2e1/2 {eé(“’lﬂ”) sin % sin % 1 e2(P1+92) gog 9—21 cos 9—22}

Zg = L r3/2e/2) o= 3(P1te2) gipy b sin ba _ e2(#1+92) cog 2 cos b
J2i 27 2 2 2 )
5

z3 = % P3/2e1/2 {eé(“’lm) sin % sin % — e2(P1792) ¢og 9—21 cos 9—22}

2y = L7"3/262‘1”2 e*%(“’l*m)sinﬁsin@—i—e%(*"“W) cosﬁcos@ .
V2i 2 2 2 2

.2:

2 = (), and the radial coordinate is r® = Zf‘zl |z;]%. In

The conifold equation reads >7_, 2
terms of such coordinates we can construct a basis of SO(4)-invariant (1,1) forms:

9 . .
idz; NdzZj = 3 rdr Ae? + 3r® dim12 e A efi

9
i(zj dzj) A (2 dzg) = 2 r®dr A e? (A.6)

Ao =i €i5p 2% Az N dZ = 36 (691 A et — P2 A e*"Q) .
The Klebanov-Tseytlin (KT) supergravity solution [24] describes the supersymmetric
configuration of N regular and M fractional D3-branes at the tip of the conifold, at least
at radii larger than the gaugino condensation scale: r > €2/3 ~ o/((AA)/M) /3. this is

because such solution does not include confinement and chiral symmetry breaking. It is

specified by:

ds?y = h(r)~1/? N dat dx” + h(r)/2ds?

conifold
gsF5 = (1 + %) dh™ Advolsy (A7)
3gsMdo/ k
By = 932 a logiwgz%wg w2:3(e€1/\6§01—€92/\6¢2) )
o

moreover Hs = dBs, F3 = e~® %5 Hs, the axio-dilaton is constant and the warp factor is

27ma/? 3(gsM)? (1 T
h(r) = N+ ——"— |- +log— . A8
1) =2 o+ M (Lo )| (A8)
Here rq is the scale where the running D3-charge is N. If we tune it to the IR such that
N = 0, then it can be identified with the gaugino condensate scale: rg ~ ¢2/3. We can
rewrite the unwarped Kéhler form and the B-field in an SO(4)-invariant way:
i _ T, _
J = § dw]‘ A dw]‘ — ﬁ (U)j dw]‘) VAN (wk dwk) (AQ)
k(r) . _ _
By = 5,6 1 €igkl Wi Wj dwy, N\ dwy . (A.10)
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A.1 Non-SUSY deformation of the conifold

In order to describe the SUSY-breaking vacuum from a gravity perspective, it is necessary
to understand the backreaction of D3-branes at the tip of the KS geometry. The DKM
solution provides the first order (in the vacuum energy) perturbation to the KT asymptotic
UV background due to the anti-branes [20]. To simplify the calculation, DKM considered
the case in which the D3-branes are smeared over the internal space. In the field theory,
this corresponds to integrating over Goldstone modes around the vacuum. As a result, the
background preserves Poincaré invariance and all the symmetries of 7!, namely SU(2) x
SU(2) x Zsy. In addition, U(1), is also preserved. The metric has the form

ds? = h(r)_l/Qanx“dx”—i—h(r)l/Q <dr2+r2 Z ((eei)Q—l—(e‘pi)Q) +7"262b(7")(ew)2) . (A11)
i=1,2

The rest of the fields are given by

Fy=Me¥ A (% Ae?t — e A e??), By = k(r) (e A e®t — %2 A e??),
F5 =dCy — Cy N\ Hs, gsCy = Oé(?") dV01371, (A12)
O = d(r), Co=0.

The solution, with the first corrections in S and 1/r*, is given in Einstein frame by:

r 1 - 1 1, r
— h(r) = = gsN + =(gsM)* + = (g, M)? log —
o2 (r) 4 gsN + 8(98 )"+ 2(93 )" log o
Y71 13, - r 1, -
— | 2= 9sN + = (gs M)* + = (gsM)?*log — | S — —(gs M )? A13
+ 3 [(32 95N + o (9sM)" + 7 (95 M) log m) 1gl9sM)70|  (A13)
/48
20 =1 4 O‘r4 (A.14)
1 _ r /3N 11 _ 3 _ r 1 -
—k(r)=gsMlog—+ — || =—= + —=gsM + = gsMlog — | S — — g M A.15
o F(r) = gsMlog =+ 25 [<8M+1698 t59s Ogm) 19 ‘4 (A-15)
14
O(r) =loggs + a_4 [(b —3Slog L] (A.16)
T To
a(r) = h(r)™! (A.17)
Here N = 277N, M = %M . § is the vacuum energy of the metastable vacuum
P _8xN/(3gsM?) ro

We will not be interested in the perturbation ¢ and will set ¢ = 0.

The backreaction of the D3-branes introduces IASD flux, squashes the internal space
while preserving its isometries (with relative warping between the two factors of T'H! given
by €’) and makes the dilaton run.

As opposed to other non-SUSY modifications of the KS solution [34], DKM corresponds
to a normalizable perturbation. Because of that, it is dual to spontaneous, as opposed to
explicit, SUSY-breaking.

— 292 —



B Dirac action on the D7-brane

Our goal is to derive the expression for the tree-level gaugino mass and to show that it
vanishes in the case of DKM background. Our starting point is the general action for
fermions derived in [37]. At the lowest level in perturbation theory in S there is no need to
diagonalize the mass matrix. Rather one can use the gaugino wave function A defined in
the SUSY case and calculate the coefficient in front of T7r(A\?) up to O(S). As we discussed
in section 4.1, when SUSY is not broken the gaugino can be defined as a scalar invariant
under the action of “holomorphic” SU(3) [35]. Hence, we are only interested in collecting
the terms proportional to

01330 = Tr(\%)

9_F1239 == TT’(S\Q) s

where 1,2, 3 are the holomorphic indexes along the six internal dimensions of the conifold.

(B.1)

Clearly (B.1) is invariant under the holomorphic change of variables.

Since 6 is a ten-dimensional Majorana-Weyl spinor only terms of the form 9Fn1__nk9
with k = 3 or 7 are non-zero. In a given point we can always choose the directions 1,2,1,2
to be aligned with the D7-brane and the directions 3,3 to be orthogonal. Hence

00 Ty a0 = —i0T55T 0y 00 - (B.2)

The coupling Fy' 1""k§f; 1I’n1__nk9 therefore does not contribute to the gaugino mass and
the only relevant terms are (B.1) and

9_]77*11“1239 = Z'TT()\Q), (B.3)
9f;1F1236 = —iTT(j\2) .

The minus sign in (B.4) is crucial in ensuring that the gaugino mass is real.
Before we proceed with analyzing the Dirac action in detail let us introduce the “Fierz
brackets” [ | which will denote the I';35 component of the gamma-matrices product

Fnl..Pnk = [Fnl..Fnk]Fﬁg + ... (B.5)

The only terms relevant for the gaugino mass are

i [LiTm] (M) " g™ Hpg (B.6)
—3% Lok g™ g™ 19" Hpqr (B.7)
and
3%; [iCi L) (M 1) g g™ g M e® By (B.8)
1 Comlg™ g™ e® Fyr (B.9)

In the first term (B.6) only a # n,m contribute leading in the SUSY case to

1

1 (M)
214

[Finm](Mil)ijgnpgququ = 318

[Coimklg™ g™ g " Hypgr - (B.10)
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This calculation can be easily done in the special coordinates in which g,; is diagonal.
There is no need at this point to align the coordinates 1,2 along the D7-brane. Neglecting

—1\apB
the world-volume flux, we have (M?’)Tm = ﬁ. Essentially, this is a sign change in front

of (B.7).

In the SUSY case when M;; is of (1,1) type the last term (B.9) simply does not
contribute to (B.4).

Using the definition of the 3-form flux

G3=F—ie %H, (B.11)

and the holomorphic indexes one can express F' and H through G2

2F e = G + (G25)", (B.12)
2ie” P Hoype = (G25)" — G5, . (B.13)

In this notation, the gaugino mass term in the SUSY case is proportional to

g * * *
Hence we have reproduced the result of [35] that the gaugino mass is sourced only by (0, 3)
flux in the SUSY case when no world-volume flux is present.

If there is non-trivial world-volume flux, (B.10) produces an additional term

Tr(M =y ) [Talg™ "% g ((Ghp)” = Gy ) (B.15)

which contains both (0,3) and (3,0) flux. Clearly, this term is also zero in the KS case.

In the non-SUSY case of the DKM background we need to perturb the fluxes and
metric up to the linear order in §. Since the perturbed flux 5ngc does not contain the
(0,3) or (3,0) piece the perturbation of the 3-form flux can be neglected.

In addition to the (1, 1) piece the perturbation of the background metric 6¢g™" will have
the (2,0) and (0,2) pieces. The (1,1) part is not “dangerous” as it couples the gaugino
mass to the absent (0,3) and (3,0) flux. On the contrary, the (0,2) piece in (B.7) and (B.9)
will lead to

[FaBE] 596d9begafgsG31

S (B.16)

i.e. will couple the gaugino mass to the (2, 1) flux. Similarly the perturbation of (B.6) gives
[Caal (M 1) 59" g, ((G%CJ)* - G%Ed> : (B.17)

while the perturbation of (B.9) with respect to ¢"" vanishes.

Both terms (B.16) and (B.17) are potentially dangerous as they couple the gaugino
mass to the non-zero (2,1) flux. Nevertheless they both vanish in the particular case of
the DKM solution because in this case

g™ =09 (GE )" =0. (B.18)

— 24 —



Indeed using the notations of appendix A we can introduce the basis of the holomorphic
1-forms
Zi=df; —isinO;dop; i=1,2,
7 7 (2 ¢Z (B.19)
Zs=dr+ire? .
The coordinates Z; diagonalize the metric but are not special from the D7-brane’s embed-

ding point of view. In this notation, the only non-trivial 3-flux is the (2, 1) form
G~ (gsMa ) Z3 N(Z1 N2y = Za N Za) (B.20)

and the only non-trivial (0,2) perturbation of the background metric is 6g33. Therefore
the combination of unperturbed G2, or (Gggc)* and 6g® vanish. Let us note that the
situation would be quite different if a non-trivial 5965 for a = 1,2 was present. However,
that would be inconsistent with the SU(2) x SU(2) symmetry of the DKM solution.

The last ingredient is the perturbation of the combination of the induced metric and
world-volume flux M~!. Again, the perturbation of the (1,1) piece does not affect the
SUSY result that only (0,3) and (3,0) flux contribute. But the presence of the (2,0) and
(0,2) pieces changes that. Thus the contribution (B.8) is not zero anymore. Rather

1 2
3! 2!

It is easy to check this identity in the special coordinates in which the metric g, is

DTk D10 (M) g g g By = S [Daapld(M 1)@ gegbd g (B.21)

diagonal. Together with the perturbation of (B.6) this combines into

[FaaEM(Mil)(aﬁ)gacggdgs(Gzég)* ; (B.22)
and i i
Taasld (M) g7 6P g, (G507 = G2y) - (B.23)

Hence whenever the induced metric contains a (0, 2) piece, the gaugino couples to the TASD
(1,2) flux through (B.22) and to the ISD (1,2) and IASD (2,1) flux through (B.23). Since
in the KS solution only the ISD (2,1) flux is present all couplings above vanish.

It is important to note that the interplay of signs was crucial in obtaining the zero
couplings above. In particular the vanishing coupling of the gaugino to the IASD (1,2)
flux (B.22) could easily be turned into the coupling to the ISD (2, 1) flux

575‘6gacgbdG%cd (B.24)

by a flip of sign (here we dropped the world-volume flux for simplicity). Clearly this term is
naively expected to be present and would lead to a non-zero mass. To estimate it we would
have to calculate the ratio of the integrals over the internal directions of the D7-brane

- [d*z fd4y\/’_y 575‘395”9561986’%&1 OT,.50
[ d*x [ d*y/~ 0 =00 '

Here we assume that only gaugino mode of A is turned on within €. The result of [38] for

(B.25)

the scaling of the gaugino wave function

0 ~ h3/8, (B.26)
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together with the scaling of the gamma-matrices I'0 ~ h!/4 suggests the denominator to
be proportional to the warped volume of the D7-brane i.e. to the inverse coupling constant
of the world-volume gauge theory

j/d4yVFWLmJg_2L4, L? = (gsMd'). (B.27)
The only nontrivial relevant combination from the numerator of (B.25) is
(95 M)y "2g% (gﬁ + gﬁ) I3 - (B.28)

To calculate this expression we need the scaling of the gamma-matrices along the internal
directions (compare with (A.4))

Figg ~ h3/4€_iw7'221 AN ZQ AN Zg , (B29)

as well as the perturbed induced metric

i 36 (P —u?) 548
s~12 — 200 2 B.30
LYoy pr P P (B-30)

All terms together lead to

rewef fdr (1 — |p?))  gsg?S _tS

—2714\—1 AT
~ L M S =
m ~ gs(g ) (gsMa')p V3|2 77 4r3 — |M2| (212 Ku2L?’

(B.31)
which coincides with the one-loop calculation (4.9) in the case of one probe D7-brane.

C Bosonic action on the D7-brane

We can embed D7-branes in the singular (KT solution) or deformed (KS solution) conifold
along the so-called massive Kuperstein embedding, given by the equation z4 = u. It is a
curve described by the equation zg =€ —/ﬂ—z% —z% (possibly with € = 0), which represents
a deformed C?/Zy geometry. We can parametrize it locally with (z1,22) treating z3 as a

function. After the substitution

d d
dzs = _%—M ’ (C.1)
3

it is straightforward to compute from (A.9)—(A.10) that on the embedding:
By n J =0 Byn® —0. ©2)

where J) are the two pieces appearing in (A.9) (similar expressions for By and J with
only different radial functions hold in the KS case, see (E.4)). Therefore setting F = By
on the D7-brane we solve the following equations:

Fis (1,1), FAJ=0, dF = Hs . (C.3)

These, together with the requirement that the embedding is holomorphic, are the conditions
for the D7-brane with worldvolume flux F to be supersymmetric in our setup [43-45].
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We can even add an extra worldvolume flux F» which wraps the 2-cycle of C2?/Zy. In
the singular conifold case, setting F = By + 27a/Fy and

P
2’ Fy = 2,6 2Re [iﬂ €ijk 2 dzj N dék]

solves again the SUSY equations (C.3); P € Z because of the quantization condition

(C.4)

Za=/

| g2 Fo = 2mP. A similar expression is valid in the deformed conifold case.

In the following we will be mainly interested in the singular conifold. We can rewrite
it using a set of coordinates particularly useful for the Kuperstein embedding and its
oscillations. First of all we parametrize the holomorphic coordinates as:

z1 =1i(u+ X) [cosqﬁ cosh </)+TW> cos f — isin ¢ sinh (HTW)]

. . p iy . . p+ iy
zo = i(p + X) {SID(JS COSh(T) cos 0 + i cos ¢ sinh (T)] (C5)
zg = i(u + x) cosh </)+TW) sin 6
Z4=ptX
where Y is a complex variable, whilst p, v, 0, ¢ are real. The range of coordinates is:
X;X €C, pe[0,00),v€]0,47), 6 € [0,7], ¢ € [0,27). The massive Kuperstein embedding
is easily described by x = 0; x and ¥ are then our transverse coordinates, and in fact we
have written the singular conifold as a foliation of Kuperstein embeddings. Then

4
rd :Z\zi\Q = |p+ x|*(coshp + 1) . (C.6)
i=1
To exploit the SO(3)-invariance of the embedding, we introduce left-invariant forms:
_ T a0 — sin L i
hy = 2<cos 5 df — sin 5 sdegb)
—9(sin Y g C.7
h2—2<51n2d9—|—cos2 sdegb) (C.7)

hs = dy —2cosfdop .

They satisfy the Maurer-Cartan equations dh; = %eijkhj A hy for i, 5,k = 1,2, 3; moreover
fS3/Zg hi AN ho A hg = 6472,
We can finally rewrite the DKM metric and B-field as:

1) |p+x|? [1+2coshp p o p
2 2., 12 2P ;2 2P ;2
ds6:§{ 5 3 (dp +h3)+cosh §h1+8mh §h2
2 . _ 4 _
—i—g81nhp(dp+zh3)(,u—{—x)dx—l—c.c.—|—§(1+Coshp)dxdx
S gcoshp—1 5 1+coshp B+ X 9 HEX 9
+ =g+ xI*——h +7<2d dy — —=dx* — —=d >
MD” x| 3 3 3 Xdx = A o dX
2, _
—|—§smhph3(,u—|—x)dx—|—c.c.]}
k
B2:ﬂ|ﬂ+x|4cosh2g(—SinhgdpAhg—l—coshBthhl).
3r6 2 2 2
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Notice that the pulled-back metric is diagonal, and Bs does not have components along

the transverse directions.

C.1 The D7-brane effective action

We compute the induced action on the Kuperstein D7-brane in the DKM solution. We
use the following conventions for indices: a,b for the eight D7 directions, ¢,j for the two
transverse directions, a, 3 for the four internal D7 directions. ¢' = {, ¥} are the transverse
scalar fields and A, is the worldvolume gauge field. We absorb 27a’ into F5 and set o =1

unless explicitly reintroduced.

The Einstein frame bosonic action is:

_ 1
SE)o?sonlc — _% /dSé‘ e<I>\/_ det, (gab + g;/267¢/2.7:) + 7 / 5 04 A f2 ) (CQ)

s

where F = By + Fng + Fy and p7 = g5(2m)~7. We expand it up to quadratic terms in the

worldvolume fields, and after integration on the SO(3) isometry we get:

_ 1 4
S = “3mg /d zdp(La+ L+ Lo) (C.10)
‘I’\/ B 1, 1
o { O B D iy + oM g Fyy — 3(7 FBQ)Q} b o FagFlyp 9
(C.11)
<I> a
ﬁB = { (ab) Qz] a¢zab¢] + (jpp%p p(b <~pp%p p¢] + q[ 'G]F,@ > (C.12)
—2 G ;4,00 0" ( 1“Dqja0n ¢ +2GY Fyq )} (C.13)
Lo =eby/— ‘<2 +e®/—qq® qi(aab)qﬁi ‘<2 . (C.14)

L4 contains only gauge kinetic terms. Lp consists of kinetic terms for x, ¥ and mixed
kinetic terms. The third term L¢ is obtained by expanding e®, v, and ¢ in powers of the
fields x, X, and gives rise to a potential for the scalars. In the SUSY background it vanishes
(up to a field-independent term that can be removed), while in the DKM background it
induces a VEV for the worldvolume fields.

Here gy = gun + gsée_% Byn as directly read from (C.8), while the pulled-back
quantities ¢, and 7, are defined as follows:

3 R 1 ; 3 12, .
Gab = Gab + gs2€ 2 F Q(ab) = Vab ; Gop) = 9s2€ 2 (Bag + Fo‘jé) . (C.15)
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0

In the basis 2°,... 23, p, hs, hi, ho, the actual computation gives:

Y2 u+x|?> .. /142coshp 14+2coshp 28 coshp—1 9P . 9P
Yap = e dlag( 3 , 3 +7°_4 3 , cosh 5 sinh 5)@43
(C.16)
Y = h71/2 Nuv (017)
I+ x| (1+2005hp)sinhp< S coshp—1
V= = 14+ — 7> C.18
T 3602 6 74 1+ 2coshp (C.18)
—sinh £
N k(r h2
Bag = % |+ x|t costh Mg , Mg = codh gcos 2 . (C.19)

sinhg
Some useful relations are:
V=i= VA +geh VB V=3G") = =y0
G = WM = V=Gd™ = gre W B (BT

These are valid exactly in the SUSY background, and at leading order in S in the
DKM solution.

The scalar potential. Lo contains the potential for the scalars. In the SUSY back-
ground Lo = 0, and since it is the only source of possible linear terms, the equations of
motion are solved for any value x = const. In the DKM solution some linear terms survive:

9sS _p - _
Lo ~ ’;? e ” (ix + px) - (C.20)
This means that y = y = 0 is no longer a solution. By inspection of the action (C.10),
one finds that the equations of motion can be solved by ¢*(p) and Ay, (p) and all the other
fields consistently set to zero.

D Vector mesons spectrum

With the effective action at hand, we can in principle compute the full KK spectrum on
the D7-brane: normalizable modes correspond to 4d mesons of the strongly coupled theory,
of the form (1.6). We will focus on the tower of vector mesons, expecting the results to be
qualitatively the same as for the other kind of mesons. This allows us not to solve for the
deformed profile (¢*(p), Ap,(p)) in the DKM solution. The result is

M2 — |1UJ|4/3 )\2 _ SCM’4
! Lfalff " |M|4/‘O’L§ﬂr

00 (D.1)

where \,, and §f3,, are positive numbers of order one. Both \,, and §f3, /A, turn out to be
almost exactly linear functions of n.

The ansatz for vector mesons is A, (x,p) = vueik'xa(p), with —k? = M2 the 4d mass.
One can see that the only piece of action relevant for the EOM’s of A, is

1 =~ _(ab) ~
Svector mesons — W /d4$ dP 6«:1) VvV —q q(ab)q(Cd)Fachd . (D2)
s
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Moreover the EOM’s of (¢(p), An,(p)) decouple from those of A, (z,p). The EOM’s are
ac(ecby/—('j q(cd)q(ab)de) = 0. The equation with a = p gives k- v = 0. The one with a = v
gives the wavefunction equation
(e® V=1 %d (p)) = K e®\/=Gha(p) = 0, (D.3)
where derivatives are taken with respect to p.
We solve the equation perturbatively in S: we numerically compute the spectrum

and the wavefunctions for § = 0 (KT solution), and afterwards the mass perturbation
induced by S (DKM solution). It will be convenient to recast the equation in the form

Da(p) = Bna(p), where D = f5'0(f10) and

3sinh p S [ coshp—1 r
=P 4 2 (23—
h (1 + cosh p)1/3 { +r4 <1+2coshp Ogro)]
sinhp  logr/rg [1+2coshp S 4coshp—1 3§ r r 3S
- 142 200 20 0e D) g = (1422
f2 (I+coshp)? logr,/ro 6 +2T4 14+2coshp 1 8 o log + 4
L4
— _\2 — _Ag2 eff
B = =Ny = =M s (D.4)
Here 7"2 = 2|u|? is the radial location of the D7-brane tip, Leg is the effective AdSs radius
at r,
27ma’? 3(gsM)? T
L = ° log £ | D.5

o has been tuned such that N = 0, and we adopt the approximation 1/4 < logr,/ro.

For § = 0, the regular normalizable solutions of (D.3) behave as a ~ const in the IR
and a ~ e~ 27/3 in the UV; the spectrum )\, is then obtained with the “shooting technique”.
The result depends on logr,/ry, and we give some sample numbers in (D.6). It turns out
that the eigenvalues ), lay almost exactly along a line: \,, = ¢1 + ¢ n, for coefficients ¢y ».

All wavefunctions are localized at the tip of the D7-brane, with support of order
one in the dimensionless coordinate p that grows only logarithmically with n. The n-th
wavefunction with 4d mass M,, has n — 1 nodes.

For small S, we evaluate the perturbation operator D" on the normalized unperturbed
wavefunctions a(?). The result is in (D.1), where the parametric dependence is isolated with
An, and 3, being numbers of order one. For some particular choice of the mass |u| we got:

A, = 1.83,3.73, 5.55, 7.37, 9.18 ...
logr,/ro =1 :
68, = 1.00, 6.72, 15.3, 27.5, 42.9, ... .6)
log 1 /o = 100 - A = 0.293, 0.724, 1.15, 1.58, 2.01 ... '
&Tu/T0 = 83 = 258, 33.2, 87.4, 166, 268, ...

It turns out that the numbers 63, /A, lay almost exactly along a line. They are proportional
to the gaugino mass induced at 1-loop by the n-th messenger meson.

An extra worldvolume flux F5 can be taken into account easily. Notice that the ex-
pression in (C.4) is exactly proportional to By, therefore the inclusion of P units of flux
wrapping S? amounts to the substitution

k(r) — k(r) +;P. (D.7)

The eigenmode equation (D.3) can then be re-evaluated in the same way.
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E Supersymmetric vector mesons on the deformed conifold

As a by-product of our analysis, with slight modifications we can get the spectrum of vector

mesons on the massive Kuperstein embedding z4 = p in the KS solution Zf‘zl 22 = €.
First of all we parametrize the holomorphic coordinates as
z1 =1in(x) [COS(b cosh ([H_TW) cos ) — isin ¢ sinh <P‘;2’Yﬂ
zo = in(x) {singb cosh (,0 i W) cos 0 + i cos ¢ sinh <p i Wﬂ
| 2 (E.1)
zg = in(x) cosh ([H_TW> sin 0

24 =pEX,

which describes the deformed conifold as a foliation of Kuperstein embeddings. Here

n(x) = v (u+x)?*— €. (E.2)

It will be useful to define different radial coordinates r, 7 and p:

4
Z|zi|2 =73 = |e|* cosh 7 = |n|* cosh p + | + x|? . (E.3)
i=1
Then we will use the same left-invariant forms as in (C.7).
The Kéahler form, warp factor and B-field of the KS solution can be written as

1K (1) 9 i )
J = 3[¢[2/3 { ij — (e[ sinb? (COShT - 3K7(7-)3> Z; z]} dz; N\ dz;
9(gsMa')? > gcothz—1, 1/
h:WI(T) I(T):/T dxm(smhlr—%:) (E.4)
j z = gsMdo/ TcothT —1
By = b(7) i€k 2125 dzg N dz b(r) = ST o

where - 5
sinh 27 — 27
K(r)$P="""_2 E.5
(7) 2sinh?® 7 (E5)
The unwarped metric is easily derived as ds% = —2iJ;;dz; ® dz;. For our computation of

the vector meson spectrum, we will only need the unwarped pulled-back metric and the
B-field determinant:

dsi‘xzo = 7‘[{2{’;);/@2 [Kg(p) (dp® + h3) + cosh? g h? + sinh? g h%} )
Vdet B = b(7)2|77|4¥ [cosh4 g Inal* — (Im nﬂ)2 cosh p] ,
where 2 sinh? p )
Ks(p) = coshp — m(coshT - m) , (E.7)

n = /€2 — p? is simply a parameter and remember that 7 = 7(p) according to (E.3).
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As in section D, the eigenmode equation for vector mesons is

(V=770 d ()" = k> /=Gha(p) =0, (E8)
and one has to impose regularity at the origin a/(0) = 0 and normalizability at infinity
a(oo) = 0. Given the pieces
[l K (1) Ky () sinh p

72 |e]4/3

1/2 _ [n|*K (7) sinh p
12)e23 7

V== VA

the equation can then be solved numerically.
Let us just mention two obvious limit cases. When ¢ — 0, we must take 7 — oo with
€|?e™ = 213 and use the radial coordinate r instead of 7. Then n = pu,
n=u

K(r) — |e)*3/r, Ky(1) — (1+2coshp)/3, b(r) — k(r)/3r%,

and the warp factor goes into the KT one. We exactly reproduce the supersymmetric result
of section D, namely a KK spacing of order M; ~ |u|?/3/L%:. On the other hand, when
1 =0 we get ) = ie and 7 = p. Moreover Ky(7) = 2/(3K3(r)) and By = 0. The equation
simplifies to

M N2 I : h2
(95 M) (r)sinh™7 (E.9)

. B 1/3 / /_ 2 -
(sinh 27 = 20) P} — k> 01 2y 20173

In this case the KK spacing is of order M; ~ |e|?/3/L? ~ Meglueball- A similar computation
has been performed in [22].

F Slowing down the running

It could be useful to introduce some additional parameter to slow down the RG flow and
extend the throat, relaxing the bound on the number & of cascade steps derived from (5.7).
One possible way is by orbifolding. From a gravity perspective this is a natural choice,
since it reduces the volume of the D7-branes.

For concreteness, let us discuss the Zg non-chiral orbifold of the conifold:

2 +ize — 29 (z1 +iz2), 2 — iz — e 2T/Q (21 —iz9) , (F.1)

which is described by the equation 2y = (zw)? [48]. Suppose to start with the KT
background with N units of 5-form flux at some radius rqown and M units of 3-form
flux (with both N and M multiples of @), and with K D7-branes along the Kuperstein
embedding z4 = pu. The dual field theory group is SU(N + M) x SU(N), with the weakly
gauged MSSM SU(K) group attached to, say, SU(N + M). After the orbifold projection
we have N/@Q D3 and M /@ D5-branes on the physical space (as opposed to N and M on
the covering space), and still K D7-branes along z + w = 2iu. The dual field theory has
2Q nodes, half of which representing SU ((N 4+ M)/Q) and half SU(N/Q), with the MSSM
group attached to one SU((N + M)/Q), see figure 6. Notice that the warp factor as well
as the AdSs radius and the curvature are the same as in the original KT background.
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Figure 6. Quiver diagram for the Z, orbifold of the conifold with flavors. The quiver has 4 nodes
and is periodically identified.

As in section 5, we define “period” a piece of RG flow along which all nodes undergo
one Seiberg duality. Its radial length is

4
Tup = Tdown €395M (F.2)

the same as in the original KT background. At scale 7, the theory has Q SU ( (N+3M)/ Q)
nodes and @ SU((N + 2M)/Q) nodes. During the whole piece of flow, the messengers
contribute XM flavors to the MSSM group and then its -function is

Q
--36B )%

where we introduced the notation N = kM and k counts the would-be number of Seiberg

dualities in the original KT background — it is related to the radial coordinate by k/kir =
(3gsM /2m)log (r/riRr), as in (5.3). Therefore the running of the gauge coupling during one
period is

(F.4)

Az=A (8_7T2> _2m(2k/2+1)

g° 9sQ
After summing over the periods (k increases by 2 from period to period) we get the same
formula as in (5.7), but reduced by a factor of Q:

ale - 0‘6%/ ~ —498Q(k%v - kIZR) . (F.5)

This result is easily rederived in supergravity: when reading the MSSM gauge coupling
from the DBI action, the induced metric and warp factor are the same as in the original
KT background, but we only integrate over a 1/@Q fraction of the coordinate range.

If we apply the orbifold projection to the DKM solution, we find that the vacuum
energy is reduced by a factor of @) (while the scale e and the hierarchy are not modified),
because the number of anti-D3-branes on the physical space is p/@Q. Moreover the vector
meson spectrum is not modified, because in our DBI plus WZ computation both the kinetic
and mass terms are reduced by a factor of @ (for instance the whole action in (D.2)).
Therefore, even though a more refined analysis is desirable, orbifolding appears to be a

promising way to avoid possibly annoying constraints.
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