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SEARCH FOR NEW PARTICLES AT LEP�André SopzakKarlsruhe University, D-76128 Karlsruhe, Germany(Reeived Otober 29, 1999)The latest preliminary results of the searhes for Higgs bosons and Su-persymmetri partiles at LEP are reviewed. The results inlude 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 inreaseof the detetion sensitivity. No indiation 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 importaneof general MSSM parameter sans is emphasized. In general sans, thelimit on the mass of the lightest salar Higgs boson is about 7 GeV lowerin omparison with benhmark results. The data also onstrains hargedHiggs bosons of a general two-doublet model and Supersymmetri partnersof the SM partiles.PACS numbers: 13.10.+q, 14.80.�j, 13.65.+i1. IntrodutionThe data-taking at LEP has been very suessful, leading to ontinu-ously inreasing enter-of-mass energy and luminosity as shown in Fig. 1. InAugust 1999, exatly 10 years after the �rst reording of a Z boson at LEP,a enter-of-mass energy of 200 GeV was reahed. The LEP aelerator willontinue 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 searh for the Standard Model Higgs boson, all four LEP experimentshave ontributed. Three experiments have released their 1999 data for om-bination in the MSSM searh, and two for the harged Higgs boson searh,as detailed in Table I.� Presented at the XXIII International Shool of Theoretial Physis�Reent Developments in Theory of Fundamental Interations�, 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 searhes 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 searh for Higgs bosons is performed in di�erent analysis hannelswith various signatures de�ned by the deay properties of the Higgs andZ bosons. The prodution and deay rates are mainly alulated in theframework of three theoretial models: the Standard Model with one Higgsdoublet; the general two-doublet Higgs model where three neutral and twoharged Higgs bosons are predited; and the MSSM, where in addition,Higgs boson masses and ouplings are related. In the MSSM one neutralHiggs boson is predited to be light (mh < 130 GeV), while the hargedHiggs bosons are heavier than the W boson.



Searh for New Partiles at LEP 32312. DetetorsA typial LEP detetor is shown in detail in Fig. 2. The partiles pro-dued at the interation point in the enter of the detetor pass severalsubdetetors. All LEP detetors are equipped with miro-vertex detetorsin order to measure traks with preision near the interation point. Fol-lowing partiles to larger radii, they pass a traking system, eletromagnetialorimeters, hadron alorimeters and muon hambers. Figure 3 illustratesthe priniple of the partile identi�ation. Detailed partile identi�ationis also possible with the DELPHI RICH detetor using Cherenkov light todetermine partile masses.
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3232 A. Sopzak3. ZZ bakground and Higgs boson andidatesThe prodution ross setions for the bakground reations are shown inFig. 4. In 1998, the threshold of the ZZ prodution was passed and the ZZprodution and deay beame a dominant bakground for many searhes.Thus, a good understanding of this bakground 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 redue theZZ bakground is based on the identi�ation of b-quarks. As an example,the b-tagging performane from DELPHI is shown in Fig. 5.
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Searh for New Partiles at LEP 3233Figures 6, 7 and 8 show examples of seleted SM Higgs andidates whihare ompatible with ZZ bakground. The reonstruted invariant massesare 92.9 and 91.1 GeV in the four-jet event (Fig. 6). A typial 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 reonstrution of a se-ondary vertex. In the jet�jet �+�� event (Fig. 8) the invariant mass of themuon pair is 92.3 GeV. The reoil mass of the muon pair is alulated fora better resolution of the hadron invariant mass, giving 93.4 GeV. All re-onstruted masses are ompatible with ZZ prodution, taking into aountthe 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



3236 A. Sopzak4. Standard model Higgs bosonThe searh for the Standard Model Higgs boson is performed in thefollowing deay hannels: HZ ! bbqq; bbee; bb��; bb�� and bb��. Fig-ure 9 shows the number of data and bakground events as a funtion ofthe reonstruted Higgs boson mass. No indiation of a signal is observed.A statistial analysis based on a likelihood funtion takes into aount allsearh hannels and gives the probability 1 � CLb that the data are om-patible with the simulated bakground. Figure 10 shows this probability for1998 data and inluding 1999 data up to 196 GeV enter-of-mass energy.The limits on the SM Higgs boson mass derived from the probability CLsthat the expeted signal and bakground is ompatible with the data, andthe orresponding ��2 distribution are presented in Fig. 11.
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3238 A. Sopzak5. MSSM Higgs bosonsThe searh for the salar MSSM Higgs bosons is performed in the samesearh hannels as for the SM Higgs boson. In addition, the pair-produtionproess e+e� ! hA ! bbbb and ��bb is investigated, where h is the lightersalar and A the pseudosalar Higgs boson of the MSSM. Figure 13 showsthe sum of the reonstruted Higgs boson masses. For simulated Higgsboson masses of 80 GeV, well below the kinemati prodution threshold, theinlusion of the data-taken in 1998 at 189 GeV inreases signi�antly thedisovery sensitivity.
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3240 A. SopzakGeneral parameter sans in the MSSM are very important in order toset reliable limits on h and A masses. For LEP1 newly unexluded massregions were pointed out [4℄, and for 172 GeV LEP2 data stringent masslimits disappeared ompletely [5℄ allowing a Higgs boson to esape detetionalthough it ould have been kinematially produed. The latest generalsan results with 189 GeV DELPHI data are shown in Fig. 17 [6℄. Theorresponding parameter ranges are listed in Table II. The limit on the hmass is at 75 GeV ompared to 82 GeV for the DELPHI benhmark result [7℄.The h and A mass limits are given by the light grey edge intruding the LEP2exluded area. An extension of the A range to �2 does not hange the masslimit, but it inreases the maximal Higgs mass to 130 GeV. Redued masslimits are also presented by OPAL [8℄.In addition to the sanning over the Supersymmetri parameters, morepreise mass, ross setion and branhing ratio alulation based on 2-loopFull-Diagrammati Calulations (FDC) [9℄ are used. Figure 17 shows alsothat the maximal h mass is redued by about 10 GeV and the maximumis already reahed for smaller mixing values in the salar top setor. Theredution of the maximal Higgs boson mass is important for LEP physis,sine it a�ets the exluded tan � range (see Fig. 15) and redues the unov-ered parameter region. LEP omes loser to a de�nitive test of the MSSM.
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Searh for New Partiles at LEP 32416. Charged Higgs bosonsNew alulations of the prodution ross setion e+e� ! H+H� inlude1-loop radiative orretions [10℄. The ross setion for ps = 190 GeV isshown in Fig. 18. Compared to the tree-level alulations, the ross setionis about 7.5% larger for 2 < tan� < 15 independent of the harged Higgsboson mass. Note that a 15% redution is obtained for very small and verylarge tan� values. The results from the LEP experiments are still basedon tree-level alulations. Figure 19 shows the reonstruted H� mass fordata, simulated signal and bakground. Mass limits based on a statistialanalysis are also shown in Fig. 19. The sensitivity in the leptoni searhhannel is larger, sine the irreduible WW bakground leads only in 1%of ases to the ���� �nal state. Independent of the harged Higgs bosonbranhing fration, a mass limit of 77 GeV is set at 95% CL.
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3242 A. Sopzak7. Supersymmetri partilesThe lean environment of the LEP e+e� ollider and the good hermitiityof the LEP detetors allow detailed searhes for Supersymmetri partiles.Sine the lightest Supersymmetri partile is expeted to be neutral andstable, it esapes detetion, leading to a missing energy signature. A typialandidate event taken at 200 GeV enter-of-mass energy with the DELPHIdetetor is shown in Fig. 20. The event shows two aoplanar jets indiatingthat energy, possibly from neutralinos, has esaped detetion. A variety ofsearhes for events with leptons, quarks, and missing energy is performed.No indiation of Supersymmetry has been found yet. Many mass limits loseto the kinemati prodution threshold are set with 189 GeV data [11℄.A few examples of data and bakground omparisons for the data-takingup to 196 GeV are presented. The number of observed and expeted events
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Searh for New Partiles at LEP 3243in the searh for sleptons is shown in Fig. 21 as a funtion of slepton andneutralino masses. The large value of the top mass ould imply a largemixing for salar top quarks, thus rendering the lighter salar top to bethe lightest Supersymmetri quark. A omparison of data and simulatedbakground events in the searh for salar top and salar bottom quarksis given in Fig. 22. The number of data events is ompatible with thesimulated bakground expetation. The deay �02 ! �01 is also possible. Asignal ould be observed in the single or double photon spetra. Figure 23shows no indiation of deviation between data and bakground simulation.
0

20

40

60

80

100

50 60 70 80 90 100
0

5

10

15

20

25

30

35

40

45

 M slepton  (GeV/c 2)

 M
χ 

(G
eV

/c
2 ) )

0

20

40

60

80

100

50 60 70 80 90 100
0

5

10

15

20

25

30

35

40

45

 M slepton  (GeV/c 2)

 M
χ 

(G
eV

/c
2

Fig. 21. Comparison of the number of data (left) and simulated bakground (right)events in the slepton searh.

 Mstop (GeV/c2)

 M
χ 

(G
eV

/c
2 )

 Msbottom (GeV/c2)Fig. 22. Comparison of the number of data (upper) and simulated bakground(lower) events in the stop (left) and sbottom (right) searh.



3244 A. Sopzak
E

ve
nt

s 
/ (

2 
G

eV
/c

2 )

ννγ(γ)ννγ(γ)

ALEPH DELPHI L3 OPALpreliminary

0

10

20

30

40

50

60

70

0 20 40 60 80 100 120 140 160 180

 M recoil (GeV/c 2)

E
ve

nt
s 

/ (
2 

G
eV

/c
2 )

ννγ(γ)ννγ(γ)

ALEPH DELPHI L3preliminary

0

1

2

3

4

5

6

7

8

0 20 40 60 80 100 120 140 160 180

 M recoil (GeV/c 2)Fig. 23. Reoil mass spetra of single (left) and double (right) photon prodution8. ConlusionsNo indiation of new partiles is observed. The ombination of the datafrom the four LEP experiments provides signi�antly more detetion 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 disoveredup to 110 GeV at 5� or exluded up to about 114 GeV at 95% CL. Strin-gent mass limits are set in general extensions of the SM, even for stronglyredued HZ prodution rates. The harged Higgs boson mass is larger than77 GeV whih is lose to the W mass, where WW prodution gives a largeirreduible bakground. Large regions of the MSSM parameter spae areexluded, in partiular, small tan� values. In future studies, the model-independent presentations of the experimental results should be even moreemphasized and general parameter sans should be favored over benhmarkinterpretations. 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, ontributed paper 6-249.[3℄ CDF Coll., EPS Tampere 1999, talk by J.Valls, to be published in the pro-eedings.[4℄ J. Rosiek, A. Sopzak, Phys. Lett. B341, 419 (1995).[5℄ A. Sopzak, Eur. Phys. J. C7, 107 (1999).[6℄ DELPHI Coll., EPS Tampere 1999, ontributed paper 7-117.



Searh for New Partiles at LEP 3245[7℄ DELPHI Coll., EPS Tampere 1999, ontributed paper 6-231.[8℄ OPAL Coll., CERN-EP/99-096, submitted to Eur. Phys. J.[9℄ S. Heinemeyer, W. Hollik, G. Weiglein, Eur. Phys. J. C9, 343 (1999).[10℄ A. Kraft, PhD Thesis, Karlsruhe 1999, and private ommuniations.[11℄ The Four LEP Experiments and the SUSY LEP Working Group, EPS Tam-pere 1999, ontributed paper 7-716.


