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PHYSICS AT LEP200�D. TreilleCERN, CH-1211 Geneva 23, Switzerland(Re
eived April 1, 1999)This talk summarizes the status of LEP200 physi
s and the prospe
tivefor its last two years.PACS numbers: 01.52.+r 1. Introdu
tionAfter a short reminder of LEP1 a
hievements, I will turn to LEP2, de-s
ribing its s
enery, presenting the 
urrent results, in measurements andsear
hes, and dis
ussing the prospe
ts. Sin
e on several topi
s LEP2 
om-petes with other present programmes, I will brie�y indi
ate their results andpromises as well. Most of the results 
ome from LEP2 exposures up to 183GeV 
enter-of-mass energy, but whenever possible the preliminary resultsfrom 189 GeV available at the time of writing will be given.2. Overview of LEP1 resultsIn the �rst phase of LEP, the four experiments have registered a totalnumber of �20 million Z0 under optimal experimental 
onditions. This hasled to a breakthrough of the quantitative tests of the Standard Model (SM).The Z0 mass, �nally measured to two parts in 105, after an epi
 and mostex
iting experimental �ght, has a
quired a prestigious status, by be
omingone of the three basi
 entries of the SM. This was obtained through a 
leverexploitation of the transverse polarization of the parti
les in LEP and a 
lose
ollaboration between the ma
hine and the experiments.The Z0 resonan
e line shape has been determined with an extreme a
-
ura
y: one per mille on its width, 1.5 per mille on its �height�, namely the� Presented at the XXVII International Meeting on Fundamental Physi
s, SierraNevada, Granada, Spain, February 1�5, 1999.(2193)



2194 D. Treilleprodu
tion 
ross-se
tion of the Z0. An important quantity, derived from theline shape parameters, is the number of light neutrino spe
ies:N� = 2:994 � 0:011 :Drawing the legitimate 
on
lusion that they are three, one 
an dedu
ethe amount of helium expe
ted in primordial nu
leo-synthesis: one expe
ts�24%, in fair agreement with astrophysi
al data.The universality of the ele
troweak 
ouplings of the three lepton spe
ieshas been demonstrated at the 2.5 per mille level. The muon and tau appearthus more and more as mere repli
ations of the ele
tron.The �avour 
ontent of the Z0 has been 
arefully measured: in parti
ularthe fra
tion of beauty�antibeauty in the hadroni
 �nal state, Rb, a potential
arrier of information on phenomena beyond the SM, has been obtained withan a

ura
y of 4 per mille, less than one sigma away from its SM expe
tation(�gure 1).
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Fig. 1. The Rb measurement at LEP1



Physi
s at LEP200 2195From all LEP ele
troweak measurements, and adding the spe
i�
 
ontri-bution of the SLAC Collider, a value ofsin2 �w = 0:23157 � 0:00018has been obtained for the ele
troweak mixing angle. This result is 25 timesmore a

urate than it was before LEP era, and it de�nitely ex
ludes sometheories, like the simplest grand-uni�ed model, SU(5).A �t to these results, in the frame of the SM, leads to the indire
tmeasurement of the top quark mass, through its 
ontribution as a virtualparti
le in loops, sin
e LEP energy is too low to pair-produ
e it dire
tly:Mt = 161+12�9 GeV :Su
h a result, indi
ative of a heavy top, has been available from LEPwell before the dire
t observation of the top quark at the Fermilab TevatronCollider. The present Tevatron dire
t mass measurement is:Mdire
tt = 174:3 � 5:1 GeV :Using this pre
ise value as an input, one 
an then fo
us on the nextand last unknown of the SM, the Higgs boson. Unfortunately, the e�e
ts ofthis parti
le as a virtual state give a

ess only to the logarithm of its mass.Within the SM frame one �nds:log10(MH [GeV℄) = 1:85+0:31�0:39 � 0:05or MH �230 GeV at 95% 
on�den
e level. We will 
ome ba
k later on thisupper bound.The set of LEP/SLC a

urate ele
troweak measurements 
an also be
onfronted to the expe
tation of models beyond the SM.To go beyond the Standard Model, one 
an take two main avenues. The�rst one introdu
es more symmetry and the most a
hieved version is Super-symmetry (SUSY). The se
ond postulates the existen
e of new 
onstituentsand/or for
es, and an example is Te
hni
olor (TC). More generally this op-tion 
an be 
onsidered under the heading of 
ompositeness.The predi
tions of SUSY for the ele
troweak observables are always infair agreement with those of the SM, as shown in �gure 2 [1℄, whi
h, forea
h observable, 
onfronts the experimental value (set to zero), the SM ex-pe
tation and the predi
tion of three quite di�erent SUSY models. Onesees that SUSY and the SM provide �ts of similar quality to the EW data.This does not prevent these a

urate measurements to start reje
ting, undergiven assumptions, peripheral regions of the SUSY parameter spa
e [1℄.
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Fig. 2. Pulls of the SM (verti
al bars) and three SUSY models (horizontal bars)for various ele
troweak observables [1℄.On the 
ontrary �gure 3 [2℄ re
alls that, in the 
ase of TC, there is abasi
 disagreement between data and predi
tions. This fa
t should be keptin mind, and possibly 
ured, by the proponents of this alternative road.Another important set of results from LEP1 improved our knowledge ofthe tau lepton and of heavy �avours of quarks, 
harm and espe
ially beauty.The LEP1 harvest has indeed provided huge samples of these parti
les, in allkind of spe
ies and in optimal experimental 
onditions, in parti
ular with astrong Lorentz boost, wel
ome to exploit their �nite lifetimes whi
h are of theorder of a pi
ose
ond. A key asset in these studies has been the impressiveprogress made in the �eld of mi
rovertexing, thanks to the development ofelaborate mi
rostrip sili
on dete
tors, providing a spatial a

ura
y of � 10mi
rometers. This is also a vital need for sear
hes at LEP200.All LEP1 results have been obtained with a

ura
ies better, and some-times mu
h better, than foreseen in the prospe
tive studies made earlier.
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Fig. 3. The SM expe
tation and the expe
tation of a one doublet te
hni
olor model,
onfronted to the data [3℄.As we said, the ele
troweak measurements, interpreted in the frame ofthe SM, announ
e a light Higgs boson: MH � 230 GeV at 95 % 
on�den
elevel.Does that imply the existen
e of su
h a boson? Or are there possibleloopholes, where something else happening at higher energy mimi
s the e�e
tof a light boson? It may be so and the 
orre
t way is to �go and see�: this isbeing done at existing ma
hines and is the raison d'etre of future 
olliders.
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+ ∆1/α= 0.01Fig. 5. Foreseable progress in the indire
t determination of the Higgs mass bounds[3℄ Meanwhile the quest for a

ura
y in EW measurements should be pur-sued vigorously. As re
alled by �gure 4, to pinpoint the Higgs mass in theSM frame, the key ingredients are the top mass and sin2 �w (therefore �(MZ)for the latter), while a very a

urate measurement of MW 
an temporarillyplay its role as well. Figure 5 [3℄ gives an optimisti
 view of the possibleevolution of �logMH in the future, whi
h will �nd its interest on
e the Higgsboson is found, as a 
he
k of the SM or MSSM 
oheren
e at loop level, orin the 
ase of no dis
overy.3. The LEP2 s
enery and its standard measurementsCollisions at higher energies in LEP still provide 
lear and 
lean events.However the rates of interesting SM ones has gone down by typi
ally threeorders of magnitude, 
ompared to those at the Z0 resonan
e. And, at en-ergies not far above this resonan
e, a new 
lass of events appear, whi
h,in �rst approximation, are simply parasiti
 ones: by radiating one or morephotons in the initial state, the 
olliding e� may �return� to a redu
ed e�e
-tive 
enter-of-mass energy equal to the Z0 mass. This o

urs with a smallprobability, but, be
ause of the huge 
ross-se
tion at the resonan
e, the rateof su
h �radiative return� events a
tually dominates all other annihilationones. Photon radiation is mostly 
ollinear to the e� and, in the plane normalto the beam dire
tion, does not 
arry transverse momentum. There is how-ever some probability that it does so. In prin
iple, the emitted photons arethen visible in the dete
tor and it is 
ru
ial to dete
t them with maximum
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ien
y, in order not to fake missing transverse momentum events besidesthe unavoidable SM ones; one must therefore ensure the hermeti
ity of thedete
tor.
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Fig. 6. The LEP s
eneryAs shown in �gures 6 and 7, the most abundant new SM pro
ess, besidesradiative return to the Z0 and normal fermion pair produ
tion, is the pro-du
tion of pairs of W�. The �rst W pair was observed when LEP rea
hed161 GeV CM energy in 1996 and, sin
e then, the four LEP experiments have
olle
ted �15000 su
h pairs. The physi
al interest of this pro
ess is 
onsid-erable. It represents a 
lean and relatively abundant sour
e of W bosonsand allows to a

urately measure the W mass. It allows also to perform ana

urate 
he
k of a still poorly known aspe
t of the SM: the triple boson
ouplings. This opportunity stems from the fa
t that, among the pro
essesleading to W pair produ
tion, one �nds virtual Z0 and photon ex
hange, inwhi
h su
h triple boson 
ouplings obviously intervene.The Tevatron Collider at Fermilab has also the potential to perform thesemeasurements and the two ma
hines are thus in 
ompetition.
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s at LEP200 2201For the MW measurement, the LEP energy does not matter mu
h, on
eit is far enough above the threshold of the rea
tion, and what 
ounts isthe total number of events registered, sin
e statisti
s will be the ultimatelimitation.For gauge 
oupling measurements, the number of events, as well as thequantity of information one 
an exploit in ea
h of them, are important, butthere is also a rapid growth of sensitivity with energy: typi
ally a gain of afa
tor two for an in
rease of 20 GeV CM energy.
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20 40 60 80 100 120Fig. 9. A two-dimensional ideogram for a 4-jet eventThe W mass measurement 
an be performed at LEP in all hadroni
 �nalstates, as well as in mixed de
ays, one hadroni
, one leptoni
. An exampleof the relevant mass spe
tra of re
onstru
ted W 's, after appropriate �ts andpairings, are shown by �gure 8. The re
onstru
tedW mass is shifted relativeto the real one, and the problem is to 
orre
t for that shift, in parti
ularits part due to initial state radiation, and assess the 
orre
t un
ertainty. Tokeep and exploit the full information 
ontained in an multijet event, in orderto de�ne the right pairing, the use of ideograms 
an be 
onvenient (�gure 9).Another interesting te
hnique is to mimi
 W pair events by superposing twoZ events, adequately boosted: one thus gets a very similar �nal state, forwhi
h one knows the 
orre
t answer.Presently, the LEP2 a

ura
y on MW is �65 MeV, statisti
ally dom-inated, quite similar to the one from hadron 
olliders (�gure 10 and 12).
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Fig. 10. The LEP W mass measurementsAt LEP, it should steadily improve with luminosity and, for the total lumi-nosity foreseen, rea
h �30 to 50 MeV, depending on our ability to masterthe most tri
ky systemati
 un
ertainties. These appear in the all-hadroni
de
ay mode of the W pairs, whi
h is also the most abundant one. They
on
ern the possible inter
onne
tion of the de
ay produ
ts of the two W 'sand, besides their possible impa
t on MW , su
h e�e
ts are quite interestingper se. For the time being, there is no indi
ation that Bose�Einstein 
orre-lations o

ur between di�erent W 0s, although the situation is still far frombeing settled (�gure 11). The possible e�e
t of 
olour re
onne
tion on theW mass un
ertainty is being studied as well within a variety of models.As for the triple boson 
ouplings, �gure 13 gives the present LEP limits.The sensitivity in
reases with energy, as we said, and with the quantity ofinformation one 
an extra
t from the �nal state. LEP should ultimately setbounds on possible departures from the SM at the few % level. Is this sensi-tivity su�
ient to reveal new physi
s e�e
ts, whi
h are not yet ex
luded by
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Fig. 11. The Bose�Einstein 
orrelations in Aleph
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−
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Fig. 12. The World W mass measurement



2204 D. Treillethe very a

urate LEP1 results? This has been the subje
t of hot dis
ussions,with the 
on
lusion that it is still possible, although unlikely.
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Fig. 13. The LEP limits on triple boson 
ouplingsThe Tevatron, presently stopped for major improvements, will resume itsdata�taking in 2000 with an in
reased luminosity. As far as one 
an predi
t,it should a
hieve in both se
tors a performan
e quite 
omparable to LEP,but involving a very di�erent set of systemati
 errors.Whatever be the interest of these new ele
troweak measurements, it isnevertheless 
lear that, for LEP200, the strong emphasis put on the last fewGeV of its energy range �nds its real justi�
ation when one 
onsiders thesear
h potential of this ma
hine for the Higgs se
tor, and to a lesser extent,for the parti
les predi
ted by Supersymmetry (SUSY).4. The 
omposite wayKeeping in mind the 
aveat mentioned above, let us explore �rst thepossible signals linked with 
omposite s
enarios. They imply the potential
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e of at least one among the following e�e
ts:� te
hni
olor parti
les� 
onta
t intera
tions� ex
ited states of the known fermions� re
urren
e of ve
tor bosons:W ', Z'� leptoquarks (LQ)The last two 
an also appear in fundamental theories with an extendedgauge group. Sin
e, besides LEP, HERA and the Tevatron have mu
h tosay in these sear
hes, I will 
onfront the results of the three ma
hines.4.1. Sear
h for te
hni
olor [4℄The CDF experiment has performed a sear
h for TC ve
tor bosons(TVB), !T and �T , as predi
ted by the model of Ref. [5℄. The TVB areprodu
ed by TVB-dominan
e. They are supposed to de
ay respe
tively intogamma-te
hnipion (TP) and W -te
hnipion or Z-te
hnipion, sin
e multi TPstates are kinemati
ally disfavoured. The 
harged (neutral) TP de
ays to b
(bb).
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2206 D. TreilleFigure 14 shows that these sear
hes are sensitive to TVB (TP) in the200 (100) GeV region. The domain where one 
ould expe
t su
h parti
lesis however very model dependent and one should 
onsider these �rst ex-plorations as an appetizer for what more luminosity (at the Tevatron) andmore energy (at LHC) will o�er. Similarly, on behalf of top
olor models [6℄,a wel
ome systemati
 study of bb (and later of tt) mass spe
tra is beeingundertaken.At LEP low s
ale TC is sear
hed for by analyses exploring similar �-nal states (see 
harged Higgs sear
hes below), under the assumption that ate
hni-resonan
e 
ould be produ
ed in the s-
hannel.4.2. Conta
t intera
tions [7℄I re
all the usual parameterization of the e�e
tive 
onta
t intera
tionLagrangian in terms of 
oe�
ients �i;j , where i; j imply left- or right-handed-ness, and where � = �(g2=�2), ratio of a 
oupling 
onstant and an energys
ale squared. The sign indi
ates a positive or negative interferen
e of the
onta
t amplitude with the SM one. Setting as usual g2=4� = 1, one is leftwith the parameters �+ and �� on whi
h lower limits are set. If one has anidea of the possible origin of the 
onta
t terms (for instan
e a LQ ex
hange)one 
an obtain a limit on �=m where � is the (Yukawa) 
oupling impliedand m the mass of the ex
hanged obje
t (LQ).All three 
olliders have been performing su
h measurements. Fo
usingon quark-lepton 
ompositeness, the Tevatron obtained limits from the studyof the Drell�Yan spe
trum, HERA did it through neutral 
urrents and LEPthrough qq �nal states. Let us list the limits in TeV obtained for �� inthe 
ase of two parity-
onserving 
ombinations, AA and VV, sin
e Atomi
Parity Violation (APV) experiments have ruled out PV 
ombinations up to� � 10 TeV: CDF D0 Zeus H1 A L3 OVV+ 3.5 4.7 4.9 4.5 4.0 3.9 4.1VV� 5.2 5.8 4.6 2.5 5.2 5.0 5.7AA+ 3.8 4.6 2.0 2.0 5.6 5.6 6.3AA� 4.8 5.3 4.0 3.8 3.7 3.5 3.8One sees that the three ma
hines set quite similar limits. This re�e
tsthe fa
t that their 
onstituent CM energies and luminosities are not toodissimilar. 4.3. Ex
ited fermions [8℄In brief, the Tevatron 
overs the �eld of ex
ited quarks up to �700�800GeV. For ex
ited leptons, LEP and HERA 
ompete well, the LEP limits on
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s at LEP200 2207�=m beeing stronger, while HERA has a higher mass rea
h. This is wellillustrated in the 
ase of radiatively de
aying ex
ited ele
trons.4.4. New ve
tor bosons [9℄Its higher mass rea
h gives the advantage to the Tevatron; sear
hes areperformed there both in the leptoni
 and di-jet 
hannels, with limits rea
hing700 GeV. However the power of indire
t sear
hes at LEP, through the mixingwith the Z0, is high. Comparing the limits of CDF and L3 (183 GeV) forvarious models one �nds, in GeV:Type of Z 0 �  � LR SSMLimit of L3 365 260 270 375 805Limit of CDF 595 590 620 630 690For a Z re
urren
e with su�
ient 
oupling to the fermions, like a se-quential SM Z 0 (SSM), the LEP limit 
an be the strongest one. From 189GeV data, Aleph now sets a limit of 1050 GeV to a SSM boson.4.5. Leptoquarks [10℄Leptoquarks (LQ) appear in all theories attempting to relate leptonsand quarks. They 
arry the quantum numbers of both obje
ts. Their phe-nomenology is 
omplex [11℄. LQ 
an be s
alars or ve
tors. The sear
h isrestri
ted to pure 
hiral 
ouplings of the LQ, given the features of pseu-dos
alar meson de
ays: there are 14 spe
ies of su
h 
hirally-
oupled LQ.Those a

essible to a

elerators are assumed to 
ouple only to one genera-tion (otherwise one would be in trouble with FCNC pro
esses), while mu
hheavier ones (like Pati�Salam LQ) 
an have non-diagonal 
ouplings. LQ 
an
arry a fermion number 0 (
ase of e��q as in Hera e+q 
ollisions) or 2 (
aseof e�q).Limits on LQ have been set by EW measurements (�Z ; : : :), APV ex-periments, neutrinoless double beta de
ay and studies of rare de
ays. Inparti
ular CDF, by putting stringent limits on B0d ! e�, B0s ! e� [12℄, haspushed the lower mass limit of Pati�Salam LQ up to �20 TeV.The produ
tion me
hanisms of LQ at the three ma
hines are quite 
on-trasted.At HERA, where LQ are singly produ
ed by e�q intera
tion, the Yukawa
oupling � of the LQ to e�q is a key parameter, as well as its de
ay bran
hingratio � into 
harged lepton + quark. One 
an thus expe
t either limits onthe LQ mass versus � for given values of � (a useful value to 
onsider beinga 
oupling of EM strength, �EM � 0:3), or limits on the mass as fun
tionof �, in theories whi
h provide the value of � (usually 0.5 or 1) [11℄. Thisis shown in �gure 15 from H1. Zeus has reported very similar limits [13℄.
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80 100 120 140 160 180 200 220 240 260Fig. 15. H1 limits on leptoquarks in the �-M planeOne sees that HERA sets quite high mass limits, even for small values of �and �. For �=1 and �EM, the limit rea
hes � 275 GeV in the 
ase of LQinvolving valen
e quarks (the variety of LQ with fermion number=0).At the Tevatron, LQ are pair produ
ed through normal gauge intera
-tions, and � does not intervene. LQ 
oupled to ea
h of the three families
an be produ
ed and have been sear
hed for. In the 
ase of s
alar LQ with�=1, the 
ombined limit of CDF and D0, independent of �, is 242 GeV. Seereferen
e [14℄ for a 
omplete panorama of the Tevatron LQ sear
hes.LEP has a mixed situation. LQ 
an be pair produ
ed (� is then irrele-vant) but with obvious mass rea
h limitations. They 
an be singly produ
ed,by fusion of an e� with a quark of a photon radiated by the partner e. Limitswere presented by the LEP experiments: for LQ with �EM, those of Delphifor 189 GeV extend up to � 150-180 GeV, for �=1 and depending on theirquantum numbers. Finally the pro
ess e+e� ! qq allows to set indire
tlimits on LQ ex
hange in the t- or u-
hannel. As anti
ipated above, su
hlimits are given for �=mLQ and, provided � is not too small, they extend upto very high masses (�gure 16).
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Limits on the coupling for Vector Leptoquarks
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Fig. 16. Opal limits on leptoquarks in the ��M planeA
tually squarks and leptoquarks behave similarly, with for instan
e the
orrespondan
e between the LQ ~S1=2 and a ~uL: the results presented here
an be interpreted in terms of 6R produ
tion of squarks as we shall see in 7.4.5. A tour through SUSY worldSUSY 
an be minimal (the minimal number of superpartners, only twoHiggs doublets, R-parity 
onserved) or non-minimal (introdu
tion of an ad-ditional Higgs singlet, R-parity breaking (RPB), et
.). I will 
onsider thelatter option in relation with RPB in 7.4.



2210 D. TreilleMinimal SUSY [15℄ has overall 124 parameters, in
luding the SM ones.Not only are most of the parameter sets physi
ally non-viable, but the situa-tion is phenomenologi
ally untra
table and one is led to de
rease the numberof independent parameters, staying minimal, by assuming a me
hanism ofsoft SUSY breaking (SSB).SSB 
an be mediated by gravity, and this leads to minimal Supergravity(mSUGRA), whi
h, beyond the SM parameters, has only 5 new ones: m0,the 
ommon s
alar mass at high s
ale, m1=2, the 
ommon gaugino mass, A,the 
ommon trilinear 
oupling, �, the Higgs mixing parameter, and B, the
ommon bilinear 
oupling. A
tually the implementation of EW symmetrybreaking allows to trade B and � against MZ (known) and tan �, up to thesign of �. These are the mSUGRA parameters and most analyses, in
ludingLHC prospe
tive studies, are done within this set.From there on two attitudes prevail. One is to sear
h for a still redu
edset of independent parameters: one 
an for instan
e invoke the idea of �xed-point behaviour [16℄ whi
h amounts to �x tan � on
e Mt is known. One 
analso, using GUT and string-inspired 
onsiderations, get relations between theremaining parameters (dilaton, no-s
ale models, light gluino models, : : :).On the 
ontrary one 
an 
onsider that, with mSUGRA, one has gonetoo far, without justi�
ation, on the way to universality, and be led to relaxpartly su
h an assumption, either for s
alars (for instan
e by disso
iatingthe Higgs se
tor from the sfermion se
tor) or for gauginos (for instan
e bygiving up the mSUGRA relation between the Mi obtained at the EW s
ale,where i = 1; 2; 3 stands for U(1), SU(2)L and SU(3)C, respe
tively).As an alternative to SUGRA one 
an build SUSY models in whi
h SUSYsoft breaking o

urs through ordinary gauge intera
tions [17℄ instead of grav-ity. Su
h models are, at least, as 
onstrained as mSUGRA.The phenomenologies of both 
lasses are very 
ontrasted: be
ause of thedi�erent values of the s
ale at whi
h SUSY is broken in the hidden se
tor(pF � 1011GeV in SUGRA, � 102�4 GeV in GMSB), the gravitino, ~G ,has a totally di�erent behaviour in the two s
enarios: in mSUGRA its mass(M3=2 = F=(p3MPlan
k)) is heavy (of EW mass s
ale) and ~G is so weakly
oupled that one 
an forget about it. In GMSB versions, ~G is extremelylight and is 
ertainly the lightest SUSY parti
le (LSP); although still weakly
oupled, it is nevertheless of paramount phenomenologi
al importan
e, es-sentially through the de
ay of the next-to-LSP (NLSP) parti
le.This guided tour through SUSY s
enarios is needed to understand whatis beeing sear
hed for and in whi
h 
hannels (in parti
ular to understand thede
oupage of the talks in the parallel sessions of 
onferen
es : : :). However allthese a priori 
onsiderations should not 
ompromise the main task of a sear
hprogram whi
h is to explore, in an unbiased way, all 
hannels a

essible withenough purity and sensitivity. Furthermore there exists in SUSY a parti
le
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s at LEP200 2211whose properties are pre
isely predi
ted and quasi-independent of the exa
ts
enario under 
onsideration, provided one stays in the minimal theory: thelightest s
alar Higgs boson.6. Sear
hes for Higgs bosons6.1. Higgs phenomenology: a digestTo get a fair idea of the relevan
e of LEP200 (and of its limitations)for Higgs boson sear
h, one must 
onsider some basi
 fa
ts of Higgs phe-nomenology.In the SM the Higgs mass is not predi
ted. This re�e
ts our ignoran
eof the magnitude of the Higgs self-
oupling. However reasonable additional
onstraints allow to redu
e the possible domain. If one requires that theHiggs se
tor should stay perturbative up to a high energy s
ale, a 
onditionwhi
h is mandatory if one wants to deal with a 
omputable theory, one 
anset an upper limit on the boson mass as a fun
tion of that s
ale. By requiringthat the Higgs potential should stay bounded from below, a quite legitimate
ondition indeed, not to destabilize the va
uum, one 
an set a lower limit onthe mass of the boson, depending on the same s
ale, and also very stronglyon the top mass. If one de�nes the SM as a theory whi
h should stay validup to a very high energy s
ale � this is in a sense a tautologi
al statement,sin
e the SM sensu stri
to does not 
ontain any new ingredient, neither for
enor 
onstituent, until the Plan
k s
ale � the Higgs boson should then befound in the 130�180 GeV mass range (�gure 17). This will 
ertainly be aprivileged region for the LHC, but it is out of rea
h for LEP200.On the other hand the s
enario o�ered by supersymmetry (SUSY) isradi
ally di�erent.The most solid and dramati
 predi
tion of SUSY models 
on
erns theHiggs se
tor. SUSY, in its minimal version, requires the existen
e of twoHiggs doublets, i.e. 8 real quantities; on
e the three ve
tor bosons have a
-quired mass, �ve bosons are left: two s
alars, h0, H0, whose mixing involvesan angle �, a pseudos
alar, A0, and two 
harged bosons, H�. At tree level,two parameters, for instan
eMA and tan� = v1=v2 (where v1 = v:e:v: of thedoublet giving mass to up-quarks, v2 = v:e:v: of the doublet giving mass todown quarks and leptons) are enough to des
ribe the Higgs se
tor. At looplevel, and fo
using here on h0, its tree level mass is in
reased by radiative
orre
tions and reads: M2h0 =M2Z 
os2 2� +�M2 :The in
rement �M2 depends on the 4th power ofMt, hen
e the importan
eof its a

urate knowledge, and logarithmi
ally on the stop masses M~t1and
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Fig. 17. Higgs standard mass limits, from perturbativity (upper 
urve) and va
uumstability (lower 
urve), from [18℄.M~t2 , themselves determined by the mixing parameter in the stop se
tor/ At �� 
ot � (beware notations whi
h 
hange with authors). It is throughthis mixing parameter that Mh, and the Higgs se
tor, ultimately dependson the other parameters of the MSSM.A fa
t to keep in mind is the 
omplementarity between the 
ouplingsh0Z0Z0 / sin(�� �) and h0A0Z0 / 
os(�� �).An interesting 
ase is when MA is large: the h0 mass is una�e
ted andstays light, while all other Higgs bosons be
ome mass degenerate with A0.Furthermore h0 is SM-like (sin(�� �) = 1)How heavy, or light, is h0?This is shown in �gure 18: Mh has to be lower than �125 GeV forany tan� and stop mixing [19℄. For small tan �, a 
ase whi
h in
ludes theinfrared �xed point s
enario (IFP) [16℄, this limit is ' 100 GeV. The strikingdi�eren
e between the two models is due to the well-known fa
t that, whilein the SM the Higgs boson self-
oupling is unknown, it is perfe
tly de�nedin the MSSM in terms of the gauge 
ouplings g and g0.If one quits the minimal version of SUSY and introdu
es a Higgs singlet,or even triplets, it is possible to get a somewhat higher mass limit for thelightest boson [20℄. One 
an also, by invoking expli
it CP violation, getsome de
oupling from ve
tor bosons. This may be temporary �gra
eful�exits, keeping the SUSY frame, in 
ase of non dis
overy of this boson, anduntil LHC and NLC bring an answer.
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Fig. 18. Mass of the lightest SUSY higgs s
alar versus MA for small tan� (lower
urves) and large tan� (upper 
urves). Within ea
h family the full line is formaximal stop mixing, the dashed one for minimal stop mixing. From [19℄. The topmass is at its 
entral value, the SUSY mass at 1 TeV.6.2. Higgs sear
h at the Tevatron [21℄The Higgs boson at the Tevatron would be produ
ed in asso
iation witha ve
tor boson and is sear
hed for in its dominant de
ay mode, bb. A simpleglan
e at �gure 19 shows that the limits obtained with 100 pb�1 are still farabove (20 to 100 times) the SM expe
tation. The future may however bepromising, in spite of the severity of the experimental 
hallenge. Figure 20

Fig. 19. D0 limit on higgs produ
tion 
ompared to the SM expe
tation.



2214 D. Treille[22℄ gives the results of MC simulations and shows that, with 20�25 fb�1,masses up to 120 GeV are potentially a

essible. Su
h a �gure of integratedluminosity represents � 10 times what is planned for runII (in 2000 onward)and implies that a proje
t like TeV33 be
omes a reality.

Fig. 20. The luminosity needed at TeV33 to dis
over a Higgs boson of a givenmass [22℄.Tevatron experiments, as well as LEP ones, have looked for various�anomalous� Higgses. In parti
ular, following the model of Ref. [23℄, a Higgsboson 
oupled only to bosons (�bosophili
�) and, for the masses 
onsidered,de
aying dominantly into gamma-gamma, has been sear
hed for. The limitsset, at 95 % CL, are:D0 � 81.4 GeV,CDF � 82 GeV,OPAL � 92.6 GeV(183 GeV)while Delphi translates its negative result in terms of limits on anomalous
ouplings.A last 
omment on Higgs sear
hes at Tevatron: a 
oupling like the oneof A0 to bb is proportionnal to tan �. The pro
ess of b�b produ
tion, witha b radiating a A0 boson, whi
h leads to a 4-b �nal state, has therefore alarge 
ross-se
tion and a distin
t signature at large tan � [24℄. The analysisis under development. More theoreti
al input is still needed to evaluateproperly the expe
ted rates. But there is thus a possibility for the Tevatronto explore a region of the parameter spa
e 
omplementary to the one of LEP.
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s at LEP200 22156.3. Higgs boson sear
hes at LEP [25℄The LEP s
enery is well known (�gure 6 and 7). LEP2 is working abovethe Z0, a huge resonan
e indeed, so that phenomena of radiative return(simple, double,: : :) are a plague and require absolutely hermeti
 dete
tors,as we explained.The rea
tion under study is, for the SM Higgs, the Higgsstrahlung onee+e� ! H0Z0, the H0 de
aying 90 % into b�b. As we said, the SM Higgs,stri
tly speaking, should be at higher mass. For the MSSM one 
onsidersboth the e+e� ! h0Z0 pro
ess, as before, and the e+e� ! h0A0 asso
iatedprodu
tion, leading to 4b and even to 6b, when h0 ! A0A0 de
ay is permit-ted. I re
all that if MA is large enough, and the se
ond pro
ess is therefore
losed, h0 is SM-like.The experimental situation at LEP200 is relatively 
omfortable (�gure 7)sin
e the most o�ending ba
kgrounds are not mu
h larger than the signal.Furthermore W do not de
ay appre
iably into beauty. On the other handthe Z0Z0 �nal state, when one Z0 goes to bb and forMh 'MZ , the situationre
ently explored, is an irredu
ible ba
kground. Nevertheless the purity issu�
ient to allow the exploitation of all de
ay modes of the asso
iated Z0:qq; ��; l+l�.
Background suppression using b-tagging
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2216 D. TreilleB-tagging is very useful and very powerful (�gure 21): for Delphi, as anexample, an e�
ien
y of 60 per
ent to the h0Z0 signal in 4-jets 
an be kept,while the W -pair ba
kground is reje
ted by a fa
tor � 100. Figure 22 givesmu
h physi
s insight: it shows, in the 
ase of a 4-jet analysis, the evolutionwhen the severity of the 
uts in
reases, de
reasing therefore the e�
ien
y,of the number of observed events and of the expe
ted ba
kground, total andsplit into its three 
omponents: as expe
ted the Z0Z0 ba
kground is themost resistant.
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E
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10 20 30 40 50 60 70 80Fig. 22. Events kept versus e�
ien
y, when the 
uts get more severe, in a 4-jetanalysis. Also shown are the expe
ted ba
kgrounds.A 
andidate is shown in �gure 23.The mass limits expe
ted and obtained at 95 % level by ea
h of the LEPexperiments from their data up to 183 GeV are, in GeV:expe
ted obtainedALEPH 85.5 87.9DELPHI 86.5 85.7L3 85.0 87.6OPAL 86.2 88.3The limits obtained by 
ombining the results of the four experiments (theADLO Collaboration) with four di�erent statisti
al methods to estimate theoverall CLs are the following, in GeV:
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s at LEP200 2217expe
ted obtainedMethod A 90.0 90.1Method B 89.9 90.1Method C 90.4 89.8Method D 90.5 90.1Spread �0:3 �0:15
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Fig. 23. A registered Z0Z0 event, with a boson de
aying into two muons, the otherinto two quarks. The produ
tion of a �90 GeV Higgs boson would look the same,with two b-quarks. Su
h a Higgs boson has already been ex
luded, on a statisti
albasis.The results of the di�erent methods, both for expe
tation and for ob-servation, are in fair agreement. The lowest of the four limits is presentlythe o�
ial ex
lusion limit of LEP: Mh � 89.8 GeV at 95 % CL, while 90.4GeV was expe
ted. Figure 24 shows the summed mass spe
trum of theADLO 
andidates, in agreement with the expe
ted ba
kground and ex
lud-ing 
learly the presen
e of a 87 GeV Higgs boson. Figure 25 gives the limiton the SM Higgs mass obtained by method C (OPAL's statisti
al method).The totality of the data taken at 189 GeV in 1998 has now been pro
essedby ea
h of the four 
ollaborations. Figure 26 gives the Opal mass spe
trum
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LEP candidates at 183GeV
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s at LEP200 2219and mass limit. No attempt to 
ombine the results has been done yet. Thevery preliminary limits of ea
h experiment are in GeV:expe
ted obtainedALEPH 95.7 90.2DELPHI 94.8 95.2L3 94.4 95.2OPAL 94.9 91.0
OPAL PRELIMINARY
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0 20 40 60 80 100 120Fig. 26. Preliminary spe
trum from OPAL at 189 GeV6.4. SUSY Higgses at LEP [26℄In the 
ase of SUSY Higgses, one has to 
ombine the results obtainedfor the two produ
tion 
hannels previously des
ribed. The analysis has beenperformed in the frame of two Higgs doublet models [27℄, as well as in theMSSM s
enario. For the latter, results are expressed as ex
lusion 
ontoursin the plane of the two main variables 
hosen: tan �-MA, or tan �-Mh, orMh-MA.The question is then to de
ide what to do with the other parameterswhi
h intervene, at loop level, in the Higgs se
tor. The usual way, 
alledthe �ben
hmark� s
an, is to 
hoose them in order to ensure a given level ofstop mixing, with minimal, typi
al or maximal e�e
t on the ex
lusion region.The 
orresponding results of the ADLO 
ollaboration, for their data up to



2220 D. Treille183 GeV, are shown in �gure 27 and 28. The �gures show the theoreti
allyex
luded regions, for the two extreme 
ases of mixing, as well as the expe
tedand observed experimental ex
lusion 
ontours from the 
ombination of thefour experiments up to 183 GeV. One sees that, in the 
ase of no mixing, adomain of low values of tan � (between 0.8 and 2.1) is already ex
luded. Fortan �=1, one re
overs the results of the SM Higgs sear
h. For tan� �0.8LEP ex
ludes Mh below 77 GeV, MA below 78 GeV.
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s at LEP200 2221The region below tan� = 0:8 is a di�
ult one. Close to the Mh lowerbound, MA is small, possibly below the b�b threshold, and the de
ay h! AAis open. LEP200 has not fully 
overed this s
enario. One 
an however getthere the help of Tevatron H+ sear
hes, with the 
aveat we will mentionin 6.6.From data in
luding the 189 GeV ones, preliminary limits of the individ-ual experiments (�gure 29), at 95 % CL, are, in GeV:Mh MAALEPH 80.8 81.2tan� �1DELPHI 83.5 84.5tan� �0.5L3 77 78tan� �1OPAL 74.8 76.5tan� �1One sees again the fast improvement with CM energy.
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Fig. 29. Delphi MSSM ex
lusion plot at 189 GeVOne would like, however, to 
he
k whether a more general s
an of theparameters under 
onsideration 
an reveal �weak� points, for whi
h the limiton Higgs masses is redu
ed, and, in su
h an o

uren
e, to understand the



2222 D. Treillereasons for this weakening. This approa
h, started by Opal, has been de-velopped by A, D, O. Aleph [28℄ in parti
ular has performed a thoroughs
an of the parameter spa
e (MA; tan �;m0;m1=2; �;A; : : :) with more than30 million sets. They impose 10 
onditions, theoreti
al and mostly experi-mental, the most e�e
tive ones beeing obviously their negative sear
hes forHiggses at LEP200. They �nd that 10�4 of the sets for low tan �, 10�3 ofthem for large tan �, lead to a redu
ed limit. The reasons are understood:generally a small sin(���), redu
ing the Higgsstrahlung 
ross-se
tion, 
om-bined to a largeMA, 
ompromising the asso
iated produ
tion. Moreover thediagnosti
 is that, by implementing a few more legitimate 
onditions, eithertheoreti
al (no 
harge nor 
olor breaking, : : :) or experimental (impa
t ofEW measurements, of rare de
ays, foreseable in
rease in luminosity, : : :)these pathologi
al 
ases 
an be still redu
ed and possibly eliminated. One
an thus say that LEP limits are quite robust.6.5. Prospe
tiveFigure 30 [29℄ shows the dis
overy limits one 
an expe
t, as a fun
tionof the integrated luminosity per experiment, by 
ombining their results, forseveral CM energies, from 189 GeV, the present one, to 200 GeV whi
hrepresents what one 
an ultimately hope for with the number of RF 
avitiesavailable and provided their mean a

elerating �eld 
an be raised from thedesign value of 6 MV/m to about 6.8 MV/m. With 200 pb�1 per experimentat 200 GeV, one 
an dis
over a SM-like boson up to 107 GeV, ex
lude it upto 109 GeV. About 8 per
ent more CM energy, 
orresponding to 1.36 times
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Physi
s at LEP200 2223more 
avities, would have been needed to ex
lude a SM like Higgs boson upto � 125 GeV.Should one be despaired by the non observation of a higgs boson below90 GeV? Probably not. Figure 31 by Barbieri and Strumia [30℄ shows thelevel of naturalness, a quantity easy to de�ne but of a somewhat subje
tiveinterpretation, in the MSSM s
enario as a fun
tion of the h0 mass. This�gure seems to indi
ate that the best is still to 
ome, unfortunately in aregion di�
ult for all ma
hines..
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Fig. 31. The required level of �ne-tuning as a fun
tion of the Higgs mass [30℄.6.6. Other Higgs sear
hes at LEP [31℄The h0 boson 
ould de
ay invisibly, either to a pair of ~�01 LSP neutralinos,or to a pair of majorons, the Goldstone boson asso
iated to a spontaneousbreaking of R-parity. This possibility has been investigated by the four LEPexperiments. From 183 GeV data, their results on the mass limit of aninvisible Higgs boson produ
ed with a SM like 
ross se
tion are:MHinvALEPH 80 GeVDELPHI 85 GeV (updated with part of 189 GeV data)L3 83.6 GeVOPAL 81 GeVDelphi has also obtained a mass limit of 82.1 GeV for a boson whi
hde
ays either invisibly, or visibly into SM like 
hannels, and has interpretedthis result in terms of a Majoron model [32℄.



2224 D. TreilleThe preliminary mass limits extra
ted from 189 GeV data are: 92.8 GeVfrom Aleph for an invisible Higgs boson and 90.2 GeV from Delphi (�gure 32)for a Higgs boson with an arbitrary fra
tion of invisible de
ay.

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

70 80 90 100
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

70 80 90 100
Higgs mass (GeV/c2)

B
r(

h 
→

in
v)

both channels combined

invisible channels only

EXCLUDED

visible channels only

preliminary
DELPHI

Fig. 32. Delphi invisible Higgs: 
ombined limit at 189 GeV.Charged Higgs bosons in the MSSM should be heavier than MW . In anon minimal model with a singlet it is however possible to obtain lighter H�[33℄. Their pair produ
tion has been looked for by the LEP 
ollaborationsin the modes 
�s and �� , assumed to saturate its de
ay. One has thereforethree de
ay 
hannels: all leptoni
, all hadroni
 and mixed, as indi
ated in�gure 33. The mass limits obtained from the 183 GeV data are:ALEPH 59 GeVDELPHI 56.6 GeVL3 57.5 GeVOPAL 59 GeVTheir 
ombination leads to a limit of 69�70 GeV depending on themethod.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 (�gure 33).LEP limits will probably never 
ross nor even rea
h the value of the Wmass. We re
all the Tevatron analyses [34℄ sear
hing for 
harged Higgses
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harged Higgs mass from 189 GeV data.in the top de
ay, when it is supposed to o

ur, namely at very small andhigh tan �. There is however nothing new in this respe
t. Furthermore someaspe
ts of these analyses seem to be under question [35℄.7. Sear
hes for SUSY parti
les7.1. The SUGRA s
heme [36℄On
e the MSSM parameters are �xed at high s
ale, renormalizationgroup equations (RGE) allow to follow their evolution, as well as the oneof 
oupling 
onstants and masses, down to the EW s
ale. In mSUGRA oneexpe
ts the following 
hara
teristi
s:a) with the high top mass, EWSB o

urs automati
allyb) sleptons, whose mass is essentially governed by m0, may be light,the partner of the right-handed (RH) fermion being the lighter. Ele
tronsma
hines are ideal to sear
h for them. Figure 34 gives the ADLO limit for thestau, as an example. The ADLO limits are presently: 85 GeV for sele
trons,71 GeV for smuons, 72 GeV for staus, obtained from the 
ombination of183 GeV data. Here again, be
ause of the a

umulation of data at higherenergy, they will rapidly be superseeded. For instan
e, Aleph, from the 189GeV data, ex
ludes smuons up to 80 GeV(preliminary), for a mass di�eren
elarger than 10 GeV.
) 
harginos, ~��1;2, and neutralinos, ~�01;2;3;4, are the mass eigenstatesof 2 by 2 and 4 by 4 mass mixing matri
es, respe
tively. The 
harginose
tor depends on M2, �, tan � and the neutralino se
tor on M1, M2, �,tan �, while the gluino mass is given by M3. The three Mi evolve as the �i
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Fig. 34. Combined stau limit from ADLO
oupling 
onstants, and this, in the 
ase of a universal m1=2, leads to therelation at the EW s
ale:M1=M2=M3 � 0:4=0:8=2:7and to the mass hierar
hy:M�01=M�02 ;M��1 =M��2 �M1=M2= j � j :The lightest neutralino is the LSP, gaugino-like when j � j� M2. If,however, the gaugino mass universality is dropped, one may then have anykind of relation between the Mi. For instan
e a model [37℄, invented toprovide a possible explanation for the CDF event, has M1 about equal toM2, a ~�01 mostly higgsino, ~�02 mostly gaugino, so that the 
as
ade ~�02 ! ~�01+ photon dominates.The nature of the ~�01 LSP, as well as the existen
e of mass degenera
iesbetween 
harginos and neutralinos, are of great importan
e for the 
old darkmatter problem.Ele
tron ma
hines are well suited to study these parti
les and to setlimits on their masses. These limits, for 
harginos, depend on their nature,gaugino, higgsino or mixed state, and on the mass di�eren
e �M between
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hargino and the LSP. In general values 
lose to the kinemati
 limit arerea
hed, and one even goes beyond it when neutralino sear
hes 
an help.See Ref. [36℄ for a 
omplete review.However when the ~��1 is a gaugino and when m0 is small and sneutrinosare light, the produ
tion amplitudes of 
=Z s-
hannel ex
hange and of sneu-trino t-
hannel ex
hange interfere destru
tively and de
ay modes via sleptonex
hange appear: this leads to a redu
ed produ
tion rate and e�
ien
y andto a lower mass limit.For neutralinos the rea
tion:e+e� ! ~�01 ~�01is of no use in the MSSM sin
e the neutralino is invisible. Generally theprodu
tion of higher masses neutralinos, like:e+e� ! ~�01 ~�02and of 
harginos help setting limits. But in the 
ase of small m0 just de-s
ribed these limits are weakened. One must then look for help from 
hargedlepton sear
hes. In order to relate the 
harged slepton to the sneutrino se
torone must also assume some degree of universality for m0.
ALEPH PRELIMINARY

Fig. 35. The 
ontributions of various sear
hes to the ex
lusion in the M2�� plane,see Ref. [36℄.
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ult situation is illustrated by �gure 35, 36 and 37. From183 GeV data, the lower mass limit (at 95% CL) of the LSP, whatever bem0, are: ALEPH 28 GeV(updated with part of 189 GeV data)DELPHI 23.4 GeVL3 25.9 GeVOPAL 24.2 GeV
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s at LEP200 2229Preliminary values from 189 GeV data are 32.3 GeV from Aleph, 31.2GeV from Delphi, 28.2 GeV from L3 and 27.9 GeV from Opal.In the usual 
ase LEP gives limits on 
harginos masses whi
h approa
hthe kinemati
 limit, as illustrated in �gure 38, whi
h gives Delphi preliminaryresults at 189 GeV.
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Fig. 38. Limits on 
harginos at 189 GeV set by DelphiAt the Tevatron sear
hes for 
harginos and neutralinos pro
eed via theasso
iated produ
tion:pp ! ~�02 ~�� +Xwith ~�02 ! ~�01l+l� and ~�+ ! ~�01l+



2230 D. Treilleleading to the very 
lean trilepton signature, whi
h is an ex
ellent dis
overy
hannel. However in 
ase of a negative result, only very model-dependentmass limits 
an be set [38℄.d) the Tevatron is the right ma
hine to sear
h for squarks and gluinos(�gure 39). HERA also 
an, in a limited window of the parameter spa
e,look for squark-gluino asso
iated produ
tion [39℄.

0

50

100

150

200

250

300

350

400

0 50 100 150 200 250 300 350 400

Gluino mass (GeV)

S
qu

ar
k 

m
as

s 
(G

eV
)

mSUGRA

95% CL Excluded Region

No corresponding mSUGRA model

Preliminary

Preliminary

DØ Jets + ET


(79.2 pb-1)

DØ 1992-1993

Jets + ET


  (7.2 pb-1)

DØ ee + Jets + ET  (92.9 pb-1)

Fig. 39. D0 limit in the plane of squark versus gluino massese) in the sfermion se
tor a spe
ial role is played by the spartners of thethird family, be
ause of the potential existen
e of strong mixing e�e
ts. Thelightest mass eigenstate, for instan
e of the stop, ~t1, 
an be quite light andspe
ial sear
hes at LEP and Tevatron were devoted to it. For the mass rangeunder 
onsideration, it is assumed that the de
ay ~t1 ! 
 + ~�01, althougho

uring at loop level, is dominant: this would however be invalidated if~t1 ! b+ ~�+1 is kinemati
ally a

essible, for instan
e in the high mass regionof the Tevatron exploration. The results are given in �gures 40 and 41,showing the 
omplementarity of the two ma
hines.Similarly ADLO has provided limits for the ~b in the ~�0+bmode, rea
hing86 GeV in the 
ase of no mixing.An example of preliminary stop mass limit from 189 GeV data is 87.2GeV from Opal, in the worst 
ase of 
oupling.
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2232 D. Treille7.2. SUSY sear
hes in the GMSB modelsAs explained in 5, the LSP of these models is the gravitino, ~G , whosemass may range from 10�6 eV to the keV domain.This fa
t dominates their phenomenology. Its details depend now on theidentity of the next-to LSP (NLSP) parti
le. The NLSP 
an be the lightestneutralino [40℄, de
aying into 
 + ~G: this s
enario provides an alternativeexplanation to the CDF event. The NLSP 
an also be a slepton, most likelya stau [41℄. Very important is the relation between the lifetime of the NLSPand the ~G mass, or equivalently the s
ale pF at whi
h SUSY is broken inthe hidden se
tor:L(in 
m) = 1:76 10�3 �q(E2=m2~� )� 1� (m~�=100GeV)�5 � (m ~G=1eV)2:A su�
iently high ~G mass 
an lead to a long-lived NLSP, whi
h 
an thenmanifest itself as a parti
le with o�set, or de
aying within the dete
tor, oreven as a heavy semi-stable parti
le leaving the dete
tor before de
aying.For instan
e a neutralino NLSP de
aying far enough from the vertex
an lead to a non-pointing gamma: this has been looked for by Delphiand Aleph, in a systemati
 study of single and two-photon �nal states plusmissing energy.For a 
harged NLSP, slepton or more spe
i�
ally stau, Aleph and Delphiperformed a 
omplete study of all possible manifestations of a long life-
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s at LEP200 2233time, from prompt emission to an heavy stable 
harged parti
le, throughthe sear
h for o�sets, kinks, se
ondary verti
es, : : : (�gure 42). Further-more a systemati
 sear
h for heavy stable parti
les has been performed bythe LEP experiments, using dE=dx information (A,D,L3,O) or the RICHinformation (Delphi).
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Fig. 43. In the GMSB interpretation of the CDF event (
ontour), the zone ex
ludedby ADLO.In the same 
ase, pair produ
tion of ~�01, now 
onsidered as the next-to-NLSP, NNLSP, 
an lead, through ~�01 ! � + ~� , to a 4-tau �nal state, asexplored by Delphi.Several other sear
hes, like the one for 
harginos, in the GMSB s
enario,are a
tually greatly fa
ilitated by the request of prompt gammas in the �nalstate and lead to limits even better than in the SUGRA 
ase.The CDF event (ee

+ 6ET ) has been a strong in
entive to promote theGMSB s
enarios. It would then be interpreted as:p p! ~e~�e + Xwhere ~e! e+ ~�01 and ~�01 ! 
+ ~G. Figure 43 shows the relevant region in the~e�~�01 mass plane. If it were so, LEP, through neutralino pair produ
tion with~e�ex
hange in the t�
hannel, should observe 

+ 6E �nal states. Figure44, from ADLO, shows that the LEP gamma-gamma mass spe
trum is wellexplained by standard sour
es and �gure 43 that the domain of the CDFevent, in the GMSB s
enario, is nearly ex
luded by this negative result.
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oiling against two a
oplanar photons.7.3. A light gluino? [42℄It is well known that hadron 
olliders are unable to ex
lude the existen
eof a light (few GeV) gluino. Su
h an obje
t would, at LEP, modify therunning of �s sin
e it would intervene as an extra set of three fermioni
degrees of freedom in the RGE. It would also modify the behaviour of the4-jet �nal state. Several studies [43℄ 
laimed that there is no room in thedata for su
h a light gluino. The relevan
e of these 
on
lusions was however
riti
ized in referen
e [42℄.The author of [42℄ foresees that a light gluino will form a bound statewith the gluon, the glueballino or ~R0 hadron, long-lived and visible throughits photino+hadron de
ay, or by its 
alorimetri
 intera
tion. The mass ispredi
ted to be in the 1 to 3 GeV region,with a lifetime ranging between 10�5to 10�10 s. Previous dire
t sear
hes have looked for it, but were 
onsidered asstill in
on
lusive, due to an unsu�
ient kinemati
al 
overage. More re
entlyboth KTEV [44℄, looking at the supposedly dominant ~R0 ! �+��~
 de
aymode, and NA48 [45℄, 
onsidering the de
ay into �+photino, whose bran
h-ing ratio is more un
ertain, have obtained negative results in a mass versuslifetime domain whi
h now ex
ludes nearly 
ompletely the model (�gure 45).However other in
arnations of the light gluino s
enario have appearedre
ently [46℄. Some authors suggest that one may relate the ~R0 to very highenergy 
osmi
 events. A suivre : : :
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lusion of a light gluino7.4. R-parity breaking [47℄We leave here the minimal version of SUSY whi
h by de�nition wasR-parity 
onserving. The possibility of its violation was 
ertainly boostedby the former HERA anomaly; on the other hand there is no good reasonto impose a priori its 
onservation.6R is obtained by adding the Lagrangian:L = �ijkLiLj �Ek + �0ijkLiQj �Dk + �00ijk �Ui �Dj �Dk + �iLiH :The �rst three terms bring into the game 45 new Yukawa 
ouplings �ijk.The indi
es represent generations, the letters supermultiplets, doublets orsinglets of SU(2)L. Among the trio of parti
les involved, one is a superpart-ner, and the 
hoi
e of heli
ities 
learly matters. �0 and �00 
annot be bothsimultaneously present, otherwise the proton would de
ay too fast. One as-sumes � but without any good reason either � that one of the 
ouplingsdominates all others. Low energy measurements provide upper limits on the�ijk whi
h 
an be very strong, for instan
e on �133 from the �e mass, or on�0111 from neutrinoless double beta de
ay.The last term brings in a spe
ial phenomenology and may turn out tobe the most interesting, espe
ially in relation with the problem of neutrinomass [48℄. It has not yet however re
eived the attention it deserves.The newly introdu
ed 
ouplings allow for a large variety of possibili-ties. The LSP, say ~�0, is now unstable, for instan
e de
aying into three



2236 D. Treilleleptons and it is therefore visible. The various loopholes quoted previouslyin R-parity 
onserving s
enarios disappear; on the other hand the goldensignature of 6E has gone as well. A 
ru
ial new fa
t is that sparti
les 
annow be produ
ed singly, for instan
e a sneutrino as an s-
hannel resonan
ein e+e� or a squark from e�q 
ollision.A 6R de
ay is 
alled dire
t if the sparti
le goes dire
tly into ordinary ones,indire
t if it 
as
ades to the LSP, by a R-
onserving gauge intera
tion, theLSP de
aying then via a 6R mode.In the physi
s analyses, one makes the assumption that sparti
les arede
aying quasi promptly: less than 1 
m of 
� , so that parti
les appear tooriginate from the main vertex. This sets lower limits on the �ijk whi
h arehowever well below the upper limits set by indire
t measurements.The variety of �nal states to be explored is extreme. Even the �rst newterm in the Lagrangian involves jets, besides leptons, sin
e 
as
ading o

urs.A
tually most of the �nal states involving a 
ombination of isolated 
hargedleptons, neutrinos and jets are potentially interesting. R-parity breakingis thus an ex
ellent motivation to push physi
ists to study all �nal stateswhi
h, at a given ma
hine, are a

essible with enough purity and sensitivity:exa
tly what a sear
h program should be : : :I will illustrate the main points with a few examples. Figure 46 gives thelower limit of the neutralino mass, whatever be m0: as expe
ted this limitis higher and more easily obtained than in the R-parity 
onserving 
ase.

Fig. 46. Delphi mass limit for the lightest neutralino in a 6R s
enario
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s at LEP200 2237Figure 47 shows what one 
ould expe
t from the s-
hannel produ
tionin e+e� of a sneutrino (~�� ) de
aying into �+�� (
ouplings �131 and �232,supposed to be equal) and the 
orresponding limit set on this 
ouplingby LEP200 whi
h extends beyond the indire
t one from the limits on tauanomalous de
ays.

Fig. 47. From the sear
h for s-
hannel ~�� or ~�� ex
hange, limits on the relevant
oupling versus the sneutrino mass.Figure 48 involving LQD 
ouplings sets limits on slepton/sneutrinosmasses through the study of a 4-jet �nal state.HERA and the Tevatron are in the game as well. Hera, as announ
ed,looks for the single produ
tion of squarks and sets limits on �0 
ouplings.For instan
e those on �03jk from ~ujL sear
h are, lo
ally, better than thosefrom rare � and B de
ays. The Tevatron sets limits on the mass of stopsand squarks, supposed to be normally pair produ
ed and then to have anindire
t(through ~�0) 6R de
ay, whi
h would lead to like-sign di-ele
trons plusjet.Even if R-parity breaking studies are still in their infan
y, the general
on
lusion, as drawn by G. Ganis in Van
ouver, is already quite impressive:it states that for most of the relevant �nal states, even 
ompli
ated ones,LEP � and in some 
ases HERA and the Tevatron � have the requiredsensitivity and purity to perform a meaningful measurement. The limitsset are at least as good as in the normal 
ase. In other terms, LEP resultson SUSY will not be invalidated by the eventual o

uren
e of 6R. Already,
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Fig. 48. LQD R parity breaking through 4-jet topologies: limits on slep-ton/sneutrino masses.mostly due to the exploitation of possible single sparti
le produ
tion, somelimits on the 
ouplings superseed the low energy ones.8. New ideasAmong the alternative ideas whi
h appeared re
ently [52℄, the possibil-ity to extend spa
e-time by introdu
ing new large extra 
ompa
t dimensionsat the TeV s
ale (TeV gravity) is parti
ularly attra
tive, in parti
ular be-
ause it predi
ts a variety of new phenomena and modi�
ations to the SMobservables [53℄.Gravity be
oming strong at the TeV s
ale, a possibility whi
h is notruled out sin
e dire
t tests of the gravity law below �1mm do not exist, thegraviton starts playing a role in parti
le physi
s. Graviton radiation wouldlead to an ex
ess of single photon events at ele
tron 
olliders, of monojetsat hadron 
olliders. Delphi, by the non-observation of extra single photons,
ould thus set an upper limit to the radius of extra-dimensions: in 
ase thereare two su
h dimensions, the limit is 0.4 mm [54℄. But the phenomenologyof SN1987A supernova may have already ruled out the 
ase of two extradimensions down to a mi
ron or so.
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s at LEP200 2239From the study of fermion-antifermion and two-photon �nal state atLEP2, Opal was also able to set lower bounds in the range of 0.5 to 0.75TeV, for the 
orresponding mass s
ale [54℄.Sin
e, in su
h models, the hierar
hy problems are alleviated, one maybe able to do without invoking SUSY. It may also be that the pre
isionele
troweak bound on the Higgs boson mass is removed in some range ofthe energy s
ale, reopening the possibility that this boson 
ould behave ina non-standard way, or be heavy or even non existing [55℄. Here again,a suivre : : : 9. Con
lusionsThe number and variety of the sear
hes presented in this review demon-strate the vitality of the �eld. While LEP2 brings most of the signi�
antlimits on new physi
s, all ma
hines are in the game and have provided re-sults of high quality. Besides the usual 
hannels, whose study is motivatedby the SM and familiar theories, a systemati
 exploration of a large set of�nal states has been a
hieved, either to 
ross-
he
k some hints of possibledeviations from the SM, or motivated by new ideas (R-parity breaking, : : :).LEP physi
ists have adopted the very bene�
ial pro
edure of 
ombining theresults of the four experiments: for some 
hannels the gain is substantial.This 
ombination will be vital to rea
h the ultimate possibilities of LEP200for Higgs sear
hes.Unfortunately there is no solid eviden
e for new physi
s up to now. Onthe other hand, the limits set, espe
ially by LEP, start to be relevant andinstru
tive in a predi
tive frame like the MSSM. No SM-like Higgs bosonis observed up to � 90 GeV, o�
ially, and 95 GeV or so in a preliminaryway from two individual experiments. MSSM ones are heavier than � 80GeV, and bounds seem to be robust. If this absen
e persists, s
enarioslike the Infrared Fixed Point one (or more generally small tan� ones) andpossibilities like ele
troweak baryogenesis [50℄ will soon be in di�
ulty.Under some relatively mild assumptions, LEP has also put a lower limitof � 32 GeV on the neutralino LSP, a result whi
h, as interpreted by [51℄,is 
lose to �seal the fate of Higgsino Dark Matter�.HERA is starting running in e�p and should a

umulate � 50pb�1in 98�99, 1 fb�1 between 2000 and 2005. The Tevatron should resumedata-taking in 2000 and register 2 fb�1 or so in Run II, and possibly tentimes more if the TeV33 option is realized. LEP200, having a

umulated� 180 pb�1 per experiment last year at 189 GeV, will hopefully get 200pb�1 per year per experiment 
lose to 200 GeV until it 
loses in 2000.Existing ma
hines have still a large potential to exploit!
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