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Generalized messengers of supersymmetry breaking and the sparticle mass spectrum
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We investigate the sparticle spectrum in models of gauge-mediated supersymmetry breaking. In these mod-
els, supersymmetry is spontaneously broken at an energy scale only a few orders of magnitude above the
electroweak scale. The breakdown of supersymmetry is communicated to the standard model particles and their
superpartners by “messenger” fields through their ordinary gauge interactions. We study the effects of a
messenger sector in which the supersymmetry-viola&irtgrm contributions to messenger scalar masses are
comparable to the supersymmetry-preserving ones. We also argue that it is not particularly natural to restrict
attention to models in which the messenger fields lie in complet®)Siound unified theory multiplets, and
we identify a much larger class of viable models. Remarkably, however, we find that the superpartner mass
parameters in these models are still subject to many significant contf&@06t56-282(197)04705-X]

PACS numbeps): 14.80.Ly, 12.60.Jv

I. INTRODUCTION for collider kinematics(but not for cosmology{3]). The
next-to-lightest supersymmetric partic(BlLSP) can there-
The masses of the superpartners of the standard modtsire decay into its SM partner and the gravitino. In the case
(SM) particles should not greatly exceed the TeV scale ifthat the lightest neutralingN,) is the NLSP, one has the
supersymmetry is to solve the hierarchy problem associategteresting decay4,5] N,— yG as long as the photino con-
with the ratioM /M pjano. However, this fact by itself tells  tent of N, is nonzero. The decay length for this process de-
us surprisingly little about the scalkg,sy at which super- pends on the ultimate scale of supersymmetry breaking
symmetry is ultimately broken. It is also necessary to have\g,sy, according to

an understanding of the mechanism by which supersymmetry 5

breaking is communicated from its original source to the - ~ K1y mﬁl

fields of the minimal supersymmetric standard model (N1 —=yG)= 1537 1)
SUSY

(MSSM). If gravitational or other Planck-suppressed interac-
tions communicate supersymmetry breaking, thefysy is  wherek;,=|N;,c0s 6+ N;, sin |2 (in the notation of6])
perhaps 18 GeV or so. While this scenario has received theis the photino content ofl;. Since in GMSB the typicaF
most attention in the last decade, it is hardly inevitable. Anterm responsible for supersymmetry breaking can correspond
other possibility[1,2] is that the ordinary gauge interactions to Agysy of order 1G or 10° TeV, it is quite possible that this
are responsible for communicating supersymmetry breakingecay can occu(at least a significant fraction of the time
to the MSSM through their couplings to a messenger sectofside a typical detector, with many interesting phenomeno-
of chiral superfields, which in turn couple directly or indi- l0gical consequencefst,5,7-14. If it is sufficiently heavy
rectly to the fields which break supersymmetry. N, can also have decays infds andh G, with decay widths
In the “minimal” model of gauge-mediated supersymme- which suffer, however, from very strong kinematic suppres-
try breaking (GMSB) [2], all of the soft supersymmetry- sion[12].
breaking interactions of the MSSM are determined by just a Recently it was pointed oy8,9] that a singleeeyy+ E+
few free parameters. Perhaps the most attractive feature évent[15] observed at the Collider Detector at Fermilab
this type of model is that the masses generated for squark€DP) could be naturally explainédy GMSB (and other
and sleptons with the same &) XSU(2), XU(1)y quan- theories with a light gravitinp This event had an energetic
tum numbers are automatically degenerate, so that flavoglectron and positron, two energetic photons each with pseu-
changing neutral currents are suppressed without additionaorapidity |7/<1 and transverse enerdy;>30 GeV, and
assumptions. This feature depends only on the fact that ordlarge missing transverse energy>50 GeV. The SM and
nary gauge interactions are flavor blind, and will be true in adetector backgrounds for such events are reputed to be ex-
much larger class of models than just the minimal GMSBtremely small. This event can be explained by GMSB as
model. either selectron pair production or chargino pair production,
This class of models has another feature which may allovput only if N, is the NLSP, and ifAgysy is less than about
it to be dramatically confirmed at existing or currently 10° TeV. These are not automatic consequences of all mod-
planned collider facilities. Because local supersymmetry is
spontaneously broken at a relatively low scale, the lightest
supersymmetric particle is the gravitirithe spin3 super- The event can also be explained in the usual MSSM framework
partner of the graviton with a mass that is entirely irrelevant ithout a light gravitino, if parameters are chosen so that the radia-
tive one-loop decayN,—N;vy dominates[9,16]. The parameter
space in which this can occur will be largely but not entirely ex-
*Electronic address: spmartin@umich.edu plored at the CERNe* e~ colliders LEP 161 and LEP 190.
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els, and therefore will givéif taken seriously, which clearly T~
should not be considered mandatonontrivial theoretical ’ AN
constraints. / \
Moreover, the discovery signatures of supersymmetry ! \
with a prompt decayN;— yG are so spectacular that it is %—W
possible to set quite strong bounds even with existing Teva-
tron data. In contrast to the usual supersymmetry search FIG. 1. Contribution to MSSM gaugino masses from messenger
strategies, one can obtain a very high detection efficiency dteld loops.
the Fermilab Tevatron for the inclusive signgly+ X+ E+
with suitable cuts on the transverse energy and isolation of Il. BEYOND THE MINIMAL MODEL
the photons, and on the total missing transverse energy. In
[12] it was argued that with the present 100 plof data at

the Tevatron, it should be possible to eXC“.Jde a lightes onsists of a set of chiral superfields ,®; which transform
chargino(C,) mass up to 125 GeV'and neutr‘?hn'q Masses URs a vectorlike representation of the MSSM gauge group.
to about 70 GeV, assuming gaugino mass “unification " The supersymmetry breaking mechanism is parameterized

lations as in the minimal GMSB model. In this paper we will ; :
discuss other models which do not share this feature. Eveby a (perhaps not fundamentathiral superfieldS, whose

when all assumptions about gaugino mass relations are aba]%:-JXi“ary corfr_lplgnenF iIS zgsumeg_ to tac;qhuire a VE\{' -I;hef

doned, however, it was argued|[ib2] that one can still find essenger fields couple thaccording fo the superpotentia

a model-independent boumj51> 100 GeV as long asy, W:Aisq)iqTi- )

>50 GeV (to supply energetic photopdy exploiting the

inclusive yy+ X+ E; signal. These bounds are quite com- (Here we have assumed that the messengers obtain their

petitive with and somewhat complementary to what can bégnasses only from coupling to a single chiral superft&lave

done at LEP upgrades. However, it should be kept in mindvill comment briefly on the effects of relaxing this assump-

that these bounds all assume that the dé¢ay> yG occurs  tion below. With this assumption, a possible coupling matrix

within the detector 100% of the time. This is not necessary)ij®;®; can always be diagonalized as shown.the mini-

even to explain the CDReyy+ E; event, which only re- mal model of GMSB[2], ®; and®, consist of chiral super-

quires that some non-negligible fraction f decays occur fields transforming as a5+5 of SU(5)DSU@3)c

within the detector. If most decays occur outside the detecXSU(2)_ XU(1)y. This choice is sufficient to give masses to

tor, then one would expect many more single photon event8ll of the MSSM scalars and gauginos.

than diphoton events, with unfortunately a much larger SM  In the following we will use the same symbol f8randF

background, and much more difficult challenges for simula-and for their VEV’s. The fermionic components ®f and®;

tion studies. Thus for example the discovery mode at LEP2btain a Dirac mass equal 1q9S. Their scalar partners have

from e"e”—N;N; could be predominantlyE rather than ~a(mass® matrix equal to

yvE. We should also note that in a significant fraction of the ( N2 AF )
I I

models to be studied in this papéi‘1 cannot be the NLSP . x 5
anyway unless it is Higgsino-like. NF* NS
While th inimal | of GMSB i i I . . .

lle the minimal model of GMSB is quite elegant and with eigenvalueg\;S|?+|\;F|. The supersymmetry viola-

can explain the CDFeeyy+E; event, it is important to . . ! : ;
consider what all the related alternatives might be, especia’ljlgn apparent in this specirum is then communicated to the

In this section we consider a slightly generalized treat-
ent of the minimal model of GMSB. The messenger sector

3

in setting discovery and exclusion strategies. Future phenom: SSM sector via the ordinary gauge interactionsipfand

enological studies should therefore take into account the full"i
richness of model-building possibilities, which undoubtedly

extend far beyond the minimal GMSB model and in severa'oop are the messenger fields. Evaluating this graph one finds

different directiong17—-22. In this paper we will begin to 4 _
explore a few such possibilities. In Sec. Il we develop thethat the MSSM gaugino mass parameters induced are

formalism for arbitrary messenger sector field content in- a. F

cluding the effects of arbitrary massgsom scalar vacuum M,=— = > nu(i)g(x) (a=1,2,3, (4)
expectation valuegVEV's) and F-term breaking in the 4m ST

messenger sector. In Sec. lll we will examine the discrete h
model space allowed by generalizing the particle content o
the messenger sector to include possibilities which do not x;=|F/N S (5
form complete grand unified theoGUT) multiplets. We

will argue that it is not particularly unnatural or even inel- for each messenger coupling and

egant to consider such generalizations. These effects serve to
considerably enlarge the available parameter space, but in
Sec. IV we show that some strong model-independent state-
ments can still be made, and the GMSB models retain a _
distinct character even without taking into account the postn Eg. (4), n,(i) is the Dynkin index for the pai®, ,®; in a
sibility of discovery modes involving decays into the grav- normalization wheren,=1 for N+N of SU(N). We always
itino. use a GUT normalization for; so thatn,=gY? for each

The gauginos of the MSSM obtain their masses at one
oop from the diagram shown in Fig. 1. The particles in the

ere

g(x)= % [(L+X)In(1+X)+(1—=x)In(1—x)]. ()



55 GENERALIZED MESSENGERS OF SUPERSYMMEWR . . 3179

P - N

] 1 4 Y

A
\\ /l
~p” \, /
.
ﬁ ) )

Graph 1 Graph 2

Graph 3 Graph 4

0.8 ) 1 1
0.0 0.2 0.4 0.6 0.8 1.0

x = IF/AS?I

FIG. 2. The functiong(x) and {f(x) described in the text.

messenger pair with weak hypercharge= Qgy—T;. The craoh? crene
variable x; must lie in the range €x;<1, with the upper
limit coming from the requirement that the lighter scalar P PN
messenger has positiy@ass®. The minimal5+5 model has [ A
Ziny(i)=2;ny(1)=Z;n4(i)=1. Since the functiong(x) LT ) P
obeysg(0)=1, in the smallx; limit one recovers the result _'_‘_ _\‘y'l P
M = (a,/4m)F/S of [2] for the minimal model. N

For largerx the expansion Graph 7 Graph 8

xz2 x4+ xb FIG. 3. Two-loop contributions to MSSM scalar masses involv-
g(x)=1+ 5 + 1—5+ 53+ o (7)  ing messenger sector fields.
gives good accuracy except near1. The functiong(x) is  With
graphed in Fig. 2, and can be seen to increase monotonically
with x, reaching a maximum valug(1)=2 In 2~1.386. It is 1+x i
sometimes convenient to writd ,= (a,/4m) A g,, Where f(X)= =z [In(1+x) = 2Liz(x/[1+X])
F + 1L + +(x— —X).
Noamg S maDotx), a=123,  (8) P2V OE=0. (2

In Eq. (11), C, is the quadratic Casimir invariant of the
parametrizes the possible effects of a nonminimal messeng®&ISSM scalar field in question, in a normalization where
sector and non-negligible . In general one finds C,=13 for color triplets,C,=3 for SU(2), doublets, andC,=

3Y2. Itis convenient to writén?= 23 ,(a,/4m)*C,A %, with

F
Ny=Ag,=1.386¢ N, (9)

wnlm

AZ,=|FI922] na(hHf(x). (13
depending orx;, where !

) In this way the six quantitied\g, and Ag, parametrize the
Na= E Na(i). (10 effects of a nonminimal messenger sector and non-negligible
X; on the masses of MSSM gauginos and scalars respec-

The scalar masses of the MSSM arise at leading orddfvely: In the limit [F/NS’|<1, one recovers the result
from two-loop graphs shown in Fig. 3, with messengerca=Asa=F/Sfor the minimal model of2], sincef (0)=1.
fields, gauge bosons, and gauginos on the internal lines. TH8 order to illustrate the relative effects of non-negligibije
calculation of these graphs is described in an AppendixP" gaugino and sfermion masses, we graph in Fig. 2 the

where we obtain the result already given by Dimopoulosfunction vf(x) to compare withg(x). Whenx is not very -
Giudice, and PomardlL8] close to 1, one finds excellent precision from the expansion

ag\? x? 11 319
m2=2|F/S|? (—a) C (X 11 I 64 ...
M=2F/S”2 | 7] Ca2 ma(DfO) (1D FX) =1+ 5o geoXim T+ . (14)
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The functionf(x) is nearly constant fox not near 1, and 5ﬁ12~2CaIn(>\i/)\j)M 2 /m by choosing a representative
falls sharply near x=1 to a minimum value of messenger scal@,~\;S. In this approximation one finds
f(1)=2In 2+2 In? 2—7%/6~0.702 or \/f(1)~0.838. Note

) o . 2
bt 1) o auay winin one per centorunty 085, #@1=23 (2] €l raaer - (-roa
has simply (21)
Ag.=|FISI’N, (15)  where p;,by,bg)=(—33/5,-1,3 and
to a very good approximation. More generally, one finds ra(Q)=[aa(Qo)/ aa(Q)1?
0.838/N,|F/S|< Ag.= VN,|F/S]. (16) =[1+(baaa(Q)2m)IN(Qe/Q)] ™2 (22

In the case that alk; are small and not too different, the

By combining the bounds og(x) and yf(x) we obtain the  ;nning scalar and gaugino masses and running gauge cou-

result plings can be directly related at any scale by
Aca r 1
VNa= 3 <1.65Ns an L [
a a a

in any model in which all messenger fields obtain their
masses only from a single chiral superfi€and itsF term.
The effect of non-negligible; is always to lower the masses
of squarks and sleptons compared to the gaugino mass pa- ﬁ]2=22 CaMg( ra
rameters. With some rather mild restrictions, the raigé a

can be significantly tightened. For example, if ®lk0.85,

one can replace the value 1.65 by 1.19. With the furthe dina to Ea.(17). Th " hold. at th |
restriction that allx;<0.5, the same number becomes only cording 1o 9.(17). These equations hold at the one-loop

1.044, so that the scales entering the gaugino and scalar ma{§¥e| (W|th_Yukawa couplmggmd trilinear s_calar couplings
formulas differ only at the few % level. The 1% accuracy Negdlectedlin a nondecouplin®R scheme, which means that
level (to which higher-loop corrections are probably compa-MSSM sparticles and Higgs fields are not decoupled at their
rable anyway for A g,~N,As, is reached if alk<0.25. mass thrgsholds. In order to make precise predictions about
The masses predicted by E¢4) and(11) are given at the the sparticle masses, these parameters must be related to the

messenger mass so@eand must be renormalized down to Physical masses of the particles. The necessary equations
Jrave been given for the gluino and first and second family

squarks i 23], and in general for all of the MSSM particles
in [26].

So far we have assumed that the messengers all obtain
their masses entirely through coupling to a single chiral su-

while more generally one finds

2

1
A§a+b—(1—ra)), (24)
a a

with the ratioA §/A &, bounded by 0.366/, and 1N, ac-

sengersd; ,®; at the appropriate,;S, one obtains running
dimensional reduction with modified minimal subtraction
(DR) gaugino mass parameters

a,(Q) F perfieldS. If this assumption is relaxed, one clearly obtains a
ML(Q)= ZW S n.(i)g(x;). (18  much more general set of models with a concomitant loss of
\iS>Q

predictive power. However, the assumption that only one
. . . field S plays a significant role is perhaps sufficiently compel-
Below the lightest messenger scale this reduces simply 10 jing that the alternatives can be considered disfavored. For
example, the existence of only ofield successfully ad-
M,(Q)= M Aca (199  dresses the supersymmet@d problem, since all phases in
4m the theory are proportional to the phaseRdfS, and can be
) rotated away. This need not be so if there is more than one
up to small tW°'|°°p2C°”eC“°r[§3'2423; . field S. The simplest model of this type is perhaps the obvi-
The scalar(mas$® parameters obtain renormalization ;5 extension of the minimal model of GMSB, i.e., with
group corrections proportional to gaugino masses Square%essengeuieldf) +Q_and L+L_, and the superpotential
with the result W=X\,S;,DD+\,S,LL. The gaugino masses obtained from
this model are given by, in the sma#,/\;S?| limit,

~ F|? aa(N;S) 2 -
mZ(Q):Zg Ca( g E 41 :| na(l)f(Xi) a3 F3. Ay F2. aq 2F3+ 3F2
. , cins Mo mi(seres)
#fFamen =X wen| o @

If the phases of the VEV’s are not aligned, this gives rise to
with M,(Q) given by Eq.(18), and a,(Q) by a similar an observableéC P-violating phase ard(;M3) which could
step-function decoupling of messengers. As long as the coyotentially feed into an electric dipole moment for the neu-
plings \; do not feature large hierachies, one may safelytron or electron. On the other hand, if squark and slepton
neglect messenger-scale threshold contributions of ordenasses are very large, such new phases could be tolerable,
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and the interference in ER5) could allowM, to be some- couple to MSSM fields through nongauge interactions.
what suppressed relative i, and M5 and the slepton (There is an interesting possibility that a stable neutral mes-
masses. However, we will not consider such possibilities fursenger might make up the cold dark matter, howg1&t.)

ther here. Fortunately, small mixings between nonexotic messengers
and their MSSM counterparts can allow them to decay; the
IIl. VARIATIONS IN THE MESSENGER SECTOR necessary couplings may or may fi2i] significantly affect

the predictions of GMSB. So we consider five possible types
One of the outstanding features of the minimal model ofof messenger fields,
GMSB is its predictive power, since the values of the soft o o
supersymmetry-breaking MSSM parameters are determined Q-+Q=(3,2,z)+conj.; U+U=(3,1,—3%)+conj.;
by only a few parameters in the messenger sector. However, (27)
one can also entertain the possibility of different field con- L L
tents in the messenger sector. The original choice of messen- D+D=(3,1,%)+conj.; L+L=(1,2,—3)+con;j.;

ger fields in5+5 of SU(5) is motivated by the fact that it is (28)
the simplest one which simultaneously provides for plausible o
MSSM masses and maintains the apparent unification of E+E=(1,1,1)+conj., (29

gauge coupling observed at LEP. It is well known that the

latter feature is shared by any set of chiral superfields whiclwith multiplicities denoteditg ,ny ,np ,n. ,Ng) respectively.

lie in complete SIb) GUT multiplets. The number of such Thus the particle content of the messenger sector is specified

fields which can be used as messenger fields is then limitely a five-tuple of integers, given our assumptions.

by the requirement that the MSSM gauge couplings should [Actually, as long as we are only using the numbers

stay perturbative up to the GUT scallé,~2x10'® GeV, (ng.Ny,Np,n,ng) to parameterize our ignorance of non-

which amounts to the statement that there can be at most fofMSSM physics, we can set;=0. This is because the gauge

5+5 sets or oné&+5 and onel0+ 10. interactions of anyU+ U-type messengers can_always be
While maintaining the apparent unification of gauge cou-replaced by messengers in the representafioh® + E+E,

pling is a fine goal, it is not clear how much this really as far as the MSSM sector is concerned, since they have the

should tell us about the messenger sector. First, it is suffisame index for each group. Global features of the theory do

cient but not necessary to have compléte5 and 10+10  depend omy, of course. One could also consider messenger

multiplets of SU5) in order to maintain perturbative gauge Sectors which include single adjoint representatit$s,0)

coupling unification. A  counterexample withN;  or (1,3,0), but we will neglect those possibilities hefe.

=N,=N3;=3 is a messenger sector transforming under The number of chiral superfields is limited by requiring

SU3)cXSU2), XU(1)y as that gauge couplings remain perturbative. However, we do
not require that the messenger fields by themselves maintain
(3,2 ;)+(3_1 1)+ 2% (1,1,1) + conj (26) gauge coupling unification, for the reasons mentioned above.

1496 1=+ 3 y ==y .

Instead, we require as our first criterion only that the mes-
which by itself (or with additional gauge singletsioes not ;e:igtee:ir?:Idesrtarr]t?;tIi(\j/ebeaﬁ seulc:)cs)st I?r]: ngf?cggé:f Af's(ZlS;iTat
happen to form any combination of irreducible representa;[hat no mgssen er fiel?j m%ss rgatlg excee dsTl.aﬂ' the 9
tions of any simple GUT group. Furthermore, it is not nec- 9 9 y '

essary that all TeV or messenger scale vectorlike chiral prerturbatlwty part of the requiremerit:; <0.2 at Mpiancy
- . - . : . amounts to
perfields must obtain their masses primarily by coupling to

the fieldS. Those that do not can still participate in ensuring N;=5(ng+8ny+2np+3n +6ng)<4, (30)
perturbative gauge coupling unification, but may not act as

messenger fields and in particular can have little or no effect N,=3ng+n <4, (32)
on the masses of MSSM sparticldShere is, after all, a

precedent already in the MSSM of chiral superfields in vec- N3=2nq+ny+np=<4, (32

torlike, non-GUT, representations of the MSSM gauge group

without very large masses, namely the Higgs figl&nally,  while the full requirement can be written as

a skeptic might point out that the apparent unification of

gauge couplings could be partially or wholly accidental, so(Ng.ny.Np.,N.,Ng)<(1,0,2,1,2

that it is prudent to consider equally all alternatives rather

than trust the detailed results of extrapolating coupling con- or (111,13 or (12010

stant relationships over 13 orders of magnitude in energy. or (0,0,4,4,0. (33
Therefore we will consider here the effects of a somewhat

less constrained messenger sector. We will maintain the corit is possible that the requirement30)—(32) can be weak-

straint that messenger fields should occupy the same reprened, but only slightly, by allowing the extrapolated gauge

sentations as MSSM chiral superfields. This is motivated byouplings to diverge betweed ; and M p,, OF by enlarg-

the fact that stable messenger particles with exotidng the MSSM gauge group beloi ;. (Additional gauge

SUB)XSU(2) XU(1)y quantum numbers are probably a bosons can contribute negatively to {Béunctions fora, , 5

disaster for cosmology. In fact it should be noted that in anybut this effect is limited by constraints on proton decay, and

case the lightest and the lightest color nonsinglet members dfy the fact that additional chiral superfields which contribute

the messenger sector must be stable insofar as they do noositively to theg functions must also be introduced to break
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4 : : — (26)] all occupy the poinfN;/N3=N,/N3;=1, but there are
other models which give quite distinctive and interesting pre-
dictions. The models on the,/N;=0 axis are the ones with
no=n_=0, which must have small tghand a chargino
3t x o R lighter than theW boson; we will omit them from the dis-
cussions to follow. The models close to thNg/N;=0 axis
have a very large hierarchyngR< mg, and so may be

strongly disfavored by naturalness criterfs/e will not at-

§.2 [ * x ° 1 tempt here a complete analysis of electroweak symmetry
. . . o breaking requiremenks The most “extreme” such model
x x x has
1 F x x xx X% o x x B
x x g o (Ng.Ny Mo N, NE)=(1,00,00;  (N1,N2,N3)=(5,3,2
x o x x (34
o]
0 . d mo e L A with M, less than gluino and squark masses by perhaps a
o 1 T T3 4 factor of 50, depending ong. As can be seen already from
N,/N, Fig. 4, there can be quite a wide variety in the mass hierar-

chies between squarks and gluinos and the sleptons and elec-

FIG. 4. A scatterplot of the quantitidé;/N5 andN,/N; for all troweak gauginos.

messenger models satisfying the perturbativity constrai@@s—
(32 in the text. Models which dédo nob also satisfy the “unifi- IV. CONSTRAINTS ON SPARTICLE MASSES
cation” criteria (33) are plotted as X's(circles. In the regime
[F/\;S?|<1, the axis quantities are equal to the renormalization
group  scale-independent  ratios M{/a;)/(Ma/a3) and
(My/ ap)/ (M3l az) respectively.

In this section we will study some features of the sparticle
mass spectrum which follow from the 53 models which sat-
isfy the constraint$30)—(33) andN,>0 as discussed in the
previous section. We will consider here only the gaugino

. . . . mass parametersl;, M,, M5, and the squark and slepton
the additional gauge interactionghe requirements that the masses of the first two families, for which Yukawa interac-

gluino and the right-handed selectron not be massless :E\t )

. . . lons can be neglected. We will also not concern ourselves
leading order implyN,=1 and N,=1/5 respectively. The with the possible origins or role of the andBu terms or
possibility N,=0 may not be ruled out ydtl9], if tanB is b 9 2 K

very small, but it should be decisively confronted at I_Epzscalar trilinear terms. Constraints fo_lloyvmg_from requiring
) . ; . correct electroweak symmetry breakifgith viable models
since it requires a chargino mass smaller thag. Further-

more, it should be possible to exclude these models witﬁor the origins of such termswill only further tighten the

- ; . constraints we will derive. In the following we assuméS
existing Tevatron data if the decayy—yG is prompt, and 554 1o\ and 0.04x,<0.99. Taken together these imply
perhaps even if it is not. ) b

o ' that the messenger mass scales are bounded by

There are 66 distinct five-tuplesng,ny,np,n; ,Ng) _ o
which satisfy these criteria, of which 53 haig#0. The NS<2.5¢10° Tev. . L
number of distinct combinationsNg,N,,N3) arising from . Itis perhaps easiest to un_derstanq thg impact of var_|at|ons
these models is 40. The ones Wmiié’ ar3e in ascending in the messenger sector by flrst_ considering the caseqthﬁat. _

der ofN,: (13,2 (5 33 (24,2: (1,1, (1’ 3.4 (2.4.3: small for each messenger pair. In that case the quantities
?{ 162)_0 5o ot a0l Caa (a2 Zina()ax) andZing(i)T(x) are each equal ty, so that
(3’4' 2)’_ 1_?’1’1)’_ 1_?’1’4)’_ 1_51’3’1)'_ 1_51’3’4)'_ 1_52’2’3)'_ 1_2’4'3)1 the MSSM masses are approximately determined by just the
%312) %,32) 5%424) 5%441) %44) (5333 %42) parameters=/S,N;,N,,N3. Using the values listed above
710 (23, (84,3 (21,2: and(4,4.4. The ones with one can then place some bounds on the ratios of gaugino

N,=0 and thereforé\l ,=0 at the one loop level aré,0,1); mass parameters as
(£0,2; (£0,3; (£0,0; (£,0.4; (¥,0,D; (2,0,2; and (£,0,2. @ M o

Some indication of the variety which can be obtained is 0.067—1$ —1<3.8—1, (35
illustrated in Fig. 4, which shows a scatterplotNf/N; vs a2 M; @2
N,/N; for the 66 modelgeach shown as an)Xvhich fit the
criteria(30)—(33). Forx;<1, these quantities are equal to the 01—<-—<34— (36)
scale-independent gaugino mass ratids,{cq)/ (M s/ a3) as 3 ag
and M,/ a,)/(M3/a3) respectively. Some of the points on
this plot are occupied by several models. We have also indi- 0 25%< &<42 37
cated by circles the presence of 33 models which fit the a3 M3 ay’
perturbativity requirements80)—(32), but for which Eq.(33)
is not satisfied, so that the particle content cannot be embedlthough the gaugino masses run with scale, the veracity of
ded into a set which allows perturbative unification of thethe inequalitieg35)—(37) is renormalization group scale in-
gauge couplings unless additional fields with masses falependent at one looflt is not completely accurate, how-
above the messenger scale are invoked. ever, to replacey;,a,,a; by their measured values at LEP

The nXx(5+5) and 10+ 10 models[and the model in Eq. here, since Eqs(35)—(37) hold in the nondecouplindR
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scheme|. The lower bounds in Eqg¢35) and(36) are set by _ 1 .1 . (13 .1z

the “extreme” model in Eq.(34). If this model is dis- (N1.N2 N9 =(5.1.0; - (5.1.4: (.12 (5,10

counted, the values 0.067 and 0.1 are each raised to 0.2. and (£,1,2). (42)
The bounds from Eq$35)—(37) can be strongly modified

by different couplings\; for messenger fields with different

gauge quantum numbers. However, some general rules c

still be found. For example, we find numerically that/M 4

is always less than 1 at the gluino mass scale, with rough

These are the models for which a line drawn to the origin on
?"—?g. 4 makes the smallest angle with tNg/N;=0 axis.
If My, Ma>myg,,, itis still possible that a neutralino is the

bounds NLSP if |u| is not large. This typically means thal, has a
rather large Higgsino content, ard;— yG_can be sup-
N, M, N, pressed. However, the .competing decay§—>th and

0.12N—35 M—350.3N—3. (38 N;—ZG may be kinematically forbidden, and in any case

are subject to very strong kinematic suppressions (1

—m2/m2 \4 2/ V4 ;
(Note thatN,/N;=<3.4 in these modelsAlso, M, can only my/mg )" and (1-mz/mg )" respectively{12]. Therefore

exceedM; at the gluino mass scale M,/N;=2, and we if F<10® TeV it is still possible to explain the CDF

always find eeyy+E; event with small|u|. This may be particularly
plausible in the chargino interpretatiqd2] in which the

2 2 N, event is due topp—C,C, with allowed two-body decays
0-21N—3 = M_3S0'6 N, B9  ¢,—~Teandv— N, or C,—8 v andg —eN, followed by

N;— vyG in each case. Since the production cross section for

SinceN,/Ns has a maximum value of 4 in these models, thet1argino pairs at the Tevatron remains large evennigy

overall upper limit isM ,/M;=<2.4. Similarly,M;/M, canbe ~200 GeV, it is sensible to suppose that the two-photon
as large as about 2.7 at the electroweak scale, wheq tire ~ €vent could have been seen even if the decay lenghh, a$
chosen appropriately an;/N, is large. Numerically we increased by a smaller photino componentNat
find The models in Eq(42) are also interesting because they
minimize the ratio of left-handed to right-handed slepton
N, 1 1 masses. In the regime that &|k<1, we find that the running
0.35—=—=<0.72— (40) mass parameters satisiyéL/ngz 1.1 for all of the models

Ny~ M, Ny’ o L o )
which fit our criteria(with N,=1). The modification of this
It is interesting to consider the ordering between the masftio due to electroweal terms happens to be extremely

of the lightest slepton and the bino mass paramiétersince ~ Small because of the numerical aqci_denlzsﬂ;gwlm. How-
if || is large, this will give an indication whether a slepton €€, With appropriately chosex, it is possible to obtain

or a neutralino is the NLSP. Using the approximation of Eq.Me, ~Mz, in the last two models of Eq42). In all other

(24) one finds that cases, the hierarchyrz >msg_ holds.
One can similarly analyze the possible ranges for the ra-
6 A% 5 tios of squark and gluino masses. It is easiest to consider the
2 _ M2 S1 1 41 . . . . .
Mg =z M| — 25 (1-ry) (4)  particular ratioM3. /Mz, since this is least sensitive to elec-
R 5 Ag; 33 r'V'D

troweak effects. Neglecting the quite small effects ¢}y,

for DR parameters m2 M, and r,. Since (\%/ ©One finds for the running mass parameters
egR’ '

A2;)<1/N,, one finds thatng>M1 can occur only if mi. ov3
N, <66r,(65—10r,). Now, r, depends on both the messen- N R_ = [3(Ass/Ags)?ra+ (1—r5)]"2 (43)
ger scale and the scale at which we evaluate the running 3
mass parameters. But a reasonable estimate for the upper o . o o
bound isr,;=<1.7[in the regime of validity of Eq(24)], from  in the approximation of Eq(24). This ratio is maximized

which we learn thaimgz >M; can only occur ifN;<2.2. ~ WhenN;=1 and allx;~0, and is minimized whe;=4 and

This result still applies in more general situations when Eq.aII Xi~1. Thus we find

(20) must be applied. Only 21 models which fit the criteria of _

the previous section can satisfy this constraint. The maxi- 2v2 o Mdg  2V2 12

mum values of the ratiam;R/Ml in these models are ap- 3 [1-0.67%3] gm_ssT [1+2rs]™ (44
proximately 3.0, 1.7, 1.5, and 1.35 fond,ny,np N ,Ng)

equal to, respectively(1,0,0,0,0; (1,0,1,0,0; (1,0,0,1,0; and It is now clear that both the upper and lower limits are satu-
(0,0,1,1,0 (the minimal model Of course the effect of non- rated wherr is as large as possible, corresponding to a low
zerox; can only be to diminish the ratiog_ /M, but the  messenger mass scale. Taking estimated bouyxe8.72 for
electroweakD-term corrections tang_ can raise this ratio Ns=1 andr;=0.78 forN;=4, we obtain

slightly if M is not too large. There is also a possibility that B
M, can be less than bothgR andM, if N;>N,. However, 0.65< de<1 48 ] o
even taking into account the effects of nonzero we find ' Mg (running masses aQ=mg_).

that this only occurs for a few models with (45)
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Now, the running masses can be converted into pole massasid Cr all lie in a narrow band, and in a window within
using the formulas 123,26, yielding a slightly modified about*35% of the physical gluino mass. The upper limit on
estimate for the bounds on the ratio of the physical polemaR/ma is (nearly saturated for the minimab+5 model

masses with smallx;. The masses of the corresponding left-handed
M= squarks can be significantly larger in some models, up to
dr about 1.75n; .
__R g
0.66< M3 =136 (pole massgs (46) (iii) The ratios of gaugino mass parametdts,M,, M4

can vary quite significantly from the predictions of the mini-
Repeating this type of argument for each valueNafsepa-  mal model, withM ,>M 5 andM;>M, both possible at the
rately and taking into account E€RO) one finds TeV scale. HoweverM ;/M, is always=<1.

(iv) Only six parameters\g, and Ag, [plus the overall
messenger scd®] enter into the definition of the gaugino
=(1.36,1.07,0.95,0.90 mass parameters and the first and second family squark and

(47)  slepton masses. As long as=|F/\;S?| is less than about
0.5 (0.25 for all messenger fields, then there are only four
for the physical mass ratios witN;=(1,2,3,4. The upper parameters/S,N;,N,,N; at the 4%(1%) accuracy level,
limits in each case correspond to smaland small values of pesides a logarithmic dependence on the messenger mass
\;S. The case of left-handed first and second family squarkscalds) \S.
is slightly different, especially wheN, is relatively large. Let us close by noting a slightly different way to express
Numerically, we find the constraints on squark and slepton masses which follow
M= from the GMSB framework. One can see from the form of
d. Eq. (24) that three parameters suffice to determine all of the
(0'93’0'76'0‘70’0'65M_as(1'74’1'23’1'03’0'95 scalar masses for which Yukawa interactions can be ne-
(48)  glected. This means that for the seven scalar masses
Mg, M5, Mg , Mg, Mg, Mg Mg there must be four sum
rules which do not depend on the input parameters. Two of
these sum rules are completely model independent and
should hold inany supersymmetric modéup to small radia-
tive correctionq 27)):

dr

Mg

(0.91,0.76,0.70,0.65

for the physical mass ratios with;=(1,2,3,4.

The masses of S@), -singlet squarks are never very dif-
ferent from each other in the models of Sec. Ill. Taking into
account the effects of nonzexg, we still find a quite narrow

range
2 2 _ a2 .

1<my,_/mg,_<1.04. (49) g, — My, =M/cos 28], (52
This is not surprising since the (), effects are relatively m—ZéL—m%zM\ZN| cos 2|. (53
small even for largeN,. The left-handed squarks are always
heavier than“naR,ng. Numerically we find (We assume tap>1.) The other two sum rules can be writ-

ten as
1<maL/ngs(1.1,1.2,1.3,1.)4 (50 )
m%R=maR+%m%R—§M§ sir? ylcos B|; (54

for N,=(1,2,3,4. The squark masses also quite generally

exceed slepton masses even for models with relatively small 2 2 2 1.2 L2012 o
! . m- =m~ +ms —ims +2M3 sir? 6y|cos B|. (55
N3. Numerically we estimate the bounds dg dg e 3Teg 3TZ wicos 25]. (59

(1.0,1.5,2.0,2%<mj_/mz <(4,6,8,10 (51 These sum rules are not model independent. It is interesting
ROTE to compare with the case of models with “supergravity-
for N5=(1,2,3,4. The situationmg_~mg_only can occur inspired” boundary conditions featuring a commaorg for

1 . o scalars and a commom,;, for gauginos at the GUT or
for (N1,N2.Ng)=(5'4.1), the highest point in the plot of Planck scale. In those models, one firf@8] a sum rule

Fig. 4. which is a particular linear combination of Eq&4) and
(55):
V. DISCUSSION
In this paper we have examined some of the possibilitiespm2 —mZ —m% +m2 —m2 = — E M2 sir? 6ycos 28|
. ug d d eL er 3 z Wi
for generalized models of the messenger sector of low- R L
energy supersymmetry breaking. Despite the large number of (56)

discrete model choices and the freedom to vary thel-hiS sum rule tests the assumption of a commu But in
.Xi:.|F/7‘iS.2|’ the parameters of the MSSM are constrainedggp models, one effectively has the further bit of infor-
n mterestmg ways. For example, we note~the following. mation thalm%zo (i.e., all contributions to scalar masses are
(M) The usual hlerarchyngS M, =Mag~Mi=MG,  proportional to the quadratic Casimir invariants; there is no
~myg, is always preserved, with numerical bounds given bygroup-independent piegeThis leads to the presence of one
Egs.(46)—(51). _ additional sum rule, which can be taken to be either(B4)
(i) The masses of the right-handed squaiks dg, sg,  or (55).
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It will be an interesting challenge to see to what accuracjthe MSSM scalar, and,(®) is the Dynkin index of the
these sum rules can be tested at future colliders. Perhaps theessenger fieldP [normalized to3 for a fundamental of
most interesting possibility is that the sum rules will turn out SU(N)]. The contributions to the “sum of graphs” are given
to be violated in some gross way; this would force us toby
reexamine our assumptions about the origin of supersymme-
try breaking. As an example, suppose that the messenger graph 1=—graph 2= — ;graph 3
sector has some feature which causes additional unequal
supersymmetry-breaking contributions to the diagonal en- =2(m;)(0,0+2(m_){0,0; (A2)
tries in the mass matrig3). This would lead, through a one-
loop graph, to a Fayet-lliopoulo® term proportional to graph 4=4(m.)(0,0)+4(m_){0,0)—(m, |m. |0)
weak hypercharge manifesting itself in the squark and slep- _ a2
ton masse$2]. Since such a contribution comes in at one (m_|m_[0)—4m:(m.m. |0.0
loop earlier in the loop expansion than the contributions from —4m?(m_|m_|0,0); (A3)
the F term, it is constrained to be quite small in order to
avoid negative squared masses for some squarks and slep-, _ 2 .
tons. Conversely, even tiny such contributions to the matrix graph 5=8(my)(0.0 4<mf|mf|0>+8mf<mf|mf|o’0(>A
(3) will be magnified in relative importance, and will there-
fore quite possibly be observable in the sparticle mass spec-
trum! The impact will be to modify each of the sum rules
(54), (55), and(56) by adding contributions-4D+/3, 2D/3,
and —10D./3 respectively to the right-hand sides.

4)
graph 6=0; graph =-2(m,|m_|0); (A5)

graph 8=4(m.){0,0)+4(m_){0,0)—8(m;){0,0)

In general, we find it remarkable that the models dis- +4(m,, |m¢0)+4(m_|m|0)
cussed here make such a variety of testable predictions. In
addition to the possibly dramatic collider signatures coming +4(m2+—mf)(m+|mf|0,0>
from decays of the NLSP into the gravitino, the sparticle ’ B
spectrum has a rather distinct character. Future model build- +4(m= —mp)(m_{m|0,0). (A6)

ing developments will surely tell us even more about what to

supersymmetry breaking framework. mentum integrals im=4—2e dimensions(omitting in each

case a factop?):
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APPENDIX
d"q d"k
In this appendix we give details of the calculation of the <m1|m2|m3>=f 2m" ] @)
masses of MSSM scalars which arise at leading order from
two-loop diagrams involving messenger fields. We employ 1
the component field formalism. There are eight Feynman X(q2+mz)(k2+m2)([k—q]2+mz)’
diagrams which contribute at two loop order, as shown in ! 2 3
Fig. 3. We compute these graphs in the Feynman gauge; then (A9)
one finds that graph six vanishes. Each of the other graphs is
separately divergent but the sum is finite. It is important to{m;|m,|ms,mz)
compute ally-matrix algebra in four dimensions before com- n n
puting the momentum integrals with scalar integrands in  _ d'q dk
4—2¢ dimensions, in order to avoid a spurious nonsupersym- m" ) 2m"
metric mismatch between the numbers of gaugino and gauge 1
boson degrees of freedom. By straightforward methods one (A10)

finds that the contributions for each pair of messenger fields . (9%+m3) (k?+m3) ([k—q]°+m3)?’
®,d are given in terms of the messenger fermion mass

m=|\;§ and the two messenger scalar massegIn the quantities(0,0) and(m;/m,|0,0), it is necessary to
m2 =|\;S/?+|\F| by keep a finite infrared regulator mass, which will cancel
from physical quantitie$.

The terms of the forn{m)(0,0) are easily seen to cancel
between the various graphs 1-8, by the magic of supersym-
metry. The remaining two-loop integrals can be evaluated by
whereC, is the quadratic Casimir invariafihormalized to  standard Feynman parameter techniques. First it is conve-
(N2—1)/2N for a fundamental representation of 3U)] of  nient to use the identity

A=, g4C,S.(®) (sum of graphs (A1)
a
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(—1+25)<m1|m2|0>=m§<m2|0|m1,m1> where we have introduced yet more notation:
+m3(my|0[my,my)  (ALL) Fi(a,b)=(a Ina—b Inb)/(a—b), (A14)
to express everything in terms of dimension 8 integrands. . 2. 2 _
Then one finds, following, e.g., the methods[29]: Fz(a,b)=(aIn"a—b In“b)/(a=b), (AL5)
T(1+2¢)|1 1 ) ) Fs(a,b)=[aLi,(1—b/a)—bLi,(1—a/b)]/(a—b)
(mﬂmﬂO,O}—W ?4‘;(1—2“1 mi)+1—7/6 (A16)
—Fp(m2,m3) — 2F 3(m2,m3) whena#b, and
+[—2+2F(m2,m3)]In m2+In? m? Fi(a,a)=1+Ina, (A17)
+0(e) (A12) Fo(a,a)=2 Ina+In?a, (A18)
and Fi(a,a)=2. (A19)
[(1+2e) [ 1

(my|0|m,,m,)= —+ E (1-21In m§)+1 The dilogarithm or Spence function is defined by
€ € Li,(x)=— J 3(dt/t)In(1—xt). Now it is straightforward to

add all the contributions to the “sum of graphs.” In particu-
lar, it is easy to show that the ultraviolet and infrared diver-

gent terms cancel. The resulting expression can be simplified

2(4m)"

— 7?/6—2 In m3+In? m3—In? m3

+21In mf In m3—2Lip(1-mj/m?) further using standard dilogarithm identiti¢80], finally
yielding the expression given i8], and in Eq.(12) of the
+0(e€) (A13) present paper.
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