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ABSTRACT: This talk summarizes the status of LEP200 physics and the prospective for its last two

years.

1. Introduction

After a short reminder of LEP1 achievements,
I will turn to LEP2, describing its scenery, pre-
senting the current results, in measurements and
searches, and discussing the prospects. Since on
several topics LEP2 competes with other present
programmes, I will briefly indicate their results
and promises as well. Most of the results come
from LEP2 exposures up to 183 GeV center-of-
mass energy, but whenever possible the prelimi-
nary results from 189 GeV available at the time
of writing will be given.

2. Overview of LEP1 results

In the first phase of LEP, the four experiments
have registered a total number of ~20 million Z°
under optimal experimental conditions. This has
led to a breakthrough of the quantitative tests of
the Standard Model (SM).

The Z° mass, finally measured to two
parts in 10°, after an epic and most exciting ex-
perimental fight, has acquired a prestigious sta-
tus, by becoming one of the three basic entries
of the SM. This was obtained through a clever
exploitation of the transverse polarization of the
particles in LEP and a close collaboration be-
tween the machine and the experiments.

The Z° resonance line shape has been deter-
mined with an extreme accuracy: one per mille
on its width, 1.5 per mille on its “height”, namely
the production cross-section of the Z°. An im-
portant quantity, derived from the line shape pa-
rameters, is the number of light neutrino species:

N, = 2.994+0.011

rb/rhad
DELPHI mult ik 0.21634+ 0.00067+ 0.00060
1992-95 s 3
L3 mult —1—A 0.2179+ 0.0015+ 0.0026
100a.05  ireepeeseecsesseens
SLD vtx mass —0—— 0.21594+ 0.00139+ 0.00140
LEP+SLC —p— 0.21676+ 0.00073
250 corrected for y exchange
= 200 |
<]
S
€ 150}

100
0.2125 0.215 0.2175 0.22
/T pag fOr Td/M g = 0.171

Figure 1: The R, measurement at LEP1.

Drawing the legitimate conclusion that they
are three, one can deduce the amount of helium
expected in primordial nucleo—synthesis: one ex-
pects ~24%, in fair agreement with astrophysical
data.

The universality of the electroweak couplings
of the three lepton species has been demonstrated
at the 2.5 per mille level. The muon and tau ap-
pear thus more and more as mere replications of
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Figure 2: Pulls of the SM (vertical bars) and

three SUSY models (horizontal bars) for various elec-
troweak observables’.
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Figure 3: The SM expectation and the expectation

of a one doublet technicolor model, confronted to the
data®.

the electron.
The flavour content of the Z° has been care-

fully measured: in particular the fraction of beauty—

antibeauty in the hadronic final state, Ry, a po-
tential carrier of information on phenomena be-

yond the SM, has been obtained with an accuracy
of 4 per mille, less than one sigma away from its
SM expectation (figure 1).

From all LEP electroweak measurements, and
adding the specific contribution of the SLAC Col-
lider, a value of

sin26,, = 0.23157 £0.00018

has been obtained for the electroweak mixing an-
gle. This result is 25 times more accurate than
it was before LEP era, and it definitely excludes
some theories, like the simplest grand-unified model,
SU(5).

A fit to these results, in the frame of the
SM, leads to the indirect measurement of the top
quark mass, through its contribution as a virtual
particle in loops, since LEP energy is too low to
pair-produce it directly:

M, = 161 3% GeV

Such a result, indicative of a heavy top, has
been available from LEP well before the direct
observation of the top quark at the Fermilab Teva-
tron Collider. The present Tevatron direct mass
measurement is:

Mdireet — 174.3 £5.1 GeV

Using this precise value as an input, one can
then focus on the next and last unknown of the
SM, the Higgs boson. Unfortunately, the effects
of this particle as a virtual state give access only
to the logarithm of its mass. Within the SM

frame one finds:

logio(My[GeV]) = 1.85 030+ 0.05

or My <230 GeV at 95 % confidence level.
We will come back later on this upper bound.
The set of LEP/SLC accurate electroweak
measurements can also be confronted to the ex-
pectation of models beyond the SM.

To go beyond the Standard Model, one can
take two main avenues. The first one introduces
more symmetry and the most achieved version is
Supersymmetry (SUSY). The second postulates
the existence of new constituents and/or forces,
and an example is Technicolor (TC). More gen-
erally this option can be considered under the
heading of compositeness.
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Figure 5: Foreseable progress in the indirect deter-
mination of the Higgs mass bounds®

The predictions of SUSY for the electroweak
observables are always in fair agreement with
those of the SM, as shown in figure 2: L which,
for each observable, confronts the experimental
value (set to zero), the SM expectation and the
prediction of three quite different SUSY models.
One sees that SUSY and the SM provide fits of
similar quality to the EW data. This does not
prevent these accurate measurements to start re-
jecting, under given assumptions, peripheral re-
gions of the SUSY parameter space .

On the contrary figure 3 2 recalls that, in the

case of TC, there is a basic disagreement between
data and predictions. This fact should be kept
in mind, and possibly cured, by the proponents
of this alternative road.

Another important set of results from LEP1
improved our knowledge of the tau lepton and of
heavy flavours of quarks, charm and especially
beauty. The LEP1 harvest has indeed provided
huge samples of these particles, in all kind of
species and in optimal experimental conditions,
in particular with a strong Lorentz boost, wel-
come to exploit their finite lifetimes which are of
the order of a picosecond. A key asset in these
studies has been the impressive progress made in
the field of microvertexing, thanks to the devel-
opment of elaborate microstrip silicon detectors,
providing a spatial accuracy of ~10 micrometers.
This is also a vital need for searches at LEP200.

All LEP1 results have been obtained with
accuracies better, and sometimes much better,
than foreseen in the prospective studies made
earlier.

As we said, the electroweak measurements, in-
terpreted in the frame of the SM, announce a
light Higgs boson: My < 230 GeV at 95 % con-
fidence level.

Does that imply the existence of such a bo-
son? Or are there possible loopholes, where some-
thing else happening at higher energy mimics the
effect of a light boson? It may be so and the cor-
rect way is to “go and see”: this is being done
at existing machines and is the raison d’etre of
future colliders.

Meanwhile the quest for accuracy in EW mea-
surements should be pursued vigorously. As re-
called by figure 4, to pinpoint the Higgs mass in
the SM frame, the key ingredients are the top
mass and sin?6,, (therefore a(Myz) for the lat-
ter), while a very accurate measurement of My,
can temporarilly play its role as well. Figure 5 3
gives an optimistic view of the possible evolution
of AlogMy in the future, which will find its in-
terest once the Higgs boson is found, as a check
of the SM or MSSM coherence at loop level, or
in the case of no discovery.



Corfu Institute of Physics

D. TREILLE

LEP 1 LEP 1.5 LEP 2

Year 1989-95

1037]L/expt.

e WHC 4
10?2 )
_ e'¢© b

e

9% 96 97 9819

150 5 10 10 50 pb'|

o (nb)

10 + | ,\'\ad_'_(.’f}.si
§
-3 7 ."
10 Lo ]
L L L L o L
60 100 140 180
Vs (GeV)

Figure 6: fig:The LEP scenery
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Figure 7: The cross sections of the main processes
at LEP200.

3. The LEP2 scenery and its stan-
dard measurements

Collisions at higher energies in LEP still pro-
vide clear and clean events. However the rates of
interesting SM ones has gone down by typically
three orders of magnitude, compared to those
at the Z° resonance. And, at energies not far
above this resonance, a new class of events ap-
pear, which, in first approximation, are simply

parasitic ones: by radiating one or more pho-
tons in the initial state, the colliding e* may
“return” to a reduced effective center—of-mass
energy equal to the Z° mass. This occurs with a
small probability, but, because of the huge cross—
section at the resonance, the rate of such “radia-
tive return” events actually dominates all other
annihilation ones.
collinear to the e and, in the plane normal to
the beam direction, does not carry transverse
momentum. There is however some probability
that it does so. In principle, the emitted pho-

Photon radiation is mostly

tons are then visible in the detector and it is
crucial to detect them with maximum efficiency,
in order not to fake missing transverse momen-
tum events besides the unavoidable SM ones; one
must therefore ensure the hermeticity of the de-

tector.
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Figure 8: OPAL mass spectra.

As shown in figure 6 and 7, the most
abundant new SM process, besides radiative re-
turn to the Z° and normal fermion pair produc-
tion, is the production of pairs of W=*. The first
W pair was observed when LEP reached 161 GeV
CM energy in 1996 and, since then, the four LEP
experiments have collected ~15000 such pairs.
The physical interest of this process is consid-
erable. It represents a clean and relatively abun-
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Figure 9: A two-dimensional ideogram for a 4-jet
event.

dant source of W bosons and allows to accurately
measure the W mass. It allows also to perform
an accurate check of a still poorly known aspect
of the SM: the triple boson couplings. This op-
portunity stems from the fact that, among the
processes leading to W pair production, one finds
virtual Z° and photon exchange, in which such
triple boson couplings obviously intervene.
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Figure 10: The LEP W mass measurements.
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Figure 11: The Bose-Einstein correlations in Aleph.

also the potential to perform these measurements
and the two machines are thus in competition.
For the My measurement, the LEP energy
does not matter much, once it is far enough above
the threshold of the reaction, and what counts
is the total number of events registered, since
statistics will be the ultimate limitation.

For gauge coupling measurements, the num-
ber of events, as well as the quantity of informa-
tion one can exploit in each of them, are impor-
tant, but there is also a rapid growth of sensitiv-
ity with energy: typically a gain of a factor two
for an increase of 20 GeV CM energy.

The W mass measurement can be performed
at LEP in all hadronic final states, as well as in
An
example of the relevant mass spectra of recon-
structed W’s, after appropriate fits and pairings,
are shown by figure 8. The reconstructed W mass

mixed decays, one hadronic, one leptonic.

is shifted relative to the real one, and the problem
is to correct for that shift, in particular its part
due to initial state radiation, and assess the cor-
rect uncertainty. To keep and exploit the full in-
formation contained in an multijet event, in order
to define the right pairing, the use of ideograms
can be convenient (figure 9). Another interest-
ing technique is to mimic W pair events by su-
perposing two Z events, adequately boosted: one
thus gets a very similar final state, for which one
knows the correct answer.
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Figure 12: The World W mass measurement.
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Figure 13: The LEP limits on triple boson cou-
plings.

Presently, the LEP2 accuracy on My is
+65 MeV, statistically dominated, quite similar
to the one from hadron colliders (figure 10 and
12). At LEP, it should steadily improve with
luminosity and, for the total luminosity foreseen,
reach ~30 to 50 MeV, depending on our ability to
master the most tricky systematic uncertainties.
These appear in the all-hadronic decay mode of
the W pairs, which is also the most abundant
one. They concern the possible interconnection
of the decay products of the two W’s and, be-

sides their possible impact on My, such effects
are quite interesting per se. For the time being,
there is no indication that Bose-Einstein correla-
tions occur between different W’s, although the
situation is still far from being settled ( figure 11
). The possible effect of colour reconnection on
the W mass uncertainty is being studied as well
within a variety of models.

As for the triple boson couplings, figure 13
gives the present LEP limits. The sensitivity
increases with energy, as we said, and with the
quantity of information one can extract from the
final state. LEP should ultimately set bounds on
possible departures from the SM at the few %
level. Is this sensitivity sufficient to reveal new
physics effects, which are not yet excluded by the
very accurate LEP1 results? This has been the
subject of hot discussions, with the conclusion
that it is still possible, although unlikely.

The Tevatron, presently stopped for major
improvements, will resume its data—taking in 2000
with an increased luminosity. As far as one can
predict, it should achieve in both sectors a per-
formance quite comparable to LEP, but involving
a very different set of systematic errors.

Whatever be the interest of these new elec-
troweak measurements, it is nevertheless clear
that, for LEP200, the strong emphasis put on
the last few GeV of its energy range finds its real
justification when one considers the search po-
tential of this machine for the Higgs sector, and
to a lesser extent, for the particles predicted by
Supersymmetry (SUSY).

4. The composite way

Keeping in mind the caveat mentioned above,
let us explore first the possible signals linked with
composite scenarios. They imply the potential
existence of at least one among the following ef-
fects:

— technicolor particles

— contact interactions

— excited states of the known fermions

— recurrence of vector bosons: W’, Z’
leptoquarks (LQ)

The last two can also appear in fundamental
theories with an extended gauge group. Since,
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besides LEP, HERA and the Tevatron have much
to say in these searches, I will confront the results
of the three machines.

Technicolor Particle Search
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Figure 14: CDF search for a Technirho

4.1 Search for technicolor*

The CDF experiment has performed a search
for TC vector bosons (TVB), wr and pr, as pre-
dicted by the model of ref >. The TVB are pro-
duced by TVB-dominance. They are supposed to
decay respectively into gamma-technipion (TP)
and W-technipion or Z-technipion, since multi
TP states are kinematically disfavoured. The
charged (neutral) TP decays to be (bb).

Figure 14 shows that these searches are sen-
sitive to TVB (TP) in the 200 (100) GeV region.
The domain where one could expect such par-
ticles is however very model dependent and one
should consider these first explorations as an ap-
petizer for what more luminosity (at the Teva-
tron) and more energy (at LHC) will offer. Sim-
ilarly, on behalf of topcolor models®, a welcome
systematic study of bb (and later of ¢f) mass spec-
tra is beeing undertaken.

At LEP low scale TC is searched for by anal-
yses exploring similar final states (see charged
Higgs searches below), under the assumption that

a techni-resonance could be produced in the s-
channel.

4.2 Contact interactions”

I recall the usual parameterization of the ef-
fective contact interaction Lagrangian in terms
of coeflicients 7; ;, where 7, j imply left- or right-
handedness, and where n = 4(g?/A?), ratio of a
coupling constant and an energy scale squared.
The sign indicates a positive or negative interfer-
ence of the contact amplitude with the SM one.
Setting as usual g?/4m = 1, one is left with the
parameters A4 and A_ on which lower limits are
set. If one has an idea of the possible origin of
the contact terms (for instance a LQ exchange)
one can obtain a limit on A\/m where X is the
(Yukawa) coupling implied and m the mass of
the exchanged object (LQ).

All three colliders have been performing such
measurements. Focusing on quark-lepton com-
positeness, the Tevatron obtained limits from the
study of the Drell-Yan spectrum, HERA did it
through neutral currents and LEP through ¢g fi-
nal states. Let us list the limits in TeV obtained
for A4 in the case of two parity-conserving com-
binations, AA and VV, since Atomic Parity Vi-
olation (APV) experiments have ruled out PV
combinations up to A ~ 10 TeV:

CDF DO Zeus H1 A L3 O
VV+ 356 47 49 45 40 39 4.1
VV-— 52 58 46 25 52 50 57
AA+ 38 46 20 20 56 56 6.3
AA—- 48 53 40 38 37 35 38

One sees that the three machines set quite
similar limits. This reflects the fact that their
constituent CM energies and luminosities are not
too dissimilar.

4.3 Excited fermions?®

In brief, the Tevatron covers the field of ex-
cited quarks up to ~700-800 GeV. For excited
leptons, LEP and HERA compete well, the LEP
limits on A/m beeing stronger, while HERA has
a higher mass reach. This is well illustrated in
the case of radiatively decaying excited electrons.
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4.4 New vector bosons’

Its higher mass reach gives the advantage to
the Tevatron; searches are performed there both
in the leptonic and di-jet channels, with limits
reaching 700 GeV. However the power of indi-
rect searches at LEP, through the mixing with
the Z°, is high. Comparing the limits of CDF
and L3 (183 GeV) for various models one finds,
in GeV:

Type of Z’ x ¢ n LR SSM

Limit of L3 365 260 270 375 805

Limit of CDF 595 590 620 630 690

For a Z recurrence with sufficient coupling to
the fermions, like a sequential SM Z’ (SSM), the
LEP limit can be the strongest one. From 189
GeV data, Aleph now sets a limit of 1050 GeV
to a SSM boson.

4.5 Leptoquarks'®
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Figure 15: H1 limits on leptoquarks in the A-M
plane

Leptoquarks (LQ) appear in all theories
attempting to relate leptons and quarks. They
carry the quantum numbers of both objects. Their
phenomenology is complex'!. LQ can be scalars
or vectors. The search is restricted to pure chi-
ral couplings of the LQ, given the features of
pseudoscalar meson decays: there are 14 species
of such chirally-coupled LQ. Those accessible to
accelerators are assumed to couple only to one
generation (otherwise one would be in trouble
with FCNC processes), while much heavier ones
(like Pati-Salam LQ) can have non-diagonal cou-
plings. LQ can carry a fermion number 0 (case of
e~q as in Hera e™q collisions) or 2 (case of e~ q).

Limits on LQ have been set by EW mea-
surements (I'z,..), APV experiments, neutrino-
less double beta decay and studies of rare decays.
In particular CDF, by putting stringent limits on
Bg — eu, BY — ep 2, has pushed the lower mass
limit of Pati-Salam LQ up to ~20 TeV.

The production mechanisms of LQ at the
three machines are quite contrasted.

Limits on the coupling for Vector Leptoquarks
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Figure 16: Opal limits on leptoquarks in the A-M
plane

At HERA, where LQ are singly produced by
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e — q interaction, the Yukawa coupling A of the
LQ to e — ¢ is a key parameter, as well as its de-
cay branching ratio @ into charged lepton+quark.
One can thus expect either limits on the LQ
mass versus [ for given values of A (a useful
value to consider is a coupling of EM strength,
Aem ~0.3), or limits on the mass as function of
A, in theories which provide the value of 3 (usu-
ally 0.5 or 1)!!. This is shown in figure 15 from
H1. Zeus has reported very similar limits'3. One
sees that HERA sets quite high mass limits, even
for small values of A and . For 8=1 and Agyy,
the limit reaches ~275 GeV in the case of LQ
involving valence quarks (the variety of LQ with
fermion number=0).

At the Tevatron, LQ are pair produced through
normal gauge interactions, and A does not inter-
vene. LQ coupled to each of the three families
can be produced and have been searched for. In
the case of scalar LQ with =1, the combined
limit of CDF and DO, independent of A, is 242
GeV. See reference 4 for a complete panorama
of the Tevatron LQ searches.

LEP has a mixed situation. LQ can be pair
produced (A is then irrelevant) but with obvi-
ous mass reach limitations. They can be singly
produced, by fusion of an e with a quark of a
photon radiated by the partner e. Limits were
presented by the LEP experiments: for LQ with
AEMm, those of Delphi for 189 GeV extend up to
~ 150-180 GeV, for =1 and depending on their
quantum numbers. Finally the process ete™ —
qq allows to set indirect limits on LQ exchange in
the t- or u-channel. As anticipated above, such
limits are given for A\/mrq and, provided A is not
too small, they extend up to very high masses
(figure 16).

Actually squarks and leptoquarks behave sim-
ilarly, with for instance the correspondance be-
tween the LQ 5’1/2 and a ur: the results pre-
sented here can be interpreted in terms of I pro-
duction of squarks as we shall see in 7.4.

5. A tour through SUSY world

SUSY can be minimal (the minimal number
of superpartners, only two Higgs doublets, R-
parity conserved) or non-minimal (introduction

of an additional Higgs singlet, R-parity breaking
(RPB), etc..). I will consider the latter option in
relation with RPB in 7.4.

Minimal SUSY *® has overall 124 parame-
ters, including the SM ones. Not only are most of
the parameter sets physically non-viable, but the
situation is phenomenologically untractable and
one is led to decrease the number of indepen-
dent parameters, staying minimal, by assuming
a mechanism of soft SUSY breaking (SSB).

SSB can be mediated by gravity, and this
leads to minimal Supergravity (mSUGRA), which,
beyond the SM parameters, has only 5 new ones:
mg, the common scalar mass at high scale, my 3,
the common gaugino mass, A, the common tri-
linear coupling, u, the Higgs mixing parameter,
and B, the common bilinear coupling. Actually
the implementation of EW symmetry breaking
allows to trade B and p against Mz (known) and
tg3, up to the sign of u. These are the mSUGRA
parameters and most analyses, including LHC
prospective studies, are done within this set.

From there on two attitudes prevail. One is
to search for a still reduced set of independent
parameters: one can for instance invoke the idea
of fixed-point behaviour'® which amounts to fix
tgl once M; is known. One can also, using GUT
and string-inspired considerations, get relations
between the remaining parameters (dilaton, no-
scale models, light gluino models,..).

On the contrary one can consider that, with
mSUGRA, one has gone too far, without justi-
fication, on the way to universality, and be led
to relax partly such an assumption, either for
scalars (for instance by dissociating the Higgs
sector from the sfermion sector) or for gauginos
(for instance by giving up the mSUGRA relation
between the M, obtained at the EW scale, where
i=1, 2, 3 stands for U(1), SU(2)r and SU(3)¢,
respectively).

As an alternative to SUGRA one can build
SUSY models in which SUSY soft breaking oc-
curs through ordinary gauge interactions'” in-
stead of gravity. Such models are, at least, as
constrained as mSUGRA.

The phenomenologies of both classes are very
contrasted: because of the different values of the
scale at which SUSY is broken in the hidden sec-
tor (vF ~ 10" GeV in SUGRA, ~10274GeV in
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GMSB), the gravitino, G, has a totally different
behaviour in the two scenarios: in mSUGRA its
mass (Mjo = F/(V3Mpianck)) is heavy (of EW
mass scale) and G is so weakly coupled that one
can forget about it. In GMSB versions, G is ex-
tremely light and is certainly the lightest SUSY
particle (LSP); although still weakly coupled, it
is nevertheless of paramount phenomenological
importance, essentially through the decay of the
next-to-LSP (NLSP) particle.

This guided tour through SUSY scenarios is
needed to understand what is beeing searched for
and in which channels (in particular to under-
stand the decoupage of the talks in the parallel
sessions of conferences...). However all these a
priori considerations should not compromise the
main task of a search program which is to ex-
plore, in an unbiased way, all channels accessible
with enough purity and sensitivity. Furthermore
there exists in SUSY a particle whose properties
are precisely predicted and quasi-independent of
the exact scenario under consideration, provided
one stays in the minimal theory: the lightest

scalar Higgs boson.

800 L L L B B
600 m, = 175 GeV = —
ag(Mz) = 0.118 ]
400 —
200 [~ —
0_| | | L1 | L1 | L1 | L1 |_
103 106 109 101 1015 1018
A [GeV]

Figure 17: Higgs standard mass limits, from pertur-

bativity (upper curve) and vacuum stability (lower

curve), from '8,
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6. Searches for Higgs bosons

6.1 Higgs phenomenology: a digest

To get a fair idea of the relevance of LEP200
(and of its limitations) for Higgs boson search,
one must consider some basic facts of Higgs phe-
nomenology.

In the SM the Higgs mass is not predicted.
This reflects our ignorance of the magnitude of
the Higgs self-coupling. However reasonable ad-
ditional constraints allow to reduce the possible
domain . If one requires that the Higgs sec-
tor should stay perturbative up to a high en-
ergy scale, a condition which is mandatory if
one wants to deal with a computable theory, one
can set an upper limit on the boson mass as a
function of that scale. By requiring that the
Higgs potential should stay bounded from below,
a quite legitimate condition indeed, not to desta-
bilize the vacuum, one can set a lower limit on
the mass of the boson, depending on the same
scale, and also very strongly on the top mass.
If one defines the SM as a theory which should
stay valid up to a very high energy scale — this
is in a sense a tautological statement, since the
SM stricto sensu does not contain any new in-
gredient, neither force nor constituent, until the
Planck scale— the Higgs boson should then be
found in the 130-180 GeV mass range ( figure
17). This will certainly be a privileged region for
the LHC, but it is out of reach for LEP200.

On the other hand the scenario offered by
supersymmetry (SUSY) is radically different.

The most solid and dramatic prediction of
SUSY models concerns the Higgs sector. SUSY,
in its minimal version, requires the existence of
two Higgs doublets, i.e. 8 real quantities; once
the three vector bosons have acquired mass, five
bosons are left: two scalars, h?, H°, whose mix-
ing involves an angle o, a pseudoscalar, A°, and
two charged bosons, H*. At tree level, two pa-
rameters, for instance M4 and tg8 = v1 /ve (where
vi1=v.e.v. of the doublet giving mass to up-quarks,
of the doublet giving mass to down
quarks and leptons) are enough to describe the

Vg=V.e.V.

Higgs sector. At loop level, and focusing here on
hO, its tree level mass is increased by radiative
corrections and reads:
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M?, = M2 cos®23 +AM?

The increment AM? depends on the 4th power

of My, hence the importance of its accurate knowl-

edge, and logarithmically on the stop masses M3, and

Mg,
rarfleter in the stop sector o« A; — u cotgf (be-
ware notations which change with authors). It
is through this mixing parameter that My, and
the Higgs sector, ultimately depends on the other
parameters of the MSSM.

A fact to keep in mind is the complementarity
between the couplings h°Z°Z° « sin(a — 3) and
hPA°Z° « cos(a — 3).

An interesting case is when M 4 is large: the h°
mass is unaffected and stays light, while all other

themselves determined by the mixing pa-

Higgs bosons become mass degenerate with A°.
Furthermore h° is SM—like (sin(a — () = 1)

How heavy, or light, is h%?

This is shown in figure 18: M} has to be
lower than ~125 GeV for any tg3 and stop mix-
ing 1. For small tg3, a case which includes the
infrared fixed point scenario (IFP) 16, this limit is
~100 GeV. The striking difference between the
two models is due to the well-known fact that,
while in the SM the Higgs boson self-coupling is
unknown, it is perfectly defined in the MSSM in
terms of the gauge couplings g and g’.

If one quits the minimal version of SUSY and
introduces a Higgs singlet, or even triplets, it is
possible to get a somewhat higher mass limit for
the lightest boson2?. One can also, by invoking
explicit CP violation, get some decoupling from
vector bosons. This may be temporary “grace-
ful” exits, keeping the SUSY frame, in case of
non discovery of this boson, and until LHC and
NLC bring an answer.

6.2 Higgs search at the Tevatron 2!

The Higgs boson at the Tevatron would be
produced in association with a vector boson and
is searched for in its dominant decay mode, bb. A
simple glance at figure 19 shows that the limits
obtained with 100 pb~! are still far above (20 to
100 times) the SM expectation. The future may
however be promising, in spite of the severity of
the experimental challenge. Figure 20 22 gives
the results of MC simulations and shows that,
with 20-25 fb~!, masses up to 120 GeV are po-
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Figure 18: Mass of the lightest SUSY higgs scalar
versus M4 for small tg3 (lower curves) and large tgs
(upper curves). Within each family the full line is
for maximal stop mixing, the dashed one for minimal
stop mixing. From !°. The top mass is at its central
value, the SUSY mass at 1 TeV.
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Figure 19: DO limit on higgs production compared
to the SM expectation.

tentially accessible. Such a figure of integrated
luminosity represents ~10 times what is planned
for runll (in 2000 onward) and implies that a
project like TeV33 becomes a reality.

Tevatron experiments, as well as LEP ones,
have looked for various “anomalous” Higgses. In
particular, following the model of ref??, a Higgs
boson coupled only to bosons (“bosophilic”) and,
for the masses considered, decaying dominantly
into gamma-gamma, has been searched for. The
limits set, at 95 % CL, are:

D0 > 81.4 GeV,
CDF > 82 GeV,
OPAL > 92.6 GeV(183 GeV)

Higgs Mass (GeV/c?)
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while Delphi translates its negative result in terms
of limits on anomalous couplings.

combined CDF /DO thresholds

— 95% CL fimit A// ]

[}
)

— 30 discovery
— 50 discovery

10 F

10° ]

int. lum. per experiment (fb™")

20 40 B0 180
Higgs mass (GeV/c?)

80 100 200

Figure 20: The luminosity needed at TeV33 to dis-
cover a Higgs boson of a given mass ?2.

A last comment on Higgs searches at Teva-
tron: a coupling like the one of A° to bb is pro-
portionnal to tg3. The process of bb production,
with a b radiating a A boson, which leads to a
4-b final state, has therefore a large cross-section
and a distinct signature at large tg32*. The anal-
ysis is under development. More theoretical in-
put is still needed to evaluate properly the ex-
pected rates. But there is thus a possibility for
the Tevatron to explore a region of the parameter
space complementary to the one of LEP.

6.3 Higgs boson searches at LEP %°

The LEP scenery is well known (figure 6 and
7). LEP2 is working above the Z°, a huge reso-
nance indeed, so that phenomena of radiative re-
turn (simple, double,..) are a plague and require
absolutely hermetic detectors, as we explained.

The reaction under study is, for the SM Higgs,
the Higgsstrahlung one ete™ — H°Z°, the H°
decaying 90 % into bb. As we said, the SM Higgs,
strictly speaking, should be at higher mass. For
the MSSM one considers both the eTe™ — hR0Z°
— — hPA° asso-
ciated production, leading to 4 b and even to 6
b, when h? — A%A° decay is permitted. I recall
that if M4 is large enough, and the second pro-
cess is therefore closed, h° is SM-like.

process, as before, and the ete

12

The experimental situation at LEP200 is rel-
atively comfortable (figure 7) since the most of-
fending backgrounds are not much larger than
the signal. Furthermore W do not decay ap-
preciably into beauty. On the other hand the
7970 final state, when one Z° goes to bb and for
My, ~ Mz, the situation recently explored, is an
irreducible background. Nevertheless the purity
is sufficient to allow the exploitation of all decay
modes of the associated Z°: qg,vw,111~.

Background suppression using b-tagging

5 M, = 85 GeV/c’
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Efficiency e “ e~ hA
Figure 21: b-tag rejection of the various back-

grounds versus signal efficiency.

B-tagging is very useful and very powerful
(figure 21): for Delphi, as an example, an effi-
ciency of 60 percent to the h°Z° signal in 4-jets
can be kept, while the W—pair background is re-
jected by a factor ~100. Figure 22 gives much
physics insight: it shows, in the case of a 4-jet
analysis, the evolution when the severity of the
cuts increases, decreasing therefore the efficiency,
of the number of observed events and of the ex-
pected background, total and split into its three
components: as expected the Z°Z° background
is the most resistant.

A candidate is shown in figure 23.

The mass limits expected and obtained
at 95 % level by each of the LEP experiments
from their data up to 183 GeV are, in GeV:

expected obtained
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ALEPH 85.5 87.9
DELPHI 86.5 85.7
L3 85.0 87.6
OPAL 86.2 88.3
‘% Foeem T ST
g |
98 GataVs=183 GeV E
E hz (m=85 GeV/d)
Ww
[ T ——— zz |
10 20 30 40 50 60 70 Sh::%

Figure 22: Events kept versus efficiency, when the
cuts get more severe, in a 4-jet analysis. Also shown
are the expected backgrounds.

The limits obtained by combining the results
of the four experiments (the ADLO Collabora-
tion) with four different statistical methods to es-
timate the overall CLs are the following, in GeV:

expected obtained
Method A 90.0 90.1
Method B 89.9 90.1
Method C 90.4 89.8
Method D 90.5 90.1
Spread +0.3 +0.15

The results of the different methods, both for
expectation and for observation, are in fair agree-
ment. The lowest of the four limits is presently
the official exclusion limit of LEP: M; > 89.8
GeV at 95 % CL, while 90.4 GeV was expected.
Figure 24 shows the summed mass spectrum of
the ADLO candidates, in agreement with the
expected background and excluding clearly the
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presence of a 87 GeV Higgs boson. Figure 25
gives the limit on the SM Higgs mass obtained
by method C (OPAL’s statistical method).

DELPHI Run:
eam 6
DAS: 26-Aug-1998 Scan:31-Aug-1998

B
%ﬁ
02:31:29 Tan+DST

Figure 23: A registered Z° Z° event, with a boson
decaying into two muons, the other into two quarks.
The production of a ~90 GeV Higgs boson would
look the same, with two b—quarks. Such a Higgs bo-
son has already been excluded, on a statistical basis.

LEP candidates at 183GeV

Event rate

» L m,, = 87GeV/é

10 —

L3
DELPHI
OPAL
ALEPH
Background
Signal

0
30 100 110

Mass, GeV/g

Figure 24: LEP200 Higgs candidates at 183 GeV
CM and the expected signal of a 87 GeV Higgs boson

The totality of the data taken at 189 GeV
in 1998 has now been processed by each of the
four collaborations. Figure 26 gives the Opal
mass spectrum and mass limit. No attempt to
combine the results has been done yet. The very
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Figure 25: Limit on the SM Higgs mass of ADLO
(OPAL method).

preliminary limits of each experiment are in GeV:

expected obtained

ALEPH 95.7 90.2
DELPHI 94.8 95.2
L3 94.4 95.2
OPAL 94.9 91.0

- OPAL PRELIMINARY

8 Vs =183 - 189 GeV

LY

‘216 F 4 oPAL data

o

L|>Jl4 [ background

HZ-Signal (m,=95 GeV)
---- HZ-Signal (m_=91 GeV)

100 120
m,,rec [GeV]

Figure 26: Preliminary spectrum from OPAL at
189 GeV.

6.4 SUSY Higgses at LEP 2¢

In the case of SUSY Higgses, one has to com-
bine the results obtained for the two production
channels previously described. The analysis has

tam3
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been performed in the frame of two Higgs dou-
blet models 2?7, as well as in the MSSM scenario.
For the latter, results are expressed as exclusion
contours in the plane of the two main variables
chosen: tgB3-M 4, or tgB-My, or Mp-M4.

The question is then to decide what to do
with the other parameters which intervene, at
loop level, in the Higgs sector. The usual way,
called the “benchmark” scan, is to choose them
in order to ensure a given level of stop mixing,
with minimal, typical or maximal effect on the
exclusion region. The corresponding results of
the ADLO collaboration, for their data up to
183 GeV, are shown in figure 27 and 28. The
figures show the theoretically excluded regions,
for the two extreme cases of mixing, as well as
the expected and observed experimental exclu-
sion contours from the combination of the four
experiments up to 183 GeV. One sees that, in
the case of no mixing, a domain of low values of
tgB (between 0.8 and 2.1) is already excluded.
For tgB=1, one recovers the results of the SM
Higgs search. For tg8 >0.8 LEP excludes M,
below 77 GeV, M4 below 78 GeV.

L B I B L L B B B
Method C
Preliminary

ADLO 183 GeV
M,,;=175 GeV/é
Mgus=l TeViE
tarB>0.7 ]
Maximal Mixing

10

Expected

Excluded with No Mixing|
Excluded with Maximal Mixing

Lo b b b b b b0l
0 50 100 150 200 250 300 350 400 450 500
m, (GeV/d)

Figure 27: The benchmark results in the plane
tgB — Ma

The region below tg3 =0.8 is a difficult one.
Close to the M;, lower bound, M4 is small, pos-
sibly below the bb threshold, and the decay h—
AA is open. LEP200 has not fully covered this
scenario. One can however get there the help of
Tevatron HT searches, with the caveat we will
mention in 6.6.
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inaccessible
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Figure 28: The benchmark results in the plane
tgB — Mp

From data including the 189 GeV ones, pre-
liminary limits of the individual experiments (fig-
ure 29), at 95 % CL, are, in GeV:

My, My

ALEPH 80.8 81.2
tgB >1

DELPHI 83.5 84.5
tgB >0.5

L3 77 78
tgB >1

OPAL 74.8 76.5
tgB >1

One sees again the fast improvement with
CM energy.

One would like, however, to check whether a
more general scan of the parameters under con-
sideration can reveal “weak” points, for which
the limit on Higgs masses is reduced, and, in such
an occurence, to understand the reasons for this
weakening. This approach, started by Opal, has
been developped by A, D, O. Aleph?® in partic-
ular has performed a thorough scan of the pa-
rameter space (Ma,tg83,mo, m1 /2,1, A, ...) with
more than 30 million sets. They impose 10 con-
ditions, theoretical and mostly experimental, the
most effective ones beeing obviously their nega-
tive searches for Higgses at LEP200. They find
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Figure 29: Delphi MSSM exclusion plot at 189
GeV.

that 10~* of the sets for low tg3, 1073 of them
for large tgQ, lead to a reduced limit. The rea-
sons are understood: generally a small sin(8—«),
reducing the Higgsstrahlung cross-section, com-
bined to a large M4, compromising the asso-
ciated production. Moreover the diagnostic is
that, by implementing a few more legitimate con-
ditions, either theoretical (no charge nor color
breaking,...) or experimental (impact of EW mea-
surements, of rare decays, foreseable increase in
luminosity,...) these pathological cases can be
still reduced and possibly eliminated. One can
thus say that LEP limits are quite robust.

6.5 Prospective

Figure 30 2° shows the discovery limits one can
expect, as a function of the integrated luminosity
per experiment, by combining their results, for
several CM energies, from 189 GeV, the present
one, to 200 GeV which represents what one can
ultimately hope for with the number of RF cavi-
ties available and provided their mean accelerat-
ing field can be raised from the design value of 6
MV/m to about 6.8 MV /m. With 200 pb~! per
experiment at 200 GeV, one can discover a SM-
like boson up to 107 GeV, exclude it up to 109
GeV. About 8 percent more CM energy, corre-
sponding to 1.36 times more cavities, would have
been needed to exclude a SM like Higgs boson up
to ~125 GeV.
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Figure 30: The prospective for SM Higgs boson
discovery at LEP200 2°.

Should one be despaired by the non obser-
vation of a higgs boson below 90 GeV? Probably
not. Figure 31 by Barbieri and Strumia 3°shows
the level of naturalness, a quantity easy to define
but of a somewhat subjective interpretation, in
the MSSM scenario as a function of the h° mass.
This figure seems to indicate that the best is still
to come, unfortunately in a region difficult for all
machines.
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Figure 31: The required level of fine-tuning as a

function of the Higgs mass 3°.

6.6 Other Higgs searches at LEP 3!

The h° boson could decay invisibly, either to
a pair of ¥ LSP neutralinos, or to a pair of
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majorons, the Goldstone boson associated to a
spontaneous breaking of R-parity. This possibil-
ity has been investigated by the four LEP exper-
iments. From 183 GeV data, their results on the
mass limit of an invisible Higgs boson produced
with a SM like cross section are:

MHinv
ALEPH 80 GeV
DELPHI 85 GeV (updated with part of

189 GeV data)

L3 83.6 GeV

OPAL 81 GeV

Delphi has also obtained a mass limit of
82.1 GeV for a boson which decays either invisi-
bly, or visibly into SM like channels, and has in-
terpreted this result in terms of a Majoron model 32.

The preliminary mass limits extracted from
189 GeV data are:

92.8 GeV from Aleph for an invisible Higgs bo-
son and 90.2 GeV from Delphi (figure 32) for a
Higgs boson with an arbitrary fraction of invisi-
ble decay.

ELPHI |
preliminary

Br(h —inv)

0.6 -
05 -
0.4 -

03

0.2
-- invisible channels only
-+ visible channels only

0.1 = —poth channels combined

80

I L I L |
90 100
Higgs mass (GeVRy

0 .
70

Figure 32: Delphi invisible Higgs: combined limit
at 189 GeV.

Charged Higgs bosons in the MSSM should
be heavier than My . In a non minimal model
with a singlet it is however possible to obtain
lighter H* 33, Their pair production has been
looked for by the LEP collaborations in the modes
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cs and 7v , assumed to saturate its decay. One
has therefore three decay channels: all leptonic,
all hadronic and mixed, as indicated in figure 33.
The mass limits obtained from the 183 GeV data
are:

ALEPH 59 GeV
DELPHI 56.6 GeV
L3 57.5 GeV
OPAL 59 GeV

Their combination leads to a limit of 69 - 70
GeV depending on the method.

From 189 GeV data the preliminary limits are
62.5 GeV from Aleph, 65.1 GeV from Delphi,
67.5 GeV from L3 and 68.7 GeV from Opal (fig-
ure 33).

LEP limits will probably never cross nor even
reach the value of the W mass.

We recall the Tevatron analyses®* searching
for charged Higgses in the top decay, when it
is supposed to occur, namely at very small and
high tgf. There is however nothing new in this
respect . Furthermore some aspects of these anal-

yses seem to be under question 3°.
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Figure 33: Limit set by Opal on the charged Higgs
mass from 189 GeV data.

7. Searches for SUSY particles

7.1 The SUGRA scheme 3¢
Once the MSSM parameters are fixed at high
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scale, renormalization group equations (RGE) al-
low to follow their evolution, as well as the one
of coupling constants and masses, down to the
EW scale. In mSUGRA one expects the follow-
ing characteristics:

a) with the high top mass, EWSB occurs au-
tomatically.

b) sleptons, whose mass is essentially gov-
erned by mg, may be light, the partner of the
right—handed (RH) fermion being the lighter.
Electrons machines are ideal to search for them.
Figure 34 gives the ADLO limit for the stau, as
an example. The ADLO limits are presently: 85
GeV for selectrons, 71 GeV for smuons, 72 GeV
for staus, obtained from the combination of 183
GeV data. Here again, because of the accumula-
tion of data at higher energy, they will rapidly be
superseeded. For instance, Aleph, from the 189

GeV data, excludes smuons up to 80 GeV(preliminary),

for a mass difference larger than 10 GeV.

preliminary
95% CL

ALEPH DELPHI L3 OPAL
183 GeV

M ? (GeVId)
2.7

expectefd obtained

0 T T T T T T T T T
45 50 55 60 65 70 75 80 85 90
M P (GeVId)

Figure 34: Combined stau limit from ADLO

¢) charginos, >~(1i,2> and neutralinos, X?,2,3,47
are the mass eigenstates of 2 by 2 and 4 by 4 mass
mixing matrices, respectively. The chargino sec-
tor depends on Ms, u, tg@ and the neutralino
sector on My, My, u, tg(3, while the gluino mass
is given by Ms3. The three M; evolve as the «;
coupling constants, and this, in the case of a uni-
versal my /o, leads to the relation at the EW scale:

My /My/Ms ~ 0.4/0.8/2.7
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and to the mass hierarchy:
Mo /Mg, M« /M, + ~ My/Ms/ | |-

The lightest neutralino is the LSP, gaugino-
like when | p > Ms. If, however, the gaugino
mass universality is dropped, one may then have
any kind of relation between the M;. For instance
a model 37, invented to provide a possible expla-
nation for the CDF event, has M; about equal to
M3, a X9 mostly higgsino, ¥3 mostly gaugino, so
that the cascade X3 — X} + photon dominates.

The nature of the ¥) LSP, as well as the ex-
istence of mass degeneracies between charginos
and neutralinos, are of great importance for the
cold dark matter problem.

Electron machines are well suited to study
these particles and to set limits on their masses.
These limits, for charginos, depend on their na-
ture, gaugino, higgsino or mixed state, and on
the mass difference AM between the chargino
and the LSP. In general values close to the kine-
matic limit are reached, and one even goes be-
yond it when neutralino searches can help. See
ref38 for a complete review.

However when the )Zli is a gaugino and when
my is small and sneutrinos are light, the produc-
tion amplitudes of 7v/Z s-channel exchange and
of sneutrino t-channel exchange interfere destruc-
tively and decay modes via slepton exchange ap-
pear: this leads to a reduced production rate and

efficiency and to a lower mass limit.
ALEPH PRELIMINARY

M, (GeV/c?)

0
-200

1 (Gev/c?)
Figure 35: The contributions of various searches to
the exclusion in the M2 — pu plane, see ref3¢.

For neutralinos the reaction:
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Figure 36: Lower limit to the neutralino LSP mass,
whatever be mg, from OPAL.

- 2020
efe” = XX

is of no use in the MSSM since the neutralino
is invisible. Generally the production of higher
masses neutralinos, like:

-, <020
ete” = XIX2

and of charginos help setting limits. But in the
case of small mg just described these limits are
weakened. One must then look for help from
charged lepton searches. In order to relate the
charged slepton to the sneutrino sector one must
also assume some degree of universality for my.
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Figure 37: Lower limit to the neutralino LSP mass,
whatever be myg, from L3.
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This most difficult situation is illustrated
by figure 35, 36 and 37. From 183 GeV data, the
lower mass limit (at 95% CL) of the LSP, what-
ever be mg, are:

ALEPH 28 GeV(updated with part of 189
GeV data)

DELPHI 23.4 GeV

L3 25.9 GeV

OPAL 24.2 GeV

Preliminary values from 189 GeV data are
32.3 GeV from Aleph, 31.2 GeV from Delphi,
28.2 GeV from L3 and 27.9 GeV from Opal.

In the usual case LEP gives limits on charginos
masses which approach the kinematic limit, as
illustrated in figure 38, which gives Delphi pre-
liminary results at 189 GeV.

At the Tevatron searches for charginos and
neutralinos proceed via the associated produc-
tion:

PP — X3x*T + X
with: x9 — X"~ and x© — ¥+

leading to the very clean trilepton signature, which

is an excellent discovery channel. However in

case of a negative result, only very model-dependent

mass limits can be set 38.

d) the Tevatron is the right machine to search
for squarks and gluinos (figure 39). HERA also
can, in a limited window of the parameter space,

look for squark-gluino associated production 3°.

e) in the sfermion sector a special role is
played by the spartners of the third family, be-
cause of the potential existence of strong mixing
effects. The lightest mass eigenstate, for instance
of the stop, £, can be quite light and special
searches at LEP and Tevatron were devoted to
it. For the mass range under consideration, it is
assumed that the decay #; — ¢ + X7, although
occuring at loop level, is dominant: this would
however be invalidated if 1 — b+ ¥ is kine-
matically accessible, for instance in the high mass
region of the Tevatron exploration. The results
are given in figures 40 and 41, showing the com-
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plementarity of the two machines.

DELPHI xix; limits at 189 GeV
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Figure 38: Limits on charginos at 189 GeV set by
Delphi.
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Figure 39: DO limit in the plane of squark versus
gluino masses

Similarly ADLO has provided limits for the
b in the X°+b mode, reaching 86 GeV in the case
of no mixing.

An example of preliminary stop mass limit
from 189 GeV data is 87.2 GeV from Opal, in
the worst case of coupling.

7.2 SUSY searches in the GMSB models

As explained in 5, the LSP of these models
is the gravitino, G, whose mass may range from
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Figure 40: CDF exclusion contour for the stop, as
compared to LEP one.
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Figure 41: The combined stop limit from the ADLO
combination for data up to 183 GeV CM.

1075 eV to the keV domain.

This fact dominates their phenomenology. Its
details depend now on the identity of the next-
to LSP (NLSP) particle. The NLSP can be the
lightest neutralino4?, decaying into v + G: this
scenario provides an alternative explanation to
the CDF event. The NLSP can also be a slep-
ton, most likely a stau*!. Very important is the
relation between the lifetime of the NLSP and the
G mass, or equivalently the scale vF at which
SUSY is broken in the hidden sector:

L(inem) = 1.76 10~3x
(E?/m2) — 1 x (m7/100GeV) ™5 x (mg/1eV)?

A sufficiently high G mass can lead to a long-
lived NLSP, which can then manifest itself as a
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Figure 42: The exclusion mass limit versus the G
mass for a long lived stau.

particle with offset, or decaying within the de-
tector, or even as a heavy semi-stable particle
leaving the detector before decaying.

For instance a neutralino NLSP decaying far
enough from the vertex can lead to a non-pointing
gamma: this has been looked for by Delphi and
Aleph, in a systematic study of single and two-
photon final states plus missing energy.

130<Vs< 183 GeV
ALEPH DELPHI L3 OPAL

)

e interpretation of
CDF ey event

m(x3) (GeV/

70

60 B
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80 90 100 110 120 130 140 150 160 170 180
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Figure 43: In the GMSB interpretation of the CDF
event (contour), the zone excluded by ADLO.

For a charged NLSP, slepton or more specif-
ically stau, Aleph and Delphi performed a com-
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Figure 44: The ADLO spectrum for the mass re-
coiling against two acoplanar photons.

plete study of all possible manifestations of a long
lifetime, from prompt emission to an heavy stable
charged particle, through the search for offsets,
kinks, secondary vertices,...(figure 42). Further-
more a systematic search for heavy stable par-
ticles has been performed by the LEP experi-
ments, using dE/dx information (A,D,L3,0) or
the RICH information (Delphi).

In the same case, pair production of ¥?, now
considered as the next-to-NLSP, NNLSP, can lead,
through ¥ — 7+ 7, to a 4-tau final state, as ex-
plored by Delphi.

Several other searches, like the one for charginos,

in the GMSB scenario, are actually greatly facil-
itated by the request of prompt gammas in the
final state and lead to limits even better than in
the SUGRA case.

The CDF event (eeyy+ /Er) has been a
strong incentive to promote the GMSB scenar-
ios. It would then be interpreted as:

pp — ée + X

where € — e + XY and ¥ — v + G. Figure
43 shows the relevant region in the é — ¥ mass
plane. If it were so, LEP, through neutralino pair
production with é—exchange in the t—channel,
should observe yv+ F final states. Figure 44,

21

from ADLO, shows that the LEP gamma-gamma

mass spectrum is well explained by standard sources

and figure 43 that the domain of the CDF event,
in the GMSB scenario, is nearly excluded by this
negative result.

7.3 A light gluino? 42

It is well known that hadron colliders are unable
to exclude the existence of a light (few GeV)
gluino. Such an object would, at LEP, modify
the running of a; since it would intervene as an
extra set of three fermionic degrees of freedom
in the RGE. It would also modify the behaviour
of the 4-jet final state. Several studies*3 claimed
that there is no room in the data for such a light
gluino. The relevance of these conclusions was
however criticized in reference 42.

The author of 42 foresees that a light gluino
will form a bound state with the gluon, the glue-
ballino or R® hadron, long-lived and visible through
its photino+hadron decay, or by its calorimetric
interaction. The mass is predicted to be in the
1 to 3 GeV region,with a lifetime ranging be-
tween 1075 to 10710 s. Previous direct searches
have looked for it, but were considered as still
inconclusive, due to an unsufficient kinematical
coverage. More recently both KTEV %4, looking
at the supposedly dominant RO — 7t 7n~7 decay
mode, and NA484% considering the decay into
n+photino, whose branching ratio is more un-
certain, have obtained negative results in a mass
versus lifetime domain which now excludes nearly
completely the model (figure 45).

Excluded Regions of RO Mass and Lifetime

RO Mass (Gevl%

NKTev 90% C.L.
r=1,

ﬁmm iéunund ‘gmnm gmmd \7mnmnr>gunmul ‘Smnm sl

10 10° 100 100 100 100 100 100 10

RO Lifetime (sec)

Figure 45: KTeV exclusion of a light gluino.
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However other incarnations of the light gluino
scenario have appeared recently 6. Some au-
thors suggest that one may relate the R° to very

high energy cosmic events. A suivre....

7.4 R-parity breaking 4’

We leave here the minimal version of SUSY which
by definition was R—parity conserving. The pos-
sibility of its violation was certainly boosted by
the former HERA anomaly; on the other hand
there is no good reason to impose a priori its
conservation.

R is obtained by adding the Lagrangian:

L=Xiji Li LBy, + Ai;, LiQ; Dy + Ay Ui Dy Dy +

The first three terms bring into the game 45
new Yukawa couplings A;jx. The indices rep-
resent generations, the letters supermultiplets,
doublets or singlets of SU(2)r. Among the trio
of particles involved, one is a superpartner, and
the choice of helicities clearly matters. A" and
A" cannot be both simultaneously present, oth-
erwise the proton would decay too fast. One
assumes— but without any good reason either—
that one of the couplings dominates all others.
Low energy measurements provide upper limits
on the A;;; which can be very strong, for instance
on A133 from the v, mass, or on \j;; from neu-
trinoless double beta decay.

The last term brings in a special phenomenol-
ogy and may turn out to be the most interesting,
especially in relation with the problem of neu-
48 Tt has not yet however received
the attention it deserves.

trino mass

The newly introduced couplings allow for a
large variety of possibilities. The LSP, say ¥°,
is now unstable, for instance decaying into three
leptons and it is therefore visible. The various
loopholes quoted previously in R-parity conserv-
ing scenarios disappear; on the other hand the
golden signature of F has gone as well. A crucial
new fact is that sparticles can now be produced
singly, for instance a sneutrino as an s-channel
resonance in ete” or a squark from e — ¢ colli-
sion.

A R decay is called direct if the sparticle goes
directly into ordinary ones, indirect if it cascades

22

to the LSP, by a R-conserving gauge interaction,
the LSP decaying then via a R mode.
In the physics analyses, one makes the as-

sumption that sparticles are decaying quasi promptly:

less than 1 cm of c7, so that particles appear to
originate from the main vertex. This sets lower
limits on the A;;;, which are however well below
the upper limits set by indirect measurements.

Neutralino and chargino searches
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Figure 46: Delphi mass limit for the lightest neu-
tralino in a R scenario.

The variety of final states to be explored
is extreme. Even the first new term in the La-
grangian involves jets, besides leptons, since cas-
cading occurs. Actually most of the final states
involving a combination of isolated charged lep-
tons, neutrinos and jets are potentially interest-
ing. R-parity breaking is thus an excellent moti-
vation to push physicists to study all final states
which, at a given machine, are accessible with
enough purity and sensitivity: exactly what a
search program should be....

I will illustrate the main points with a few
examples.

Figure 46 gives the lower limit of the neu-
tralino mass, whatever be mg: as expected this
limit is higher and more easily obtained than in
the R-parity conserving case.

Figure 47 shows what one could expect from

the s-channel production in ete™ of a sneutrino
(7r) decaying into u ™~ (couplings A\131 and a3z,
supposed to be equal) and the corresponding limit

set on this coupling by LEP200 which extends
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beyond the indirect one from the limits on tau

anomalous decays.
L3 Preliminary

coupling v Az Ags;

0.18 - -

e'e” = uu
0.

Excluded by lower energy
0. easurements —>
0.
0. Excluded

by L3
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Figure 47: From the search for s-channel 7, or 7,

exchange, limits on the relevant coupling versus the
sneutrino mass.

Figure 48 involving LQD couplings sets lim-

its on slepton/sneutrinos masses through the study

of a 4-jet final state.
ALEPH Preliminary

45 50 55 60 65 70 75 ‘80 :85 ‘90‘
M(F) (GeV/@)

95
Figure 48: LQD R parity breaking through 4-jet
topologies: limits on slepton/sneutrino masses.

HERA and the Tevatron are in the game
as well. Hera, as announced, looks for the sin-
gle production of squarks and sets limits on X
couplings. For instance those on )\gjk from '&JL

search are, locally, better than those from rare
7 and B decays.
the mass of stops and squarks, supposed to be
normally pair produced and then to have an in-
direct(through x°) R decay, which would lead to
like—sign di—electrons plus jet.

Even if R—parity breaking studies are still
in their infancy, the general conclusion, as drawn
by G.Ganis in Vancouver, is already quite im-
pressive: it states that for most of the relevant
final states, even complicated ones, LEP — and
in some cases HERA and the Tevatron— have

The Tevatron sets limits on

the required sensitivity and purity to perform a
meaningful measurement. The limits set are at
least as good as in the normal case. In other
terms, LEP results on SUSY will not be invali-
dated by the eventual occurence of R. Already,
mostly due to the exploitation of possible sin-
gle sparticle production, some limits on the cou-
plings superseed the low energy ones.

8. New ideas

Among the alternative ideas which appeared
recently ®2, the possibility to extend space-time
by introducing new large extra compact dimen-
sions at the TeV scale (TeV gravity) is particu-
larly attractive, in particular because it predicts
a variety of new phenomena and modifications to
the SM observables ®3.

Gravity becoming strong at the TeV scale, a
possibility which is not ruled out since direct
tests of the gravity law below ~1mm do not ex-
ist, the graviton starts playing a role in parti-
cle physics. Graviton radiation would lead to
an excess of single photon events at electron col-
liders, of monojets at hadron colliders. Delphi,
by the non-observation of extra single photons,
could thus set an upper limit to the radius of
extra-dimensions: in case there are two such di-
mensions, the limit is 0.4 mm 4. But the phe-
nomenology of SN1987A supernova may have al-
ready ruled out the case of two extra dimensions
down to a micron or so.

From the study of fermion-antifermion and two-
photon final state at LEP2, Opal was also able
to set lower bounds in the range of 0.5 to 0.75
TeV, for the corresponding mass scale %4

Since, in such models, the hierarchy problems
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are alleviated, one may be able to do without in-
voking SUSY. It may also be that the precision
electroweak bound on the Higgs boson mass is
removed in some range of the energy scale, re-
opening the possibility that this boson could be-
have in a non-standard way, or be heavy or even
non existing ®®>. Here again, a suivre....

9. Conclusions

The number and variety of the searches pre-
sented in this review demonstrate the vitality of
the field. While LEP2 brings most of the signifi-
cant limits on new physics, all machines are in the
game and have provided results of high quality.
Besides the usual channels, whose study is moti-
vated by the SM and familiar theories, a system-
atic exploration of a large set of final states has
been achieved, either to cross-check some hints of
possible deviations from the SM, or motivated by
LEP physi-
cists have adopted the very beneficial procedure

new ideas (R—parity breaking,...).

of combining the results of the four experiments:
for some channels the gain is substantial. This
combination will be vital to reach the ultimate
possibilities of LEP200 for Higgs searches.

Unfortunately there is no solid evidence for
new physics up to now. On the other hand, the
limits set, especially by LEP, start to be rele-
vant and instructive in a predictive frame like
the MSSM. No SM-like Higgs boson is observed
up to ~ 90 GeV, officially, and 95 GeV or so
in a preliminary way from two individual exper-
iments. MSSM ones are heavier than ~ 80 GeV,
and bounds seem to be robust. If this absence
persists, scenarios like the Infrared Fixed Point
one (or more generally small tg3 ones) and possi-
bilities like electroweak baryogenesis ®° will soon
be in difficulty.

Under some relatively mild assumptions, LEP
has also put a lower limit of ~ 32 GeV on the
neutralino LSP, a result which, as interpreted by
51 is close to “seal the fate of Higgsino Dark
Matter”.

HERA is starting running in e~ p and should
accumulate ~ 50pb~! in 98-99, 1fb~! between
2000 and 2005.
data-taking in 2000 and register 2 fb~! or so in
Run II, and possibly ten times more if the TeV33

The Tevatron should resume
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option is realized. LEP200, having accumulated
~ 180 pb~! per experiment last year at 189 GeV,
will hopefully get 200 pb—! per year per experi-
ment close to 200 GeV until it closes in 2000.

Existing machines have still a large potential
to exploit!
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