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One-scale model of dynamical supersymmetry breaking
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A model of gauge-mediated supersymmetry breaking is constructed in which the low-energy physics de-
pends on a single dynamical scale. The strong coupling dynamics of gauge theories plays an important role, in
particular through its effects on beta functions and through confinement. The model does not have distinct
messenger and supersymmetry-breaking sectors. The scale of supersymmetry breaking is of the order of
10–100 TeV, implying that the decay of the next-to-lightest superpartner into the gravitino is prompt. Super-
oblique corrections are enhanced. A Dirac fermion and one complex scalar, in a 10 or10 of ~global! SU~5!, are
predicted to be relatively light and to satisfy certain mass relations with the standard model squarks and
sleptons.@S0556-2821~98!01423-4#

PACS number~s!: 12.60.Jv, 11.15.Tk, 14.80.Ly
h
k-
ta

e
ib
rt

ki
ve

pe

f
u

rg
rm
s
to

ry
ng

en

ch
els

ing

rum.
try
eak

g,
ctor
rg

ry-
-
ible
els

e
he

the

m-
y a

ge,
et-

pt
no
tely
has
e
tro-
he
e

it is
ls.

u-

e
the
I. INTRODUCTION

Supersymmetry, broken dynamically, solves the gauge
erarchy problem@1#. Communicating supersymmetry brea
ing to the superpartners of the minimal supersymmetric s
dard model~MSSM! via the ordinary SU~3!3SU~2!3U~1!
gauge interactions provides a natural explanation for deg
eracy of the squarks and sleptons, avoiding large contr
tions to quark and lepton flavor violation from the superpa
ners. Such gauge-mediated supersymmetry-brea
~GMSB! models@2–9# are therefore very attractive and ha
received much attention recently@10–24#. In principle, with
GMSB, the scale of supersymmetry breakingAF could be as
low as;4pmW /aW;30 TeV, wheremW is the weak scale
and aW is the weak fine structure constant. WithR parity
conservation and withAF&1000 TeV, there is the exciting
prospect of observing the decay of the next-to-lightest su
partner~NLSP! into the gravitinoG̃ and ordinary particles in
a typical particle physics detector@10–24#. Furthermore, the
decay rate intoG̃ scales asF2 and gives a sensitive probe o
the supersymmetry-breaking sector. One candidate for s
an event, with two leptons, two photons, and missing ene
has already been reported by the Collider Detector at Fe
lab ~CDF! Collaboration@25#. Interpreting the photons a
coming from the prompt decay of the lightest neutralino in
a photon and gravitino requiresAF&100 TeV.

Nearly all explicit models of dynamical supersymmet
breaking with GMSB predict a supersymmetry breaki
scaleAF which is in the range 1032108 TeV—too high to
allow the prompt decay of the NLSP into the gravitino@7–
9,26–41#. ~The only reported exceptions@42–44# may or
may not have a strongly-coupled local minimum with brok
supersymmetry, and also have supersymmetric vacua.! There
are several reasons why GMSB models typically have su
large supersymmetry breaking scale. In all GMSB mod

*Email address: strasslr@ias.edu
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the ordinary superpartners gain mass though loops involv
‘‘messenger’’ particles which carry SU~3!3SU~2!3U~1!
quantum numbers and have a nonsupersymmetric spect
In some modelsAF must be high because supersymme
breaking is communicated to the messengers via some w
coupling from a dynamical supersymmetry breaking~DSB!
sector @7–9,26–33#. In other, more aesthetically pleasin
models the messengers are an integral part of the DSB se
@34–41,45#, as first suggested by Affleck, Dine, and Seibe
@46#. The latter models typically have many particles car
ing SU~3!3SU~2!3U~1! interactions, with perturbative uni
fication of the standard model gauge couplings only poss
if the additional particles are very heavy. Most such mod
constructed to date achieve SU~3!3SU~2!3U~1! unification
by having two or more scales involved in th
supersymmetry-breaking dynamics, with the majority of t
new particles at a messenger mass scaleM which is much
heavier than the supersymmetry breaking scale. Since
ordinary superpartner masses are proportional toF/M , both
scales are required to be rather high.

In this paper we present a model of dynamical supersy
metry breaking whose low-energy physics is determined b
single energy scale of order 100 TeV. To our knowled
this is the first explicit, natural model with no supersymm
ric minima, all scales generated dynamically, and prom
decay of the NLSP into the gravitino. The model has
segregation of DSB and messenger sectors, is comple
chiral and contains no fundamental gauge singlets. It
limits in which one can show that the global minimum of th
potential breaks supersymmetry but leaves color and elec
magnetism unbroken. Perturbative unification of t
SU~3!3SU~2!3U~1! interactions is possible and gives th
usual successful prediction for sin2 uW. As our example is
strongly coupled at the supersymmetry breaking scale,
somewhat less predictive than most explicit GMSB mode
Still, many of the usual GMSB predictions survive. Unfort
nately it is difficult to solve them problem in this model.

In Sec. II we give an quick overview of the model. W
prove the model breaks supersymmetry in Sec. III. Since
©1999 The American Physical Society04-1
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ANN NELSON AND MATTHEW J. STRASSLER PHYSICAL REVIEW D60 015004
model has complicated behavior due to strong coupling,
review various facts about strong dynamics inN51 super-
symmetric gauge theories in Sec. IV. In Sec. V, we give
more detailed discussion of the model’s dynamics, and t
justify our claims carefully. The low-energy properties of t
model are explained in Sec. VI; the reader who is mai
interested in the implications for experiment can skip to t
section. The conclusion contains a summary of our resu

II. THE MODEL: A FIRST SKETCH

The model we consider contains, in addition to the st
dard model, a dynamical supersymmetry-breaking se
with gauge group Sp~4!3SU~3!3SU~2!. We will refer to the
coupling of the standard model color and weak interacti
as g3

SM and g2
SM to distinguish them fromg3 and g2 of the

3-2 supersymmetry-breaking sector. The matter conten
the model is given in Table I. The SU~5! in the last column
is the usual grand unification group containing the stand
model. Although we do not require gauge group unificat
and treat SU~5! merely as an approximate global symmet
we consider only complete multiplets of SU~5! in order that
standard model gauge coupling unification be maintain
@The SU~5! assignments could be charge conjugated with
changing the model.#

First, we give a brief motivation for the model. The field

q,ū,d̄,l make up the matter content of the famo
supersymmetry-breaking SU~3!3SU~2! model of Affleck,
Dine, and Seiberg@47–49# ~the ‘‘3-2 model’’!. The Sp~4!
gauge group has a total of eight fields in its fundamen
representation, coming fromT̄ andV̄, and consequently will
confine at low energies@50#, at a scaleLcont. The resulting
massless bound statesĀ5(V̄V̄), B̄5(T̄V̄), C̄5(T̄T̄), have
the correct quantum numbers to pair up with the fieldsA,B,C
and become massive. Thus, below the Sp~4! confining scale
the theory will consist of the standard model, the mass
fields of the 3-2 model, and massive fields which couple
both sectors and act as messenger fields by communic
the supersymmetry breaking of the 3-2 model to the stand
model.

For the model to behave in this way requires a super
tential

TABLE I. Quantum numbers of chiral superfields in the mod
SU(5)G is a global symmetry containing the standard model.

Sp~4! SU~3! SU~2! SU(5)G

q 1 1

ū 1 1 1

d̄ 1 1 1

l 1 1 1

T̄ 1 1

V̄ 1 1

A 1 1 1

B 1 1
C 1 1 1
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W5WSM1W3-21Wm1Ws , ~1!

whereWSM is the standard model superpotential,

W3-25l0qūl ~2!

is the usual superpotential of the 3-2 model, and

Wm5yAAV̄V̄1yBBT̄V̄1yCCT̄T̄ ~3!

serves to give masses to the messenger fields. Finally,
couplings

Ws5h1Cql1h2Cūd̄ ~4!

are not needed to ensure an acceptable pattern of symm
breaking but will help avoid having stable heavy messen
particles. Note that this is the most general renormaliza
superpotential consistent with gauge symmetry which d
not couple the MSSM to the DSB sector. For simplicity
the following discussion, we will assume theh1,2 couplings
are small and have little effect on the dynamics, although
is not essential or even likely, since they get enhanced
strong coupling effects.

The dynamics of the theory is intricate. The SU~3! gauge
coupling is expected to flow slowly due to higher loop e
fects, and approach a fixed point at extreme low energy. A
result, the scaleL3 is washed out by the dynamics. By takin
L4!L3 , we can arrange that Sp~4! confinement, at the scal
Lconf, occurs when the couplingg3 is substantial. Associated
masses of orderLconf for theB,B̄ andC,C̄ fields remove all
SU~3!-charged fields except those of the 3-2 model. T
SU~3! beta function then becomes large, causingg3 imme-
diately to blow up, breaking supersymmetry. We therefo
expect the scaleAF of supersymmetry breaking to be o
order the dynamical scaleLconf.

Thus, in this model the messengers and the supersym
try breaking lie at or near the same scale, which we take
be of order 10–100 TeV. Note that the model has neit
vectorlike matter nor nondynamical mass scales. The g
itino is light, and its properties are similar to those of oth
low-scale GMSB models; it can serve to explain t
e1e2gg event observed at CDF@25#.

The model has another feature which appears in cer
regions of parameter space. As we will see below, the
that the fieldA is a 4-3-2 gauge singlet tends to make theAĀ
dynamical mass smaller thanLconf. As a result, the Dirac
fermion cA ,c Ā and the complex scalarA might ~but need
not! be much lighter thanLconf. ~The scalarĀ is a composite
of strongly interacting fields and will get a larg
supersymmetry-breaking mass.! The mass spectrum of thes
fields is interesting and will be discussed in detail in S
VI B.

The effects on the standard model superpartners rese
those in usual GMSB models that have heavy messen
charged in both the supersymmetry-breaking and stand
model groups. However, because the supersymme
breaking sector is strongly interacting, and because the m
sengers have masses nearLconf, there is no separation o

.

4-2



s
o
a
ke
od
p
th
s
-
er

at
e

k
ec
s

rs

an
fa
ec
m
a

er

e

m

a

l-
al

t
lin
al
ica
-

,
e

-

es a

the
su-
ge

for

var-
ues
m-

h
en
s
ups
ps
t,
ale
in

ee-
e-

rgy.
l

ical

ONE-SCALE MODEL OF DYNAMICAL SUPERSYMMETRY . . . PHYSICAL REVIEW D 60 015004
scales in this model. In fact one cannot really talk of a ‘‘me
senger sector’’; the strong dynamics as a whole is resp
sible for the message. The effective action below the sc
Lconf is already far from supersymmetric. This can ma
some aspects of the model quite different from GMSB m
els with weakly coupled messenger sectors. For exam
the overall scale of the gaugino masses is unrelated to
of the sfermion masses because of the strong dynamic
the scaleLconf. Also, there are relatively large ‘‘super
oblique’’ corrections to gaugino couplings, of ord
a i

SM log(Lconf/mcA
)/(4p). Still, the strong couplings of the

model preserve an approximate SU~5! global symmetry,
which ensures that masses of different gauginos are rel
by standard model gauge couplings, and similarly for sf
mion masses.

III. BREAKING OF SUPERSYMMETRY

In this section we will demonstrate that the model brea
supersymmetry, first showing the model has no flat dir
tions at the quantum level, and then demonstrating that
persymmetry is broken for a generic choice of paramete

A. Absence of flat directions

Our model has no flat directions at the quantum mech
cal level, and hence no supersymmetric minima infinitely
away in field space. Here we study the classical flat dir
tions, which are labeled by holomorphic invariants built fro
the chiral fields. To simplify the discussion, we rescale
Yukawa couplings to 1.

Any holomorphic invariant involving fields charged und
Sp~4! must involve one ofV̄V̄, T̄V̄ or T̄T̄. The first two are
set to zero by theF-flatness conditions]W/]A50 and

]W/]B50, while ]W/]C50 assuresT̄T̄52(ql1ūd̄). Us-

ing ]W/]ū505]W/]d̄ and antisymmetry, one can show th

operatorsT̄T̄C,T̄T̄ū,T̄T̄d̄ are all zero. The operatorT̄qqT̄
also vanishes; sinceqqql is identically zero, theF-flatness

conditions ]W/]C505]W/] l imply that T̄qqT̄}ūqqd̄

}Cqqd̄, which in turn is zero by]W/]ū50. All operators

which involve only the 3-2 fieldsq, ū, d̄, andl must be zero.
Finally there are some classical flat directions which co

bine A, B, andC with the 3-2 fieldsq, ū, d̄, l. However, as
we now show, even these are removed by quantum mech
cal effects.

Along any classically flat direction with expectation va
ues for A, B, or C, some of the fields in the fundament
representation of Sp~4! ~components ofV̄ and/orT̄) will be
massive. The number of remaining massless fundamen
may be six, four, two or zero. In each case, strong-coup
dynamics of the Sp~4! group @50# then generates a potenti
energy. If the number remaining is six, then the class
moduli space of the Sp~4! theory is modified by the con
straint that V5T3;LL

8 @here LL is the low-energy Sp~4!
strong-coupling scale#. The requirements]W/]A5]W/]B
5]W/]C50 imply thatV5T350 for a zero-energy vacuum
in contradiction to the previous condition. If the number r
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maining is 4~2!, the Sp~4! theory generates an Affleck-Dine
Seiberg superpotential via instantons~gaugino condensation!

which again lifts the flat directions. And if all of the fieldsV̄

and T̄ are massive, then gaugino condensation generat
superpotentialW5LL

3, where againLL is the low-energy
Sp~4! strong-coupling scale, related byLL

95A2BCL4
5 to the

high-energy Sp~4! strong-coupling scaleL4 . Thus, in terms
of the original fields, the low-energy superpotential isW
5(A2BCL4

5)1/3, and the equations ]W/]A5]W/]B
5]W/]C50 then require the expectation values ofA,B,Cto
vanish for a zero-energy vacuum.

B. Dynamical supersymmetry breaking

Having established that there are no flat directions in
model, we now proceed to show that the model breaks
persymmetry. We need only show this in a particular ran
of L4 , L3 andL2 ~these are the strong coupling scales
the three new gauge groups.! Holomorphy inL i /L j ensures
there will be no phase transitions as these couplings are
ied; at worst there may be singular points for special val
of L i /L j , which we can choose to avoid. Thus, if supersy
metry is broken for any open set of values forL i /L j , then it
will be broken for most values ofL i /L j .

Although we will eventually construct a model in whic
L3.L4@L2 , it is easiest to show supersymmetry is brok
in the regimeL4@L3@L2 . The large separation of scale
allows us to treat the strong dynamics of the gauge gro
one at a time, with the remaining weakly coupled grou
~including the standard model! serving as spectators. Firs
the Sp~4! gauge group becomes strongly coupled at the sc
L4 . It confines, and the low-energy dynamics is given
terms of the mesonsĀ5(V̄V̄)/L4 , B̄5(T̄V̄)/L4 , C̄

5(T̄T̄)/L4 , which are massless in the absence of a tr
level superpotential. Note that we have normalized the m
sons to have dimension one, as is appropriate at low ene
The resulting matter content~aside from the standard mode
fields! is given in Table II.

The strong dynamics of the theory generates a dynam
superpotential@50#

TABLE II. Quantum numbers of chiral superfields after Sp~4!
confines.

SU~3! SU~2! SU(5)G

q 1

ū 1 1

d̄ 1 1

l 1 1

Ā 1 1

B̄ 1

C̄ 1 1

A 1 1

B 1
C 1 1
4-3
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Wdyn5
ĀĀB̄C̄

L4
. ~5!

The superpotential of the theory is now

W5WSM1W3-21WM1Ws1Wdyn, ~6!

whereWSM, W3-2, andWs are the same as before and

WM5yAL4AĀ1yBL4BB̄1yCL4CC̄ ~7!

is Wm reexpressed in terms of the composite fields. This
set of interactions results in masses of orderL4 for the fun-
damental fieldsA, B, andC and the composite mesonsĀ, B̄,
and C̄. Without changing the infrared dynamics, we m
integrate out the massive fields, eliminatingWM and Ws
from the superpotential and changing the Ka¨hler potential by
high dimension operators. The 3-2 sector and standard m
sector are then connected only by irrelevant interactions,
the former, as shown by Affleck, Dine and Seiberg, bre
supersymmetry at a scale determined byl0 , L2 andL3 .

IV. BETA FUNCTIONS AND ANOMALOUS DIMENSIONS

Our model exhibits a number of interesting and sub
strong-coupling phenomena, which we will discuss carefu
Because of this, we begin with a review of some dynami
relations in supersymmetric theories, which provide tools
semiquantitative analysis of strongly coupled theories. Th
tools will not be powerful enough to make our results una
biguous, but they will provide evidence that the model e
hibits the qualitative features which we need to make use

In N51 supersymmetric theories there are relationsh
between beta functions and anomalous dimensions
Yukawa couplingy0 in the superpotentialWY5y0f1f2f3
has a beta function which is a function of all the oth
Yukawa couplingsyi and gauge couplingsgk in the theory.
Non-renormalization theorems inN51 supersymmetric
theories ensure that all vertex functions are trivial and tha
running of couplings comes through wave function ren
malization. Consequently, the beta function ofy0 is related
in a simple way to the anomalous mass dimensi
gn(y0 ,yi ,gk) of the fieldsfn :

by0
5

1

2
y0@g1~y0 ,yi ,gj !1g2~y0 ,yi ,gj !1g3~y0 ,yi ,gj !#.

~8!

The running of gauge couplings is slightly more comp
cated, but still related linearly to the anomalous dimensi
of the fields. According to@51,52# the couplinggk runs as

bgk
52

gk
3

16p2

3C2~Gk!2(pT~fp!@12gfp
#

12~gk
2/8p2!C2~Gk!

. ~9!

Here C2(Gk) is the second Casimir operator of the gau
group Gk for which gk is the coupling, the sum in the nu
merator is over all matter fieldsfp , T(fp) is half the index
01500
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of the representation offp underGk , andgfp
is the anoma-

lous dimension offp . Note that to leading order in the cou
plings this expression gives

bgk
52

gk
3

16p2 b0 ; b0[3C2~Gk!2(
p

T~fp!, ~10!

whereb0 is the well-known coefficient of the one-loop co
rection to the gauge coupling.

There are also conditions which follow from theN51
superconformal algebra, which constrains the properties
theories at exact or approximate fixed points. One of thes
the ‘‘unitarity condition.’’ In any four-dimensional confor
mal field theory, unitarity implies that no gauge invaria
operator~except the unit operator! can have dimension les
than 1 @53–55#. Any operator whose dimension is exact
one must satisfy the Klein-Gordon equation, and cannot
teract with any other fields. These facts will apply also to a
operator which is gauge variant only under a very wea
coupled gauge group: as it must have dimension greater
one in the limit of zero gauge coupling, perturbation theo
in the small gauge coupling ensures that its dimension can
be much below 1. A related consequence is that when
gauge couplings are small, a field with a large Yukawa c
pling always has a positive anomalous dimension.

Another condition relates the R charge of a chiral opera
and its anomalous dimension@53–55#. At a superconformal
fixed point there is a special R current that appears in
same superconformal multiplet as the energy-momen
tensor and the supersymmetry current. At a fixed point,
dimension of a chiral operator is32 times its R charge, from
which its anomalous dimension may be calculated.~The re-
sult always agrees with results which follow from the be
functions above.! An important implication of this result is
that, since R charges are additive, the dimension of a c
posite chiral operator is equal to the sum of the dimensi
of its chiral constituents. This can be restated as resul
from the absence of short-distance singularities when
two chiral operators are brought to the same point.~Similar
statements of course apply to antichiral operators.! Unfortu-
nately, the general theory has an infinite set of R symmetr
and often it is impossible to determine which of them a
pears in the multiplet of currents.

An important corrolary of the above results involves t
running of Yukawa couplings. Consider a set of fields w
gauge couplingsg and Yukawa couplingsy with anomalous
dimensionsg(y,g). Unitarity ensures thatg(y,0) is positive.
It is easy to check thatg(0,g) is negative for a charged field
for small g. Together with Eq.~8!, these imply that a
Yukawa coupling involving charged fields will be irreleva
for g!y but may become relevant asg becomes of ordery.
By contrast, a Yukawa coupling for three gauge-neut
fields is always irrelevant.

V. THE MODEL: A CAREFUL RENDERING

We now provide an detailed overview of the model, ma
ing claims about the dynamics which we justify later in th
and in the following section. Our approach is semiquant
4-4
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ONE-SCALE MODEL OF DYNAMICAL SUPERSYMMETRY . . . PHYSICAL REVIEW D 60 015004
tive and relies on the dynamical relations described in S
IV.

We consider the model in the regimeL3.L4@L2 . The
standard model couplings andg2 are smaller than the gaug
couplingsg3 ,g4 , and can be neglected in most of our ana
sis. The Yukawa couplingsl0 ,yL ,yB ,yC may not be small
~though we do assume for simplicity thath1 ,h2 are small.!
The renormalization-group flow of the gauge and Yuka
couplings cannot be known exactly, but can be analyzed
ing Sec. IV. A possible form for the behavior of the co
plings is sketched in Fig. 1.

Before any gauge couplings are strong~assuming there is
such a range! the Yukawa couplings are all irrelevant. Onc
g3 becomes strong, however,l0 , yB , andyC may become
relevant; they are certainly relevant when they are small,
therefore they become or remain large. By contrast,yA is
irrelevant and may become small. A theory of SU~3! with
seven triplets and antitriplets, along with some SU~3! sin-
glets and Yukawa couplings, is expected to flow to a conf
mal field theory in the far infrared~see Sec. V A!. The gauge
coupling g3 and the relevant Yukawa couplings will ru
slowly as they gradually approach an infrared fixed po
Our knowledge of the properties of this fixed point is limite
We know that it should preserve the global SU~5! symmetry.
We also know that it occurs outside of perturbation theo
and so the theory begins to look conformal only at scales
below L3 . In fact the theory is unlikely to be extremel
close to the fixed point when supersymmetry breaks,
though SU~5! will still be a good approximate symmetry~see
Sec. V F!.

The Sp~4! group has a negative beta function wheng3 is
small. The strong coupling effects ofg3 might in principle
change the sign ofbg4

, but they do not, as shown in Se
V B. Consequently, the Sp~4! coupling grows. As it become
strong the couplingyA will become relevant, though it ma
not have a large energy range in which to grow. The ot

FIG. 1. Possible renormalization group flow for the most imp
tant couplings. The actual flow could be very different; this figure
for illustration only.
01500
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relevant Yukawa couplings are expected to remain large.
coupling g4 is not expected to reach a fixed point~a con-
spiracy would be needed to allow for this possibility, s
Sec. V B! and so at some scaleLconf—a real physical scale
not to be confused with the holomorphic scaleL4—Sp~4!

confines. Below this scale, meson degrees of freedomĀ

5V̄V̄/L4 , B̄5V̄T̄/L4 , C̄5T̄T̄/L4 best describe the long
distance physics, and the theory possesses the fields of T
II. The factors ofL4 are convenient in order to have a hol
morphic definition of these fields which has mass dimens
one. However, an additional nonholomorphic dimensionl
factor is necessary for these composite fields to be can
cally normalized. While this factor cannot be computed,
can be estimated on physical grounds to be such that ifyA is
large ~of order 4p!, then the mass ofA is of order Lconf.
Similar considerations normalizeB andC.1

Since the couplingsyB andyC are strong, the fieldsB,B̄
andC,C̄ have masses of orderLconf. This leaves the SU~3!
group below this scale with only two triplets and a large b
function; g3 blows up at once, at a scale of orderLconf.
Sincel0 is large, supersymmetry is broken immediately
SU~3! strong coupling effects, withAF close toLconf ~see
Sec. V C!.2 This vacuum is likely to preserve color and ele
tromagnetism, as argued in Sec. V D.

The Yukawa couplingyA may be driven small, as ex
plained in Sec. V E, and the fieldsA,Ā therefore may have a
supersymmetric mass somewhat smaller thanLconf. There
are also light particles from the 3-2 sector: the goldstino a
one other particle whose presence is required by anom
matching@58#. Finally, there are the light fields of the stan
dard model. We now would like to integrate out the dyna
ics above the scaleLconf and write an effective theory for the
light degrees of freedom valid below this scale. However,
dynamics of the supersymmetry breaking is stron
coupled, and reliable quantitative analysis is impossible
qualitative approach to this effective Lagrangian is theref
necessary. We will use naive dimensional analysis to e
mate various quantities which cannot be computed@56,57#.
Although there is no empirical evidence that this works
strongly coupled theories other than QCD, we expect s
estimates to be off by no more than an order of magnitu

The act of integrating out the supersymmetry-break
sector introduces soft supersymmetry-breaking terms at
scaleLconf. Fields which couple strongly to the supersym
metry breaking, such as the composite scalarsĀ, will have
supersymmetry-breaking masses of order 4pF/Lconf ~see
Sec. VI A!. TheĀ,A fermions obtain supersymmetric mass

1Note that the superpotential~7! is misleading; the masses ofA, B,
andC are of orderLconf , not L4 , as a result of this normalization
factor, which appears in the Ka¨hler potential.

2In an entirely strongly coupled theory, with no small dimensio
less parameters, naive dimensional analysis@56,57# would give F
;Lconf

2 /(4p). Since in our theory the weak couplingg2 can sup-
press supersymmetry breaking, as shown in Sec. V D, we will k
F a free parameter.

-
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of order yALconf/(4p)—chiral symmetry protects them
against supersymmetry-breaking masses. TheA scalars
discover supersymmetry breaking only via the we
couplingsyA and the standard model gauge couplingsak

SM,
and hence ~see Sec. VI B! have masses of orde
max@yALconf/(4p),ak

SMF/Lconf#. All the MSSM fields
couple to the supersymmetry-breaking sector via stand
model gauge couplings, as in usual GMSB models. A mo
fied version of the usual results@7–9# applies—both gaugi-
nos and scalars acquire masses of orderak

SMF/Lconf ~see
Sec. VI B!. Since AF lies close toLconf, we take Lconf

;30– 1000 TeV andAF;10– 100 TeV. Such low values o
AF lead to rapid decays of the next-to-lightest superpart
to a gravitino, as discussed in Ref.@10–24#.

The large splittings in the messenger multiplets lead
substantial superoblique corrections@59,60#; these are esti-
mated in Sec. VI B. Trilinear scalar couplings and them
problem—a difficulty in this model—are discussed in Se
VI C. Finally, in Sec. VI D, we explain a couple of ways t
avoid stable messenger fields, as required to prevent con
with experiment.

A. The SU„3… physics

It has been argued that the theory of SU~3! with seven
triplets and antitriplets reaches an infrared fixed point@61#.
At this fixed point the charged fields have negative anom
lous dimensions, so Yukawa couplings involving either tw
charged fields and a singlet or three charged fields~such as
l0 ,yB ,yC) are relevant and drive the theory away from th
fixed point. Does the theory flow to another fixed point in t
infrared, or behave altogether differently? It is possible
construct theories, with relevant Yukawa couplings, wh
preserve noR charges that could be part of a unitary confo
mal field theory; in such cases a low-energy fixed poin
unlikely ~though not impossible, since accidentalR symme-
tries may arise in the infrared.! However, in our theory, there
are R charges, and corresponding candidate infrared fi
points, which are consistent with unitarity and with th
Yukawa couplings of the superpotential of Eq.~1!. These
would preserve the SU~5! global symmetry which contain
the standard model. On the other hand, there is insuffic
flavor symmetry to determine theR charges at the fixed poin
and confirm that unitarity is not violated. Thus we cann
provide an argument that the couplings we have chosen d
do not lead to a fixed point.

However, for our present purposes, such an argumen
not really necessary. Even if the SU~3! theory does not reach
an approximate fixed point, it is likely that its beta functio
will be very small, much smaller than the one-loop estima
@This is certainly true if the Yukawa couplings are small, d
to SU~3! two-loop corrections.# A slow-running coupling
constant tends to wash out physical effects involving
scaleL3 . Meanwhile, in the effective theory below the sca
of Sp~4! confinement, the SU~3! beta function is rather large
so for a substantial range ofL3 andL4 , the physical scales
associated with strong Sp~4! and SU~3! dynamics are close
together, and close to the supersymmetry breaking sc
Furthermore, if SU~5! is a roughly approximate symmetry a
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high energy, it will be preserved even when the SU~3! cou-
pling becomes large. We will explain how this occurs in S
V F.

B. The Sp„4… beta function

We need to show thatbg4
,0 at all scales, so that Sp~4!

confines rather than reaching a conformal fixed point. Wh
g4 is small, this can be proven. Wheng4 is large, a proof is
not possible, but we will show it is unlikely thatbg4

reaches
a zero.

The beta function for Sp~4! is given by

bg4
52

g4
3

16p2

92~3/2!@12g T̄#2~5/2!@12g V̄#

12g4
2/2p2

52
g4

3

16p2

51~3/2!g T̄1~5/2!g V̄

12g4
2/2p2 . ~11!

Above L3 the one-loop formula is approximately correct,

bg4
525

g4
3

16p2 , ~12!

and g4 grows logarithmically with coefficient 5. However
onceg3 is large we expect thatT̄ has a negative anomalou
dimension, and onceyB is large thenV̄ will have a positive
anomalous dimension~by unitarity!. The effect ofg T̄ will
tend to makeg4 run more slowly, while that ofg V̄ will tend
to make it run more quickly.

The operatorT̄T̄T̄ is charged only under Sp~4!. When
g4!1, the unitarity condition demands thatT̄ have dimen-
sion close to or greater than 1/3, and thusg T̄>24/3
2O(g4

2). It follows that the function 51(3/2)g T̄

1(5/2)g V̄ , which appears in the numerator of the beta fun
tion, is greater than or of order 3 in this regime. Thusg4
remains asymptotically free, but may run more slowly th
the one-loop estimate, leadingLconf to be much lower than
L4 .

For largeg4 a different argument is necessary. Onceg4

becomes large, then, in the limitg25gi
SM50, V̄V̄ andV̄T̄T̄T̄

are gauge invariant, implyingg V̄.21, 3g V̄15gV.210.
Unfortunately this allows the Sp~4! beta function to be arbi-
trarily close to zero, and it could reach zero when the ga
couplingsg2 ,gi

SM are nonzero or when other small SU~5!
violation is accounted for. While we cannot rule this out, w
note that it requires extreme values ofg T̄ which are unlikely
to be attained. It is more likely that the Sp~4! beta function
remains negative, though rather smaller in magnitude t
normally expected for a theory undergoing confineme
This suggests thatLconf!L4 , which is of relevance in Sec
V E below.

C. Supersymmetry breaks at the scaleLconf

Can we be sure that the SU~3! coupling blows up close to
the scaleLconf and not well below that scale? Consider t
caseL4@L3 , with smalll0 ,yB ,yC . In this case, the Sp~4!
4-6
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theory confines at the scaleL4 , leaving the theory with the
fields in Table I. The SU~3! beta function coefficientb0

changes from 2 to 3. The fieldsB,B̄,C,C̄ have masses o
orderyBL4 ,yCL4 ; below these scales,b057. The one-loop
analysis for the SU~3! coupling is reasonably good in thi
case, and we find the coupling blows up at

L3L5L4@yB
5yC#1/7@L4 /L3#2/7. ~13!

The small fractional powers indicate that the Sp~4! dynamics
controls the divergence of the SU~3! coupling even wheng3
is small atL4 . We expect this will be all the more true whe
yB ,yC are large andL3.L4 , in which case the SU~3! cou-
pling will be substantial, and slow running, down to the sc
Lconf.

Since the strong SU~3! physics drives supersymmetr
breaking, and since no couplings~except possiblyyA , see
Sec. V E! are small, we expect supersymmetry breaking
occur at a mass scaleAF within an order of magnitude o
Lconf. We will show in Sec. V D that for sufficiently sma
g2 there is a supersymmetry-breaking vacuum withF
;g2

3/7Lconf
2 that preserves the standard model gauge gro

and we will assume the theory lies in this vacuum even
g2;1.

D. An acceptable supersymmetry-breaking vacuum

Although we have shown supersymmetry is broken, t
is far from showing that the vacuum of the theory is ph
nomenologically acceptable. In particular, the stand
model gauge groups must not be broken.

For L2 sufficiently small and L4.L3 , there is a
supersymmetry-breaking vacuum in which no field w
standard model charges gets an expectation value. Firs
call that whenL4→` the low-energy theory is the 3-
model with massive messengers, and so whenL2→0, super-
symmetry is restored, even for finiteL4 . WhenL250 there

are flat directions labeled by the operatorsqū,qd̄,l which
carry only SU~2! quantum numbers. Classically, the sup

potential setsqū to zero, butqd̄ and l may still have expec-
tation values, both of which may be nonzero as long asql
[qi l je i j 50. This allows the expectation values

q5Fa 0 0

0 0 0G ; d̄5@ ā 0 0#; l 5Fb0G , ~14!

where uau5uāu. Along this flat direction the Sp~4! gauge
group is unbroken while the SU~3! gauge group breaks t
SU(2)I with five massless flavors~the fieldsq1,d̄ are eaten

and have massug3au, while ū,l have massl0b; B,T̄,C are
massless.! The strong coupling scale of this group isL I

5L3
2l0^ l /qd̄&. Take a,bL4.L3.L I ; then the confining

dynamics of Sp~4! gives mass to the messengers leaving
SU(2)I theory with no massless flavors and a strong c
pling scaleLL

65yB
5yCl0L3

2L4
5^ l /qd̄&. The low-energy su-

perpotential is just given by the gaugino condensation
these variables:
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WL5F yB
5yCl0L3

2L4
5^ l &

^qd̄&
G 1/2

. ~15!

Sincea,b@L I , the Kähler potential for these fields is trivial
and so the potential energy along this direction is

VI~a,b!5uyB
5yCl0L3

2L4
5uF 1

4uba2u
1

ubu
2uau4G . ~16!

This is minimized ata,b→` with ub/a4u→0.
We have assumed to this point thatL250. For L2

!LL , the only effect of the gauged SU~2! will be the po-
tential energy from theD terms

V2~a,b!5g2
2~ ua2u1ub2u!2, ~17!

whereg2 is the SU~2! coupling at energy scales of ordera,b.
The minimum of the potentialV11V2 can be seen to be a
a;b;@g2

22yB
5yCl0L3

2L4
5#1/7@L3 ,L4 , where the vacuum

energy density is of order

F25g2
6/7@yB

5ycl0L3
2L4

5#4/7. ~18!

Notice thata,b go to infinity andF goes to zero asg2→0, as
expected; thus our assumption thata,b@L3 is consistent for
small g2 . The standard model gauge group is not broken
this vacuum, which, for sufficiently smallg2 , is certainly the
true minimum of the potential.

We have therefore found that our model
supersymmetry-breaking vacuum preserves the stan
model gauge group whenL4.L3@L2 . However, the re-
gime of interest,L3.L4@L2 , is not calculable. While we
cannot prove that the above vacuum continues to be st
~or sufficiently metastable! into this regime, it is reasonabl
to assume that it does so for some range of parameters,
that forg2;1 it leads toF;Lconf

2 . Nonetheless, since supe
symmetry is restored foryA50, and the dynamics of the
theory tend to driveyA small at low energy, the effects o
this parameter deserve further discussion.

E. Why yA is small

We claimed thatyA is likely to be small, leadingĀ,A to
be light. In this section, taking an idealized limit, we clari
why yA is driven small, and explain why we cannot estima
its size. We also explain why we cannot determine a low
bound onyA from the requirement that the global vacuum
phenomenologically acceptable.

In particular, suppose that the couplingsg3 ,l0 ,yB ,yC are
all large at the Planck scalemP and chosen so that the theo
reaches the~conjectured! infrared fixed point discussed in
Sec. V A at energies nearmp . Suppose also thatg45gi

SM

50. We do not know the anomalous dimensionsg V̄ , gA ,
but the contribution from the couplingsyA , yB are inevitably
positive by unitarity~Sec. IV!. In particular,g V̄ need not be
small in magnitude even whenyA is very small. Conse-
quentlyyA is irrelevant@see Eq.~8!#, and is driven small as a
power ~most likely less than 1! of the energy:
4-7



im
c

e-

n

we

nc

a
rd

e
n

in

t
es

m
t

or

-

tia
s-
r

n
c-

th
,

e a

n.
t
at

ini-
ed,

oup

n
hose

e
-
del,
be

rre-
en-
.

e
ine

, the

and
u-
le.
do

e
te
n
no

d
ed

he

le a

hit a
tion

ANN NELSON AND MATTHEW J. STRASSLER PHYSICAL REVIEW D60 015004
yA~m!<yA~mP!S m

mP
D g

V̄
*

, ~19!

whereg
V̄
* is g V̄ at the SU~3! fixed point ~at whichyA50).

Accounting forg4 , gi
SMÞ0 makes very little difference

until g4 becomes substantial nearL4 , making the anomalous
dimension ofV̄ smaller and probably negative. The Sp~4!
physics will causeyA to change by some unknown factork4 ,
probably greater than one. As noted in Sec. V B, the reg
in which g4 is large may be extended by a small beta fun
tion, leadingk4 to be larger than naively expected. But b
cause the SU~3! physics is nearly scale invariant, andyA is
negligibly small at low energies, it follows that forL4 and
Lconf much smaller thanmP , the confining physics of the
Sp~4! theory is independent ofL4 /mP . In turn this implies
that k4 is independent ofL4 for small L4 . The low-energy
value ofyA is thus a monotonic decreasing function ofL4 :

yA~Lconf!&yA~mP!S L4

mP
D g

V̄
*

k4 . ~20!

By varying the couplings atmP , maintaining onlyL3
.L4 , we may easily obtain any low-energy value ofyA that
we want, as long as it is not very large. We therefore have
prediction foryA ~especially ask4 cannot be calculated,! and
so we will always consider it a free parameter, which
expect to be smaller than unity.

The one additional concern one might have is that si
supersymmetry is restored foryA50, due to the flat direction
AV̄V̄ which breaks the standard model gauge group, perh
the global minimum of the potential will break the standa
model gauge group ifyA is driven small. However, as w
will now see, it cannot be shown that this occurs, and so
conclusions may be drawn.

Specifically, in the limit yA50, the model develops a
classical flat directionAV̄V̄. This flat direction is not lifted
quantum mechanically, as can be seen through the follow
argument. The expectation value forV̄ gives mass to four
triplets in B and four antitriplets inT̄, but leaves one triple
B5 behind. The SU~3! gauge theory thus has three massl

flavors q, B5, ū, d̄, C. This gauge group has a quantu
modified moduli space, and so at large expectation values
classical moduli space is not modified. The theory theref
has vacua at infinite expectation values forA, V̄ and the
massless SU~3! fields, with a potential energy which is es
sentially flat at large vacuum expectation values~VEVs!.

If yA is nonzero and small, however, a quartic poten
for A and V̄ lifts these nearly flat directions. With the a
sumption of largêA& and^V̄&, there is no vacuum, even fo
arbitrarily smallyA . Therefore,̂ A& and ^V̄& must be small;
but will they be zero in the vacuum, as required phenome
logically? We can look for a minimum at very small expe
tation values; in this case the confining of Sp~4! and the
breaking of supersymmetry occurs as in Sec. V D, with
only effect of smallyA to makeA, Ā massive. Locally, then
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there is a minimum witĥ A&5^V̄&50. Unfortunately, we
cannot be sure this is a global minimum; there could b
minimum for Lconf,^V̄&,L3 , where strong coupling ef-
fects make a reliable computation impossible.

Note that our model involves a slightly different situatio
We are not assuming thatyA is small at high scales, only tha
it may be driven small at low energy. The flat direction
large ^V̄& is therefore strongly lifted. Still, it is likely that
there is a lower bound on the low-energy value ofyA below
which the standard model may be broken in the global m
mum of the potential. As this bound cannot be calculat
and depends ong2 , we leave the low-energy value ofyA as
a free parameter without a lower bound.

Is it possible, even when the standard model gauge gr
is conserved, that the supersymmetry-breaking scaleF de-
pends onyA , and perhaps becomes much less thanLconf
when yA!1? This seems unlikely to us. We have show
there is a acceptable supersymmetry-breaking vacuum w
value for F is controlled byg2 @Eq. ~18!#; in the limit of
smallg2 , finite yA , this vacuum is the true minimum. In th
limit of small yA , finite g2 , the conjectured vacuum dis
cussed in this section, which breaks the standard mo
might be the true minimum; its energy density would
proportional to a power ofyA . We would expect there to be
a first-order transition between these two vacua, and a co
sponding discontinuous transition in the functional dep
dence ofF on g2 and yA . In the allowed minimum of Sec
V D, the yA dependence ofF is subleading; conversely, ifF
depends strongly onyA , then the theory is probably in th
unacceptable vacuum. Thus, although we cannot determ
the range ofg2 and yA for which the theory prefers the
acceptable vacuum, we can assume that when it does so
supersymmetry-breaking scaleAF depends very little onyA

and remains of orderg2
3/14Lconf.

F. The SU„5… global symmetry and coupling constant
unification

We have added extra matter to the standard model,
thus run the risk that we will drive the standard model co
plings to a Landau pole below the string or Planck sca
Furthermore, we have added additional interactions which
not exactly satisfy SU~5! relations and which can becom
strong. In this section we confirm that unification at fini
coupling is possible, and that SU~5! can be preserved as a
approximate global symmetry, provided that there are
strong violations of SU~5! at the Planck scale.

First, we consider the limit in which SU~5! is preserved
by the superpotential Eq.~1!, and we verify that the standar
model couplings can unify at finite coupling. We have add
five triplets and antitriplets to SU~3!SM in Table I, which
change the perturbative QCD beta function coefficientb0
from 13 to 22. These fields disappear from the theory at t
scaleLconf;100 TeV, except for the fieldscA , c Ā , A. A
one-loop analysis indicates this is a borderline case, whi
two-loop analysis ignoring the Yukawa couplings in Eq.~1!
would suggest that the standard model gauge couplings
Landau pole below the Planck scale. However, the situa
4-8
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is modified by the Yukawa couplings.
In particular, the QCD beta function aboveLconf reads

bg
3
SM52

~g3
SM!3221~3/2!gA1~3/2!gB12g V̄

123~g3
SM!2/8p2 . ~21!

~For simplicity of discussion, we ignore in this expressi
the anomalous dimensions of standard model fields, as
erated by standard model gauge and Yukawa couplings.! At
energy scales well aboveLconf but belowL3 , whereg3 is
large, the expectation is thatgA is positive,g V̄ is positive,
and gB is negative. IfyB were small,g V̄ and gA would be
very small andg3

SM would run faster than the one-loop anal
sis would suggest. However, becauseyB is large, and be-
causeyA may be large at high scales,gA andg V̄ need not be
small, and likely makegs

SM run moreslowly than the one-
loop analysis. Once we approachLconf and g4 becomes
large, the analysis is even less under control; no argum
can be constructed indicating either thatg3

SM must run faster
or slower than perturbatively indicated. Finally, belowLconf,
the QCD beta function becomes negative, although the sc
A and the fermionscA , c Ā will reduce the QCD beta func
tion slightly below its MSSM value. Altogether the unce
tainties in the anomalous dimensions prevent us from d
onstrating unambiguously thatg3

SM remains finite, but since
the theory at one loop is marginally acceptable, there lik
exists a region of parameter space in which this is the c

Suppose thatg3
SM does not reach a Landau pole; wh

about the other standard model couplings? It is well-kno
that addition of complete SU~5! multiplets to the standard
model does not ruin coupling constant unification. This
true at one loop in the standard model couplings and to
orders in other couplings. The proof in a supersymme
theory is direct. As seen in Eq.~9!, to leading order in a weak
coupling constant the beta function is proportional simply
g3 times 3C2(Gk)2(pT(fp)@12gfp

#. The usual statemen
of coupling constant unification is that a complete SU~5!
multiplet $f j% preserves unification because( jT(f j ) is the
same for each standard model group factor, leading to e
shifts in b053C2(Gk)2(pT(fp) for the three groups and
preserving both unification and the unification scale. In t
case, the SU~5! multiplets have large anomalous dimensio
due to strong interactions involving the 4-3-2 sector. Ho
ever, since the fields$f j% all have the same anomalous d
mensiong$f j %

@by approximate SU~5! flavor symmetry# the

sum ( jT(f j )@12gf j
#5@12g$f j %

#( jT(f j ) is essentially
the same in each standard model group factor. Again, u
cation is preserved.

Thus, if g3
SM does not hit a Landau pole, neither willg2

SM

or g1
SM. Furthermore, coupling constant unification will b

preserved despite the strong coupling effects.
Now, we consider the possibility that SU~5! is broken in

the superpotential Eq.~1!. In this case the multipletsV̄, A, B
must be broken up into their component multiplets under
standard model gauge group, each with its own anoma
dimension. As an simplified example, suppose thatyA is very
small and that we can ignore it and the fieldA. Consider the
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fields B, V̄, which contains as submultiplets a color tripl
and antitripletB3 , V̄3 and weak isodoubletsB2 , V̄2 . Let us
consider the effect on the couplingyBBT̄V̄, which now be-
comes two couplingsy3B3T̄V̄31y2B2T̄V̄2 . The anomalous
dimensions of the relevant fields are given at one loop b

16p2gB2
'2y2

22
16

3
g3

2, 16p2gB3
'2y3

22
16

3
g3

2,

16p2g V̄2
'

3

2
y2

22
15

2
g4

2, 16p2g V̄3
'

3

2
y3

22
15

2
g4

2,

~22!

16p2gT'
1

2
~3y3

212y2
2!2

16

3
g3

22
15

2
g4

2.

The beta functions fory2 andy3 are

by2
5

1

2
y2~gB2

1g V̄2
1g T̄!; by3

5
1

2
y3~gB3

1g V̄3
1g T̄!.

~23!

Consider the ratior 5y2 /y3 ; its beta function can be written

1

r

]r

]m
5~gB2

2gB3
1g V̄2

2g V̄3
!'

7

64p2 y2y3S r 2
1

r D .

~24!

Thus, if the product of the Yukawa couplingsy2 , y3 is small,
both couplings will grow with the ratior remaining fixed.
However, the effect of the Yukawa couplings on ther beta
function will causer eventually to relax toward one. We se
then that when theyB couplings become large, as we expe
them to be at low energy, SU~5! violation tends to be driven
small.

A similar analysis shows that the couplings denotedyA
are also driven toward SU~5! universality if they are large,
though not if they are small. Either way, the effects of SU~5!
violation are not large and will not prevent unification
standard model gauge couplings.

In conclusion, this model probably allows the unificatio
of standard model couplings. All strong couplings will b
nearly SU~5! preserving as a result of strong dynamics; we
couplings may violate this global symmetry. We will se
some physical consequences of this symmetry below.

VI. BELOW THE SCALE OF SUPERSYMMETRY
BREAKING

In this section we discuss various predictions and inter
ing features of the model which are relevant for energies
the TeV region and below, including mass relations betwe
sfermions and theA, cA , c Ā fields, large superoblique cor
rections, and possible decay modes for theA, cA , c Ā par-
ticles.
4-9
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A. Spectrum of the light non-standard-model fields

It is helpful first to consider the limit where standa
model gauge couplings andyA are taken to be arbitrarily
small ~ignoring the appearance of a supersymmet
preserving vacuum atyA50.) All the standard model fields
andA, cA are decoupled. The only interacting light fields a
c Ā and the light fields in the supersymmetry-breaking 3
sector. Here we discuss their interactions and properties

For simplicity, we will assume that the 3-2 sector, whi
breaks supersymmetry, does not break its U~1!-
‘‘hypercharge’’ flavor symmetry. This is true for smalll0
@58# but may not be true forl0 large. With unbroken hyper
charge, the 3-2 sector has two light particles after supers
metry breaking: the GoldstinoG, which is eaten by the grav
itino and obtains a massF/()mP), and a fermionh
required to saturate the ‘‘hypercharge’’ anomalies. We w
refer to the superfield containingh asSh , and the superfield
containing the Goldstino asX.3 If instead the hypercharg
symmetry is broken, there will be a massless Goldstone
son to replaceh. However, the difference is irrelevant fo
present purposes, as its effect on phenomenology
standard-model-charged particles is limited to the decay
the heavy fieldsB, B̄, which have mass of orderLconf.

Before getting into the discussion of the specific sca
masses in our model, we note that supersymmetry-brea
scalar mass-squared terms are of two types, ‘‘holomorph
and ‘‘nonholomorphic,’’ that are of differing size in the lim
of small supersymmetry breaking. Holomorphic scalar m
terms are defined to be those which couple scalar field
the same chirality. In the limitF!Lconf

2 , supersymmetry-
breaking nonholomorphic scalar mass terms for a gen
strongly coupled superfieldF come from terms in the Ka¨hler
potential of the form

16p2

Lconf
2 E d4uF†FX†X, ~25!

which will give F a nonholomorphic~of type FF†)
supersymmetry-breaking mass squared of or
(4pF/Lconf)

2. Holomorphic supersymmetry-breaking sca
mass terms~of type F2) can also be induced. To see th
one can minimize the scalar potential and solve for theF
auxiliary field in the presence of Ka¨hler terms in the effective
theory such as

4p

Lconf
E d4uF†F~X†1X!, ~26!

and effective superpotential terms such as

E d2umF21H.c. ~27!

One then finds a scalar mass-squared term in the poten

3Note that theF term ofX is justF, the Goldstino decay constan
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FF21H.c. ~28!

The superfieldSh is a participant in the strong couplin
dynamics of the 3-2 sector. Naively one might guess tha
scalar component gets a supersymmetry-breaking m
squared of orderF. In fact, a more careful analysis, using
supersymmetric effective Lagrangian, shows that forAF
!Lconf its mass is much smaller than this, because the
broken U~1! symmetry prevents the scalar from getting
holomorphic mass term. The mass squared of theSh scalar
thus gets only a nonholomorphic contribution, of ord
(4pF/Lconf)

2.
The field Ā is composite at the scaleLconf, and so its

scalar component also gets a nonholomorphic mass squ
m

Ā

2
of order (4pF/Lconf)

2. We will assumethis mass
squared is positive; since it is induced through strong c
pling it cannot be computed.

Now let us consider turning onyA . This gives theA,Ā
multiplets a supersymmetry preserving mass, of sizemC

;uyAuLconf/(4p). In particular,cA andc Ā become a Dirac
fermion CA . Also induced are a holomorphi
supersymmetry-breaking mass squaredmAH

2 and a nonholo-
morphic supersymmetry-breaking mass squaredmA

2 for the
scalarA. Their sizes are set by the following consideratio
all supersymmetry-breaking interactions involvingA are me-
diated through its coupling toĀ, and are therefore sup
pressed by one power ofyA /(4p) for eachA on an external
leg. We find therefore that mAH

2 ;yAF and mA
2

;(yAF/Lconf)
2;(yA/4p)2m

Ā

2
.

Next, when the standard model gauge couplings are m
nonzero, the gauge bosons lead to a conventional pos
gauge-mediated contributionmGM

2 to theA,Ā scalar masses

squared, of order (ak
SMF/Lconf)

2. The A,Ā scalar mass-
squared matrix thus has the form

A*

Ā

A Ā*

S mC
2 1mA

21mGM
2 mAH

2

mAH
2 mC

2 1m
Ā

2
1mGM

2 D . ~29!

For smallyA , one linear combination of the scalars, which
mostly A, is relatively light.

The experimental signatures of theCA and A scalar de-
pend on which one is lighter. WhenyA is sufficiently small,
i.e., for yALconf/(4p)!ak

SMF/Lconf, the fermion CA is

lightest member of theA,Ā multiplet. Otherwise, it is not
possible to say which is lighter. Note that the masses of
B,B̄ multiplet have a similar form to those ofA,Ā, except
that we expectyB to be large, and so none of these partic
will be light.

B. The message of supersymmetry breaking

In conventional models of GMSB, violations of supe
symmetry in the MSSM sector can be reliably comput
from diagrams containing loops of particles carrying or
4-10
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nary gauge charges. In our model, one might be tempte
compute superpartner masses by considering loops con

ing the A,Ā and B,B̄ fields. However, unless a theory ha
messengers with a canonical Ka¨hler potential and a mass
squared matrix with vanishing supertrace, the squark
slepton masses come from ultraviolet divergent diagrams
are sensitive to the high-energy, strongly coupled phys
The squark, slepton and gaugino masses are computab
the limit L4@L3.L2 and yA ,yB ,yC ,l0!1. In this limit,
all the fields carrying standard model gauge charges are
fectively weakly coupled below the scaleL4 . In contrast,
our model has some large Yukawa couplings andL3.L4 .
Here, the situation is not so straightforward, even ifyA and
yB are small and theA,Ā,B,B̄ messengers are much light
thanLconf.

To see the limitations of perturbative computation, co
sider the limit yA , yB!1 and AF!uyAuLconf, uyBuLconf
!Lconf. In this case the nonholomorphic mass terms for
fields A,Ā,B,B̄ are suppressed, as is the supertrace of t
mass matrices, and all members of these supermultiplets
pear as effectively weakly coupled fields below the sc
Lconf, with masses of orderyALconf/(4p), yBLconf/(4p).
As we discussed in the previous section, holomorp
supersymmetry-breaking scalar mass squared termsmAH

2 ,

mBH
2 , of typeAĀ, BB̄ respectively, appear in the low-energ

effective theory, withmAH
2 ;yAF andmBH

2 ;yBF. The non-
holomorphic supersymmetry-breaking scalar mass terms
of order (4pF/Lconf)

2 and are relatively suppressed. In th
limit, which we will call the ‘‘holomorphic’’ limit, the con-
tributions of theA andB messengers to the ordinary supe
partner masses are positive and of orderak

SMF/Lconf, and
can be perturbatively computed once their masses
known. Note that these contributions are independent ofyA
andyB . But this is not the whole story. Near the scaleLconf,
there could also be a host of broad resonances, with stan
model quantum numbers and supersymmetry-breaking h
morphic mass-squared terms of order 4pF, which give an
equally large contribution to the superpartner masses. S
lar conclusions can be reached by applying naive dim
sional analysis to graphs involving all the fundamen
strongly coupled fields. It is therefore not appropriate to
gard theA,Ā andB,B̄ superfields as the only messengers
the message is carried by the supersymmetry breaking s
as a whole.

We do not expect the holomorphic limit to apply, how
ever. We expect thatyA is small, so the holomorphic mass
squared termmAH

2 , which is proportional toyA , does not

dominate over the nonholomorphic termm
Ā

2
, which is pro-

portional to (4pF/Lconf)
2. When the supertrace of the me

senger masses squared does not vanish, the contributio
the messengers to the squark and slepton masses squa
logarithmically divergent in the low-energy effective theor
This divergence is cut off in the full theory, but logarithms
the ratios of messenger masses toLconf can appear in the
squark and slepton masses.

By considering the contribution of loops containing t
A,Ā multiplet to ordinary sfermion masses squared@62,35#,
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we can show that the regime with (yA/4p)Lconf
2 !4pF

!Lconf
2 is ruled out because of a large negative logarith

We will refer to this region of parameter space as ‘‘log dom
nated.’’ A perturbative calculation of the loop contributio
from theA,Ā multiplet to squark and slepton masses squa
@62,35#, for (yA/4p)Lconf

2 !4pF, is of order

ak
SM2

(F2Lconf
2 )log(4pF/Lconf

2 ) and is negative. The uncer
tainty in this calculation is of the same size as the effe
from the rest of the strongly interacting sector and is of or

ak
SM2

(F2 /Lconf
2 ). For 4pF!Lconf

2 the log enhances the nega

tive contribution of theA,Ā multiplet to squark and slepton
masses squared. Since there is no other logarithmically
hanced contribution, we conclude that the log-dominated
gime is excluded.

For 4pF;Lconf
2 , we are not in the log-dominated limit

and there are equally large contributions to squark and s
ton masses squared of unknown sign. We refer to the par
eter region with 4pF;Lconf

2 , yA!4p, a natural one for our
model, as the ‘‘light messenger’’ regime. We will assum
that the model has an acceptable region of parameter spa
the light messenger regime with positive squark and slep
masses squared. Note that all contributions which are
suppressed by weak couplings are approximately SU~5! sym-
metric, so the two-loop contribution to all standard mod
sfermion masses squared has the same sign.

In such an acceptable regime, estimates for gau
mediated supersymmetry-breaking masses can be made
lowing the usual arguments. For a sfermionf̃ r in a represen-
tation r under the standard model, we find

m̃
f̃ r

2
5cmS (

k51

3

Crkak
SM2D F2

Lconf
2 . ~30!

Here theCrk are the Casimir indices for the representationr
of the standard model gauge group@S#U(k), while cm is an
unknown constant, assumed positive. Because sferm
masses squared scale with the effective number of mes
gers, and perturbatively we have the equivalent of five m
senger 515’s of global SU~5!, we estimatecm is of order 5,
and, due to approximate SU~5! symmetry, is approximately
independent of the representationr. For the standard mode
gauginosMi , we expect

Mi5dmak
SM F

Lconf
. ~31!

Heredm is another unknown constant, also of order 5.
The fieldsA andĀ have quantum numbers of a10 and10

under SU~5!. However because the global SU~5! is broken
by weak couplings such as theyA , the superfieldsA,Ā are
each three multiplets with different masses,Ar , Ār̄ wherer

5(3,2)1/6, (3̄,1)22/3, (1,1)1 labels the representation ofAr
under the standard model. We assume that the three diffe
yA couplings are all of the same order.

If the yAr
are of order one, none of these particles will

observable in the near term. But if theyAr
are small, then the
4-11
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fields CA , A might be light enough to be found soon. Th
color-neutral fields are likely to be the lightest since the s
lar masses do not receive a large gauge-mediated cont
tion from color, and because the renormalization group p
dicts enhancement of the Yukawa couplings for colo
particles. SinceCA andA make up3

2 of an SU~5! supermul-
tiplet, nonobservation ofĀ in the near vicinity would sugges
that Ā, and thec Ā component ofCA , are participants in the
supersymmetry-breaking dynamics. One might then pr
this dynamics by studying the interactions of theCA particle.

The SU~5! global symmetry could be broken by the s
perpotential couplings. We have assumed~see Sec. V F! that
all such couplings either are weak or, if strong, are dra
towards an SU~5! invariant fixed point. This assumption ma
be tested via the relations of Eqs.~30! and ~31!. Another
interesting test is possible if theCA andA masses are mea
sured. Global SU~5! symmetry gives the sum rule

mAr

2 2m̃
f̃ r

2
5xmCr

2 , ~32!

wherex is a constant independent ofr.
In addition, our model~in contrast to most GMSB mod

els! may generate, through strong dynamics, relatively la
‘‘superoblique’’ corrections @59,60#—supersymmetry-
violating contributions to the gaugino couplings. The typic
expected size of such corrections can be estimated from
ive dimensional analysis to be

gi
SM2g̃i

SM

gi
SM ;

a i
SM

4p
, ~33!

where theg̃i are the gaugino Yukawa couplings. In the lig
messenger limit, a logarithmic enhancement of this contri
tion can be reliably computed to be@59,60#

gi
SM2g̃i

SM

gi
SM 5

a i
SMj i

4p
logS 4pF

LconfmC
D , ~34!

where j i5( 5
3 ),1,1 for i 51,2,3 respectively, and we hav

neglected differences between the differentC r masses.

C. Trilinear scalar terms and the Higgs sector

As in most gauge-mediated supersymmetry models,
supersymmetry breaking parameterB which governs mixing
of the Hu and Hd scalars, and the trilinear terms amon
scalar fields of the MSSM, are generated at two loops,
are relatively small, of order (aSM)2F/(4pLconf). The only
way to generate such terms at one loop is to have he
gauginos which couple to MSSM particles, such as when
standard model gauge group is embedded in a larger gr

Our model does not address the generation of them term,
i.e., the supersymmetric Higgsino mass parameter in
MSSM superpotential. A long standing problem for sup
symmetric theories is to explain why this parameter sho
be of order the weak scale, as is phenomenologically
quired @63#. Several solutions to this problem, which we
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proposed in the original models of GMSB with DSB@7–9#,
would also work for the present model. Basically these so
tions rely on generating them parameter from the VEV of a
fundamental singlet which is coupled to the MSSM sect
Since these original models, several newer solutions h
been proposed. However none of these newer solutions@63–
66# will work for the present model, either because they ne
AF to be substantially larger than;105 GeV, or because
they require fundamental gauge singlet superfields w
renormalizable couplings to the messenger sector. Witte
sliding singlet mechanism@67# has been claimed to genera
an acceptablem term in some models withAF;105 GeV
@68#; however, for this mechanism to generate an accepta
m parameter, theB parameter must also be large, which
not straightforward to arrange in this model.

D. Decay of the messengers

So far we have assumed that there are no superpote
couplings between the MSSM and the supersymme
breaking sectors. This assumption could lead to sta
charged particles in the messenger sector. Such particle
easily ruled out via, e.g., searches for heavy hydrogen.

The heavyBB̄ messengers can decay via an Sp~4! instan-
ton into twoA messenger particles and a neutralC messen-
ger. TheC messengers are allowed to decay via the c
plingsh1 ,h2 into the light particles of the 3-2 sector, i.e., th
Goldstino and the massless fermion mentioned in Sec. V
However, the lightestA messengers in each charge sector
stable unless new couplings are introduced.

The easiest way to eliminate the cosmological proble
of stable charged messengers is to assume that dimen
five couplings between the supersymmetry breaking
MSSM sectors are allowed, e.g.,AŪD̄Ē ~where Ū,Ē are,
respectively, the MSSM up antiquarks and charged antil
tons!. Even if suppressed by the reduced Planck scale,
mension 5 couplings lead to lifetimes for messengers w
TeV scale masses~such as most of theA multiplet might
have! of around 1022 s. In this case the lightest messenge
would be irrelevant for cosmology but might be detectable
a collider experiment as heavy, long-lived charged partic

Alternatively,~if A is in the10, not the10 representation!
one could allow the following renormalizable coupling
which are consistent with baryon and lepton number con
vation and all the gauge symmetries.4 Such couplings, if
larger than;1026 or so, will allow prompt decays of al
new heavy particles.

lLL
i j LiL jA~1,1!1

1lLD
i j LiD̄ jA~3,2!1/6

1lDD
i j D̄ i D̄ jA~ 3̄,1!22/3

.
~35!

Here i, j 51, 2, 3, andD̄ i , Li are the left chiral superfields

4Note that the simple alternative of allowing theA particles to mix
with those ordinary quarks and leptons with the same quan
numbers leads to rapid proton decay. We can impose a disc
symmetry to forbid such couplings and still allow those of Eq.~35!.
4-12
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for respectively the down antiquarks and the lepton doubl
and the coupling to theA field is to the appropriate compo
nent such that the coupling is gauge invariant. Hence w
lDD , lDL , lLL are nonzero,A contains superfields with th
quantum numbers of a diquark, a leptoquark, and a dilep

The addition of thelLD , lLL , lDD terms allows for a
new classically flat direction parametrized by the superfie

V̄2, D̄, L̄, along which the Sp~4! gauge symmetry is com
pletely Higgsed. Along this flat direction the Sp~4! dynamics
no longer lifts the classically flat directions parametrized
q2B, B3, and the SU~3!3SU~2! factor is completely Higgsed
as well. Thus there is a classically flat direction along wh
nonperturbative gauge effects are small, and so the coup
of Eq. ~35! lead to a new, supersymmetric vacuum at infin
in field space. Still, provided the couplings are sufficien
small, there will still be a local supersymmetry-breaki
minimum in the vicinity of the minimum which is there i
the absence of such a coupling. Furthermore, whenlLD ,
lLL , lDD are small, the barrier between the desired and
new minimum becomes very large and the lifetime of t
desired vacuum becomes much longer than the lifetime
the observed universe. There is no known reason why
should not be living in such a false vacuum.

Another reason for requiring any couplings betweenA
and the MSSM fields to be small is that such couplings
lead to flavor-changing neutral currents at tree level. T
strongest constraint is on certain combinations of the c
plings lDL

11 , lDL
22 , lDL

12 andlDL
21 , since the scalar leptoquar

exchange can give a tree level contribution to rareK decays
such asKL→me and K→mep. Furthermore, as argued i
Sec. V E, the coloredA scalars may be as light or lighter tha
the squarks. The leptoquark contribution to rareK decays
will be compatible with all current bounds provided thelDL
couplings are all smaller than;1023. Fortunately it is natu-
ral for these couplings to be small since they are irrelevan
the energy regime betweenLconf andL3 .

We conclude that another acceptable scenario is that
couplingslLD, lLL, lDD are all present but very small. I
this case the only nonstandard stable or long-lived parti
in the model are the gravitinoG̃ and the massless fermio
discussed in Sec. VI A, and neither of these lead to any p
nomenological problems or cosmological difficulties. In th
scenario, the lightest messengers~the Dirac fermionCA and
the complex scalarA! might be pair produced and their de
cays observed in a hadron collider. The scalars areR parity
even. The scalar dilepton, which decays into a charged
ton and a neutrino, could be the lightest of the evenR parity
messengers, potentially as light as the right handed cha
sleptons. The leptoquark scalars are a nearly degene
weak doublet, with the charge23 member decaying promptly
into charged lepton and a down quark jet, and the cha
2 1

3 member into a down quark jet and a neutrino. The
could be as light or lighter than the ordinary squarks. Su
leptoquarks have already been searched for at Fermilab@69,
70# but will escape detection if heavier than 225 GeV. T
CA fermions could be lighter than their scalar superpartn
If heavy enough, the messenger fermions decay into an
dinary quark and lepton and a squark or a slepton. If s
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decays are not kinematically allowed they must decay
virtual squarks and sleptons. In either case, the decay c
for a messenger fermion always leads to the NLSP and
typical decay signature.

VII. CONCLUSIONS

We have presented an explicit example of gau
mediated dynamical supersymmetry breaking with a sin
supersymmetry breaking and messenger scale in the 10
TeV region. Our model has no fine tuning, explicit ma
parameters, orad hocsmall numbers. The model is relativel
simple, but exhibits a rich variety of phenomena. We ha
discussed the dynamics and properties of this model in
tail. This requires a careful analysis of the effects of stro
coupling that goes well beyond the use of holomorphy
constrain the superpotential.

While this model preserves the usual successes~no flavor
changing neutral currents, a predictable spectrum! and diffi-
culties ~the m and Bm problems! of gauge-mediated super
symmetry breaking, it has some unusual features and pre
tions as well. Some of these are central to the model
would be typical of any theory of this type.

~1! All couplings in the theory are of naturally of orde
one at high scales, although some are forced to be very l
or very small at low energy by the effects of strong dyna
ics.

~2! Despite the large contribution of new strong intera
tions to the beta functions of the standard model gauge c
plings, the usual supersymmetric GUT relations are p
tected by an approximate SU~5! global symmetry.

~3! Although the theory has two strongly coupled gau
groups, a single dynamical scale controls the physics of
supersymmetry-breaking and messenger sectors. This is
to a natural approximate fixed point, whose dynamics was
out the effects of the other energy scales.

~4! As a direct result of the lack of segregation betwe
supersymmetry breaking and messenger dynamics,
supersymmetry-breaking scale is low, resulting in an NL
which can decay promptly into an ordinary particle and
gravitino.

~5! The messenger sector is completely chiral with resp
to the underlying gauge symmetries; it only becomes vec
like after one of the gauge groups undergoes a confin
transition. The confining transition sets both th
supersymmetry-breaking scale and the mass scale of
messenger sector.

Somewhat more model-dependent but still reasonably
neric properties depend on the irrelevance, as a resul
strong dynamics, of a certain coupling in the superpoten
This coupling may be driven much less than one, and if i
small ~between 1023 and 1021) it leads to a number of in-
teresting effects.

~1! Certain messenger chiral superfields only cou
weakly to the supersymmetry-breaking dynamics, wh
most of them are strongly coupled. This leads some of
particles in the messenger-DSB sector to ha
supersymmetry-preserving masses much smaller than
supersymmetry-breaking scale. These ‘‘light messenge
4-13
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might be discovered soon by hadron colliders.
~2! The chiral structure of the model leads the light me

senger supermultiplets to have supersymmetry-brea
mass splittings which differ substantially from those of th
complex conjugates. Consequently, the light messenger
ticles do not form a set of complete supermultiplets.

~3! The large mass splittings in the light messenger sup
multiplets cause ‘‘superoblique’’ radiative corrections to t
gaugino couplings to be logarithmically enhanced, and t
much larger than in weakly coupled gauge mediated mod

~4! The usual constraints on light messengers, due to t
tendency to give negative mass squared to standard m
fermions, are evaded as a result of the strong-coupling
namics in the supersymmetry-breaking sector.

~5! The SU~5! global symmetry gives a sum rule for th
light messenger masses.

If indeed there are light messengers~which is the most
natural regime for the theory!, these effects make the mod
s

D

e

S

S

S

D
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experimentally distinguishable from both gravity-mediat
models and other proposed gauge-mediated models.
hope that the novel features of this model will be thoug
provoking, and will stimulate further research into the ro
that strong gauge dynamics may play in the process of
persymmetry breaking.
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