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Gauge-mediated SUSY breaking at an intermediate scale
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Gauge-mediated supersymmetf$USY-) breaking with a messenger scale of the order df T8V has
some interesting features. It can solve the flavor-changing neutral current problem of supersymmetric models
with predictions for superpartner masses which approximate those of minimal supergravity models. It can
however also lead to theories with novel experimental signatures. For example, we present a model in which
the gluino is the lightest supersymmetric particle. We also review the present experimental status of a stable
gluino. [S0556-282(97)05017-0

PACS numbdis): 12.60.Jv

I. INTRODUCTION whereFy~M?, M ~10—100 TeV andu is the fine structure
constant associated with the SM charge carried by the par-
Supersymmetry(SUSY) breaking in a “hidden” sector ticular scalar or gaugino. In this paper we describe a simple
can be transmitted to the observable sector through standageneralization of the minimal messenger scenario which il-
model (SM) gauge interactiongl,2] or through supergravity lustrates the following points.
interactions[3]. In supergravity theories, SUSY breaking in (1) The SUSY-breaking scale/Fyx and the messenger
the observable sector is set by the gravitino mass with scaleM are not necessarily the same. The only necessity is

that
F
Mgp=—=—.
3M F
V3M pianck A= VX ~10-100 TeV )
F is the fundamental scale of SUSY breaking and
M pianci= 1/V87Gy=2.4X 10" GeV is fixed. In our example we shall show thdt can have any

value from ~10—100 TeV to Mpjze Hence the two

is the messenger scale. In gauge mediated SUSY breakin§lUSY-breaking schemes—supergravity mediated SUSY
on the other hand, a ma#4 is introduced for states which breaking (with M~Mp;;ned and the minimal gauge-
have the property that they couple directly to the SUSY-mediated SUSY breakin@vith M~ 10— 100 Te\})—are just
breaking sector, and communicate with the observable secttwo extreme limits in a continuum of possible theories.
predominantly through SM gauge interactidns. A particularly interesting case is wheét~M g1 [2]. In

These states are the “messengers” of SUSY breakinghis case, SUSY breaking is transmitted to the observable
into the observable sector arM is called the messenger sector through grand unified theoi@UT) interactions. As a
mass. Low energy messenger models have been discussesult, squarks and sleptons within a complete GUT multiplet
recently [4]. In these theories, soft SUSY-breaking massare degeneratessuminghe messenger masses are invariant
terms, for scalars and gauginos, scale as local dimension thder the GUT symmetry. Such theories look very much like
and 3 operators, respectively, up to the messenger scalthe minimal supergravity mode|8] [or constrained minimal
Above M, soft SUSY-breaking mass terms no longer scalesupersymmetric standard mod€IMSSM) [8]]. These theo-
as local mass operatofsee Appendix A As a result, low ries are severely constrained by flavor violating effects in-
energy messenger models solve the flavor changing neutrdliced through GUT interactio6] (see Sec. Il A for further
current(FCNC) problems of SUSY5,6], since scalars with discussioi Suppressing these generic effects to well within
the same SM quantum numbers are degenerate, and the l@xperimental bounds may requirté<Mg /102 For
energy physics is not sensitive to the physics abldve M ~M y7/10, the squark-slepton mass squared splittings are

In addition, these theories can lead to observable low ensf order one.
ergy effects of SUSY breaking, i.e., a distinct spectrum of (2) In order to generate gaugino masses, it is necessary to
squark and slepton masses or new types of SUSY signaturggeak both SUSY an& symmetry. In the minimal scenario,

for accelerator experimenig]. they are broken at the same scale. We shall give a simple
In the minimal messenger scenafi, scalars and gaugi- example in which th&® symmetry breaking scalély is less
nos get mass of order than the messenger scale; thus suppressing gaugino masses.
a Fx «a
— XM, o .
47 M 4w Of course, whether these flavor violating effects are “danger-

ous,” thus requiring suppression, or “desirable,” leading to as yet
unexcluded testable predictions, depends on the details of the par-
'Gravity-mediated SUSY breaking is always present. ticular GUT.
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(3) Finally, even in a GUT it is possible to obtain nonde- light messenger scenario. If on the other hawg>m, then
generate gaugino masses Mt~Mgyr. In our example, the effective supersymmetry-breaking scale is given by
gluinos may be the lightest supersymmetric particles; resultA =Fy/M~m?/M~10—100 TeV with both M and m

ing in very interesting experimental consequences. much greater than.
For Mgyt>M, gauginos, squarks and sleptons receive
Il. INTERMEDIATE MESSENGER SCALES mass radiatively, predominantly through SM gauge interac-

We illustrate these ideas in a simple @0 SUSY GUT? tions[1,4,7. Gauginos obtain mass at one loop given by

The superpotential is given by (M)
[oF

W=\sS10%+ X(10P+ A" ¢~ +N'X?), 3) m,=¢—,—A (for i=123),

whereS, X are S@10) singlets,¢™,¢~ are also SQLO) sin- 5
glets with charge 1 under a messengef(J and 10is aten Wherec;=3, andc,=cs=1. ,
under S@10). Note that we assume SUSY breaking occurs 1he scalar masses squared arise at two loops
in a “hidden” sector dynamically and transmits this directly
to the statespt, ¢~ via the messenger (1)) resulting in a é a;i(M)\2
|
i=1 4

. ®

negative mass squar¢e-m?] for these two stateft]. m2=2A2
The scalar potential is thus given by

V=AY 102+ [10P+ M T b + 3N X2+ | (N S+ X) 102 where C,= £ for color triplets and zero for singlets,= 2

FNZX[2( T2+ b D) —m2(| o 12+ b |2) for weak doublets and zero for singlets, a@g=3(Y/2)?,
1 1 with the ordinary hyperchargé normalized a®Q="T;+3Y.
+ ED%JFED%O’ (4) In the limit M<Mgyt, we haveaz(M)> ay(M)>a4q(M).

Thus squark doublets and singlets are approximately degen-
erate, while right-handed sleptons are expected to be the
lightest SUSY partners of SM fermions.

Now consider the cadd ~M 1. In this case all SQ0)
gauge bosons contribute equally to gaugino, squark, and
slepton masses. For gauginos we obtain a common mass at

where D;=g;(|¢"[*°—|¢7|?+---) and Di=01¢(]10°
+---) and the ellipsis refers to the contributionq [D 4] of
all other U1) [SO(10)] multiplets necessary to make this a
complete theory.

A minimum is obtained for vacuum expectation values

one loo
(VEV) (6" )= — (b~ )=, (X)=X, and(10)=0 with P
3\'m? 1 m2( 1—\/3\’ aGut
2_ 2_ S = 9
= 2oy X 2—x/3>\'> © ™= 4 ©

and\/3\' < 1. The vacum expectation val(¢EV) (S)=M

is undetermined in the global SUSY limit, at tree level. and for squarks and sleptons a positive mass squared at two

At the minimum, SUSY is broken with loops
m? 1 A ie) 2
A T2 _ A2 GuT
Fx=~ 2=niaN") (6) m?=2A [Clo< 477) , (10)
and ) o
with C,o= % for 16’s of SQ10). Hence, in this case, squarks
Viee™ F§(1—6)\’/)\)<0. (7) and sleptons are degenerate, thus satisfying the boundary
conditions usually assumed for minimal supergravity medi-
Note, JFx~X~m:; a property of the minimal model. ated SUSY breaking or the CMSSM.
We now argue thatl is the messenger scale whigis>m Note that the gaugino masses are the same order as the

and in Sec. Il B we show how the conditidi>m can be squark and slepton masseShis is becaus&V [Eq. (3)] has

obtained without any fine-tuning. The 10 is the only field an R symmetry in which all fields hav® charge 1 andV

which couples to SA0) and feels SUSY breaking directly hasR charge 3. Thifk symmetry must be broken in order to

through Fyx. The mass of the 10 is given by generate a gaugino mass. However, tRe symmetry-

AsM+X~Max(M,m). Note, if M~m then we have the breaking scaleMr=M, is the same as the messenger scale;
hence gaugino masses are not suppressed in this model. In
the next section we give an example where Rhgymmetry-

3This model is not “natural” in the sense that it does not include breaking scale is much smaller than the messenger scale.

all interactions not forbidden by symmetries. It is however “SUSY

natural,” since no new terms in the SUSY potential can be gener-

ated due to the nonrenormalization theorems of SUSY. However, “Thus two of the independent parameters of minimal supergravity,

an example of a “natural” theory of this type is given in Appendix the scalar mass parametep and the gaugino madd ,, of mini-

B. mal supergravity, are related.



2854 STUART RABY 56

What about supergravity effects? For the range of param- dt =0,

eters satisfying/3M pianes>47M/ a, the dominant contribu-
tion to observable scalar masses is gauge medtatedhe  where the ellipsis refers ta terms which may or may not be
caseF~Fy, M~Mgyr~2x 10" GeV, andagjr~24, the  significant,t=In(u/Mpjancd/27, C; are defined after Eq(8)
contribution of supergravity mediated SUSY breaking isand we have not written the other equations. Note that the
comparable to that of gauge-mediated SUSY breaking. Thigenormalization groupRG) equations form;, have both
supergravity contribution to squark and slepton masses coulgauge and Yukawa contributions whereas fog only
lead to observable FCNC processes, if it does not respestukawa contributions appear. Moreoven, . and a3 grow
flavor symmetry. In addition both contributions receive ra-55 ,; decreases. As a result we expect thag, will vary
diative corrections from physics betwedfeyr andMpianck  sjowly with scale, whilemg, on the other hand, will vary
which could also induce large flavor violating effe¢Bl.  gjgnificantly. The Yukawa interactions tend to driné to

However, both of these flgvor violating contributions can benegative values. For example the solution to the much sim-
suppressed by reducingM. For example, with plified equation

M ~M /10, the supergravity contribution to flavor violat-
ing scalar masse&m?/m? is reduced to a few perce?wfr he dm?s )\29

A. Supergravity effects d [ my
( ai )

flavor violating GUT corrections to the gauge-mediated sca- —— =—"(40m3,) = const (13

lar masses are also reduced by a similar fachdfNl g7)2 dt 4m

(see Appendix A Thus both contributions to the real partof . . b

sm?/m? are reduced to a few percent which appears to pe> 9IVen by

generically safg10]. Note, for M ~Mg,1/10, the squark- \2

slepton mass splitting is of order ofe. mg(t)=m§(0)+ 8_82(40“50)|n(M/MPIanck)- (14)
a

B. Why is M>m?

. . . _ If ow letm3(0)=m3,=m3 8 we find
How do we obtairM >m? The effective potential faf is we now 5(0)=mio=mp,” we fin

flat at tree level in the global SUSY limit. It receives signifi- \2
- . 2
gi/r;tncg;tnbutlons both from supergravity and at one loop m3(t)=m3 1+40—7T2In(,u/Mp|anck) (15

V(8) =Vieet M) S?+ 16FZIN[(S+X)/m], (1) which goes through zero a=M pjnaeXH —872/40N2].
Since this mass term gives the dominant contribution to the
effective potential forS, it is clear that the value of
M=<S)~Mp,am@xp[—ﬂ2/5)\§] can take on any value be-
tweenM; and M pp,qq Without any fine-tuning.

where mf;(,u) is the supergravity generated soft SUSY-
breaking mass term evaluated at the scate S. m%(,u),
mig(w), My (), @i(u), Ns(u), etc. satisfy coupled RG

equations schematically given by Il LIGHT GLUINOS

) ) In the above case the mass of the(ftte messenger mass
dﬂs‘: E(ZOm2+40m2 bl M) is SQO(10) invariant. We now discuss a simple variation
dt 4w S 10 ' of the model in which the messenger mass break§160O
12 consider the same superpotential as in 8j.with the ad-
a2 22 dition of a term
m
§r = g (AmEHBMigt ) —daiCim? 10A10,, (16

whereA, 10, are an additional adjoint and ten-dimensional
SSupergravity will induce small contributions to scalar massesr?p(;ezematlons OfOSEDO)' k\.Ne prefumef ttaapt‘hls also clin- b
given by my~mg;=F/3Mpjanck It should be stressed thEt is clude \I/nEsn f ©1d )Mrea _InghS(IeBC_O[ 3. e e'gry an CIJ )
not necessarily the intrinsic supersymmetry-breaking s€alsince tains a ot ordeMgyr In the Irection. As a result

the gauge singlet field may not be coupled directly to thethe effective 16-10, mass term takes the form

supersymmetry-breaking sector. For example, in the model of Dine, 10
Nelson, Nir, and Shirmap4], F>Fy . However, it is also perfectly E(lO 104)( (
possible thatF~Fy [9]. While Fy determines the superpartner 2 104
masses, it i§ which determines the gravitino mass.
6f A=F/M is fixed, then mZ=(F/\BMpa)? [N this case the color triplets in 010, obtain mass of order
= A2(M/\/3M piane)®. Mgur, while the doublets in 10, 10 obtain mass of order
"In this case one can neglect the effects of heavy gauge degrees of
freedom(mass of ordeMgyy) in the loops. Since all the gauge
couplings at this scale are approximately equal we find, using equa-8We have only included the supergravity contribution to scalar
tion Eq. (8), (MEquanc Maiepton)/ Majeptor=1- masses in the effective theory.

25 A

A 0 ' (9




56 GAUGE-MEDIATED SUSY BREAKING AT AN ... 2855

M, O respectively11]. The massless doublets may be iden-whereas, agy are evaluated d¥l,.° The gluino is likely to

tified as the MSSM electroweak Higgs doublets. be the lightest SUSY particldSP).1° If the gluino is light
Now if M g,r=M>m we must carefully identify both the and long-lived it would have some interesting new signatures
messenger scale, and tResymmetry-breaking scalélg; for detectord12—16. Several authors have previously con-

the SUSY-breaking scale is stith. First consider ther  sidered the possibility of gluinos being the LEF]. Assum-
symmetry and in fact it does break tResymmetry defined stable. It \_/vould form color §|nglet bound states—a pseudo-
earlier. However, it also breaks a globa(1)) symmetry in ~ Scalar gluino-gluino compositgg (called a gluinobajiand a
which 10, 1¢,, A, S have charge 6;1,1,0, respectively. fermlomc gluino-gluon CompositRy [13,14] (called a glue-
Thus there is arR symmetry with charges 1,2,0,1 which gﬁlkné)l)ﬁei%rllrf%?rsnsgsniaggii/neoih;:t)g?;n'ulﬁglgnv%ittr? 2 fj;ﬁlglrrm-
rzrsa;ggsc%n;esrl\ézi' I_EE \jgng?zeta Iznstl:\f::lgtnr:etrohzer%p cal mass determined by QCD. For nonzero gluino mass, we
gregks iR symmétry' hence/l ;= M’ ' havem,]a> MR, > Mgiueball- IN either caseyy like the glueball

There are two effective messenger scales in this modé'f3 unstablg, decaying p(edominantly into mgltipion final
given by Mgyur and M. In the color nonsinglet sector, the states, whileRy may remain stable. These are just a couple

messenger scale is fixed by the VEX)=M gurX (B—L), of states in the large menagerie®hadrong18—-2Q. There

L ) . re alsoR baryons(gluebarin nd R mesons(gluemesi-
while in the color singlet sector the messenger scale is dete‘r”l-e alsoR baryons(gluebarinog and esons(gluemes

mined by the VEV(S)=M. Thus there are now two effec- 18- Of the R baryons, the flavor single,=guds is ex-
tive SUSyY—breakiné s>caIeAC=FX/MGUTin the color non- pected to be the lighte$fl9]. It may also be long-lived or

singlet sector and = Fy /M for color singlets. Note\>A  POSSibly even stable ihs <mg +m, . Of theR mesons, the

for M<Mgyr. We takeA ~10—100 TeV. isotriplet p, including the chargegp"=gud and neutral
Integrating out the messenger sector in this case gives rispﬂzzj(uu_— dd_), is expected to be the lighteg20]. It may
to gaugino masses at one loop. We find be short-lived, decaying via strong interactionsRg+ n,
or long-lived, decaying only via weak or electromagnetic
__az(Mgyr) M interactions toRy+u*+v,, Ry+e*+wve, or Ry+yy. It
M\,=Cs At A Mgyt could even be stable, if it were the LSP. The glueballino
(Ro) and theR-rho (5°) are candidates for the LSP. We do
a;(M) not knowa priori which of these is the lightest. For gluino
my, =Ci ype A (for i=1,2. (18 masses greater than 3 GeV, bag model calculations suggest

thatmz<mg [20]. However, the ration; /mg_ depends on

Gluino masses are suppressed in this model by two factors %gluon self-energy parameter which is not well determined,
PP y omparison of different bag model calculations of glueball
(M/Mgy7). One factor comes from the ratio of the —

symmetry-breaking scale and the messenger scale for col@'d Mixed glueg g states leads us to expect uncertainties on
interactions, and the other from the ratio of the two differenttNe order of 100-200 Mey21,22. We shall thus consider

effective SUSY-breaking scaled,c/A=M/Mgyr. two a[ternatives—eitheRo or 50 as the LSP. We .shall
The scalar masses squared arise at two loops: sometimes refer to the candidé®hadron LSP generically
asR. We shall also assume that tBgis unstable and decays
ay(M))2 with a lifetime ~1071%s, of order theA° baryon lifetime!!
P ) The most dramatic change in SUSY phenomenology with
a stable gluino LSP is that the missing energy signature for
a;(M)\? SUSY is now gone. Recall that general gluino searches in
1( an ) } accelerator experiments have used the missing energy signa-
ture to identify the production and subsequent cascade decay
ay(M))2 an(M))2 of the gluino. A stable quino,.however, avoi(_js a.II of these
’rﬁglepton: ml%iiggs: 2A2[ Cz( o ) Cl( = ) } constraints. In our model, gluinos produced in high energy

2

az(Mgur)
C3( 4

mgquark: ZAE‘, +2A2[C2(

(19
Note this is the result of renormalizing the gaugino masses from
For Ac/A=M/Mgyr<1, electroweak doublet squarks and m to M, .
sleptons are approximately degenerate while right-handed!°the gluino-gravitino mass ratio, given by
squarks and sleptons have mass ratios determined by the  [ay(My)3/47 (MM panad M2,1) (Fx /F),

square of their weak hypercharge. is likely to be less than 1.
Yif mg <m,+mg (wherem, is the neutron magsthen S will
The gluino as the LSP be stable. It is unlikely to bind to hydrogen due to repulsivand

¢ meson exchange forceS, is also stable, but its quark compo-
nents will annihilate in hydrogen or in any other nuclei. Any pri-
mordial baryon asymmetry mechanism will also result irSgn Sy

The gluino-photino mass ratio evaluated Mt , in our
example, is given by

m;  3as M \2 asymmetry. Howeve, annihilates with a strong interaction rate
—9%8 v ) , (20 via the proces$,S,—nn. As a result it isnot a good dark matter
m;  9%em\ Maeurt candidate.
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accelerator experiments will hadronize until iRés formed. Consider the case g§° as the LSP. Then it is likely that
Since theR is strongly interacting it will be stopped in the thelfck;}argehd sta’:jes will either bethathe orr:{ery Iong-hv?d. g
hadronic calorimeter and all its kinetic energy will be visible. the charged states are stable then this case Is already
As a result, most quoted gluino limif43] now disappear. ruled out by several complimentary experiments. Searches
However, for very heavyR's a missing energy signal re for heavy isotopes of hydrogen limit the relative abundance

emerges which can, in principle, be used to place an upper
limit on the gluino mass.
_ Stable particle searches now provide the best limits on th or m=.>2 GeV [23,24. In addition, accelerator experi-
R mass. These are of two types: mass spectrometer searchegntS exclude a lona-lived* with mass in the range
for heavy isotopes of hydrogen or oxygen, and accelerato g-iv ® ) ing
. : . . <m;+<10 GeV and lifetimer;+>5X10"° s[25] or with
based fixed target or collider experiments looking for stable P AN
He2<mM;+<13.6 GeV andr;+>10""s [26]. Thus we con-

charged or neutral hadrons. The mass spectrometer searc P ~, P 13
for heavy isotopes of hydrogen provide severe constraints foflude that thep™ cannot be stableLSP or otherwisg
a stable gluino LSP. If the p™ is unstable, then its lifetime is expected to be of

There have been several mass spectrometer searches fer the neutron lifetime-10° s, since thep* —5° mass

heavy €=1) isotopes of hydroge{23,24, referred to as  difference would only be a few MeV and the decay would be
X™. These experiments find no evidence ¥or at an abun- via the weak interaction procegs’ —75°%+e* + ve. In this

dance relative to hydrogen given by case, a Fermilab collider experiment is signific®¥]. It
excludesp * with mass greater than 50 GeV. Thus a long-

s+ /ng+<10 18

X 10-18_10-22 (21 lived, unstablep* is only allowed in the mass range
Ny + 13.6<m;+ <50 GeV. Moreover, sincg® andp ™ are nearly
degenerate, we have 13:@n;0<50 GeV. Note, ifp° binds
for my+ in the range from 2—-350 Gej23] or to hydrogen, then the mass spectrometer limit combined with
the above accelerator dafas5,26 excludes the casp® as
Ny the LSP.
>2x10 %8 (22) Let us next consider the possibility that the glueballino,
Ny+ Ry, is the LSP and that the lightest charged or neutral glue-

barino or gluemesino decays inf, with lifetime shorter
for 1000>my+>12 GeV[24]. In order for these results to than~10 8 s. What are the experimental limits on such a
be relevant for gluinos, however, we must interpkétas a  stable glueballino? The mass range between 2 and 4.2 GeV
bound state oR (i.e., Ry or 5°) with hydrogen, deuterium, is presently excluded fang [12-14. This follows from the
or other light element, i.eX*=RH* ,RD*. Of course, this absence of a peak in the photon energy spectrum in the pro-
can only rule out a stabi if two conditions are satisfied; ¢€S Y—vy7g by CUSB [28] or in the process
(1) R in fact binds to light elements, an@) R is present at Y’ — yxp(1°Py) followed by Xb(lgpl)_iggg by Argus
the experimentally accessible abundances. [29] or from a search for new hadrons with lifetimes greater

than 10 sec, using time-of-flight in a 590 m long neutral

We shall argue Iater that the expected abundande Bf. b?am at Fermilab by Gustafsat al. [30,12. Recently, the
such that these experiments should have seen something | . . . .
so-called light gluino window has been severely constrained

R binds to hydrogen. Thus let us consider the question OBy the analysis ot* e~ —4 jets using data from the CERN
binding. The strong interactions &, or p° with hydrogen ete™ collider LEP[31,32. The present limit set by ALEPH
differ. An Ry has strong interactions but it is not expected tor32] is mg>6.3 GeV. Note, however that this bound is sub-
behave like a neutron. The dominant contribution to th€ect to theoretical uncertainties of higher order QCD effects
binding of deuterium comes from pion exchange, Wil on the 4 jet angular distributiori83]. In addition one should
containing no valence quarks, is unlikely to couple 5'9”'f"compare QCD with or without the effects of gluinos. This
cantly to pions, rhos, etc. The dominant exchange is likely ty35 not been done in this case. If we ignore, for the moment,
be a glueball with mass of order 1.5 GeV. Thus the interacihe ALEPH limit, then the light gluino window is still a
tion range is short, abou fm, and considering that the viable option with only the mass range<ing <4.2 GeV

deuterium binding energy is already quite small, it is un-
likely that theRy would bind to light nuclei. Hence it would emacrlluctiﬁg. :;ggsthrzr?ﬂ;?r Tg% Véeeslccisep;tmeaﬁgv%zg bg;md,
not be seen in experiments searching for heavy isotopes 6f Y8R, ~O- '

hydrogen. Thep?, on the other hand, probably does ex- Course, this assumes t@@ does not bind to hydrogen.
change pions and is thus more likely to bind to hydrotfen. ~ We now argue that iR binds to hydrogen, it is excluded
This may exclude th@® (assuming it is the LSPwith mass ~ with massmz>2 GeV by mass spectrometer searches for
greater than 2 GeV. Clearly further studies are necessary to
decide this important issue.
Bwe believe that it is extremely unlikely for a staljeto survive
in the narrow window between 1.5 GeV, associated with the ex-

2sospin symmetry, however, forbids the direg?p%#° cou- pected dynamical mass due to QCD, and 1.9 GeV from accelerator

pling. and mass spectrometer limits.
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heavy hydroger[23,24. Given thatR binds to hydrogen Celerator experiments and mass spectrometer searches ex-
forming anX*, we must calculate the expected abundancé&ludes it with any mass. If they do not bind to hydrogen, then

ny+/ny+. The cosmological abundance Bfis expected to the best limit on the glueballino mastO>6.3 GeV, comes

be of orde34—3§ from ALEPH [32],"> and on thep® mass, 56-m;0>13.6
GeV, comes from accelerator experimei§—27. Searches
n& o Mg for anomalously heavy isotopes of heavy elements may con-
E~10 1 GeV (23) strain this mass range, but detailed calculations of the present

abundance of such isotopes are needed.
Finally, let us briefly consider the new signatures for

R’s will then bind to nuclei; some will be processed into SUSY at hiah enerav accelerators. Sauark decay now bro-
light elements beginning at nucleosynthesis and this process 9 9y - =4 y P

will accelerate to heavier elements during stellar evolutionPeeqs viag—q+ g, so that squark-anti-squark production at
Those contained in heavy elements are likely to remain ther@ne" €~ collider results in 4 jets in the final stafé0]. Such
today, since they are protected from annihilation by the Cou€Vents have been observed by the ALEPH collaboration at
lomb barrier of the host nucleus. Those contained in light-EP Il [41]. Photinos would decay into 3 jets containing a
elements can undergo further annihilations in stellar interior§lu@rk-antiquark pair and a gluino. Thus, slepton-antislepton
at sufficiently high temperature®f order 16° K corre- prodgcno_n at arg*e* collider would have 2 leptons and up
sponding to an MeV mean thermal energflowever the [0 6 jets in the final state.
X*'s which have not been reprocessed through stars will Atapp or pp collider, gluino production will be copious.
remain today. The fraction of primordial hydrogen on earthAn energetic gluino is expected to produce an hadronic jet
(that which has not been processed through stara num-  containing a singldR. The R will most likely be stopped in
ber of order 1[37]; hence the terrestrial abundanceXof’s  the detector; consequently all “kinetic” energy is visible in
is not expected to be significantly different than the cosmothe detector. This statement has two significant conse-
logical abundance dR’s. As a consequenc®’s with mass  quences. Firstly, since only the kinetic enerdy~mg) is
greater than 2 GeV and which bind to hydrogen are exvisible in the calorimeter, a very hea® would still have a
cluded. If the light gluino window has been closed by missing energy signal. This effect could be used to bound the
ALEPH andR binds to hydrogen, we must conclude that thegluino mass from above. In addition, in the case fRatR,
gluino LSP scenario is excluded. one must take into account that the cross section for
Even if R does not bind to hydrogen, it is still likely to Ro-nucleon scattering is expected to be only of order 40
bind to heavy nuclei. In this context, a search for heavy(mﬁ/mgmebam2 mb, since it is predominantly due to glueball
isotopes of oxygen is significariB8]. No evidence was exchange in thé channel. Thus it is suppressed compared to
found for such a heavy isotop@iO) with an abundance the typical nucleon-nucleon total cross section. This effect
Npo/No>fewx 107 19— 10716 for 20<my <54 amu corre- must be taken into account when modelahg/dx for Ry in
sponding to 4 mg <38 GeV. Whether or not this con- a detector.
strains the theory however requires a detailed calculation Otf) I?\S a ﬁ'nilt “Ot%’ it h?ﬁ besn sugdgested tlhat a stable S'Ue-
L= allino might produce the observed anomalous muon show-
the processing oR into heavy elements. A lower bound on ers from the x-ray binary star Cygnus Xfa2]. Although

the number ofR's on earth can be obtained by consideringhis nossibility has been questioned by several authors
the flux of gluinos incident on the earth due to their produc—[39 43, it is not excluded fomz=<10 GeV.

tion by cosmic rays in the upper atmosphg88]. A crude
estimate of this effect, assuming an incident flux of gluinos,
10 -10"8 cm2s 1 *incident m a 4 kmcolumn depth of
water during the 1Dyr age of the earth, gives an abundance We have discussed gauge-mediated SUSY breaking at in-
ng/ny~10"8—10"2°. Clearly a more careful calculation is termediate scales. In this case the effective SUSY-breaking
needed. scale A=Fy/M~10—100 TeV but both the messenger

To Summarize, if gluinos are the LSP then they will form scaleM and the SUSY-breaking Sca{?x are much greater
stable hadrons. A stable chargBdhadron is ruled out by thanA.

accelerator and mass spectrometer experiments. A neutral |n the casevl ~M gr and invariant under the grand uni-
R, or p°, is however not necessarily ruled out. For the glue-ied gauge symmetry, we have boundary conditicatsM )
ballino (Ro), we assumed that the higher mass, unstablgor gauginos, squarks, and sleptons which match those of
charged states would have short enough lifetinee$0™® s,  minimal supergravitfor CMSSM SUSY-breaking schemes

to escape detsction. For tfi, on the other hand, we as- ith me and My, related. The advantage of the gauge-
sumed that they * is sufficiently long-lived that it would not mediated scheme is that the problem of flavor changing neu-
have escaped detection in accelerator experiments lookirtgal currents can be mitigated or completely eliminated, de-
for stable charged hadrons. If either binds to hydrogen, formpending on the messenger scale.

ing a stable heavy isotop¢™, then the combination of ac- In a particular example, we showed that the gluino can

IV. CONCLUSION

Y“This flux is obtained using the known flux of cosmic ray protons °If the higher order QCD corrections to the 4 jet angular corre-
and the data on charm production to estimate the gluino productiotations significantly affect the ALEPH results then this constraint
rate[39]. may disappear. In this case the light gluino window remains open.



2858 STUART RABY 56

naturally be the LSP with very interesting consequences foSimilarly, for gauginos we have
experiment. In this example, there are two effective gauge-
mediated SUSY-breaking scalés=Fy/M~10—100 TeV m, (D)~ FxMg
for color singlet states and -=Fyx /Mgyt for color non- NP p2
singlet states. _ )
The stable gluino window may be quite large. The crucialfor P>M. Mg is theR symmetry breaking scale. .
question is whether the LSP binds to hydrogen. If it does, How does this affect the FCNC problem? In the effective
then the window is closed by mass spectrometer searches féteory belowM, soft SUSY-breaking scalar masse®?)

heavy isotopes of hydrogen. If it does not, then there are tw@re degenerate in a given charge sector. Thus flavor changing
possibilites — ap® LSP is allowed for 56- M50>13.6 neutral current effects are suppressed. However, GUT phys-

GeV, while a glueballino LSP is allowed fong =6.3 GeV. ics can induce threshold corrections which violate flavor
0 ymmetried 6]. If howeverM <M g7 these corrections are
energy, since the rest mass would escape detection.

uppressed and we have
M 2
MGUT) ) .
Finally, we did not discuss thg problem in this paper.
However, in our second example the messenger and Higgs APPENDIX B: A NATURAL THEORY
sectors mix and there does not appear to be a symmetry
which prevents the. term from being generated radiatively SO(10) singlets X; , i=1,2.3 with arbitrary couplings to the

[once SUSY and SQO0) breaking is includel However a o . _
more detailed model which includes the @0 breaking 10 and to two addltlonal gauge singld®s’, P~. We have
thg superspace potential

sector would be needed before this question can be addresse
further. W= (A3 X) M2+ (A X) PP~ + (A X)) 1%,

In either case, accelerator experiments looking for missin
energy would not have seen the LSP, since the LSP i
stopped in the hadronic calorimeter. Note, the high mass

gluino limit could in principle be constrained by missing m2aia=M?| 1+ O

Consider the O’Raifeartaigh-type theory with three

ACKNOWLEDGMENTS wherei=1,2,3 is summed and,,;, n=1,2,3 are 9 arbitrary

. . Yukawa couplings. It is then always possible to define three
This work was partially supported by U.S. DOE Contract a\y gauge singlet fieldx, Y, Z in terms ofX; , so that the
No. DOE/ER/01545-708. | would like to thank R. Boyd, G. superspace potential has the form

Farrar, H. Goldberg, M. Sokolov, and G. Steigman for inter-

esting discussions and suggestions. W=XM2+(a;X+b;Y)PTP ™+ (a,X+b,Y+2)10%.
APPENDIX A: SOFT SUSY-BREAKING MASSES This theory has no supersymmetric ground state since
Soft SUSY-breaking mass terms by definition preserve —Fx=a,P" P~ +a,10°+ M?,
the property of SUSY to eliminate all quadratic divergences
[5,44]. However, they have an additional property which —F}=b,P"P~ +b,10, (BY)
concerns us here in the context of the flavor changing neutral
current problem. Above the messenger scale these mass -F3=10"

terms no longer scale as local dimension tifar scalar$ or ] o
three(for gaugino$ operators. In fact they scale as nonlocal ~ Consider the local minimum

operators; as a consequence the effective mass terms are mo- (10=0, (P*)=—(P )=
mentum dependent at high energies. For example for scalars ' ps
below the messenger scale we have ay(X)+by(Y)=0 (B2)
A2 gk
m=¢* ¢, with
where the mass squared z=(7) and y=(—a,(Y)+by(X))/(a2+b?)12
2
= 2:F_>; arbitrary.
M At the minimum we have
is a constant. However, for external momentpes M the ) a; )
mass squared is momentum dependent P =\ 22+ b2 M
170
F2 :

(F2)=(F19=(Fp=)=0, ay(Fx)+by(Fy)=0,

(Fy=(—ay(Fy)+ b.(Fx))/(a%+b})Y2

So in general we have

FX

m2(p)~Mz—+pz- =b;M?/(a3+b?)Y2 (B3)
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Thus supersymmetry is broken. The VEV’s fpyz will be  appears in the effective superspace potential
determined once radiative corrections and supergravity ef-

fects are included. The linear combination Weffective=2' 107
_ and thus is expected to get a large VEV as discussed in the
(azb;—bjay) : - U .
'=—=——=—"y+z paper. The orthogonal linear combination does not appear in
vai+bi the superspace potential.
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