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We present a refined and expanded analysis of the €Bjy+E; event as superpartner production,
assuming the lightest neutralino is the lightest supersymmetric particle. A general low energy Lagrangian is
constrained by a minimum cross section times branching ratio into two electrons and two photons, kinematics
consistent with the event, and LEP 1-LEP 130 data. We examine how the supersymmetric parameters depend
on the kinematics, branching ratios, and experimental predictions with a selectron interpretation of the event,
and discuss to what extent these are modified by other interpretations. Predictions for imminent CERN LEP
upgrades and the present and future Fermilab Tevatron are presented. Finally, we briefly discuss the possible
connection to other phenomena including a light top squark, the neutralino relic density, the Rhjfaird the
associated shift imvg, and implications for the form of the theory50556-282197)06303-0

PACS numbses): 14.80.Ly, 12.60.Jv, 13.85.Qk

I. INTRODUCTION ratio. Instead of advocating a particular lower uppey
threshold value, we vary the value in a reasonable range and
Minimal low energy supersymmetry provides the mostshow the effect on parameter space and predictions. In this
promising framework to extend the standard mo¢®&M).  way we attempt to give an appreciation for the robustness or
Such extensions take the form of complete models that erconfidence of particular constraints or predictions.
compass the gauge group structure and particle content of the We work within a general low energy=(electroweak
SM, along with the supersymmetrized interactions and suscale supersymmetric theory without assuming common
perpartners. General low energy theories of supersymmetrycalar or gaugino masses at the unification sg2jeTo de-
have over 100 parameters in addition to the SM parametersermine branching ratios and scalar interaction contributions
such parameters can certainly be constrained by direct cote cross sections, we do assume squark mass degeneracy,
lider searches, but in general one needs more information @xcept possibly for the light top squatk, and a mass de-
more assumptions to do calculations that examine mangeneracy among sleptons with the same electroweak quan-
parts of the remaining parameter space. In many cases onfm numbers. Such assumptions are not crucial to our analy-
one or a few parameters enter the calculation of a giveRis, and could be removed if necessary. We assumeRhat
observable, and so useful predictions can often be made frogarity is exactly conserved, and so the lightest supersymmet-
a small subset of the supersymmetric parameters without logg particle (LSP) is stable(consistent with theeeyy+ E+
of generality. The two obvious approaches to reduce the pasvent where the two LSPs escape the CDF detedtarally,
rameter space are to use theoretical assumptionsdiratt  throughout this paper we assume that the LSP is the lightest
and indirect experimental constraints. neutralino N;, and not the gravitino. Analyses of the
In Ref.[1] we showed that the Collider Detector at Fer- eeyy+ E; event assuming the LSP is a light gravitino have
milab (CDF) eeyy+ Er event[2] at the Fermilab Tevatron peen presented by y4,4] and in Refs[5,6]. One cannot
could be interpreted in low energy supersymmetry Withgistinguish these scenarios based solely onebgy+Er
roughly the expected rate and kinematics. If we assume thalyent, although it is likely that associated phenomenology
this interpretation is correct and that the evintlue to su-  ¢an distinguish the scenarios. In this paper we assume that

persymmetry, then we can reduce the parameter Sp,ace Wl is the LSP or is, at least, long lived enough to escape the
searching for sets of parameters that satisfy the event's con-

straints. We use the term “model” to describe a distinct Setdete(_:tor. IfN, is identified as a stable LSP, then it is a
of parameters, but of course all of our “models” parametrizeposs'bh.a FOId dark matter particlé]. -

only one basic supersymmetric low energy Lagrangian. The In m|n|mal_ IO.W energy supersymmetry the p055|b|I|_ty of
primary difficulty in deriving precise parameter constraintsOne'lm.)p rad|at|_ve decay of neutralm{ﬁ—_ll] leads to SI9-
(hence predictiondgs the somewhat arbitrary notion of inter- nals with hard isolated photons plus missing energy in the

preting one event in terms of a cross section times branchingnal state, a 5'9”‘?' pred|cted many years prior to 'the
eyy+ E¢ event. This is by no means the only mechanism

to produce photons plus missing energy, but it does allow the
interpretation of theeyy+ Ey event as selectron production
Electronic address. gkane@umich.edu pp—e +“é‘('-i-X), with the §elgctroﬁ decaying mainly into
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*Electronic address: ambros@umich.edu

0556-2821/97/563)/137227)/$10.00 55 1372 © 1997 The American Physical Society



55 LOW ENERGY SUPERSYMMETRY WITH A NEUTRALIND . .. 1373

initial superpartner production is different. The two possibili- 120
ties in this class that we consider below are chargino pair
production and neutralino pair production. 10 -
The plan of the paper is as follows. In Sec. Il we discuss 100 |
the kinematics of theeyy+ E; event in the selectron inter- >
pretation, the chargino interpretation, the neutralino interpre- 3 %0 r
tation, and other interpretations. Using superpartner mass —_ sgo |
constraints established from tbeyy+ E; event kinematics, z
we discuss low energy supersymmetric model building in ~ § 07
Sec. lIl. Here we present a discussion of the radiative neu- & 60 |
tralino branching ratio, slepton decay, and constraints from €
the CERNe"e™ collider LEP. In Sec. IV we discuss the 50
results obtained from a numerical scan of the parameter 40 |
space, using the structure built up from Sec. Ill. The bulk of 0 , , ‘ , ) ‘
our results is contained in Sec. IV, where we discuss the 70 80 9 100 110 120 130 140
model-building results, the chargino, neutralino, and slepton mass of selectron [GeV]

branching ratios, and predictions for LEP and Tevatron. In

Sec. V we discuss the possibility of explaining the FIG. 1. The kinematically allowed region of theeyy+E
eeyy+ Er event with the further assumption of a light top event in themz-myg, plane is shown for various valuesog, in the
squarkt;. Finally, in Sec. VI, we present our concluding selectron interpretation. The allowed regions fog, =0, 10, 20,
remarks, including a summary of such questions as distin3o, 40, 50, 60, and 70 GeV are to the inside and right of the indi-
guishing left and right selectrons, and the main channels thatated lines. The allowed region for any giveny, is roughly a
can confirm that theeyy+ E; event is due to supersymme- subset of any lowemy , except for large values ofiy,. Since the
try with an LSP=N;. In Appendix A we discuss the viability lines are derived from the momenta of theyy+E; event, they

of the chargino interpretation, and the results of attempts aire only as precise as the associated measurement of momenta.
model building. In Appendix B we give four sample models

in the selectron interpretation. limit on the selectron cross section, which will be made pre-
cise in Sec. IVB. Since the electron and photon momenta
Il. KINEMATICS OF THE eeyy+E; EVENT have experimental uncertainties, the kinematic results that

. . ) . . we derive from the event will have associated uncertainties.
The kinematical requirements on the intermediate parana|ytic forms of the constraints have been extracted and are

ticles involved in theeeyy+ Ey event are stringent, and for resented in Table I: a few observations are in order that will
completeness we present a refined analysis based on the p§s ;seful in model building{1) my.=<(50,74) GeV, for
1

cedure outlined in Refl]. There are three basic possibilities B . . .

for intermediate(s)particles; we will present these in terms m5<(_115'137) GeV{2) my,—my,>21 GeV, this value in-

of LSP=N, interpretations, but the analysis is generic andc"€asing to 30 GeV asiy —0 GeV; (3) mg—my,=20
could be applied to any set of intermediate particles thaf5eV, this value increasing for decreasings; (4) given
satisfy the criteria below. All decays are assumed to occufy, =33 GeV, thenmz=100 GeV;(5) only one pairing of
close to the apparent vertex, which would be true of any LSRlectron and photon gives consistent kinematics for
=N, interpretation. The procedure we use to find kinemati-mz=125 GeV.

cal constraints is to begin with the information on the ob- The nontrivial mass differences that are required are not
served particle§2], assume two- or three-body decays assurprising, since all of the particles in the event have large
appropriate, randomly select unconstrained momentum conitransversgenergy. We incorporate the mass difference con-
ponents of the unobserved particles on both sides of the dstraints as well as the constraints on the rangesngf,

cay chain, and then reconstruct the intermediate particlen; = andmy in our model-building efforts.

masses based on all possible pairings of electrons and pho- 2
tons. The masses of identical particles on both sides of the
decay chain are required to be within 2.5 GeV to “pass” the L
kinematic cut. The net transverse momentum in the event The second possibility is chargino productipp_—>cicj
from adding both the observed particles and the LSPs igj,j=1,2), with three possible decay chains: three-body
assumed to bip|=20 GeV.

B. Chargino interpretation

TABLE I. Kinematical constraints in the selectron interpreta-
A. Selectron interpretation tion.

The first possibility is selectron production
pp—e*e (+X) and decay via the two-body mode QE
‘e—eN, followed by N,—N;y. All sparticles are assumed th?
to be on mass shell. The general result is summarized in Fig, "2
1, where the allowed regions in tmeé-mﬁz plane are given N2
for a series of maximum values uf,ql. The choice to cut off mzz
the graph aimz=140 GeV is motivated by a rough lower

75 GeV
—0.007222 +2.71mz — 122 GeV[msg in GeV]
0.2861z+ 10 GeV
0.167my, +101 GeV
0.958my, +25 GeV
1.08mz— 71 GeV
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Eﬂﬁzeve (through an off-shell or possibly on-sheal), TABLE II. Chargino and neutralino cross sections at LEP and

two-body C—>"e"ve or C—T.e. For either two-body decay, Tevatron depend oM 4, M», tanB, u, and the pr_:lrtlcular superpart-
the on-shell slepton proceeds through another two-body d ner masses as beloWlhe Tevatron cross sections also depend on
~ &he second family masses, but these contributions are generally sup-

cay €(ve) —e(ve)N,, and then the photons are obtained pressed by Cabbibo mixing and a small parton distribufigp in
through N,—N;y. Calculating consistent kinematics re- the proton)
quires specifying the six unknown momenta of the two neu

trinos as well as the unknown LSP momenta in the finalProcess LEP Tevatron
state. ThIS.IS too gomphcated to ldeI|neate any rigorous ex~_N_ M M S
clusion regions using the randomized momenta procedure a8 | LR LoE RTR
in the selectron interpretation. However, we have checke&i Cj My, Mg, Mg,
that it is possible to generate consistent kinematics foN;C;" - Mg, , Mg,

mg>95 GeV, assuming that the two-body deday-11" oc-
curs and that al(s)particles are on shell. The rough regions
where we were able to find kinematical solutions havenot possible to have a large dec’éyﬁa,,e, with both
m7=60, 75 for sleptor sneutrino, selectron. In addition, we ?e',_eﬁlvze suppressed. Furthe€— N,ev, has to be sup-
found solutions withmij, =20 GeV, my,—my,=10 GeV, pressed with respect 16— N,ev,, which is difficult espe-
Mc= ma>{2.5rnﬁ2—95,1.5nﬁ1+65,95| GeV. Thus a solu- cially in the presence dnﬂiz—ﬂly. Finally, with four neutri-
tion in the selectron interpretation need not be a solution ihos carrying off invisible momentum it seems difficult to

the chargino interpretation and vice versa. have a large probability for the high energy electrons re-
quired in the final state, since the selectrons have to be light
C. Neutralino interpretation to have a largeeyy rate.

The third possibility is neutralino production, e.g.,
pF*)NzN‘Lz where either of the heavier neutralinps 3,4
decay asNJ-—>I+I‘N2, followed by the usualN,—N;vy.

This interpretation contrasts with the first two by producing The kinematics of the event have illustrated two viable

both leptons from one side of the decay; however, it is caI—Sources ob + E- events: slepton production or chardino
culable as in the selectron scenafgince the only unknown CyyTEr - Siepton p 9

final state momenta are the two neutralindEhe invariant production. In either case, the essential ingredient to getting

mass of the electron pair can be extracted from the everf?0tons is thl‘OL(]jgh thef_oned—k;_op r?}d'at'\lle decay of neutrall—f
M.+, ~160 GeV[2], which implies the mass difference be- 0S- To proceed, we first define the relevant parameters o

tweenmy andmy_must also be greater than 160 GeV. Thisthe 1ow energy supersymmetric theory, including the

. i 2 . chargino and neutralino mass matrices. This sets the stage
is almost certainly too high for a reasonable Tevatron COS%or the discussion of the radiative neutralino branching ratio
section while retaining a reasonal and proper neu- : X

_ o gare b, . prop . We also discuss the treatment of the squark, slepton, and
tralino mixing to haveN,—N,y. Further, in the particular  Higgs sectors and the relevant mixings, as well as discussing
case where the branching ratio f+or_thg deddy~N,Z is  the selectron branching ratios. Once the models have been
large, then a lepton pair frod—1"1" will always recon-  constructed, we describe the constraints imposed on the pa-
struct to an invariant mass of abomt;. Thus, a neutralino  yameters from experiment.

interpretation of theeeyy+E; event seems extremely un-  The main focus of this paper is on the selectron interpre-

Ill. MODEL BUILDING

likely, and we will not consider it further. tation and not the chargino interpretation, since it is made
clear in Appendix A that the chargino interpretation is diffi-
D. Other interpretations cult for many reasons. However, in the following we have

Other supersymmetric interpretations with a neutralinofittempted to provide a general discussion of the model build-

LSP are in principle possible, and are based on variants dpg, since radiative neutralino decay is required in both in-

selectron production, chargino production, or neutralino prol€rPretations.

duction. The differences lie in the particular decay from
which the electrons originate, plus possibly other invisible
phenomendneutrinog. In all cases the photon is obtained
from the decayN,—N; v, and as a consequence the photon

always appears in the last step of the decay chain. One ex- The chargino and neutralino tree-level masses and mix-
ample is stau productiopp—7 7~ (+X) with the decay ings are determined by specifying the gaugino soft masses
7— 7N, followed by 7—e (+v,v¢). The total branching M, andM,, the ratio of the Higgs vacuum expectation val-
ratio is suppressed compared with selectron production by geg ta,ﬁE<Hg>/<Hg>, and the Higgs superfield mass param-
factor B(r—ewv,re)*~0.03; hence, the rate inteeyy is  eteru. The form of the mass matrices is well known, but it
much smaller than selectron production. Another example igyjl| prove useful in the discussion of the radiative branching
a variant of the selectron interpretation with a chargho ratio to have the expressions in the particular basis as fol-
that is_lighter than the selectron, such that the decayows. Note that we assume no relation betwddn and
‘e, — v.C(—N,ev,) is dominant. In this case it is probably M.

A. Supersymmetric parameters
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The chargino mass matrix in th&q\'f\/i, ﬁi) basis is and can be diagonalized by a biunitary transformation
U* Mgz=V~1! to yield the masses and mixing matricels

M J2M sing V (as well as fixing the sign convention gpf consistent with
Mg== 2 W (1)  Ref.[12]). The chargino masses can be found from the ana-
2M wC0SB M ' lytic expression
1
m%12=—{M§+,u2+ 2M&,F V(M5— 1?2+ 4MG,coS28+AME(M5+ u?+2M,u sin2B) b 2

The neutralino mass matrix in the-(y, -z, ﬁa, ﬁb) basis is

M,coS O+ M,sirfby  (M,—M;)Sindy,coshyy 0 0
(M,—M;)singy,cosfy, M Sirf Oy + M,cos by M, 0
My= 0 M, wsin2B  —ucos2B | 3
0 0 —mCcos28 —usin2B

and can be diagonalized by a unitary transformationenology that is independent of the gluino. In Sec. V we
N* MyN~1 to yield the four neutralino mass eigenvalueselaborate on the possibility of models that can generate an
e;my, and the mixing matriN that we assume to be real and eeyy+E; event with the additional assumption of a light
orthogonal(exact expressions for the mixings and massedOP squark.

can be found iM13,14). The sign of the neutralino mass  The slepton sector is defined by the massgs and
eigenvaluee; enters the supersymmetric Feynman ruIes,mTR, with ms; related by the S(2), sum rule

while the physical massesy, are always positive with the

ordering Osrlmlfmﬁzs My, <My, The (y, E) basis is re- m%=m~f- _ M€V|cos2,8|, (6)
lated to the B, W3) basis through t
Y cosdy,  Sindy B for tanB>1, and the couplings to gauge bosons and gaugi-
(~ :( ) )(,,3), 4 nos fixed by the SM gauge group. Slepton production cross
Z —Sinfy  CoFy/ \ W sections at the Tevatron are given in Rdf$7,18,1, and

~ o~ o ~0 =0 _ dependonly on the mass of the slepton. We assume slepton
and the H,, Hp) basis is related to theH?, H) basis mass degeneradynotivated by the absence of lepton flavor-

through changing decaysalthough it is not required by the theory or
- ~0 the eeyy+E; event. Where necessary, we remark on the
H, cosB —sing\ [ Hj effect of removing this assumption on associated phenom-
r_"b = sind  cos3 ﬁg : ®) enology. We also assumeR mixing in the slepton sector

can be neglected.

Our notation follows Refg12,15, with ﬁ‘f andﬁg coupling _ Th_e_squark sector in our model building is defined for
simplicity by a common squark massg, the top squark

to the down- and up-type fermions, respectively. The pro- assesn_and m> and the top squark mixing angl

duction cross sections for charginos and neutralinos at LEIg] ) t ta P sq i g ang’ .

and at the Tevatron involve graphs withchannel gauge In this way we achieve a useful reduction of parameter space

boson exchange artdchannel slepton or squark exchange.throughmg=mg =mg =mg_=mg_=---, and we further

In Table II, we itemize the dependence of each chargino oassume for simplicityny, =mg. These assumptions can be

neutralino cross section on the squark or slepton mass.  removed if data become sensitive to them. The top squark
The gluino does not enter phenomenology directly assomass eigenstates are defined by

ciated with theeeyy+ E; event. Its tree-level mass is given

by th_e soft mass _p_ara_metb?g that is unconstrainec_i without 1, cosr  sing7\ (T,

gaugino mass unification. There need be no relation between _

M, M,, andM 3, and we do not assume one. However, one ( ) _( ) ( ) '

could imagine that the non-Abelian masdds and M ; are

equal at the unification scale, with thé1) massM, related ) - .

to them in a more subtle way. Referer{d$] has suggested with the top squark trilinear co_upllngt (and the soft masses

that the gluino may play a dramatic role at the Tevatron, ifg @ndmy, ) uniquely determined bynt, , and the mixing

the lightest top squarf has a mass-50 GeV. However, for angle 67, for a givenu and ta8. We assume all other

the primary purposes of this paper we can focus on phenonl--R squark mixing can be neglected.

1, —sing; cod; | | Tk @)
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FIG. 2. (a) Contour plot for the branching ratio of the radiative neutralino debay—>N17 (in the M;-M, plane for the case
tan=1.2, u=—45 GeV,mg _=110 GeV,mg=m7 =500 GeV, andm,=400 GeV. TheB(N2—>le) 0.9, 0.75, 0.5, 0.3 levels are
shown and labeled. The LEP excluded region is shaded The solid thick line outlines the reglomN\ﬁmH@z<N2|y)2>0 7.(b) Contour
plot in the same plane with the parameters above, showing the mass difference of the two lightest neutralinos in GeV. This figure is a result
of the general radiative neutralino decay analysis of Ref].

The Higgs sector is determined from fnthe neutral M, O 0 0
CP-odd Higgs boson mass,, and higher order corrections 0 M. M 0
[19,20. We include one-loop corrections from top squarks B 2 Nz tand=1,
[20], and neglect all other contributions. In this framework M=l 0 Mz & 0 for M;=M,. (8)
we calculate the charged Higgs boson mags, the neutral 0 0 0 —pu

CP-even Higgs boson masses, and my, and the mixing

anglea from the above parameters. The Higgs sector enters

the radiative neutralino decay through the charged Higgs bo this limit two neutralinos become pure photing)(and
son, and the branching ratios for the heavier superpartnefsiggsino (Hb) states, with massed, and|u|, respectively.
into one or more oth, A, H, or H® (neglecting off-shell The other two neutralinos are mixtures @H,, with
Higgs exchange in three- bo@,N—>C,fo decays. masses

B. Radiative decay of neutralinos mz.q,= 3IMo+ u+ \/(Mz w2+ 4Mz| 9

The radiative decay of neutralinos has been well studied
[8-11], and it suffices to review the mechanism that en-FOr pure’y and Hb states, the tree-level couplingeH,Z,
hances the radiative branching ratio with respect to the trae/H ph(A), andeff (in the limit m;— 0) go to zero, leaving
ditional three-bodyN,—N,ff decays, as > pertaining to the the one-loop “effective” COUpIInngby dominant. Thus,
eeyy+E; event. We exclusively discus¥,—N;y, since by assouatmgle with y, Hy, then the one-loop decay
heavier neutralinos always have sizable tree-level branchngHle is dominant. One consequence of requiring the

ratios into two- or three-body channels, causing the radiativgwo lightest neutralinos to be either of the statesr H,
branching ratio to be negligible. [hence the heavier two neutralino masses are given by Eq.

There exists both a kinematical and a dynamlcal mechafg)] is that the requ”'ed mass Ordenn'm <mN |mp||es
nism that can give an enhancement of the radiative neu- 34

tralino decay[9,11]. The kinematic enhancement can only _ 1 + — 2 p)

occur when the mass differencey,—my, is small ~10 Mi(=Mo), [ul<3 Mo+ p \(Mo—p) +4MZ|'(1O)

GeV, so that other decay modes are closed or suppressed.

However, the kinematics in the selectron interpretation enSee Ref[11] for a more comprehensive treatment of this

force my,—my >21 GeV by observatiof2) in Sec. I, and  issue. What is not determined by requiring a large radiative

so a kinematic enhancement of the radiative branching ratibranching ratio by this mechanism is which one of the two

is not crucial for our purposeglthough see Sec. IVB for lightest neutralinos is the photino or Higgsino.

exceptions The extent to which a large radiative branching ratio is
The dynamic enhancement of the radiative decay occurossible in generaland in particular through the dynamical

as follows. First, examine the limit when t8a-1 and mechanism without the exact relations abowan be evalu-

(M;—M,)—0 [15]; the neutralino mass matrikalready ated semianalytically and numericall¥1]. As an example,

written in a suggestive form in E43)] becomes particularly Fig. 2@ shows contours of the branching ratio of

simple, N,—N;y in the M;-M, plane, for u=-45 GeV,
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Mg, =Mg, =110 GeV, m,y=400 GeV, tap=1.2, and all  M;=M, limit), while the coupling ofrél to Nz (=7) and
squarks heavymy =mg=500 GeV. The thick solid line N1 (=Hp) is dependent on the gaugino-Higgsino mixings of
bounding the region defined @1lﬁg)2<ﬁzl7)2>0.7 an- the charglno. The, -C-v, couplings are also proporuonal to
ticipates the constraint on selectron decay from thdN€ gaugino component & and so a full numerical calcu-

eeyy+ E; event(see Sec. Il C beloy Contours in the mass lation is necessary to determine the relative size of the
differencemﬁz—mﬁl>3, 10, 20, 40 GeV are shown in Fig. branching fractions. This will be presented in Sec. IVD.

2(b). Since the selectron interpretation requires a large mass
differencemy,—my, >21 GeV, only a fairly small region of

parameter space remains, satisfying the constraint of a large Throughout our analysis, we applied the most updated

radiative neutralino branching ratio. For example, the regiodimits on the supersymmetric parameters and bounds on su-

bounded byB(N,—N,y)>0.5, my.—my >20 GeV, and Perpartner masses coming from searches at LEP 1, as well as
1 2 l L . _

the LEP exclusion region is characterized by rougthE.he Imgre r?cgr)}LES \ivgltg/gl_;;soﬁ anq 1t36.3 tG((ja‘I(/coI!ec—_

0.6<M,/M,<1.5 for 60<M,;<90 GeV, 45<M,<90 el denote —136)'where integrated luminosi-

GeV, where the constraints okl,/M, are stronger for t|<|es thabmt’rt] 2.8 anbd_ 2'5’ i? vzer?tﬁcctgglﬁtegzl]. \(/jvi
larger values oM ;, M,. Of course this example only applies aiso show the compbined efiect of the IMIts and Kine-

to the choice ofu, tang, andms, mz, m, values as above matical constraints on the selectron and light neutralino
’ ) e q: A y . . .

but it gives a reasonable illustration of the constraints. ThéﬂassteS Ic?tr:hed S(_elegtron |nter?,rv|etat|or:j'3f m?y7+$;

region with a large radiative neutralino decay centered on th&VENL and he derived ranges,of vy, andivi; values. 1he

line M,=M, persists agu/| is increased or decreaséte somewhat conservative LEP1 bounds we imposed are

region shifts up or down théM;=M, line), but tends to [22.23

shrink (and eventually disappeaas tar is increased or the Bivisioel Z— SUSY)<2.3x 1073,

squark or slepton masses are decreased.

D. Constraints from LEP

AT ((Z—SUSY)<23 MeV,
C. Slepton decay

In the selectron interpretation, the branching ratio of the B(ZHN1N2)<1.2>< 1075,
selectron®&—eN, is crucial to produce aaeyy+ E1 event. o
In general, sleptons couple to the gauginos through the usual B(Z—N,N,)<3.5x10 °. (13

supersymmetrized gauge interactions, and also to the Higgsi-
nos through the Yukawa couplings. The Yukawa couplingsThe evaluation of the supersymmetric contribution to the in-
AT~m; /M,y are strongly suppressed by small lepton massesyisible Z width included not only the contribution from the
and for our purposes can be neglected. Since the radiatifirect LSP productiorz— N;N;, but also the contribution
branching ratidN,— N, y requires one oN, ;to be mostly a  from other channelsZ— N;(—N;v»)N;(—N;vv). These
photino and the other mostly a Higgsino, then the requirecontributions were then subtracted when calculating the su-
ment that the selectron decays as-eN, implies the persymmetric contributions to the visibfewidth.
photino-Higgsino content of the neutralinos is unique and The constraints we applied at LEP 130-136 are
determined
-~ ~ o(ete” — visible SUSY)<1.8 pb for/s=130.3 GeV,
Milfip2~1, ([f7)2~1. a V<18 pb foris
o - B
Based on Sec. I1IB, this implieku| <M, (=M,), in the (&€ — Visible SUSY<2.2 pb for/s=136.3 Ge(\{;l)
limit of pure states.

If the eeyy+Ey event is due toe @ production, one  corresponding to the five visible event levbefore detector
must also consider the branching fractionepfto charginos  cytg for each of the two run§21]. A few remarks on the
if kinematically accessible. In the kinematics of the selectroncg|culation of the expected total visible supersymmetric
interpretation no such decay was considered, and naively Hross section are in order. First, we considered only the con-
would seem possible to suppress this decay through a judjribution from chargino-neutralino production, since charged
cious choice of chargino mixings. However, it is also pPos-gjeptons relevant to theeyy+ E event need to be heavier
sible_thate, production occurs with_the selectron decay than 75 GeV just to satisfy the kinematiesee Table)l We
e,.—Cyve, and then the deca€,—eN,. In the tarB=1  require squarks to be heavier than can be produced at LEP,
limit (with neutralinos pure statethe masses of the chargi- except possibly a light top squark whose production cross

nos simplifies considerably from E¢) to section is always too small to see any events at LEP 130-
136 with the data sample collected. The total visible super-
m512=%|M2+Mi \/(MZ—,LL)2+4M\2N|. (12 symmetric cross section obviously does not include pro-

cesses such as"e”—N;N; ande"e”—N;N; when both
This expression is the same as E®). with M,— My, and Ni’j*)N]_VTThiS was achieved by doing a complete calcu-
shows that the chargino masses are directly correlated witlation of the branching ratios for chargino and neutralino
the heavier two neutralino masses. It is a simple matter taecays for every model. To ensure the visibility of the signal,
show that mg,>my, is always true(in the taB=1, we also required a large enough phase space in the decay of
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the producedN; andC;" , which in practice implied the mass termined by the gaugino-Higgsino content of the neutralinos
differencemz. §.—mpy.>10 GeV, in accordance witf21]. and charginos. Further, the allowed sets of masses must sat-
1:7%2 1

isfy the eeyy+ E+ event kinematics, and proper experimen-

The following observations are useful to understand in i 4 ivial lusi h
some detail how the LEP constraints affect our analysis in 42/ constraints are not trivial mass exclusions, etc. What we

general low energy supersymmetric framewonkthout as- present here are complete I.OW energy ’T‘Ode's const(ucted
suming any relation betweeM , and M,). Combining the using the framework built up in Sec. Il using a randomized

bounds arising from neutralino searches at LEP with thepgrameter selgction scherfid], and imposing all of the
need for a next-to-lightest neutralimay_>30 GeV from the ~ 3°°V¢ constraints.

eeyy+E; event kinematics(see Sec. )| one finds the
“light-Higgsino—gaugino window” withM;, M, |u|<M;
and taB~1 [23] is excluded. This also impliefu|=33 Interpreting one event as a cross section is a tenuous pro-
GeV, at least for small tgh Further, given that the light- cedure, although some general methodology can be applied.
Higgsino—gaugino window is excluded for our purposes,First, we establish a minimum threshold in the Tevatron se-
only <0 survives LEP constraints such that a large radialectron cross section times the branching ratio into two elec-
tive neutralino branching ratio is presdntl]; thus, we are trons and two photons,

left with ©<—33 GeV. For tap=1.3 either the LEP _ _ - o~

chargino mass bound or the direct search for neutralinos be-c X B°=a(pp—¢€ € ")[ B(€—N,e) B(N,—N;7)]*> A4,

gin to exclude regions with small negatiye irrespective of (16)

M, and M, values. Given a value gk, one can find rough ] o

regions in theM,-M, plane that are allowed by LEP con- Where A= (o X 5%y, is the minimum threshold value.
the constraints we listed above excluMg=<30 GeV and, We show the effect of increasing the threshold from 5 to
for instance, whenw= — 45 GeV, thenM ;<55 GeV is not 7.5 to 10 fb to give at least some indication as to how sen-
allowed if M,=<20 GeV. The region ifVI;-M, space ex- sitive the constraints are to the value. Im_pos'uftgt ZQ _fb _
cluded by LEP is indicated in Fig. 2 far= —45 GeV, etc. excludes all of our models, an_d so there is a nontrivial im-
Notice that since theeeyy+E; event requires a suitable portance of the precise numerical value of the threshold for
slepton decay, then the neutralino contents in @4) can Phenomenology. ) . _

exclude a comparable regi¢see Sec. IlIC, and in particular  The quantityoX 5% used in the general analysis does not

Fig. 2. In contrast, the requirementn§;. —my )>21 Gev  include detector cuts, but we have simulated particular mod-
2 1 els to get indicative efficiencigsee Sec. IVH For a detec-

tion efficiency of 0.2, the lowest threshold cd&=5 fb cor-
responds to assuming a cut on the effectbeyy rate of
3§=a><l32>< EFF=1 fb or 1/10 of an event. Given an ex-
0pected number of events the probability of observing ex-
actly n events is from Poisson statistics,

A. Preliminaries

of observation(2) in Sec. Il combined with the LEP con-
straints effectively sets a minimum suitable value Mf
around 52 GeV for any values of the other parameters. Onl
weaker bounds oM, can be identified in a similar way.

In addition to the constraints from chargino and neutralin
production, we also imposed

44 GeV, P= efssn. (17
58.4 sif(B—a) GeV,

m, > (15 n!

on our models from LEP constraints. Since the inputs to oufor s=0.1 corresponding to the 1 fb cross section at the
model building to calculate the Higgs sector includg and ~ Tevatron, one still has a 9% chance of seeing exactly one
tanB, the above mass bounds impose a constraimhgand ~ €vent. _ . o
higher order corrections from the top squark sector. This will 1he results are presented assuming a branching ratio into
be important for the discussion about models with a light tog?nly one family, although it is straightforward to compute
squark in Sec. V. Small tghalso suffers from possible non- the total two lepton plus two photon rate including smuon
perturbativity constraints, which have been discussed re@nd/or stau production. The effect is of course to increase our
cently in, e.g., Ref[23] for the light-Higgsino—gaugino win- calculated rate by a factor pf_2 or 30ur results remain
dow that requires small t#h However, the constraint is Unchanged if the threshold is increased by the same fac-
relatively weak (ta=1.2), since as we shall see that the tor.) Note that including more than one family is of course
allowed region of tag extends up to tgé~2.0—2.8. crucially dependent on the assumption of slepton mass de-
generacy.
. In the selectron interpretation there is agriori require-
IV. NUMERICAL RESULTS: SELECTRON ment of havinge_ or €g production. We consider three
INTERPRETATION cases: a selectron interpretation fra@n production, where
To ensure a large branching ratio for the decaythe kinematics of theeyy+E; event must be satisfied for

N,— Nj v, pure photino and Higgsino lightest neutralinos areMe,» Put mustnot be satisfied fomg_. In this way, €zer
sufficient, but not necessary conditions. The extent of thegroduction can still give aeeyy signal but the kinematics
allowable impurity determines the character of the modelsare not consistent with theeyy+ E event; hence, only the
but that is by no means the only degree of freedom. As weate frome e_ production ought to be considered. Second,
have seen, the branching ratios of the sleptons are also dthe opposite scenario wity production where the kinemat-
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ics must be satisfied meER but not formEL, Finally, we TABLE lll. Parameter ranges common to all selectron interpre-
consider a set of models with the simultane@&, and tations with a heavier top squark. Models with a light top squark are

Baex production(denoted B, + 8- models”), where the ki-  discussed in Sec. V.
nematics are satisfied fdyoth Mg, and Mz, The threshold

Parameter Range
A is applied as
My, My, u, tanB randomized throughout allowed range
o XB>A for € models, mg=my, 250, 500, 1000 GeV
mt, >150 GeV,<myg
orXB32>A for €x models, o7 [— ]
Mp 50, 100, 200, 400 GeV
o X Bi+ogXBi>A for @ +€g models, (18
where oLr=0(Pp—8, LR and Mg, <115, 105, 97 GeV in th&_ andeg interpretations.

B r=B(€_ g—N,€)B(N;—N;7y). The case of€ +€x Notice thaieg models always fail the highest threshold, since
models assumes that the contributions toetkgy cross sec- the cross section never exceeds 10 fb in the allowed mass
tion frome, and€g production can be summed; hence, therange. The mass of the other slepton that is not the source of
requirement that the kinematics of the event be satisfied fothe eeyy+Er event(henceeeyy+ E; event kinematics do
both contributions. Further, fG&_+€g models we enforce ot apply is allowed to take on a much wider mass range
o r>1 fb to avoid the difficulty of one of_gX BZ r being  60-500 GeV. For thee, +eg interpretation, both sleptons
arbitrarily close, but below the threshaldl, while the other  Still must be greater than 100 GeV laeyy+ Ey event ki-
contribution can be very small. In such a case the modePematics, but the upper gmlts are szomewhat relaxed since
could still pass the cut on the sum X B2+ arX B2> A, but each individual rater| X B; or orX By negd not be larger
would be on the borderline of classification as either arfhan the threshold; only the sum must satisfy ahe5* con-

€., €r, or € +eg model. We will show that this loose Straint. o _
requirement on the cross section does not affect our results. We have explicitly constructed roughly 2500 models in

Finally, note that sinc@(ﬁz—f\l'ly) depends in general on total, with somewhat more, mofje's thaneg or e, +ex.
both selectron massess and ms_, then & , 8 and The results are shown in a series of scatter plots and bar
L R! 1

-~ del hb idered a disti | raphs that are intended to give the general character of the
r?]Lo;:f; models can each be considered a distinct class gl 4e|s. Figures 3, 4, and 5 show the distribution of all the

. - . . allowed models in thé/ ,-M, plane, with groupings of mod-
2We IMpose Nno restriction on t.he squared branphmg ratiqyg split up into three plots. All of the models pass the
B” (unlike Ref.[1)) or any restriction on 2the assoma_ted phe'eenyr £+ event kinematic cuts for one or both sleptdds-
nomenology. In practice, the cut anx 5° does provide an  finaq by the model type and all models pass the minimum
effective lower limit on the branching ratio based on the

. . threshold cut4=5 fb. In Fig. 3, the models are grouped by
largest allowed cross sectian, obtained from the smallest the typed, , s, or 8_+8g according to which sleptds)
selectron mass allowed fromeyy-+ E; event kinematics. passed tha:aey);+ E; event kinematic cuts. In Fig. 4, the
This avoids generating a disproportionate number of NONE odels  are grouped by the rate <5><BZ<7,5
eeyy events frome, &_production ine, models andrer 7 5 - B2 10, andox B2> 10 fb. In Fig.,5 the models are
production ineg models. However, we do not constrain pos- ’
sible nonstandard visible phenomenology from the other se-
lectron. The absence of knowledge of both the experimental 140 . ' L
data and the efficiency of detection of such phenomenology

prevents explicitly restricting our models in this regard. As L+R
an example, slepton mass degeneracy implies that the rate 120 | -
for two smuons or staus plus two photons is at the same rate

as selectrons. But without a fully analyzed, statistically sig-

nificant sample of two lepton plus two photon events, one 100 R x]

S
o]
cannot use the lack of reported events to exclude such a O,
scenario. =

B. Model-building results

In Table Ill, we present the parameters that enter our
analysis common to all selectron interpretations and the rel-
evant ranges. For thg andeg interpretations, the allowed 40 L ' . '
range ofmg is determined by the lower bound from kine- 50 60 70 80 90 100 110
maticsmg= 100 GeV using observatidd) in Sec. ll(indeed My [GeV]
|M|~mﬁ1233 GeV, from Sec. Il D. The upper bound is FIG. 3. The models satisfying theeyy+ E; event kinematics
obtained from the minimum threshold in the cross sectiorand the minimum threshold cut=>5 fb are shown in thél;-M,

times the branching ratigl. For.4=5, 7.5, 10 fb, the upper plane. In this figureg, (L), eg (R) andé, +¢€x (L+R) have been
bound on the slepton massr'r%L< 137, 125, 118 GeV and separated to show the varying restrictions on either type of model.
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TE<oxE°<75h B is always less than the maximum 55 . |
140 x75<acxB <10fb h Region 2 defined by roughliv,/M,;=1.2 is populated
eoxB’>101b with mostly € models, extending barely up to thd,=

2M; line nearM ;~60 GeV. The reason for the much larger

120 1 range inM, values fore, models is a direct consequence of
the higher cross sectian ~2.20 for a given slepton mass.

< 100 i With a higher cross section, the total squared branching ratio

& can be lower, which translates into looser restrictions on the

;N 80 radiative neutralino branching ratio. Fef andeg models,

the minimum—gi2 is~25% and 56%, which corresponds to a
minimum B(N,—N;y) of 50% and 75%, respectively

60 . [when B(é— N,e) =100%)]. Figure 2 already showedor a
BERE . specific set ofu, tan3, mg, andm, values that a looser
0 < . ‘ restriction on the radiative branching ratio admits a larger
50 60 70 80 90 100 110 region in the M;-M, plane. The models observed with
M, [GeV) M, /M,=1.2 lie in just this extended region which benefit

from the kinematical mechanistm addition to the dynami-

FIG. 4. As in Fig. 3, except the models are distinguished by thecal mechanisifor the radiative neutralino decay enhance-
cut on A=5, 7.5, 10 fb. ment. This can be deduced by examining the slepton masses
for the € models in this region, where one finds
mg >mg by a factor of 2 or more. This is necessary to

grouped by tag into the (arbitrary ranges ktan3<15, ~  R. large radiative neutralino decay, since the branching

1.5<tanB<2, and taB>2. There are perhaps four regions = o
with distinct character, and we will discuss each of them inf@tio for three-body decaybl,—N,| "I through sleptons.
the following. cannot be reduced to zero when the kinematical mechanism
Region 1 defined by roughly 0s8M,/M,=<1.2 repre- for a large B(N,—N;vy) operates[11]. In addition, the
sents the anticipatetd,;~M, region. All three types of squark masses must al_so be heavy to prevent the analogpus
models®, , g, and8,_+8x fall into this range, witheg three-body decay; mediated by squarks., glthough the choice
models almost contained within thd,/M, limits. This is  ©f MG=250 GeV in our models is sufficient. Finally, the
the region where the dynamical enhancement of the radiativéXistence of onlye, models in this region is due to the fact
neutralino branching ratio is present, with the limiting casethat kinematical enhancgnjent of 'ghe radiative neutr_allno de-
(M;—M,)—0, tanB— 1 giving the largest value. Hence, the &Y cannot be maX|m|ze2d simultaneously with the
highestax B2 can be found in this region, but the rate need™\,~ Mx,>21 GeV, and s&” cannot be very large. Thus,
not be high since the slepton cross section can be low, indene needs a large cross section to supplement a |Rier
pendent of the branching ratio. For examg,models al-  which can only be achieved wi# models.
ways havarg X B3=<8.2 fb with B3<98%), whereas, mod- The character of the “extended_models in region 2 is
els haveo, X B2<16.2 fb with B<88%. Since the decay Mmore clearly visible in Fig. 5, where all of the models have
B, Cyv, is always present, the maximum branching ratio?€en plotted in th,-M; plane distinguished only by the
tan3 value. The models withM,/M;=1.2 always have
1.5stanB=<2.8, where the upper limit in ta (and M4,
M,) is established by the smallest allowed radiative neu-

-1<tanBp<15 | tralino branching ratio. Indeed, the kinematical mechanism
140 c15<tanf<2 | that contributes to the enhanced radiative neutralino decay in
*2<tanfP this region does not necessarily require@anl [11]. In Fig.

_ 4 it is clear that increasing the threshaoltito 7.5, 10 pb
restrictsM,/M,=<1.9, 1.2, and so the existence of models
with M,=2M, is sensitive to the choice of the minimum
= j . EOR threshold. Further, whileM,=2M,; seemingly admits

& R e Fa o8, o 6ot gaugino mass unification, we noted above that for the ex-
™ JorEr o - tendede, modelsmg _>myg . Hence, scalar mass unification

= probably cannot be achieved, at least in the slepton sector,
and a completely unified scenario seems not to be compatible

120

60 ] with the eeyy+ E event.
In region 3 loosely defined asl,/M;=<0.8,'¢gx models
S A . ‘ i appear neaM;~75 GeV andM,~50 GeV. These models
4050 60 70 80 90 100 110 have g X B4~5.5 fb and tag~2. This is the only region

M, [GeV] where the usual mass hierargy| <M, can be slightly vio-
lated. On closer inspection one finds that the chargino mass

FIG. 5. As in Fig. 3 except that the models are distinguished byis about~68 GeV. We found n@_ models in this region,
the value of tap. due to the light chargino that induces a large branching ratio
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for ELaréyaoveL'éLef\lize. Also, the width for the three-

-5<oxB <751
body decayN,—N;e"e™ turns out to be considerably en- 3.0 . . x75<oxB <10fb
hanced when the, is light. Hence the radiative neutralino . *oxB*>101b
decay is strongly suppressed in such a case, anddhus N
models cannot be constructed in region 3. Asptas in- 55 | ) ;

creased, the chargino mass becomes smaller and thus is ex-
cluded by LEP 130-136 constraints. Lowering gade-
creases the radiative neutralino branching ratio, and so is=
excluded by therx B2 cut. This localized region is basically &
due to a hybrid of the dynamical and kinematical enhance-
ment of the radiative neutralino decay. One can use an argu-
ment analogous to that used for region 2, to observe that 1.5
mg, >mg, in all of the models. The absence of light is a

consequence of the kinematical mechanism at least partly at
work. Thus, these models sit at the edge of exclusion, be- 1.0 '
tween a multitude of constraints. -80 70

Finally, the voids with no models found fdn ;=85 GeV
with M,/M;=<0.8 or M,/M;=1.2 are excluded by a low . :
radiative neutralino branching ratio. This behavior can bet. F'.Gr'] 6('1 Q”t(: thetmgfils a;esszgv}'g in the-tans plane, dis-
discerned from Fig. 2, but of course the numerical result here guished by the cut o Y '
encompasses a full range pfand tarB values.

Naively one might think tha€, +€r models can always
be constructed frore, or g models, by simply shifting the

other slepton mass such tha{témegR. This construction

always satisfies theeyy+ E; event kinematics, which is o
course invariant undet —R. Indeed, such a construction
can work in the region with a dominant dynamical enhance
ment of the radiative neutralino decay. However, the con ) X )
struction needhot work in the region where a kinematic en- duction forbid models with |u[<40 (50) GeV for
hancement of the radiative neutralino decay occurs, such 4808>1.5 (2), once very smalllu| are excluded by
in region 2 populated b, models. As discussed above, €€YY+ Er event kinematics.

mz, Mg, in this region which prevented three-body decays The final allowed ranges &fl;, M, andu and the ranges

~ o . ~ o of massesny_, my., My., My , Mg, andmg_ derived from

N,—N;I 71~ mediated byl to overwhelm the radiative de- 1 2. 8 4 1 2 . .

cayN N them are presented in Fig. 7. The effect of imposing a stricter
2—N17Y-

I 15 43 dels tend to b trained simil cut A=5, 7.5, 10 fb is shown, in addition to the ranges for
N generale, e MOCEIS tend o be constrained simiiar ‘eg models only. The latter is to give an idea of the stronger
to eg models, but looser bounds &, /M, are present and

largerM ; values accessible. The region wih+ €z models

limit on mg, is 50 and 74 GeV foleg ande, models, and

this can be translated into rough upper limits |ar. The
lower limit on mﬁl~|,u,|233 GeV and the region devoid of

f models in the upper right-hand corn@arger taB, smaller
|i]) come from a confluence of LEP 1, LEP 130-136, and
eeyy+E; constraints as explained in Sec. IlID. For ex-
ample, the LEP constraints on chargino and neutralino pro-

that is devoid oE, or'eg models, defined as region 4, has the 20 ——mr—————— ]
properties that therx 5°<7.5 fb and tag=<1.5, while si- ‘
multaneously o X Bi<5 fb and ogrxXB3<5 fb. For

M1(~M,)=90 GeV, larger chargino and neutralino masses

are allowed than in eitheg_ or €g models. In particular, 100 ¢ E]

my,, is near the upper bound froeeyy+ Er event kinemat- > 80+ i

ics, and so presumably valuesMdf; higher than obtained in S 70~

B_+8r models are not accessible. As for the size of the § 07 1
eeyy rate, the maximunisummed o x B2<19 fb, and so it g %07 1

would appear that one does not gain more than a factor of 40 r .
about 1.2 over the maximueeyy rate fore, models alone.
Further, sincée +'eg models enlarge the allowed region of
parameter space by reducing the minimamgX Bf’R, one
can use the results as an indication of the region resulting 20
from relaxing thed=5 fb cut in'e_ or'eg models separately.

It is clear thafe, +¢€g models have a distinct character sepa-
rate frome, or ez models.

In Fig. 6 we show the models in the-tan3 plane to

30 1

; L L 1 1 |

My, My - my my m
1 Mp L My, My, My, My, Mg, Mg,

FIG. 7. The allowed mass spectrum is shown for all models
(shaded bands on the lefand for'egx models only(thick solid

. tline on the right The increasingly darker shades in the left-hand
completely specify the parameters. Three features are Worthgglumn corresp%krztd to increasinggs);ricter cuts4r5, 7.5, 10 fb.

of explanation: First, the upper and lower limits fya| are As for tans, the allowed range in all models is

approximately the upper and lower limits any,» since 1.0<tanB<(2.8,2.6,1.8) for4=5, 7.5, 10 fb, respectively. The
N;,~H,. From observatioiil) in Sec. I, we know the upper allowed range of tad in e models only is 1.ectan3<2.0.
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FIG. 9. The allowed range of all four neutralinos’ composition

FIG. 8. As in Fig. 7, except that mass differences between cer<ﬁ|})2 in terms of the interaction eigenstaigsy, Z, H,, H,
tain charginos and neutralinos are shown.

constraints that exist when a specific origin of the
eeyy+E; event is assumed. Correlations between a seled!

is shown for all of the models. The thick solid outline corresponds
to g models only. Bars that touch theaxis correspond to a neu-
tralino component thatgan be Iowe~r than #pthe absence of a bar
or the”y component oN implies (N3|7)2<10"2 for all models.

tion of chargino and neutralino masses can be discerned from .  _ )
Fig. 8. Sleptons can also have correlations with chargino an@f N— Ny, hence the rate-xX 3°. Second, the top squarks
neutralino masses, which are relevant for the branching reenter in the loops of the one-loop radiative neutralino decay

tios. We present these mass ranges in Table IV. For examplgsidth (since the Yukawa coupling dfi, tot is significanj,

notice that the mass of the slepton satisfying ¢leg v+ Et

event kinematics always obeyss>mg .

Squarks do not play a large role in our analysis, since theyseV, we found n@&g models satisfying thel=5 fb cut, and
are assumed to be heavier than charginos and neutralindg, or’e +€ models always have x B2<8 fb.
However, two effects for a given value of the squark mass The effect of different neutralCP-odd Higgs boson
persist: First, in three-body decays of neutralinos, themassesn, is primarily confined to the neutralino branching
t-channel exchange of squarks can lower the branching ratigtios, althoughH* does enter the one-loop radiative neu-

TABLE IV. Ranges of selected mass differences between
7., andeg and chargino and neutralinos @ ander models.

Model type Mass difference Rangie GeV)
e Mg, — My, 64 — 87
Mg, — My, 23 — 63
mg, — My, 7 — 35
Mg, —MR, -50 — 6
Mg, —mMg¢, 18 — 61
mg —mg, -51 — 14
Mg, — My 0 - 26
mg_—my, 39 - 79
mg_—my, 9 — 55
mg_— My, =17 — 27
my_—my, -71 — 1
m;_—mg, 14 — 43
m;_—mg, -71 —- 11
‘er Mg, — MR, 64 — 77

Mg, — My, 23 — 53
Mg~ My, 6 — 25
Mg, — My, -27 — -2
Mg, — Mg, 18 — 44
Mg, — Mg, -21 — 8

and also tend to slightly decrease the radiative neutralino
branching ratio for lightemy  [11]. With mg=m7{, =250

tralino decay width. We find that varying, from 50 to
400 GeV does not significantly change the size of the radia-
tive neutralino branching ratio, hence thexB? for the
eeyy+E; event.

C. Neutralino composition and branching ratios

In Fig. 9 we show thgmaximum) allowed range of the
neutralino compositiofN;|)? of all of the models in the
X=7%, Z, H,, H, basis. For a given threshold inx 2
applied to all models, the minimum radiative neutralino
branching ratio is always larger feg than fore, models. A
larger minimum radiative neutralino branching ratio implies
that the constraints on the neutralino composition must be
similarly stronger, hence the differing notation for all models
and ez models in the plot. We make three observations:
First, we find that

N;=Hp, N;=%, (19
and so the lightest two neutralinos are composed of exactly
the content expected from E(L1). To a lesser extent,

N;~H,, Ny~Z, (20

the heavier two neutralinos turn out have a fairly specific
composition as well. This will be relevant to the branching
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TABLE V. Ranges of selecteEI2 branching ratiogin %) in our models. The notation- X" denotes a
range from less than 1% up XP6. The kinematic condition must be satisfied for the mode to be open; no
kinematic condition implies the mode always open. Note that the two-body decays into sleptons sums over all
three families, because of the assumption of slepton mass degeneracy. The final stsi@iro can be
enhanced over that expected fr(fd@“ Z” because of light slepton exchange.

Final state Kinematic condition Range @& models Range iez models
N,“Z” - — 47 — 26
N,y - 53 — 100 74 — 100
Cy W my,> Mg, — 10 - 2
INE my,> M7, - -

T+ T4l MR, M7 - 3 -

T+ my,=>m; - — 8

ratios and cross sections for associated phenomenology. Segodels sincé‘Rﬁﬁze is required to obtain theeyy+ Er
ond, N; tends to have a much larg&rcomponent thamiz. event. The two-body mod&l,—7vv is open if m; <my,,
Third, the required purity of the lightest neutralinos@a  \hich happens iz models and could potentially happen in
models is significant compared with models, and this is g models. However, fog, models one never finds decays
perhaps most easily observed by looking at for example th§|, .3, because the mass splitting betwegnand T, is
photino content oN,; andN, in Fig. 9. never more than about 25 Gegee Table IV. Since there
In the following discussion of the branching ratiend  always must be a large mass difference between and
the discussion in subsequent sectjonge discuss only the my, from eeyy+Ey event kinematics, then the two-body
dlitlnc_'qus:letweedm_l andeg mcl)q{falsl, since Ithe btranc_hlngf mode into a sneutrino is always closed.
ratios Ine, +eg modess are a relatively swpp © e_x snston ot g N3 and N4 branching ratio pattern is progressively
€. andex separately. The range of branching ratiofgfare 5o complicated than for the lighter neutralino due to pos-

shown in Table V. In the pure state limlt,=", only the  sjple two-body decays into sleptons and Higgs bosons. For
radiative channel is open fdd,. However, the impurity of N, there are several distinct classes of final states:
N, (see Fig. 9 causes other modes to have non-negligibleﬁlz“zv!, C,"W”, N3h(A), 1.1, Tal, andwv; all other pos-
branching fractionsN, is somewhat of a special case sincesible channels are strongly suppressed or forbidden. The
the radiative decay branching ratio is required to be large range of branching ratios o5 are shown in Table VI. For
The possible decays foN, in our models areNyy,  example, for the heavier chargino one tag,>my_ in all
N,“Z", C,"W”, ww, 1,1, andlgl. We use 'Z” and “W" ot 5y models; hencey; decay intoC, is forbidden.

to mean the three-body decay mediated by an on- or off-shell 1o upper limits on the mass differences, — my. <60

Z andW, plus off-shell sleptons and squarks. The rate for the N _ . 3 1

final states ‘2" —I*1~,vv.qq and "W’ —|»,qq’ are de- GeV andmNs—mcl<35 GeV in our models are crucial to
termined roughly by the corresponding SM gauge bosoriletermining the allowed decays . In particular, the de-
branching ratios. The only significant deviation from the SMcay N;—N;h or N3—N;A will only occur whenm, or
gauge boson branching fractions is modes that involve slepn,<60 GeV, with constraints from LEP that exclude
tons, since theeyy+ E; event requires at least one sleptonm,<44 GeV and the coupling siB—a)<(m/60 Ge\).

is light. The presence of some modes depends on the particlthe restriction on the mass & from LEP that excludes
lar class of models; for example, & models, the mode m,<22 GeV is considerably weaker than the onerop,

N2—>TRI is open if my <My, This never happens ieg  and so decaybl;—N;A are always possible with an appro-

TABLE VI. Ranges of selecteEs branching ratiogin %), as in Table V.

Final state Kinematic condition Range @ models Range i®z models
N, Z" - — 99 — 99

N;h My, — My, > My, — 29 — 31
N;A My, — My, > Ma — 66 — 71
CfwWr - — 34 - 29
N,z - - 15 - 18
TI+1, my,>m7, - - 22

Tl + 15l my,>Mm7 — 99 -

Tt my,>ms; — 99 — 99
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priate choice ofm, (provided this does not imply an ex-
cluded my, value. The situation is actually considerably
more subtle. We find decays inANBl“ Z" are not suppressed
even if decays into the light Higgs are open, with a maxi-
mum B(N3—>N h) ~35% while N3—>N1A decay is closed.
However, with low ta the mass splitting between, and

my, tends to be small fom,~50 GeV, and because of the
couplings, decays inté typically dominate oveh if kine-
matically accessible. I, (€g) models, the decajs— 1|
(N3—>IRI) is always k|nemat|cally forbldden Thus, itis only
when the other sleptorip( in ‘e, models, IL in 'eg models

has a massy <mg, that two-body decays into sleptons can
dominate. When kinematically accessible, the branching ra-
tio for the two-body decayxlg—iﬂv can be~100%, and is
always larger than decays intpl by a factor of at least
10. This is due to the largeZ impurity in Nj, i.e.,

(N3|Z)2>(Ns|7)2, and Eq.(6) requiring m;< my, . The

three-body decays into the lightest chargiﬁ@—ﬁ W presence of strong constraints in our models fromdleey+ E
depend on the chargino mixings, but are always smaller thaﬁvent
the 3-body decaybl;—N;“Z” mainly due to phase space.

v,

FIG. 10. Scatter plot of the chargino mixing matrix elements
U, andV, for all models. The narrow band of points indicates the

D. Chargino composition and branching ratios

The presence of decays intG;“W” can suppress the
branching ratio for decays infd,“ Z" by at most a factor of
2, but even then the branching ratios f9g are still larger
into N;“Z". Also, N5 decays intoN, are strongly sup-

The chargino composition is determined by the mixing
matricesU andV, as defined in Sec. Il AU andV (real and
orthogonal in our conventiongan be expressed in terms of
two independent rotation angles. (see, e.g., Refl14]);

pressed, because of the particular neutralino composition iRowever, the Dirac nature of the chargino spinors does not

our models. _
The branching ratios dfl, are quite intricate; however,

few features can be discerned. The main possible decaf@ent5|V11|2—0032¢+ vs|Uyyl?

include lezyg;‘ z”, E~1,2“W” N 1h(A), and possibly open

two-body modesd, I, Iz, andvv. Since the mass difference
my, =67 GeV and can be as Iarge as 100 (120) Ge

I’T'IN4

ineg (~,_) models, then the dece[y4—>N h is a prominent

allow an intuitive identification of thei¥W-ino and Higgsino

a components. Nevertheless, in Fig. 10 we present the ele-

=cog¢_ to give a sense of
the constraints that theeyy+E; event imposes on the
chargino composition. In the limit tg#h—1, the chargino

\;nass matrix is symmetric which implies_= ¢, , and so

In Fig. 10, this is the diagonal line where
|U11|2— |V142, and note that along this line our models lie in

pOSS|b|I|ty if k|nemat|ca”y allowed. We find that even if the reg|on 0. 15|U11|2<0 25 due to the mass h|erarchy
N;—N;A is also open, it is always suppressed to of ordeny »>|ul|. Here, one can |dent|f>cl as mostly a charged

~5% compared with a much largél;h mode. This is be-

Higgsino. For larger taf values,|V,,? tends to increase,

cause theN, composition is roughly inverted with respect to while |U;4/?<0.25 throughout our models.

the N3 one, which feeds into thhl, couplings to the Higgs
sector. Ineg models, the two-body slepton decly—Igl is

The branching ratios o€, are displayed in Table VII,
which assumes thatn~ is heavier than both charginos as in

always open, and can be100%. In'e. models, the decay the discussion below. There are only a few possible channels

N,—7pv is typically open, but sometimes can be kinemati- N1

cally inaccessible. Note that if botkh4—>vv andN4—>I | are
accessible, theN,—7vv always overwhelm&,—1| by at
least a factor of 5 due to the largecomponent olN, (see

‘W7, ||_V andvl. Further, the three-body decays into
N,“ W™ are always=<5% due to the photino nature &f,

the Higgsino nature of,, and phase space. Thus, the three-
body decays mtd\ll“W” are the typical decay pattern. In

Fig. 9 and phase space. Similarly, if none of the two-bodyg ‘modelsl v are always heavier tha@y; thus, it is only

modes are open, then the neutralino comp05|t|ompim-
pliesN;“ Z” dominates over all other three-body decays.

in ez models that two-body channels intpr and 7l can
possibly be open. When both are allowed, these two-body

TABLE VII. Ranges of selectetT“.l branching ratiogin %), as in Table vmy >mg, is assumed here.

Final state Kinematic condition Range '@ models Range i@z models
N, W - 95 — 100 ~ 100

Ry wr me, > mg, -5 -5

v mg, >m; - — 100

I v m61> my, - — 50
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TABLE VIIl. Ranges of selecte(f:2 branching ratiogin %) assumingm,=100 GeV, as in Table V.
m,>mg, is assumed here.

Final state Kinematic condition Range @& models Range i®z models
N.“ W - — 92 — 100
N, W - — 23 - 17
N W” - — 0.7 — 0.3
Elff_ - — 4 - 1
zl mg,>my — 95 — 69
I v mg,>my, — B2 — 59

decays can sum to a branching ratio €f100% (when gaugino mixings of the chargino, in addition to the mass
summed over three familigs hierarchy. There are 43 kinematic possibilities, where
The branching ratios o€, are displayed in Table Viil. M5 is lighter or heavier thamy, . andmg, .. In the limit of
The possible decays include, ,5*W”, C,ff (f=I, v, q), pure neutralino stateNl— Hb and N2— v, the sneutrino has
I_v, 71, and the Higgs channel, H* andC;h(A). When  NO coupling to the lightest two neutralinos since it does not
only three-body decays are op&y‘wn dominates over all couple to either pure state. d‘fl'hus in the case where
other decays. Howeveﬁzl v_is roughly 15 %, and can be m;<mg, the dominant decay af will be to the kinemati-
larger than the decays infd,qq’ due to the possible en- cally accessible neutralino with the Iargésﬂ:omponent The
hancement from light slepton exchange in the three- bod&elaﬂve branching fraction thl or N, is therefore deter-
decay. The two-body decag, 7l summed over three mined by the size of theilZ componentimpurity. The
families can have a branching ratio up to 95%, when it is thé’ranching ratios are shown in Table IX.
only slepton mode ope(the remainder is distributed to the Fore, models,m; = me,, SO that decays into the lightest
three-body decays as abgveWhen both Cz—> 7 and Chargino are always possmle The. branching ratlo for
C2*>||_V are simultaneously open, the sum can be nearly’ﬁc 1l is always larger than 53%, while the branching ratio
100%. Finally, the two-body decay mml H* is also pos- for the v—C,l channel(if open) can reach 26%. The next
sible whenm,,+=<90(120) GeV, foreg (€,) models, which largest channel |9/—> N,v, with a branching ratio up to
requiresm,=<50(100) GeV. In addition, decays into neutral 36%. The decay— N, is always open, but with a branch-

Higgs bosons are possible whm&2 Mg, <Mha. ing ratio below 6% due to the small component |rN2
For ‘er models m; is unconstrained, and so the decay
E. Sneutrino branching ratios v—N,v is the only mode that is always open. If decays into

In the selectron interpretation, sneutrinos do not directlyl\|2 are also allowed, then the dominant decayvofan be

enter the branching ratios relevant for theyy-+ Er event; into e|therN1v or sz In special cases, we found it is pos-
however, the mass of the sneutrifgis necessarily smaller Sible for theZ impurity to be larger i, thanN; thus, the
thanms_due to the sum rule in Eg6), and so the sneutrino dominant decay could be—N,v. This is possible when
is certamly relevant ifé, and®,_+@g models. In Ref[1] it ™\, <M7<mc ; i.e., decays into charginos must be kine-
was shown that the cross section for sneutrino productlomatlca“y forb|dden(an impossible scenario i&,_ models.
pPP— Tove is comparable t& €, production, and, 7, pro-  When a channel into a chargino is sufficiently open, it domi-
duction is larger by a factor of 2—3 for a fixed value of nates over decays into the lightest two neutralinos by a factor
ms, - Thus, the viability of theeeyy+E; event ase, pro- of more than 10.' However, if the sne_utrino is heavy
duction (and the ability to distinguis®, from &) depends M7~ MK, , decays into the heavier neutralinos can be mod-
in part on the phenomenology associated with sneutrinos. erately large (branching ratio 10-30 %), with decays
The dominant branching fraction of sneutrinos depend®—N,v dominating oveiv— Nzv due to the largeZ com-
on the size of theZz component of the neutralinos and the ponent inN,.

TABLE IX. Ranges of selected, branching ratiogin %), as in Table V.

Final state Kinematic condition Range @ models Range iez models
N,ve - — 36 — 100
Nove m; >y, — 55 - 97
N3ve ms > my, — 29 — 22
C,e m; >mg, 53 — 94 — 100

— 26 — 48

C,e ms >me,
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F. Selectron branching ratios eeyy+ E event can be established at 7.5 fb, andgrmod-

- ~ - - ~ Is oxX B?°<5 fb (i.e., all of ouréz models would be ex-
We have already discussegl branching ratios fore, e . P R
models ancg branching ratios foeg models in Sec. Ill C, cluded. G|yt_an the cutd=5 fb, t.hen iner models one ex-
since they are a fundamental part of the model building. Th@€CtS @ minimum of 2N,N; pairs to be produced, but no
other slepton & in &, models andg, in 8, models will other processgor any processes ig_or e_+eg modelg can

. . L= = = have non-negligible minimum rates at LEP 161. There are
Eave branchlng Ta“os S|m|lgr @ (in e mpdels) O €r (in only four processes that could have large rates, which have
egr Mmodelg if its mass is roughly included in the

~ the maximum
eeyy+E+ allowed range. In generagg ande, will decay

into the kinematically allowed final states with neutralinos, ete N1N3 (55, 56, 49
with the largest branching ratio for the chanhg&lke, if open. ~ ~
~ = . . . NoN, (19, 22, 12
e_can also decay int&C, v, if open, with a maximum e
branching ratio of 27% and 59% respectively. NoN5 (11, 16, 7
C;Ci (48, 132, 42 pairs produced

G. Predictions for LEP

The imminent upgrade of LEP tg’s=161 GeV (LEP (21
161) and the forthcoming upgrade tgs=190 GeV (LEP  for (€., €r, €_+€g) models. Notice that the maximum pair
190 provide a potential testing ground for the models con-production rates are always largest T models, there,
structed. With expected integrated luminosities of 25 bb models, there, +€r models. The rate foN;N; is roughly
and 500 pb'! (per detector the one event level is at 40 fb the same in all models since the cross section is dominated
and 2 fb for\s=161 and 190 GeV, respectively. The first by Z exchange. For the other processes, differing interfer-
priority is to identify which processes have non-negligible €nce contributions between tiZeexchange and light slepton
production cross sections, and then determine the possibfchange cause the differences in the production cross sec-
signatures that depend on the branching ratios of the prdions (see Table Ii. In addition, top squark pairs could be
duced sparticles. It is important to emphasize that the followProduced at LEP 161see Table X). _
ing predictions assume that the minimum cdt5 fb is The character of the signal froh; N3 production is com-
placed on therx B2 for the eeyy+ E event. For instance, pletely dependent on the decayhf which was described in
in some cases we are able to predict that a non-negligibl&ec. IV C(see also Table VI The dominant decay possibili-
minimum number of events with a particular signature musties areN;—N;" Z”, Ng—N;A(h) [if ma(m;,)<60 GeV],
b]?f' prodt_Jcedl, althOU_glh V\(;e do not Il’(;l<9(<_j:eSS»arily givehdeth_ItﬂﬁTR| in 8_models(if m7_<my,), andNs—7v in &g
efficiencies. In principle, if one could demonstrate that fail- e ; ; “
ure to detect such events implies that they do not occur at aIﬂquGIS(If My <my,). The generél signature Is thfarefore
then only two possibilities remaintl) A supersymmetric £" +E. Extra bb+E occurs if the mass difference
explanation of theeeyy+E; event in our framework must
rely on an upward fluctuation frorax 5% even lower than 10* . : ; ‘ .
5 fb, or (2) a supersymmetric explanation in our framework
is not possible.

Based on observatio@®) in Sec. Il, selectron production
is always kinematically forbidden at LEP 161 and LEP 190
for the selectron that satisfies the kinematics. The other slep-
ton (€ in €, models ore, in g model$ can potentially be
kinematically accessible at LEP 161 or LEP 190 by simply
requiring its mass be less than the threshold. This is obvi-
ously not a requiremeninor a constraintof the selectron
interpretation of theeeyy+ E; event, and so we ignore se-

lectron production at LEP. However, & models it was E

w

—_
o

N

—_
(=]

cross section {fb}

shown in Eq.(6) that m; must be less thalmgL, and so

sheutrino production could be a visible signal at LEP 190 10
(sincems;_>81 GeV for alle, models, as will be discussed P =
z zZ zZ

below.

1

©

Z
™

pd

o~

=
N

=z

S
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1. LEP 161 FIG. 11. The range of the non-negligible cross sections at LEP

In Fig. 11 we present all of the chargino and neutralinole;’ fqr al mo.deIS(Shaded bar on lefiand onlyer _models(thlck .
solid line on righj. Each bar represents a particular production

production processes that have cross sections above abq: iss section, where the maximum and minimum height of the bar

10 fb The Cross sections were EomButed with initial SIaI‘?or thick solid ling is the maximum and minimum cross section,
radiation effects included. e or e_+eg models, none of = respectively. The shading on the left bars indicates the range of
the processes need to have large cross sections, although itjtss section for all models passing the git 5, 7.5, 10 fb. Bars

were possible to establish an upper bound Onhat touch thex axis correspond to cross sections that can be
o(N;N3)=<600 fb, then an upper bound anx ? for the  smaller than shown.
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MmN, ~ My, is larger thanm,, or m,. Some other signatures
are possible in special cases:dn models one could have
excess |"I"+E (if my<my) or yTIT+E (if
my <mg,). In ‘eg models the decaj;—vv becomes the
dominant decay if the sneutrin@nd necessarilyf,) are
light. Thus the dominant signature could be invisible, or
y+E, or |*I"+E, if the mass hierarchy is
m;<(mﬁ2,m51), or my,<m;<mg , or mg<m;, respec-
tively. However, in these cases the cross section forat
the Tevatron would be quite lardeee below.

The dominant signal oi,N, production isyy+E in all
models. Note that the proces¢N;N,) is always accompa-
nied by o(N;N3) at a comparable ratevhen kinematically

allowed, which has the same signatureshNgdN; production
(as abovgplus one photon.

C,/C; production can be present with a large rate, the

decay signature df, being the usual W” +E in all models
(see Table VII. The exception is ifn; (and possiblymy ) is

lighter thanmal, which can happen only iez models. In
this specialeg model scenario, ifn; < me,, then the decay
signature is likely invisible. However, if the decayeﬁzv

is large, then the signature igy+E. If my, <mg,, then
additional possible signatures drd ~ + E (if my, <my,) or

I *1 ™ yy+E (if my, > mﬁz). Notice that the latter could be an
additional source oteyy events(see Appendix A These
remarks assume the top squark is heavier iﬁ@n

__ As an aside, we find that a maximum ¢4, 13, 12

N;N; pairs can be produced, which can be observed as
y+E signal once visible initial state radiation is attached.
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4

10

Cross section [fb]

21+ X
ly+X i
Hy+X
vy + X
lyy+ X

FIG. 12. Range of inclusive cross sections for selected signa-
tures at LEP 161 without detection efficiencies; all signatures nec-
essarily have missing energy in addition to that above. The shaded
bar on the left corresponds & models and the thick solid outline

on the right corresponds & models. HereX=leptons, photons,
jets, or nothing, antl=e, w, or 7 summed over both charges and all
three families. See the text for details.

Notice that inég models only the P+X(+E) must be
produced, the rate being betweer2 and 20 events in 25
pb~! of integrated luminosity. The reason that the rate
always has a non-negligible minimum is due to a combina-
tion of effects:egx models have a minimunr(N;N3) =850
b, and decays oN;—N;I "1~ are always nonzero, even if
two-body decays operate. If only three-body decays occur,

Although the SM background is severe, there are other pogshen N;—N;“Z"( —1*17) occur, with a rate of nearly

sibly important contributions from, e.gyN;Nz(— vvN,).

In Fig. 12 we present the ranges of the inclusive produc
tion of particular signals at LEP 161 f@& andeg models.
These signatures were generated by searching all possi
decay paths. No efficiencies resulting from detector geo
etry or lepton and photon energy cuts are included. If th
signals are the result of decays with moderate mass spli

tings, then presumably some of the events could be detect&%@.’)ﬁ

after applying reasonable cuts. A leptbrcan be eithere,

M, or 7, with either charget 1. In particular, when referring
to a “21"” signal, we sum over all family and charge possi-
bilities (including, e.g., like-sign dileptonsX can be any
combination of leptons, photons, jets, or nothing. In addition
all the signals implicitly include missing energy in their sig-

nature. We only include chargino and neutralino productior!

processes in the inclusive sum, singein €_models and

i\

m_3

10% (summed over families Alternatively, if Ng—7v is
open, therw—IC(—1v) is the decay pattern. Ifn;<mg,
then it turns out that my, <my,, and so decays
—Il (—=INy ;) are nonzero, giving an appreciable slg-

al. All of the other inclusive signals could have rates

1s_maller than the one-event level. If one of these signatures

re found(and deduced to be above backgroynthen
king in the other channels might serve to confirm the
signal.

One promising signal ig/y+E without any other event
activity, which primarily originates fronN,N, production in
the selectron interpretatiofiThis is part of the inclusive sig-
nal yy+ X+ E described aboveln a scenario with a grav-
jtino LSP, we found that the standard model background for
yy+E _is_distinguishable from the gravitino signal

Br in B, Models are too heavy to be produced. If the othee' € —NiN;—yyGG using the missing invariant mass

slepton €g in €, models,g, in g models is light, then the

distribution[4]. Here, we point out that a selectron interpre-

maximum cross section for particular signatures can béation with a neutralino LSP can be distinguished from one

higher. o

Jet production is also an important signal.NfN3 pro-
duction is kinematically allowed and if only three-body de-
cays of N5 occur, then the rate into thig + X+ E signal is
between roughly 400 to 1800 fb for bo#h andeg models.

with a gravitino LSP using the missing invariant mass distri-
bution, assuming that the SM background is snisdle Ref.
[4] for a discussion of the backgroundn Fig. 13 we show
the missing invariant mass distribution
MZy=(Pe++Pe-—P,,—P,,)* at LEP 161 for two different

inv

If chargino production is open, then the rate can be largermodels: (a) the €_ sample model in_Appendix B with

But if two-body decays into sleptons are open by, then
the rate can be near zero.

my, ,=37,65 GeV, and as usudl;=H,, N,=7%; (b) a
model with a(very light) gravitino LSP withmy, =65 GeV,
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and N;=7%. The difference in the missing invariant mass
distribution illustrates how the scenarios might be distin-
guished using the/y+ E signal. It should be noted that the I
general character of the missing invariant mass distribution o1
for the gravitino LSP model in Fig. 13 is not particularly i
sensitive tomy, but simply thatmg is very small compared

to the neutralino or selectron masses.

o

o

&
T

2. LEP 190

In Fig. 14, we present all the chargino and neutralino
production processes with cross sections possibly larger than
about 1 fb for LEP withy's=190 GeV. As above, the cross
sections were_computed with initial state radiation effects I
included. NowN;N3 production must be large in all models, 00z -
and many other processes can easily give large rates. The I
processes with large rates include all of the ones at LEP 161

1/o do/dM (4 GeV)™
g
T

o

o

B,
T

ot
i
F U U DU ST N MUV RUNAI0- ST SN AU SR S I TR S W Y

and alsoN N2, NNy, N2N4, andC; C2 . The maximum “© % Missi: | Joo 120 o 160

rates are g Invariant Mass (GeV)

ete N1N2 (20, 6, 29 FIG. 13. Comparison of the missing invariant mass distribution
- in the yy+E signal at LEP 161 from two different selectron inter-
N;N3 (785, 780, 78D pretation models(a) a sampleN,;=LSP model withmy, =37,65
N1N4 (82, 79, 78 GeV (dashed ling and (b) a model with a gravmno LSP and
~ my, =65 GeV (solid line).
N,N, (505, 560, 34%
N,N; (335, 416, 23D tion kinematically accessible witin; <95 GeV, then the
N,N, (73, 64, 34 sum rule in Eq.(6) implies tagB=1.2 is required for
~ mg, >100 GeV (as needed by the kinematics of the
Slgl (965, 2120, 119 eeyy+Er even, and for mg =107 (118) GeV, then
CiC; (409, 695, 35ppairs produced,(22)  tan3>1.5 (2.8). Hence sneutrino production @& models

for (€., €r, € +€r) models. ForN;N; production, the
minimum number of pairs produced (@00, 475, 32D for
(e, eg, € +eg) models given the minimum threshold ~
A=5 fb. Foreg models only, a minimum of 5\11N4 pairs,

never occurs at LEP 190 Iif]gL> 118 GeV. The signature of
VeV production depends on the sneutrino branching ratio,
but it was already established in Sec. IVE that

ve—€eCi(— N1 W”) is the dominant decay pattern. Thus
the signature isee* W"" W” +E, which is indeed quite

25N,N, pairs, 40N,Nj pairs, and 25(!!31 Cl pairs mustbe  prominent.

produced given the minimum threshold=5 fb. As for In Fig. 15 we present the ranges of the inclusive produc-
N;N; pair production we found a maximum 6177, 164, tjon of particular signals at LEP 190 f@& andér models.

152) pairs can be produced. As in Fig
The detection signatures for the chargino and neutralino
pairs common to LEP 161 are the same as above. Here we

discuss the processes that are different. First, the process 4

10
N;N, gives ay+E signature. The signatures fo;N, and
N,N, are entirely dependent on tid, branching ratioN,
can decay in a variety of ways outlined in Sec. IV C. Perhaps 10°

the most striking signature is whes,—N;h(A), giving a
bb-+ E signature foN;N, production andby+ E signature

for N,N, production. The signature of the proceSgC,
also depends crucially on the branching rati&qt but one
lepton with perhaps one photon plus missing energy is typi-
cal (assuming the top squark is_heavier thag). Thus, a
reasonable expectation forC;C,  production is
I+I‘(+l)+l£. It is also possible that only three-body de-
cays ofC, are open, in which case no photon would appear 10°

in the final state. The final states fro@} decay are summa-
rized in Table VIII.

In addition, sneutrino pair productidif open) is another
process that is relevant fef models. To have,v, produc-

cross section [fb]
=

. 12, no detection efficiencies are included. Notice

ml i
™ -
Z ¢ <
O
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o © ~
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FIG. 14. As in Fig. 11, for LEP 190.
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that while onlyN;N; production had a non-negligible mini- 10
mum rate (see Fig. 14 both the signals 2+ X+E and

yy+ X+ E (which rarely comes fronN;N5 production are

always larger than one event. Further, inclusive production 10° L
of | y+X+E andll y+X+E is always larger than the 10
event level foreg models only. All of the other inclusive
signals could have rates smaller than the one-event level. As
in LEP 161, if one of these signatures were fouadd de-
duced to be above backgroyndhen looking in the other
channels might serve to confirm the signal. Another impor-
tant search strategy would be inclusive signatures with jets
[ +photor(s)] that can have significantly larger rates than the
lepton(s) [ + photor(s)] signatures.

10

Cross section [fb]

10

H. Predictions for Tevatron

21+ X
ly+X F
y+X

>
+
=

lyy+ X

The assumption underlying the selectron interpretation is
that the Tevatron has already observed a candidate selectron . , . .
pair production event. Because many more states of the un- ' f" F;ange of mfcfl_u_suve_cross .SeCt.'(mszfol; Sefleaeo' signa-
derlying supersymmetric model are accessible at a hadrotHreS without detection efficiencies, as in Fig. 12, but for LEP 190.
collider, we here focus on the associated signals that should o
be observed in the present data €00 pb * per detector ~ yy+Er, orl "I~ +E, 0r|+|_1’)’i‘_ET- C, C, production
or in the next scheduled upgratle-2 fb~* per detector. As gives similar signatures asC;C; production, given
in Sec. IVG, we identify the processes that have nonmg —mg, and allowing for the possibility of two-body de-
negligible production cross sections, and then determine th@ays in the context of boff, and@s models as above.

poss_lbk_a signatures that depen(_j on the branchl_ng ratios. The processeg:iiN- are unigue to the Tevatron, with
Again, it is important to emphasize that the following pre- -~ ~ = L ~ ~

dictions assume that the minimum cét=5 fb is placed on €1 N1 C1Na, C; N3, €3 N,, andC; N, giving the largest

the o 32 for the eeyy+ E event. rates. As described above, the chargino typically gives
In Fig. 16 we present all of the chargino-neutralino pro-1J +Er andl=+Er, although possible two-body decays into

duction processes that can have cross sections above ab&IRPIONS can give+Ey, orl=+ &y, orl=y+Er. Thus the

50 fb. We use leading order CTEQ3RS5] structure func-  Signature ofCy N; production is one of the above signatures

tions evaluated aD?=S. At the Tevatron the cross sections or a single chargino. The signatures@f N, and~C+2iN2 are
do have a contribution frortrchannel squark exchangsee  as above plus one photon. Finally, the dec&sN; and
Table Il), but the dependence on the squark mass is usuallyziN4 are one of the above signatures coupled withor
weak for the squark masses in our models. If G@ys light, N, decay. Here again we can utilize Secs. IV C and IV G to

then these are the only necessary associated processes to fhe i the possible decay signatures. Rar the decay sig-
eeyy event. Ife_ is light, however, then there must also be nature is ‘Z” + B~ bbtE (if ma<60 GeV), and if two
T» T A ’ -

€ ve and vgv, production. In Ref. [1] we found

oG oE) na o) -S)o@) o e T 0 SR v o v b
samemy ; i.e., the cross sections are typically tens of fb. It IS odels the signature could be invisible, grtEy, or
also possible tha’tubot'épg andeg can be light; in particular, |+~ g Thus, if only three-body decays were open for
the other sleptongg in &_models,e, in ez models can be  nar4ings and neutralinos, the signature ®f N5 and
lighter than the one giving theeyy+E; event, which can N, would be "W 77 —;'E which aives the well-
dramatically affect the signatures. The pair production pro_gtgdiéd trilepton signa(26] IfT iwo—bodygdecays of the

cesses that have the largest cross sections and also hav i : .
charginos or heavier neutralinos are present, then one or

non-negligible minimum cross section are given in Table X, . ! . :
where the full range from the minimum to the maximum more photons could be present in the final state, with possi-
bly fewer leptons.

number of pairs produced for an integrated luminosity of . . .
100 pb ! is shown. In Fig. 17 we present the cross section for many promis-

. ~ ~ ~ = ing signatures at the Tevatron. As in Figs. 12 and 15, no
The signatures foN;N3 andC; C, are the same as for detection efficiencies have been included. We include

LEP (described in Sec. IVGland the decays of, were  chargino-neutralino processes in the sum, as wel:&
also discussed in Sec. IVG2. For completeness we list thBroduction inég models, an®, 8, , Teve, ande, v, produc-
possible signatures of all of these processes HeéfBi; will  tion in € models. We see that all six inclusive signatures
mainly give “Z” +E¢, or bb+E; if my<60 GeV. If two-  involving leptons or photons are expected to have minimum
body slepton decays are allowed, therejnmodels one can rates of roughly 2—30 events, regardless of the type of model
havel "1~ + Er, or in€z models one of invisibley+Er, or  (€_ or'€g). The yy+X, | y+X, andl yy+ X signatures can
|*1~+E;. C; C; production gives typically "I~ +E;, or  be much larger ireg models, but this only happens in the
if two-body decays intd,, 7 occur (in € models only, ~ Particular  kinematic ~ scenario  with my, <my ,m;
then depending on the mass hierarchy one can have m51(<m5R). In this case, charginos always decay through
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FIG. 16. As in Fig. 11, for Tevatrog's= 1.8 TeV with all’cv:iiE-+ , N N andC Nl processes shown that can have cross sections larger
than about 50 fb.

the two-body channels C—>|LV and Eﬁ“ﬂ with  detector backgrounds such as jets faking leptons or photons.
|L F—N 2(—Nyy). Thus, processes with intrinsically large To show the dependence of our efficiencies on the particular
cross sections such &N, production can lead to a large set of cuts, we choose a loose set witif| <2, || <1,
ly+E signal, and similarly for other processes involving (P ,E1)>ET"=10 GeV and a tight set identical to the
charginos. loose set excepEI"™=20 GeV. The efficiencies we found
Thel y+E+ (andjj y+ E1) signals are importarjié] and  range from 0.02 to 0.23 for the loose cuts, and from 0.01 to
can arise fronf; Nz and C,N, production in models with 0-12 for the tight cuts, but efficiencies outside these ranges
CHIuNl, C N1 production in models  with (from r_nodels not covered in the sub)sqslr_e p0555|ble. If
c —>vIL[—>IN2(—>le)] or Gl v[—>vN2(—>N1y)] and E™"is increased to 25 GeV, the mean efficiency is 0.04. The
Ioose cuts are sufficient for CDF to have triggered on the
I 7 production Wlth||_—>|N2(—A>JNﬁl)/) The chargino decays

_ - . . eeyy event.
assumemy >mc. For just CiN; production there are  \ye have also studietty, Il andlly signatures using a

roughly 10—130 pairs produced in the present CDF and D@jmilar set of cuts 1> 20 GeV andb{"”>EM")  where for
samples(each with the probable signatureg+"“W" +E e purposes of detectidnis summed ovee and u only.

(before cuty “W” decays tojj or |=v as usual. For Typically, when ET'"=10 GeV one expects 1-5 (2—12)
W” —jj, these events have no parton-level SM backwJr £ events in 100 pb? for B models §_ models from

ground. chargino-neutralino production alone. An additional 1-2
Many of these signatures should be detectable, since the

mass differences between superpartners is often constrained

to be small but nonzero, as in Fig. 8. For example, in decays 10*
such afN3—N;"“Z” and C; ,—N;" W,” the invariant mass

of the virtual “Z” or “ W” can be large. In particular, the
invariant mass of the Z” from N3 decay is between 0 to
40-60 GeV; thus, an excess in pairs of lept@msjets that
reconstruct to an invariant mass+,-<60 GeV accompa-
nied by a large missing energy is a distinctive signature of
N;N3 production in our models.

In addition to classifying the most promising signatures,
we have also performed a number of event level simulations
for a limited subset of ou€, andeg models, with the other
slepton heavy. The purpose is to get a feeling for the effi-
ciency of detecting multilepton and/or photon signatures.
First, we address the issue of efficiencies for the
eeyy+E; event, since this is important for interpreting the
threshold A in the eeyy rate. An efficiency represents the
probability that a certain class of events passes a particular
set of cuts defined before the data are analyzed. We chose aFIG. 17. Range of inclusive cross sections for selected signa-
set of cuts such thdfl) the event would be triggered on and tures without detection efficiencies, as in Fig. 12, but for the Teva-
analyzed and?2) the event would not suffer from obvious tron.

Cross section [fb]

20+ X
w+X |
ly+ X
2ly+ X
lyy+X
3i+X r
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TABLE X. The range of the number of chargino-neutralino pairs produced at the Tevatron assuming an
integrated luminosity of 100 pbt. The processes displayed here include those that have both a large
production rateand a non-negligible minimum production rate.

Process Range ig. models Range ieg models Range i _+eg models
N1N3 31 — 129 43 — 145 29 — 128
cicy 40 — 285 56 — 264 29 — 258
C,C;, 8 — 85 28 — 79 15 — 77
CiN; 75 — 638 132 — 540 54 — 552
CiN, 2 - 75 3 - 80 1 - 75
CiNs 32 - 98 36 — 103 28 — 96
CiN, 2 - 76 15 — 69 5 - 74
CiN, 3 - 51 17 — 54 8 — 55

events are expected froep v, production ing, models. This

different matter, since charginos would always decay to the

result is essentially unchanged for the simulation subset dfght top squarkC—1;b if kinematically accessible. This is

models if EM'""=

20 GeV. This is expected at least for the true regardless of the mixing angl that determines the

photons since the kinematics enforce hard photons in th§= 7 coupling, since the Yukawa coupling* T is large.

final state from slepton decay. The SM background fromyy, s
W production yields 105 and 37 events for each set of cut '
respectively. With tighter cuts, it is possible to achieve a

signal-to-background ratio near 1 for some models. The e
pectedll signature, resulting mainly fror@;C; production,
is between 0-6 events foET"=10 GeV and 0-2 for
ET"=20 GeV. Similarly, the expected y signature is 0—
5 events forET"=10 GeV and 0-2 events fdET"=20
GeV. Other signatures, such gy, | yy, and 3, produce at
most 1 or 2 events foET"=10 or 20 GeV. Therefore, it
would appear that they channel is the most promising for
confirming the supersymmetric interpretation of theyy
event(assumingm;1> mg), though other signals with lim-

ited backgrounds are clearly possible.

I. Alternative interpretation

Throughout this section we have described the constrain
and predictions in the selectron interpretation. However, in
Sec. Il we described an alternative interpretation involving

chargino production that could explain teeyy+ E event.

S

X_

it would seem that a chargino interpretation of the
eeyy+Er event frompp—C;°C;” is not possible unless
my,>mg. This is basically the scenario described in Appen-

dix A.

To construct models with a largeeyy+ E; event rate
and a light top squark, one must consider the effects of a
smallm;1 on the radiative neutralino decay width and on the

mass hierarchy. As we have remarked in Sec. IVB, the dy-
namical mechanism for a large radiative neutralino branch-
ing ratio appears not to be strongly dependentrqq [11].

For instance, models can be constructed wigh =50 GeV,
m¢,=250 GeV, and a large radiative neutralino branching
ratio arising from the dynamical mechanism. However, some
suppression to the radiative neutralino branching ratio from
light top squarks is present, and so theyy+E; rate is
t@aximized in the limit that all squark masses are large. For
example, the largesteyy+E; rate ine. and eg models
with a light top squark is 13.8 fb and 6.1 fb, respectively.
Sincem’,ql< mt, must be obeyed so thBk =LSP, the upper

Those readers interested in the model building associatdinit on my can be more restrictive than found above if
with the chargino interpretation are referred to Appendix A,mqls 74 (50) GeV ing_ (eg) models by observatiofl) in

which provides many details and an example model.

V. COMMENTS ON MODELS WITH A LIGHT STOP

We have seen that the effect of requiring a large 52

for theeeyy+ Et event is to strongly constrain the chargino,
neutralino, and slepton sections. Up to now, we have a

sumed that the squarks are sufficiently heavy so as not
directly interfere with the necessary decay chain. However,
is possible that a light top squatk can exist simultaneously

Sec. Il. This induces a rough upper limit da|, which also
has implications for the chargino masses.

There is an additional degree of freedom in the value of
#7, which determines the SB) couplings of'tulz with the
gaugino components of charginos and neutralinos. Maintain-

Si_ng a hierarchy betweema« m{z(:ma) would seem dif-

tiicult without giving a largesp [27], but this can be avoided
itf ty=tg (or #7==/2 by our definition. However, requiring
mt, =50 GeV,07==/2 implies thalrm2 must be largéper-

with the needed hierarchy in the other sectors. In particulahaps of order 1 TeV or moyeéf the light Higgsh is to have

neutralino decay&—flt are absent in our mode(with the

a mass that is not excluded by LEP. In general this implies

cut A=5 fb), since all neutralinos are lighter than the top thatm, will lie within the region accessible to LEP, though
quark. Therefore, the decay chain in the selectron interpretdurther analysis is needed to be precise?(@na) can be
tion need not be disrupted, if the radiative neutralino decayelow 1, andmy, can be near its present lower limit from

can be large with a light top squark.

LEP 1. Note als®t slightly affects the radiative neutralino

The chargino interpretation described in Appendix A is adecay[11].
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TABLE XI. Cross sections for light top squatk(=1tg) produc- top squark production at LEP 161 and LEP 190 for a selec-
tion at LEP 161 and LEP 190 with approximate final state QCDtion of light stop masses. At LEP 161 one would expect
corrections and QED initial state radiation effects included. Close tqoughly 20 (5) top squark pairs produced per detector, for
the threshold the cross section values may receive large correctiorPFﬁ —50 (70) GeV. At LEP 190 one would expect roughly
L .

due tot;t* bound state effects.
t 380 (95) top squark pairs produced per detector, for

my. 7 Cross sectiorfin pb) mi,=50 (80) GeV. All of the cross sections were calcu-
17 'R

(GeV) LEP 161 LEP 190 lated with approximate final state QCD corrections and QED
initial state radiation effects included, and assuming

50 0.85 0.76 ~ = —— .

60 0.50 0.56 t;=tr. Also, t;t7 bound state effects can be important close

0 0'20 0'37 to the threshold.

80 - 0 '19 It has been notefdl6] that when there is a light top squark

(so thatC;" —1;b andt—1,N;), there is a large set of events
predicted at the Tevatron by supersymmetry that has no
parton-level SM background. Even after all branching ratios

Another constraint on models with a light top squarkand detection efficiencies are included, tens of events
comes about ifn; +m,<m. Then top quarks must decay remain in the present 100 pb at the Tevatron. These

into top squarks with a branching fraction of about 1/2 if vents arise from three sourceg) Ci(—tb)N, (see
m7,~50 GeV. It was observed in RefL6] that a branching Table X, (i)  t(=Wb)t(—t;Np), ~and (i)
ratio of t—1,b of 50% is not excluded by Tevatron data, if d(—qN2)q{—qg[—t(—Wb)t,]}. In all casesN,—Ny,
gluinos and squarks with masses of roughlp50 GeV ex- t;—cNy, and typicallyW—jj. After branching ratios and
ist, giving additional top quark production to supplement thecuts there should be approximately 35—100 events with the
SM contribution while half the top quarks decay into the signatureby+E+ jets. “Jets” means 1-5 parton level jets,
lightest top squark. For our purposes we note that if thancluding 1-2 charm jetgan average of 1.5/eventThis
masses of non-stop squarks are greater than roughly 25fFediction could lead to a sample that allowed a robust
GeV, then they are not crucial in maintaining a large radia<{rather than one-event leyeletection of superpartners in the
tive neutralino branching fraction. present CDF and DO data. Whé&k—|v for these events,
The simultaneous existence of a light right top squark, aadditional good signatures arise and one expects an excess of
heavy left top squark, other squarkexceptb ), and the “W"”bc events that would appear in the top quark sample
gluino with masses-250 GeV, and a largeeyy+E; rate  andl*y+E+ jets events.
is therefore an interesting possibility. We explicitly con-  The simultaneous existence of a light top squark and a
structed nearly 200 models, mostly of tee class due to light chargino(as necessarily arises meyy+ E; modeld
their larger cross section. We did not find significant differ- can give rise to a shift ifr, [29]. We have analyzed models
ences in the models’ distribution i,-M; plane or in the  with m7 =50 GeV,t;=tg, and find that the maximum shift
p-tans plane. However, regions in these planes that wergn g, is sRI'<0.003 from chargino—top-squark loops only.
populated by heavy top squark models withk 5° near the  charged Higgs-boson—top-quark loops can also be signifi-
A=5 fb cut are no longer allowed. For instance, no light tOPcant, with a shiftoR,=< —0.0005 depending omy. In all
squark models approached the gaugino mass unificatiof;geg ta@ must be near 1 for a maximal shift R,. For
(M,=2M,) line, and|u| was restricted to be less than 62 example, tag=1.1, 15 2.0 can all give a large
GeV. Hence, there are a ngmber of phenomenological COlseyy+E rate, while the shift inR, is at best 0.0028,
sequences of assuming a light top squark (=50 GeV. 0021, and 0.0018 for chargino-stop loops only. Further,
First, as noted above, the branching ratioch—>le is Ry is sensitive more to the parameter gathan mg,, as is
virtually 100% (when kinematically accessibldfollowed by clear since the chargino mass is inversely related tg;tém
the one-loop decay; —cN;y if m,<mg. Thus all the sig- the above three casesic, is roughly 83, 80, and 70 GeV.

natures as noted in Secs. IV G and IV H arising from chargi-Ne note that these calculations have been done assuming
nos becoméc+ Ey. For example, while the dilepton signal mt, =50 GeV, 07 = /2, which is nearly optimal since the

from N;N; is unchanged, the dilepton signal fro8] C;”  maximum shift inR,, decreases as either the top squark mass
becomes  bbcc+Er. Also, the restriction is increased o¥y is taken far fromm/2.
my,<m7t (=50 GeV) results in somewhat tighter restric- ~ As has been emphasized, getting a significant shijn
tions on the upper bounds of the other chargino and neu€dquires a chargino that has a large Higgsino component and
tralino masses. In particulamz <90 GeV andmy, <100 fthe related result that be small and negative. It is interest-
GeV in our light top squark models, and the suming that the valye ofu and the chargino properties coming
(M + i ) =150 GeV. One consequence is tﬁ&lﬁ oro- from the ana}ly5|s of theeyy+Et _event have the propertlt_as.

Ny ' Ng _ _ 3 F"  needed to give such an effect. Finally, we note that a shift in
duction is always kinematically allowed at LEP 161, with a R, necessarily implies a shift ie extracted from the LEP
cross section in the range X1 (N;N3)<2.1 pb. Z line shape, through the relatiofwg(M ;) ~—45R,, [30].

Top squark production at LEP 161 may be directly visible This limits the maximum shift irR,, to about 0.0025, con-
with the expected integrated luminosity ifn® is below sistent with the above numbers and giviRg<0.2182. It is
threshold[28]. In Table XI we present the cross section for worth emphasizing that a significant shift Ry, (and «) is
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only possible simultaneously with a supersymmetric inter-events can be attributed to the absence,af, production,
pretation of theeeyy+E+ event ifN; is the LSP[4]. then it becomes less likely that the original selectron was
‘e_, though it cannot be definitive until a clean result is pub-

lished. In addition, particular signals must be produced at
VI. CONCLUDING REMARKS LEP 161 and 190 foiegr models that are not necessarily

We have seen that supersymmetry me LSPis avi- Present fore, models, and thus if these associated events

able explanation of the CDEeyy+ E; event. The primary were not found, then it becomes less likely that the original
constraints are the kinematics of teeyy+E; event, the S€lectron wa®g, with the same caveat as above. At LEP it
radiative neutralino branching ratrtﬁz—i\l‘ly, the selectron IS Necessary to study the relative rates of different channels

decayé—eN,, and LEP 1-LEP 130 data. Given a minimum to distinguishe, from eg, unless selectron pair production is

threshold on the cross section times branching ratio oftctually observed there. In fact, TEL.or er production is
—— N observedand the LSP can be established toNbg, then we

pp—8 '8 —e’e N,N,—~e'e yyNiN, at the Tevatron, O°Ser ' ! !
a selectron interpretation requirdg,, M,, u, tan3, and immediately know which charged sleptonrist responsible

ms in tight ranges(see Table IV and Figs. 7 and.8The  for the eeyy+Er event, since as we have shown in this
corresponding chargino and neutralino masses and the croBaper the slepton giving theeyy + Ey is kinematically for-
sections at LEP and Tevatron are similarly constrained. Thi®idden at LEP 161 and LEP 190. Thus there is no unique
is the origin of the predictions made for both LEP and Teva-Signal to discriminatee, from e (from e_+eg) models;
tron based solely on theeyy+ E; event, where many sig- only through the pattern of multiple signals can the nature of
nals can be large, and some must be produced. These sign#ite selectron be determined.

are deduced from the cross sections and branching ratios We have also seen that a chargino interpretation of the
without efficiencies, although in many cases the mass differeeyy+ E; event is a distinct possibility. In either the selec-
ences between sparticles cannot be arbitrarily small, and seon or chargino interpretation we expect at least the con-
presumably the signals are detectable. For exanip]&l;  straints from radiative neutralino decay to hold, and light
production must occur at LEP 190 with the mass differencesleptons are probably also a shared requirement for either
40<my,—my, <60 GeV in all models, which implies a pair interpretation(see Appendix A One way to eventually dis-

of leptons or jets from the deca’gya_)ﬁlff would have an ftinguish the selectron interpretation from the chargino inter-
invariant mass up to roughly 60 GeV. The inclusive signalsPretation is to compare the rates ekeyy, uuyy, and
that must be produced at LEP 190 with an integrated lumi€xyy. Assuming a mass degeneracy among the sleptons of
nosity of 500 pb! are o(21+X+E)=50 events and different families, the selectron interpretation predicts
o(yy+X+E)=3 events. At the Tevatron, the inclusive sig- roughly an equal number &eyy anduuyy events, with a
nals that should have been produdgdth an integrated lu- significantly depletedeuyy signal originating only from
minosity of 100 pb!) are o(21+X+E;)=30 events, 7 7 production followed byr" 7~ —e”u™+X. Alterna-
o(yy+X+EpD=2 events, o(ly+X+E;)=15 events, tively, in the chargino interpretation one would expect
o2l y+X+Ep) =4 eventsg(l yy+ X+ E;)=2 events, and roughly double the number aduyy events as compared
o(3l+X+E7)=2 events. All of these signals assume with either eeyy or wuyy events. Thus comparing the
X=anything(leptons, photons, jetsand are valid foig, or  euyy rate with eithereeyy or uuyy would provide a use-
‘egr models. Foregr models only, the inclusive signal that ful means to discriminate between the two interpretations.
must be produced at LEP 161 with an integrated luminosityNotice also that events of the tygé '~ yy+E; can be
of 25 pb™! is (21 + X+ E)=2 events. Also foieg models  produced only fronC;*C;" and7 "7~ production.
only, the inclusive signals that must be produced at LEP 190 |t is important to remark that theeyy+ E event phe-
(in addition to the ones aboyare o(l y+X+E)=5 events nomenology could be connected with other phenomena. If
ando (2l y+X+E)=5 events. We have examined many in- the LSP=Nj, is stable, then it could provide a cosmologi-
clusive signals with leptons and photons, but of course inclucally significant relic density even if it is mostly a Higgsino
sive signals with jets  photons are also important and in [7] (as required by theeyy+ E; evenl. For a given value
some cases can be larger. , of h? the mass oN, is correlated with tad, and so gives
The selectron interpretation can be made with the selec; g pset of the models constructed here. The predictions for

tron e being eithere, , €, or a sum over, andeg contri-  4qqqciated phenomenology are tighter, and generally the sig-
butions. The difference between andeg is in the SU2).  nais can be larger. Also, we have described in detail the

couplings of'e',_;ciuiing for example the Cross section at thegffect of assuming a light top squark in addition to the
Tevatron o(pp—e e )~2.20(pp—€rer) (in the mMass geyy+ [, event, in particular its connection Ry, [29] (and
range of interegt and the presence ef cogphngds to chargi- as [30]). A light top squark has many other consequences
nos. Thus one way to distinguid (ande_+€g) models [16], which we will not go into detail about here.

from ez models is with the associated charged current chan- However, it is perhaps useful to remark on how can we
nelpp— e ve that gives at leadty+ Er, with possibly more  |earm if there is a light top squark. The easiest way would be
leptons or photons depending on the decayaf Studies of  to opserve it at LEP. The cross section ranges from about
such signals are relevant fore, u, 7. A further source of 2 tg 0.8 pb over the range 50n; <70 (80) GeV of

+ = = = = 1

| “y+ X+ By events comes fronCy =Nyl »)No(—N1y),  most interest for LEP 164LEP 190. LEP 190 with tens of

as well asC; C;” with C—e ve or C—veeif mg ormy is  ph~1 will be definitive. For such light top squarks and even
lighter than the chargino. Thus, if no excess of associatetbr somewhat heavier ones up o —my, (=100 GeV in
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models considered hersearches irt(—1;N;)t(—Wb) or pp_—féfaf with Ei,j—ﬂzey, followed by N,—N;y. The
top squark pair production can be definitive. Indirect eVi'decayCi,jeNzev can proceed through either on-shell or
dence for a light top squark before there is definitive collideroff-shell W, & , and 7,. However, the two-body decay
data could come from a convincirig, excess, from slepton El_,w’,‘\lz is not possible, sinceng. —my. <25 GeV when
. . N . ’ Cl NZ""
pair production at the Tevatron without associated leptons, - . . ~ ~ .
. ~. ~ the radiative neutralino branching rati§(N,—N;vy) is re-
and photons from chargino channels becabse-t;b, from uired to be large
anomalous behavior of top quark propertj@$§], and from q ge-
the y+b+ jets eventd16] commented on in Sec. V. Note _ _
thatt; could be neaN, in mass, and therefore give very soft 1. Chargino production and three-body decays
fermions plus large missing energy. If € and7, are heavy, the branching ratio for the decay
We have stated that certain s_|gnals must be produced :@:i_)NzeVe is dominated byw exchange, with a branching
LEP and Tevatron, and some signals might be produced ifatip the same as that for the SM decay—ev, equal to
kinematically accessible. For example, at LEP 161 three neury o, Chargino production with heavy sleptons therefore im-
tralino and one chargino pair cross sections are large enougmies for everyl 1~y event, roughly 20 other events with
to give a ;igna_l if about 25 pbt is collected. _The signatures jet activity (possibly accompanied by one charged lepmn
are described in Sec. IV G 1 and can sometimes be somewht%o different chaggegi_leptonéplus two photons In addi-

ungsual. At LE.P 19.0 many Mmore processes can be Ope'ﬂbn, the channeC;— N;ev is always open and it is gener-
which can all give signals with possibly unusual signatures

o : ally favored by phase space, in particular in the casé,

(§e<_a Sec. IVGR Itis 'mPO”a”‘ to empha_15|ze that the pre- since the mass differenaaz, —my_ is never large. Further,
dictions assume the minimum cut=>5 fb is placed on the o - 1 W
oX 13 for the eeyy+E; event. In principle, if one could it seems difficult to find a region of the parameter space
demonstrate that failure to detect the signals implies they d8!lowed by LEP data, consistent with a large neutralino ra-
not occur at all, then only two possibilities remaift) A diative degay branching ratio and the -ggneral klnematllcal
supersymmetric explanation of teeyy+E; event in our 88 requirements, where the nonradiative channels into
framework must rely on an upward fluctuation framx 52~ Ny are dynamically suppressed. This holds for both on- and
even lower than 5 fb, of2) a supersymmetric explanation in Off-shell W exchange, and as a result the branching ratio
our framework is not possible. We note that even if the cufor the decayC;—N,er hardly exceeds 6% foi=1
A=5 fb needs to be relaxed, there are still constraints fronand is even lower fori=2. Hence, to get>5 fb
requiring a moderate branching ratio fdg—N;y as dem- eeyy signal from C;°C;” production and decay
onstrated in Fig. 2. _ Ci,j—>W(*)(—>eV)N2(—>N1y) one needs a cross section at

Theeeyy+E; event has given us a profou_nd example 9fleast roughly 1.5 pb[even assuming B(N;—N;7y)
how low energy supersymmetry could be discovered W|th:100%], sinceB(CiiCji—>N2N2e+e‘ verg) is well below
one event. It is not obvious that such an eventld be 144 This does not seem to be possible with an individual
explained by supersymmetry, and we emphasize here t

. - ~ = “Chargino pair production process, given all the oteeyy
predictability of .the theory once such an explana'qon 'Sconstraints. However, a small but nonzero signal can always
adopted. In particular, we have shown that assuming th

X = Qrise from this source in models which are compatible with
eeyy+ Ey eventis due to supersymmetry with @;=LSP  the selectron interpretation. We have found models with up

imposes strong constraints on the supersymmetric params 1 ¢, eeyy total signal from the sum cili'éji produc-
eters, and predicts much associated phenomenology. Confit- ~. . . .
mation at LEP or Tevatron from the myriad of associatedhon and three-bod{;~ decay in our selectron interpretation

signals described in this paper is necessary to be definitive. I[FOd(?L:"(Thetsi. contributions were not included in the selec-
is remarkable how much can be learned from the TevatrofO"' N€rPreta ion).
data, if the signal is confirmed.

Note added As we were completing this paper, three 2. Chargino production and two-body decays
other papers appeared which discuss the Gizfyy+Er We consider in the following chargino production fol-
event in various contex81-33. lowed by two-body decays into sleptons, which allows an

enhancement of the total possible branching ratio into the
eeyy final state. The regions are somewhat different in the
chargino interpretation witlc—11 than in the selectron in-

This work was supported in part by the U.S. Departmenterpretation; in particular, we found that the constraint
of Energy. S.A. was supported mainly by the INFN, Italy. my,— My, =20 GeV is no longer required(We have

checked that a neutralino mass difference of order 10 GeV
can be sufficient in the chargino interpretatiofhis may in
principle allow the kinematical mechanism for the enhance-
ment of the radiative neutralino decay branching ratio to op-
The chargino interpretation purports to explain theerate simultaneously with the dynamical mechanism to ob-
eeyy+E; event through chargino production and decay, tain a largeeeyy rate. In Sec. IV B we already encountered
priori sharing only the requirement of radiative neutralinoparticular models in the selectron interpretation where the
decay with the selectron interpretation. The possible sourcdgnematical mechanism plays an important role, and this may
of eeyy in the chargino interpretation are from be true for the chargino interpretation to an even greater
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TABLE Xll. Two sample models in the selectron interpretation. All masses are in GeV, all cross sections are in fb. Only the largest
branching ratios and cross sections are displayéisummed ovee, x, and7 in the branching ratios and inclusive cross sectiguisich
have no detector efficiencies includeth the branching ratio€ refers to a sum ove€; andC,.

Model parameters ‘e, model ‘er model
M, M, 64.7 ,64.3 74.4 ,77.6
w, tang ~37.0,1.18 -383,1.11
My, mG=my, 200 , 500 400 , 500
my,, 07 204 ,—0.342 487 ~0.123
m7,.m7,.m; 105 , 272 , 99.6 391, 104 , 390
mg,.mg, 79.6 , 110 78.9, 119
T MR, MR TR, 36.6 , 64.6, 90.5 , 118 38.2,75.1,885, 127
(N1|Hp)2, (N, 7)? 0.997 , 1.000 0.999 , 0.999
My, My My =, 70.2, 229, 216 ~0.825 69.2 , 415 , 408+ 0.765
oX B? 13.2 6.6
B(N,—N;7) 0.98 0.94
B(N3—1*17),B(Ng— vv), B(Ns—qq) 0.10, 0.22 , 0.67 0.10 , 0.20 , 0.69
B(N,—7 v+ 7)), B(Na—T 1 +1,1) 0.83,0.13 - -
B(N,—Tal +Td)) - 0.80
B(C1—N,lv),B(C;—N1qq") 0.34, 0.66 0.33, 0.67
B(C,—71),B(Cy—1,v) 0.66 , 0.28 - -
B(Cy— N4l v),B(C,—N1qq’) 0.02, 0.03 0.33, 0.66
B(&,—N,e),B(8.— Cw,) 0.91, 0.07 0.30, 0.59
B(Er— N,€),B(Er—N,€) 0.81,0.14 0.98 , —
B(e— N3ve), B(Te— Ce) 0.08 , 0.90 0.10 , 0.61
LEP 161 cross sections
o(N;N3),0(C,Cy) 2010, 405 2130, 1320
o(N,N,), 0(N,N3) 191, 123 40, -
Inclusive o (21 + X),a(yy+X) 276 , 184 365, 36
LEP 190 cross sections
o(N;N3), o (N3N,) 1450 , 89 1530 , 49
o(N,N,), 0 (N,N3) 342, 243 199 , 164
o(C4,C,),0(C4C) 1080 , 167 2760 , —
Inclusive o(2] + X), o (yy+ X) 473, 331 529 , 177
Inclusive o(1 y+ X),a(1l y+X) 115, 73 60 , 59
Tevatron cross sections
o(e e ),o(eger) 165, — -,79
o(3Te),0(8.70) 18.5 , 45.0 - -

U(’jl’js) ,U(§191) ) U(§2§2)

1180, 907 , 552

1270, 887 , 415

o(C1Ny),0(C1N,),(C1N3) 2690 , 113, 840 2710, 55, 915
o(C,N,),0(CoN3),a(CoNy) 324,28, 332 190, 8.4, 241
Inclusive o(21 + X),o(yy+X) 1700, 174 631, 24
Inclusive o(1 y+X),o(2l y+X) 954 , 714 318, 237
Inclusive o (1 yy+X),o(31 +X) 171, 892 22,101

extent. However, a small mass differerm:ﬂz— my, seems the region suggested by teeyy+ E; event kinematics with

only to be allowed whemﬁz is small, so that it can presum- the'constraint.s from the branching ratios. Also, with a neu-
ably receive a large boost after {Be or 7, decay and gen- tralino mass dlffer_ence qf order 10 GeV or more the radiative
erate a hard photon. The only way to construct a model witft€utralino branching ratio never approaches 100% from only
two very light neutralinos and a heavier chargino is to entethe kinematical enhancemetl]. Hence, as in the selectron

the “light-gaugino—Higgsino window"(see Sec. IV® but  interpretation it would appear that the dynamical mechanism
even there it seems difficult to build a model which falls in for a large radiative neutralino decay is required. This, along
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TABLE XIII. As in Table XII, but for an€_+€g model, and a model with a light top squark. Note that B2 sums over botfg, and

'€ contributions for thée, +€g model.

Model parameters

‘e_+¢eg model

‘ez model (with light t;)

My, M, 70.2 ,76.2 76.5,77.0

u, tans 488 ,1.26 —-38.9,1.39
Ma, Mg=mg, 200 , 500 400 , 2000
mi . 07 488 , 0.263 50 77/2

my L my_,my; 119,121, 113 439 , 105 , 437
Mg, Mg, 84.8 , 118 75.2 , 121
My, mNz MR, MR, 47.8,71.5,96.8, 124 37.4,76.6,88.4 128
(Na|Hp)2,(N,|9)? 0.990 , 0.998 0.988 , 0.999
My, My, My =, ap, 67.8, 227 , 216 ~0.792 59.1, 411, 408+ 0.651
o X B? 10.2 5.1
B(N2—>Nl'y) 0.92 0.86
B(Ng—1*1~ )B(N3—>vv) B(Ns—qq) 0.10, 0.22, 0.67 0.10, 0.20 , 0.68
B(N4—>vv+ ), B(Ny—T,+1.1) 0.85,0.05 - -
B(N4—>IRI +1gl) 0.01 0.74
B(Cl—>N1I V), B(C1—>N1qq ), B(Cy—1,b) 0.34,0.66 , — 0.00, —, 1.00
B(CZ—> V|) B(C2—>t b) 0.78 , — -,0.98
B(C2—>N1I V), B(C2—>N1qq ) 0.06 , 0.11 0.01,0.01
BCLHNZe) B(~L—>CVe) 0.94,0.03 0.30, 0.59
B(VRHNze) BCRHN&) 097, - 0.96, -
B(ve— N3Ve) B(Ve—>C€) 0.10, 0.86 0.10, 0.62
LEP 161 cross sections

o(N;N3),0(C,Cy) 1500 , — 2100 , 2680
a(N2N2),o(NoN3), o (TTr*) 120, - 23, -, 850
Inclusive o(2l + X), o (yy+X) 157 , 100 215, 17

LEP 190 cross sections

o(N;N3), o (N3N,) 1360 , 24 1500 , 41
o(N,N,), o (N,N3) 355 , 227 169 , 150
0(6161)10(6162)v0(Tgl*) 880, -, — 3110, -, 760
Inclusive o(21 + X),a(yy+X) 302, 299 254 , 125
Inclusive o(1 y+ X), (Il y+X) 56 , 51 78,78
Tevatron cross sections

o(ee)),o(erer) 9.4,4.0 -,75
Ureve) U(Lve) 105, 24.6 -, -

U(N Ns) g(clcl) 0'(C2C2) 688 , 681 , 434 1270, 1140 , 298
o(C1N;),0(C1N,),(C1N3) 1590 , 86 , 575 3430, 128 , 974
0(C,N,),0(CoN3),a(CoNy) 189 , 29 , 259 218 , 43, 283
Inclusive o (21 + X),a(yy+X) 1190, 43 178, 16
Inclusive o(l y+ X), o(21 y+ X) 369 , 279 50 , 48
Inclusive o(l yy+ X),o(31 +X) 39, 654 16, 7.5

with the_following argument for the need of a mostly channels withN, in the final state are always open and en-
gauginoN,, explains why it seems possible to build modelshanced by phase space. Thus to maximize the branching ra-
with largeeeyy rates in the chargino interpretation only in tio into N,, one has to minimize th&l, Higgsino compo-
regions of the gaugino-Higgsino parameter space similar taents(which do not couple with sleptohand maximize the
Higgsino component of;. In this way, the branching ratio

that in the selectron interpretation.
The maximumB[C{"—1’ T)(1INY)] for T=7, is 1/3,

for @ —N,e is enhanced, analogous to the selectron inter-

and forl—e,_ is 1/6 due to the slepton mass degenerac;pretatlon ._Typically, the branching ratio for the combined
assumption andy; <mg (assuming the decay into sneutri- decayC;" C+~>ee’y’y though two-body decays into sleptons
nos is not strongly suppressedilso, the slepton decay can reach at best 4%, assuming3(N,— N;y)=100%. In
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the Cz case, a further source of suppression can come fromignal is depleted frole—7, Vo€ smceve tends to have com-
the channel':?e—>Cle (|f open), which always dominates parable branching ratio intdN; and N2 Further, if
over ve—>N2ve or ve—>vae A similar suppression in the ms; 7, <M, then a two-body decay opens fdb,—7vv,,

C, case can also come frog —C,v.. Thus, the actual which often suppresses the radiative decay branching ratio.
eeyy rate depends strongly also on the mass hierarchy bealso, a sneutrino mass larger thanE implies a possibly

tweenms, Mg, andmg,. large branching ratio fof,—C,e. To ensure sufficient

Maximizing the Higgsino component &f; and minimiz-  phase space for the dec&y—¢, v, and to have the masses
ing that of N, leads us to the conclusion thil, is mostly  fall in regions where we found kinematical solutions, the
photino andN; is mostly Higgsino, analogous to the selec- mass dlﬁerencmc ms, =(0(10) GeV probably should be

tron interpretation. However, differences do exist betweersnforced. The selectron also must be larger thigy) by at
the chargino interpretation angl models in the selectron least~20 GeV for analogous reasons, but not Iarger than
interpretation. For example, one needs £00; <137 GeV mg,; otherwise, the branching ratio fef will be dominated

in th lectron interpretation, while in th hrlnlnrr
the selectron interpretatio € In the chargino interp eby eL—>Clve It is clear that maintaining such a mass hier-

tation one only needs at least onegpfandv, heavier than archv betweem= M=  m- me . m= . andm is consid-

roughly 60 GeV but lighter than at least one of the charginos: y Car e THver TNy THC» Ny

Of course, additional constraints am; andms_are present erably more dlfflcult than in the selectron mterpretatlon and
, . . ,

due to the particularly complicated decay chain and the Iarg(g,0 some extent a fine-tuning of the masses of the particles

radiative neutralino branching ratio needed. The right selec: nvolved is always required. Also, the relevant branching
ratlo is always small and never exceeds a few percent while
tron enters the three-body deCMHNle e, but if its

n the selectron interpretation it can in principle reach
mass is moderately large, then the decay cannot be enhanc %0% All of these facts seem to render a chargino interpre-

Squark masses are relatively unconstrained, although I'glht(?étlon problematid(in stark contrast to a scenario with the
squark masses increase gC, cross section, but decrease gravitino as the LSP4]).

the radiative branching ratio.

The absence oteyy+E; event kinematical solutions
with chargino masses less than 95 GeV implies that to con-
struct a chargino interpretation that at least possibly satisfies We searched our model samples compatible with a selec-
the kinematics one should conservatively choose to seardfion interpretation of theeeyy+E; event for cases where
only for models withmz>95 GeV. Restricting taM,, u,  C,C, production could yield an additionaleyy signal. We
and targ values roughly in the allowed ranges singled out infound several tens of candidate models: some indge
the selectron interpretation, one finds a rough upper limit osamples and a few in the. sample. However, the general
400, 50, and 1200 fb for the cross section@fC,, C;C,, kinematical requirements for a chargino interpretation of the

and C,C, production, respectively. Given at best a useful®€y+Er event slightly favor thée, models, which are
branching ratio of about 5%, then @102 interpretation located roughly in region faccording to the classification of

Sec. IVB. Such models could give rise toeeyy signal
(along can be excluded. Fa2,C, andC,C, production, the with the kinematical characteristics of the event, from simul-
eeyy signal could be up to roughly 20 and 60 fb; therefore, ~ ~

the lower bound on the radiative neutralino decay branchinéaneougye'- andC, pair production, although the, signal
ratio is 50% and 30%, respectively, to pass the 5 fb cut s generally below 6 fb. We report one model as an example
used in the selectron inter retation, TGeC, cross section of the above:M;=65 GeV, M,>Mz, u=-53 GeV,
. tron Interp A ! tang=2, mz =110 GeV, mz =350 GeV, m;=90 GeV,

drops rapidly asng, is increased, and it appears not to glve L R .

. 1 N i,=150 GeV, andmi,~m5=250 GeV. The neutralino
a sizableeeyy+ E; signal whenmgz =110 GeV. Alterna-
) ~ = i L ) masses my, —65 70, 96 137 GeV, and the chargino
tively, the C,C, cross section can still be large, and give a 123
sizableeeyy signal formg ~150 GeV/(if mg~250 GeV. massesng, , 72 ,137 GeV. The’:2C2 production cross sec-
In practice, this sets rough upper limits fidr, and|,u| which  tion atthe Tevatron is 380 fh, while tFquL cross section is
determine the chargino masses. Further, our analysis of the3 fb. TheB(N,—N,7)=81%, theB(C,—7.e)=17%, the
eeyy+E; event kinematics in the chargino interpretation B(Czﬂg,_ve) 16%, the B(“LHNZG) 100%, and
gives an indication that large mass differences30 GeV)  B(ve—C,e)=77%. Theeeyy rate is roughly 6 fb from
betweenC; and N, may be required to reconstruct the only chargino production, and so is slightly above the
eeyy+Er event. In thd =1 case this is very difficult, if not A=5 fb cut imposed in the selectron interpretation. It is
impossible, given all the other constraints. Thus, we conworthwhile to remark on how sensitive tleeyy rate is to a
clude that sizableeyy+Ey signals can probably only be change in the masses. For example, one can attempt to raise
achieved fromC; C, production, with the decay chain theeeyy rate from chargino production by slightly reducing
C2—>v B (—eN,) OF Cpo€Te(—w 2) followed by the €. mass in such a way to get a sneutrino lighter than the

e e e

N,—N,y. This appears to happen only in a region of theCl* and galp the additional ;lgnal fromz'gecays' into on-
parameter space similar to the selectron interpretation. ~ Shell sneutrinos and sneutrino decays iftg This would

A few final remarks on model building are in order. The requirems <96 GeV, although the modified model would
sneutrino always plays a role when the mass hierarchgppear to be farther from the region of masses satisfying the
mg>mgL(>m;e) exists, and as a consequence twyy eeyy+E; event kinematics. However, the radiative neu-

3. Chargino interpretation: An example
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tralino decay branching ratio drops quite sensitively when APPENDIX B: SAMPLE MODELS

the aIreaQy light slepton masses are further rgduged. Thus, Here four sample models from the set used in the selec-
constructing models in the chargino interpretation is SOmegqn interpretation are provided in Tables X1l and XIII. Input
what difficult, and it is not obvious how one ought to perturb parameters and calculated masses are given, along with
around any given model to increase theyy rate. However, many branching ratios and cross sections. Notice that the
we did find some models with interesting characteristics, asour models’ input parameters are similéexcept for the
shown above. A more in-depth analysis is necessary to d&lepton and top squark masgebut the cross sections for
termine if the chargino interpretation is tenable, and if so theboth theeeyy+ E; event and associated phenomenology are
ranges of the parameters needed. quite different.
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