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Visible effects of the hidden sector
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The renormalization of operators responsible for soft supersymmetry breaking is usually calculated by
starting at some high scale and including only visible sector interactions in the evolution equations, while
ignoring hidden sector interactions. Here we explain why this is correct only for the most trivial structures in
the hidden sector and discuss possible implications. This investigation was prompted by the idea of conformal
sequestering. In that framework hidden sector renormalizations by nearly conformal dynamics are critical. In
the original models of conformal sequestering it was necessary to impose hidden sector flavor symmetries to
achieve the sequestered form. We present models that can evade this requirement and lead to no-scale or
anomaly mediated boundary conditions, but the necessary structures do not seem generic. More generally, the
ratios of scalar masses to gaugino masses, them term, theBm term, A terms, and the gravitino mass can be
significantly affected.
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I. INTRODUCTION: A SIMPLE ARGUMENT
FOR CONFORMAL SEQUESTERING

Anomaly mediation@1,2# is generally regarded as an in
teresting, and possibly predictive, scheme for soft supers
metry breaking parameters. In order that the anoma
mediated contributions dominate, however, it is necess
that the Kahler potential has a particular, ‘‘sequestere
form. Some arguments for how this structure might eme
for geometrical reasons in higher dimensional constructi
were given in Ref.@2#. However, in many situations in strin
and M theory, where one might have hoped to obtain g
metric sequestration, the Kahler potential does not have
required form@3#. The dominance of anomaly mediated co
tributions in geometric realizations seems to require that
underlying microscopic theory possess~non-Abelian dis-
crete! symmetries acting on the fields of the visible sect
However, such symmetries, if present, can already provid
solution of the supersymmetric flavor problem.

Luty and Sundrum~LS! @4# have proposed an interestin
alternative way of realizing anomaly mediation in fou
dimensional effective field theories called ‘‘conformal s
questering,’’ inspired, in part, by warped constructions
higher dimensions. They argue that in theories in which
hidden sector is conformal over a range of energies,
Kahler potential flows to the sequestered form. In this no
we will review and slightly recast these arguments. We w
stress that in the simplest realizations, as noted by LS, a
tional continuous or discrete symmetries are required
achieve the sequestered form. Amusingly, the symmetrie
this case must act on hidden sector fields, as oppose
1550-7998/2004/70~4!/045023~10!/$22.50 70 0450
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visible ones. We will then extend the analysis of LS to a cla
of models with gauge singlet fields which require smal
continuous or discrete symmetries. We also show that c
formal sequestering may be achieved without any hidd
sector flavor symmetries, but only under rather exceptio
circumstances or with specially chosen couplings to hidd
sector singlets.

Apart from the question of anomaly mediation, the obs
vations of Luty and Sundrum lead us to focus on anot
issue: the role of hidden sector interactions in the renorm
ization group evolution of operators responsible for visib
sector soft-breaking parameters. The standard method to
lyze theories with supersymmetry breaking in a hidden s
tor has been the following. One supposes that the scal
interactions which separates the visible from the hidden s
tor is M. ~We have in mind theories whereM is large, such as
theories of gravity mediation, or gauge mediation with ve
massive messengers.! One writes an effective actionfor the
visible sector fieldsat the scaleM, treating the hidden secto
fields as nondynamical background fields. This is a sup
symmetric theory with higher dimensional operators su
pressed by the scaleM which couple the visible and hidde
sectors. One then writes a set of renormalization group eq
tions for the higher-dimensional operators and evolves th
into the infrared,ignoring the hidden sector dynamics. Su-
persymmetry breakingF and D components of the back
ground hidden sector fields then give rise to visible sec
soft supersymmetry breaking parameters.

Stated in this way, it is clear that if hidden sector fields a
treated as dynamical, then in addition to the usual contri
tions due to visible sector interactions,hidden sector inter-
©2004 The American Physical Society23-1
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actions can also, in general, give rise to appreciable ren
malization group evolution of the operators responsible
soft supersymmetry breaking parameters.By considering the
evolution of different types of soft masses, one can quic
derive the results of LS, and extend them to a broader c
of models. In this note, we will explain this phenomenon fi
for globally supersymmetric theories, then for locally sup
symmetric theories. We will illustrate the point first using
simple theory where it is easy to perform explicit compu
tions, and we will then discuss gauge theories and confor
field theories, both weakly and strongly coupled. We revi
the analysis of LS, stressing, as they noted, that discrete s
metries are required in their models if anomaly mediation
to dominate. We then go on to construct models with sma
and possibly no symmetry requirements. The general
tures of hidden sector renormalization on the operators
sponsible for direct gaugino masses, them and Bm terms,
andA terms are also considered. The classes of models
sented here for conformal sequestering that do not req
microscopic discrete symmetries are shown to yield eit
anomaly mediated or no-scale boundary conditions. We c
clude with an assessment of anomaly mediation, argu
that, while it might occur in specially chosen models of ge
metric or conformal sequestering, it does not seem to b
generic outcome of framework more fundamental than t
with which we are currently familiar. But more generall
hidden sector interactions can have an important impac
the spectrum of soft supersymmetry breaking parameter

II. GLOBAL SUPERSYMMETRY

A. Yukawa theories

Consider a theory with two sets of fields,Q and T, with
superpotential

W5
1

3!
lT3, ~1!

where throughoutT are understood to be hidden sector fie
while Q are visible sector fields. Suppose that at the h
scale,M, there is also a higher-dimension, Kahler poten
coupling between the two sectors,

LTQ5cE d4uT†TQ†Q, ~2!

wherec(M );1/M2.
It is straightforward to compute the anomalous dimens

of the operator in Eq.~2!. In terms of supergraphs, there
only one vertex diagram; one also has to include a w
function renormalization of theT fields. The result is

dc53c
l2

16p2 ln~m/M !, ~3!

d

dt
c53

l2

16p2 c, ~4!
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where throughoutt[ logm is the logarithm of the renormal
ization scale. One can alternatively derive this result us
arguments along the lines of Ref.@5#. Think of Q as a back-
ground field, and define

Zo5~11cQ†Q!. ~5!

At one loop,Z is corrected; theT propagator is proportiona
to Zo

21 . So the self energy correction is proportional toZo
22 ,

and theT effective Lagrangian is@5#

LT5ZoS 12Zo
23 l2

16p2 ln~m/M ! DT†T, ~6!

which yields the same anomalous dimension for the oper
Lttqq .

Let us briefly comment on the background field calcu
tion above. Obviously, the wave-function coefficientZ is not
a measurable quantity, and physics can not depend on
change of normalization for kinetic terms. Thus we need
specify the effect of the redefinition~5! on the canonical
coupling lc5l/Z3/2. To keep the physical coupling un
changed would require a nonholomorphic, field-depend
rescaling of the superpotential couplingl. Since, in the limit
of interest,Q is a light dynamical field, such rescaling is n
consistent with maintaining a manifestly supersymme
Lagrangian. Therefore, the superpotential couplingl ~as op-
posed to the canonical couplinglc) must be held fixed.

Now we can consider the implications of this operator
supersymmetry breaking. Following LS we first imagine th
the F component ofQ has an expectation value. This give
rise to a soft mass forT,

mt
25cuFQu2. ~7!

According to Eq.~4!,

d

dt
mt

253
l2

16p2 mt
2 . ~8!

This agrees with the running of the mass predicted in suc
theory by the standard analysis; see, e.g. Ref.@6#.

Now we turn to the case of interest and suppose thatFT
Þ0 so that, atM,

mq
25cuFou2, ~9!

whereFo5FT(M ) is the F term vacuum expectation valu
~VEV! of T at the messenger scale. Notice that the soft m
is proportional to the vacuum energy in this globally sup
symmetric model. As a result of the running ofc, theQ mass
evolves. We need to also think about the renormalization
FT . GenerallyFT will be a function of other fields in the
model. If we assume that any non-perturbative renormal
tion of the superpotential is unimportant, then we can wr
the Lagrangian as before, butFT5ZT

21/2Fo , where FT

5FT(m) is theF term for the canonically normalized field a
the scalem. Furthermore,Fo should also be written in term
of the canonically normalized fields atm. So theQ mass
renormalizes with both the running ofc and the running of
3-2
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VISIBLE EFFECTS OF THE HIDDEN SECTOR PHYSICAL REVIEW D70, 045023 ~2004!
the vacuum energy. Relative to the vacuum energy, runn
of the soft mass is still given by a factorZT

23 . If the T sector
has a natural scale~e.g., the scale of supersymmetry breaki
in the hidden sector,Mhid), then the coefficient only runs
down to this scale.

To illustrate this, one can take an O’Raiferataigh ty
model, with

W5T~loA22jo
2!1moBA, ~10!

wherelo , mo , and jo are ‘‘bare’’ parameters, i.e., param
eters of the effective Lagrangian at the scaleM. For large
mo , only T develops anF term, FTo5jo

2 . At lower scales,
this expression can be written in terms of renormalized fie
and parameters, wherej25jo

2/AZT. Now suppose that at th
scaleM, the theory contains the operator

LAQ5a
1

M2 A†AQ†Q. ~11!

Since there is noF term for A, this operator does not give
soft mass forQ at tree level. However, at one loop, it induc
the operator of Eq.~2!, with the coefficient,

c52a
l2

16p2 ln~m/M !. ~12!

~All of the quantities in this expression are renormaliz
quantities; note that the wave function ofT is not important
at this order.!

So this example is more dramatic: the soft mass vanis
at the scaleM, but it is induced by the low energy dynamic
of the hidden sector under renormalization group evolut
to lower scales. Again, note that this operator only runs do
to the scale of theT interactions~i.e., roughly to the scalej).

B. Gauge theories

The effects of hidden sector gauge interactions on
running of operators which couple the visible and hidd
sectors can also be included. We wish to consider the re
malization of the operator of Eq.~2!. From our analysis of
the preceding section, we can proceed very simply. If
suppose first thatFQÞ0, the operator~2! generates a sof
mass for theT scalars. In a pure gauge theory, the running
this soft mass is well known:

d

dt
~m2! j

i 5
1

16p2 $8d j
i g4C~ i !Tr@S~r !m2#%, ~13!

whereC( i ) is the Casimir invariant appropriate to the sca
in question; the trace is a sum over all of the matter fiel
again withS(r ) being the appropriate character of the rep
sentation.

So we see that if we write the operator of Eq.~2! includ-
ing the most general flavor structure

Lttqq5 (
i j ;ab

ci j :abE d4uTi
†TjQa

†Qb , ~14!
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then, at weak coupling:

d

dt
ci j :ab5

1

16p2 $8d i j g
4C~ i !Tr@S~r !ci j :ab#% ~15!

~the trace is on thei , j indices!.
This running can be derived more directly working wi

Feynman graphs. One particularly simple approach is s
gested by a discussion of LS. For simplicity, consider
theory with vanishing superpotential andNf vectorlike fla-
vors. Study the flavor singlet operator:

Lttqq5c(
i j

E d4uTi
†TjQa

†Qa . ~16!

Various components of this operator may be considered
particular, one of the terms in this expression is a produc
currents,j T

m j mQ . In the limit c50, these currents are con
served. Since theQ’s are treated as noninteracting, it
tempting to say that the operator appearing here is not re
malized. Butj T

m is in general an anomalous chiral current.
the theory is regulated with a Pauli-Villars regulator of ma
M pv , then the renormalization can be determined by not
that because of the conformal anomaly the divergence of
current receives a contribution from the Pauli-Villars field
The matrix element of the corresponding dens
(M pvc̄pvcpv) is easily evaluated, and gives Eq.~15!.

Note that if we consider an anomaly free hidden sec
vector current, there is indeed no renormalization. The sa
holds for operators which are flavor nonsinglet in visib
sector fields~as was discussed in Ref.@4#!.

III. LOCAL SUPERSYMMETRY

The analysis of theories with local supersymmetry is sim
lar to the analysis of globally supersymmetric theories
scribed above. We first consider thelT3 model in the locally
supersymmetric case. As an example, we suppose tha
Kahler potential is that appropriate to ‘‘minimal gravity me
diation,’’ i.e., it is universal, with only quadratic terms in th
chiral fields in the Einstein frame:

K5T†T1Q†Q ~17!

~where we have restricted our attention to a model with o
these two fields!. We will ask, to orderl2, what sorts of
corrections are induced toK. Again, we will see that the
corrections account for the usual running of the soft mas

The conventional Einstein frame form for the action is n
the most convenient for this analysis. Instead, the stand
auxiliary field analysis@7,8# may be done in the superconfo
mal frame, where the Ricci scalar is multiplied by a functi
F, of chiral fields.F is related to the Kahler potential by:

K523 ln~2F/3!. ~18!

The Kahler potential of Eq.~17! corresponds toF which
includes
3-3
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F.T†T1Q†Q2
1

6
~T†T1Q†Q!2. ~19!

In this form, by focusing on particular terms in the comp
nent field action, it is easy to compute the renormalization
the various terms. In particular, the termT†TQ†Q is renor-
malized by the same diagrams~in terms of component fields!
as in the globally supersymmetric case. In other words,
functionF, at one loop in hidden sector fields, has the fo

F.~11dZ!T†T1Q†Q2
1

3
~T†TQ†Q!~122dZ!1•••

~20!

.T†T1Q†Q2
1

3
~T†TQ†Q!~123dZ!. ~21!

where

dZ5
l2

32p2 ln~m2/M2!, ~22!

and in the second line we have rescaled~renormalized! the
field T. The conventional Kahler potential is now given b

K.T†T1Q†Q1~123dZ!~T†TQ†Q!. ~23!

One can also check that this works properly in the Einst
frame. Some of the simplest terms to study are the qua
fermion couplings; it is easy to isolate them, compute th
renormalization, and infer the correction to the Kahler pot
tial. If FQÞ0, we again reproduce the standard running
the soft mass forT. But again, ifFTÞ0, we see that the sof
masses forQ run in the low energy theory.

A. Are hidden sector dynamics important?

In the next section, we will consider the proposal of Lu
and Sundrum that the supersymmetry-breaking sector
strongly coupled field theory, conformal over a range of e
ergies. In this case, the effects of hidden sector renorma
tion of the quartic terms in the Kahler potential are profoun
First, however, we ask what one might expect the size
these effects to be in asymptotically free hidden sector th
ries which are weakly coupled at the messenger scale.
will see that even in this case they can easily be of order
or larger.

As an example, we take our ‘‘hidden sector’’ theory to
an SU(N) gauge theory withNf flavors, Ti and T̄i , and a
singlet,S. We take the singlet to couple to one of the flavo
with superpotential:

W5lST1T̄1 . ~24!

The one-loop renormalization group equations for this the
are

dl2

dt
52

cl2

16p2 g212
N12

16p2 l4, ~25!
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dmT
2

dt
5

l2

16p2 ~2mS
214NmT

2!, ~26!

dg2

dt
52

2bo

16p2 g4, ~27!

wherem2 are the soft masses squared,c54(N221)/N, and
bo53N2Nf . The Yukawa coupling has an attractive qua
fixed point trajectory given by

l2

g2 5
c22bo

2~N12!
. ~28!

Restricting to this trajectory for simplicity, the one-loo
renormalization group equations formT

2 are easily solved,

mT
2~m!5mT

2~M !S g2~m!

g2~M ! D
[N/(N12)][(2bo2c)/bo]

. ~29!

As before, we can interpret this as the renormalization
the coefficient of the operatorT†TQ†Q, whereQ is a visible
sector field, which for the purposes of the calculation abo
may be thought of as having an auxiliary field expectat
value. To get a sense of how large the hidden sector re
malization effects can be, consider the exponent in~29!. In
the largeN limit at fixed Nf it becomes2

3 . So if the hidden
sector gauge coupling becomes strong, the effects can
sizable. The expression~29! is only valid at one loop, but the
loop expansion only begins to break down forg2(m)N
;16p2, illustrating the possibility of very large effects
Strong hidden sector dynamics is common in renormaliza
theories of dynamically broken supersymmetry. So la
renormalization effects should be typical of a wide classes
models.

Again, there are a variety of ways in which one mig
want to think about these results. Instead of studying
running of operators due to hidden sector interactions st
ing at the scaleM, one can alternatively~and equivalently!
adopt the viewpoint that one should take boundary con
tions for the renormalization group equations, not at scaleM,
but at the lower scale,Mhid . Of course, determining thes
conditions requires knowledge of the microscopic physics
M, and the full renormalization group evolution down
Mhid .

B. Gravitino mass

The gravitino mass is of course directly related to t
scale of supersymmetry breaking in the hidden sector.
suming the cosmological constant vanishes by a cancella
between auxiliary and superpotential expectation values,
gravitino mass squared is

m3/2
2 5

3uFu2

M p
2 , ~30!

where hereuFu2 is understood to be a sum over all renorm
ized auxiliary expectation values in the hidden sector. In
notation of Sec. II A, the renormalized values of individu
3-4
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expectation values areF5Z21/2Fo . So effects of hidden
sector renormalization appear also in the gravitino mass

In many models it is important to consider the effects
hidden sector renormalization on visible sector soft para
eters relative to the gravitino mass. This is particularly tr
for models of conformal sequestering since anomaly me
ated contributions to soft masses are suppressed by a
factor compared with the gravitino mass.

IV. THE LUTY-SUNDRUM MODEL

LS consider the case where theT fields are part of a gaug
theory which is nearly conformal over a range of scales. T
theories which they consider are required to have a glo
non-Abelian hidden sector flavor symmetry. They presen
sophisticated argument to determine the running ofc, but the
main features of the result are clear from our discuss
above. Again suppose first, for illustrative purposes, t
FQÞ0. Then atM, the T fields have a nonzero mass. Th
will exhibit nearly power-law variation with scale since th
hidden sector is nearly conformal. Thus the coefficientc of
the operator coupling the visible and hidden sectors doe
well. In a strongly coupled theory, the anomalous dimens
will be of order 1. Now, as in our perturbative discussi
above, we can consider insteadFTÞ0, to argue that the sof
masses for theQ’s will exhibit power law renormalization
since they arise from the same operator.

Actually, the analysis of LS provides further importa
information: as in our perturbation theory discussion, it de
onstrates that hidden sector flavor nonsinglet operators h
vanishing anomalous dimensions, while a certain hidden
tor flavor-singlet operator has anomalous dimension equa
the first derivative of the beta function at the fixed point@4#.
Since, by assumption, the fixed point is attractive, this
sures that the anomalous dimension of this operator is p
tive. If the coefficients of the nonsinglet operators vani
then, in the supergravity context, our analysis of the prec
ing section indicates what happens toF: it behaves as

F.T†T1Q†Q1O~e2b8t!T†TQ†Q. ~31!

This is the sequestered form of the Kahler potential. The
masses arising from direct couplings between the visible
hidden sectors are exponentially suppressed compared
the gravitino mass, and the anomaly-mediated contributi
dominate.

In the case of a weakly coupled pure gauge theory~the
Banks-Zaks theory@10#, to be discussed in more detail b
low!, we can use our earlier arguments to determine the
havior of the various operators. Thinking, again, of theFQ
fields as the origin of soft masses for theT fields, we can use
the known results for this evolution. At one loop, the anom
lous dimensions of the soft masses~in the absence o
gaugino masses and Yukawa couplings! vanish; at two loops
they are given by Eq.~13!, with g the value of the coupling
at the fixed point. Note that one sees immediately that
hidden sector flavor nonsinglet operators~14! have vanishing
anomalous dimension. The hidden sector flavor singlet
erator~14! with i 5 j flows to zero in the infrared.
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As we will see, even at weak coupling, it is easy to co
struct conformal field theories with much smaller glob
symmetries, in which almost all of the operator coefficien
tend to zero. This is demonstrated by simply introducing s
masses for the hidden sector fields and studying their ev
tion. Still, in the examples we study below, it is necessa
either to impose some discrete symmetry or arrange ra
special couplings in the hidden sector in order that anom
mediation dominate.

In the Sec. IV A, for completeness, we reproduce the
argument for the anomalous dimension. In Sec. IV B,
study weakly coupled fixed points, verifying the LS arg
ment, but also developing theories in which all of the s
operators tend to zero.

A. The anomalous dimension of the soft mass

We have given a rather explicit derivation of the runni
of the soft masses in gauge theory. However, there is ano
argument which generalizes straightforwardly to stron
coupled theories. The basic strategy, following Arka
Hamed et al. @5#, is to think of Z as a vector superfield
whose highest component is the soft mass. This is most
ily done for the flavor singlet case. We will return to th
nonsinglet case shortly. One wants to determine theZ depen-
dence of the effective action by studying the renormalizat
group evolution of the lowest component ofZ, and then use
this to infer the behavior of the highest component. LS co
sider a situation whereTT†QQ† should be thought of as
giving a correction toZT . They then use this sort of argu
ment to infer soft masses forQ. But this can just as well be
used to infer soft masses forT ~due toFQFQ

† ).
In a gauge theory, naively, there is only a uniform resc

ing of the kinetic terms, i.e., they are always proportional
Zo , theZ factor at the cutoff scale. This is because factors
Z in vertices are always compensated by factors ofZ in
propagators. Thinking ofZ as including the corrections to th
Kahler potential, as in Eq.~5!, this would seem to say tha
the soft masses are not renormalized, since the kinetic te
and soft mass terms would be rescaled by the same fa
On the other hand, we know that at two loops, there i
renormalization of the soft masses.

The resolution of this question was provided by Arkan
Hamedet al. As Shifman and co-workers explained orig
nally @9#, the Z dependence of the action is more comp
cated, because introduction of a regulator introduces neZ
dependence. This can be described by relating the phys
and holomorphic gauge coupling constants through the r
tion ~valid at all scales!

8p2

g2~m!
5

8p2

gh
2~m!

2Ncln g2~m!2Nf ln Z~m!. ~32!

This relation reconciles the exact Novikov-Shifma
Vainshtein-Zakharov~NSVZ! beta function with the require
ment that the coupling constant in the Wilsonian acti
evolves only at one loop due to the holomorphy. Once wa
function and holomorphic gauge couplings are promoted
background superfields, the physical coupling must also
3-5



th
hi

i
he
ba
c-

o

r-
t.

t
th

a
ng

er

at

the

r-
ary

the
ow

in

ass

p-
n
is-

DINE et al. PHYSICAL REVIEW D 70, 045023 ~2004!
treated as a real superfield. Similarly to the case of
Yukawa theories discussed in Sec. II A, the holomorp
gauge coupling must be held fixed while the perturbation
the Kahler potential is turned on. This requirement toget
with Eq. ~32! determines the relation between the pertur
tion of t58p2/g2, and the perturbation of the wave fun
tion, dZ:

dt5
dthol2Nf ln~11dZ /Z!

12N/t
. ~33!

It is easy to see thatdt does not evolve at one loop.
Let us use this to recover the result for the evolution

the soft masses quoted by Martin and Vaughn@6#. The usual
solution of the renormalization group equation forZ(m) is

Z~m!5Z~M !expS E
g(M )

g(m) dg8g~g8!

b~g8!
D . ~34!

Writing

b~g!52
g3bo

16p2 , g~g!5c
g2

16p2 , ~35!

this gives

Z~m!5Z~M !S gp
22~M !

gp
22~m!

D 2c/2bo

. ~36!

This is the standard evolution ofZ in terms of the gauge
coupling of theperturbed theory, tp5t1dt. Similarly to
the Yukawa theory, we can expand the above equation
terms of the perturbationdt. The dependence on the pertu
bation arises at orderg4—as expected, it is a two-loop effec
Expanding the above indt and using Eq.~33! gives the
correct beta function for the soft mass. This argumen
clearly another version of the calculation we described in
preceding section.

B. Weakly coupled conformal field theories

Let us study the problem of soft masses at a Banks-Z
fixed point. We will start with a conventional analysis, usi
the formulas in, say, Ref.@6#. The first two beta function
coefficients are

bo52~3N2Nf !
g3

16p2 , ~37!

b152F6N222NNf24Nf

N221

2N G S g2

16p2D 2

g. ~38!

Requiring that the beta function vanish gives, to this ord

Nf53N2e,
g* 2

16p2
5

e

6N2 . ~39!
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Here we will think ofN as extremely large, and ofe as an
integer of order 1. There will be corrections to this result
higher orders ing. In particular, at higher orders,g* is
scheme dependent.

Note that near the fixed point,

g5g* 1d, b5b8~g!d5bd5
e2

3N2 d. ~40!

So

d~ t !5d~0!e2bt. ~41!

Similarly,

g'c52
g2N

16p2 5c1dd, ~42!

wherec52(N/6)e; d52(2N/g)(g2/16p2). The renormal-
ization group equation forZ then leads to

Z~m!5Z~M !ect1(d/b)[d(t)2d(0)]. ~43!

Indeed, for the Banks-Zaks case the LS argument gives
correct anomalous dimension for the soft masses,g5b8 at
the fixed point. The coefficient out front also works out co
rectly, i.e., one gets the solution with the correct bound
condition to the renormalization group equations.

Following LS, we can obtain a general expression for
anomalous dimension, valid at strong coupling. LS ask h
the effective action depends onZo . Near the textbook solu-
tion of the renormalization group equation to first order
dt, the distance oft from the fixed point, is

Z~ t !5@Z~0!1dZ~0!#eg* t1(g8/b8)[dt(t)2dt(0)], ~44!

whereg8 andb8 are the derivatives of theg andb functions
with respect tot. From the NSVZ formula for theb func-
tion, we also have

b85Nf

g8

~12N/t!
. ~45!

Exploiting Eq.~33! we obtain

dt~ t !5
dthol1Nf ln@11dZ~0!/Z~0!#

~12N/t!
eb8t. ~46!

Substituting back into the expression forZ(t), the factor of
dZ(0)/Z(0) cancels, and we are left with

Z~ t !5Z~0!eg* teln[11dZ(0)/Z(0)]dt(t), ~47!

which reproduces the result for the running of the soft m
of the Banks-Zaks fixed point.

C. Purging flavor symmetries

As discussed by Luty and Sundrum, only a particular o
erator~14! with i 5 j , which is a flavor singlet under hidde
sector flavor symmetry, is renormalized in the theory d
3-6
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cussed above. The model has aU(Nf)3U(Nf) hidden sector
flavor symmetry at the classical level. All but one of th
operatorsTjTj

† contain, as theiruū components, nonanoma
lous conserved currents, and are thus not renormalized.
one exception is the anomalous axialU(1). As discussed
above, it is easy to derive the renormalization of this opera
at two loops from the anomaly. If one is to obtain anoma
mediation, it is then necessary to suppress all the opera
~14! which are flavor nonsinglet in the hidden sector at
high scale. In Ref.@4#, this is achieved through intricate hid
den sector discrete symmetries.

But our earlier discussion suggests that if we can c
struct a hidden sector conformal field theory~CFT! without
flavor symmetries, it should be relatively easy to suppress
operators~14! connecting the hidden and visible sectors.
discussed below, it is rather difficult to construct conform
models with only gauge-nonsinglet fields and without co
tinuous non-R global symmetries. But this can be accom
plished if hidden sector gauge singlet fields are included w
appropriate superpotential couplings. As an example, c
sider supersymmetricSU(N) QCD with Nf flavors andN
colors in the conformal window3

2 N<Nf,3N. We addNf
singlets,Si , with tree level superpotential

W5l(
i 51

Nf

SiTi T̄i , ~48!

which also results in an interacting conformal theory.
achieve such a coupling, one can impose anSNf

permutation
symmetry, or—even better—simply note that the equati
for the fixed point have such a symmetry at one loop. Bef
writing down explicit formulas note thatl has an attractive
fixed point; this can be easily verified at weak coupling. A
result, ignoring contributions from hidden sector gaugi
masses, many soft masses run to zero~this is a corollary of a
theorem of Nelson and Strassler@11#!. However, the mode
has Nf vectorlike conservedU(1)’s corresponding to the
Cartan subalgebra of the vectorSU(Nf) and the overall vec-
tor U(1). Correspondingly, theseNf linear combinations of
masses~or more precisely, coefficients of quartic operato!
do not run.

This models respects anSNf
permutation symmetry at th

fixed point, as well as aZ2 charge conjugation symmetr
which exchangesTi↔T̄i . If we suppose that this discret
SNf

3Z2 symmetry is exact in the microscopic theory, th
the dangerous operators would be absent, and anomaly
diation would dominate. The requisite number of symmetr
may be reduced further by introducing additional singl
with different couplings to the quarks. For example, add
Nf21 additional singlets,Si8 , with tree level superpotentia

W5l8 (
i 51

Nf21

Si8TiT̄i 11 ~49!

leaves the overall vectorU(1) as the only nonanomalou
non-R continuous symmetry. However, for theSU(N) gauge
group with hidden sector flavors, the most general sing
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superpotential couplings to mesons which preserve con
mal invariance cannot eliminate the overall vectorU(1)
symmetry. So in this class of models at least an exact disc
Z2 symmetry in the hidden sector is required in order
suppress all the dangerous operators~14! and obtain confor-
mal sequestering.

The requirement of an exactZ2 symmetry can be relaxed
in special circumstances. For theSU(N) gauge group with
flavors this possibility arises only for the special cases oN
54, Nf58 and N56, Nf59. In these cases baryon an
antibaryon operators with any flavor structure are exac
marginal and may be added to the superpotential with
spoiling conformal invariance. For example, for theSU(4)
with Nf58 theory the superpotential

W5l9~T1T2T3T41T̄1T̄2T̄3T̄4! ~50!

breaks the overall vectorU(1). With inclusion of a sufficient
number of singlets with couplings to mesons such as~48!
and ~49!, all continuous non-R symmetries are then broken
For SO(N) and SP(N) gauge groups with flavors, all th
flavor symmetries are axial. So for these two classes of th
ries with sufficiently many singlets, superpotential couplin
of the form~48! and~49! are alone sufficient to eliminate a
continuous non-R symmetries without requiring any micro
scopic discrete symmetries.

In the absence of gauge singlet fields it is rather diffic
to construct a single gauge group CFT which does not p
sess non-R continuous symmetries at the infrared conform
fixed point. A number of requirements must be met to obt
such a theory: First, in the theory with vanishing superpot
tial there must exist at least one chiral operator which tra
forms under each nonanomalous continuous non-R symme-
try. Second, at least one operator for each symmetry mus
exactly marginal withU(1)R chargeR52. This is a rather
nontrivial requirement since it is often the case that opera
which break global symmetries are in fact~marginally! irrel-
evant at a fixed point so that there are enhanced global s
metries in the infrared. And third, each such operator wh
breaks each symmetry must appear in the superpotentia
the interacting theoryafter including the most general set o
field redefinitions. Taken together these requirements
rather nontrivial and we expect that they are all satisfied o
in rather exceptional circumstances. However, one C
which does appear to satisfy all these requirements is su
symmetricSU(4) QCD with Nf58 flavors. As mentioned
above the baryon and antibaryon chiral operators of
theory are exactly marginal for any flavor structure, so a
ing these to the superpotential can break flavor symmet
without spoiling conformal invariance. For example, the s
perpotential couplings

W5l(
i 51

8

~TiTi 11Ti 12Ti 131T̄i T̄i 11T̄i 12T̄i 13! ~51!

break theSU(8)3SU(8)3U(1) nonanomalous symmetr
to U(1)12. And the superpotential couplings
3-7
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W5l8(
i 51

4

~TiTi 12Ti 13Ti 141TiTi 11Ti 13Ti 14

1TiTi 11Ti 12Ti 141T̄i T̄i 12T̄i 13T̄i 14

1T̄i T̄i 11T̄i 13T̄i 141T̄i T̄i 11T̄i 12T̄i 14! ~52!

break these remaining symmetries. So in this theory with
least these superpotential couplings, all the operators~14! are
suppressed by hidden sector conformal dynamics and con
mal sequestering results without any microscopic disc
symmetries.

We leave to future work the construction of all CFT
without continuous non-R symmetries; but conclude tha
without rather exceptional circumstances and/or without s
cially chosen couplings possibly to gauge singlet fields, s
CFT’s do not appear to be generic.

V. GAUGINO MASSES AND OTHER SOFT PARAMETERS

Hidden sector renormalization can in principle affect a
of the operators responsible for visible sector soft supers
metry breaking parameters, including not only scalar mas
but gaugino masses and them andBm terms. Gaugino Ma-
jorana masses require that a gauge singlet field acquir
auxiliary expectation value. This can be the conformal co
pensator of the supergravity multiplet~as is assumed to
dominate in anomaly mediation! or gauge singlet fields di
rectly in the hidden sector. Below we consider the effects
hidden sector renormalization on gaugino mass contribut
from the latter type of singlets. This is particularly releva
to the class of nearly conformal models introduced in
Sec. IV C in which hidden sector gauge singlets are int
duced in order to relax the requirement of hidden sector
vor symmetries.

The effective operators which yield gaugino masses fr
direct couplings to the hidden sector are of the form

clE d2uSWaWa , ~53!

where S is a hidden sector singlet,Wa is a visible sector
superfield strength, andcl(M );1/M . An auxiliary expecta-
tion value FSÞ0 gives a gaugino mass at renormalizati
scalem of

ml~m!5cl~m!FS~m!. ~54!

Since the operator~53! is linear in the singlet,S, the gaugino
mass~54! is renormalized by hidden sector dynamicsonly
through the wave function ofFS . From the discussion o
Sec. II A, the renormalized auxiliary expectation value
FS(m)5ZS

21/2FS,o whereFS,o5FS(M ) and ZS(M )[1. So
the gaugino mass is

ml~m!5cl~m!
FS,o

ZS
1/2

. ~55!
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Written in this way it is clear that the coefficientcl is renor-
malized only by visible sector dynamics. As an aside, n
that unitarity requires the renormalized wave function fac
of any gauge singlet field to be greater than one,ZS>1. The
renormalized auxiliary expectation value appearing in
gaugino mass~55! also appears in the gravitino mass~30!
which is likewise renormalized by hidden sector dynam
only through wave function effects. So we see that if sup
symmetry breaking is dominated by gauge singlet auxili
expectation values, thenhidden sector interactions do no
modify the operators responsible for direct gaugino s
masses relative to the gravitino mass. This is in contrast to
the operators~2! responsible for scalar soft masses which c
be either be suppressed or enhanced by hidden sector r
malization effects, as illustrated in Secs. II A and III A, r
spectively. This is also in contrast to visible sector renorm
ization of the operator~53! which is either positive or
negative depending on whether the gauge group is asy
totically free or not.

It is also possible to consider the effects of hidden sec
renormalization on the operators responsible for the Hi
sector m and Bm terms. The superpotentialm term, W
5mHuHd , can arise from hidden sector supersymme
breaking with an operator of the form

c8E d4uS†HuHd ~56!

where c8(M );1/M . Like the gaugino mass operator~53!
this operator is only linear in the hidden sector singletS. So
from the discussion above it follows that if supersymme
breaking is dominated by gauge singlet auxiliary expectat
values thenhidden sector interactions do not modify the o
erator responsible for them term relative to the gravitino
mass. The soft supersymmetry breaking LagrangianBm
term,L5BmHuHd , can arise from an operator of the form

c9E d4uT†THuHd ~57!

where c9(M );1/M2. This operator is bilinear in fields
which either transform under hidden sector gauge inter
tions or are gauge singlet, and is of the general form of
operators~2! responsible for soft scalar masses. So hidd
sector interactions can in principle either suppress or enha
the operators responsible for the directBm term relative to
the gravitino mass.

Finally, it is also possible to consider the effects of hidd
sector renormalization on the operators responsible for sc
trilinear A terms. These terms arise from operators of
form

cAE d4uSFFF, ~58!

where hereF are understood to be visible sector chiral mu
tiplets andcA(M );1/M . The specific prefactors of the op
erators~58! may depend on the underlying theory of flavo
Like the gaugino mass~53! andm term ~56! these operators
are also linear in the hidden sector singletS. So from the
3-8
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discussions above if follows that if supersymmetry break
is dominated by gauge singlet auxiliary expectation valu
thenhidden sector interactions do not modify the operato
responsible for Aterms relative to the gravitino mass.

There are clearly various possibilities for how hidden s
tor interactions might renormalize the different operat
which couple to the visible sector. So small, moderate,
even large ratios of different types of soft supersymme
breaking parameters could result, depending on details o
hidden sector.

One possibility for large ratios of direct soft parameters
the gravitino mass is the Luty-Sundrum class of models@4#.
The hidden sector is assumed to contain only gauge n
inglet fields and flow to an attractive conformal fixed poin
As discussed in Sec. IV C, with appropriately chosen disc
symmetries or a conformal sector without non-R-continuous
symmetries, the direct scalar masses are vanishingly sm
From the discussion above we see that the directBm term is
also vanishingly small. And since there are no hidden se
singlets, the direct gaugino masses,m term, andA terms also
vanish at leading order. Anomaly-mediated contributions
both scalar and gaugino masses then dominate. Them and
Bm terms must be generated by additional interactio
within the visible sector. This class of models, however, s
fers the problem of a tachyonic slepton endemic to all m
els of anomaly-mediated supersymmetry breaking. This
acceptable feature might be cured by yet additional vis
sector interactions.

An interesting ratio of direct soft parameters arises for
models of Sec. IV C with a hidden sector with an attract
conformal fixed point, and with sufficiently many single
with special couplings which break all the continuous no
R-symmetries. In this case, if hidden sector singlets do
nate the supersymmetry breaking auxiliary expectation
ues, then from the discussion above, for general opera
coupling the visible and hidden sectors the gaugino mas
m term, andA terms are of the order of the gravitino mas
ml;m;A;m3/2, while the direct scalar masses andBm
term are vanishingly small,mf

2 , Bm!m3/2
2 . The leading di-

rect contributions to the scalar masses are anomaly-med
and therefore loop-suppressed compared with the gau
masses. So this class of models yields an interesting se
no-scale boundary conditions. Scalar masses are gene
mainly from renormalization group effects in the visible se
tor proportional to gaugino masses and possiblyA terms.
Aside from theHu mass, all scalar masses are then nontac
onic. And theBm term is likewise generated by visible sect
renormalization effects proportional to the product
gaugino masses andm term. Note that these models yield
phenomenologically viable set of boundary conditions
the correct pattern of electroweak symmetry breaking w
out postulating additional visible sector interactions
modify soft parameters. However, since theA terms trans-
form under visible sector flavor symmetries, this class
models does not necessarily solve the supersymmetric fl
problem without an underlying theory of flavor.

VI. CONCLUSIONS

From the discussions of the previous sections, we d
two lessons. The first lesson has to do with the idea of c
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formal sequestering. In general, in a conformal field theo
we might expect large corrections to the operators wh
generate soft masses. LS have provided an elegant ana
which relates the anomalous dimensions of these operato
the derivative of the beta function at the fixed point, in
certain class of theories. But the present analysis also i
cates that generic conformal theories possess continu
non-R global symmetries and therefore do not lead, in a
general way, to sequestering. Many of the dangerous op
tors which could violate visible sector flavor symmetries, f
example, simply do not run. One must suppose that th
operators are absent from the microscopic theory. But i
theory like string theory which contains gravity, there are
continuous global symmetries, so one must suppose tha
absence of these terms results from hidden or visible se
discrete symmetries, with a very special structure. Indeed
the original Luty-Sundrum model, an intricate set of hidd
sector discrete symmetries are imposed in order to ob
sequestering. However, we have seen that it is fact poss
to obtain conformal theories without non-R continuous sym-
metries, but only in rather exceptional cases or with speci
chosen couplings to gauge singlet fields. In the end, it is
clear to us that this can be viewed, in any sense, as a ge
outcome to be expected of some sort of more fundame
theory. Only a full survey of such theories might give a
indication.

We view this result as a positive one. In general, in thin
ing about beyond the standard model physics, there are
limits to our speculations. But the realization that geome
cal separation does not lead, generically, to sequestering
gests that anomaly mediation is not a likely outcome of a
fundamental theory, such as known string models. Con
mal sequestering, as originally proposed, requires the s
sorts of discrete symmetries as geometric sequestering, if
to dominate. We have seen that it may be possible to ach
such sequestering without discrete symmetries, but this p
nomenon does not seem generic.

The second lesson is quite general: the evolution of
operators responsible for soft parameters cannot be d
mined without knowledge of hidden sector dynamics. It
not enough to start with knowledge of the operators wh
couple the hidden and visible sectors at, say, the Planck s
and evolve these down to low energies using only visi
sector dynamics. Hidden sector dynamics will also lead
evolution of the operators. If the hidden sector is, as o
might imagine, strongly coupled in order to break supersy
metry, these effects could be quite large. The Luty-Sundr
model is an extreme example of this phenomenon. Alter
tively, and equivalently, it is necessary to provide bound
conditions for the renormalization group equations for t
operators, not at the scaleM, but at the scale at which th
hidden sector decouples,Mhid .

It should be remarked that the importance of hidden s
tor dynamics discussed in this paper is an issue for
Wilsonian approach to renormalization, where by definiti
dynamics in both the hidden and visible sectors are in
grated out scale by scale. In this approach the hidden se
can affect physics over all scales down toMhid and must be
3-9
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taken into account in the running of the nonrenormaliza
operators which couple the hidden and visible sectors. H
ever, since the hidden and visible sectors are by defini
not coupled through renormalizable interactions, the effe
of each sector on the running of nonrenormalizable opera
factorize. It is then possible, in principle, to integrate out t
hidden sector completely and arrive at a one particle irred
ible effective action for visible sector fields alone. In th
case, the presence of nontrivial hidden sector dynamics
be subsumed into the boundary conditions for the visi
sector soft parametersat the messenger scale M. In this ap-
proach, hidden sector dynamics does not directly affect
renormalization group running of visible sector paramet
below the messenger scaleM. But, as discussed here and
is apparent in the Luty-Sundrum model, it can have an
portant impact on the relative magnitude of different s
parameters at the high scale. In particular ratios of sc
masses to gaugino masses, them term, theBm term,A terms,
and the gravitino mass, can be significantly affected.
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