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Probing R-parity violating models of neutrino mass at the Fermilab Tevatron
via top squark decays
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We have estimated the limiting branching ratio of tReparity violating (RPV) decay of the lighter top
squark.t,—!*d (I=e or « andd is a down-type quark of any flavpras a function of the top squark mass
(m;l) for an observable signal in the di-lepton plus di-jet channel at the Tevatron Run-Il experiment with
2 fb~ ! luminosity. Our simulations indicate that the lepton number violating nature of the underlying decay
dynamics can be confirmed via the reconstructiompf The above decay is interesting in the context of RPV
models of neutrino mass where the RPV couplings;{ driving the above decay are constrained to be small
(=1073-10"%) by the measured values of the neutrino oscillation parametets.isfthe next lightest super
particle—a theoretically well motivated scenario—then the RPV decay can compete wiihpiuéty con-
serving(RPO modes which also have naturally suppressed widths. The model independent limiting branching
ratio can delineate the parameter space in specific supersymmetric models, where the RPV decay is observable
and predicts the minimum magnitude of the RPV coupling that will be sensitive to Run-II data. We have found
it to be in the ballpark value required by models of neutrino mass, for a wide rang;—:l.oA comprehensive
future strategy for linking top squark decays with models of neutrino mass is sketched.
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[. INTRODUCTION squarks and gluinos due to several reasons. First, the large
top Yukawa coupling which controls the evolution of the
The minimal supersymmetric standard mo@d5SM) [1]  soft-supersymmetry breaking masses of the left- and right-
is a well motivated extension of the standard mo®\),  handed top squarkg, ,g, via the renormalization group
which is free from several shortcomings of the latter. As of(RG) equations, tends to reduce these mafspdvioreover,
now, there is no experimental evidence either in favor of olhecause of the large top quark mass, the two weak states

against it. Unfortunately, the mechanism of supersymmetry 7 v mix very stronaly leading to a relatively large
(SUSY) breaking is not known yet, although several interest- L.tR May y gy g y arg

ing suggestions exi$fl]. As a result there is no guideline for s_pllttmg between the two phlysmal “?asls euﬁensta{esz [f5]h
predicting the mass splitting between a SM particle and itéIn our not§t|onrn;2>rrrt1). nterestingly, the mass of the
superpartner and consequently, there is no theoretical infohighter statet; may be even below the top mass. In fact, it is
mation about the range of superparti¢iparticle masses. quite conce_ivable that in certain regior_1 of the SUSY param-
There are some experimental lower bounds from unsucces§ter space it happens to be the next lightest supersymmetric
ful collider searches at LEP2] and Tevatron Run{3,4]. particle (NLSP), the lightest neutraling® being the lightest

Currently the Run-I1l of the Tevatrofreferred to hereafter supersymmetric particle(LSP) by assumption in most
as Run-l) is in progress. It is expected to deliver an inte- R-parity (R,) conserving models. It is therefore very impor-
grated luminosity of at least 2 i3 per experiment at 2 TeV tant to fix up the strategies for isolating the top squark signal
center-of-mass energy, which is more than one order of mader all possible decay modes. Yet another motivation to look
nitude larger than the acquired luminosity in Run-l with for a light top squark is that it seems to be preferred by
center-of-mass energy 1.8 TeV. However, in view of the ex-electroweak baryogenedis].
isting limits on the masses of the strongly interacting spar- In many studies the MSSM is assumed to bRgacon-
ticles (squarks and gluings[2,3] and the rather marginal serving (RPQ theory. TheR, is a discrete symmetry im-
increase in center-of-mass energy, most of the unexplorepgosed on the MSSM to avoid the lepton and baryon number
parameter space in this sector is likely to be beyond theiolating interactions in the Lagrangian which lead to rapid
kinematic reach of Run-Il as well. Yet this is the only cur- proton decay. If, however, either lepton or baryon number
rently available machine for direct SUSY searches until theviolation is allowed, such catastrophic decays can be
LHC starts. avoided. This can be achieved by imposing either the so-

In view of this, the top squarkthe superpartner of the top called baryon parity or the lepton parify,8] conservation.
quark is somewhat special. It may be lighter than the otherThe resulting theory, calleB-parity violating(RPV) MSSM

[9], is phenomenologically attractive since it has many novel
predictions. From the theoretical point of view both RPC and

*Electronic mail: spdas@juphys.ernet.in RPV versions of the MSSM are on equal footing since both
"Electronic mail: adatta@juphys.ernet.in require additional discrete symmetries beyond the gauge
*Electronic mail: guchait@tifr.res.in symmetry.
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The SUSY signatures are determined by whetearity In this paper we focus our attention on two interrelated
is assumed to be conserved or not. Conservatidr périty  topics:

implies that all SUSY decay chains end up in #ffewhichis (1) Tpe viability of observing direct top squark decays
stable and escapes the detector. Thus a typical SUSY signa- through the lepton number violating channels, B, at
ture is always accompanied by some amount of missing  yhe yngraded Tevatron collider in a model-independent
transverse energyt;). The R-parity violating interactions way using the event generatewTHIA [21]. This is an
(9,10 on _the ot~h(()er hand wou!d allow the I_.SP, Wh'ch IS not issue important in its own right irrespective of models of
necessarily they;, to decay into SM particles leading to » Mass.

distinct signalg11]. Yet another type of signal is the direct () The implications of observation/nonobservation of this
decay of sfermions, into two SM particl¢$0]. In view of decay channel for models of neutrino mass.

the large production cross sectionteft,* pairs, the class of ~ The collider signatures, however, crucially depends on

lepton number violating decays generically denoted by whether the top squark is the NLSP or not. If the top squark
is not the NLSP and the RPV couplings are as small as that

Tl—>|i+dj (1) required by the_ models of the neutrino mass, it would domi-

nantly decay via the RPC two-body mode with nearly 100%

_ ) ) _ ) branching ratiod BR) [22,23,

is an attractive channel for searching RPV interactions at

Run-I1I. Such decays are driven by mgi L;Q3 DjC term in Tlﬁb}‘(lﬂ )

the superpotential where, Q, andD are, respectively, the

lepton doublet, quark doublet, and down-singlet-type super- ~y . . .
field, andi,| are generation indices. where y "1 is the lighter chargino. If the above mode is not

In recent times RPV models have attracted special attenklnemancally allowed then it decays via the three-body

tion as they can provide viable models of neutrino masgnodes[24],

(m,). The basic mechanism has been known for a long time ~ ~  ~ ~0

[12]. RPV models violate the lepton number if the baryon ti—blv, blv, bWyj, ©)
number is assumed to be conserved. Thus lepton number

violating Majorana neutrino masses may naturally arise irwhere? andv are respectively the slepton and the sneutrino
such moc_iels. The lepton nu_mber may be violated by bi!ineaéssumed to be lighter than. The decay of the LSP would
terms[9] in the superpotential of the form;LiH,, wherei  then pe the only signature of RPV interactions. Whether the
is a generation index; is a mass parametdr; is a lepton  magnitude of the underlying RPV coupling does indeed have
doublet superfield, andl, is a Higgs superfield containing the right ballpark value required by models of neutrino mass
the Higgs boson responsible for up-type quark masses. Wheg} not can be tested in principle, e.g., by measuring the width
one redefines the fields to obtain orthogonal mass eigeryf the LSP. This, however, may not be an easy task at least in
states, the left-handed neutrinos acquire tree level Majorange Run-Il experiments. In some models with small bilinear
masses through mixing with the neutralinos. Lepton numbegoyplings the neutrino masses are dominantly generated by
may also be violated by trilinear terms in the superpotentiajne trjjinear couplings\ /35, Wherei is the lepton generation
[9] Nijk LiL;Eg, wherei, j, k are generations indiceEy is a  index. Thus the decay patterns of the LSP may give some
singlet charged lepton superfield. Such couplings generatgéircumstantial evidence in favor of/against models of neu-

the self-energy type of diagre_xms for the neutrinos violatingyino mass. For example,}'{fg is assumed to be the LSP, then
the lepton number by two units and eventually lead to neu—)-(Jr ~

rino masses at the loop level. X 1X 1 and x ", production followed by decay chains
The interest in this model has been revived after the atl"V0Ving the decays

mospherid 13] and the solar neutrind 4] experiments con- ~0 _ —

firmed that the neutrinos are not massless. Parameters of x1—v,bb, v.bb (4)

these models have been constrained by many groups using

neutrino datgd15,16. The actual set of bilinear and trilinear is indicative of an underlying model of neutrino md&s.

couplings and their precise magnitudes required to explaitn Ref. [25] the prospect of observing this signal at Run-II

the neutrino data is model dependent. However, some cowas studied. It was concluded that this signature can be

plings belonging to the class{;; are important ingredients probed up tom;,=230 GeV (320 GeVj with an integrated

of model building. Considering a variety of models it hasluminosity of 2 fb'* (30 fo™'). Heremy, is the common

been shown, e.g., in Ref16], that the important couplings gaugino mass at the GUT scale. It is, however, worth noting

a3, for all i, turn out to be generically small(10"®  that since the signal has missing energy carried by the neu-

—107*4, depending on the magnitude of the soft breakingtfinos, it can be mimicked even R parity is conserved. For

parameters in the RPC sedtoFhis is certainly much stron- example, the decay>— - bb, which may have a large BR

ger than the constraints obtained prior to the neutrino dat# one of the bottom squark mass eigenstates happens to be

[17]. Thus RPV decays of the top squark driven by thesdighter at large tag, has collider signatures very similar to

couplings may provide an avenue for probing the models ofhe decay of Eq(4). Moreover, the lepton number violating

v mass[18-2Q at colliders. nature of the underlying interaction is not obvious since the
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neutrinos escape the detector. The possibility of probing RP\éter space, that the Run-I data were indeed sensitive to mag-
models of neutrino mass through neutralino decays has alsutudes of these couplings relevant for models of neutrino
been considered in Ref26]. mass. Since the accumulated luminosity of Run-Il is more
The situation is totally different if the lightest neutralino than an order of magnitude larger, we feel encouraged to
and the top squark happen to be the LSP and the NLSHvestigate the feasibility of obtaining similar constraints
respectively, a theoretically well motivated scenario for rea-over a much larger region of the MSSM parameter space. It
sons discussed above. In this scenario the main RPC decayay be recalled that in the past Tevatron di-lepton data were
channels occur via the flavor changing neutral current decaysed to constrain the squark and gluino masses in the context
mode[22], of RPV SUSY mode[30].
The possibility of probing the RPV models of neutrino
T,—cx?, (5) mass via the direct RPV decays of the top squark was also
suggested in Refd.18,19. These works, however, differ
from ours in several ways. In Rdf18], which was the first
attempt to confront Run-I data with models of neutrino mass,
it was claimed that for values of RPV couplings favored by
models of neutrino mass, the RPV decay of the top squark
dominates over the loop decay fam <150 GeV. In the
1
- . . — . absence of four-body decays this statement is correct for low
(f andf’ being a ququ-anﬂquark dev, pain which even- tangB only. For high tarB the loop decay can overwhelm the
tually lead to RPV signals due to the LSP decay. Here th%gv mode. For low taj8, on the other hand, the four-body

and via four-body decay modes withbaguark, 2, and two
massless fermion7],

T, — by off’ (6)

Igey EJoint tis tr;at the aboveijchannels ha\1|e Widthst sup_{ahress cay, Eq.(6), not considered in Ref18], may dominate
ue to natural reasons and can very well compete with each) . ihe RPV decay ik’ ~103~10"“. The SU2) gaugino

other[27] or with the direct RPV decay mode even, if the massM, also plays an important role in determining the

NI _ : _ _
coupling Aj5 is ~10 *~10". As we shall see in a later \o|atiye strengths of these competing modes. All these issues
section such competitions occur naturally over a large regiofy;| he addressed in great details in a subsequent section. In
of the MSSM parameter space. In fact if the above coupling; ¢ [19] the RPV mode, Eq(1), the loop decay Eq5), and

is much larger then the direct lepton number violating decay.qerg| three-body decéy m'oc,[dmcluding those in Eq’(3)]

mode Eq.(1) will occur with 100% BR’s. The coexistence of were assumed to be the competing channels. However, no

the direct lepton number violating decay mode as well agyetajled simulation was carried out to estimate the sensitivity
RPC decay modes followed by the LSP decay, is a hallmarks iha data to RPV couplings.

of RP\_/ models of neutrino mass. Moreover, this_signal IS \We have organized the paper as follows. In Sec. II, we
attractive due to the large production cross section of 10R,| describe a road map for obtaining a comprehensive
squark pairst t;*). In addition, if a signal is observed then search strategy for top squark and its consequences for mod-
the underlying lepton number violating interaction can beels of » mass and briefly review the current status of top
revealed easily by reconstructing the top squark mass as Widquark search, especially when it happens to be the NLSP. In

be illustrated in a later section. In the context of hi@8  Sec. Ill, the details of the simulation leading to model inde-
events at HERA28] the signatures of this direct RPV decay pendent limiting values of the BR (| +dj), wherel = e or

at tohg TevalltroE was first d|s$ussed n F{@(ﬂ' I w, sensitive to Run-I data will be presented as a function of
_Obviously the presence of competing channels may comy i.. In Sec. IV, we use the results of Sec. Ill to obtain upper
plicate the search for the top squark. For example, if each of 't

the competing modes has BR’s substantially smaller tharqmits on RPV couplings in specific models and to under-

100% all of them may be below the observable level in spitestand the systematics of the parameter spaee deImeat!ng
. —_— . the regions where some of the competing modes dominate or
of large production rate dof; t;* pairs. A complete discus-

L . ) . . > several of them may co-ex)stWe summarize our results in
sion is not possible without full simulations of all possible ?ec vV
pec. V.

signals, which is beyond the scope of this paper. We sha

concentrate on the first task, namely to estimate the mini-

mum BR of top squark decay in RPV channel, Et), re- Il. ROAD MAP FOR LINKING TOP SQUARK SEARCH
quired for the observation of the signal at Run-II. This will WITH MODELS OF NEUTRINO MASS

be discussed in a subsequent section. Our first task is to assess the viability of observing the

In a recent paper it has been shoj\@0] that the data from di PRSI,
; irect RPV decay, Eq1) at Run-Il. For simplicity we shall
Run-| of the Tevatron already restrict the BR of the decay,as usual assume that the RPV couplings are hierarchical, i.e.,

Eq. (1), to values significantly smaller than 100% in a . / )
. one coupling of the typa ;5 dominates over the others.
model-independent way for a range of top squark masses 13 : : :
For the sake of definiteness our simulations will be re-

(see Fig. 3 of Ref[20]). Assuming specific model param- - N i T
eters, which fixes the BR’s of all the competing channelsStricted to the modé,—e"d;. This decay is triggered by
this BR exclusion can be translated into upper bounds on théhe trilinear RPV coupling\ 5 L.Q3D{ term in the super-
corresponding RPV couplingee Fig. 4 of Refl20]). It was  potential[9], wherej=1-3 is a generation index for down-
found for the first time, albeit for small values of the top type quarks. In order to make our analysis as general as
squark mass and rather limited regions of the MSSM parampossible, we have not employed any particular jet tagging so
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that the conclusions are approximately valid for gy model. The above signals are very similar to the ones dis-
Our conclusions are also approximately valid for the cou-cussed in Ref.25], although the signal from the decay chain
pling N5 L, QD5 . A small difference may arise due to the in Eq. (8) may have even morb jets. From the results of
difference in the detection efficiencies®fand . However, Ref.[25] one has reason to be optimistic that the large num-
since the leptons are highly central the difference is ratheber of b jets would provide a visible signal i tagging is
marginal. Our conclusions cannot be applied to the signaleally efficient (~50%).
from the )\éBj LTQst term which requires a fresh simula- Full simulations of_the above two signals, which IS be-
tion taking into account detection efficiency. We, however, yond the scope of this paper, would lead to the estimated
feel that the simplest signal arising from the class of decay§inimum BR of the loop decay and the four-body decay
in Eq. (1) will be sufficiently informative for the first analy- required for observable signals at Run-Il as a functions of
sis using an event generator. nmy,. These along with the minimum BR for observable RPV
A systematic search strategy for the top squark or, in thejgnal (estimated in the next section in dejaiill provide
absence of a signal, a comprehensive limitrop) in RPV  he pasis for a model-independent approach to top squark
MSSM, therefore depends on several steps. The firstitep &earch at Run-Il in the context of RPV modelsrof .
to estimate the model-independent minimum valuer@p If the signal is seen in the direct RPV channel as well as
—1,t¥)*(ep,)? for an observable signal as a function of iN one or both of the competing channels, one can try to
me whereeb,zBR(tl—>e+dj). Using the well-known for- identify the allowed parameter space using the Ilm!thg BR
1 and the reconstructed;, . Since the estimates of the limiting
BR corresponding to the signals in Eqg) and (8) are not
available at the moment, a complete job cannot be done.

mula for o(pp—1, t¥), which is available up to next to

leading ordefNLO) [31], this bound can be translated into a
lower limit on observable BR. Rather low values & can ’ — ] ) )
be probed for a wide range af;, and it is also possible to However, the BR’s of thet; decays will be discussed in

reconstruci with a reasonable accuracy at Run-Il. as Wedetail in Sec. IV with an aim to understand the systematics of
T ] y ' the MSSM parameter space vis#g these decays. Outlines
shall see in the next section.

The observation of the direct RPV decay signal aloneOf a future comprehensive program for linkibgdecay sig-

though a stupendous achievement in its own right, will She[Tals with models ofr mass will also be sketched with illus-

. . : . ; rative examples in Sec. IV.
little light on T“Ode's of neutrino massr,). A$ d|scussed_|n The other important issue is the prospect of unambigu-
the Introduction the simultaneous observation of the signals . . . .

. . ously excluding a range off;_ if no signal is seen. Here one
arising from the RPC decays in Ed$) or (6), followed by o )
~0 o encounters the complications due to possible presence of
X decay may strongly hint in favor of these models. Thethree competing decay modes in a large parameter space. In
observability of these signals depend on two factGrsthe '

) . X . fact the current mass limits om; in both RPC and RPV
BR’s of the decays involved, an@i) the acceptance effi- 1
ciency of the cuts in distinguishing the signal from the back-T0dels are also not free from ambiguities.
ground. The phenomenology of top squark search Tevatron ex-
periments in different decay channels have been studied ex-

Assuming that the dominant RPV decay modexdfin o1 e in both RPV(18-20 and RPC[32—3§ models.

RPV models ofr mass isx;—bby;, i=12,3, the signal The unsuccessful search for the top squark at LEP and Teva-
resulting from the loop decalEq. (5)] is tron Run-l experiments in both RP[@6] and RPV MSSM
- - _ [37,38 have yielded important bounds. Here we shall focus
t;—cxi—cbby. (7)  on the scenario when the top squark is the NLSP.

o It is to be noted that the most stringent limits in RPV as
Thereforet, t;* pair production is signaled by jet#£;  well as RPC models have often been derived by employing
with four b jets. Similarly, the four-body decay, E@6), the model-dependent assumption that the top squark decays

would cascade into into a particular channel with 100% BR. For example, the
o o most stringent bound in the context of RPC MSSM comes
T, —b)Jff' bbby ff’. (8)  from Tevatron Run-I experiments which puts a lower limit
on lighter top squark massm; = 119 GeV for myo
An excess of€+jetstEr, 2€+jetstEr or jetstEr  —40 GeV. The limit becomes weaker for higher value of

events including severab jets would therefore indicate myo, e.g.,n. =102 GeV formo=50 GeV[36]. In deriving
11 - " 1 1 .

ty t,* pair production in the framework of RPV SUSY aqe jimits, it was assumed that the loop induced decay, Eq.
(5) [22], occurs with 100% BR. Apparently this assumption
is valid in a wide class of models if tig state happens to be
the NLSP. Since the production cross section of top squark
pairs is dominantly via QCD and depends on its mass only,
improve the signal/background ratio and our conservative conclu'Ehe above limits from Tevatron therefore seem to be fairly

sions may be further strengthenéske Sec. Ill for further com- model independent, except for the dependencerrqjg,
ments. which influences the efficiency of the selection cuts.

The most important ingredients of RPV models ofnass are
/33 all of which are constrained to be 10 3-10 * (see, e.g., Ref.
[16]). However, ford; =b, b tagging can be efficiently employed to
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However, as has been shown in Re&f7], even if the top Once the LHC is in operation the signal size as well as the
squark is the NLSP, its four-body decay, E6), may indeed ability to probe smaller BR are expected to increase dramati-
compete with the above loop decay or may even overwhelngally. The task of reconstructingrtl and delineating the

it in some region of parameter space. The above limits thereg|jowed/disfavored regions of the parameter space in specific
fore require revision and new Signal via the fOUr'bOdy deca}f'node|s will be much easier. The program for a Comprehen_
channel should be looked f$B85]. sive top squark search will certainly take some time. Yet, it is
The most recent limit on the top squark massi( gratifying to note that a systematic, largely model-
=122 GeV) in the RPV MSSM comes from the CDF Col- independent strategy for top squark search in models of
laboration[37] in the decay channel, mass is quite possible in the not too distant future.

t,—7"+b. 9) lIl. LIMITING VALUES OF BR (T,—e*d)
FOR OBSERVABLE SIGNALS AT RUN-II

This limit is also derived on the basis of the above model- In hadron colliders, top squark pairs are produced via
dependent assumption, namely, the decay channel in quegryon-gluon fusion and quark-antiquark annihilation,

tion has a BR of 100%. However, even if the RPV coupling
involved (A 339 is assumed to be the most dominant one, the
mode may have a BR significantly smaller than 100%. This
may happen in various regions of the MSSM parameter . L .
space simply due to the competition among this decay mod-'e_he production cross section in the leading order depends
and the RPC modes of top squark, since the latter coupling@nly on mass oft; without any dependence on the mixing
are invariably present irrespective of the choice of the RP\angle in the top squark sector, since it is a pure QCD process
sector. As discussed in the introduction the competition is of40]. The total pair production cross section at the Tevatron
special interest, if the top squark is the NLSP and RPV coufor ys=2 TeV is=15-0.3 pb which is 40% larger than the
plings have strengths relevant for the models of neutrin@ross section for\s=1.8 TeV, for the range ofm;1
mass[15,16]. In Ref.[20], on the other hand, the possibility =100-200 GeV. The QCD corrections may enhance this
of competition among different decay channels were ConSidcrOSS section bya 30% over most of SUSY parameter space
ered. The mass limits obtained in Rg20] were naturally  accessible at Tevatrdi3d].

dependent or,,=BR(t;—ed). For example, it was found We investigate the signal of top squark pair production in
that m; =200 (165 GeV for e, =1 (0.9). the channek™e™ plus two or more jets, assuming that both

If no RPV signal is seen at Run-ll, any particula, ~ the top squark decays via a single RPV coupliig ,

cannot be excluded in a model-independent way. Only the _ _ _
regions of the MSSM parameter space where the BR of at t;—e"+d; tT—e +d, (13)
least one of the three competing decay modes is above the
observable limit will be ruled out. On the other hand, one canwhere we have suppressed the generation index af-tiipe
also identify the difficult regions of the MSSM parameter quark since we have not employed any specific flavor tag-
space, in the context of Run-Il, where all three decay modeging.
have BR’s below the corresponding observable limits. The The leading SM backgrounds corresponding to the signal
stop search at LHC may focus on these regions. In suclvith opposite sign di-electron (OSDE) plus two or more jets
difficult regions the RPV signals from chargino/neutralino are the following:
production followed by}? decay[25] appear to be the only .
possibility of probing models of mass at Run-Il. Thus the a. Drell-Yan process vigq' —e*e™.
top squark decay and the signal of R#5] are essentially b. W boson pair productiongq’ —WW, where both the
complementary in nature. W decay leptonicallyWw— ev, . Note that we also con-

It should also be noted that the above top squark decay  sjder W decays te leptons which may decay to elec-
signals are important only if the top squark happens to be the trons.

NLSP, a scenario theoretically very well motivated but not - .
inevitable. The signal of Ref.25], on the other hand, re- ¢ lqethato—;]\i/(\:/jiywhererecays hadronically addiecays

quires the lighter chargino to be heavier than tewhich is d. Z boson pair production also leads to the same final
not necessary in RPV models, unless gaugino mass unifica- state'qa’—>ZZ—>(qa’)(ee)

tion [1] is assumed. Thus either of the above two signals, ) ) —
e. Top quark pair productiom,q,gg—tt, where both the

Egs. (1) or (4), or both, may be helpful for probing RPV X _ )
signals depending on the MSSM parameter space of interest. 0P quarks decay semi-leptonically Wi t—beve.
The limit on the RPV BR in turn can be converted into  f. Single top quark productiorgq’—tb, where one lep-

99,99— 1,15 . (10)

upper limits on\" in specific models with several competing ton comes from top quark and the other comes from
channels. We shall demonstrate in Sec. IV that for a wide  b-quark decay.

choice of model parameters magnitudes\éfrelevant for g. Tau pair production with both the decaying leptoni-
models ofm, are expected to be sensitive to the data. cally, i.e.,qq—77—e" e veve.
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h. Bottom quark pair productiomﬁ—> bb followed by TABLE |. Results of thepyTHIA [21] simulation for all back-
fragmentation and hadronization of thequarks. The 9round processes fat=2 fb.
leptons pair originates from the decay Bfmesons.

Process Cross section N;_g  Efficiency  No. of events

In the above processes additional jets may come from initial/ (pb) (&)

final state QCD radiatiofiSR/FSR. We have analyzed the

signal and the background processes usintHIA (v6.206 ~ WW 8.06 2 0.0 0.0

event generatof21]. We generate signal events in the di- WZ 2.34 4 1.0<10°° 0.047

electrontjets channel forcing; to decay,t;—e+q with 2 1.08 7 9x10° 0.199

100% branching ratio switching off all other allowed decaytt 4.38 6 3x10°° 0.263

modes oft; in PYTHIA. tq 2.39 0 0.0 0.0
In our calculation we set the renormalization and factor-PY 3.07x 10" 280  5x10°° 2.959

ization scale taQ?=s and use CTEQ3[[41] for the parton 77 2.97x10¢ 10 0.0 0.0

distribution functions. For the jet reconstruction we use thebb 3.570< 10 0 0.0 0.0

routine PYCELL in PYTHIA [21]. We selected events in the
hadronic and electromagnetic calorimeter cells in pseudora-

pidity () and azimuthal angled) of sizeApxA¢=0.1  Wwandtt suffer heavily because of this cut. Finally, the cut
x0.1. Cells withEr>1 GeV are taken as initial seeds t0 on total visible energyS;>350 GeV, significantly reduces

form calorimetric towers. Jets are reconstructed with congy packgrounds, particularly DY, to a negligible level, with-

radius 0.5 and only those are accepted which has transvergg; costing too much in the signal cross section except for
energyEr>8 GeV and are smeared by X§Et. We se-  |ow values ofme- .
1

lected events applying the following set of cuts. In Table I, we summarize our results for all background

1. Leptons, required to be of opposite charges and oprocesses assuming integrated luminosity 2'fbThe sec-
same flavor, are selected wif ¢>10 GeV and 7,|  ond column contains the raw production cross section corre-
<25, sponding to each process. In the third column, we present the

2. Number of jets is required to bg=2, where, jets are humber of eventsN;_g) surviving after cuts 1-6. Finally,
selected ifE}>15 GeV, | 7;/<3.0. Isolation between the_effect of cut 7 is reflected in the last two columns W_here
any two jets is ensured by demandingi(j,j)>0.5, @s in the fourth column we present the acceptance efficien-

whereAR= A $Z+ A 72. cies for each of the processes due to the blts; and in the
3. Electrons and jets are assumed to be isolated, #Stcolumn the number of events survived by all sets of cuts
AR(¢,j)>0.5. are shown. We notice that the culs g, mainly jet and

4. Events with 86cM ;<100 GeV andM,,<10 GeV lepton selection cuts, are very effective in eliminating the
are not accepted, whe , is the di-electron invari- backgrounds due to gauge boson pair productions, as jets are

ant mass. not very hard in these processes. In W&/ case, jets mainly

5. Azimuthal angle between two leptons are required td1S€ due to ISR and are rather soft. As a result the se_lectlon
be ¢(¢€)<150°. efﬂuency turns out to be at the level 6f10™“ due to the jet

6. Events are vetoed out fgr>25 GeV. selection cuts. On the other hand, 4Z and WZ case, the

7. The total visible energy of any event are required to/€Pton pair comes fronZ decay,Z—ee, where as the ac-
be, S;>350 GeV, wheres;=HS+HL: HU) = scalar companying gauge boson decays hadronically. Therefore, al-
su}n of transvers’e energy of aTI Iept(g(rj\sth) though the jet selection cuts are less stringent in this case,

8. We constructed two lepton-jet invariant masses considcuts 4 and 5 are very effective. Similarlyr and bb pair

ering all possible combinations of the final state par-Production suffer significantly due to the cuts, mainly lepton
ticles. Finally, we select only that combination in and jet selection cuts because of the facts that leptons in both

which the difference between two is minimum pro- the cases are very soft and those processes are hadronicaly
vided |m(€1j1) — m(£2]j,)|<20 GeV. quiet as welf Recall that our signal is missing energy free,
Cuts 1-3 are basically event selection cuts. Cut 4 is usetherefore vetoing events with missing energy, i.e., cut 6 is

to suppress the backgrounds where lepton pair is comingery effective to suppress thig background enormously.
from Z— €€ decay. The aim of cut 5 is to suppress the back-Notice that all the background cross sections come down to
ground due to the Drell-YafDY) procesga) where leptons negligible level due to the cufd; ¢ except the DY process.
are mostly back to back in the azimuthal plane. Note that th&inally, the cut on total visible transverse energy drastically
signal is almost free from any missing momenttifihere-  reduce DY background bringing them to a negligible level
fore using cut 6 we vetoed out those events which involve along with other background process. Table | clearly shows
large amount of missing momentum. The background from

tum mismanagement. In any case, the missing momentum is not so
2Some amount of missing momentum may arise if jets or leptongard.
go undetected due to loss in the beam pipe, for very low energies *Although some jets are expected from ISR/FSR, they rarely pass
which are below the detection threshold or due to energy momenthe selection cuts.
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TABLE Il. Results of theryTHIA [21] simulation for the signal di-electron plus two or more jets due to the
top squark pair production at Tevatron f6.=2 fb~* luminosity

iy U(pg_ffl“ff) Ni_g Efficiency No. of events s/\JB Limiting BR
(GeV) (pb) (e (%)
80 28.09 18994 0.0056 314.6 168.93 17.2
100 8.59 6096 0.0194 333.3 178.97 16.7
120 3.18 2321 0.0473 300.8 161.53 17.6
140 1.34 993 0.0933 250.0 134.26 19.3
160 0.617 459 0.1566 193.2 103.76 21.9
180 0.304 227 0.2287 139.0 74.66 25.8
200 0.158 115 0.2798 88.41 47.47 324
220 0.084 60 0.3073 51.62 27.72 42.5
240 0.046 32 0.3206 29.49 15.83 56.2
260 0.026 17 0.2979 15.49 8.32 77.5

that our signal cross section is almost background free. Thquite significant. As discussed in Sec. Il this is the first step
last criterion 8 is used to reconstruct top squark masses arfdr obtaining a model-independent search in the framework
to reveal the lepton number violating nature of the underly-of RPV MSSM.
ing interaction. The actual limiting BR may be even smaller as can be
In Table Il, which is of the same structure as Table Iseen,(i) by replacing the cross sections fromyTHIA (the
except for the last two columns, we show the signal characsecond column of Table)lby the corresponding NLO cross
teristics for various top squark masses. Similarly, as beforesections of Refl31] which are typically larger by 30%ii) if
columns 4 and 5 show the effect of cut 7 to the signal pro-accumulated luminosity significantly larger than 2 this
cess. It is to be noted that the ¢st>350 GeV costs signal considered. Our results are therefore very conservative. More
cross section heavilgby about factors of-10-60) for lower  optimistic results can be easily obtained by dividing the lim-
values ofni; (=100 GeV) as leptons and jets are relativelyiting BR in Table | by OnLolap) 2 (Lal2 o714 where

soft, where as for higherr; values this cut does not affect 9nio IS the cross section in ReB1], o, is thePYTHIA cross

- . S _ano section, and_, is the actual luminosity.
tsrllin:gzzrglﬁ%f_le_sll%galzifgcgg\cjlefnvigﬂ:gr;mé V‘C’g gor (z,cs)rent We have not tagged the flavor of any jet in the final state.
t, - :

o . We have checked that fam;_ =120 (180 GeV the overall
the significance of the signal fas,,=1. The last column L

- efficiency in Table Il is reduced to 0.020.097 (including a
D or an imarated lummiar o o g oo & btagging efficiency of 50%if d; is idenified with ab

. - . quark. This suppression, however, will be adequately com-
n Flg' 1 we show th? @mmum BR as a functlml. pensated by strong reduction in the backgrounds. For ex-
The region above the solid line can be explored by Run-I| forample the Drell-Yan background will now be nonvanishing

L£=21fb _1- In the same plane we show the regiaibove the  mainly due to misidentification of light quark and gluon jets
dashed lingwhich is already excluded at 95% C.L. by Teva- oo jets, the probability of which is extremely small. Assum-
tron data[20]. Comparing the two regions we find that the g the signal to be essentially background free and requiring
improvement in sensitivity is by~ factor of 2-3 for 80 e events as the criterion for discovery, the limiting BR is
=m; = 160 GeV. For higher top squark masses it is stillfond to be 27.3%41.29% for mE1=120 (180 GeV. Due to

the uncertainties in cross section adg (see abovethese

0;5"""""'"'""""""""""'5 limiting BR may be even smaller. We therefore feel that the
0:85 3 numbers in Table Il are fairly representative for ditype
orE flavors.
% o.eé As we mentioned in the previous section, the limiting
T osF values ofe,, can also lead to constraints in the MSSM pa-
€ 04 rameter space in RPV models nimass. We discuss them in
“ o03f detail in the next section. In these models the couplings,
02 ] i=1-3, are the relevant ones in most scenarios. Considering
0'1?___.,_,._..........................-; di-Ieptonsofihesameflavoithe BR in Fig. 1 may be inter-
80 100 120 140 160 180 200 220 240 260 preted as BR{;—eb) or BR(t;— ub).
my, (GeV) It is expected that the invariant mass of the lepton and jet

FIG. 1. The discovery region above the solid line fér should show a peak a,- However, a combinatorial prob-

=2 fb~! at Run-Il. The region above the dashed line is excluded bylem arises when the decay of a pairtefis considered. The
Tevatron Run-1 datd20]. last kinematic selection 8 is used to reconstruct the top
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i g

50 |
: | I
S : : ) FIG. 2. The lepton-jet invariant massn;)
% 20 | Piad distribution for £=2 fh™2, for three top squark
-é : A masses 100 GeVsolid ling), 120 GeV (dashed
2 i ; bt line), and 140 GeMdotted ling.

20 - :..' § ......

10 |

0 e o i.-.i i)

60 180 200

squark mass. The correct lepton-jet combination can be sephettom quark and the LSP, E@6) [27,35, and the RPV
rated out by demanding that the difference between any twdecay mode Eq.1). In this section we discuss the systemat-
lepton-jet invariant massesng;) be the minimum. In Fig. 2 ics of MSSM parameter space which enable us to identify
we show the lepton-jet invariant mass distribution normal-the regions where different decay modes dominate.

H _ -1 H _ ~
ized for £=2 fb"" and with €br=1 and for threem, _If the sleptons are lighter thaty, then the three-body
masses, 100, 120, and 140 GeV which are presentEd by SO“decay model EqS), invo|ving S|eptons opens up. The com-

dashed, and short-dashed lines, respectively. We have nBEtition betweefi;—b¢% andt,—b?» and the RPV mode

shown the corresponding distributions for any of the back-has been discussed in R§19]. Here we shall also identify

grounds since after imposing all cuts they turn out to be . .
negligible (see Table )L As expected, visible peaks at each regions of the parameter space where the decay modes given

;. is present which are not expected in any of the back-by Eqs.(l),.(3.), and(5). compete with each other and demar-

1 . cate the difficult regions for top squark search at Run-Il
grounds. Therefore, in this channel, the masg,o€an be where all decay modes may have relatively low rates.
measured with reasonable accuracy. More importantly the |t has been mentioned earlier that the couplings, are
successful reconstruction of the top squark mass unambigyhe most important ones in models of,. In Ref.[16] the
ously implies that thilepton number violating nature of theypner hounds on these couplings were obtained from neu-
interaction underlying, decays. The actual signal size may trino data in a variety of scenarios. In all cases the bounds
be considerably larger due to reasons discussed above. Thwere found to be approximately of the same order of mag-
the possibility that the reach will extend to higheg or  nitude (~10"3-10 ). Our analysis based on the limiting

smallerey, is therefore quite open. BR of the last section can estimate the constrainta gnor
A 3 obtainable from Run-Il data. As before we shall assume
IV. STOP DECAY BRANCHING RATIOS AND LIMITS only one of these couplings to be dominating and shall
ON A’ IN MODELS OF m, henceforth drop the index of’.

For our analysis we fix the parameters, which are required
As mentioned in the Introduction, whep is the NLSP in  to calculate thes parametefsee Eq.(12)]: (i) The CP-odd
RPV models ofy mass, three decay channels are allowedneutral higgs mask! ,=300 GeV, (ii) the trilinear coupling
which may naturally compete with each other in various re-in the sbottom sectoA,=300 GeV, and(iii) the trilinear
gions of the MSSM parameter space. They are the loop ineoupling in the stau sectok,=200 GeV. The variation of
duced flavor changing decay mode, E§) [22], the four- the BR with respect to the other parameters will be explicitly
body decay into states with nearly massless fermions, thdiscussed as and when required.
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A. Competition between the loop induced and RPV decays Y S 3
As is well known the loop decay width is controlled by
the parametee which denotes the amount of g-c, mixing 2
[22] and enters in the decay width, ‘i
£ o01f E
c! ; 3
2\ 2 2
Mo A
~ ~0n @ o X1
P(ti—exy)=glel*fmy | 1-— |, (12
m.{l 0'01...I...I...I...I...I...I...I...I...I
110 120 130 140 150 160 170 180 190 200
. " . . . ; (GeV
wheref is the composition of neutralino mixing. The detailed ma (GeV)
expressions fok and the functiorf can be found in Refs. FIG. 3. The RPV and loop decay BR's as functionsrgf. The
[22,27. Neglecting the Iepion and the light quark masses thgther MSSM parameters areM,=250 GeV, u=+250
decay width of the channel—1*d (t=e or u) is GeV, tanB=40, my=300 GeV, m;=235 GeV, co;=0.7,
and\’=0.001.
FRZL)\’err cos 6; (13
167 " ’ MSSM parameters involved in this calculation ané,

=250 GeV,u=+250 GeV, tarB=40, the common scalar

where\ ' is the dominant RPV coupling andf is the mixing ~ Sduark massnm =300 GeV, _common slepton massy
angle in the top squark sector. =235 GeV, cog=0.7, and\’"=0.001.

As long as the two-body and three-body RPC decay As the top squark mass is increased, ¢hparameter as
modes Eqs(2) and(3) do not open up, i.e., if the top squark well as the phase space factor{nrég/rrél)Z in Eq. (12

is the NLSP, the above two modes compete with each Othefncrease, but the former rises more sharply. Although both

In prlnC|pIe.t.he four-body dgcay mode could alsq enter Intothe widths in Eqs(12) and (13) have a common linear de-
the competition. However, in order to study the simplest ex-

ample of competing modes the latter has been suppressed Bsndence omt;,, the loop decay BR dominates over that of
considering relatively large values of t8r35]. The compe- the RPV decay above a certairy, . This happens for almost
tition among all three decay modes will be considered laterall choices of the other parameters, unless they are fine tuned
If X" is close to its current experimental bound from in- to makee very small.

direct searchekl7], then the RPV decay dominates over the  For smaller value of cog&, both the loop and RPV decay
loop decay for the entire region of the parameter space unlesgidths decrease, the former through theerm and the latter
cosé; is fine tuned to be very small. The competition be-through the direct dependence on épsrespectively. The
tween the two modes becomes generic wheh is  competition between the two BR's still occur albeit for

~107°-10"", which is interesting from the point of view of higher top squark masses. The competition ceases to exist
RPV_znodeIs of neutrino masgl5,16. The estimateN” oy jf cosg; is fine tuned to make the parameter negli-
~10"% as mentioned in the Introduction, is based on thegible

assumption that the SUSY breaking = scalélsisy Tk;e RPV decay width depends on the prodnttosé;

~100 GeV[16]. Somewhat larger values dfl 5,5y push y P b L

; ) Keeping this produdii.e., the width in Eq(13)] fixed, if we
this estimate upwards. On the other hand, values' acfome- . , . :
what smaller t?warrv 10-4 may be relevant if the absolute increase\’, the loop decay width will decrease as a conse-

values of the neutrino masses, which are not known at thguence of'Iowenng cog;. So, the competition will take
moment, are much smaller than the typical choicg eV. place_ for,h|gher top squark masses only. However, aboye a

As we know, M,, the SU2) gaugino mass parameter certain A’ the loop decgy fails to compete for the entire
(gaugino mass unification is assunied, the higgsino mass 'ange ofnm, corresponding to a top squark NLSP. On the
parameter, and tg®, the ratio of two vacuum expectation other hand, for smallex’ the RPV decay width is scaled
values of higgs sector, completely describe the neutralinolown in a straight forward way. Now the competition occurs
and the chargino sector. We have chosen these parameterger a larger range Gfrrtl and for smaller values of ca
such that them;- is around 200 GeV, which more or less gnd/or tang.
fixe_s_ the limit of thg top squark mass up to which the COM- |t tan g is lowered, for fixedu and M,, the chargino
petition among various decay channels can occur. Otherwisg,ss s lowered by a small amount so that the threshold for
the two-body decay mode af, Eqg. (2), will open up and the two-body decay is slightly lowered. More importantly,
dominate over all other decay modes. The common sleptothe ¢ parameter decreases dramatically below a certain
mass is taken to be heavier tham, to avoid the three-body tang. Here the RPV decay overwhelms the loop decay.
decay channel. However, precisely for such low values of tanthe four-

In Fig. 3 the competition between these two decay moddody decay become important if, in addition, the chargino is
has been illustrated for various values mﬁl. The other of low virtuality (m;lwm;i; see the next subsectipn
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FIG. 4. The minimum value ok’ at 50 for observable signal FIG. 6. The minimum value ok’ at 50 for observable signal
for cos6;=0.7 (solid) and 0.02dashed curve the other parameters for cos#;=0.7 (solid), 0.1 (dashed, and 0.02(dotted curve The
are same as in Fig. 3. other MSSM parameters are the same as in Fig. 5.

Even if A’ is as low as~10 * the competition between [27,35. The competition between four-body decay modes
the two modes still exists for smaller values of famvhich  with the loop induced flavor changing decay mode, &),
lowers e and hence the loop decay width. The minimum has been discussed both in the MSSM and mSUGRA models
value of BR, as shown in Fig. 1, can be used to find then Ref.[35].
limiting value of A" considering Eqs(12) and(13). In Fig. 4 In general, the parameter space relevant for competition
the two curves represent limiting values)of for observable between the RPV decay channel and the four-body decay
signal for two values of co& . The regions above the curves channel corresponds to almost right handedi.e., cost;
correspond to observable BR as given in Fig. 1. The othegmal) and\’~10"2 or 10 *. For small value of tag, the
SUSY parameters chosen are as in Fig. 3. In this figure andop decay amplitude becomes negligible In Fig. 5 we dem-
the similar ones presented subsequently, the horizontal arroghstrate this competition for’ =10"* as a function ohr
represents the upper bound ar,; obtained prior to the  The choice of other MSSM parameters are mentioned in the
neutrino datg17]. The bounds on\132 and N5 are even figure caption.
weaker. Only the bound ok 33is ~10"°. Hence significant  ~ As expected, the four-body decay channel opens up for
improvement in the existing limits on many RPV couplings relatively low mass difference n(r m~+) so that the
s ex?ecteld Tr larger ﬁ%hthEEPV decay width i mcrfeadsis chargino in the four-body decay process "has a small virtual-
|S|gn| icant yh sha result t eh con?tram;ls satisfied fory 1y Fig. 6 we show the range of’ which can be probed
owerA’. The sharp rise in the curve fam;, =200 GeV Is by Run-1I experiments for a given set of MSSM parameters
a consequence of the opening up of the two-body channhosen for Fig. 5.

Tlab}f. It is interesting to note that for large césthe
data will be sensitive to the values»f relevant for neutrino  C. Competition between the loop, four-body, and RPV decay

masses until the two-body decay channel opens up. In order to illustrate the possibility of competition among

all three channels, we shall keep in mind that éngarameter
must not be as small as in the previous section. The compe-

The dependence of the four-body decay rate on supersyntition is demonstrated in Fig. 7 with the choice of SUSY
metric parameters has been discussed in great detail in Refsarameters mentioned in the figure caption.

B. Competition between the four-body and RPV decay

1E ] o= LI B B I I I
E tl—)e*'d §§§§§§§§§§§§§ ]
2 s " T~
& &
£ o1 £ 01
5 ™ = 5 O \ 13
= = \
51 2 \
a 8 : Wi
S [}
8 ST bR T !
0_01...|...|...|...|...|...|...|\...:'|:.. 0.01.I...I...I...I...l"...l...l...l..:
110 120 130 140 150 160 170 180 190 200 120 130 140 150 160 170 180 190 200
my, (GeV) my; (GeV)

FIG. 5. The RPV and four-body decay BR’s are shown. The FIG. 7. The RPV, loop and four-body decay BR’s are shown.
other MSSM parameters areM,=250 GeV, u=+250 The other MSSM parameters arM,=250 GeV, u=+250
GeV, tanB=6, ma=300 GeV, m;=210 GeV, co%;=0.1, GeV, tanB=10, ma=300 GeV, m;=210 GeV, co%;=0.9,
and\’=0.0001. andA’=0.0001.
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FIG. 8. Different regions dominated by a particular decay chan-  F|G. 9. Similar information as is in Fig. 8 for the same set of
nel of top squark are shown fcmgl=180 GeV. See the text for MSSM parameters as in Fig. 7, except joe= 250 GeV.
conventions for demarcating regions. Except for €e<0.3, all the
other parameters are same as in Fig. 7.

tang, the RPV BR is much larger than 30%. In the region
labeled by ‘A,” My, > M3+ M, the two-body decay mode,
Eq. (2), opens up and overwhelms all other decay channels.
Finally, the region marked byB,” where x and tan3 are

the chargino is of very small virtuality. Also we choagg, large, the lighter tau slepton mass eigenstatg pecomes
the common slepton mass, such that even after mixing the

lighter tau slepton massr,, is above the chargino mass. So rather light and the three-body decay mode involving an

the slepton mediated four-body process also has a low virtut7he final state siroongly dominates.. In the dotted regigiis
a“ty' yet the three_body decay mode’ Hq), is kinemati- I|ghter than theXl or has unphySIcal mass. A|th0ungTl
cally forbidden. =m0 is allowed in RPV MSSM in general, we have not

If the signal is seen in all three channels then one has tfhvesltigated top squark signals in this scenario.

identify the region of the parameter space where the corre- f the top squark signal is seen in one or more channels
sponding BR’s are above the observable limit. Similarly, inthen one can broadly identify the relevant region of the pa-
order to exclude a particular;, comprehensively it is es-  yameter space. For example, if all three modes are seen then
sential to establish that at least one of the competing modese white region“ C”) or regions in its neighborhood could
would be observable over the entire parameter space. In obe of interest. For more precise conclusions one needs to
der to do a complete job one needs the minimum observablenow the limiting BR of all the modes quantitatively. One
BR'’s at Run-II for each of the allowed modes. Unfortunatelycan hope that Tevatron Run-Il and/or LHC will gradually
at the moment we have numerical estimates for the RP\éupply the relevant information. However, the same region

mode &lﬂledj) only (see Fig. 1 In the following we shall may be difficult to exclude at Run-Il even if no signal is
delineate the regions of the parameter space whigrthe  S€en, since in parts of this region all the BR’s may turn out to
RPV decay rate is observable at Run-ll(dy one of the two  be below the observable limit.
competing RPC modes have a sizable BR. In Fig. 9 the scatter plot is in the tgh cosé; plane with

The relevant information will be presented in the form of #=250 GeV and the other parameters as in Fig. 7. The con-
scatter plots obtained by varying two important parameteryention for demarcating the regions are also the same as in
randomly keeping the others fixed. The scatter plots als&ig. 8. Again the white regions could be the difficult ones
illustrate the competition among the decay modes in specific

The total four-body BR’s is significantx10%) for the
range,m;(lt—ZOS Ny, = M= In this top squark mass range

regions of the parameter space. T T T T T T T T )

In Fig. 8, fixingm;, =180 GeV, cog;=0.3, u and tans o1k i ]
are varied randomly setting the other parameters as in Fig. 7. o 2 ,'
The fixing of ni;, which tacitly assumes thatr; can be g o0r 0.02 !
reconstructed, makes the analysis simpler. The systematics of 2 o.001 f 0/1,, .
the parameter space is clear from Fig. 8. In this figure, the g E T 09 E
region marked by circles is the one where the RPV mode is & “%0! .. P 1
above the observable limit, i.e., BR(—e" +d)=26% (see 105 7~ .
Fig. 1). Although the width of this mode does not depend T
upon u or tang directly, its BR is quite sensitive to these 0 T 160 180 20 20 240 260
parameters. The regions marked by™ correspond to mg, (GeV)

~  ~0 .
BR(t;—cx1)=75% a”‘i thos~e0 marked by t_he black dia- £ 10, similar information as in Fig. 6, for c#s=0.9 (solid),
monds correspond to BR{—byff')=30% with the RPV 0.1 (dashedi and 0.02(dotted curve Other parameters are the
BR less than the observable limit. Note that for low values ofsame as in Fig. 7.
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FIG. 11. The RPV, loop and three-body decay BR’s as functions FIG. 12. Similar information as in Fig. 8, but fonmy,
of . The other MSSM parameters ar®l,=250 GeV, =160 GeV. The other parameters are the same as in Fig. 11.
w=+250 GeV, tarB=40, m;=300 GeV, nm;=175 GeV,

€0s6;=0.5, and\’=0.001. . . .
modes coexist with nearly equal BR. However, from the lim-

iting BR plot (see Fig. 1 we find that in this region the
. ) — signal is observable if BR(—e"+d)=20%. Hence the
from the point of view of comprehensite search at Run-Il.  |o0p decay channel may not be very important as the discov-
for the observale Sgnal for ties values of gsThe re. 1Y chamnel If the BRG e +) is below the observable
limit, the three-body mode will be the main discovery chan-

gions above the curves correspond to the observable BR 321 In Fig. 11. for relativelv lownr . the three-body mode
given in Fig. 1. The other SUSY parameters chosen are the '9- 2 Vel v y

same as in Fig. 7. It is interesting to note that for largefgos With 71 in the final state opens up. For highey, the modes
the data will be sensitive to values »f relevant for neutrino  \ith 7 and other sleptons in the final state are also allowed.
masses until the two-body decay channel opens up. Itis to be |n Fig. 12, the competition among the three decay modes
noted that for I’e|ative|y Smafh}l the bound is fa.|r|y insen- is illustrated in thelu_tanlg p|ane, formlz 160 GeV. For
sitive to cosf; for the range 0.£co0s6;<0.9. As the thresh-

thism;_ only the three-body mode with, in the final state is
old of the four-body decay opens up for Iargerl, the con- IS, Onty y with | I !

. , K q relevant. In Fig. 12 the dotted circles delineate the parameter
strain on\ " gets weaker as expecled. space where the RPV decay is observable. The regions char-
acterized by relatively largg. and tanB correspond to the

light 7, scenario. This part of the parameter space is domi-
The competition between the RPV decay mode, the loomated by the three-body decaftbe black diamonds corre-
decay, and all RPC three-body channels has been studied $#pond to BR=70%). The dotted region is theoretically dis-
Ref. [39]. In this section we consider a scenario where thefavored as explained in the context of Fig. 8. Finally, the
top squark is not the NLSP and the first two RPC decayblack circles represent the parameter space with 40%

modes of Eq.(3) are open. We then study the competition <BR(t;—cx))=70%. Only a few points appear at large
among these two modes, the loop decay and the RPV dece%n,g_ In the region marked by A” the two-body decay
taking into account the limiting BR of the last mode obtained,ode overwhelms the other modes. In Fig. 13 a scatter plot
in Sec. lll. As the three-body decay mode is kinematically;q presented in the tgB—cosé; plane following the same

allowed for light sleptons only, the slepton mass should b&qnyention. The region € is the difficult region with no
chosen with care so that it is consistent with the experimentaaea”y dominating BR.

lower limit.

D. Competition between the three-body, loop, and RPV decay

With the choice of the SUSY parameters as in Fig. 11, the 09
three-body decays, if kinematically allowed, have BR0% 0.8
almost for the entire range of top squark masses. For this set 0.7
of parameters, th«m;l, nr,, andnm; (€=e or u) are 124 0.6
GeV, 156 GeV, and 175 GeV, respectively. & 05 8

Interestingly, we have found that when the chargino isin  © 04

the mixed region with a relatively large mass, i.e., when the 03
three-body decay width is somewhat reduced both due to a 0.2
mixing angle factor and propagator suppression, there may 0.1
be a competition among the loop, three-body decay, and

RPV decay modes fot’ =0.001. Here the loop decay width

is significant thanks to relatively large c6s=0.5 and large

tang. This is demonstrated in Fig. 11. It follows from Fig.  FIG. 13. Similar information as in Fig. 12 using different vari-
11 that in the neighborhood orfn;l=150 GeV all three ables.
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1 then BR’s of the three allowed channels may indeed be

F ] comparable. Thus the simultaneous observation of two or

. VE 3 more of these decays may be a hallmark of RPV models

g ool - of m, .

& In Sec. lll using the event generat®YTHIA [21] we have

’-g o001 | - 3 estimated the minimum value of the BR of the RPV decay
& channeﬁlee+dj for various values 0|fn;l corresponding to
0.0001 E 3 observable signals at Run-Il experiments. Our res(dee

o A = Fig. 1) show that much smaller BR’s can be probed at Run-II

120 140 160 180 200 220 240 260 with 2 fo~! of data compared to the bounds obtained from

mg, (GeV) Run-I data[20]. These results are approximately valid also

FIG. 14. Similar information as in Fig. 6 for c#=0.5(solid), ~ for the channek;— w"d;. In reality, the limiting BR may
0.1 (dashedl and 0.02(dotted curve and the other parameters are be much smaller than our conservative estimates as can be
the same as in Fig. 11. seen by using an enhanced NLO cross seciii], larger
integrated luminosity, or by employingtagging to improve
the S/sqrtB ratio, since in many models;;; are the most
In Fig. 14 we present the limiting value af for three ~ important couplings. Our simulations show tiat can be
values of cog; corresponding to the parameter space ofreconstructed from the decay products with reasonable accu-
Fig. 11. The first change in the slope occurs at aboutacy, revealing thereby the lepton number violating nature of
m{1=l30 GeV due to the opening up of the channelthe underlying decay dynamics.

T,—bv, 7. The second change in the neighborhood of It is gratifying to note that even our conservative esti-
m;, =180 GeV corresponds to the decay motie— b7 mates of the limiting BR can be translated into interesting

(€=eor w). In both cases the BR’s of the RPV decay modeUploer bounds on the RPV coupllng$Sj (i=1 or 2 for

: ; tative choices of the MSSM parameters if no signal
are reduced which have to be compensated by higher valudgPresen ) e
of \'. Finally for m; =210 GeV, the two-body decay chan- '° seen(see Figs. 4, 6, 10, 14Thus the existing bound47]
1 1

nel, Eq.(2), becomes the main decay mode. on severa_l)\i’gj (gxcep_t perhapa ;g3 can be_sig_nificantly
improved if no signal is seen. These results indicate that the
Run-II data will indeed be sensitive to magnitudes of these
V. CONCLUSION couplings even if they are as small as that required by the
models ofm,,.

It is quite possible that the mass of the lighter top squark Using our estimate of the limiting BR as a functionrof,
is much smaller than the other squarks and gluinos due tone can demarcate the regions of the MSSM parameter space
mixing and RG effects and it is likely to be the only strongly in specific models, where the RPV decay is observable. In
interacting superparticle within the kinematic reach of Run-liSec. IV we have also studied the systematics of the MSSM
of the Tevatron with a large production cross section. If thiSparameter space and have delineated the regions where
is the case then the direct RPV de&qy—ﬂﬁdi driven by the  the competing decay modes are numerically significant. One
trilinear couplingskigj , Wherei andj are generation indices, can also have some idea of the difficult regions of the
may be the most attractive channel for discoverftigarity =~ parameter space where the BR of none of the competing
violation [18-20. decays clearly dominates. All this information will become
Additional interest in this process stems from the fact thatmore precise once full simulations of the competing channels
some subset of the above couplings, in particdlgg, may  [Egs.(7) and(8)] estimate the limiting BR’s corresponding
be important ingredients of RPV models ofmass[15,16.  to all signals. If no signal is seen then the program for
This scenario constrains the magnitudes of these couplings top squark search at the LHC may focus on the regions of
be generically small£107°-10"*, see, e.g., Ref16]). the parameter space which were difficult in Run-Il experi-
If the couplings are indeed so small the RPC two-bodyments.
decay, Eq(2), or three-body decay modes, E), if kine-
matically allowed, would overwhelm the RPV decay and the
LSP decay may be the only signature R¥parity violation
[25]. The signature, Eq(4), however, may not reveal the ACKNOWLEDGMENTS
lepton number violating nature of the underlying interaction
or whether the strength of the coupling is indeed in the right A D. acknowledges financial support from BRN®dia)
ballpark required by models of mass. _ under Project No. 2000/37/10/BRNS. S.P.D. acknowledges a
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