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Top-squark searches at the Fermilab Tevatron in models of low-energy supersymmetry breaking
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We study the production and decays of top squarks at the Fermilab Tevatron collider in models of low-
energy supersymmetry breaking. We consider the case where the lightest standar{Skbdeiperpartner is
a light neutralino that predominantly decays into a photon and a light gravitino. Considering the lighter top
squark to be the next-to-lightest standard model superpartner, we analyze top squark signatures associated with
jets, photons and missing energy, which lead to signals naturally larger than the associated SM backgrounds.
We consider both 2-body and 3-body decays of the top squarks and show that the reach of the Tevatron can be
significantly larger than that expected within either the standard supergravity models or models of low-energy
supersymmetry breaking in which the top squark is the lightest SM superpartner. For a modest projection of the
final Tevatron luminosity,L=4 fb™!, top squark masses of order 300 GeV are accessible at the Tevatron
collider in both 2-body and 3-body decay modes. We also consider the production and decay of ten degenerate
squarks that are the supersymmetric partners of the five light quarks. In this case we find that common squark
masses up to 360 GeV are easily accessible at the Tevatron collider, and that the reach increases further if the

gluino is light.
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[. INTRODUCTION tional to the square of the supersymmetry breaking scale
VFsusy:
The standard model with a light Higgs boson provides a
very good description of all experimental data. The consis- Mg=F susv/\3Mp, (1.9

tency of the precision electroweak data with the predictions

of the standard model suggests that, if new physics is prese#thereMp denotes the Planck mass.

at the weak scale, it is most probably weakly interacting and _The relation between the supersymmetry breaking scale

consistent with the presence of a light Higgs boson in the/Fsusy and the masses of the supersymmetric partners de-

spectrum. Extensions of the standard model based on softgends on the specific supersymmetry breaking mechanism.

broken low-energy supersymmet(@USY) [1] provide the In general, the superpartner masségysy are directly pro-

most attractive scenarios of physics beyond the standar@ortional toF sysy and inversely proportional to the messen-

model satisfying these properties. If the supersymmetnger scaleM, at which the supersymmetry breaking is com-

breaking masses are O(1 TeV), supersymmetry stabilizes municated to the visible sector:

the hierarchy between the Planck scMe and the elec-

troweak scale. Furthermore, the minimal supersymmetric ex- M ~C Fsusy 1.2

tension of the standard modéMSSM) significantly im- SUSYZ MM '

proves the precision with which the three gauge couplings

unify and leads to the presence of a light Higgs boson with avhereC), is the characteristic strength of the coupling be-

mass below 135 GeY2]. tween the messenger sector and the visible one. If the break-

Perhaps the most intriguing property of supersymmetry islown of supersymmetry is related to gravity effedi,, is

that local supersymmetry naturally leads to the presence afaturally of the order of the Planck scale &g is of order

gravity (supergravity. In the case of local supersymmetry, one; hence, forn/Fg,sy~ 10" GeV, Mgysy is naturally at

the Goldstino provides the additional degrees of freedomthe TeV scale. In gauge-mediated symmetry breaking

necessary to make the gravitino a massive parf@leln the  (GMSB) [4,5], instead, the couplingS, are associated with

simplest scenarios, the gravitino masg is directly propor-  the standard model gauge couplingisnes a loop suppres-
sion factoy, so that & gysy/M, =100 TeV yields masses of
the order of 100 GeV for the lighter standard model super-
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tional to 1Fgygy. In scenarios with a high messenger scale, If the neutralino has a significant photino component, it
of orderMp, Egs.(1.1) and (1.2) imply that the gravitino  Will lead to observable decays into the photon and gravitino.
has a mass of the same order as the other SUSY particleSjnce the heavier supersymmetric particles decay into the
and its interactions are extremely weak. In such scenario$jLSP, which subsequently decays into photon and gravitino,
the gravitino plays no role in the low-energy phenomenol-supersymmetric particle production will be characterized by
ogy. However, in low-energy supersymmetry breaking sceevents containing photons and missing energy. This is in
narios, such as GMSB, in which the messenger scale is sigontrast to supergravity scenarios, where, unless very spe-
nificantly lower than the Planck scale, the supersymmetryific conditions are fulfilled11,12), photons do not represent
breaking scale is much smaller. Typical values in the GMSBg characteristic signature. The presence of two energetic pho-
case areM,~10°—10° GeV, leading to a supersymmetry tons plus missing transverse energy provides a distinctive
breaking scalg/F sysy roughly between 10and a few times  SUSY signature with very little standard model background.

10° GeV. The gravitino then becomes significantly lighter . ~0 ; ;
than the superpartners of the quarks, leptons and gauge It might be argued that &;, decaying with a large

bosons, and its interaction strength is larger. As the IighteaoranChIng ratio into photons, would be severely constrained

i .
supersymmetric particldSP), the gravitino must ultimately a?/eCeEtF:eNmeelemggglldc?er I;iie?l?t?:.olr_'glvaer\rge% Stl;g;ebg;igfssno
be produced at the end of all superparticle decay chaiRs if y P ' Pie,

party s conservedfor an analysis of the case @eparty i ot LR PUERCS S RAEED O associted
violation see, Ref[6]). )

Depending on the strength of the gravitino coupling, theyvith the smallest of all gauge interactions and, in addition,

decay length of the next-to-lightest supersymmetric particléstiarreassi(')smmgrrg dsir;’r;%gj_irﬁgoggils'zﬁg C:T?;Vr?wfgg d1t|ssr?y?e"er
(NLSP) can be largéso that the NLSP is effectively stable lightest neut?alino has a si nificaB{ir’m com g/nent There-
from the point of view of collider phenomenology; this oc- ghte: : 9 np :

_— . . fore, if the NLSP is approximately a puiino, the bounds
curs when Fsus@ 1000 Tev), mte_rr_nedlgte{so that the on its mass depend strongly on the selectron nisisse, at
NLSP decays within the detector giving rise to spectacuIaLEP pair production oB-inos or neutral-inos could occur
displaced vertex signals; this occurs when 1000 TeV '

: . through thet-channel exchange of selectronBor selectron
= VFsysy=100 TeV), or microscopi¢so that the NLSP de- 1,555 helow 200 GeV, the present bound on such a neu-

cays promptly; this occurs wheiF sysy=100 TeV) [7-9.  yajing is approximately 90 GeV13] (the bound weakens

The decay branching fractions of the standard model supe(yth increasing selectron mas#s emphasized before, once
partners other than the NLSP into the gravitino are typically roduced, such a neutralino would decay Yo y&. If 32
negligible. However, if the supersymmetry breaking scale ié_a ' yXia-yo. 1T X

very low, VFsusy<100 TeV (corresponding to a gravitino IS heavy enough, then the dec%ﬂr%ZG. andxﬁ’—>h°G are
mass<1 eV), then the gravitino coupling strength can pe-also allowed; however, the decay widths into t~hese final
come large enough for superpartners other than the NLSP states are kinematically suppressed compared to@énal
decay directly into final states containing a gravit{€g10]. state and will be important only if either the photino compo-
In any case, the SUSY-breaking scale must be larger than theent ofy? is small or if y? itself is significantly heavier than
mass of the heaviest superparticle; an approximate lower andh® [9].
bound ofyFsysy=1 TeV corresponds to a gravitino mass of  In most SUSY models, it is natural for the lighter top
about 10°° eV. _ squark,t,, to be light compared to the other squarks. In
In many models, the lightest amongst the supersymmetrigeneral, due to the large top Yukawa coupling, there is a
partners of the standard model particles is a neutraﬁ«’io, large mixing between the weak eigenst&@andTR, which
The partial width for}‘l) decaying into the gravitino and an leads to a large splitting between the two top squark mass

arbitrary SM particleX is given by eigenstates. In addition, even if all squarks have a common
. mass at the messenger scale, the large top Yukawa coupling
m-o [ m;o m2 \ 4 typically results in the top squark masses being drierder
~0 ~ X1 X1 X . K .
F(XlHXG)zKXNXW ) — |, renormalization group evolutignto smaller values at the
T\ VMpmg m}g weak scale. An extra motivation to consider light third gen-

(1.3  eration squarks comes from the fact that light top squarks,
with masses of about or smaller than the top quark mass, are
whereKy is a projection factor equal to the square of thedemanded for the realization of the mechanism of elec-

component in the NLSP of the superpartXerandNy is the ~ troweak baryogenesis within the context of the MSEM].

number of degrees of freedom & If X is a photon, for In this paper we examine in detail the production and
instanceNy=2 and decay of top squarks at Run Il of the Tevatron collider in
low-energy SUSY breaking scenarios wherein the lightest

Kx=|N1; cosy+ N, sin6y)?, (1.4 neutralino is the NLSP and decays promptly intG. We

also investigate the production and decay of the other
where N;; is the mixing matrix connecting the neutralino squarks, and provide an estimate of the reach of Run Il of the
mass eigenstates to the weak eigenstates in the basfgvatron in the heavy gluino limit. We work in the context of
B,W,H,H,. a general SUSY model in which the SUSY particle masses
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arenot constrained by the relations predicted in the minimalinduced by top-quark Yukawa interactions that tend to reduce
GMSB models. We assume throughout that the gravitinahe top squark mass scale compared to the other squark
coupling is strong enougfor, equivalently, that the scale of masses. On the other, there are non-trivial mixing effects that

SUSY breaking is low enoughthat the NLSP decays tend to push the lightest top squark mass down compared to
promptly. This implies an upper bound on the Supersymmeg,q oyerall left- and right-squark masses. For similar reasons,

try breaking scale of a few tens to a few hundred Té\v9], ... ; i
depending on the mass of the NLSP. Our analysis can b&éﬁtzlrs?hr;itttjggl ;(I)u?rfsume that the lightest top squark will be

extended to higher supersymmetry breaking scales for whic There is a further motivation behind our analysis, namely

the NLSP has a finite decay length, although in this case

some signal will be lost on account of the NLSP decayingthat of baryogenesis. A crucial requirement for electroweak

outside the detector. At least 50% of the diphoton signaP@rY0genesis scenarios within the minimal supersymmetric
cross section remains though for NLSP decay lengths extenS|on. of the standard model is the presence of a light top
<40 cm([7]; this corresponds to a supersymmetry breakingsquark with mass of .the order_ of, or smaller than, the top
scale below a few hundred to about a thousand TeV, depengyark mass. Since this scenario does not depend on the na-
ing on the mass of the NLSP. Moreover, the displaced vertejure of supersymmetry breaking, it is very important to de-
associated with a finite decay length could be a very goodelop strategies to look for light top squarks in all their pos-
additional discriminator for the signal. Thus, in totality, our Sible decay modes, in particular in those related to the
choice is certainly not an overly optimistic one. possibility of low-energy supersymmetry breaking.

This paper is organized as follows. In Sec. Il we outline In general, light top squarks can induce large corrections
models of low-energy supersymmetry breaking wherein theo the precision electroweak parametes [16—18, unless
lighter top squark is the lightest sfermion and, moreover, ighey are mainly right handed or there is some correlation
lighter than the charginos as well as the gluino. In Sec. Ill wehbetween the masses and mixing angles in the top and bottom
review the top squark pair production cross section at thgquark sectof19]. The most natural way of suppressing po-
Tevatron. In Sec. IV we summarize previous studies of topentially large contributions to the rho parameter is to assume
squark production and decay at Run Il of the Tevatron. Thighat there is a large hierarchy between the supersymmetry
is followed, in Sec. V, by a discussion of the SUSY param-preaking mass parameters for the left- and right-handed top
eter space and the relative partial widths of the various to%quarks. The simplest and most efficient way of doing this is

T o et ey s 1 e 25sume et sparicles which are chaged uncer e ek
the backgrounds and the cuts used to separate signal fro%;‘u uge interactions acquire large supersymmetry breaking

X : . 4 asses. Observe that, under this assumption, the charged
background in each case, and give signal cross sections aft\GI‘\;-ino will also be naturally heavier than the lightest top

cuts. This gives the reach at Run Il. We also note the possi- K and. for simplicit i that both charai
bility that top squarks can be produced in the decays of toaquar and, for simplicity, we will assume that both chargi-

quarks. In Sec. VIl we consider the production and decay opos are heavier than the particle under study. We will further
10 degenerate squarks that are the supersymmetric partn&€SUme that the superpartner of thel )y gauge boson, the
of the five light quarks. Finally, we summarize our results inSO-calledB-ino, is the lightest standard model superpartner.

Sec. VIII. The above-mentioned properties are naturally obtained in
simple extensions of the minimal gauge mediated model. In-
Il. LIGHT TOP SQUARK IN LOW-ENERGY deed, let us assume that there &reopies of messengers,
SUPERSYMMETRY BREAKING MODELS which transform as complete representatiorfs+§) of

As discussed above, the mass of the graviton as well as i8U(5) and hence do not spoil the unification relations. Un-
interaction strength are governed by the supersymmetr§ler the standard model gauge group, some of these fields will
breaking scaleJFsysy. Low-energy supersymmetry break- then transform as left-handed lepton multipletsV; (i
ing models are defined as those obtained for low values of 1, ... N) and their mirror partnersW,), while the others
VFsusy (=10° GeV) and hence result in a gravitino lighter would transform as a right-handed down quark multiplet
than a few keV. Apart from eVading Cosm0|Ogica| prOblemS(Ci) and its mirror partnera)_ We shall assume that
[15], a further striking consequence of such models is thak 4 in order to keep the gauge couplings weak up to the
sparticle decays into gravitinos may occur at scales that Ma&Yrand unification scalg20]. Let us further assume thal,

be of interest for collider phenomenology. As is apparent, 4 counle to two different singlet fiel with
from Eq.(1.2), in such models the messenger mass sehle ! P g 85

should be smaller than 1@GeV.

In this paper we are interested in the presence of light top
squarks in low-energy supersymmetry breaking scenarios.
The motivation is simple: assuming that the supersymmetry
breaking masses are flavor independent, that is the left- and L .
right-handed squark masses of the three generations are tﬁ@d' for S|mpl|g|ty, assume that all couplings are~of oider one
same at the messenger scale, the lighter top squark turns diifd thatF;<Sj. We will further assume tha®,=S,=S,
to be the lightest of all the squarks. The reasons are twofoldvhereS characterizes the messenger scale.

On the one hand, there are renormalization group effects In this simple case, the masses of the gauginos at the
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messenger scale will be given by symmetric particle. Observe that this constraint Nnis
somewhat weaker than in the minimal model, due to the
Ma=N-3 A appearence of the factor 3/5 in front of the dominant
3 3 . .
am contribution.

In all of the above, we have not discussed the process of
M,=N az A, radiative electroweak symmetry breaking and the determina-
47 tion of the u parameter. This is due to the fact that in the
minimal gauge mediated models of the kind we described
_ Nﬂ(% n &) above, the generation of a proper value of the paranigter
" T4n| 5 5 ) requires the presence of new physics that necessarily modi-
fies the value of the Higgs mass paramefed. It is, there-

where A3~F3/S; and A,~F,/S, [20,21]. Now, it is easy  fore, justified to treag as an independent parameter in such
to see that fo'\ ,>3A 3, the weak gaugino can have a massmodels.

(2.2

similar to that of the gluindor be even heavigrwhile the To summarize, we have seen that a mild modification of
B-ino is still much lighter than th&\-ino (about three times  the simplest gauge mediated models leads to a model where
lighter than thew-ino at the messenger scale the top squark is lighter than all the other squarks and also
The squared scalar masses at the messenger scale are Eﬁ@ﬁter than the weak and strong gauginos, while Baimo
proportional to the number of messenghrs remains the next-to-lightest supersymmetric particle. The
w2 w12/ 2 3 unification relations are preserved as long as the number of
mézZN 2 Cg(_a) A§+ C(l?(_l) (—A§+ _AEH, messenger families is Ie;s than or equgl to 3. The only con-
a=23 4 4m) \5 S dition for this to happen is that the effective scalgis a few

(2.3 times larger tham\ 3, but still of the same order of magni-
. _ tude. The relation between the top squark mass anB-ihe
where, for a particle transforming in the fundarlnental rePreinass will be governed by the hierarchy betweenand A.s.
sentation ofSU(n), Cu=(n?~1)/(2n), while Co=3/5Q  This modification of the minimal gauge mediated models is
—T3)°. The above quoted masses should be renormalized {Rg|| justified in order to get consistency of a light top squark
the weak scale. The details of this procedure in a generglity electroweak precision observables. Some of the slep-
gauge mediated model have been given by one of us in Refons might be lighter than the top squark but, as long as the
[21]. We shall not repeat these expressions here. For OWharginos remain heavy, they have no impact on the top
purpose, it suffices to stress some important details. squark phenomenology.
~As we mentioned before, after renormalization and mix- | gt ys stress that the above should be considered only as
ing effects are added, the right-handed top squark is thg simple example in which a light top squark, mainly right
lightest squark in the spectrum. The large value.of the 'eft‘nanded, can appear in the spectrum in low-energy supersym-
handed top squark mass increases the negative Yukawgietry preaking models. As the nature of supersymmetry
dependent radiative corrections to the right-handed OBreaking is unknown, so is the exact spectrum. We only
squark mass. Therefore, far, larger than a few times\s  make the simplifying assumptions that the left- and right-
andN>1, the lightest top squark is lighter than the gluino nanded sfermions receive an approximately common mass at
and theW-ino. Even forN=1 this tends to be true, for not he messenger scale and that the gaugino masses are of the
too small values of the messenger scaigx 107.G9V)- NO-  same order of magnitude as the squark masses. The truly
tice that, forA, larger by an order of magnitude tha\  defining feature of our assumption is that Weino and the
and/or large values d¥i, the right top squarkor, in extreme  g|yino are heavier than the squarks and thatBeo is the
cases the right bottom squariecomes the lightest standard pext-to-lightest supersymmetric particle. Although the left-
model superpartner. We shall thus concentrate on casgfnded squarks tend to be heavier than the right-handed
whereA,, while larger than\ s, is still of the same order.  gnes, the exact spectrum obtained in the simple model de-
The sleptons do not play a relevant role in top squarkajled above does not differ markedly from the simplified
decays as long as the charginos are heavier than the lightegiectrum that we choose to work with. In this kind of mod-
top squark. One has only to ensure that the lightest sleptog|s, apart from the somewhat lighter tops squarks, there will
does not become lighter than tBeino. The hierarchy of the pe ten squarks approximately degenerate in mass, which will
right-handed slepton mass and tBéno mass is approxi- predominantly decay into a quark andBano, which will

mately given by susequently decay into photofisr Z boson$ and missing
5 energy.
2 2M 1
méR~ Trl, (2.9

. . o I1l. TOP SQUARK PRODUCTION AT TEVATRON RUN I
wherer, is the appropriate renormalization group factor re-

lating the masses at the messenger scale to the masses at th@op squarks are produced at hadron colliders overwhelm-
weak scale. This factor is about 1.5—120] in the region of  ingly via the strong interaction, so that the tree-level cross

interest for this article and therefore we are led to concludesections are model independent and depend only on the top
that, as long adl=<3, theB-ino is the next-to-lightest super- squark mass. The production modes of the lighter top squark,
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10000

squark decay modes has been analyzed in R28529. The
signal depends on the decay chain, which in turn depends on
the relative masses of various SUSY particles. For suffi-

ciently heavy top squarks, the decky-ty$ will dominate.
This channel is of limited use at Run Il because the top
squark pair production cross section falls rapidly with in-
creasing top squark mass, and this channel requiresm;
+m, which is quite heavy for the Tevatron in the case of

minimal supergravity. For lighter top squarks, if a chargino

is lighter than the top squark thér-by; tends to dominate
(followed by the decay of the charginorhe details of the

04 . . . . . , signal depend on the Higgsino contentyof . If i has a
100 150 200 250 300 350 400 450 mass larger thani;—my,, the previous decay does not occur

Stop mass (GeV) and the three-body decay-bW"x{ dominates; this decay

FIG. 1. LO (dashedl and NLO (solid) cross sections for top procegds through the exchange of a Vi”“‘."" top .quark,
squark pair production ipp collisions at Tevatron Run(iL.8 TeV) chargino, or bottom squark. If the top squark is too light to

and Run 11(2.0 TeV) from PROSPINQ[25,26. Cross sections are decay into an Qn'Shf"’V boson andyj, then the flavor-
evaluated at the scaje=n; . changing decaytﬂcx‘l) tends to dominate. Finally, if a
sneutrino or slepton is light, then—b¢ v, ort—be v,

t,, at the Tevatron arqaaﬁf’l‘ and(_;,gﬂTl"f*lc . The cross respectively, will occur(followed by the decays of the slep-
sections for these processes are well known at leading ordén or the sneutrino, if it is not the LSPAt Run Il with 2
(LO) [23,24], and the next-to-leading ordékLO) QCD and (20) fb~1 of total integrated luminosity, in the context of
SUSY-QCD corrections have been compuféd] and sig- Minimal supergravity one can probe top squark masses up to
nificantly reduce the renormalization scale dependence. ThE60 (200 GeV in the case of the flavor changing decay,
NLO cross section is implemented numerically in PROS-While top squark masses as high as 1860 GeV can be
PINO [25,26. probed if the top squark decays into a bottom quark and a

We generate top squark events using the LO cross sectigiargino[29]. A similar reach holds in the case of a light
evaluated at the scalg=nr, improved by the NLOK sneutrino[29] and in the case of large tghwhen the top
factor* obtained from PROSPIN(®5,26 (see Fig. 1. TheK  squark can decay intbrv}g [30].
factor varies between 1 and 1.5 for; decreasing from 450 One can also search for top squarks in the decay products
to 100 GeV. We use the CTEQS5 parton distribution functionsof other SUSY particle$29]. In top decays, the process
[27]. We assume that the gluino and the other squarks are,7y s already excluded because of the existing lower
heavy enough that they do not _affect the NLO cross Sectlorbound on the gluino massOther possibilities arey™
This is already the case for gluino and squark masses above -~ -~ o~ , -~ -
about 200 Ge\[25]. —bt* andg—tt*. Finally, the decaysb—:tW ~and tH

Top squarks can also be produced via cascade decays lve to compete with the preferred dechy:by?, and so
heavier supersymmetric particles, with a highly model-may have small branching ratidgdepending on the masses
dependent rate. To be conservative, we assume that thgt, b, ;(2 andH ™). The signals for these processes at the

masses of the heavier supersymmetric particles are largrevatron Run Il have been considered in minimal supergrav-
enough that their production rate at Tevatron energies can hgy in Ref. [29].

1000 |

100 | Upper lines: Run |l, 2.0 TeV

10 F | ower lines: Run 1,1.8 TeV

Total cross section (fb)

neglected. If R-parity violation is allowed, then single top squark
production can occur via the fusion of two quarks. Single top
IV. PREVIOUS STUDIES OF TOP SQUARKS AT RUN I squark production is kinematically favored compared to top

squark pair production and offers the opportunity to measure
A number of previous studies have considered the prosR-parity violating couplings. This has been considered for
pects for top squark discovery at Run Il of the Tevatron,the Tevatron in Ref{33], which showed that the top squark
which we summarize here. In general, the most detailedould be discovered at Run Il for masses below about 400
SUSY studies have been done in the context of supergravityGeV provided that thdR-parity violating coupling\”>0.02
in this case SUSY is broken at the Planck scale so that the
gravitino plays no role in the collider phenomenology. Then
the lightest neutralino is the LSP and ends all superparticle?n low-energy SUSY breaking scenarios, however, the mass
decay chains. The reach of the Tevatron for a number of topangen;>m,+ Mo is interesting at Tevatron energies because the
distinctive signal allows backgrounds to be reduced to a very low
level, as we will show.
Although gluon radiation at NLO leads to a small shift in the top  *The bound on the gluino mass is, however, model dependent.
squarkpy distribution to lowerp; values[ 25,26, we do not expect Under certain conditions, an allowed window exists for gluino
this shift to affect our analysis in any significant way. masses below the gauge boson mag3ts32.
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—0.1 and that the top squark decays ¥ja-by; (followed
by X1 —1" vx3). -

Relatively few studies have been done in the context of
low-energy SUSY breaking with a gravitino LSP. A study of 3
GMSB signals performed as part of the Tevatron Run Il §
workshop[7] considered the decays of various SUSY par-
ticles as the NLSP. As discussed before, the NLSP in sucltg
models will decay directly to the gravitino and standard % 04

model particles. If the top squark is the NLSP in such a g,

tino

0.8 r

ravi

.
-
-
-
~-

photo

~ ~ ~ =
model, then it will decay viat —-t*)G—bW'G (for m; £ g5 |

~ c H
>my+my). Note that becaus® is typically very lightin 80% bino 20%",_}'@2;28 _____
such modelsyi>my,+m, is sufficient for this decay to 0 . . 50% binq: 50% Higgsino -- -- --
proceed with an on-shelW boson. Referenc§29] found 50 100 150 200 250 300 350 400
sensitivity at Run |l to this decay mode for top squark Neutralino mass (GeV)

masses up to 180 GeV with 4 Th. This top squark decay . . . .
looks very much like a top quark decay; nevertheless, even FIG. 2. Branching ratio for the decay of the lightest neutralino
for top squark masses near;, such top squark decays can into a photon and a gravitino as a function of the neutralino mass.
be separated from top quark decays at the Tevatron usin@hOW” are the branching ratio if the neutralino is a @+iao (solid
kinematic correlations among the decay prod(ize. line) and for 20% and 50% Higgsino admixturdeng and short
Finally, Ref.[9] considered general GMSB signals at the d2shed lines, respectivelpssuming thampo=120 GeV and that
Tevatron of the formyyE++ X. The authors of Ref9] pro- the other MSSM Higgs bosons are very heavy.NFONr the Higgsino
vide an analysis of the possible bounds on the top Squarﬁdmixture in the lightest neutralino, we choose HhgH, mixing
mass coming from the Run | Tevatron data. They analyze th&o that the field content is aligned with thattdt and the longitu-
top squark decay mode into a charm quarll< and a neutralin(ginal component of th& boson in order to minimize the branching
and also possible three-body decays, by scanning over "gtio to photons.
sample of models. They conclude that top squark masses . )
smaller than 140 GeV can be excluded already by the Run $€Ng€r mass. In the minimal supergravity case, the two-body
Tevatron data within low-energy supersymmetry breakingFC decay branching ratio tends to be the dominant one. In

models independent of the top squark decay mode, assumifg® case of low-energy supersymmetry breaking, this is not
that m>0>70 GeV. necessarily the case. Since the analysis of the four-body de-
1

cay process is very similar to the three-body decay described
below for larger mass splittings between the top squark and
the lighter neutralino, here we shall analyze only the case in
which the two-body FC decay—cy! is the dominant one
The decay properties of the lighter top squark depend ovhenevem;<my,+m,+ mo.

the supersymmetric particle spectrum. Of particular rel- !
evance are the mass splittings between the top squark and the . 5
lightest chargino, neutralino and bottom squark. In our analy<<m;+ e, the three-body decay—W"by} becomes ac-

sis, we assume that the charginos and bottom squarks a{:%ssible, With}f{_} 4&. This top squark decay proceeds

heavier than the lighter top squark, so that the on-shell det’hrough a virtual top quark, virtual charginos, or virtual bot-

cayst—bW andt— b are kinematically forbidden. Then o squarks. Quite generally, this three-body decay will

the details of the top squark decay depend on the mass spliominate over the two-body FC decay in this region of phase
ting between the top squark and the lightest neutralino. Igpace.

M <My, + My + Mo, two decay modes are kinematically ac- — For still heavier top squarksg;>m,+ myo, the two-body
cessible:

V. TOP SQUARK DECAY BRANCHING RATIOS

For larger mass splittings, so that,,+ m,+ o<y

_ _ -, tree-level decay mode—ty? becomes kinematically acces-
(1) the flavor-changing(FC) two-body decayt—cxi.  siple and will dominate. Although the three-body and two-
This two-body decay proceeds through a flavor-changing,ody FC decays are still present, their branching ratios are

loop involvingW™, H* or x™ exchange or through a tree- strongly suppressed.
level diagram with d-c mixing mass insertion; Let us emphasize that, since tBano is an admixture of
(2) the four-body decay via a virtualW boson, the Z-ino and~the ph~ot|no, a puf-ino neutralino can decay
W bY%—jb Y2 or £vby? [35]. into either yG or ZG [see Eq.(1.3)]. If the lightest neu-
nralino is a mixture oB-ino andW-ino components, then the

The branching ratio of the top squark decay into char lati . 4 photi b ied arbi
and neutralino strongly depends on the details of the supef€!ativé Z-ino and photino components can be varied arbi-

symmetry breaking mechanism. In models with no flavo trarily, leading to a change in the relative branching ratios to

violation at the messenger scale, the whole effect is induceaG and ZG. If the lightest neutralino contains a Higgsino
by loop effects and receives a logarithmic enhancementomponent, then the decay h8G is also allowed. We show
which becomes more relevant for larger values of the mesin Fig. 2 the branching ratio of the lightest neutralino into
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¥G as a function of its mass and Higgsino content. TABLE . Backgrounds ta(t* —jj yyEr. The photon identifi-
cation efficiency is taken to be,=0.8 for each real photon. See

VI. TOP SQUARK SIGNALS IN LOW-ENERGY SUSY text for details.

BREAKING

Cross section  Cross section

As discussed in the preceding section, the decay propeBackground after cuts aftey ID
ties of the lighter top squark depend primarily on the mass

splitting between the top squark and the lightest neutralinoll Y¥4: £—vv ~021 ~0.131fb
In this section, we proceed with the phenomenological analyii yvv+ y radiation ~0.002fb  ~0.001 fb
sis of the signatures of top squark production associated witbbyy, ccyy <0.1fb ~0.06 fb
the different decay modes. In Sec. VI A we shall analyze thgj yy ~0.2fb ~0.13 fb

signatures associated with the two-body FC decay, which
after the neutralino decay leadstte>cyG. In Sec. VIB we  Backgrounds with fake photons

shall analyze the signatures associated with the three-bod " "

. . ~ ~ ﬁ/(ee—w/)/) ~5Xx10*fb ~5%X10 “fb
decay, which after neutralino decay leadsttebW' yG. i v(i—7) 081 08 fb
The two-body decay— tx?, which typically dominates for ;i 5,) ~0.8 b ~0.8 fb
;> m; + o, leads to the same final state as the three-body
decay and therefore the discussion of this case will be inTotal ~2 fb ~2 fb

cluded in Sec. VIB. Finally, in Sec. VI C we consider the
possibility that top squarks are produced in the decays of top

quarks. diagrammatic calculation would be very computer-intensive
and is beyond the scope of this work. Instead, we consider
A. Two-body FC decay:t—cyG the subprocesses that are expected to contribute the bulk of

With the top squark undergoing the aforementioned defhis particular background, namelpp—2j+2y+Z+X
cay, the final state consists of a pair each of charm jetgVith the Z subsequently decaying into neutrinos. These pro-
photons andinvisible) gravitinos. As we will show below, C€sSes are quite tractable and were calculated with the aid of
the backgrounds to this process are small enough that wi@€ helicity amplitude programiADGRAPH [36]. On imposi-
need not require charm tagging. Thus the signal consists ofOn of the above-mentioned set of cuts, this background at
: the Run Il falls to below~0.2 fb.
2(jet9+2y+Er. _ : B —

An independent estimate of thg yyv;v; background
The selection criteria we adopt are may be obtained through the consideration of the single-
(1) each event must contain two jets and two photonsphoton variant, namelyj yv;»; production, a process that
each of which should have a minimum transverse momenmADGRAPH can handle. After imposing the same kinematic

tum (pr>20 GeV) and be contained in the pseudorapiditycuts (other than requiring only one photoas above, this

range—2.5< n<2.5; process leads to a cross section of roughly 0.2 fb. Since the

(2) the jets and the photons should be well separated froremission of a second hard photon should cost us a further
each other; namely, power of a.y,, the electromagnetic coupling constant, this
SR;>0.7, 6R,,>03, oR;,>0.5 background falls to innocuous levels. We include both this

estimate and the one based Dproduction from the previ-
where SR2= 572+ 5¢2, with 87 (8¢) denoting the differ- Ous paragraph in Table 1. While a naive addition of both runs
ence in pseudorapiditiazimuthal angleof the two entities  the danger of overcounting, this is hardly of any importance
under consideration: given the overwhelming dominance of one.
(3) the invariant mass of the two jets should be suffi- A second source of background bdyy (ccyy), with
ciently far away from thaV andZ massesm;; ¢ (75 GeV, missing transverse energy coming from the semileptonic de-

95 GeV); cay of one or both of thé (c) mesons. In this case, though,
(4) each event should be associated with a minimunthe neutrinos tend to be soft due to the smallness ol ued
missing transverse momenturp>30 GeV). ¢ masses. Consequently, the cut pp serves to eliminate

The photons and jets in signal events tend to be verynost of this background, leaving behind less than 0.1 fb.
central; in particular, reducing the pseudorapidity cut for theThis could be further reducetto <0.001 fb) by vetoing
two photons to—2.0< <2.0 would reduce the signal by events with leptons in association with jets. However, such a
less than about 3%(This change would reduce the back- lepton veto would significantly impact the selection effi-
ground by a somewhat larger fractipipart from ensuring  ciency of our signal, which containsc, thereby reducing
observability, these selection criteria also serve to eliminateur overall sensitivity in this channel.
most of the backgrounds, which are listed in Table I. A third source of background i$jyy production, in

A primary source of background is the SM production of which the jet(light quark or gluoi and/or photon energies
ii yyv,v; where the jets could have arisen from either quarksare mismeasured leading to a fgikge. To simulate the effect
or gluons in the final state of partonic subprocesses. A fulbf experimental resolution, we use @ery pessimistic
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Gaussian smearingsE; /E;=0.1+0.6/VE;(GeV) for the 350  — o~ ' ' ' ‘ N
. pp—tt +X 0.2
jets and SE, /E,=0.05+0.3/JE,(GeV) for the photons. 5 - _
While the production cross section is much higher than that toct); Dc+y+G 2705

: . 300 ; .
of any of the other backgrounds considered, the ensuing s =2 TeV £ S
missing momentum tends to be small; in particular, our cut O
on £+ reduces this background by almost 99%n imposi- 250 iy &

rd

tion of our cuts, this fake background is reduced-t6.2 fb 8 ENLE

Finally, we consider the instrumental backgrounds from
electrons or jets misidentified as photons. Based on Run 9_
analyse$38] of electron pair production and taking the prob- &=
ability for an electron to fake a photon to be about 0.4%, we 150
estimate the background due to electrons faking photons tc
be of order 5<10 * fb. More important is the background
in which a jet fakes a photon. Based on a Run | anaf&i$
and taking the probability for a jet to fake a photon to be
about 0.1%, we estimate the background duejjjoy in 50
which one of the jets fakes a second photon to be about 0.¢ . . . . .
fb. _Similarly, we e_stimate that the background dugjig in 100 150 200 250 300 350 400
which two of the jets fake photons is somewhat smaller; to M~GeV)
be conservative we take it to be of the same order, i.e., 0.8 fb t

Having established that the backgrounds are small, let us
now turn to the signal cross section that survives the cuts. In FIG. 3. Cross sections in fb for top squark pair production in

Fig. 3 we present these as contours inffye-nmo plane. We ~ Run 1I with T—cyG, after cuts. No efficiencies have yet been
1

. o~ ~ . . applied. The black area is excluded by nonobservatiofj efyEE
assume that the branching ranotof»cx(l) dominates in the e\F/JSnts in RuN 1. Y Ml $hEr

region of parameter space that we consider here. The branch-

'ng rat|o.of)(71ﬂ ¥G is taken from Fig. 2 assuming thﬁ?_lsf are exploring in Fig. 3. This is further compounded at large
a pureB-ino. AII our.plots are made before detector e_fflc_:len— o by the fact that a large neutralino mass typically implies
cies are applied. With a real detector, each photon is identi- “1

fied with aboute,=80% efficiency; thus the cross sections & smaller}2—> yé branching fraction(see Fig. 2. On the
shown in Fig. 3 must be multiplied byzyz 0.64 in order to  other hand, a smarh;(g results in reduced momenta for the
obtain numbers of evenfswhile the production cross sec- gravitino and the photon, once again resulting in a loss of

tions are independent of the neutralino mass, the decay kingignal: however, this is important only forzo<70 GeV,
matics have a strong dependencem;p{. For a givenny;, a X1

200

100

T—>b+W" 5{?) dominates 1

which is not relevant in this search channel.

The signal cross sections are fairly substantial. In particu-
charm jet, which would often fail to satisfy our selection lar, the dark area in Fig. 3 corresponds to a signal cross
criteria. This causes the gap between the cross section cogection of 50 fb or larger at Run | of the Tevatron. Taking
tours and the upper edge of the parameter space band that o account the identification efficiency of 64% for the two

photons, such a cross section would have yielded 3 signal
events in the 100 pb' collected in Run | over a background
“We have also performed similar smearing for the other backof mych less than 1 event. Run | can thus exclude this region
ground channels as well as for the signal. However, there it hardhélt 95% confidence level. In particular, we conclude that Run
is of any importance as far as the estimation of the total Cros§ yata exclude top squark masses up to about 200 GeV, for
section is concerned. large enough mass splitting between the top squark and the

SThis reduction factor is in rough agreement with that found for i h h K i litting i
y+]j events in CDF Run | data in Re37]. neutralino. When the top squark-neutralino mass splitting is

SWe note that in the squark searches in supergravity scenarios tignall (i.e., less than about 10-20 Ggthe charm quark jets
signal isjjE+; in this case a similar background due to dijet pro- become too soft and the signal efficiency decreases dramati-
duction V\;ith r:akeﬁT is prﬁseﬂt- ThiSdbaCkground i”5b|argec; byéwo cally. For comparison, a DQearch[39] for inclusive pp

owers ofa than thejj ackground, yet it can still be reducedto ~ ~o S T0 ~0 : .,
gn acceptable IeveI“bZ/ya rela%vely hayrd cut o (see, e.g., Ref. —x2tX with Xa—7xg I the context of mlnlm_al super
[29)). gravity yields a limit on the production cross section of about

1 pb for parent squark masses of order 150-200 GeV. Inter-

"If %% is not a pureB-ino, its branching ratio toyG will typically i . ) ) ~
be reduced somewhat when its mass is ldege Fig. 2 This will preting this in terms of top squark pair production wih

small mass splitting betweer; and o would imply a soft

lead to a reduction of the signal cross section at langeby typi- ~ — yx} reidentified asy?— yG increases the signal effi-

cally a few tens of percent. ciency by a factor of~2.7 because every SUSY event now
®The diphoton trigger efficiency is close to 100%, so we neglect itcontains two photong39]; the DOanalysis then yields a top

here. squark mass bound of about 180 GeV, in rough agreement
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TABLE II. Number of signal event$S) required for a & top  tion would bé” jjWWyyE+. In this analysis, we consider
squark discovery at Tevatron Run Il in theyyEy channel and the  only the dominant hadronic decay mode of bwtrbosons.
corresponding signal cross section after cuts and efficiencies and This decay mode of the top squark proceeds via three
maximum top squark mass reach. We assume a photon identificgey yman diagrams, involving an intermediate off-shell top
tion efficiency ofe,=0.80. The number of background evet® . 21y chargino or bottom squark. We use the full decay
is based on a background cross section of 2 fb from Table I. . . . .

matrix elements as given in Rd#0]. Although this intro-
duces several additional parameters into the analysis, a few
simplifying assumptions may be made without becoming too
model dependent. For example, assuming that the lightest
2 bt 4 14 7.0fb 265 GeV top squark is predominantly the superpartner of the right-

Sforabc ogX ei Maximum top squark
Ic B  discovery mass reach

_1 ~
4 fo L 8 18 4.5 b 285 GeV handed top quarktg) eliminates the bottom squark ex-
15 1b 30 s1 2.11b 310 GeV change diagram altogether. Even if the top squark contains a
30 fbt 60 42 1.4 1fb 325 GeV

mixture of tg andt, , under our assumption that the lighter
top squark is the next-to-lightest standard model superpart-
with our result® In addition, Ref.[9] projected a Run | ex- ner, the bottom squark exchange diagram will be suppressed
clusion of top squarks in this decay channel for masses beyy the necessarily larger bottom squark mass. As for the
low about 160—170 GeV, again in rough agreement with oughargino exchange, th&-ino component does not contribute

result. . . for a'tr decay. Thus the chargino contribution is dominated

To claim a discovery at thedslevel, one must o.b_serve a by its Higgsino component. Furthermore, if we concentrate
large enough number of events that the probab|l|ty for th n scenarios with large values of the supersymmetric mass
backgrqt;nd to fluctuate up to that level is less than arametep and of theW-ino mass parametéin which case
5.7x 10. : Because .th.e number of expeqted back_grpun he charginos are heavy and the neutralino is almost a pure
events in this analysls is small, we use Poisson statistics tB-ino), the chargino exchange contribution is also suppressed
find the number of signal events required for@ 8iSCOVery.  anqg the dominant decay mode is via the diagram involving
Taking the total bapkground cross section to be.2 fb fromy off-shell top quark. To simplify our numerical calcula-
Table 1, we show in Table Il the expected maximum tOpyjnng \ve have then assumed that only this diagram contrib-
squark discovery mass reach at Tevatron Run Il for variougies to the top squark decay matrix element. We have
amounts of integrated luminosityIn particular, with 4 fo ! cocyeq for a few representative points, though, that the in-
a top squark discovery can be expected in this channel if) sjon of the bottom squark and chargino diagrams does not
m;<285 GeV, withS/B of more than 2/! Including the g nif : o

Vo " ) gnificantly change the signal efficiency after cuts as long as
eﬁgcts of mixing in the cpmpo~s(|)t|on ~of the I|ghtest r-leu- we require thatng, m: > ;. o
tralino, a 50% reduction in thg;—yG branching ratio As the W bosons themselves decay, it might be argued
compared to the pur-ino case would reduce the top squark that their polarization information needs to be retained. How-
mass reach by only about 20 GeV. For such a reduction tever, since we do not consider angular correlations between
occur in the relevant neutralino mass range of about 200the decay products, this is not a crucial issue; the loss of such
250 GeV, the lightest neutralino would have to be less thannformation at intermediate steps in the decay does not lead
half B-ino. to a significant change in the signal efficiency after cuts. This

is particularly true for the hadronic decay modes of Yge

B. Three-body decay:t—bW*yG for which the profusion of jets frequently leads to jet overlap,
(tpereby obscuring detailed angular correlations. It is thus
afe to make the approximation of neglecting the polariza-
tion of the W bosons in their decay distributions, and we do
S0 in our analysis.

Before we discuss the signal profile and the backgrounds,
fet us elaborate on the aforementioned jet overlapping. With
cantly from those in our analysis, in which the gravitino is essen-SX quarks in the final state, some of the resultant _Jets will
tially massless. very often be too close to each other to be recognizable as

1%The cross sections and numbers of events required for discovefgPMing from different partons. We simulate this as follows.
are quoted in terms of integrated luminosities at a single detector. IYVe count a final-state partdquark or gluon as a jet only if
data from the Collider Detector at FermilaBDF) and DOdetec- it has a minimum energy of 5 GeV and lies within the pseu-
tors are combined, the integrated luminosity of the machine is efdorapidity range—3<%<3. We then merge any two jets
fectively doubled. that fall within adR separation of 0.5; the momentum of the
"For comparison, in the case of minimal supergravity a reach of
m;<180 GeV can be expected in the-cx? channel with 4 fb*
at Tevatron Run II; the same reach is obtained in low-energy SUSY *?The backgrounds are again small enough after cuts in this chan-
breaking scenarios in which the top squark is the NLSP rather thanel that we do not need to tag thejuarks. In the case of a discov-
the neutraling[29]. In both of these cases, the signal consists ofery, one could imagine tagging thequarks and reconstructing the
jjE+, with no photons in the final state. W bosons in order to help identify the discovered particle.

For a large enough splitting between the top squark an
neutralino masses, the signature of top squark pair produ

°Note, however, that the non-negligible mass of the LSP of abou
35 GeV assumed in Ref39] leads to kinematics that differ signifi-

115010-9



CARENA et al. PHYSICAL REVIEW D 66, 115010(2002

TABLE IlI. Backgrounds tott* — jjWWyyE; with both W bosons decaying hadronically. The photon
identification efficiency is taken to be,= 0.8 for each real photon. See text for details.

Cross section Cross section

Background after cuts aftey ID
(ii yyZ, Z—vv)+2j ~0.003 fb ~0.002 b
jjrvyy+2j ~3x10°° b ~2x107% fb
(bbyy, ccyy)+2j ~0.001 fb ~0.0006 fb
ilyr+2j =0.003 fb =0.002 fb
ttyy, WW=jjjj =10 *fb <10 *fb
ttyy, WW—jjlv, {=e, u, or 7—¢ ~0.001 fb ~0.0006 fb
ttyy, WW—jj v, 7—] =0.01 fb =0.006 fb

Backgrounds with fake photons

jj(ee—=yy)+2j ~7%x10°%fb ~7%x107%fb
iy(i—=»+2j ~0.02 b ~0.02 fb
iji—rym+2j ~0.03 fb ~0.03 fb
Total =<0.07 fb ~0.06 fb

resultant jet is the sum of the two momenta. We repeat thiground. If one of théV bosons decays leptonically, however,
process iteratively, starting with the hardest jet. Our selectioiit will yield a sizable amount oE+. This background can be
cuts are then applied to thenerged jets that survive this largely eliminated by requiring that no leptoe or u) is

algorithm. seen in the detector. This effectively eliminates \Melecays
The signal thus consists of into e or w or decays tor followed by leptonicr decays; the
remaining background with hadronic decays is naturally

n jetst2y+Er  (n<6). quite small without requiring additional cuts. Considerations

such as these lead us to an appropriate choice of criteria for

Hence, all of the SM processes discussed in the precedirgn event to be selected:

section yield backgrounds to this signal when up to four (1) At least four jets, each with a minimum transverse
additional jets are radiated. Now, the radiation of each har@nomentump+;>20 GeV and contained in the pseudorapid-
and well separated jet suppresses the cross section by a factgr interval of —3< 7;<<3. Any two jets must be separated
of order as=0.118. Then, since thgj yyEr backgrounds by SR;;>0.7. As most of the signal events do end up with 4
are already quite small after the cuts applied in the precedingr more energetic jetéhe hardest jets coming typically from
section(see Table)l the backgrounds with additional jets are the W boson decays this does not cost us in terms of the
expected to be still smallé?. signal, while reducing the QCD background significantly. In

There exists a potential e@eption to the last assertio’hddition, thett_yy events with bothW's decaying leptoni-
namely the background due toyy production. To get an cally are reduced to a level of order 1bfb by this require-
order of magnitude estimate, the cross sectiortfgsroduc- ~ ment alone.
tion at Tevatron Run Il is 8 pp41]. If both of the photons are (2) Two photons, each witlpr,>20 GeV and pseudora-
required to be energetic and isolated, we would expect @idity —2.5<7,<2.5. The two photons must be separated
suppression by a factor of order?,, leading to a cross by at leastsR,,>0.3.
section of the order of 0.5 fb. This cross section is large (3) Any photon-jet pair must have a minimum separation
enough that we need to consider it carefully. of 6R;,>0.5.

If both W bosons were to decay hadronically, then a suf-  (4) A minimum missing transverse energ>30 GeV.
ficiently large missing transverse energy can only come from (5) The event should not contain any isolated lepton with
a mismeasurement of the jet or photon energies. As we haver>10 GeV and lying within the pseudorapidity range3
seen in the preceding section, this missing energy is normally 7<3.
too small to pass our cuts, thereby suppressing the back- As in the preceding section, the cut &r serves to elimi-

nate most of the background events with only a fake missing
transverse momentufarising out of mismeasurement of jet
13cor the backgrounds in which one or both of the photons areenergies In association with the lepton veto, it also elimi-
faked by misidentified jets, we have taken into account the largepates the bulk of events in which one of f&bosons decays
combinatoric factor that arises when more jets are present to bkeptonically(including ther channel. A perusal of Table IlI,
misidentified. which summarizes the major backgrounds after cuts, con-
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vinces us that the backgrounds to this channel are very small, TABLE IV. Number of signal event$S) required for a & top

in fact much smaller than those for the previous channel. squark discovery at Tevatron Run Il in thgV Wy yE+ channel and
The signal cross section after cufisut before photon the corresponding signal cross section after cuts and efficiencies

identification efficienciesis shown in Fig. 4 as a function of and maximum top squark mass reach. We teje 0.80. The num-

the top squark anﬁ(l) masses. We assume that the branchingﬁer of background event®) is based on a background cross sec-

. ~ ~0 . ) . on of 0.06 fb from Table III.
ratio of t—bW)y; dominates in the region of parameter

space under consideration. The branching ratiglef yG is Maximum

again taken from Fig. 2 assuming thatis a pureB-ino. The Sfora 5o , top squark
signal efficiency after cuts is about 45%. For small neu- J£ B discovery  osXe,  mass reach
tralino masses nr,o=50 GeV), though, both the photons  ; ;-1 0.1 5 25 b 300 GeV
and the gravitinos#+) tend to be soft, leading to a decrease 4 fb?! 0.2 6 15fb 320 GeV
in the signal efficiency. For small top squark mas@eswell 15 fb ! 0.9 8 0.53 fb 355 GeV
as for large top squark masses when the top squark—30 fib ! 1.8 10 0.33 b 375 GeV

neutralino mass difference is smalbn the other hand, the
jets are soft leading to a suppression of the signal cross sec-

tion after cuts. As one would expect, both of these effects argf integrated luminosity* In particular, with 4 f5'%, a top
particularly pronounced in the contours corresponding tosquark discovery can be expected in this channefmif
large values of the cross section. The additional distortion of-320 Gev?* If the lightest neutralino is not a pur@-ino,

the contours for large neutralino masses can, once again, be reach at large neutralino masses will be reduced. How-
traced to the suppression of tﬁéa vG branching fraction ever, the maximum top squark mass reach quoted here will

(see Fig. 2. not be affected, because it occurs lfm;clJ~5O— 100 GeV; in

The non-observation off WWyyEr events at Run | of  this mass range the lightest neutralino decays virtually 100%
the Tevatron already excludes the region of parameter Spagg o ime 104G due to the kinematic suppression of all
shown in black in Fig. 4. As in the previous section, in this

excluded region at least 3 signal events would have beeOther possible decay modes, unless its photino component is

S fine tuned to be tiny.
produced after cuts anc_i c_Jetector efficiencies in the 100 pb Including a separate analysis of top squark production and
of Run | data, with negligible background. In particular, Run decay with one or more of thé/ bosons decaying leptoni-
| data Qxcludes top squark masses below about 200 GeV, f%rally would yield an increase in the overall signal statistics;
neutralino masses larger than about 50 GeV. h

: ; owever, we do not expect this increase to dramatically alter
We show in Table IV the expected maximum top squarkthe top squark discoverrjy reach y
discovery mass reach at Tevatron Run Il for various amounts '

300 : : : : : . C. Top squark production in top quark decays
pp—>tt +X . If n;+ myo<m, then top squarks can be produced in the
2 no =
f=>b+ W' +3] >b+ W +y+G decays of top quarks. As we will explain here, most of the
250 s =2TeV

parameter space in this region is excluded by the non-
observation of top squark events via direct production or in
top quark decays at Run | of the Tevatron. However, some
interesting parameter space for this decay remains allowed
after Run |, especially if the lighter top squark is predomi-
nantlyt, .

For my<m,+ my,+ o, S0 that the top squark decays via

200 F t NLSP

mi(l) (GeV)

T—cy?, the region in whicht—tx? is possible is almost
entirely excluded by the limit on top squark pair production
at Run |, as shown in Fig. 3. A sliver of parameter space in
which the top squark—neutralino mass splitting is smaller
than about 10 GeV remains unexcluded. Rgr>m,+ myy

+nm0, so that the top squark decays Wia-bWy?3, the sig-
1
nal efficiency in the search for direct top squark production

100

50

My(GeV)

Ypgain, if data from the CDF and D@etectors are combined,
FIG. 4. Cross section in fb for top squark pair production with the integrated luminosity of the machine is effectively doubled.
T—bWyG, after cuts. BothW bosons are assumed to decay had- ISFor comparison, in the case of minimal supergravity a reach of
ronically. The black area is excluded by non-observation ofm;<190 GeV can be expected in the— bW}(‘l) channel with
JIWWyyE+ events in Run |. 4 fp~1 at Tevatron Run 1[29].
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is degraded for light neutralinos with masses below about 5C 50 - T
GeV and for top squarks lighter than about 150 GeV. This * ;
prevents Run | from being sensitive to top squark pair pro- 45
duction in the region of parameter space in which top quarks Excluded by
decays to top squarks are possible with the top squarks deG 40 | direct stop search

caying tobWy?, as shown in Fig. 4. In what follows, we 2-body FC channe)/™,
focus on this latter region of parameter space. 3

As discussed before, if the lightest neutralino is mostly £
B-ino, the constraints on its mass are model dependent. ThE 30 |
constraints from Tevatron Run | are based on inclusive2

Si'gnal efficiéncy
50%

40% ———- |

35 |

alino mass

chargino and neutralino producti$®,42] under the assump- o5 | 3-body channeﬁ i
tion of gaugino mass unification; the cross section is domi- i
nated by production of; x; andxj x2. If the assumption 20 : ' H - X N

y P Ko X1 X2 P 100 110 120 130 140 150 160

of gaugino mass unification is relaxed, then Run | puts no
constraint on the mass &Q At LEP, while the pair produc-
tion of a pureB-ino leads to an easily detectable diphoton FIG. 5. 95% confidence level exclusion limits for top quark
signal, it proceeds only vig-channel selectron exchange. decays to top squarks from Run | for various signal efficiencies, in
The mass bound on B-ino ;(2 from LEP thus depends on the case théflzTR, which gives the largest ev~ent~rates. The area
the selectron mag4.3]. In particular, for selectrons heavier to the left of the curves is excluded. The case=t, gives no
than about 600 Ge\B-ino masses down to 20 GeV are still exclusion for the signal efficiencies considered and is not shown
allowed by the LEP data. g(g contains a Higgsino admix- here. The solid line from the upper left to the lower right is the
ture, it couples to th& and can be pair produced at LEP via kinematic limit for m;=175 GeV. The solid line from the upper

7 ex’change For a NLSP with mass between 20 and 45 Ge\r/’ght to the lower left separates the regions in which the 2-body FC
as will be relevant in our top quark decay analysis, the LEFSJ[ecay and the 3-body decay of the top squark dominate.

search results limit thél, component to be less than 1%.

Stop mass (GeV)

Such a smalfi, admixture has no appreciable effect on the'€gion. As in the case of top squark pair production foIIoweq
i K partial width tG%°. We th te th ial by the 3-body decay, we expect that the background to this
o.p quar pal'f‘o w X1 € thus compu.e .e Partial hrocess can be reduced to a negligible level. Run | can then
width for t—ty; assuming that the neutralino is a pure pjace 95% confidence level exclusion limits on the regions of
B-ino. Taking the lighter top squark to be =t cosf;  parameter space in which 3 or more signal events are ex-
+TRsin6“, we find pected after cuts and efficiencies are taken into account. Us-

ing the Run | top quark pair production cross section of 6 pb

[41] and a total luminosity of 100 pid, we compute the
SR number of signal events as a function of the top squark and
—VEg— Mg, neutralino masses and the top squark composition, assuming
co Oy, M - - e

6.1 various values of the signal efficiency after cuts and detector

efficiencies. Ift;=tg, then Run | excludes most of the pa-
5, 2 ) _ ~rameter space below the kinematic limit for this decay even
where Eg=(mi+mz—m;)/2m;. The numerical factors in  for fairly low signal efficiency~20%, as shown in Fig. 5. If
the square brackets in E¢6.1) come from the hypercharge 7. _7, | on the other hand, the signal cross section is much
quantum numbers of the two top squark electroweak eigensmaier and Run | gives no exclusion unless the signal effi-
states. Clearly, the~part|al width is maximized if the l'ghterciency is larger than 75%, which would already be unfeasible
top squark is a pureg state; it drops by a factor of 16 if the including only the identification efficiencies for the two pho-
lighter top squark is a purg_ state. In any case, the branch- tons; even 100% signal efficiency would only yield an ex-
ing ratio fort—tB does not exceed 6% fam;>100 GeV  clusion up ton;=118 GeV.

and 0> 20 GeV® The signal from top quark pair produc- At Run Il the top quark pair production cross section is 8

tion followed by one top quark decaying as in the standard®P [41] and the expected total luminosity is considerably
model and the other decaying T, followed by the top higher. This allows top quark decays ty] to be detected
squark 3-body decay and the neutralino decays/@ is for ti)p s~quark and neutralino masses above th(? Run | bound.
bbWWyyE+. This signal is the sameip to kinematickas ~ Fort;=tg, top quark decays to top squarks will be probed
that from top squark pair production in the 3-body decayvirtually up to the kinematic limit, even with low signal ef-
ficiency ~10% and only 2 fo! of integrated luminosity. If
t,=1,, so that the signal event rate is minimized, top quark
%For neutralino masses belom,, as are relevant here, the decays to top squarks would be discovered up to within 10
branching ratio intoyG is virtually 100% (see Fig. 2 almost in-  GeV of the kinematic limit for signal efficiencies20% and
dependent of the neutralino composition. 4 fb~ ! of integrated luminositysee Fig. &. In this region of

a Ej

o 4 1
I'(t—1t,B)=|— sirff;+ —cos6;
9 36
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50 , : 10
Signal efficiency 9 r Mgquark = 200 GeV ——— A
q
50% —— 8r 300 GeV ----- 1
45 40% ———- 7 ks 400 GeV ------ 8
= 30% ------ 6 500 GV --===
= Excluded by .1zo:/o 5§ s ]
O 40 rdirect top squark search 0% - E ‘g .
(%) [ -
ﬁ 2-body FC channe) @
E 35+ 1 g 3r 1
:
g 30 | 4 E 2 r 1
2 g
=z
25 3-body channel R
1r . ]
20 L L L Y i
100 110 120 130 140 150 160 1000 10000
top squark mass (GeV) Gluino mass (GeV)

FIG. 6. 50 discovery contours for top quark decays to top  FIG- 7. Gluino mass dependence of the NLO cross section for
squarks at Run Il with 4 fb! for various signal efficiencies, in the production of ten degenerate squarks in 2 gV collisions, from
case thaii,=1, , which gives the smallest event rates. The casePROSPINCO[26]. Shown are the cross sections f* production
T,=Tx would be discovered virtually up to the kinematic limit even Normalized to the value at largeg, for common squark masses of
with 10% signal efficiency, and is not shown here. The solid lines200, 300, 400 and 500 GeV. Production @ is small at app
are as in Fig. 5. collider and is neglected here; it yields an additional 3—15 % in-

crease in the total cross section at lavy for this range of squark

parameter space, top squarks would also be discovered [A2SSes: Cross sections are evaluated at the acaleg .

Run 1l with less than 2 fb* via direct top squark pair pro-

. ; section for the ten degenerate squarks of a given mass is
duction (see Fig. 4. 9 a g

simply ten times the corresponding top squark production
Cross section.
VIl. TEN DEGENERATE SQUARKS Since a relatively light gluino only serves to increase the
total cross sectior{see Fig. 7, it can be argued that the
Having concentrated until now on the production and deeavy gluino limit is aconservative oneTo avoid consider-
cay of the top squark, let us now consider the other squarksng an additional free parameter, we shall perform our analy-
In the most general MSSM, the spectrum is of course quitgis in this limit. To a first approximation, the signal cross
arbitrary. However, low-energy constrairi#3] from flavor  sections presented below will scHiavith the gluino mass
changing neutral current processes demand that such Squarzi?proximately as shown in Fig. 7.
be nearly mass degenerate, at least those of the same Chira-Like top SquarkS, the 10 degenerate Squarks can also be
ity. Interestingly, in many theoretical scenarios, such as theroduced via cascade decays of heavier supersymmetric par-
minimal gauge mediated models, this mass degeneracy bfcles. To be conservative, we again neglect this source of
tween squarks of the same chirality happens naturally; iquark production by assuming that the masses of the heavier
addition the mass Spllttlng between the left-handed and rightsupersymmetric partic|es are |arge enough that their produc-
handed squarks associated with the five light quarks turns ogion rate at Tevatron energies can be neglected.
to be small. For simplicity, then, we will work under the  The NLO cross sections for production of ten degenerate
approximation that all of these 10 squarksamely,u, r, squarks including QCD and SUSY-QCD corrections have
d, R, LR, S_g andb, g) are exactly degenerate. been implemented numerically in PROSPINZB]. We gen-
' ' ’ ’ erate squark production events using the LO cross section
. evaluated at the scaje=mg, improved by the NLXK fac-
A. Production at Tevatron Run I tor obtained from PROSPIN(®6] (see Fig. 8 in the limit
While the cross sections for the individual pair productionthat the gluino is very heavy. The factor varies between 1
of theT, g, S g andb, g are essentially the same as that for @"d 1.25 fomy; decreasing from 550 to 200 GeV. As in the
a top squark of the same mass, the situation is more complfaS€ of the top squark analysis, we use the CTEQS parton
cated for squarks of the first generation. The latter dependiStribution functions[27] and neglect the shift in they
sensitively on the gluino mass because of the presence istribution of the squarks due to gluon radiation at NLO.

t-channel diagrams. Moreover, processes such uas

—ULUg or dd—d, rd, r become possible and relevant. Of 17pat the gluino exchange diagram has a different topology as
course, in the limit of very large gluino mass, the squarkcompared to thédominani quark-initiated QCD diagram indicates
production processes are driven essentially by QCD anehat corresponding angular distributions would be somewhat differ-
dominated by the production of pairs of mass eigenstatesnt. Thus, the efficiency after cuts is not expected to be strictly
analogous to the top squark production considered alreadydependent of the gluino mass. For the most part, though, this is
In particular, at the leading order, the total production crossnly a subleading effect.
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FIG. 8. LO (dashedl and NLO (solid) cross sections for the 100 Run I Data : 7
production of ten degenerate squarks in the heavy gluino lingfpin 1o
collisions at Tevatron Run (1.8 TeV) and Run 11(2.0 TeV) from 50 - !
PROSPINO([26]. Cross sections are evaluated at the sqale 200 450 500
=mg.
q

ma (GeV)

B. Signals in low-energy SUSY breaking

FIG. 9. Cross section in fb for production of 10 degenerate
The decays of the ten degenerate squarks are very simpléguarks in Run Il in the heavy gluino limit with—qyG, after

As long as they are heavier than the lightest neutrdffno, cuts. The black area is excluded by non-observation;ofyEr
they decay viai—qx2—qyG. The signal and backgrounds €Vens in Run i

are then identicall to those of the two-body FC top squarkvhen the mass splitting between the squarks and the neu-
decay discussed in Sec. VIA, and consequently we use thealino is too small(i.e., less than about 40 GgMthe jets

same selection cuts. In fact, in view of the tenfold increase irbecome soft and the signal efficiency decreases dramatically,
the signal strength, we could afford more stringent cuts so afgaving an unexcluded region of parameter space. Tlie DO
;oefggnsgrf;te virtually all backgrounds, but this is not quite gearch for inclusive p— 3+ X with x3— yx? [39] yields a

) , L limit on the production cross section of about 0.5 pb for

The signal cross section after ciisit before efficiencies  narent squark masses above about 250 GeV. Interpreted in
for production of ten degenerate squarks in the heavy gluin@.rms of pair production of 10 degenerate squarks in the
limit is shown in Fig. 9 as contours in thaa-m;(clJ plane. We

° 5 large my limit with x5— yx{ reidentified asy?— yG again
assume that the squark decays predominantly inthg. increases the signal efficiency by a factor-eR.7 because
The branching ratio oj(g—> vG is taken from Fig. 2 assum-

every event contains two photof&9]; the DO analysis then
ing that;(g is a pureB-ino. Clearly, the effect of the kine- yields a pognd on the common gquark ngs of about 275
matic cuts on the signal is very similar to that in the case oiGev’ again in rough agreement with our resdit.

the 2-body FC decay of the top squark. The mass reach, Taking the tota! background cross section to be Zs_me
course, is much larger due to the tenfold increase in the totalable ), we show in Table V the expected maximum discov-
cross section; also, unlike in the case of the top squark, th ry mass reach for ten Qegenerate sqyarl;%s at Tevqtron Run i
2-body decay is dominant throughout the entire parametero_r Va”OlfSl amounts Of integrated luminosiin pf?‘“'C‘_J'a“
space. with 4 fb™* a squark discovery can be expected in this chan-

The non-observation ofj yyE; events at Run | of the nel if mz<<360 GeV. Again, if the lightest neutralino is not a
Tevatron excludes the region of parameter space shown i

pure B-ino, the reach at large neutralino masses will be re-
black in Fig. 9. As in our top squark analysis, in this eX_duced. However, this will have very little effect on the maxi-
cluded region, at least 3 signal events would have been dé]jumhsquark n:ass realcgoqulotgdeh?/re, br:acausclal this m?X|mum
tected in the 100 pb' of Run | data, with negligible back- f€ach occurs om0~ 100- 50 GeV, where all neutralino

ground. In particular, we estimate that Run | data excludeslecay modes other thayG suffer a large kinematic suppres-
the ten degenerate squarks up to a common mass of about

280 GeV. As in the case of 2-body FC top squark decays,——

Referencd39] quotes a squark mass bound of 320 GeV for the

casemy<<ny in the context of low-energy SUSY breaking; we ex-
8As before, we do not allow the possibility of cascade decayspect that this is due to the contribution of chargino and neutralino

through other neutralinos and/or charginos. Were we to allow thesgyroduction to the total SUSY cross section in their analysis.
the channel we are considering would be somewhat suppressed, but’Again, if data from the CDF and D@etectors are combined,
additional, more spectacular, channels would open up. the integrated luminosity of the machine is effectively doubled.
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TABLE V. Number of signal event€S) required for a & squark  the 2-body decay mode, and up to 320 GeV in the 3-body
discovery at Tevatron Run I, assuming production of 10 degeneratdecay mode.
squarks in the limit that the gluino is very heavy, and the corre- Top squarks can also be produced in top quark decays. We
sponding signal cross section after cuts and efficiencies and maxfound that, within the context of low-energy SUSY breaking
mum squark mass reach. We takg=0.80. The number of back- with the top squark as the next-to-next-to-lightest SUSY par-
ground eventgB) is based on a background cross section of 2 fbticle, the region of parameter space in which top squark pro-
from Table I. duction in top quark decays is possible is almost entirely
excluded by Run | data if the lighter top squark is predomi-

Sfora50 ogxe, Maximum squark mass nantly right handed; however, an interesting region is still

Ic B  discovery reach allowed if the lighter top squark is predominantly left

handed, due to the smaller branching ratid-eft, xJ. Run

2 fht 4 14 7.0 fb 345 GeV . . . :

4 b1 8 18 45 b 360 GeV Il will cover the entire parameter space in which top decays
4 ' to a top squark are possible.

15 fb 30 31 211fb 390 GeV

. We also studied the production and decay of the ten
30fb " 60 42 1.4 b 405 Gev squarks associated with the five light quarks, assumed to be
degenerate. In models of low-energy SUSY breaking, the
sion. From Fig. 2 it is evident that the neutralino branchinggegﬁys 0‘; thethtenzdgggneﬂrate squ]Jarks Ieatd to S|gnaklsd|dent|cal
fraction into will be reduced by no more than 10% in this — . oo [0f e 2-body favor-cnanging fop squark decays.

| h ino | | B The cross section for production of ten degenerate squarks at
mass range as long as the neutralino is at least ©,  the Tevatron is significantly larger than that of the top

such a reduction in the neutralino branching fraction Wi”squark. We estimate that the 10 degenerate squarks with
lead to a reduction of only a few GeV in the maximum aqses helow about 280 GeV can be excluded based on Run
squark mass reach. | data, assuming thatr,o=mg—40 GeV. For a final Run I

luminosity of 4 fo !, squark masses as large as 360 GeV are
easily accessible in the limit that the gluino is very heavy.
In models of low-energy SUSY breaking, signatures of The production cross section, and hence the discovery reach,
SUSY particle production generically contain two hard pho-increases further with decreasing gluino mass.
tons plus missing energy due to the decays of the two neu-
tralino NLSPs produced in the decay chains. Standard model ACKNOWLEDGMENTS
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