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SEARCH FOR NEW PARTICLES AT LEP�André Sop
zakKarlsruhe University, D-76128 Karlsruhe, Germany(Re
eived O
tober 29, 1999)The latest preliminary results of the sear
hes for Higgs bosons and Su-persymmetri
 parti
les at LEP are reviewed. The results in
lude the data-taking in 1999 up to 
enter-of-mass energies of 196 GeV. The 
ombinationof the results from the four LEP experiments leads to a signi�
ant in
reaseof the dete
tion sensitivity. No indi
ation of a signal has been observed.In the Standard Model (SM) a lower limit of 102.6 GeV on the mass of theHiggs boson is set at 95% CL. In extended models, stringent limits are alsoset on the HZZ 
oupling. Interpretations in the Minimal extension of theSupersymmetri
 Standard Model (MSSM) are given and the importan
eof general MSSM parameter s
ans is emphasized. In general s
ans, thelimit on the mass of the lightest s
alar Higgs boson is about 7 GeV lowerin 
omparison with ben
hmark results. The data also 
onstrains 
hargedHiggs bosons of a general two-doublet model and Supersymmetri
 partnersof the SM parti
les.PACS numbers: 13.10.+q, 14.80.�j, 13.65.+i1. Introdu
tionThe data-taking at LEP has been very su

essful, leading to 
ontinu-ously in
reasing 
enter-of-mass energy and luminosity as shown in Fig. 1. InAugust 1999, exa
tly 10 years after the �rst re
ording of a Z boson at LEP,a 
enter-of-mass energy of 200 GeV was rea
hed. The LEP a

elerator will
ontinue operation at a 
enter-of-mass energy around 205 GeV in 2000.The results of this report are mainly based on the 
ombination of thedata from the four LEP experiments ALEPH, DELPHI, L3 and OPAL [1℄.In the sear
h for the Standard Model Higgs boson, all four LEP experimentshave 
ontributed. Three experiments have released their 1999 data for 
om-bination in the MSSM sear
h, and two for the 
harged Higgs boson sear
h,as detailed in Table I.� Presented at the XXIII International S
hool of Theoreti
al Physi
s�Re
ent Developments in Theory of Fundamental Intera
tions�, Ustro«, Poland,September 15�22, 1999. (3229)
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Fig. 1. Delivered integrated luminosity per LEP experiment TABLE IData used for the 
ombination of the Higgs boson sear
hes from the four LEPexperiments. SM Higgs MSSM Higgs Charged Higgsps (GeV) Year L (pb�1) L (pb�1) L (pb�1)189 1998 683 683 690192 1999 112 84 55196 1999 265 185 132The sear
h for Higgs bosons is performed in di�erent analysis 
hannelswith various signatures de�ned by the de
ay properties of the Higgs andZ bosons. The produ
tion and de
ay rates are mainly 
al
ulated in theframework of three theoreti
al models: the Standard Model with one Higgsdoublet; the general two-doublet Higgs model where three neutral and two
harged Higgs bosons are predi
ted; and the MSSM, where in addition,Higgs boson masses and 
ouplings are related. In the MSSM one neutralHiggs boson is predi
ted to be light (mh < 130 GeV), while the 
hargedHiggs bosons are heavier than the W boson.



Sear
h for New Parti
les at LEP 32312. Dete
torsA typi
al LEP dete
tor is shown in detail in Fig. 2. The parti
les pro-du
ed at the intera
tion point in the 
enter of the dete
tor pass severalsubdete
tors. All LEP dete
tors are equipped with mi
ro-vertex dete
torsin order to measure tra
ks with pre
ision near the intera
tion point. Fol-lowing parti
les to larger radii, they pass a tra
king system, ele
tromagneti

alorimeters, hadron 
alorimeters and muon 
hambers. Figure 3 illustratesthe prin
iple of the parti
le identi�
ation. Detailed parti
le identi�
ationis also possible with the DELPHI RICH dete
tor using Cherenkov light todetermine parti
le masses.
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Fig. 2. A typi
al LEP dete
tor
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3232 A. Sop
zak3. ZZ ba
kground and Higgs boson 
andidatesThe produ
tion 
ross se
tions for the ba
kground rea
tions are shown inFig. 4. In 1998, the threshold of the ZZ produ
tion was passed and the ZZprodu
tion and de
ay be
ame a dominant ba
kground for many sear
hes.Thus, a good understanding of this ba
kground is very important to observea signal. The good agreement of data and simulation is shown in Fig. 4 forthe L3 e+e� ! ZZ ! qq`` analysis [2℄. An important method to redu
e theZZ ba
kground is based on the identi�
ation of b-quarks. As an example,the b-tagging performan
e from DELPHI is shown in Fig. 5.
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ien
y for a simulated hZ andhA signal. The tagging of b-quarks redu
es very strongly the WW pro
ess, wherealmost no b-quark de
ays are expe
ted. Also, qq and ZZ pro
esses are largelysuppressed. While the Higgs bosons de
ay with more than about 85% bran
hingratio into b-quark pairs, the Z ! bb de
ay rate is only 15%.



Sear
h for New Parti
les at LEP 3233Figures 6, 7 and 8 show examples of sele
ted SM Higgs 
andidates whi
hare 
ompatible with ZZ ba
kground. The re
onstru
ted invariant massesare 92.9 and 91.1 GeV in the four-jet event (Fig. 6). A typi
al jet�jet e+e�event signature is shown in Fig. 7 where the invariant masses are 85 and96 GeV. One jet is b-tagged by a three dimensional re
onstru
tion of a se
-ondary vertex. In the jet�jet �+�� event (Fig. 8) the invariant mass of themuon pair is 92.3 GeV. The re
oil mass of the muon pair is 
al
ulated fora better resolution of the hadron invariant mass, giving 93.4 GeV. All re-
onstru
ted masses are 
ompatible with ZZ produ
tion, taking into a

ountthe errors on the measurements.

Fig. 6. DELPHI four-jet Higgs boson 
andidate event
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Fig. 8. DELPHI jet�jet �+�� Higgs boson 
andidate event
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zak4. Standard model Higgs bosonThe sear
h for the Standard Model Higgs boson is performed in thefollowing de
ay 
hannels: HZ ! bbqq; bbee; bb��; bb�� and bb��. Fig-ure 9 shows the number of data and ba
kground events as a fun
tion ofthe re
onstru
ted Higgs boson mass. No indi
ation of a signal is observed.A statisti
al analysis based on a likelihood fun
tion takes into a

ount allsear
h 
hannels and gives the probability 1 � CLb that the data are 
om-patible with the simulated ba
kground. Figure 10 shows this probability for1998 data and in
luding 1999 data up to 196 GeV 
enter-of-mass energy.The limits on the SM Higgs boson mass derived from the probability CLsthat the expe
ted signal and ba
kground is 
ompatible with the data, andthe 
orresponding ��2 distribution are presented in Fig. 11.
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Fig. 9. Re
onstru
ted mass distribution for 
ombined data between 192 and 196GeV (left) and in
luding 189 GeV data (right).
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ted SM Higgs boson mass limits, where 95% CL 
orre-sponds to CLs = 0:05 (left) and ��2 values for a given Higgs boson mass (right).The grey areas show 1 and 2� regions.The HZZ 
oupling is predi
ted to be smaller in many extensions of theSM. Figure 12 shows stringent limits on �2 from 
ombined LEP data underthe assumption that the Higgs boson de
ay modes do not 
hange and theprodu
tion rate is given by �(HZ) = �(HSMZ) � �2.An interesting extension of the SM is the addition of an extra Higgssinglet �eld. In this 
ase two neutral massive Higgs bosons H and S arepredi
ted, as is a massless, stable and non-intera
ting Majoron, J . Thede
ays H ! JJ and S ! JJ lead to missing energy signatures. Thispro
ess 
ould be observed in the ZH and ZS produ
tion. The asso
iated Zde
ay into a quark pair gives a signature of two jets and missing energy asin the H�� sear
h 
hannel. A limit from DELPHI on the mixing angle ofH and S as a fun
tion of their masses is shown in Fig. 12.
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zak5. MSSM Higgs bosonsThe sear
h for the s
alar MSSM Higgs bosons is performed in the samesear
h 
hannels as for the SM Higgs boson. In addition, the pair-produ
tionpro
ess e+e� ! hA ! bbbb and ��bb is investigated, where h is the lighters
alar and A the pseudos
alar Higgs boson of the MSSM. Figure 13 showsthe sum of the re
onstru
ted Higgs boson masses. For simulated Higgsboson masses of 80 GeV, well below the kinemati
 produ
tion threshold, thein
lusion of the data-taken in 1998 at 189 GeV in
reases signi�
antly thedis
overy sensitivity.
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Fig. 13. Re
onstru
ted mass distribution for 
ombined data between 192 and 196GeV (left) and in
luding 189 GeV data (right).Interpretations are given �rst for the so-
alled ben
hmark parameters,de�ned by a large Supersymmetri
 parti
le s
ale of 1 TeV and keeping allSupersymmetri
 parameters �xed. Figure 14 shows the ex
luded regions inthe (mA; tan �) plane for no and maximal mixing in the s
alar top se
tor,and Fig. 15 in the (mh; tan �) plane. The �gures also show limits from theCDF experiment [3℄, based on the rea
tion bb! bbh, where the 
oupling isenhan
ed for large tan�. Based on the ben
hmark parameters, details ofthe dis
overy (1�CLb) and the ex
lusion (CLs) probabilities are shown inFig. 16. The white lines give the 95% CL ex
lusion limit and the dashed linesthe kinemati
 produ
tion limits for hA and hZ pro
esses. No indi
ation ofa dis
overy is observed, where a 5� e�e
t 
orresponds to 1 � CLb � 10�7and the 95% CL 
orresponds to CLs = 0:05.
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3240 A. Sop
zakGeneral parameter s
ans in the MSSM are very important in order toset reliable limits on h and A masses. For LEP1 newly unex
luded massregions were pointed out [4℄, and for 172 GeV LEP2 data stringent masslimits disappeared 
ompletely [5℄ allowing a Higgs boson to es
ape dete
tionalthough it 
ould have been kinemati
ally produ
ed. The latest generals
an results with 189 GeV DELPHI data are shown in Fig. 17 [6℄. The
orresponding parameter ranges are listed in Table II. The limit on the hmass is at 75 GeV 
ompared to 82 GeV for the DELPHI ben
hmark result [7℄.The h and A mass limits are given by the light grey edge intruding the LEP2ex
luded area. An extension of the A range to �2 does not 
hange the masslimit, but it in
reases the maximal Higgs mass to 130 GeV. Redu
ed masslimits are also presented by OPAL [8℄.In addition to the s
anning over the Supersymmetri
 parameters, morepre
ise mass, 
ross se
tion and bran
hing ratio 
al
ulation based on 2-loopFull-Diagrammati
 Cal
ulations (FDC) [9℄ are used. Figure 17 shows alsothat the maximal h mass is redu
ed by about 10 GeV and the maximumis already rea
hed for smaller mixing values in the s
alar top se
tor. Theredu
tion of the maximal Higgs boson mass is important for LEP physi
s,sin
e it a�e
ts the ex
luded tan � range (see Fig. 15) and redu
es the un
ov-ered parameter region. LEP 
omes 
loser to a de�nitive test of the MSSM.
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Fig. 17. DELPHI general s
an leading to redu
ed mass limits 
ompared to theben
hmark results (left), and 
omparison of 1- and 2-loop FDC as a fun
tion ofthe mixing A in the s
alar top se
tor (right). TABLE IIGeneral s
an parameter rangesParameter msq (GeV) mg (GeV) � (GeV) ARange 200�1000 200�1000 �500�500 �1�+1



Sear
h for New Parti
les at LEP 32416. Charged Higgs bosonsNew 
al
ulations of the produ
tion 
ross se
tion e+e� ! H+H� in
lude1-loop radiative 
orre
tions [10℄. The 
ross se
tion for ps = 190 GeV isshown in Fig. 18. Compared to the tree-level 
al
ulations, the 
ross se
tionis about 7.5% larger for 2 < tan� < 15 independent of the 
harged Higgsboson mass. Note that a 15% redu
tion is obtained for very small and verylarge tan� values. The results from the LEP experiments are still basedon tree-level 
al
ulations. Figure 19 shows the re
onstru
ted H� mass fordata, simulated signal and ba
kground. Mass limits based on a statisti
alanalysis are also shown in Fig. 19. The sensitivity in the leptoni
 sear
h
hannel is larger, sin
e the irredu
ible WW ba
kground leads only in 1%of 
ases to the ���� �nal state. Independent of the 
harged Higgs bosonbran
hing fra
tion, a mass limit of 77 GeV is set at 95% CL.
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h 
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hannel and the
ombination of all three 
hannels. In addition, the expe
ted mass limit is shown.



3242 A. Sop
zak7. Supersymmetri
 parti
lesThe 
lean environment of the LEP e+e� 
ollider and the good hermiti
ityof the LEP dete
tors allow detailed sear
hes for Supersymmetri
 parti
les.Sin
e the lightest Supersymmetri
 parti
le is expe
ted to be neutral andstable, it es
apes dete
tion, leading to a missing energy signature. A typi
al
andidate event taken at 200 GeV 
enter-of-mass energy with the DELPHIdete
tor is shown in Fig. 20. The event shows two a
oplanar jets indi
atingthat energy, possibly from neutralinos, has es
aped dete
tion. A variety ofsear
hes for events with leptons, quarks, and missing energy is performed.No indi
ation of Supersymmetry has been found yet. Many mass limits 
loseto the kinemati
 produ
tion threshold are set with 189 GeV data [11℄.A few examples of data and ba
kground 
omparisons for the data-takingup to 196 GeV are presented. The number of observed and expe
ted events
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Fig. 20. DELPHI 
andidate event e+e� ! �01�02 ! �01�01qq, 
ompatible with ba
k-ground for example from ZZ ! qq�� produ
tion.



Sear
h for New Parti
les at LEP 3243in the sear
h for sleptons is shown in Fig. 21 as a fun
tion of slepton andneutralino masses. The large value of the top mass 
ould imply a largemixing for s
alar top quarks, thus rendering the lighter s
alar top to bethe lightest Supersymmetri
 quark. A 
omparison of data and simulatedba
kground events in the sear
h for s
alar top and s
alar bottom quarksis given in Fig. 22. The number of data events is 
ompatible with thesimulated ba
kground expe
tation. The de
ay �02 ! �01
 is also possible. Asignal 
ould be observed in the single or double photon spe
tra. Figure 23shows no indi
ation of deviation between data and ba
kground simulation.
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Fig. 21. Comparison of the number of data (left) and simulated ba
kground (right)events in the slepton sear
h.
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oil mass spe
tra of single (left) and double (right) photon produ
tion8. Con
lusionsNo indi
ation of new parti
les is observed. The 
ombination of the datafrom the four LEP experiments provides signi�
antly more dete
tion sen-sitivity. The SM Higgs mass is larger than 102.6 GeV at 95% CL. In theremaining year of LEP operation, the SM Higgs boson 
ould be dis
overedup to 110 GeV at 5� or ex
luded up to about 114 GeV at 95% CL. Strin-gent mass limits are set in general extensions of the SM, even for stronglyredu
ed HZ produ
tion rates. The 
harged Higgs boson mass is larger than77 GeV whi
h is 
lose to the W mass, where WW produ
tion gives a largeirredu
ible ba
kground. Large regions of the MSSM parameter spa
e areex
luded, in parti
ular, small tan� values. In future studies, the model-independent presentations of the experimental results should be even moreemphasized and general parameter s
ans should be favored over ben
hmarkinterpretations. REFERENCES[1℄ The Four LEP Experiments and the Higgs and SUSY LEP Working Groups,LEPC presentations, CERN, 7 Sep. 1999.[2℄ L3 Coll., EPS Tampere 1999, 
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eedings.[4℄ J. Rosiek, A. Sop
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ontributed paper 7-117.
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