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We have analyzed the Collider Detector at Fermitaly y + missing energy event. Its kinematics
and expected rate are consistent with selectron pair production. We consider two classes of general
low-energy supersymmetric theories where the lightest neutralino or the gravitino is the lightest
supersymmetric particle. The supersymmetric Lagrangian is tightly constrained by the production and
decay of the selectron and other data. We discuss other processes at the Fermilab Tevatron and at LEP
that could confirm or exclude a supersymmetric explanation of the event. [S0031-9007(96)00051-8]

PACS numbers: 14.80.Ly, 12.60.Jv, 13.85.Qk

The CDF Collaboration at the Fermilab Tevatron col-Then we calculate rates for production and decay of se-
lider has reported [1] ameyy + Er event that does not lectrons, charginos, neutralinos, and associated processes.
seem to have a standard model (SM) interpretation. ThEinding any of these associated events would greatly
event has two isolated electrons and two isolated phastrengthen the supersymmetric interpretation.
tons, all with large transverse energy ~ 30-60 GeV We illustrate how to experimentally distinguish the two
and missing energffr = 53 GeV with little hadronic en-  supersymmetric scenarios which we consider. Wjén
ergy throughout the detector. We confirm that the evenis the LSP, we find the soft-breaking massés, M, do
is consistent with the rate and kinematics of selectromot satisfy the gaugino mass unification conditiefip =
pair production(pp — &*&~), with a massm; in the  5/3 tarf@yM,, but ratherM, = M,. In the light grav-
range 80 to 130 GeV, and about the expected cross seitino scenario, one can maintain the gaugino mass unifica-
tion for one event inl00 pb~! of data. If the lightest tion relation. Our main result is to establish the validity
supersymmetric particle (LSP) is the neutralino (“neu-of the supersymmetric interpretation of taeyy + Er
tralino LSP” scenario), then the selectrenmust decay event by identifying the region of parameter space that
mainly into the next-to-lightest neutraling; and an elec- satisfies the kinematic, cross section, and branching ra-
tron (z2 — gJe), followed by ¥5 decay to the lightest neu- tio constraints. Then we provide predictions for events
tralino %} through the radiative channgf — %7y [2,3];  whose presence (absence) would confirm (exclude) the su-
this chain will have a high probability ifj(? is Higgsi-  persymmetric interpretation of theyy + Fr event.
nolike while ¥? is gauginolike. Alternatively, if there is The minimal supersymmetric standard model (MSSM)
a very light gravitinoG [4] with a massmg < 1 keV ~ has a particle spectrum including the SM particles plus
(“light gravitino” scenario), then the selectron decay is in-their superpartners, with the SM gauge group(BU X
terpreted ag — Ve followed by ) — Gy. Whilewe SU2). X U(1)y. We generally follow the notation and
were writing this paper, Ref. [5] appeared. It also dis-conventions of Ref. [6], including the sign pf. We per-
cusses the light gravitino scenario, but not the neutralindorm our analysis in terms of a general supersymmetric
LSP scenario, for the CDEeyy + Er event. Lagrangian at the electroweak scale, with no unification

In the SM, the most likely explanation for the assumptions or significant assumptions about the unknown
eeyy + Er event isWWyy production [1]. We have superpartner masses. In low-energy supersymmetry, as
estimated (using/ADGRAPH helicity amplitudes, checked in the SM, masses are unknown until they are measured.
with photon emission estimates) the cross section foSome cross sections depend only on the mass of the pro-
eeyy to be roughly 0.006 fb, includingW — ev, duced particles and are thus unique, while others depend
branching ratios, andz; > 10 GeV, || < 1, giving  on masses of exchanged sparticles and can have a range,
less than10~3 events expected with the current CDF which we report. Different sets of supersymmetric mass
data. We estimate the background f@iWyg with ¢  and coupling parameters are often referred to as “models,”
faking ay to be even smaller. though they all parametrize the same Lagrangian.

We determine a set of supersymmetric soft-breaking Assume theeeyy + Er event can be ascribed to
parameters, superpotential parameters, ang taalues selectron pair productiong — Z*, y* — é*&~ with
that give masses and event rates consistent with the subsequent 2-body decay for each selectron. We
eeyy + Er event, as well as all other theoretical anduse X;, X, for the lightest and next-to-lightest neutral,
phenomenological constraints, including LEP1—1.3 dataodd R-parity, fermion corresponding t&?, ¥5 in the
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neutralino LSP scenario ar@, 7! in the light gravitino  decayyy — %y dominate, it is necessary to have one of
scenario, respectively. If all decays occur close to theg}, 72 be mainly gaugino and the other mainly Higgsino
apparent vertex, we can find some nontrivial constraints2,3]. Since only the gaugino will couple t@e, this
We vary the two missing momentum 4-vectors associatedniquely fixesy) to be mainly Higgsinog, to be mainly
with X;, subject to the constraints of equality of selectron,gaugino. An examination of the neutralino mass matrix

X, and X; masses in the two decays and conservation10] then leads to the region of parameter spac@tan 1

of total transverse momentum. This generates a s@and M; = M,. In the limit when these relations are

lution space with constrained ranges fag, mg,, and  exact, one neutralino is a pure Higgsing = A} (the

mg,. Only one pairing of electron and photon gives «symmetric combination” of7? and1?) with a masg u|,

consistent kinematics fom; < 130 GeV. Also,mz >  and another is a pure photino with a mags = M,. The

80 GeV, 38 GeV = mg, = min[1.12m; — 37 GeV,95  other two neutralino states af&ino—Higgsino mixtures

GeV + 0.17mg, ], mg, < min[1.4m; — 105 GeV, 1.6mg, with masseslle + u = J(Ms — p)? + 4M2|. The

— 60 GeV], and m;z+;- = 275 GeV. These constraints two charai 2 ; b Z ot ;
o . gino masses are given by the same relation with

are based on measured quantities that have expenmen@lz — My. In order to obtain the desired hierarchy of

errors so all our numbers have associated errors, and CaR tralino masseg; must be negative, an| must be

Ee tshharpenedt Wit? a more _detailiq SItUdY ?f thet Ff{yengmaller thanM, = M,. Also, the kinematics of the event

urther constraints arise in particular interpretations,; = IR

described below. (In principle, the event could also b:glve_ e T M = 30 GeV, arldin_)“ 'm{?(; 14:))(3 mUSt e

chargino pair production, but this is disfavored by bothSufficiently heavy to nothavg, ¥, andi x; pairs seen

dynamical and kinematical considerations; we will discus&t LEP1.3. This almost fixes the allowed ranges of

this in Ref. [7].) andM; = M.

In Fig. 1, we display the cross sections for slepton pro- If we Iry to move away .from.Ml = M> (toward
duction [8,9] at the Fermilab Tevatrof/s = 1.8 TeV) gaug|n0~r(1)ﬁass~gnlﬁcatlon), it is still possible to have a
in the mass region suggested by the kinematics. Typil&'9€ B(x2 — Xiv) whenM; = M»/2 = —p (p < 0)
cally o(2,2;) ~ 230 (¢xer) for equal mass sleptons. 1f and small tag [3], but thenmy: is nearmgy and the
the eeyy + Er event is fromé, production, then the klner_natlcal properties of t_he event car_mot be_ satisfied; if
&1, channel is definitely accessible singg and 7, are one increases the mass difference by increasing,téme

in an SU2); doublet and are thus related by the sumtradiative branching ratio drops. Thus it appears to be very

rule mgL _ m% + M%VICOSZBI, with tand > 1; hence difficult, if not impossible, to have an interpretation of the

ms, < ms,. If the event is fromeg production, thenn;, ~ €¢YY + Er event with gaugino mass unification.
andm;, are not determined by the event. _The analytical limits discussed above point to a spe-
In the neutralino LSP scenario, the decay— yle cific region of the supersymmetric parameter space that
must dominate, hencg! is largely gaugino (i.e.5, z W€ have e>_<p|ored with complete numerlcal calcula_tlons.
rather than Higgsino). In order to have the radiative! N INPUtS includé/,, M», 1, tang to obtain the chargino
and neutralino masses and mixings, in addition to the
squark and slepton sector, which enter the branching ra-
tios. Apart from a possibly light stofy (7; is the lightest
stop mass eigenstate obtained from a linear combination
of the stop weak eigenstatés and 7z [6]), squarks do
not significantly affect our analysis as long as they are
3 heavier than about 200 GeV. In our numerical calcula-
tions we assume all squarks are heavier than 200 GeV
(the effect of light squarks will be more fully discussed in
Ref. [7]). The LEP1 limit on the mass of the lightest neu-
tral Higgs bosom: is sufficient to ensurgy — iy and
5 not Y5 — ¥ih. For each set of supersymmetric param-
] eters (each allowed “model”) we calculate cross sections
1 for chargino, neutralino, and chargino-neutralino pair pro-
- - duction at LEP and Tevatron, as well as the branching
80 %0 100 110 120 130 ratios of all charginos, neutralinos, and sleptons for every
slepton mass [GeV] allowed channel. The final set etyy + Er event con-
FIG. 1. Cross sections fog,e;, érég, ¥.7., and &.7, straints on the neutralino LSP scenario is given in Table I.
production at the Tevatron fags = 1.8 TeV versusmg, , m;,, There are a number of processes that must occur if the
ms,, and mg,, respectively. The cross sections depend onlyneytralino LSP interpretation is valid. Thg g3 cross

on the masses of the sleptons; the shaded bandefay . .
corresponds to the allowed range f, for a fixed ms, that section at the 1.8 TeV Tevatron collider can be found by

can be parametrized by t8n The lower (upper) dot-dashed VaryingMi, M, u, tang (plusmg,, mg,) through tt‘e oal-
line corresponds to tgh = 1 (3). lowed ranges defined by tkeyy + Er event. o(¥i ¥2)
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TABLE .

Constraints on the MSSM parameters and massesiot valid in detail, since they! — Gy decay length is

in the neutrallno LSP scenario requrnng the total branching rasjgnificant on the scale of the CDF detector.

tio B[e*é~

—e'e Xz(—’ 7X1)X2(

o(ee) X B> 4 fbfore = &, ande = é&i.

yi)] > 50% and the

eeyy + Fr Constraints on Supersymmetric Parameters

ér

ér

100 < m;, =< 130 GeV
50 = M, =92 GeV
50 < M, < 105 GeV

075 < My,/M, <16

—65 = u < —35GeV
0.5 < |ul/M, =095

I <tanB <3
33 =m0 =55 GeV

100 < m;, < 112 GeV

60 = M, = 85 GeV

40 = M, < 85 GeV
0.6 < My,/M, < 1.15
—60 = u < —35GeV
0.5 < |ul/M; =08

1 <=tanB =22
32 =my =50 GeV

The light gravitino interpretation suggests several other
signatures which can be searched for at the Tevatron
and LEP-2. The possibilities includg’G and y5G
production, leading to signaturegf; and yI/" I~ Fr or
vjjEr, respectively. At hadron colliders, one can have
gG [12] production, theng can decay dominantly into
g + G with a monojet signature. Another possibility is
¥i G production with the signature”yE; or yjjEr.

Other signals which can occur at either the Tevatron or
LEP-2 should contain two energetic photons (assuming
that one takes thezeyy + Er event as establishing

that 3! — Gy occurs Within the detector at least a
large fraction of the time). ¥V ¥) or 7 give anyT
S|gnature The signdlyy Er can occur from eithel; 7
or i )(1 production. The?.?, and &, 7, modes are
unavoidable if theeeyy + Er event is due tOeL pair
product|on One also hagyjjE; from either ¢{ %5 or
%% production. Another possible discovery signature
is 171" yyE; following from either %i %> or I; ¥
production. In general, one can search for any of the
usual supersymmetric signatures with an additional pair
of energetic photons (one from eagfl decay). 1fzz is
accessible, it can lead to the usual multijeff; signal,
but with two energetic photons. If a stop is light, another
possibility is the production of ;" (— 7,b) + ¢V(— G1y),
followed by 7, — c¥{(— Gy), that gives a signature
7.7, channel givesyy £z, as doesys y» production. bcyyHr at the Tevatron and does not seem to have
We now turn to the alternative light gravitino interpre- a counterpart for the neutralino LSP scenario. Each of
tation of the event. It was originally pointed out by Fayetthe signatures listed above can occur also with only
[4] that the gravitino can have couplings to (gauge bosongne hard photon if is comparable to the size of the
gaugino) and (scalar, chiral fermion) which are inverselydetector, allowing one of the two decayg — Gy to be
proportional to the gravitino mass and so can affect colmissed. While the neutralino LSP interpretation and the
lider phenomenology [4,11-13]. More recently, there hasight gravitino interpretation both predict signatures with
been theoretical impetus for the light gravitino comingtwo energetic photons anfl;, the rates and kinematics
from considerations of dynamical supersymmetry breakwill be different and so may eventually be used to
ing [14]. distinguish them. Furthermore, ifig is in the upper
One major point in favor of the light gravitino scenario part of the range favored by dynamical supersymmetry
is that the kinematics withng = mg, =~ 0 allows the  breaking [14], it is not unlikely that the decay length
selectron to be as light as 80 GeV, with a correspondingly; can eventually be measured in the detector. While
larger production cross section, and the branching fractiogre were preparing this paper, two papers [5,15] have
should be essentially 100%, with no other adjustment ofppeared which discuss light gravitino signals, inspired
parameters. Supersymmetric signatures WI|| often includ@y dynamical supersymmetry breaking.
two hard photons plus missing energy. Tiig; — Gv) LEP1 only weakly constrains the light gravitino sce-
is too small, 7! will decay outside the detector, and the nario for mg; < 1 €V. In contrast, stronger constraints
signature for any given event would be the same as in thean be placed on the neutralino LSP scenario from the

58 =< myy =< 95 GeV 60 = my = 85 GeV

88 = my = 105 GeV 88 = my = 108 GeV

110 = myp =< 145 GeV 110 = myp =< 132 GeV

62 < my = 95 GeV 65 < my: = 90 GeV

100 = myr = 150 GeV 100 = myr = 125 GeV

ranges from 100 to 1000 fb fone ~ 60 GeV, with the
range decreasing to about 20 to 100 fbrfq;o =~ 90 GeV.
It gives events such ag (— I* V)(l))(z(—> y¥d) with a
signaturd =y 7, ¥i (= qq'¥1)x:(— v x?) with a signa-
ture jjyEr, or ¥i (— f1b) ¥z (— yx1) followed by7; —
cx? with signature vbcEr. The channeIeng gives
typically & (— e3)7e(— v.¥2) followed by > — v X1
with a signatureeyy g (ve — eyi andp, — ve)(? are
suppressed because thg and ! are Higgsinolike). The

usual MSSM. In terms of its energy, the decay distancéionobservation of supersymmetrlc events at LEP1-1.3.
of ¥ %is given by In particular, we requirer(e " e~ — 5(1 N<2 pb (after

d = 176 X 107K1‘1(E%0/m%0 _ l)l/zmémeS cm., an evaluation of the initial-state radiation effegts) leading
Xitox X to a very small (less than 10) total numberidfy} events

where k; = |sindyN;j; + co¥wN;|?> in the notation of expected in the data of an ideal LEP1.3 “hermetic” de-

[6], m¢ is measured in eV, and ;0 in GeV. By requiring  tector. Further, about 20% of these events are invisible
d =< 150 cm, we find a very rough upper limit of 250 eV because of thgs — »7 %! branching ratio.

on the gravitino mass. ling = (5,50) eV for my = In the following, we discuss two future phases of
(40, 100) GeV, the kinematic analysis described earlier isLEP with energies/s = 160, 190 GeV and an expected
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integrated luminosity of about 1600 pb™!, respectively. eeyy + Er event as selectron pair production. While
The larger integrated luminosity of LEP190 should pro-some of the signatures can have backgrounds, the combi-
vide clear and visible supersymmetric signals from lightnation of one or more hard photons with missing energy
neutralinos and charginos. The most promising channelsnplies that the background rates are probably not large.
are y)¥y and y; ¥; production. The cross section for If the confirming events are there, then most other super-
j/?)”(é) production is in general below 2 pb at LEP160 andpartners are being produced at Fermilab, and some will
might not be large enough for detection, while LEP190be produced at LEP190. Luminosity at the Tevatron and
should be able to disentangle this supersymmetric signdlEP should lead to the opportunity to detect a number of
(o = 1-1.5 pb) from the background. Fog, %; pro- these important states.
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