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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 42®fgloba) SU(5), are
predicted to be relatively light and to satisfy certain mass relations with the standard model squarks and
sleptons[S0556-282(198)01423-4

PACS numbsgs): 12.60.Jv, 11.15.Tk, 14.80.Ly

[. INTRODUCTION the ordinary superpartners gain mass though loops involving
“messenger” particles which carry SB)XSU(2)xXU(1)
Supersymmetry, broken dynamically, solves the gauge higuantum numbers and have a nonsupersymmetric spectrum.
erarchy probleni1]. Communicating supersymmetry break- In some models/F must be high because supersymmetry
ing to the superpartners of the minimal supersymmetric starBreaking is communicated to the messengers via some weak
dard model(MSSM) via the ordinary S(B)XSU(2)xU(1)  coupling from a dynamical supersymmetry breaki@fB)
gauge interactions provides a natural explanation for degersector[7-9,26—33. In other, more aesthetically pleasing,
eracy of the squarks and sleptons, avoiding large contribumodels the messengers are an integral part of the DSB sector
tions to quark and lepton flavor violation from the superpart{34—41,43, as first suggested by Affleck, Dine, and Seiberg
ners. Such gauge-mediated supersymmetry—breakinﬁm]- The latter models _typ|cally have many partlcl.es carry-
(GMSB) models[2—9] are therefore very attractive and have N9 SU3)XSU2)XU(1) interactions, with perturbative uni-
received much attention recenfly0—24. In principle, with flcatlon of. t_he standard model gauge couplings only possible
GMSB, the scale of supersymmetry breakifig could be as if the additional part|cles_ are very heavy. Most s_u.ch models
low as ~4mmy,/ ay~30 TeV, wherem,, is the weak scale constructed to date achieve GYXSU(2)xU(1) unification

and ay, is the weak fine structure constant. Wikhparity ~ °Y Naving ttwg OI: mdore s.cales.thi?k\]/olveq 'i[n ftrt‘ﬁ
conservation and with/F<1000 TeV, there is the exciting supersymmetry-breaxing dynamics, wi € majority of the

: o new particles at a messenger mass séalahich is much
prospect of observmg the d-e.ca}/vof the ngxt 0 I|ght.est S,Ljpelﬂeavier than the supersymmetry breaking scale. Since the
partner(NLSP) into the gravitinoG and ordinary particles in

ordinary superpartner masses are proportion&/td, both
a typical particle physics detectft0-24. Furthermore, the ¢ ;i ere rpeqﬁired to be rather higph. P

decay rate int@ scales a§? and gives a sensitive probe of  |n this paper we present a model of dynamical supersym-
the supersymmetry-breaking sector. One candidate for sudetry breaking whose low-energy physics is determined by a
an event, with two leptons, two photons, and missing energysingle energy scale of order 100 TeV. To our knowledge,
has already been reported by the Collider Detector at Fermihis is the first explicit, natural model with no supersymmet-
lab (CDF) Collaboration[25]. Interpreting the photons as ric minima, all scales generated dynamically, and prompt
coming from the prompt decay of the lightest neutralino intodecay of the NLSP into the gravitino. The model has no
a photon and gravitino requiregF <100 TeV. segregation of DSB and messenger sectors, is completely
Nearly all explicit models of dynamical supersymmetry chiral and contains no fundamental gauge singlets. It has
breaking with GMSB predict a supersymmetry breakinglimits in which one can show that the global minimum of the
scale\/F which is in the range 0- 10° TeV—too high to  potential breaks supersymmetry but leaves color and electro-
allow the prompt decay of the NLSP into the gravitifie-  magnetism unbroken. Perturbative unification of the
9,26—-41. (The only reported exceptiongl2—44 may or  SU(3)XSU(2)xU(1) interactions is possible and gives the
may not have a strongly-coupled local minimum with brokenusual successful prediction for $if,,. As our example is
supersymmetry, and also have supersymmetric vadlere  strongly coupled at the supersymmetry breaking scale, it is
are several reasons why GMSB models typically have such somewhat less predictive than most explicit GMSB models.
large supersymmetry breaking scale. In all GMSB modelsStill, many of the usual GMSB predictions survive. Unfortu-
nately it is difficult to solve theu problem in this model.
In Sec. Il we give an quick overview of the model. We
*Email address: strasslr@ias.edu prove the model breaks supersymmetry in Sec. Ill. Since the

0556-2821/99/6(1)/01500415)/$15.00 60 015004-1 ©1999 The American Physical Society



ANN NELSON AND MATTHEW J. STRASSLER PHYSICAL REVIEW 50 015004

TABLE I. Quantum numbers of chiral superfields in the model. W=Wgy+Wz_,+ W+ W, (1)
SU(5); is a global symmetry containing the standard model.

whereWsy, is the standard model superpotential,

Sp4) SV ) SUR) SU(5)g B
q 1 g 0 1 W5_,=Noqul (2
u 1 9 1 1 is the usual superpotential of the 3-2 model, and
d 1 0 1 1 o o
T O ] 1 1 , , .
— O 1 1 g serves to give masses to the messenger fields. Finally, the
v couplings
A 1 1 1 H
B 1 O 1 0 W,=h,Cql+h,Cud (4
C 1 (] 1 1

are not needed to ensure an acceptable pattern of symmetry
breaking but will help avoid having stable heavy messenger
model has complicated behavior due to strong coupling, wearticles. Note that this is the most general renormalizable
review various facts about strong dynamicshf=1 super-  superpotential consistent with gauge symmetry which does
symmetric gauge theories in Sec. IV. In Sec. V, we give anot couple the MSSM to the DSB sector. For simplicity in
more detailed discussion of the model's dynamics, and thethe following discussion, we will assume the , couplings
justify our claims carefully. The low-energy properties of the are small and have little effect on the dynamics, although this
model are explained in Sec. VI; the reader who is mainlyis not essential or even likely, since they get enhanced by
interested in the implications for experiment can skip to thisstrong coupling effects.
section. The conclusion contains a summary of our results. The dynamics of the theory is intricate. The SUgauge
coupling is expected to flow slowly due to higher loop ef-
fects, and approach a fixed point at extreme low energy. As a
result, the scald 5 is washed out by the dynamics. By taking
The model we consider contains, in addition to the stanA ,<A3, we can arrange that ) confinement, at the scale
dard model, a dynamical supersymmetry-breaking sectoA ., occurs when the couplingg is substantial. Associated
with gauge group S@)x<SU(3)xSU(2). We will refer to the  masses of ordek ., for the B,B andC,C fields remove all
coupling of the standard model color and weak interactiongsy(3)-charged fields except those of the 3-2 model. The
asg3" andg3" to distinguish them frong; andg, of the  SU(3) beta function then becomes large, causipgmme-
3-2 supersymmetry-breaking sector. The matter content dfiately to blow up, breaking supersymmetry. We therefore
the model is given in Table I. The $5) in the last column expect the SC&'Q/E of supersymmetry breaking to be of
is the usual grand unification group containing the standar@rder the dynamical scal& .
model. Although we do not require gauge group unification  Thus, in this model the messengers and the supersymme-
and treat S(b) merely as an approximate global symmetry, try breaking lie at or near the same scale, which we take to
we consider only complete multiplets of 88 in order that  pe of order 10-100 TeV. Note that the model has neither
standard model gauge coupling unification be maintainedyectorlike matter nor nondynamical mass scales. The grav-
[The SU5) assignments could be charge conjugated withoutting is light, and its properties are similar to those of other
changing the modél. low-scale GMSB models; it can serve to explain the
_First, we give a brief motivation for the model. The fields gt~ yvy event observed at CDR5].
g,u,d,l make up the matter content of the famous The model has another feature which appears in certain
supersymmetry-breaking $8)XSU(2) model of Affleck, regions of parameter space. As we will see below, the fact
Dine, and Seiberd47-49 (the “3-2 model”). The Sgg4)  that the fieldA is a 4-3-2 gauge singlet tends to make &%
gauge group has a total of eight fields in its fundamentajynamical mass smaller thak.,. As a result, the Dirac
representation, coming froffi andV, and consequently will fermion s ,¢¥a and the complex scalak might (but need
confine at low energief50], at a scale\ ¢, The resulting  not) be much lighter thar .. (The scalai is a composite
massless bound statés=(VV), B=(TV), C=(TT), have of strongly interacting fields and will get a large
the correct quantum numbers to pair up with the fiddg8,C  supersymmetry-breaking mas3he mass spectrum of these
and become massive. Thus, below thé4$ponfining scale fields is interesting and will be discussed in detail in Sec.
the theory will consist of the standard model, the massles¥| B.
fields of the 3-2 model, and massive fields which couple to The effects on the standard model superpartners resemble
both sectors and act as messenger fields by communicatirigose in usual GMSB models that have heavy messengers
the supersymmetry breaking of the 3-2 model to the standardharged in both the supersymmetry-breaking and standard

Il. THE MODEL: A FIRST SKETCH

model. model groups. However, because the supersymmetry-
For the model to behave in this way requires a superpobreaking sector is strongly interacting, and because the mes-
tential sengers have masses neéy,., there is no separation of
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scales in this model. In fact one cannot really talk of a “mes- TABLE Il. Quantum numbers of chiral superfields after(§p
senger sector”; the strong dynamics as a whole is resporgonfines.

sible for the message. The effective action below the scale
Acons is already far from supersymmetric. This can make SUB) Su@) SU(5)s
some aspects of the model quite different from GMSB mod-
els with weakly coupled messenger sectors. For example,
the overall scale of the gaugino masses is unrelated to that
of the sfermion masses because of the strong dynamics at
the scaleA .. Also, there are relatively large ‘“super-
oblique” corrections to gaugino couplings, of order
a? log(Aconi/My, )/ (4). Still, the strong couplings of the
model preserve an approximate @Y global symmetry,
which ensures that masses of different gauginos are related
by standard model gauge couplings, and similarly for sfer-
mion masses.

O®w >0 ®>» —alc|a
00 - 0O - = 00030
N = BN
b O e O o o e

Ill. BREAKING OF SUPERSYMMETRY

In this section we will demonstrate that the model breakd@Ning is 4(2), the Sg4) theory generates an Affleck-Dine-
supersymmetry, first showing the model has no flat direcS€iP€rg superpotential via instantdigaugino condensation

tions at the quantum level, and then demonstrating that suwhich again lifts the flat directions. And if all of the fields
persymmetry is broken for a generic choice of parameters.and T are massive, then gaugino condensation generates a

superpotentiaW= A>3, where againA, is the low-energy

A. Absence of flat directions Sp(4) strong-coupling scale, related By = A?BCA} to the

Our model has no flat directions at the quantum mechanitigh-energy S strong-coupling scal@ 4. Thus, in terms
cal level, and hence no supersymmetric minima infinitely far0f the original fields, the low-energy superpotential\ig
away in field space. Here we study the classical flat direc=(A’BCA)™, and the equations dW/dA=JW/JB
tions, which are labeled by holomorphic invariants built from =dW/JC=0 then require the expectation values’oB,Cto
the chiral fields. To simplify the discussion, we rescale allvanish for a zero-energy vacuum.

Yukawa couplings to 1.
Any holomorphic invariant involving fields charged under B. Dynamical supersymmetry breaking

Sp4) must involve one oV, TV or TT. The first two are Having established that there are no flat directions in the

set to zero by theF-flatness conditions/W/JA=0 and  q4e| we now proceed to show that the model breaks su-
dW/9B=0, while J\W/dC=0 assure§ T=—(ql+ud). Us-  persymmetry. We need only show this in a particular range
ing dW/du=0=gW/dd and antisymmetry, one can show the of A4, Az and A, (these are the strong coupling scales for
operatorsTTC,TTu,TTd are all zero. The operatorqqT  the three new gauge groupsiolomorphy inA;/A; ensures
also vanishes; sincaqq| is identically zero, theF-flatness f[hgre ;’V'" bet rt]r? phase trgnsmonsi as th.e?efcoupllngslarel var-
. N . — — — — ied; at worst there may be singular points for special values
conditions a'W/(.?C—O—.aW/aI imply that TqqTe<uqqd of Aj/A;, which we can choose to avoid. Thus, if supersym-
«Cqqd, which in turn is zero byyW/Jdu=0. All operators  metry is broken for any open set of values for/A;, then it
which involve only the 3-2 fields, u, d, andl must be zero. will be broken for most values of; IA;.
Finally there are some classical flat directions which com- Although we will eventually construct a model in which
bine A, B, andC with the 3-2 fieldsg, u, d, |. However, as A3>As>A,, itis easiest to show supersymmetry is broken
we now show, even these are removed by quantum mechari the regimeA ,>A3>A,. The large separation of scales
cal effects. allows us to treat the strong dynamics of the gauge groups
Along any classically flat direction with expectation val- one at a time, with the remaining weakly coupled groups
ues forA, B, or C, some of the fields in the fundamental (including the standard modeserving as spectators. First,
representation of $g) (components oV and/orT) will be e SB4) gauge group becomes strongly coupled at the scale
massive. The number of remaining massless fundamentafss- It confines, and the low-energy dynamics is given in
may be six, four, two or zero. In each case, strong-couplingerms of the mesonsA=(VV)/A,;, B=(TV)/A,, C
dynamics of the Si@#) group[50] then generates a potential =(TT)/A,, which are massless in the absence of a tree-
energy. If the number remaining is six, then the classicalevel superpotential. Note that we have normalized the me-
moduli space of the §g) theory is modified by the con- sons to have dimension one, as is appropriate at low energy.
straint thatV5T3~Af [here A is the low-energySpi4)  The resulting matter contesiaside from the standard model
strong-coupling scale The requirementsW/JA=JW//B fields) is given in Table II.
=9W/9C=0 imply thatV°T3=0 for a zero-energy vacuum, The strong dynamics of the theory generates a dynamical
in contradiction to the previous condition. If the number re-superpotential50]
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AABC of the representation @b, underG,, and Yo, is the anoma-
Wdyn=A—- ) lous dimension ofp,. Note that to leading order in the cou-
4 plings this expression gives
The superpotential of the theory is now g2
k
W= W+ W, o+ Wy + Wyt Weyp, ©®) Bo,= ™ gz Poi bo=3CAG0 2 T(dp). (10
whereWsgy, Ws_,, andWs are the same as before and whereb, is the well-known coefficient of the one-loop cor-
_ _ _ rection to the gauge coupling.
Wy =YaAsAA+YgA,BB+YcALCC (7 There are also conditions which follow from thé=1

superconformal algebra, which constrains the properties of
is Wy, reexpressed in terms of the composite fields. This lastheories at exact or approximate fixed points. One of these is
set of interactions results in masses of ordgrfor the fun-  the “unitarity condition.” In any four-dimensional confor-
damental field#\, B, andC and the composite mesoAs B, mal field theory, unitarity implies that no gauge invariant
and C. Without changing the infrared dynamics, we may OPerator(except the unit operatpcan have dimension less
integrate out the massive fields, eliminatittg, and W,  than 1[53-55. Any operator whose dimension is exactly
from the superpotential and changing théhkea potential by ~ One must satisfy the _Kleln—Gordon equation, and cannot in-
high dimension operators. The 3-2 sector and standard mod&ract with any other fields. These facts will apply also to any
sector are then connected only by irrelevant interactions, an@iPérator which is gauge variant only under a very weakly
the former, as shown by Affleck, Dine and Seiberg, break$oupled gauge group: as it must have dimension greater than

supersymmetry at a scale determinedNay A, and A ;. one in the limit of zero gauge coupling, pertgrbatiqn theory
in the small gauge coupling ensures that its dimension cannot

be much below 1. A related consequence is that when all
gauge couplings are small, a field with a large Yukawa cou-

Our model exhibits a number of interesting and subtlepling always has a positive anomalous dimension.
strong-coupling phenomena, which we will discuss carefully. Another condition relates the R charge of a chiral operator
Because of this, we begin with a review of some dynamicaRnd its anomalous dimensi¢f3—-55. At a superconformal
relations in supersymmetric theories, which provide tools foffixed point there is a special R current that appears in the
semiquantitative analysis of strongly coupled theories. Thesgame superconformal multiplet as the energy-momentum
tools will not be powerful enough to make our results unam-iensor and the supersymmetry current. At a fixed point, the
biguous, but they will provide evidence that the model ex-dimension of a chiral operator &times its R charge, from
hibits the qualitative features which we need to make use ofwhich its anomalous dimension may be calculatdte re-

In V=1 supersymmetric theories there are relationshipsult always agrees with results which follow from the beta
between beta functions and anomalous dimensions. Aunctions above.An important implication of this result is
Yukawa couplingy, in the superpotentiaWy=y,¢,$,¢5  that, since R charges are additive, the dimension of a com-
has a beta function which is a function of all the otherposite chiral operator is equal to the sum of the dimensions
Yukawa couplingsy; and gauge couplingg, in the theory.  of its chiral constituents. This can be restated as resulting
Non-renormalization theorems igV=1 supersymmetric from the absence of short-distance singularities when any
theories ensure that all vertex functions are trivial and that alfwo chiral operators are brought to the same pdigimilar
running of couplings comes through wave function renor-statements of course apply to antichiral operatddsifortu-
malization. Consequently, the beta functionygfis related — nately, the general theory has an infinite set of R symmetries,
in a simple way to the anomalous mass dimensiong@nd often it is impossible to determine which of them ap-

va(Yo,Yi ,0y) of the fieldsé,: pears in the multiplet of currents.
An important corrolary of the above results involves the

1 running of Yukawa couplings. Consider a set of fields with
Byo= 5 Yol v2(Yo.¥i,9j) + 72(Yo.Yi,9)) + ¥a(Yo.¥i,9) |- gauge couplingg and Yukawa couplingg with anomalous
(8) dimensionSy(y,g). Unitarity ensures _thay(y,O) is positiv_e.
It is easy to check tha(0,9) is negative for a charged field
The running of gauge couplings is slightly more compli- for small g. Together with Eq.(8), these imply that a
cated, but still related linearly to the anomalous dimensionsukawa coupling involving charged fields will be irrelevant
of the fields. According t¢51,52 the couplingg, runs as  for g<y but may become relevant gsbecomes of ordey.
By contrast, a Yukawa coupling for three gauge-neutral
gg 3CH(Gy) —ZpT(Pp)[1— 7’¢p] fields is always irrelevant.

A % 16m2 1—(g2i8m%)Cy(Gy) ®

IV. BETA FUNCTIONS AND ANOMALOUS DIMENSIONS

V. THE MODEL: A CAREFUL RENDERING

Here C,(Gy) is the second Casimir operator of the gauge We now provide an detailed overview of the model, mak-
group G, for which gy is the coupling, the sum in the nu- ing claims about the dynamics which we justify later in this
merator is over all matter fieldé,, T(¢,) is half the index and in the following section. Our approach is semiquantita-
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relevant Yukawa couplings are expected to remain large. The
coupling g4 is not expected to reach a fixed poi con-
spiracy would be needed to allow for this possibility, see
Sec. V B and so at some scale.,,—a real physical scale,
not to be confused with the holomorphic scalg—Sp(4)

confines. Below this scale, meson degrees of freedom

=VV/A,, B=VT/A,, C=TT/A, best describe the long
distance physics, and the theory possesses the fields of Table
Il. The factors ofA 4, are convenient in order to have a holo-
morphic definition of these fields which has mass dimension
one. However, an additional nonholomorphic dimensionless
factor is necessary for these composite fields to be canoni-
cally normalized. While this factor cannot be computed, it
can be estimated on physical grounds to be such that i
large (of order 47), then the mass oA is of order A ;-
Similar considerations normaliZ& and C.!

Since the couplingyg andy are strong, the fields,B
andC,C have masses of ordér.,,;. This leaves the S(3)

FIG. 1. Possible renormalization group flow for the most impor-group below this scale with only two triplets and a large beta
tant couplings. The actual flow could be very different; this figure isfunction; g; blows up at once, at a scale of ord&g,ps.
for illustration only. Since\, is large, supersymmetry is broken immediately by

tive and relies on the dynamical relations described in Secgu(B’) strong coupling effects, With/F close toA conf (Se€
V. ec. V Q.7 This vacuum is likely to preserve color and elec-

We consider the model in the regime;>A,>A,. The tro_rpﬁgn\(ettjllf;nv\’/;igagﬁﬁd n :]ZC' t\)/eDdriven small. as ex-
standard model couplings aigd are smaller than the gauge , ) PiNGYA ) y be '
couplingsgs, g4, and can be neglected in most of our analy-Plained in Sec. V E, and the fields A therefore may have a
sis. The Yukawa couplingso,y ,Ys,Yc may not be small supersymmetric mass somewhat smaller thag.;. There
(though we do assume for simplicity thag,h, are smal) &€ also light particles from the 3-2 sector: the goldstino and
The renormalization-group flow of the gauge and Yukawane other particle whose presence is required by anomaly
couplings cannot be known exactly, but can be analyzed udnatching[58]. Finally, there are the light fields of the stan-
ing Sec. IV. A possible form for the behavior of the cou- dard model. We now would like to integrate out the dynam-
plings is sketched in Fig. 1. ics above the scal& .., and write an effective theory for the

Before any gauge couplings are stra@agsuming there is light degrees of freedom valid below this scale. However, the
such a rangethe Yukawa couplings are all irrelevant. Once dynamics of the supersymmetry breaking is strongly
gs becomes strong, howevex,, Vg, andyc may become coupled, and reliable quantitative analysis is impossible. A
relevant; they are certainly relevant when they are small, anfualitative approach to this effective Lagrangian is therefore
therefore they become or remain large. By contrggtis  Necessary. We will use naive dimensional analysis to esti-
irrelevant and may become small. A theory of @Uwith ~ Mate various quantities which cannot be compU&gi57.
seven triplets and antitriplets, along with some (Usin- Although there is no empirical evidence that this works for
glets and Yukawa couplings, is expected to flow to a conforStrongly coupled theories other than QCD, we expect such
mal field theory in the far infraretsee Sec. V A The gauge estimates to be_z off by no more than an order of magnltu_de.
coupling g; and the relevant Yukawa couplings will run  1he act of integrating out the supersymmetry-breaking
slowly as they gradually approach an infrared fixed point.seCtor mtrodupes soft. supersymmetry-breaking terms at the
Our knowledge of the properties of this fixed point is limited. SCl€Acont. Fields which couple strongly to the supersym-
We know that it should preserve the global GlUsymmetry.  metry breaking, such as the composite scarsill have
We also know that it occurs outside of perturbation theory supersymmetry-breaking masses of orderF4A .y (see
and so the theory begins to look conformal only at scales fagec. VI A). TheA,A fermions obtain supersymmetric masses
below A;. In fact the theory is unlikely to be extremely
close to the fixed point when supersymmetry breaks, al=———
though SU5) will still be a good approximate symmet(gee
Sec. VB.

Energy

A S

Coupling

INote that the superpotenti@l) is misleading; the masses Af B,

. . . and C are of orderA oy, NOt A4, as a result of this normalization
The Sg4) group has a negative beta function wiggnis factor, which appears in the Kter potential,

small. The Strong coupling effects gf might in prll’l-CIp|e 2In an entirely strongly coupled theory, with no small dimension-
change the sign Oﬁg4’ but they do not, as shown in Sec. less parameters, naive dimensional anal{5&57 would give F

V B. Consequently, the $8) coupling grows. As it becomes ~ A2 /(4#). Since in our theory the weak coupling can sup-
strong the couplingy 5 will become relevant, though it may press supersymmetry breaking, as shown in Sec. V D, we will keep
not have a large energy range in which to grow. The otheF a free parameter.
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of order yaA con/ (47)—chiral symmetry protects them high energy, it will be preserved even when the($jtou-
against supersymmetry-breaking masses. Thescalars pling becomes large. We will explain how this occurs in Sec.
discover supersymmetry breaking only via the weakV F.

couplingsy, and the standard model gauge couplirz@é",

and hence (see Sec. VIB have masses of order B. The Sp(4) beta function

ma{Yalcont/ (47),cg "F/ Acond.  All the MSSM fields We need to show thas, <0 at all scales, so that 8§

couple to the supe_rsymme_try-breakmg sector via Standa.rgonfines rather than reaching a conformal fixed point. When
model gauge couplings, as in usual GMSB models. A modi-

. . ; . is small, this can be proven. Whey, is large, a proof is
fied version of the usual resulig—9] applies—both gaugi- 94 ; ; - :
nos and scalars acquire masses of ordEIF/A ooy (see not possible, but we will show it is unlikely tha;, reaches

Sec. VIB. Since \F lies close t0A g, We take Agony & o O _ o
~30-1000 TeV and/F~10—100 TeV. Such low values of "¢ P& function for Sg) is given by

JF lead to rapid decays of the next-to-lightest superpartner 92 9—(312[1— y7]—(5/2[1— vy]
to a gravitino, as discussed in REL0-24. Bg, =~ 16,2 1= 02272
The large splittings in the messenger multiplets lead to & alem
substantial superoblique correctiofs9,60; these are esti- 9?1 5+ (3/2) v+ (5/2) vy
mated in Sec. VI B. Trilinear scalar couplings and the =— . (17

2 _ A2 2
problem—a difficulty in this model—are discussed in Sec. 167 1-gaf2m
VI C. Finally, in Sec. VI D, we explain a couple of ways to
avoid stable messenger fields, as required to prevent confli

with experiment.

ébove A5 the one-loop formula is approximately correct,

oy
By~ 5767 (12

A. The SW(3) physics

It has been argued that the theory of (SUwith seven and g, grows logarithmically with coefficient 5. However,
triplets and antitriplets reaches an infrared fixed pg6tl.  onceg; is large we expect thak has a negative anomalous
At this. fixed'point the charged fields haye negativg anoMmagimension, and oncgg is large therv will have a positive
lous dlme_n5|ons, SO ngawa couplings mvolvm_g either tWo,omalous dimensiotby unitarity. The effect ofy7 will
charged fields and a singlet or three charged figddsh as tend to makeg, run more slowly, while that ofy will tend
No,YB,Yc) are relevant and drive the theory away from thisy make it run more quickly.
fixed point. Does the theory flow to another fixed point in the Th TTT is ch d onl q Wh
infrared, or behave altogether differently? It is possible to € operator_ IS c__arge only under ). ; en
construct theories, with relevant Yukawa couplings, whichd4<1, the unitarity condition demands thathave dimen-
preserve naR charges that could be part of a unitary confor-Sion close to or greater than 1/3, and thyg=—4/3
mal field theory; in such cases a low-energy fixed point is—©O(g3). It follows that the function 5-(3/2)yr
unlikely (though not impossible, since accidenRabymme-  +(5/2)yy, which appears in the numerator of the beta func-
tries may arise in the infrareddowever, in our theory, there tion, is greater than or of order 3 in this regime. Thais
are R charges, and corresponding candidate infrared fixedemains asymptotically free, but may run more slowly than
points, which are consistent with unitarity and with the the one-loop estimate, leading,n; to be much lower than
Yukawa couplings of the superpotential of Ed). These Ay.
would preserve the S8) global symmetry which contains For largeg, a different argument is necessary. Onge
the standard model. On the other hand, there is insufficieriecomes large, then, in the Iing§=giSM=O,WandVTTT
flavor symmetry to determine thecharges at the fixed point are gauge invariant, implyingy,>—1, 3yy+57,>— 10.
and confirm that unitarity is not violated. Thus we cannotynfortunately this allows the $g) beta function to be arbi-
provide an argument that the couplings we have chosen do @farily close to zero, and it could reach zero when the gauge
do not lead to a fixed point. couplingsg,,g™™ are nonzero or when other small &Y

However, for our present purposes, such an argument i§o|ation is accounted for. While we cannot rule this out, we
not really necessary. Even if the 8 theory does not reach e that it requires extreme valuesyf which are unlikely
an approximate fixed point, it is likely that its beta fun.ctlon to be attained. It is more likely that the @p beta function
will be very small, much smaller than the one-loop estimateremains negative, though rather smaller in magnitude than
[This is certainly true if the Yukawa couplings are small, duenormally expected for a theory undergoing confinement.

to SUS3) two-loop correctiond. A slow-running coupling  This suggests thak o< A4, which is of relevance in Sec.
constant tends to wash out physical effects involving the, g pelow.

scaleA ;. Meanwhile, in the effective theory below the scale
of Sp(4) confinement, the S(3) beta function is rather large,
so for a substantial range df; and A ,, the physical scales
associated with strong 8 and SU3) dynamics are close Can we be sure that the ) coupling blows up close to
together, and close to the supersymmetry breaking scal#he scaleA ., and not well below that scale? Consider the
Furthermore, if SU(B) is a roughly approximate symmetry at caseA ;> A5, with small\g,yg,Yc. In this case, the §g)

C. Supersymmetry breaks at the scale\ ;¢
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theory confines at the scalg,, leaving the theory with the y5yc)\oA2A5<|>
fields in Table I. The S(B) beta function coefficienb, W, = LA A
changes from 2 to 3. The field®,B,C,C have masses of

(qd)
orderygA4,YcA4; below these scaleby=7. The one-loop . . ) , L
analysis for the S() coupling is reasonably good in this Sincea,b> A, the Kanler potential for these fields is trivial,

case, and we find the coupling blows up at and so the potential energy along this direction is
As = AdLySyc YT AL /AT, 13 |b|
aL=A4lysYcl™TA4/A3] (13 Vi(a,b)=|yaychoA3AS m-&—m . (18

The small fractional powers indicate that the(@plynamics

controls the divergence of the &) coupling even wheg;  This is minimized a,b— o with [b/a%|—0.

is small atA,. We expect this will be all the more true when ~ We have assumed to this point that,=0. For A,
ys.Yc are large and\s>A,4, in which case the S@) cou- <A, the only effect of the gauged $2) will be the po-
pling will be substantial, and slow running, down to the scaletential energy from th® terms

Acont- — ~2(]42 2[y2

Since the strong S@3) physics drives supersymmetry V,(a,b)=g5(|a%|+ b))%, (17)
breaking, and since no couplingexcept possiblyy,, see . .

Sec. V B are small, we expect supersymmetry breaking toVheregz is the SU2) coupling at energy scales of ordb.
occur at a mass scalge within an order of magnitude of 1N minimum of thezp%t‘i/gt'avlJ“VZ can be seen to be at
Acont- We will show in Sec. V D that for sufficiently small @~ P~[92 “YgychoA3Az]"> A5, A4, where the vacuum
o ;[/r;erze is a supersymmetry-breaking vacuum wigh €nergy density is of order

~0g5 ‘A, that preserves the standard model gauge group,

andzweC(\J/r\]/fiII assume the theory lies in this vacuum even for Fzzggﬂ[ygyc)\OA%Ai]“”. (18)

~1. . L
92 Notice thata,b go to infinity andF goes to zero ag,—0, as

expected; thus our assumption tlaab> A 5 is consistent for
D. An acceptable supersymmetry-breaking vacuum smallg,. The standard model gauge group is not broken in
Although we have shown supersymmetry is broken, thighis vacuum, which, for sufficiently smadl,, is certainly the
is far from showing that the vacuum of the theory is phe-true minimum of the potential.
nomenologically acceptable. In particular, the standard We have therefore found that our model's

model gauge groups must not be broken. supersymmetry-breaking vacuum preserves the standard

For A, sufficiently small andA,>A5, there is a Model gauge group whef,>A3>A,. However, the re-
supersymmetry-breaking vacuum in which no field with gime of interestA;>A,>A,, is not calculable. While we

standard model charges gets an expectation value. First, réannot prove that the above vacuum continues to be stable

call that whenA,—» the low-energy theory is the 3-2 (or sufficiently metastabjeinto this regime, it is reasonable

model with massive messengers, and so when:0, super- 10 assume that it does so for some range of parameters, and

symmetry is restored, even for finite,. WhenA,=0 there  thatforg,~1 it leads toF ~AZ,+ Nonetheless, since super-

are flat directions labeled by the operataps,qd,l which ~ Symmetry is restored foy,=0, and the dynamics of the

carry only SU2) quantum numbers. Classically, the super-theory tend to drivey, small at low energy, the effects of
. — — . this parameter deserve further discussion.

potential setgju to zero, butgd andl may still have expec-

tation values, both of which may be nonzero as longjbs

=q'll¢;=0. This allows the expectation values E. Why y, is small
a 0 0 b We claimed thaty, is likely to be small, IeadingT,A to
q= }; d=[a00]; I=|Al (14)  be light. In this section, taking an idealized limit, we clarify
0 00 0 why y, is driven small, and explain why we cannot estimate

its size. We also explain why we cannot determine a lower

where |a|=|a|. Along this flat direction the Sg) gauge bound ony, from the requirement that the global vacuum be
group is unbroken while the SB) gauge group breaks to Phenomenologically acceptable.

T - r In particular, suppose that the coupli A are
2 h f | fl he fieldsa? p » SuUpp PINgS Ao, YE:Yc
SU(2) with five mass e'ss _avoret e fieldsq’,d are eaten all large at the Planck scalep and chosen so that the theory
and have masgy;al, while u,| have mass\zb; B, T,C are

: . reaches thdconjectured infrared fixed point discussed in
massles$. The strong coupling scale of this group i,

A i A Sec. VA at energies nean,. Suppose also thaj,=g>"
=A3No(l/qd). Takea,bA,;>A3>A;; then the confining -0, we do not know the anomalous dimensiops, ya,
dynamics of Sp4) gives mass to the messengers leaving theyyt the contribution from the couplings, , yg are inevitably
SU(2), theory with no massless flavors and a strong coupositive by unitarity(Sec. IV). In particular,yy need not be
pling scale A =y3ychoA3A5(I/qd). The low-energy su- small in magnitude even whep, is very small. Conse-
perpotential is just given by the gaugino condensation imuentlyy, is irrelevanfsee Eq(8)], and is driven small as a
these variables: power (most likely less than )lof the energy:
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, (29 cannot be sure this is a global minimum; there could be a

minimum for Aconf<<V><A3, where strong coupling ef-
* . : . . _ fects make a reliable computation impossible.
wherey,, 'S_ Y atthe SSLQMB) fixed point(at W_h'Ch yA—O). Note that our model involves a slightly different situation.
Accounting forg,, g"#0 makes very litle difference \ye are not assuming thg is small at high scales, only that
until g, becomes substantial ne&y,, making the anomalous it may be driven small at low energy. The flat direction at

dimension ofV smaller and probably negative. The(8p |arge (V) is therefore strongly lifted. Still, it is likely that
physics will causey, to change by some unknown facter,  there is a lower bound on the low-energy valueygfbelow
probably greater than one. As noted in Sec. V B, the regimgyhich the standard model may be broken in the global mini-
in which g, is large may be extended by a small beta func-mym of the potential. As this bound cannot be calculated,
tion, leadingx, to be larger than naively expected. But be- and depends og,, we leave the low-energy value gf, as
cause the S(B) physics is nearly scale invariant, agd is  a free parameter without a lower bound.
negligibly small at low energies, it follows that fox, and Is it possible, even when the standard model gauge group
A cont much smaller thammp, the confining physics of the s conserved, that the supersymmetry-breaking sEatke-
Sp(4) theory is independent ok ,/mp. In turn this implies pends ony,, and perhaps becomes much less thag,
that x4 is independent of\, for small A4. The low-energy  wheny,<1? This seems unlikely to us. We have shown
value ofy, is thus a monotonic decreasing function/df:  there is a acceptable supersymmetry-breaking vacuum whose
value for F is controlled byg, [Eqg. (18)]; in the limit of
A\ smallg,, finite y,, this vacuum is the true minimum. In the
YA(Aconf)SYA(mp)(m—) Kg. (200 limit of small y,, finite g,, the conjectured vacuum dis-

P cussed in this section, which breaks the standard model,
might be the true minimum; its energy density would be
proportional to a power of 5. We would expect there to be
8 first-order transition between these two vacua, and a corre-
sponding discontinuous transition in the functional depen-
dence ofF on g, andy, . In the allowed minimum of Sec.

V D, they, dependence df is subleading; conversely, §
gepends strongly og,, then the theory is probably in the

supersymmetry is restored fgp=0. due to the flat direction unacceptable vacuum. Thus, glthough we cannot determine
upersy v ok u rectt the range ofg, and y, for which the theory prefers the

AVV which breaks the standard model gauge group, perhap<i°’cceptable vacuum, we can assume that when it does so, the

the global minimum of the potential will break the standard ] . .
model gauge group if, is driven small. However, as we supersymmetry break;,’}? sca{@ depends very little oy,
and remains of ordey; A ¢ops-

will now see, it cannot be shown that this occurs, and so no
conclusions may be drawn.

Sp.emflcally,- n t[he “_m|tyA_:0' the_ quel .develolps a F. The SU5) global symmetry and coupling constant
classical flat directiorAVV. This flat direction is not lifted unification

uantum mechanically, as can be seen through the followin
d y — g g We have added extra matter to the standard model, and

argument. The expectation value_ftirglves mass to four thus run the risk that we will drive the standard model cou-
triplets in B and four antitriplets inl, but leaves one triplet plings to a Landau pole below the string or Planck scale.
B® behind. The S(B) gauge theory thus has three masslessrurthermore, we have added additional interactions which do
flavors g, B%, u, d, C. This gauge group has a quantum not exactly satisfy S(¥) relations and which can become
modified moduli space, and so at large expectation values thgrong. In this section we confirm that unification at finite

classical moduli space is not modified. The theory thereforeoupling is possible, and that $&) can be preserved as an
has vacua at infinite expectation values farV and the —approximate global symmetry, provided that there are no
massless S(3) fields, with a potential energy which is es- Strong violations of S(b) at the Planck scale.
sentially flat at large vacuum expectation val(e¢gVs). First, we consider the limit in which SB) is preserved

If y, is nonzero and small, however, a quartic potentialby the superpotential E¢1), and we verify that the standard
for A and V lifts these nearly flat directions. With the as- madel couplings can unity at finite coupling. We have added

_ i _ five triplets and antitriplets to SB)SM in Table |, which
sumption of larggA) and(V), there is no vacuum, even for ¢ange the perturbative QCD beta function coefficibpt

arbitrarily smally, . Therefore(A) and(V) must be small;  from +3 to —2. These fields disappear from the theory at the
but will they be zero in the vacuum, as required phenomenoscale A .~ 100 TeV, except for the fieldg,, ¥a, A A
logically? We can look for a minimum at very small expec- one-loop analysis indicates this is a borderline case, while a
tation values; in this case the confining of (§pand the  two-loop analysis ignoring the Yukawa couplings in Eg).
breaking of supersymmetry occurs as in Sec. V D, with theyould suggest that the standard model gauge couplings hit a
only effect of smally, to makeA, A massive. Locally, then, Landau pole below the Planck scale. However, the situation

P vy there is a minimum with(A)=(V)=0. Unfortunately, we
yA(/J*)g}IA(mP)(m_P)

By varying the couplings aip, maintaining onlyA;
>A,, we may easily obtain any low-energy valueygfthat
we want, as long as it is not very large. We therefore have n
prediction fory, (especially asc, cannot be calculatedand
so we will always consider it a free parameter, which we
expect to be smaller than unity.

The one additional concern one might have is that sinc
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is modified by the Yukawa couplings. fields B, V, which contains as submultiplets a color triplet
In particular, the QCD beta function above, reads and antitripletB5, V5 and weak isodoublet8,, V.. Let us
(33— 2+(3/2) ya+ (312 yg+ 2y consider the effect on the couplingBTV, which now be-
Bgsv=— 1-3(g>™ 2872 - (2D comes two couplinggsBsTVa+Yy,B,TV,. The anomalous

dimensions of the relevant fields are given at one loop by

(For simplicity of discussion, we ignore in this expression 16 16
the anomalous dimensions of standard model fields, as gen- 1672y ~2y5— — g3, 1672yg. ~2ys— = g3,
erated by standard model gauge and Yukawa coup)igs. 2 3 : 3
energy scales well abovk ,; but belowA ;, whereg; is

large, the expectation is that, is positive, vy, is positive, , 3 , 15 , , 3, 15,
and yg is negative. Ifyg were small,yy, and y, would be 167 yy,~ 5Y2" 5 9 1677y~ PREECN
very small andy3™ would run faster than the one-loop analy- (22)
sis would suggest. However, because is large, and be-
causey, may be large at high scaleg, and yy, heed not be

: SM ) 1 ) , 16 , 15 ,
small, and likely makegy™" run moreslowly than the one- 167 =5 (3y5+2y5)— 395 O

loop analysis. Once we approach.,; and g, becomes

large, the analysis is even less under control; no argument

can be constructed indicating either tiggt" must run faster The beta functions foy, andy; are
or slower than perturbatively indicated. Finally, beldw,,s,

the QCD beta function becomes negative, although the scalar 1 B 1 _

A and the fermions),, ¥ will reduce the QCD beta func- By, = 5 Y2(¥8, T Wt ¥1)i By, = 5 Valve, * vv,+ 1)
tion slightly below its MSSM value. Altogether the uncer- (23)
tainties in the anomalous dimensions prevent us from dem-

onstrating unambiguously thg@_M remains finite, but since  consider the ratio=y, /ys; its beta function can be written
the theory at one loop is marginally acceptable, there likely
exists a region of parameter space in which this is the case.

r 7 1
Suppose thag3" does not reach a Landau pole; what S —=(y8.— Y. Y.~ W)= =3 YaY3| [ — _)_
about the other standard model couplings? It is well-known T 9~ 2 "Pal V2 Vel B4m? r
that addition of complete SB) multiplets to the standard (24

model does not ruin coupling constant unification. This is

true at one loop in the standard model couplings and to all'hus, if the product of the Yukawa couplings, y3 is small,
orders in other couplings. The proof in a supersymmetrid0th couplings will grow with the ratio remaining fixed.
theory is direct. As seen in E(), to leading order in a weak However, the effect of the Yukawa couplings on thbeta
coupling constant the beta function is proportional simply tofunction will causer eventually to relax toward one. We see
g° times 3C,(Gy) —3,T(Pp)[1— 7¢p]- The usual statement then that when thgg couplings t_>eco_me large, as we expect
of coupling constant unification is that a complete(5u  them to be at low energy, §b) violation tends to be driven
multiplet {¢;} preserves unification becauZeT(¢;) is the small.

same for each standard model group factor, leading to equal A Sim"af analysis shows thgt the.coyplings denoyad
shifts in bo=3C,(G) —=,T(4y,) for the three groups and are also driven toward S8) universality if they are large,

preserving both unification and the unification scale. In thig"0ugh not if they are small. Either way, the effects of(SU
case, the S(B) multiplets have large anomalous dimensionsV'OIat'c’” are not large and ywll not prevent unification of
due to strong interactions involving the 4-3-2 sector. HOW_standard mo‘?'e' gauge couplings. e
ever, since the fieldég;} all have the same anomalous di- In conclusion, this model probably allows the unification

; b imate SU(5) fl trV th of standard model pouplings. All strong couplings will be
MensIony(g; [by approximate S5) flavor symmetry the nearly SU5) preserving as a result of strong dynamics; weak

sum ZT()[1 =y 1=[1= 7412 T(¢y) is essentially o hiings may violate this global symmetry. We will see
the same in each standard model group factor. Again, unifisome physical consequences of this symmetry below.
cation is preserved.

Thus, ifg3" does not hit a Landau pole, neither wg§"
or ng. Furthermore, coupling constant unification will be VI. BELOW THE SCALE OF SUPERSYMMETRY
preserved despite the strong coupling effects. BREAKING

Now, we consider the possibility that $8) is broken in In this section we discuss various predictions and interest-
the superpotential Eq1). In this case the multipletg, A, B ing features of the model which are relevant for energies in
must be broken up into their component multiplets under theéhe TeV region and below, including mass relations between
standard model gauge group, each with its own anomalousfermions and thé\, ., ¥, fields, large superoblique cor-
dimension. As an simplified example, suppose thais very  rections, and possible decay modes for &aj,, ¥a par-
small and that we can ignore it and the fidldConsider the ticles.
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A. Spectrum of the light non-standard-model fields A

m
2
It is helpful first to consider the limit where standard A cont Fo+H.c. 28

model gauge couplings ang, are taken to be arbitrarily

small (ignoring the appearance of a supersymmetry- The superfieldS, is a participant in the strong coupling
preserving vacuum at,=0.) All the standard model fields dynamics of the 3-2 sector. Naively one might guess that its
andA, ¢, are decoupled. The only interacting light fields arescalar component gets a supersymmetry-breaking mass-
¥ and the light fields in the supersymmetry-breaking 3-2sduared of ordeF. In fact, a more careful analysis, using a
sector. Here we discuss their interactions and properties. Ssupersymmetric effective Lagrangian, shows that {6%

For simplicity, we will assume that the 3-2 sector, which <A cont its mass is much smaller than this, because the un-
breaks supersymmetry, does not break its(1)J broken Ul) symmetry prevents the scalar from getting a
“hypercharge” flavor symmetry. This is true for small, holomorphic mass term. The mass squared ofShescalar
[58] but may not be true fox, large. With unbroken hyper- thus gets only a nonholomorphic contribution, of order
charge, the 3-2 sector has two light particles after supersym(4mF/ Aconf)z-_
metry breaking: the GoldstinG, which is eaten by the grav- The field A is composite at the scal&,,;, and so its
itino and obtains a mas&/(v3mp), and a fermiony  scalar component also gets a nonholomorphic mass squared
required to saturate the “hypercharge” anomalies. We will 3> of order (4nF/A o). We will assumethis mass

refer to the superfield containingasS, , and the superfield di itive: si it is induced th h st )
containing the Goldstino aX.® If instead the hypercharge c;ﬂ:]lgri? cz;r?(;)tstl):avec,ozgz?e:j 'S Induce rough strong cou

symmetry is broken, there will be a massless Goldstone b . . L —
y y Now let us consider turning og,. This gives theA A

son to replacen. However, the difference is irrelevant for _ . .
present purposes, as its effect on phenomenology diultiPlets a supersymmetry preserving mass, of sizg
standard-model-charged particles is limited to the decays oT|yA_|A00nf/(47T)' In paru_cular,:,//A and iy become a Dlra(_:
the heawv fields. B. which have mass of ordex fermion W,. Also induced are a holomorphic
y r conf: supersymmetry-breaking mass squanﬂeij_| and a nonholo-

Before getting into the discussion of the specific scalar hi trv-breaki aré\df th
masses in our model, we note that supersymmetry—breakin?orp IC Supersymmetry-bréaxing mass squ or the

scalar mass-squared terms are of two types, “holomorphic’ calarA. Their sizes are set _by the follovying cpnsideration:
and “nonholomorphic,” that are of differing size in the limit 2/l SUPersymmetry-breaking interactions involvigire me-

of small supersymmetry breaking. Holomorphic scalar maséliated through its coupling té\, and are therefore sup-
terms are defined to be those which couple scalar fields diressed by one power g} /(4m) for eachA on an external
the same chirality. In the lmiE<AZ,, supersymmetry- leg. We find therefore thatmi,~y,F and mj
breaking nonholomorphic scalar mass terms for a generie- (yAF/Acon92~(yA/4w)2m%.

strongly coupled superfield come from terms in the Kaer Next, when the standard model gauge couplings are made
potential of the form nonzero, the gauge bosons lead to a conventional positive
16572 gauge-mediated contributian,, to the A,A scalar masses
v f d*eoToX'X, (25  squared, of order dgMF/A )2 The A,A scalar mass-
conf squared matrix thus has the form
which will give ® a nonholomorphic(of type ®®T) A A*

supersymmetry-breaking mass squared of  order

(47F /A ¢ond)®. Holomorphic supersymmetry-breaking scalar

mass termgof type ®2) can also be induced. To see this, A m2,, m2, M m2ag
A . A GM

one can minimize the scalar potential and solve for dhe

auxiliary field in the presence of léer terms in the effective  For smally,, one linear combination of the scalars, which is

theory such as mostly A, is relatively light.

The experimental signatures of thle, and A scalar de-
pend on which one is lighter. Wheyy, is sufficiently small,
i.e., for YaAcond/ (47)<agVFlAons, the fermion ¥, is
lightest member of thé\,A multiplet. Otherwise, it is not
and effective superpotential terms such as possible to say which is lighter. Note that the masses of the

B,B multiplet have a similar form to those @ A, except

2 2, 2 2
A* [ mg+my+mgy Man
(29

41
Aconf

f d*0D D (XT+X), (26)

that we expecyg to be large, and so none of these particles
2 2 B ’

f d*omo=+H.c. @7 will be light.

One then finds a scalar mass-squared term in the potential B. The message of supersymmetry breaking

In conventional models of GMSB, violations of super-
symmetry in the MSSM sector can be reliably computed
3Note that the- term of X is justF, the Goldstino decay constant. from diagrams containing loops of particles carrying ordi-
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nary gauge charges. In our model, one_might be tempted F@,e can show that the regime WithYA(/47T)A§onf<47TF
compute superpartner masses by considering loops contaite A2 is ruled out because of a large negative logarithm.
ing the A,A and B,B fields. However, unless a theory has We will refer to this region of parameter space as “log domi-
messengers with a canonical lidar potential and a mass- nated.” A perturbative calculation of the loop contribution
squared matrix with vanishing supertrace, the squark ang¢tom theA,A multiplet to squark and slepton masses squared
slepton masses come from ultraviolet divergent diagrams angs2 35, for (Yaldm) A2, <4wF, is of order
are sensitive to the high-energy, strongly coupled physics. 2
The squark, slepton and gaugino masses are computable
the limit A,>A3>A5 andya,Yg,Ye,Ap<<1. In this limit,

(F2A2,Dlog(4nFIAZ,) and is negative. The uncer-
tainty in this calculation is of the same size as the effects

all the fields carrying standard model gauge charges are e{{om the rest of the strongly interacting sector and is of order

2
fectively weakly coupled below the scalk,. In contrast, @k (F2/AZm). For 4mF<AZ,the log enhances the nega-
our model has some large Yukawa couplings and>A 4. tive contribution of theA,A multiplet to squark and slepton
Here, the situation is not so straightforward, evegjfand  masses squared. Since there is no other logarithmically en-
yg are small and thé,A,B,B messengers are much lighter hanced contribution, we conclude that the log-dominated re-
than A o gime is excluded.

To see the limitations of perturbative computation, con- For 4mF~AZ,, we are not in the log-dominated limit,
sider the limity,, yg<1 and \/E<|yA|Aconfa 1Vl A cont and there are equally large contrlb_utlons to squark and slep-
<A In this case the nonholomorphic mass terms for thdon masses squared of unknown sign. We refer to the param-

—_ — . . 2
fields A,A,B,B are suppressed, as is the supertrace of theift€r reégion with 4rF ~Ag,y, y, <4, a natural one for our

mass matrices, and all members of these supermultiplets afi0del. as the “light messenger” regime. We will assume
pear as effectively weakly coupled fields below the scal hat the model has an acceptable region of parameter space in

Aconfs With masses of ordey aA con/ (47), YA cont! (47). the light messenger regime with positive squark and slepton

As we discussed in the previous section, holomorphidN@SSes squared. Note that all contributions which are not
supersymmetry-breaking scalar mass squared temfys, ~ SuPPressed by weak couplings are approximatelfsBtym-

5 - = . . metric, so the two-loop contribution to all standard model
Mg, of typeAA, BB respectively, appear in the low-energy gtormion masses squared has the same sign.

: : 2 2
effective theory, withmj,~y,F andmg,~ygF. The non- In such an acceptable regime, estimates for gauge-
holomorphic supersymmetry-breaking scalar mass terms aigediated supersymmetry-breaking masses can be made fol-

qf Qrder .(%F/Acﬁ’”f)z e relatively_supprgssed. In this lowing the usual arguments. For a sfermigrin a represen-
limit, which we will call the “holomorphic” limit, the con- tationr under the standard model, we find

tributions of theA and B messengers to the ordinary super-
partner masses are positive and of ordéf‘P"F/Aconf, and 3
can be perturbatively computed once their masses are m;z =Cn
known. Note that these contributions are independemnt,of '
andyg . But this is not the whole story. Near the scalg), o .
there could also be a host of broad resonances, with standaftere theC are the Casimir indices for the representation
model quantum numbers and supersymmetry-breaking hol@f the standard model gauge grol§lU(k), while ¢, is an
morphic mass-squared terms of orderF, which give an  Unknown constant, assumed positive. Because sfermion
equally large contribution to the superpartner masses. Simhasses squared scale with the effective number of messen-
lar conclusions can be reached by applying naive dimen@€rs, and perturbatively we have the equivalent of five mes-
sional analysis to graphs involving all the fundamentalS€nger 5 5's of global SU5), we estimate,, is of order 5,
strongly coupled fields. It is therefore not appropriate to re-2nd, due to approximate $& symmetry, is approximately
gard theA,KandBEsuperfields as the only messengers_mdependent of the representatianFor the standard model

the message is carried by the supersymmetry breaking sect%?ug'nOSMi , We expect

3 Fz
2
;1 CreaM ) —. (30)

conf

as a whole. =
We do not expect the holomorphic limit to apply, how- M;=dpat" —. (32)
ever. We expect that, is small, so the holomorphic mass- A cont

squared terrrm,iH, which is proportional toy,, does not

. . 2 . .
dominate over the nonholomorphic temm, which is pro- The fieldsA andA have quantum numbers ofi and10

portional to (47F/A o). When the supertrace of the mes- under SU5). However because the global &Y is broken
senger masses squared does not vanish, the contribution of

the messengers to the squark and slepton masses square )(Sweak coupl|r?gs such as'tlﬁ, the superﬁej:isA,A are
logarithmically divergent in the low-energy effective theory. €ach three multiplets with different massés, Arwherer
This divergence is cut off in the full theory, but logarithms of =(3,2)y, (3,1)-23, (1,1), labels the representation 8§
the ratios of messenger massesAtg,; can appear in the under the standard model. We assume that the three different
squark and slepton masses. ya couplings are all of the same order.

By considering the contribution of loops containing the If the Ya, are of order one, none of these particles will be

A,A multiplet to ordinary sfermion masses squaféé,35, observable in the near term. But if ttlgr are small, then the

Hered,, is another unknown constant, also of order 5.
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fields ¥, A might be light enough to be found soon. The proposed in the original models of GMSB with D$B-9],
color-neutral fields are likely to be the lightest since the scaWould also work for the present model. Basically these solu-
lar masses do not receive a large gauge-mediated contrib{ions rely on generating the parameter from the VEV of a
tion from color, and because the renormalization group prefundamental singlet which is coupled to the MSSM sector.
dicts enhancement of the Yukawa couplings for coloredSince these original models, several newer solutions have

particles. SincelV’ , andA make up? of an SU5) supermul-  Peen proposed. However none of these newer soluttis
66] will work for the present model, either because they need

tiplet_,nonobservation oA in the near vicinity would suggest JF to be substantially larger thar 10° GeV, or because
thatA, and theyjy component of?’, are participants in the ey require fundamental gauge singlet superfields with

supersymmetry-breaking dynamics. One might then probgs,majizable couplings to the messenger sector. Witten's

this dynamics by studying the interactions of thg particle. sliding singlet mechanisif67] has been claimed to generate
The SL.lS) 9'°b?" symmetry could be broken by the su- an acceptable. term in some models with/F ~10° GeV

perpotential couplings. We have assunisel Sec. V Fthat r{68]; however, for this mechanism to generate an acceptable

all such couplings either are weak or, if strong, are draw S
towards an Sp(B)?nvariant fixed point. This assu?nption may #otpz:?e? eﬁggrw;?dpgrz;?:;e;r}]nutsrt“: I;OOS gl large, which is
be tested via the relations of Eq&0) and (31). Another 9 9 '
interesting test is possible if thé&, and A masses are mea-
sured. Global S(b) symmetry gives the sum rule D. Decay of the messengers
So far we have assumed that there are no superpotential

ma —ﬁ}f =Xms, , (32)  couplings between the MSSM and the supersymmetry-
' ' ' breaking sectors. This assumption could lead to stable

wherex is a constant independent of charged particles in the messenger sector. Such particles are
In addition, our modelin contrast to most GMSB mod- €asily ruled out via, e.g., searches for heavy hydrogen.

el9 may generate, through strong dynamics, relatively large The heavyBB messengers can decay via ar(gnstan-

“superoblique”  corrections [59,60—supersymmetry- ton into twoA messenger particles and a neuttamessen-

violating contributions to the gaugino couplings. The typicalger. TheC messengers are allowed to decay via the cou-

expected size of such corrections can be estimated from n&lingshy,h, into the light particles of the 3-2 sector, i.e., the

ive dimensional analysis to be Goldstino and the massless fermion mentioned in Sec. VI A.
However, the lightesf messengers in each charge sector are
giSM_E]iSM aiS'V' stable unless new couplings are introduced.
TN A (33 The easiest way to eliminate the cosmological problems
1

of stable charged messengers is to assume that dimension-
five couplings between the supersymmetry breaking and

where theg; are the gaugino Yukawa couplings. In the light MSSM sectors are allowed, e.AUDE (where U.E are,

messenger limit, a logarithmic enhancement of this contribu- . h .
tion can be reliably computed to 589,60 respectively, the MSSM up antiquarks and charged antilep

tons. Even if suppressed by the reduced Planck scale, di-
mension 5 couplings lead to lifetimes for messengers with
_ Iog( 4wk ) (34) TeV scale masse&uch as most of thé multiplet might
gM A AconfMy ) have of around 102 s. In this case the lightest messengers
would be irrelevant for cosmology but might be detectable in
a collider experiment as heavy, long-lived charged particles.
Alternatively, (if Ais in the10, not thel0 representation
one could allow the following renormalizable couplings
which are consistent with baryon and lepton number conser-
vation and all the gauge symmetrfeSuch couplings, if
As in most gauge-mediated supersymmetry models, thiarger than~10 8 or so, will allow prompt decays of all
supersymmetry breaking parameBwhich governs mixing new heavy particles.
of the H, and Hy scalars, and the trilinear terms among - - o
scalar fields of the MSSM, are generated at two loops, and )\ELLiLjA(l,l)lJr }\ILJDLiDjA(S,Z)UG"_ NBDDiDjA@,l),%-
are relatively small, of orderd>™)2F/(4mwA .on). The only (35)
way to generate such terms at one loop is to have heavy
gauginos which couple to MSSM particles, such as when the o __ ] ]
standard model gauge group is embedded in a larger groupierei, j=1, 2, 3, andD;, L; are the left chiral superfields
Our model does not address the generation ofittierm,
i.e., the supersymmetric Higgsino mass parameter in the
MSSM superpotential. A long standing problem for super- 4Note that the simple alternative of allowing thearticles to mix
symmetric theories is to explain why this parameter shouldyith those ordinary quarks and leptons with the same quantum
be of order the weak scale, as is phenomenologically renumbers leads to rapid proton decay. We can impose a discrete
quired [63]. Several solutions to this problem, which were symmetry to forbid such couplings and still allow those of B35).

5 _a

where &=(3),1,1 fori=1,2,3 respectively, and we have
neglected differences between the differ@nt masses.

C. Trilinear scalar terms and the Higgs sector
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for respectively the down antiquarks and the lepton doubletsjecays are not kinematically allowed they must decay via

and the coupling to tha field is to the appropriate compo- virtual squarks and sleptons. In either case, the decay chain

nent such that the coupling is gauge invariant. Hence whefor a messenger fermion always leads to the NLSP and its

Apb, ApL, AL are nonzeroA contains superfields with the typical decay signature.

guantum numbers of a diquark, a leptoquark, and a dilepton.
The addition of thex p, N\, App terms allows for a

new classically flat direction parametrized by the superfields

V2, D, L, along which the S@) gauge symmetry is com-  We have presented an explicit example of gauge-
pletely Higgsed. Along this flat direction the @ dynamics Mediated dynamical supersymmetry breaking with a single
no longer lifts the classically flat directions parametrized bySUPersymmetry breaking and messenger scale in the 10-30

2B, B3, and the S(B)x SU(2) factor is completely Higgsed TeV region. Our model has no fine tuning, explicit mass
as well. Thus there is a classically flat direction along Whichpgrameters, oad' h_ocsmall numpers. The model is relatively
mple, but exhibits a rich variety of phenomena. We have

nonperturbative gauge effects are small_, and so the c_ou_pllin Iscussed the dynamics and properties of this model in de-
.Of E.q' (35) lead to'a new, _supersymmetr!c vacuum at.m.fm'tytail. This requires a careful analysis of the effects of strong
in field space. Still, provided the couplings are sufﬂmentlycoup”ng that goes well beyond the use of holomorphy to
small, there will still be a local supersymmetry-breakingCOnstrain the superpotential

minimum in the vicinity of the minimum which is there in While this model preservés the usual successediavor

the absence of such a cou_plmg. Furthermore,_whgg, changing neutral currents, a predictable spectrand diffi-
ALL, App are small, the barrier between the desired and th%ulties (the . and By problems of gauge-mediated super-

new minimum becomes very large and the Iifetime ‘?f the ymmetry breaking, it has some unusual features and predic-
desired vacuum .becomes muc_h longer than the lifetime ions as well. Some of these are central to the model and
the observed universe. There is no known reason why wg J 4 pe typical of any theory of this type.

should not be Iivingfin such a false vacuun|1_. o (1) All couplings in the theory are of naturally of order
Another reason for requiring any couplings betwe®n .0 o4 high scales, although some are forced to be very large

and the MSSM fields to be small is that such couplings car, very small at low energy by the effects of strong dynam-
lead to flavor-changing neutral currents at tree level. Thef

st_rongeﬁ conzgtralrltz IS on glertal_n combinations of the cou- (2) Despite the large contribution of new strong interac-
PlingsAp, ApL, ApL andAp , since the scalar leptoquark  (ions tg the beta functions of the standard model gauge cou-
exchange can give a tree level contribution to Hérdecays plings, the usual supersymmetric GUT relations are pro-
such asK| — ue andK— uew. Furthermore, as argued in {gcted by an approximate $8 global symmetry.
Sec. V E, the colored scalars may b_e as light or lighter than (3) Although the theory has two strongly coupled gauge
the squarks. The leptoquark contribution to réedecays  groups, a single dynamical scale controls the physics of the
will be compatible with all current bounds provided g, sypersymmetry-breaking and messenger sectors. This is due
couplings are all smaller thar 10" °. Fortunately it is natu- tq 4 natural approximate fixed point, whose dynamics washes
ral for these couplings to be small since they are irrelevant iyt the effects of the other energy scales.
the energy regime betweel,,;and A3. (4) As a direct result of the lack of segregation between
We conclude that another acceptable scenario is that thﬁJpersymmetry breaking and messenger dynamics, the
couplingsx'®, A"t \PP are all present but very small. In sypersymmetry-breaking scale is low, resulting in an NLSP
this case the only nonstandard stable or long-lived particleghich can decay promptly into an ordinary particle and a
in the model are the gravitinG and the massless fermion gravitino.
discussed in Sec. VI A, and neither of these lead to any phe- (5) The messenger sector is completely chiral with respect
nomenological problems or cosmological difficulties. In thisto the underlying gauge symmetries; it only becomes vector-
scenario, the lightest messengéte Dirac fermion¥ , and  like after one of the gauge groups undergoes a confining
the complex scalaf) might be pair produced and their de- transition. The confining transition sets both the
cays observed in a hadron collider. The scalarsRaparity  supersymmetry-breaking scale and the mass scale of the
even. The scalar dilepton, which decays into a charged lepnessenger sector.
ton and a neutrino, could be the lightest of the eRgoarity Somewhat more model-dependent but still reasonably ge-
messengers, potentially as light as the right handed chargetbric properties depend on the irrelevance, as a result of
sleptons. The leptoquark scalars are a nearly degenerasérong dynamics, of a certain coupling in the superpotential.
weak doublet, with the chargemember decaying promptly This coupling may be driven much less than one, and if it is
into charged lepton and a down quark jet, and the chargemall (between 10° and 10'%) it leads to a number of in-
—3 member into a down quark jet and a neutrino. Thesderesting effects.
could be as light or lighter than the ordinary squarks. Such (1) Certain messenger chiral superfields only couple
leptoquarks have already been searched for at Ferif6db weakly to the supersymmetry-breaking dynamics, while
70] but will escape detection if heavier than 225 GeV. Themost of them are strongly coupled. This leads some of the
V¥, fermions could be lighter than their scalar superpartnersparticles in the messenger-DSB sector to have
If heavy enough, the messenger fermions decay into an osupersymmetry-preserving masses much smaller than the
dinary quark and lepton and a squark or a slepton. If suclsupersymmetry-breaking scale. These “light messengers”

VII. CONCLUSIONS
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might be discovered soon by hadron colliders. experimentally distinguishable from both gravity-mediated

(2) The chiral structure of the model leads the light mes-models and other proposed gauge-mediated models. We
senger supermultiplets to have supersymmetry-breakingope that the novel features of this model will be thought
mass splittings which differ substantially from those of theirprovoking, and will stimulate further research into the role
complex conjugates. Consequently, the light messenger paghat strong gauge dynamics may play in the process of su-
ticles do not form a set of complete supermultiplets. persymmetry breaking.

(3) The large mass splittings in the light messenger super-
multiplets cause ‘“superoblique” radiative corrections to the
gaugino couplings to be logarithmically enhanced, and thus
much larger than in weakly coupled gauge mediated models.

(4) The usual constraints on light messengers, due to their We would like to thank Yuri Shirman for useful discus-
tendency to give negative mass squared to standard modgbns. A.N. would like to acknowledge the Aspen Center for
fermions, are evaded as a result of the strong-coupling dyPhysics for hospitality during the inception of this work. The
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