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ABSTRACT charginos XEi=1,2
Thisreview summarizes searches for supersymmetric particles nellj;rri;nos )f? 1=12,34
based mainly upon recent datafrom H1 and ZEUS at HERA; Z?Uinos g

ALEPH, DELPHI, L3, and OPAL a LEP 1.5; and CDF and
DO at the Tevatron Collider. LEP 1.5refersto runsat the center-
of-mass energies of 130 GeV and 136 GeV, intermediate ener-
gies between that of LEP 1 at energies around the Z peak and
the eventual LEP 2 energy of about 192 GeV. Data from LEP
2 arenot included in thisreview as none are yet available at the
time of thisconference.

A summary of someinteresting candidate eventsfromHERA,
LEP 1.5, and the Tevatron Collider isal so presented. These can-
didates have low probabilities of being from Standard Model
processes.

. INTRODUCTION

In the spirit of this workshop which addresses new accelera-
torswithdiscovery potential, thisreview givesthelatest result on
searches for SUSY particles and other new phenomena. These
resultsare dueto the devoted work of many physicistsat HERA,
LEP, the Tevatron, and Tristan.

In November 1995, LEP raised its center-of-mass energy to
130 GeV and 136 GeV and achieved an integrated luminosity of
about 6 pb~1 for each of the four experiments: ALEPH, DEL -
PHI, L3 and OPAL. ThesedataarereferredtoasLEP 1.5. LEP
has now begunto run at the higher energy of 161 GeV, just above
the threshold for the production of W pairs. From runs 1A, 1B,
and 1C, the Tevatron has accumul ated atotal luminaosity of about
120 pb~! each for CDF and DO.

The results of searches for deptons, charginos, neutralinos,
squarks (including stop), and gluinosare summarized in thefol-
lowing sections. Most of the discussion is in context of the
Minimal Supersymmetric Standard Model (MSSM). It should be
noted that all of the searches summarized in thispaper giveonly
limits. However, several candidates for new phenomena from
HERA, the Tevatron, and L EP are discussed in Section VII1.

1. THE MINIMAL SUPERSYMMETRIC
STANDARD MODEL (MSSM)

This refers to the minima supersymmetric extension of
the Standard Model. The MSSM requires two Higgs dou-
blets instead of only one as in the Standard Model. This
two doublet structure of the MSSM yidds five Higgs bosons:
H$,HS, A, HT, and H~. The MSSM also predicts SUSY part-
nersfor the other particlesin the Standard Model. These SUSY
particles to be searched for include:

deptons & i, T, U

Sleptons are the SUSY partners of the Standard Model charged
and neutral leptons. The charginos are the mass el genstatesfrom
H* andthe SUSY partnersof W=. The neutralinosare the mass
elgenstates from H$, Hg, and the SUSY partners of v and Z.
Squarks include the supersymmetric partner of the top quark,
called the stop or t. Finaly, gluinos are the SUSY partners of
the gluons.

IntheMSSM, it isconvenient to define R-parity which is equal
to—1 for SUSY particles, and +1 for Standard Model particles.
If R-parity is conserved, al SUSY particles must be produced
in pairs; hence, the lightest SUSY particle (LSP) is stable and
cannot decay. If the LSP is neutral, then it carries away energy
without being detected. Therefore, animportant signaturefor su-
persymmetry is sizable missing energy in a detector. With the
exception of resultsfrom HERA (discussed in Section VII) R-
parity isassumed to be conserved.

Some of the parameters of the MSSM are:

IS the supersymmetric Higgs mass term;

M;: thesupersymmetric breaking mass term
associated with the U(1) group;

M,:  thesupersymmetric breaking mass term
associated with the SU(2), group;

tand: theratio of the vacuum expectation values
of the two Higgs doubl &t;

mo.  theuniversa scalar massterm.

Theoretically motivated assumptionsare used to interpret search
resultsin the context of the M SSM. For exampl e, the gauge uni-
fication condition
M1 = gtanzewMz
isgenerally assumed in the searches reported in thisreview.
Charginos and neutralinos are said to be higgsino-like if
| 1 | < M, and gaugino-likeif | p |>> M.

1. SEARCHES FOR SLEPTONS AT ALEPH,

L3, OPAL, AND TRISTAN

Figure 1 shows diagrams for the production and decay of
charged deptons from eectron-positron annihilation. Figure
1(a) shows pair production of deptons; Figure 1(b) presents
an additional diagram for the pair production of selectrons, not
available for other sleptons; and Figure 1(c) shows the decay of
septons, wherex$ isthelightest neutralino. If the x$ istheLSP,
then, as seen from Figure 1(c), it will carry away energy with-
out being detected. Therefore, asignature for the production of
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Figurel: Feynman diagramsfor the production, (a) and (b), and
decay, (c), of charged deptonsin e ectron-positron annihilation.
Here x¢ is assumed to be the lightest neutralino.

septons at el ectron-positron collidersisa pair of acoplanar lep-
tonsaccompanied by missing energy. Thusfar, no slepton candi-
date events have been observed. Inthecase of aright selectron,
the excluded regions, based upon recent L EP data at the center-
of-mass energies of 130 GeV and 136 GeV, are shown in Fig-
ures 2(a), 2(b) and 2(c) from ALEPH[1], L3[2], and OPAL[3]
respectively. For the cases of scalar muons and taus, the LEP
1.5 datado not give any improvement over the previous LEP 1
data due to low production cross sections.

AsshowninFigure 3(a), a different process has been used to
search for evidence of selectrons at Tristan, where the center-of-
mass energy is 57.8 GeV. Production of a pair of ¥ (x$ in Fig-
ure 1) through t-channel selectron exchange, is excluded by an
analysis of single photon events. The excluded regiong[4] are
presented in Figure 3(b).

V. SEARCHES FOR CHARGINOS AND
NEUTRALINOS AT ALEPH, CDF,
DELPHI, DO, L3, AND OPAL

A. Searchesat LEP (ALEPH, DELPHI, L3,
OPAL)

Feynman diagrams for the production of charginos and neu-
tralinos in eectron-positron annihilation are shown in Fig-
ures4(a) and 5(a). InFigureb(a), x§ isthelightest neutralino, as-
sumed to bethe LSP, and x$ isthenext lightest neutralino, which
decays into x9.

In the case of the production of chargino pairsas showninFig-
ure. 4(a), these two contributionsinterfere destructively, an ef-
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Figure 4: (a) Feynman diagrams for the production of a pair of
charginos, and (b) the expected topol ogiesfor these processes.
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Figure5: (a) Feynman diagrams for the production of a pair of
neutralinos, and (b) the expected topol ogiesfor these processes.

fect which ismost pronounced when the sneutrino & islight and
when ¥ is gaugino-like. When & exchange can be neglected
(i.e., if 7 isvery massive or if x* ishiggsino-like) the produc-
tion cross section at 136 GeV rangesfrom 5.5 to 18 pb when the
mass of the §* is60 GeV /2. Thisusually decays viaavirtual
W:

67%
33%

ot wtoo | 4OXS
X w X1 { EV)Z(l)
Thisleads to the topol ogies shown in Figure 4(b).

In the case of the production of neutralinosas shown in Figure
5(a), thecouplingsinvolved are more strongly model -dependent.
The subsequent decay of ¥$ usually proceeds viaavirtua Z:

qqx; 70%
X5 — ZXS — ¢ LIRS 10%
{ VxS 20%

Thisleads to the topol ogies shown in Figure 5(b).

No evidence in the LEP 1.5 data has been seen for either
chargino or neutralino production. DELPHI has selected one
candidate (the same event for chargino and neutralino) compared
with an expected background of 0.95 events. The excluded re-
gionsfrom L3[2] and ALEPH[1] are shownin Figures 6(a) and
6(b) respectively. DELPHI[5, 6] and OPAL[7] have obtained
similar results.

B. Searchesat the Tevatron (CDF, DO)

Both CDF and DO have searched for charginos and neutrali-
nos by looking for trilepton events, an exceptionally clean sig-
nature. Some of the production and decay diagrams that lead to
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Figure7: (a) Productionand (b) decay of charginosand neutrali-
nos at the Tevatron which lead to trilepton final states.

the trilepton final states are shown in Figure 7; other diagrams
exist that give the same fina states.

Theresultsfrom thissearch are shownin Figures 8(a) and 8(b)
for CDF[8] and DO[9] respectively.

C. MassLimit for the Lightest Neutralino from
ALEPH

The Lightest Supersymmetric Particle (LSP) is agood candi-
date for dark matter. Therefore, alimit onthe LSP massisrele-
vant. Cosmological considerations preclude an LSP with charge
or color. This leaves the neutralino and the sneutrino as likely
candidates. Search resultsfrom LEP 1 and LEP 1.5 taken sepa-
rately do not rule out a massless neutralino; however, ALEPH
has done an analysis which combines these results, setting a
lower limit on the mass of the lightest neutralino.

The result of thisanaysig10] is shown in Figure 9. As seen
in thisfigure, for My > 200 GeV/c2, the mass of the lightest
neutralino must be at least 12.8 GeV /2 for tan@ > 1, and at
least 34.1 GeV /c? for tan3 > 10, at 95% C.L.

V. SEARCHESFOR STOP AT DELPHI, DO,
L3, AND OPAL

The search for stop — the supersymmetric partner of the top
quark — has been carried out at both LEP and the Tevatron.
An interesting property of the stop isthat it may be the lightest
squarks since dueto thelarge mass of thetop quark, theright and
|eft stopsare expected to mix significantly. Thus, thelighter stop
isgiven by

11 = trcosh + trsind

where 8 isthe mixing angle.

The Feynman diagrams for the production of stop pairs are
shownin Figure 10(a) for LEP and 10(b) for the Tevatron. The
production cross section of the processshown in Figure 10(a) for

11
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electron-positron annihilation varies appreciably with the value
of the mixing angle 8. For example, at the center-of-mass en-
ergy of 136 GeV and for a stop mass of 60 GeV /2, the cross
section is about 0.22 pb when 8 = 0.98 rad (when the produc-
tionisentirely throughthevirtua photon) to about 0.65 pb when
cosf = 1.

When themass of t, issufficiently low such that it can be seen
and it isthe next-to-lightest Supersymmetric particle, the domi-
nant decay mode is expected to be

El — C)Z(l)

This branching ratio is assumed to be 100%. Therefore the sig-
nature for the production of a stop pair is the presence of two
acoplanar jets and missing energy. The result of the search for
stopisshowninFigure 11 for DO[9] at the Tevatron, and respec-
tivelyinFigures12(a), 12(b), and 12(c) for DELPHI[11], L 3[2],
and OPAL[3] a LEP.

VI. SEARCHES FOR SQUARKSAND
GLUINOS AT THE TEVATRON (CDF, DO)

Squarks and gluinos are pair produced by either quark-
antiquark annihilation or gluon fusion, the former is shown in
Figure 13(a). One of the many possible decay modes is shown
inFigure13(b). Notethat thisdecay canyieldasame-sign lepton
pair. Thetopology for such a process can be either multiplejets
and missing energy, as shown in Figure 13(c), or jets with lep-
ton(s) and missing energy, as in the case for that of Figure 13(b).
The resulting excluded region in the plane of the squark and the
gluino masses from CDF[8] and DO[9] isshown in Figure 14.

12
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VIl. SEARCHES FOR SLEPTONS AND

SQUARKS AT HERA (H1 AND ZEUYS)

HERA has the digtinction of being the only high-energy
electron-proton collider intheworld. Inareaction initiated by a
guark and alepton, asquark and a slepton may be pair-produced
through the exchange of aneutralino. A diagram for such apro-
cess isshown in Figure 15(a). By searching for such processes,
analyses conducted by H1 at HERA[12] have excluded regions
inthe plane of the masses of the selectron and the squark. Thisis
shown in Figure 15(b) for three different values of M., namely
50, 60 and 65 GeV /2.

So far in this review, R-parity has been assumed to be con-
served for the supersymmetric theory under consideration. How-
ever, sincethereisno convincing reason why R-parity should be
conserved, a search for squarks has been carried out at HERA
where R-parity could be violated. More precisely, the R-parity-
violating coupling studied at HERA is of theform

’\ijkLinDk

where L, Q@ and D stand for lepton, quark, and squark respec-
tively. For example, /\1111 leads to the production processes

e+—|—ﬁ—>gR and et +d — dy,

In other words, with this R-parity-violating coupling, the super-
symmetric partners of quarks behave as lepto-quarks. For this
reason , this search is especially suitablefor HERA.

Some of thediagramsfor the productionand decays under con-
sideration are given in Figure 16(a).

14
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The result of this search from H1[13, 14] is shown in Figure
16(b). It isseen fromthisfigurethat thefirst generation squarks
with R-parity-violating couplings are excluded at 95% C.L. up
to amass of 240 GeV /c? for Ay, > v/4Tatem. A similar result
has also been obtained by ZEUS[14]. With adlightly different
assumption, their limitis 210 GeV /c2 for Ajy; > /A% em.

Instrumented Iron

Figure 17: The H1 event of et p — pt X with high transverse
momentum: (a) R — Z view and (b) R — ¢ view.

VIIl. SOME INTERESTING EVENTS

All the searches summarized in the preceding sections have
not led to any sign of supersymmetric particles, and hence give
only excluded regionsand limits. In this section, some interest-
ing events are described.

A. Anetp — u™ X Event with High Transverse
Momentum from H1

Thisevent, with an incident positron energy of 27.5 GeV and
proton energy of 820 GeV, was recorded by H1[15] about two
years ago. The transverse momentum of the produced muon is
approximately 23 GeV /c. Thisevent isshown in Figure 17.

One of the proposed explanations for this event was the pro-
duction of aW, which subsequently decayed leptonically. At the
time when this event was registered, the integrated luminosity,
summed over both eectron runs and positron runs, was 4 pb~?;
for thisintegrated luminosity, the expected number for events of
thistypewas0.03. No similar event hasbeen observed at HERA
since this one was recorded.

B. Aneeyy Event with Large Missing Energy
from CDF

About ayear ago, CDF reported but did not publish the obser-
vation of an event with an el ectron, apositron, two photons, and
large amount of missing energy. This event is shown in Figure
18(3a)[8].

Theinvariant mass of the el ectron-positron pair ismuch larger
than the Z mass. One possibility is the production of a WW
pair followed by the leptonic decay of both W’s. However, the
expected number of such events from the Standard Modd is
less than 0.001. Anocther proposed explanation of thisevent is
the production and decay of selectron pairs, as shown in Figure
18(b). Further data are needed in this case.
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Figure 18: (a) Event display for the CDF event with eeyy and
largemissing energy; (b) Productionand decay of selectron pairs
for proton-antiproton annihilation.

C. Four-Fermion Final Stateswith High
Multiplicity at LEP 1.5 from OPAL

An excess of £t £~ qq(£ = e,u) four-fermion final states was
observed by OPAL[16] at the center-of-mass energies of 130
GeV and 136 GeV. The schematic diagrams for these processes
are shown in Figure 19. With an integrated luminosity of 5.3
pb~1, 6 eventswere seen —oneet e~ qq and five ut u~qq. This
number of events should be compared with 1.3415-83 + 0.17
events expected from all known processes. The Poisson prob-
ability for the observation of six events is about 0.3%. No ex-
planation for this excess was given.

The corresponding search at the Z peak yields no excess. An
analysisperformed by ALEPH, which considered £+ ¢~ qq (£ =
e, ), 444~ (£ = e, pu,7), and viff’ (f=q, e u, 7) find
states, yields five observed events for an integrated luminosity
of 5.8 pb~1, in agreement with the Standard Mode predictions
of 6.670.38 events from four-fermion processes and 0.145: 12
events from background processeq[17]. L3 aso did an andysis
which found no excess.

D. Four-Jet Fina Stateat LEP 1.5 (ALEPH)

ALEPH][18] has performed an analysis of four-jet fina states
to search for hadronic decays of pair-produced heavy particles.
At center-of-mass energies of 130 GeV and 136 GeV, an excess
was observed which exhibits an enhancement in the sum of the
two di-jet masses around 105 GeV /c%. Thisisshown in Figure
20. Thisexcess of nineevents correspondsto a production cross
section of 3.14 1.7 pb~!. Furthermore, the branching ratio into

e iZ f1 e fl fz
f2 T
2
e f e f
conversion annihilation
(dominant)
fp
4[\/\,\/‘< f2 fl ?1
fp
_ E
fi fi

bremsstrahlung multiperipheral

Figure 19: Schematic Feynman diagrams for four-fermion pro-
duction processes.

fina states with b quarksis not dominant, indicating that these
events are not likely to be from the production of Higgs bosons.
From the mass difference distribution, the production of equal-
mass pairsis not favored. Thereis no clear indication of what
these events are.

The other three collaborations a8 LEP — DELPHI[19],
L 3[20], and OPAL[3] — used their “ALEPH-like’ analysis on
their own datafrom LEP 1.5. Their results are shown in Figure
21. No enhancement of the significance of the ALEPH obser-
vation is seen by these experiments.

IX. CONCLUSION

New datafrom LEP 1.5 at the center-of-mass energies of 130
GeV and 136 GeV with an integrated luminosity of 6 pb~!
for each of the four experiments (ALEPH, DELPHI, L3, and
OPAL) together with 120 pb~! of data each from the Tevatron
for CDF and DO, give no evidence of SUSY particles such as
deptons, charginos, neutralinos, squarks (including stop), and
gluinos. However, improved limits have been obtained in ex-
tensive regions of SUSY parameter space.

Asan example of specid interest for cosmology, the95% C.L.
lower limit for the mass of the lightest supersymmetric particle
(LSP), assumed to be a neutralino, is greater than 12.8 GeV /c?
for tan@ > 1, and greater than 34.1 GeV /2 for tan3 > 10.

A few interesting candidate events have been seen. These
events have low probabilitiesof being from standard processes:

(A) Oneetp — pt X event with high transverse momentum
(H1 at Tevatron);

(B) One event of pp — eeyyX plus large missing energy
(CDF a Tevatron);

(C)Sixete™ — ¢4 qqeventswithf = e, whilel.3 events
are expected (OPAL at LEP 1.5); and
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(D) Nine ete~ — four jets with the sum of the two di-jet
masses around 105 GeV/c2, while 0.8 events are expected
(ALEPH at LEP 1.5).

Neither (C) nor (D) have been confirmed by the other ex-
perimentsat LEP 1.5.

We look eagerly forward to more data from LEP 2, HERA,
and the continuousextensive analysisof datafrom CDF and DO.
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