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The Yukawa couplings of the tau lepton and the bottom quark become comparable to, or even exceed,
electroweak gauge couplings for large values of the supersymmetry paramegerAsm result, the lightest
tau sleptonr; and bottom squark, can be significantly lighter than corresponding sleptons and squarks of the
first two generations. Gluino, chargino, and neutralino decays to third generation particles are significantly
enhanced when taf is large. This affects projections for collider experiment reach for supersymmetric
particles. In this paper, we evaluate the reach of the Fermilab Tevapaollider for supersymmetric signals
in the framework of the minimal supergravity model. We find that the reach via signatures with multiple
isolated leptonge and w) is considerably reduced. For very large f@rthe greatest reach is attained in the
multijet+ ErTniss signature. Some significant extra regions may be probed by requiring the presence of an
identified b jet in jets+ ET" events, or by requiring one of the identified leptons in clean trilepton events to
actually be a hadronic 1 or 3 charged prong tau. In an appendix, we present formulas for chargino, neutralino,
and gluino three body decays which are valid at largeadri50556-282(98)02119-5

PACS numbg(s): 14.80.Ly, 11.30.Pb, 13.85.Qk

I. INTRODUCTION AND MOTIVATION ing effective theory, valid at energy scales: Mg, is then
just the MSSM with the usual soft supersymmetBUSY)

The minimal supergravityMSUGRA) model[1] is com-  breaking terms, which in this case are unifiedvat, . The
monly regarded as the paradigm framework for phenomenasoft SUSY breaking scalar and gaugino masses, the trilinear
logical analyses of weak scale supersymmetry. The visiblé terms and in addition a bilinear soft ter) the gauge and
sector is taken to consist of the particles of the minimal suYukawa couplings and the supersymmetticterm are all
persymmetric standard modf?] (MSSM). One posits, in  then evolved fromM g, to some scaleM =M. Using
addition, the existence of “hidden sector” fi€g), which  renormalization group equationd)RGE’s). The large top
couple to ordinary matter fields and their superpartners onlyuark Yukawa coupling causes the squared mass of one of
via gravity. The conservation d® parity is assumed. Super- the Higgs fields to be driven negative, resulting in the break-
symmetry is broken in a hidden sector of the theory; superdown of electroweak symmetry; this determines the value of
symmetry breaking is then communicated to the visible secu?. Finally, it is customary to trade the parame®rfor
tor via gravitational interactions. The technical assumptiortang, the ratio of Higgs field vacuum expectation values.
of minimality implies that kinetic terms for matter fields take The resulting weak scale spectrum of superpartners and their
the canonical form; this assumption, which is equivalent tocouplings can thus be derived in terms of four continuous
assuming an approximate globalj(symmetry betweem  plus one discrete parameters
chiral multiplets, leads to a common mass squamédor all
scalar fields, and a common trilinear tedg for all A pa- My, My, Ag, tangB, and sgiu), (1.1
rameters. These parameters, which determine the sparticle-
particle mass splitting in the observable sector are taken tt addition to the usual parameters of the standard model.
be comparable to the weak scal, ... In addition, moti- The consequences of the MSUGRA model have been in-
vated by the apparently successful gauge coupling unificavestigated for collider experiments at the CERN LEP2~
tion in the MSSM, one usually adopts a common vaiug,  collider [3], the Fermilab Tevatrorpp collider [4,5], the
for all gaugino masses at the scaleg,=2x10' GeV.  CERN Large Hadron Collide(LHC) pp collider [6] and a
For simplicity, it is commonly assumed that in fact the scalampossible Next Lineae™e~ Collider (NLC) operating aty's
masses and trilinear terms unify Mgt as well. The result- =500 GeV[7,8]. In all but the last of these studié¢ehere
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nomenology of the stau sector is carefully examjnedall - () my=150GeV (b) mg=500GeV -
to moderate values of the parameter gan2—10 have been L dashes: <0 ] " ]
adopted. This was due in part to the fact that event genera 600 s ] 800f & ~ ]
tors such assAJET [9] had not been constructed to provide r ] : L
reliable calculations for large tgh In particular, effects of & S 8 .
tau and bottom Yukawa couplings g 40 % 1 400 X
g i i

fb:L, T:L (1.2 200 — 200 —

v2My, cos B v2My cos B L —— T\ #,] i

£, 1 £ 1

which become comparable to the electroweak gauge cou 0‘."I.H.I.Zx.l....l.‘..' oloolnn LBl )]
10 20 30 40 50 10 20 30 40 50

plings and even to the top Yukawa couplind;
=gm/(v2M,y sin B) if tan B is large, had not been com-
pletely included. The correct inclusion of these couplings has FIG. 1. Selected sparticle and Higgs boson masses versiyis tan
a significant impacf10,11] on the search for supersymmetry for the MSUGRA model for parameterga) (mg,my,,Aq)
at colliders. =(150,150,0) GeV andb) (mgy,m;»,Aq) =(150,500,0) GeV, for

In the MSUGRA model, the parameter t8ncan be as both signs of the parametgr. We takem;=170 GeV.
large as taB~m/m,, where the quark masses are evaluated

at a scale~Myeq; since the runningm, is considerably  tom and stau mass-squared matriog$— A, + « tanB) and
smaller than 5 GeV, taf values up to 45-50 are possible. ; (— A _+ 4 tan) can result in significant mixing between
Such large taiB values are indeed preferred in some(8®  |eft and right sbottom and stau gauge eigenstates, and a pos-
grand unified theorfGUT) models with Yukawa coupling  siple further decrease in the physical masses for the lighter of
unification. In practice, one finds that if tgghis chosen to be  the two shotton{and stalimass eigenstates;, andm: . If

too large.f,, diverges beforvgyr. A slightly stronger up- tan 8 is small, 7,=7g, while (because of top auark Ylljkawa

per limit on tang is obtained from the requirement thaﬁ, . . _ .
the mass of the pseudoscalar Higgs boson, should be po |p_teract|on$ by=by . The impact of bottom and tau Yukawa

tive. The precise value of the upper bound on faepends ' eractions can be seen in Fig. it ~mg_ at low tang,
somewhat on the other MSUGRA parameters. and as tag increasesm;, decreases., Wh"‘méR remains

In a recent papefr11], we reported on an upgrade of the constant. Likewise,m; decreases with increasing tan
event generatosAJET that correctly incorporated the effects while mg, remains constant. In the case of fraia, ulti-

of 7 and b Yukawa interactions so that it would provide mate|ym51 drops belowmg\,l and Mg, SO that the two body

reliable predictions for supersymmetry with large fan - ~ i
Novel phenomenological implications special to large value€ca@ySW1— 71v, andZ,— 7,7 become allowed, and domi-

of tan3 were pointed out: in particular, it was noted that "at€ the branching fractions.

while Tevatron signals in multileptofie and ) channels It is well known that at low to moderate values of {an
were greatly reduced, there could be new signals involing the large top Yukawa coupling drives the Higgs mags to

jets and 7 leptons via which to search for SUSY. In this negative values, resulting in a breakdown of electroweak
paper, we focus our attention on the search for supersymmaymmetry. At large ta, the largeb and = Yukawa cou-

try at the Main Injector(MI) upgrade of the Fermilab Teva- plings drive the other soft Higgs boson mass-squanﬁgto

tron pp collider (s=2TeV, integrated luminosityf £dt  small or negative values as well. This results overall in a
=2 fb~?) and the proposed TeV33 upgratés=2TeV, in-  decreasdn mass for the Higgs pseudoscatay, relative to
tegrated luminosity £dt=25 fb™*) for the case where t38 its value at small tays. Since the values of the heavy scalar
is large. and charged Higgs boson masses are relateaho they
decrease as well. This effect is also illustrated in Fig. 1,
A. Sparticles masses at large taiB where the massn, decreases dramatically with increasing
Large b and = Yukawa couplings significantly alter the ©@nA- Thze curves are terminated at the value of gaeyond
mass spectra of the sparticles and Higgs bosons as shown {fiich My <0, and the correct pattern of electroweak symme-
Fig. 1. Here we plot various sparticle and Higgs bosonlTy Preaking is not obtained as already mentioned. We found
masses versus tgh for MSUGRA parametersmy, that the pseudo_sca!ar masg , obtained using the one—loo_p
=150 GeV, A,=0, and (8) my=150GeV and(b) m, effective _po_tentlal, is ungtable by up to factors of 2 against
—500 GeV, for both signs of.. We fix the pole massn, scale variations for relatively low values of scale choige
—170 GeV. ~My. This instability would be presumably corrected by
The b and = Yukawa couplings contribute negatively to inclusion of two-loop corr_ection;. We find the .choice of
the renormalization group running of the sbottom and stagcaleQ~ /nf; ni;_ to empirically yield stable predictions of
soft masses, driving them to lower values than soft massddiggs boson masses in the RG improved one-loop effective
for the corresponding first and second generation squarkgotential(where we include contributions from all third gen-
and sleptons. In addition, the off-diagonal terms in the sboteration particles and sparticled his scale choice effectively

tang tang
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FIG. 2. Chargino \V;) and neutralino Z,) branching fractions versus tah In (a) and (b), we take the parametersng,my,,A)
=(150,150,0) GeV while ir(c) and(d) we take (ng,my»,Aq) =(150,500,0) GeV. In all frameg>0 andm,=170 GeV. The disconti-
nuities are an artifact of the narrow width approximationiskweT, widths for three body and two-body decays are separately computed: the
transition is, of course, smooth since the virtual particle smoothly goes on-shell.

includes some important two loop effects, and yields predicpriate choice, and it significantly alters the decay widths

tiqns for light scalar Higgs boson mass®g in close accord when effects off, are important. Thezi_,q-?zj and Zi

with the results of Ref12]. —>b_b§j decays take place via eight diagrarﬁslyz(, le,z, Z,

h, H, and A exchanges In our calculation ofg andZ; de-

cays, we have neglectedd and = masses except in the
For large values of taB, b and r Yukawa couplings be- Yukawa couplings and in the phase space integration. We

come comparable in strength to the usual gauge interactionfaye also computed the widths for decays—Z; 7 which

so that Yukawa interaction contributions to sparticle decay, o mediated by, 715, 7, and H™ exchangejs; in these

rates are non-negligible and can even dominate. This coul ases. we retaim. effects Tonly in the Yukawa couplings

manifest itself as lepton nonuniversality in SUSY events. ' 4 '

. Formulas for these three-body decays are presented in the
Also, because of the reduction of masses referred to abovﬁeppendix y y P

chargino and neutralino decays to stau, sbottom and various To illustrate the importance of the Yukawa coupling ef-
Higgs bosons may be allowed, even if the correspondmgpects we show selected branching ratios\7b${ and Z. in
decays would be kinematically forbidden for small {amal- . 2 In all frames we takg.>0. Framesa) and(b) aré for
ues. The reduced stau, sbottom, and Higgs boson masses 4 MSUGRA cavz;e mﬁ m ' Ao)=(150,150,0) GeV:
0:'111/2,/70) — ’ ’ ’

also increase sparticle branching ratios to third generatio : .
particles via virtual effects. These enhanced decays to thir ames(c) and (d) show the same branching fractions, but

generation particles can radically alter the expected SUS\t(ake mo=500 GeV instead. In framéa), for IQW tanﬁ we

signatures at colliders. see that th&V,; —evZ, andW;— 7vZ,; branching ratios are
We have recalculated the branching fractions for ghe Very close in magnitude, reflecting the smallnesg of For

D " tan =10, these branchings begin to diverge, with the

b, t, 7, 7v,, W, Z, h H, A andH™ particles and spar- hing to 7s b S inalv dominant. F
ticles including sbottom and stau mixing as well as effects O]branc Ing to 7S becoming Increasingly dominant. For

b and 7 Yukawa interactions. For Higgs boson decays, wet@an8>40, the two body modeWN;—7,» opens up and
use the formulas in Ref13]. We have recalculated the de- quickly dominates. Since this o!ecay is followed by

cay widths forg—tbW. and§—bbz;. These have been — 741, the end products of chgrglno decays here are almost
calculated previously by Bar#t al. [14]; our results agree €xclusively tau leptons plus missing energy. _ B
with theirs if we use pole fermion masses to calculate the In frame (b), we see at low tag the Z,—eeZ; andZ,
Yukawa couplings. INSAJET, we use the running Yukawa — 77Z, branchings are largé~10%) and equal, again be-
couplings evaluated at the sc&le=my (m,) to compute de- cause of the smallness of the Yukawa coupling. Except for

cay rates for the gluinoW;,Z;). This seems a more appro- parameter regions where the leptonic decaysZgf are

B. Sparticle decays at large tang
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strongly suppressed:/yvlﬁzlz production leads to the well model. The simulation of SUSY signal events was restricted
known 3(=e,u) signature for the Tevatron collid¢d5].  to parameter space values of g2 and 10. The promising
As tang increases beyond about 5, these branchings agaifiiscovery channels that were investigated included the fol-
diverge, and increasinglZ,— 772, dominates. Results of lowing: multijet+ ET° events(veto hard, isolated leptons
phenomenological analyses of trilepton signals for gan (JOL); events with a single isolated lepton plus je&7"*
~8-10 obtained using older versions ofaJET should, (J1L); events with two opposite sign isolated leptons plus
therefore, be interpreted with caution. For f8r40, Z,  JetstET~°(JOS; events with two same sign isolated leptons
— 77, opens up, and becomes quickly close to 100%. NeaPlus jetst ET"** (JSS; events with three isolated leptons plus
the edge of parameter space (fn45), theZ,—Z,h decay  jetst ET"° (J3L); events with two isolated leptorsET"™* (no
opens up, resulting in a reduction of tde— 77, branching  €ts, clean (COS); events with three isolated lepton&T"
fraction. (no jets, cleap(C3L). In these samples, the number of lep-
In frame (c), the large value ofn,=500 GeV yields a tons isexactlythat indicated, so that these samples are non-

large value om;l (and other slepton massesven if tangis  overlapping. For Tevatron data samples on the order of 0.1

large. In this case, the/; branching fractions are dominated b, the JOL signal generally gave the best reach for super-
by the virtual W boson, so thaB(W,—Z,ev) and B(W; symmetry. It is the clas_5|c signature for detecting gluinos a_nd
= tsquarks at hadron colliders. For larger data samples typical
of those expected at the Ml or TeV33, the C3L signal usually
. : . . gave the best reach. In the present paper, we will extend
shown in 'frame(d),. As in frame(c), the branching fraction these results to the large taregion of MSUGRA param-
of Z, to 7's an_d €s is nearly _the same except W_hen BN oter space; we will also look for new signatures which may
.235—40.. In this case, there is a steadily increasing prancrbe indicative of supersymmetry at large f@n
ing fraction of Z,—Z;bb (and to some extent, also a, By examining the branching fractions in Fig. 2, we expect
—Z,77), which is mainly a reflection of the increasing im- in general at large tag that there would be a reduction in
portance of virtual Higgs bosons in th® three-body de- supersymmetric events containing isolatgg or u's. We
cays. We mention that for values of tBnsomewhat below also expect for large tafi and smalim, a more conspicuous
the range where the dec@y— Z;h becomes kinematically presence of isolated leptons(defined by hadronic one- or
allowed, contributions fronall neutral Higgs bosons are im- three-charged prong jets as discussed bgl&ar large tang
portant. and largemg, we expect an increased presence of tagged
The above considerations motivated us to begin a systenjets (defined by displaced decay vertices or by identification
atic exploration of how signals for supersymmetry may beof a muon inside of a j¢t For these reasons, we have ex-
altered if tang indeed turns out to be very large. To facilitate panded the set of event topologies via which to search for
this analysis, we have incorporated the above calculationSUSY to include, in addition: multijet ET"* events which
into the computer programAJET 7.32, so that realistic simu- include at least one taggedl jet (JOLB); multijet+ ET"®
lations of sparticle production and decay can be made foevents which include at least one taggedjet (JOLT);
large tang. multijet+ ET"*° events which include at least either a tagged
Another important effect at large tgis that tau Yukawa b jet or a tagged- jet (JOLBT); opposite-sign isolated dilep-
interactions can alter the mean polarization of #epro-  ton plus jet- ET™® events where at least one of the isolated
duced in chargino and neutralino decays. This, in turn, alterfeptons is actually a taggetjet (JOST); same-sign isolated

the energy distribution of the visible decay products ofthe  gilepton plus jet- ET'* events where at least one of the iso-

The 7 polarization information is saved iBAJETand used to  |gted leptons is actually a taggedet (JSST: isolated trilep-

dictate the energy distribution of thedecay products. ton plus jet- ET'S events where at least one of the isolated
The rest of this paper is organized as follows. In Sec. Il

d b s of ¢ i q e leptons is actually a taggedjet (J3LT); clean opposite-sign
We describe aspects of our event generation and analysis Pr|ated dileptort ET'* events where at least one of the iso-

gram for Te_vatrop experiments, including a catalog of SOMiated leptons is actually a taggedet (COST); clean isolated
of the possible signals for supersymmetry at largeAam rilepton+ ET'S events where at least one of the isolated lep-
Sec. lll, we present numerical results of our generation ot T

supersymmetric signals and SM backgrounds, and show tﬁgzelsei/cetrlf@;ri t?ggﬁjeetn(gil)‘r;r)éyvﬁorr:gtveewaat Sigmefc?: in-
reach of the Tevatron Ml and TeV33 in the parameter spac " h JOLBp o i gb t of th PP rﬁ?
of the MSUGRA model. In Sec. IV, we present a summarys ance, the sample is a subset of the canorigaP

and conclusions from our work. Some lengthy three-bodyJOL) S@mple. In the tau samples, the lepton multiplicity is
decay formulas are included in the Appendix. again exactly that indicated, except that at least one of the

leptons is required to be identified asra

To model the experimental conditions at the Tevatron, we
use the toy calorimeter simulation packagerLT. We simu-

In several previous workigl], a variety of signal channels late calorimetry covering—4<7n<4 with cell size Az
for the discovery of supersymmetry at the Tevatron wereXA¢=0.1xX0.0875. We take the hadronielectromagnetic
investigated, and plots were shown for the reach of the Tevaenergy resolution to be 70%E (15%/\E). Jets are defined
tron Ml and TeV33 in the parameter space of the MSUGRAas hadronic clusters witkE;>15 GeV within a cone with

—Zy7v) are nearly equal over almost the entire range o
tan 8. The branching fractions af, for my=500 GeV are

II. EVENT SIMULATION, SIGNATURES, AND CUTS
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FIG. 3. Gluino and squark mass contours in thg vs my,, parameter plane, fofa) tang=2, (b) tan8=20, (c) tan3=35, and(d)
tan 8=45. In all frames, we takéd,=0, >0, andm,=170 GeV. The bricked regions are excluded by theoretical constraints, while the
gray regions are excluded by LEP2 boundsmml.

AR= A 7?+A$?=0.7. We require thatz;|<3.5. Muons  with subprocess final state particles iy bins of 25-50
and electrons are classified as isolated if they haye GeV, 50-100 GeV, 100-200 GeV, 200-400 GeV, and 400—
>5GeV, | 5(1)|<2.5, and the visible activity within a cone 600 GeV.

of R=0.3 about the lepton direction is less than

maxEq(l)/4,2 GeV]. For tagged jets, we require a jetus- IIl. THE REACH OF THE FERMILAB TEVATRON

ing the above jet requiremento have in addition| 7;[<2 FOR MSUGRA

and to contain & hadron. Then the jet is identified adget i

with a 50% efficiency. To identify a jet, we require a jet We present our main results for the reach of the Tevatron

with just 1 or 3 charged prongs withy>1 GeV within 10°  for MSUGRA at large targ in the mo vs m,,, parameter
of the jet axis, and no other charged prongs within 30° of thesPace plane foA,=0 and for tan3=2, 20, 35, and 45. Our
jet axis. The invariant mass of the three prong jets must b&esults are shown for>0 only. For small tang~2, the u
less tharm.,, and the net charge of the three prongs should<0 results differ substantially from the>0 results, and are
be +1. QCD jets withpr=15 (=50) GeV are misidentified Shown in Ref[4]. As tang increases, the positive and nega-
asrjets with a probabilityf 16] of 0.5%(0.1%), with a linear ~ tve u fesults become 'ncr_easmgly indistinguishable.
interpolation in between. In our analysis, we neglect multiple !N Fig. 3 we show for orientation contours of constakt
scattering effects, nonphysics backgrounds from photon o&nd Mg in the mg vs my, plane. The bricked regions are
jet misidentification, and make no attempt to explicitly simu- €xcluded by either lack of appropriate electroweak symmetry
late any particular detector. breaking, or due to the, or W, being the LSP instead of the
We incorporate in our analysis the following trigger con- Z,. The gray regions are excluded by previous experimental
ditions: (1) one isolated lepton wittpr(1)>15GeV and sparticle searches, and the excluded re¢8jris dominantly
ET"%>15 GeV; (2) ET*>>35 GeV; (3) two isolated leptons  formed by the LEP2 bound thahy, >80 GeV [17]. The
each withE+>10 GeV andET"*>>10 GeV; (4) one isolated most noticeable feature of Fig. 3 is that the theoretically
lepton with Er>10 GeV plus at least one jet plET"®  excluded region increases significantly as gaincreases. In
>15 GeV; (5) at least four jets per event, each wily  the low m, region, this is due to the decrease7n mass,
>15 GeV. Thus, every signal or background event must satmaking it become the LSP. The contoursrof and mg on
isfy at least one of the above conditions. the other hand are relatively constant and change little with
We have generated the following physics backgroundang. The region to the left of the dotted lines denotes where
processes USINGSAJET. tt production, W+ jets, Z+jets,  the decay mode®/;—7,v andZ,— 7,7 become accessible.
WW, WZ, andZZ production and QCOmainly frombb and As in our previous analysis of signals at low taf4], for
cc production. Each background subprocess was generatedhannels involving jets, we require of all signals, jet multi-
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FIG. 4. A plot of points accessible to Tevatron Ml and TeV33 searches for MSUGREN S+ multijet events. A & signal above
background is found for some value Bf for the Ml for gray squares, while white squares are accessible only at TeV33. Points with crosses
are inaccessible to Ml and TeV33.

plicity, Njes— N, —jets>2; ETS>40 GeV; and E{(j;), only within the model framework, and should not be re-
Er(j,)>ES, and ET™>ES, where the parameteE$ is  garded as a direct bound ang. Regardless of the LEP2
taken to beES=15, 40, 60, 80, 100, 120, 140, 160 GeV. This bounds, Tevatron experiments should directly probe this re-
requirement serves to give some optimization of cuts foidion via the independent search for strongly interacting spar-
different masses of SUSY particles. ticles. Note that even within the MSUGRA framework, for
We generate signal events for each point on au<0 and tang=2, wheremg\,1 is considerable heavier for
25 GeVX25 GeV grid in themy—my, plane. For an observ- the samem,, values, there still exist parameter space points
able signal, we require at least five signal events after all cutgccessible with only 0.1 fit [4]. A significant number of
(including those detailed belgware imposed, witiNggnai  gray squares appear in frani®, denoting regions withmg
exceeding §Npackgrouna ANy Signal is considered observ- — 400 GeV that can be probed at the MI. As faincreases,
able if it meets the observability criteria for at leaste of  the theoretically excluded region absorbs some of these
the values ofE$. In addition, we require the ratio of signal points at lowmy, while some of the higim, points become
and background to exceed 0.2 for all luminosities. inaccessible. In the latter case, much of the signal actually

comes fromW;W; andW,Z, production, and these particles
decay decreasingly into jetty final states, so the JOL signal
diminishes. Finally, for very large tg8=45, none of the
parameter space in this channel is open to Ml searches. For
e ) TeV33, we see tham,,~ 175 GeV (nz~475 GeV) can be
Ap(ET ’ETj)>30°- In Fig. 4, we show the Tevatron reach prohed in all of the frame&)—(d) as long asn, is not much

via the JOL channel. We found no parameter space pointgrger. The largest reach occurs whik attains its largest
acce55|ble_to 'I_'evatron experiments with 0.1 flof inte-  yalue of ES= 160 GeV.

grated luminosity(approximately the run | data sample

this or any other channel; points denoted by gray squares are
accessible with 2 fb' while those with open squares are _
accessible with 25 fb'. Points denoted by crosses are not In Fig. 5, we show the reach in tHel"*>+ jets channel,
visible at any of the luminosity upgrade options consideredwhere in addition we require at least one tagbéet (JOLB).

In frame (a), no black squares are visible; regions normally Comparing with Fig. 4, we see that the requirement of a
accessible to Tevatron experiments with just 0.1'fbf in-  taggedb jet considerably reduces the reach of the MI. Fur-
tegrated luminosity have been excluded by the negative re¢hermore, the parameter space points with,=175 GeV
sults of LEP2 searches for charginos. This is strictly validare no longer accessible to TeV33. In other words, a higher

A. Reach via the JOL channel

As in Ref.[4], for multijet+ ET"Sevents(JOL), we require
in addition to the above transverse sphericgy>0.2 and

B. Reach via the JOLB channel

075008-6



SUPERSYMMETRY REACH OF FERMILAB TEVATR®™ . . . PHYSICAL REVIEW D 58 075008

(2) 12382, 420

XX X XX XXX XXX

II|IIII|IIII|IIII
. (e} tang=35, u>0

XXXXXXXXXXXXX

250

XXXXXXXXXXXXXXXXXXX

;\ 200 XXXXXXXXXXXXXXXXX X X X X X X X X XX XXXX
g XXX XXXXXXXXXXXXXXXX XX XXX HKXXXXXXXXX
~ 150 Ox xOx xOx x x xxxx O00000x0O* x x x x x
g 2 2 e 7
& 100
50
0 |||||||||||||||||||| |||||||||||||||
b) tang=20, u>0 d) tang=45, u>0
250 xxxxg xxxﬁxxxxl;(bx g( xxxﬁxxxxl){'x
XX XXXXXXXXXXXXXX XX XXX XXXXXXX
;\ 200 XXXXXXXXXXXXXXX XX XX XXXXXXXX
é‘ XXXXXXXXXXXXXXXX] XXXXXXXXXXXXXT
= 150 E=/00~Ox0Ox x xOO x 000000 = x x
L BB >
-

100

50

0 0
0 100 200 300 400 500 0 100 200 300 400 500
m, {GeV) m, (GeV)

FIG. 5. Same as Fig. 4, except we require in addition that at least one of the jets be an idbnéfied

E$ value is more efficient in maximizing signal-to- not very promising. The signal should result mainly frgin
background for largen,, than requiring an extra jet. How-  andgq production mechanisms, but these have only small
ever, for largemy andm,,,~125-150 GeV, the extratag  cross sections for parameter space points beyond the reach of
does somewhat increase the reach of TeV33 for SUSYLEP2. We found almost no reach for MSUGRA in this chan-
Comparison of Figs. 4 and 5 shows three additional pointsiel beyond the LEP2 bounds fany values of tans.
accessible in framéa), two in frame(b), and one in frame We have also studied the Tevatron reach in the dilepton
(d). We have also tried to extend the parameter space rea@lus jets channels where we required in addition that at least
by requiring an identified jet (JOLT) or either aror b jet  gne of the leptons be a taggediet: the JOST and JSST
(JOLBT) along with ET"**+jets. In both of these cases, no channels. In each of these cases, a small increase in reach
additional reach was achieved beyond the results of Figs. ¢as obtained for large values of t@nand lowm, beyond
and 5. the corresponding “tauless” channels. Most of this addi-
tional region can also be probed via the J3L channel dis-
C. Reach via the JOS and JSS channels cussed below, so we do not show these results here.

The reach of Tevatron upgrades on the JOS channel is
presented in Fig. 6. We require, in addition to the conditions D. Reach via the J3L channel
at the beginning of this section events with exactly two op-

posite sign isolated leptonge and w), with Eq(I;) For small values of tag, the J3L channel considerably
>10 GeV and a veto of jets. At the Tevatron at low ta,  increases the region of MSUGRA parameters beyond what
signals in this channel mainly come frowi,Z, production, can be probed via th&T"° channel at a high luminosity
whereZ, decays leptonically, anV, decays hadronically, Tevatron. In addition to the generic cuts for all the signals
while top production is a major source of SM background.involving jets, we require the following analysis cuts for the
There is significant reach by the Tevatron Ml and TeV33 inJ3L channel: events containing exactly three isolated leptons
this channel at low ta, as seen in framga). As tang  with E4(l,)>10GeV and a veto ofr jets plus we veto
increases, th&, leptonic branching fraction decreasege  events with|M(I"17)—Mz|<8 GeV. The reach in the J3L
Fig. 2, so that the MI has no reach in this channel forchannel after all cuts are imposed is shown in Fig. 7. Since
tan3=20. The reach of TeV33 is severely limited in this the signal almost always involves a leptonically decaying
channel at high tap as well. Z,, itis not surprising to see that the large reach at lowgan
We have also examined the reach of the MI and TeV33s gradually diminished until there is almost no reach for
for same-sign dilepton&JSS channgl where we require in  tan 8~45.
addition events to contain exactly two same sign isolated We have also examined the Tevatron reach in the trilep-
leptons, again witle+(1,)>10 GeV and a veto of jets. The ton plus jets channels where we required in addition that at
reach of Tevatron upgrades in this channel for MSUGRA ideast one of the leptons be a taggejkt: the J3LT channel.
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FIG. 6. A plot of the reach of the Tevatron Ml and TeV33 for MSUGRA via the IOS signal.

As before, only a slight additional reach was obtained at
large tanB and lowm, beyond what could be probed via the
“tauless” J3L channel. Here, and in the jetty dilepton chan- For small tan3~2, and a large enough integrated lumi-
nels mentioned above, this is presumably because seconddi9sity, the maximum reach of the Tevatron was often
leptons from tau decay tend to be soft, and fail to satisfy theachieved via the clean trilepton channel from,Z,— 3l
acceptance requirements. Again, we do not show these re-ET"%. For the C3L signal, following our earlier analysis
sults here. [4] we implement the following cuts: we require thrie-

E. Reach via the C3L and C3LT channels
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FIG. 7. A plot of the reach of the Tevatron Ml and TeV33 for MSUGRA via the J3L signal.
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FIG. 8. A plot of the reach of the Tevatron Ml and TeV33 for MSUGRA via the C3L signal.

lated leptons(e and w) within |7,|<2.5 in each event, with softer secondary leptons from the decay of(sauTrigger 4
Et(l;)>20GeV, E1(l;)>15GeV, andE+(l3)>10GeV; presumably plays an important role for this class of events.
we require ET"®>25 GeV; we require that the invariant The reach via this channel is shown in Fig. 9. In frames
mass of any opposite-sign, same flavor dilepton pair not regh)—(d), significant additional reach is gained in the lowy
construct theZ mass, i.e., we require tham(ll)—Mg| regions, beyond that shown in any of the previous figures.
=8 GeV; we finally require the events to lokean i.e., we  Notice that the region where the signal is observable is where
veto events with jets. Our calculated background in thischargino and neutralino decays to realare accessiblésee
channel is 0.2 fb. Fig. 3). The reach in the C3LT channel effectively extends
In Fig. 8, we show the reach in the C3L channel for thethe reach of TeV33 tm,,,~250 GeV for at least some value
four cases of ta. In frame (a), we see at low ta@ that  of m, for all the values of large tag considered. We remark
indeed there is no reach beyond the current LEP2 bound ithat the gain in reach via channels involving taus is limited
the C3L channel for 0.1 fb'. For the Ml integrated luminos- because we require the presence of additional hard lefgons
ity, however, there is considerable reach to valuesngb  or w), jets orET"**in order to be able to trigger on the event.
~225GeV, and for TeV33, the reach extends g,  Because secondary leptons from the decay of a tau tend to be
~250 GeV, corresponding to~700 GeV. As targ in-  soft, the development of an efficienttrigger may signifi-
creases, the branching fraction for a leptonic decag,aind  cantly enhance the reach when faus large.
W, decrease. In framéb), in fact, we findno reach for
SUSY via the C3L channel for MI and considerably reduced F. Reach via the COS and COST channels
reach for TeV33, except at largs,. For smaller values of 1, o hrevious studieB] we had already noted that for
m, a complicated !nterferencg between varlou-s amplltudegma” values of tarB, a study of the clean opposite sign
reduces the leptonic decay width Bf. As tang increases jlepton channelCOS would allow a confirmation of the
even further to 35 and 45 as in frames and(d), the C3L  sjgnal in the C3L channel for a large range of MSUGRA
reach is wiped out at lown,. Some reach remains at large parameters. For the COS channel, we require the following.
mo_in frame (c),_where the branching fraction BE{ (i) Exactly two isolated OS’s (either e or u) leptons in
—11Z,)~BF(Z—1l). In frame(d), most of this region also each event, witlE+(l,)>10 GeV andE+(l,)>7 GeV, and
becomes inaccessible because of the increased importance|gf1)|<2.5. In addition, we requireno jets, which effec-
(virtual) Higgs boson mediated decaysa which lead to a  tively reduces most of thit background.
strong enhancement of its decaylibZ, . (i) We requireET"**>>25 GeV to remove backgrounds
We have also examined the reach for clean trileptonsfrom Drell-Yan dilepton production, and also the bulk of the
where one of the leptons is actually an identifiedjet ~ background fromy*,Z— 77 decay.
(C3LT). In this case, we relax the additiona} requirements (iii) We require ¢(11)<150°, to further reducey*,Z
on the leptons. This increases the chance of detecting the> 7+ background.
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FIG. 9. A plot of the reach of the Tevatron Ml and TeV33 for MSUGRA via the C3LT signal.

(iv) We require theZ mass cut: invariant mass of any are turned off when the neutralino mass equals the stau mass
opposite-sign, same flavor dilepton pair not reconstrucZthe rather thanm; +m_, where the two-body decay becomes
mass, i.e.,|m(ll)—M,|>8 GeV. Finally, we requireB  zccessible.

=|ET1'§51+|PT(|1)|+|I0T(|2)|<100 GeV. Our calculated In frame (c) we show cross sections for the four event
background in this case is 64 fb. topologies which establish the total reach of the Tevatron as
We have checked that while there is an observable signaliscussed in the last section. For the jetty channels, we use
at the MI (TeV33 for m;,~150 (175 GeV, and ifm,  E$=60 GeV. The cross section in tf&"*°channel is rather
=100 GeV, there is no observable signal for any of the alinsensitive toA, as might have been anticipated. The cross
lowed regions of the plane if tg8=20. We have also exam- section in the JOLB channel appears to increasggasaries
ined this channel by requiring in addition that at least one ofrom large positive values to the most negative values in the
the leptons be an identified jet (COST). In this case, no figure. This may seem surprising since neutralinos no longer
reach for MSUGRA was found for any of the t@nwalues decay into bottom jets. We have checked that for large nega-
considered. We therefore do not show these figures. tive values ofA, thet squark becomes relatively light, and
since it decays vig;—bW;, it is a significant source of such
events. Another surprising feature of the figure is that the
C3LT cross sections do not show a large increase at the

Up to now, we have fixed the paramet& to be zero :
) . edges of the curve where decays to taus dominate. The rea-
which, of course, does not mean that thparameters vanish . _
son is that at the extreme endsy, —m;z, | becomes small,

at the weak scale. To give the reader some idea of the varia- =~ _
tion of theW, andZ, branching fractions and of the impor- SO that the daughter tau in—Z, 7 becomes soft and fails to
tant signals withA,, we show in Fig. 10 the branching frac- Pass our acceptance cuts. Indeed this mass difference is just

; : 4 GeV for the caséy= — 300 GeV, which explains why this
tions for (a) W, decay,(b) Z, decay, andc) sample signal . 0 ’
Cross seE:t?onsl fomoir(nz,2=2150 G):av acr{1d) tam;=p35 ?he cross section actuallgecreasesWe see that the C3L cross

curves are terminated &% values for whichr; becomes the section is surprisingly constant over the entire rangé\of
lightest sparticle. In framega) and (b) we see that the even for the cases of Izzrge posﬂn@@. ForA0=§OO GeV,
branching fraction three body decays to tau increases as ti§€ have checked thaW,Z; is indeed a subdominant source
mass gap between the lighter stau and the chargino or ne@f C3L events. In th|s~gase, most trileptons come from slep-
tralino reduces until the decagylﬂ;l,, andizﬂ 77, be- ton_production(mainly I 1_}), but there is_a substa_ntial contri-
come allowed. This occurs at the extreme left and the exPution from the production of the heavier charginos and neu-
treme right of the plots, where the branching fraction fortralinos; W, decays into reaW as well as into sleptons,
these decayswhich are the only accessible two body de- while Z; can decay to realW or Z as well as to sleptons.
cay9 becomes essentially unity. The spikes nesy= There is thus a plethora of sources for these events. We
—100 GeV are an artifact: irsAJET, the three-body decays expect that this is true for othéx, values also. Finally, we

G. Variation of signal with the A parameter
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AR RN B N N B reach of Tevatron upgrades is significantly reduced. For the
g 0.500 F— 3 MI option, there is no reach beyond current LEP2 bounds
'*é C ] that can be established at t8+45. The TeV33 option has
& 0100 o some reach in all frames, but clearly a much reduced reach
B 000E E for large tang. In particular, there are parameter regions just
S oot ] beyond the current LEP2 bounds for which there willrize
g 0.005F = observable signakven with the luminosity of TeV33. The
& CY | | | | ] reduction of the reach is mostly due to the depletion of lep-
0.001 e tonic signals, especially the clean three lepton signal, in the
BRI B LR DR B B region of large tarB. Note that the branching ratio foi/;
& oo Gyt ZgoLiTt - 3 andZ, to decay into electrons and muons plus missing par-
'§ C ] ticles is actually quite large if chgrginos and neutralinos
S 0100 — dominantly decay into real or virtual;. However, the sec-
@  0.050F E ondary leptons produced in subsequentecays are usually
'-E; 0010:_ ] too soft to pass our trigger criteria or acceptance cuts. It
g o005 3 might be worthwhile to investigate whether these cuts can be
. - (b) \ ] lowered without introducing unacceptably large backgrounds
0.001 e Lo 1 A S (e.g., from heavy flavors, where the lepton happens to be
oL p— R R e N RN isolated and the jet is lost, or from jets faking leptbasvia
- 3 a development of a special trilepton trigger.
102 = oL (e 3 Modes with identified hadronically decayingtaus could
ot - JOLB W ] only partly compensate this loss of reach in the leptonic
@ channels. Again the problem seems to be that the hadronic
® 100 b g /\/\“/\" - decay products of theleptons are frequently too soft to pass
E g e T the cut E;(7—jet)>15GeV. It might be worthwhile to
107! = I study if this cut can be lowered, e.g., by focusing only on
102 T T IR BT B S one-prongr decays, for which QCD backgrounds are much

—600  -400  -200 0 200 400 600 smaller than in the three-prong channel. In addition, the trig-
A(GeV) gers adopted in our study are not very efficient for events
FIG. 10. The dependence @ W, branching fractions(b) Z, with rather soft Ieptons plus jets, as in our C3LT sample.
branching fractions, an¢t) cross sections for selected topologies We therefore be"e"‘? ”.‘"?‘t the rgach of f‘.““re Tevatrop runs
on the model parametef,. We fix my=m,,=150 GeV and Cc0uld be extended significantly in the region of large faif
choose tarB=35 for illustration. In frame(c) we also show the it is possible to devise strategies to reliably identify, and

error bars in our calculation of the cross sections which are due tf€rhaps even trigger on taus with visitge smaller than 15
Monte Carlo integration. GeV. We remark, however, that even without such develop-

ments, experiments at the LHC will probe the entire param-

remark that the signal cross sections vary much less Ajth  eter plane shown at least via tB§"** channel.
than might have been anticipated from the variations in the

branching fractions. We caution the reader that we have not ACKNOWLEDGMENTS
made an exhaustive investigation of whether or not this state-

ment remains true for all values afy, My, and tang. We thank Vernon Barger for reading the manuscript. One

of us(X.T.) is grateful for the hospitality of the Asia-Pacific
Centre for Theoretical Physics where part of this work was
carried out. H.B. and X.T. thank the Aspen Center for Phys-
To summarize the reach of Tevatron upgrades for largécs for hospitality during the period that part of this work was
and small tarB, we show in Fig. 11 the SUSY reach via all done. This research was supported in part by the U.S. De-
of the channels that were examined, for both the upgradeartment of Energy under Contract Nos. DE-FGO5-
options of the Tevatron. Thus, if a parameter space point i§7ER40319, DE-AC02-76CH00016, and DE-FG-03-
accessible via any channel, we place an appropriate box, cop4ER40833.
responding to the integrated luminosity that is required. The
cumulative reach shown in the figure is completely estab- APPENDIX: SPARTICLE DECAY WIDTHS
lished with just four channels: JOL, JOLB, C3L, and C3LT. FOR LARGE tan 8
For some points, the signal may be observable in more than . . . . .
one of these or other channels studied in this paper. It ish In this appef!d'x we give analytical expressions for those
possible that some additional reach may be gained by conifree- body partial widths that are sensitivedtor 7 Yukawa
bining several channels to gain a netd'5 signal, even  couplings and/or td, - T mixing (f=b,7). We first list the
though the significance in each of these channels is soméelevant couplings, and then give results Br-2Z;ff, W,
what smaller. We do not consider this added detail here. —7v.Z;, Z;—W;ff, andg—btw, .
We see from Fig. 11 that as tghincreases, the SUSY Many of the couphngs and kinematic functions that enter

IV. SUMMARY AND CONCLUSIONS
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FIG. 11. A plot of the combined reach of the Tevatron Ml and TeV33 for MSUGRAalliaf the signal channels considered in this
paper.

our computatio.n's have been defineq i.n. our ear'lier papers. ”A; :(gvg>_gfvg>)/‘f2, (A2a)
Instead of rewriting these lengthy definitions again, we pro- i

vide the reader with references to the papers from which ~ ,

these couplings are used. In these studies, the two charginos Ay =9 SNy, (AZb)
were denoted byW_ andW, instead ofW; andW,, respec- _

tively. Also, the lighter(heaviej neutralCP even Higgs sca- Asv =—gsiny., (A2c)
lar was denoted by, (Hy,) rather than byh (H), while the B

CP odd pseudoscala_r was denotedHby rather tharA. The. BZ =—f_cosy, (A2d)
corresponding couplings are characterized by supersdripts W_

h, andp. To facilitate the use of these couplings from the , :

earlier literature, we use this older notation to denote thyeéi’%hanigk are the SI.L(Q) ar}df U(l.){hgﬁl]"ge couplmg;,

charginos and neutral Higgs bosons in the formulas listed irf?m f e_ ukawa coup m_gs 0 err_mo e cqrrespgn )

this Appendix. ing couplings of the heavier chargino mass eigenstite
can be obtained by the substitutigris3]

1. Couplings W,—>WJr . Ccos YLR— 0xyy sin YL,R»
The couplings of electroweak neutralinos and charginos Sin y_ gr— Oy,y COS Y gr- (A3)
to a fermion and a sfermion are affected by mixing between ) ) ) o
SU(Z) doub|et(|__type) and S|ng|et(R_type) sfermions. We In the calculation of the partlal WIdthS, we will Ignore
write the sfermion mass eigenstates as termso my,m, when dOing the Dirac traces. It then becomes
_ 3 5 convenient to write the matrix elements in terms of couplings
f,=cos 6;f —sin 6;fg, to fermions with fixed chirality. In the following we denote

all left-handed couplings with the symbeat, and right-
handed couplings withB. The chargino couplings to the
?zzsin Bf?L+cos ef?R: (A1) ![|eg:t§; third generation squark mass eigenstates can be writ-

; [ |
wheref; denotes the lighter eigenstate. Since there ik+® g, =79 SN ygCOS O+ frcosyg sin 6, (Ada)
mixing in the sneutrino sector, some couplings remain unaf-
fected. We list these for completeness, using the notation of

0
= f A4
Refs.[18] and[19]: By b COS YL COS 6, (Adb)
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. . wherei is the neutralino index; tha{" can be found in Ref.
az =—gsiny_cos 0,+ f, cosy, sin 6y, [20].

(A4c)

. 2. zj—>2iff decays
B~ =—f, cosyg cosby. (A4d) ) .
W We are now in a position to present our results for the

artial widths for decays involving third generation fermi-
ns. We begin with the decay of a neutralino into a lighter
neutralino and @b or 7" 7~ pair. This decay can proceed
3—1: 6,—0, 6,—6., f—0, f,—f.. (A5) through the exchange of the two sfermion mass eigenstates
f12, through the exchange of Zboson, or through the ex-
Simila~rly, the couplings to the heavier sfermion mass eigenchange of one of the three neutral Higgs bosons of the
statesf, can be obtained by substituting: MSSM. The partial width can therefore be written as

The corresponding couplings to third generation sleptons caﬁ
be obtained by the substitutions

PR i N G — - o~ o~ 1 1 1
fi—f,: cos@;—sin 6;, sin 6; cos ;. (A6) r, Ziff)=2Nc(f)(2 5 e (I4T, Fth
T mz. ’

]

Finally, the couplings of the heavier chargino state can again

be computed using EGA3). +Ty A5+ 5+T4 ), (A9)
The couplings of neutralinos toand 7 (s)fermions can be P Lh P
written as
- where the color factoN.(f )=3 (1) for f=b (7). Recall
f1_7Rf (i) i that we seim;=0 when evaluating Dirac traces. As a result
~=A; cosf;—f sin 6;, A73) 3 f . . ’
aZi Z v f (A73) the Higgs boson and exchange diagrams do not interfere
. with each othef.
B;=ffv(2i) cos 9f+§12_ sin 6;, (A7b) The pure sfermion exchange contributiamgiven by
whereﬁiZi , ~BiZi are as in Refl19]. The couplings to fermions =07, +I7,+1I75,, (A10)

with weak isospinl;=+1/2 can be computed from Egs.

(A7) by inserting the corresponding unmixed couplings; inwhere
addition, one has to replace the compom&’ﬁ of the neu-

tralino eigenvector by;(li). The couplings to heavier sfer-

- _pf ? ?
mion eigenstates can again be obtained by applying Eq. =Dt (k=12 (Alla)
(AB).
Finally, we introduce the charged Higgs-boson— - - - - -~ - - -
chargino—neutralino couplings ‘;12:FfL1FfLZ+ FleF;2+ F;1F'°L2+ Flel“fRz.
: , . , ’ Allb
a%lv) =cos A}, 138\/) =—sinBAy),  (A8a) ( )

Here, the subscripts andR refer to the chirality of the SM

fermion coupling to the heavier neutrali@g. The quantities
(A8b)  appearing in Eq(Al1l) are

D) i _
ay,

=cosBA’4,, B, —sin gAY 6,

Fili:4(aizt)2{[(aizt)2+ (,Bizki)z]w(mgj,nrfk,mzi) (=D 0j(aizt)2¢(mzj’mfk’mii)}’ (A123
I‘?RkR=4(BIZT)2{[(aEZT)2+ (ﬂizf)z]w(mij,rrrfk,mzi)+(— 1)‘**Gi(ﬁizf)%(mzj,rmk,mzi)}, (A12b)
ri— —saékﬁikagfﬁéfY(mzj,m;k,rrrfk,mzi), (Al20

i Z

This would be a very bad approximation f%rﬂztt_decays. However, if these decays are aIIovCEdhas numerous two-body decay
modes into real gauge and Higgs bosons and lighter neutralinos and charginos. The branching ratios for neutralino three-body decays into top
quarks are therefore always negligibly small. Analogous remarks appW;teZ;tb decays.
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Ty T By f g 1 T
Pirf=gal 1a {[al S+ B B TG, M)+ (= 1) s (g, )
(A12d)

rhrfz= 8311& {[ o ~Z+ﬁ ,3~]¢(mz. M)+ (= 1) 082 B (i, )}

(A120
r?lr?zz—sailgizafzgilv(w my i, m3.) (A12f)
LTR Zj Zj 7"z Zjv e tHZ )
Tt T, f1 Ty f ~ ~
FLZF R1: - SQET’BETQET’BE?Y( mzj ,ITTfl, mfz, mzi) . (AlZg)

The kinematic functions), ¢, andY are given in Ref[21],>  given in Ref.[22], anda;, B; are the left- and right-handed

and ¢; is 0 (1) if the sign of theith eigenvalue of the neu- Zzff couplings in the notation of Ref23]. Finally, the upper
tralino mass matrix is positivénegative [18]. The functions integration limit is given by

¢ and (b which depend on two sfermion masses are gener-

alizations of the functiongr and ¢ which depend on just one

sfermion mass: to defin;é, we simply split the squared fac- m~2i+ m% —4mf2
tor where the top squark mass occurs in E&6a) of Ref. Ema= ———=—— (A14)
[21], into two such factors, with each one containing a dif- 2ij
ferent sfermion mass. Similarly} is generalized fromp by
writing n;_in the first factor outside the square parenthesis
in Eq. (A6b) of Ref.[21], and n;, inside the square paren-
thesis. In other words, when the two sfermi&lsand?z
have the same masg= and ¢= ¢. am?
For completeness, we also give thguared Z exchange Bi=~/1- S ST (A15)
contribution which is not affected by sfermion mixing: Zi Z
2 20 20 2\ e s
['z= 128 W;| (af+Br)Mz, — The pure scalar Higgs boson exchange contributicam
also be written as a single integral:
Emax By E?— Z;
fmzi dE(miJFm%j—M%—ZEmEj)z g

2
my Emax >
5, 2 - 2_
Ty, =27 (chosﬁ) mzjfmi dEB\/E?-m;

2 2 X X IO
E[”‘Ei+”‘Ej_(_ 1)‘9|+"12mzimzj]

><(m§+m%—Zm}_E—2mf2)[E+(_l)gi+.9jm2]
1 j :

sin a(XI +X' i)

B
E2+ m~§i+ ?f (Ez—mi))
2
”‘Ei+”‘ij_2ijE_mH|

— m“
Z, %

—1\0i+ 0= (M2 2 _om?2
(= 1)AAmg, (g +my 2mf)]' (AL3) COSa(Xh+Xh)

(A16)

— _ 2
Here, e is the QED coupling,W;; is the ZZZ; coupling mZerE,- 2msz M,

I,h ; ;

2Note that the third line in Eq(A6h) of that paper should come Herle, Xii. are ;he couplings of thel-llght an(cjjl her?vy nelutral

with a positive overall sign. Furthermore, the last term in the firstSCa a'f I_-||ggs. .OSO!’] to two neUtra}'nos andis the ang e .
) . 2 2 describing mixing in the scalar Higgs sector as defined in

denominator in Eq(A6a) should benﬁ, rather tharmg. Of course, f 120 dm2 h fth Hi b
m; is repaced by the appropriate fermion mass in the definition oBe [20], ar.1 mth .are t_ e- masse§ 0 t e two Higgs bosons.
these functions. Finally, although the number of arguments appearthe upper integration limit is again given by Ed14). _
ing in theY function are different from that in Ref21], the corre- The squared pseudoscalar Higgs boson exchange contri-
spondence is obvious. bution can be cast in a quite similar form:
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m: tan
FHp: 2#2{%

Emax
x dEB+/E2—m:
fm}i ' Zi

2 2 - -+ 6 e
(m2i+mEj—Zmsz—2mf2)[E—(—1)0|+91mzi]

2
(X +x,,)} m;,

X

R -
(m + m; 2m; E- mﬁp)2
(A17)

The couplings)(i”j can again be found in Reff20].

We now turn to the various interference terms listed in
Eqg. (A9). The Z-sfermion interference contributiorcan be

written as
Izi=Tzt, + 'z, (A18)
with
o 1 o i 2
Iz =32W, [a 01 (af ﬁf)_ﬁiﬁ;(aﬁﬁf)]ﬁ
i T
J
X f(mifmii)z ae 2
4m? S_MZ
X _1 ' 5 E~+ 2 2 .2
EQ(mzj QT My m}}, S—my)
2
4m [(m m~ mf)(m~ m~ mf)
+(—1)"i+"im§im§j(s—2mf2)]
o Me(Eet Q)2 a10)
Xlo -
9z, (Eq—Q)— 42
Here we have introduced the quantities
s+ms —m2
pl=s+m; —ms —m?, Eq=——p
i Zsz
Q=VE5—s, (A20)
and
) 1 4mf
QNI
The real coupling7vmn is defined to be
W= (1) n( = 1) oW, (A21)

with W,,,,, given in Ref.[22].
Finally, theHiggs-sfermion interference contributionan
be written as

PHYSICAL REVIEW D 58 075008

I""| hpf 1—‘H| h pfl+FHI,h,p?2’ (A22)
whereH,, H,, andH again denote the light scalar, heavy
scalar, and pseudoscalar Higgs boson, respectively. The
separate contributions in EGA22) are given by

272 gmy sin a

- | T fk o fk ofk
= — . i~ ~" 4+ a~ ~
FH|fk mEJ MW COSB XIJ)[aZiﬁzj azjﬂzi]
X(_1)0i+ejJH(mEjvnﬁkvalvaia0i+0])1
(A23a
2m? gmg coser .. fk (D
~ = + —~ o o~
= g Wiy com O+ X e S8+ aB]

X(_1)0i+()j‘]H(mEjamfkamthmEiv0i+ 0])1

(A23D)

22 gmy tan B

1—‘H f mZ MW

O+ XEay B+ af B
X (— 1)“f’i*BJJH(mzj,nﬁk,me,mgi,H 6+ 6,).
(A230)
The functionJy is defined as

JH(mijum ,mH !mEive)

f(m}jfmii)z ds
- 2
4m? S— mH

25Q

2 2 - B = 2
+sn’;—mf(mziz+mzjz)+(—1) mzimzj(s—me)

4m§j

Mgz, (Eq+Q')—
X100 i B Q-

(A24)

y7
Px
where u?, Eq, Q, andQ’ have been defined in EGA20).

3. \7Vj—>2irvT decays

These decays proceed via the exchange @ hoson, a
charged or neutral third generation slepton, or a charged
Higgs boson. The partial widths can thus be written as

T S S SO S
2(277)52m~(WJr AR

(W —~Z77v,)=
+Tw+ Dt D+ D+ T ).
(A25)
The Higgs andW exchange contributions do not interfere,

since we neglected termam,. when doing the Dirac algebra.
The squared W exchange contributias given by

075008-15



BAER, CHEN, DREES, PAIGE, AND TATA

2
E2—m:

Emax Z;

I'yw=4 4—f dE
WS (mG, +ms —2mg, E—M3)?
i i

i i 2 2.
{XG 2+ 1Y 2)03(mE, + mE mi £
2 2 i i
—2mg, (B2 mg )] =3(|X][2]Y[?)
2 2 -
XijmZi(mVVj+mEi_2E”‘\/Vj)}' (A26)

HereX! andY! are theWW,Z; couplings as defined in Ref.
[18], and the upper integration limE is given by Eqg.
(A14) with mz,— Mgy, andm;—0.

The squared sneutrino exchange contributisngiven by

P5=2(A3 L(AL )%+ (B )*Py(mi ).
(A27)

PHYSICAL REVIEW [»8 075008

The couplings appearing in E¢A27) have been defined in
Egs. (A2), and the kinematical functiog is given in Ref.
[21].

The pure scalar tau exchange terncan be written as

I=rs +F +F7172 (A28)

where
I7,=2(ag, (@) + (B7)"1(miy,my s ), (A299
r;1;2—4a”a: [a~1 72 /3 ﬁ~]z/;(mw, <M, MG ).
(A29b)

The couplings appearing in Eq#29) have been defined in
Eqgs.(A4)—(A7), and the functiong,  are as defined above.

The squared charged Higgs boson exchange contribution
is

) ) ) . . .
gm, tan 8|2 (Emas (M3, +m2 — 2B {EL(al)?+ (85,21 +2(— 1) 4 img afy) 65}
Iy= wzmw(— f dEVEZ_mg J I 2 : 2 A
Mw iy, Zi (mg, +m; —2Emg, —my.)?
j i
(A30)
|
Here, E . is the same as in EqA26), theH*\7Vj’Z cou- _ ~ 2 ((my-my? ds ~
plings have been defined in Eq48), andd;(=6_ or 9. in o(mgy, s, mz) = 8my, s— M2, mzs
the notation of Ref[18])=0 (1) if the corresponding eigen-
value of the chargino mass matrix is positifregative. I m(Eq+ Q) — u? A32b
The W-sneutrino interference contributiaa not affected 0 my(Eq— Q)—u? ( )

by 7, -7 mixing and contributions<f _; it can be written as

FW’B: _4‘/292( _ 1)0i+0j;&\§vj;&§i[(x} —Y;)l 1(m\7vj,m;,7,m2i)

= (Xj+ YDl o(miy,m; m3)], (A31)

where we have introduced the functions

ds

- _ & (my—mz)
Il(mW!mimz)zzm\,;v 0 —2_5—M
w

X

1 ~ 2 2

2 2 2 2
(mz —mg)(m; —mg)

4myy
mi(Eq+ Q) —
X log i Eo— Q) 2 (A32a)

The quantitiesu?, Eq, and Q are as in Eq(A20), with
mzj—>m\7\,, mz,—mz and iy, — Ntz .

The same functions also appear in iescalar tau inter-
ference contributions

Pwi=Twz +Tws, (A33)

where

rw;k:wzgzagjja;ik[(x; + Y] 1(mi, s, m3,)

= (X = Yl o(miy,m; mz ). (A34)
The couplingsX], Y| can be found in Ref.18]; the remain-
ing couplings appearing in E§A34) have been introduced
in Egs.(A4)—(A7).
The sneutrino-scalar tau interference termsan be writ-
ten as
=T +T

v L vTy vTy!

(A35)

where
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T~ :_4A~ aik[B /3 Y(mw,m M, mz,)

VTk
—(—1)%* ﬁiﬂa,j ag_k?ﬁ(mqvj,m,nnk, mz,)1.
(A36)

The functionsy, :;S have already been defined.
The charged Higgs-sneutrino interference teiggiven

by

TV AT ng tanIB
FHVZZ‘/jA.Z‘B\‘;V U IH(ijlmH+!rm/ !mE-)l
i j T i
(A37)
where we have introduced the function
IH(mGVjimH vmvmzi)
w2 (myy. —m3)? ds 1 i
i (i)
S ] 1 — S ~
2m\7\,j 0 s—m3 | 2 Q’BWJ
e [,8 sm+( 1)+ g Y )mw mzs]
| m\7vj(EQ+ Q)—u? (A38)
Xlo ,
9 miy (Eq-Q)-

the quantitiesu?, Eq, andQ are as in Eq(A20), with m}

PHYSICAL REVIEW D 58 075008

Py=Ty, + s, (A39)

where

7 gm. tan 8

FH;k=2\/?agcj,3§i Moy (T My T T ).

(A40)

The partial widths for the analogous neutralino to
chargino decays are given by crossing:
L(Zi— W, 777)=T(W] —=Zi7 v,) (Mg, > m3,).
(A41)

Note thatZ; can also decay intdV; r* v, final states, with
equal probability. However, these neutralino decays are usu-
ally not very important, since they are either phase space
suppressed, or have to compete with two-body decays of the
heavy neutralinos.

4, §—>\7Vitgdecays

These decays proceed through the exchange of any of the
four top squark and sbottom mass eigenstates; in the limit
6y, f,—0 considered in the existing literatur2l], only one
of the two shottom eigenstates contributes here, simge
does not couple to charginos in this limit. Fortunately the
general case does not introduce terms with new Dirac struc-

—my,. The charged Higgs couplings appearing in the. inteture in the matrix elements; the necessary phase space inte-

grand of Eq.(A38) have been defined in EqEA8).

The same function also appears in ttearged Higgs-

scalar tau interference contributions

dEtptEt(m§+ m; —

grals can therefore be extracted from the Appendix of Ref.
[21].
We begin by defining eight kinematical functions:

2Etm§—m\27v)2

Gl(m~,m”,m\7v)=m~f
5 5 (meem?

Gz(ma,ma,mw)=m§fd

2, 2
mg+mg—

— 2E;mg—m?)2(m+mf — 2E,mg)

(A423)

2y 1/20 2 2 — 2 2
EpE A (Mg + mp— 2Epmg , mg, my)

2 — 2
mg — 2Epmg—mg,

X 2
(M mj— 2Egmg —mg) 2(mg -+ mg -

, (A42b)
2E;mg)

Ga(mg , M, i) = (— 1) 4mgmim, f dEGE N +m3— 2Emg g, mp)

1

2. 2
(mg+mj,—

Gy(my, ,mg,m\],)=(—1)%+99vm§m\7\,f

X | Ep(max) — Ep(min) —

2E,mg—

—— — (A420)
m)?(ms +mp — 2Emg)

dE,

2, 2 2
g+ mp — 2Emg —mg

2 2 2
mg +my — 2E;mg—mg,

(A42d)

2mg log X/,
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2 2 2
m, m§+mt—2Etm§—m\7v
G5(m§,,m",m;,,mg\,):(—l)"”é—det 5 2 log X, (A42e)
2 me +m¢ — 2E,mg— m;
2
Ge(mz , T, mi, m”)zif d& Hmr(m~+m —2E,mz—m3)— b_ 5(2E mz—mZ—m2) |log X
6\!llg» »Hp s HHw, 2 mg+mt 2Etm_ t t'tlg W . t'tlg t 9
+2(2E;mg—m¢ —m2)[ Ep(max) — Eﬁmin)]] , (A42f)
2
1 dE, -m
G7(m§,,nr,rm,,mvv)=(—1)"w—mvvmtf 3 2[Ep(max) — Ep(min) ] — log X[,
2 mg+mf — 2Etm~—m~ g
(A429)

(rrwrmt 2E;my— m )[ETmax)—EbTmin)]
Gg(mg, i, miy) =(—1) gmtrrrJdEt . (A42h)
+mt 2E{mg— rrr )(m~+mt 2Etm§—nrt2)

Here, ;=0 (1) if a positive (negative gluino mass parameter is chosen, ajgd(= 6_ or 6. in the notation of Ref[18]) is
the correspondlng quantity for the chargino mass eigenstate. Further, we have intregoed max)[21], which are given

by

2 2 2 2 — 2 2 2 2
(Mg +m? = 2mgE+mp — mg ) (Mg — E) ¥ p A YA(mg + mf — 2mgE,mg, m3)

A43
2(mZ -+ m7 — 2E,mg) (A43)
|
Also, can be written as
pe=VE;—m; (A44a) -
and I'(g—tbW;) @2 2m " g2
mE+ 2E5(max)mg — m2 2
b - ~ ~ ~ ~ ~
= g - ’ 3 (Ad4b) X\ Ty AT+, + g+, + 2: It b,
m5+2E§(m|n)m5—m§
(A45)

Finally, the limits of integration oveE; in Egs. (A42) are
2 ~ . .
from m to (mg+ m — (m+mp)?)/2mg, while the integra-  whereg, is the SU(3) gauge coupling. Note that in the limit
tion overg, in Egs. (A42b) and (A42c) goes fromm, to  m,—0 the two sbottom exchange diagrams do not interfere
[n1§—(mt+ m\7\,)2]/2m§. with each other. The individual contributions in E@#\45)
The partial widths for the processes under considerationare given by

= Llag) 2+ (B 2ILG(Mg T M) — (— 1)* Sin(26,) Gg(mg ., 1T, M )], (A46a)
ti = 2(al o + B 2008 20) Gy(mg Mgy, (Ad6D)
U5, =g )+ (B )21Gol(Mg M, i) — art Bk Gl T, i), (A460)
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- oo byt byt N
Ftlbl—(cos 6, sin GbaWiBWiJrs'n 6, cos 0b'8\7via\7vi)66(m§ ,m;l,mbl,mwi)
6, cos Bt +sin 6, sin 6,87 611G M., My
(cos 6, cos bt @, +SIN 0 Sin b'8\7Vi'B\7Vi) (Mg, M ,mp,_, My,
+ 0 051?1+'0'651?1G n_,mg_,mg;
(cos 6, cos b’8\7Via\7Vi sin 6, sin ba\7\/i'8\7vi) 5(Mg, tl'mbl’mWi)

. b . b
—(cos 6, sin abﬁ\iﬁ\%&sm 6, cos ﬂbag\i a%_)G7(m§ MG, M) (A46d)

The couplings appearing in Eq#46) are listed in Eqs(A4)—(A7). The other top-squark—sbottom interference contributions
can be obtained from E¢A46d) by substituting the appropriate coupling constants and squark masses; in addition, one has to
apply the substitution rule@6) to the factors in EqA46d) that depend on third generation squark mixing angles. Finally, we
note that gluinos have the same partial widths for decaystbg~ andtbW," final states.

These formulas have been incorporated into the event genesat&r 7.32[9]. Finally, we remark that we have also
updated the formula fof (g—ttZ;) that appears in Ref21] to includet, —tg mixing effects. This has also been incorporated
into ISAJET.
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