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The searchin DELPHI data for neutral Higgs bosonsis described.No candidatefor the
StandardModel Higgs is seenin Z°decaysto H°uP,H°jx~.t”or H°r~r afterselectionsthat
proved efficient for finding simulated H°. One remaining candidatefor Z°—~H°e

5e— is
consistentwith background.Togetherwith our earlierstudies,theseresultsrestrict the H°mass
to be above38 GeV/c2 at the95% confidencelevel. No signal is found for decaysof Minimal
SupersymmetricStandardModel neutral Higgs bosonsto r~r. Limits are obtainedfor their
decaysto producefour jets.
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1. Introduction

The StandardModel [1] predictsthe existenceof a neutralscalarHiggsparticle,

H°,and its couplingsto quarksand leptons.Howeverthe H° mass,m1~o,is not
predicted.The Higgs[2] mechanismremainsan unverifiedbut essentialingredient

of the StandardModel (SM) andits supersymmetricextensions.
Several searches[3] for the Higgs bosonwere reported before LEP started

providingZ°.Howeverthe interpretationof the searcheswere subject to signifi-
cant uncertaintiesfor massesoutsidethe region 1.2 to 52 MeV/c

2 [4].
The experimentsat LEP take advantageof the expectedproduction of the

StandardModel H° by

e~e—~Z°—* Ht3 + ZD*, ZO* —a q~jor (( (1)

wherethe virtual ZO* giving an U lepton pair in the final stateis generallyused
as a signaturefor Z°decaysthat produce Ht). The H°masswas restrictedto be
small or aboveabout14 to 20 GeV/c2 by searchesin Z°decaysfrom the limited
statisticsof the 1989 data [5—7].Furthermore,including the 1990 data, the Higgs
bosonwasexcludeddown to zeromass[8—111.It remainsto look for Htt up to the
highestmasseswhich becomeaccessibleas largerdatasamplesare available.

Here we presentresults,obtainedwith the DELPHi detector,for reaction (1)
with Z°” —a v1, e4e, jx~~ andrh-, for m~

1between12 and 45 GeV/c
2. For

thesemassesthe dominantHt~decaywould be to bb pairs, the heaviestavailable
particles, seenas hadron jets with several charged particles. Also ~ —‘

would be presentwith a branchingratio of some 6%.

Eventswith an H°andz°~—a j’i pairwould be distinguishedby only having the
H°decayproductsdetected,with the remainingenergyand momentumunseen.
Final states with charged leptons have a smaller branching ratio. They are
distinguishedby a lepton pair well isolated from the hadronicremnantsfrom the
H°.

In principle one may also searchfor H° production when both H° and ZO*
decayto q~jwith four jets in the final state.Howeverwe found that any H°peak
would not be well resolvedfrom backgroundmasscombinationswith thesedata.

in theMinimal Supersymmetricextensionto theStandardModel (MSSM)there
are two complex Higgs doubletswhich give rise to five physical Higgs bosons
(H.b, H, h°,,~UO A°)[12]. Thereare two CP-evenscalarsh°and Z°,which mix
with an anglea, andone CP-oddpseudoscalarA°.The model is fully specifiedby
two parameters.Thesecanbe chosento be m~(the massof the lightestscalar)and
tan j3 = u

2/v1 i,i~ and v2 are the vacuumexpectationvaluesof the Higgs fields
which coupleonly to down-typequarksand chargedleptonsor to up-type quarks
andneutrinos,respectively.In the Born approximation,the massesareconstrained
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such that m1~+is larger than m~and mt) is smaller than m~cos 2/3 I, although
this is no longertrue at higherorder [13].Note that in the limit when mA becomes
large, tan /3 approaches1, and h°becomesequivalent to the StandardModel
Higgsparticle.

Productionof MSSM neutral Higgs particlesis predicted to occur predomi-
nantlyby two complementaryproductionmechanisms:

e+e~~_ahOZO*or e~e’—aZ°--ah°A°,

with crosssectionsproportionalto sin
2(ct — f3)o-~~and cos2(a— f3)o-~where the

SM crosssectionso-~and ti~~arefor eke—aZt~—a HOZO* ande~e”-aZ() —a

In the model

2/ 2 — 2

2 mhynz mhcos ~a—f3j=
m~,(m~+ m~— 2m~)

Theh°andA°decaymodesof interestin the searchare into heavyff pairswhich

are kinematicallyallowed.The branchingratios dependstrongly on a and /3:

BR(h°—a’riHcë:bb) = I :2.1(cot a cot /3)2:19/3~,

BR(A°—ari:cë:bb)=1:2.1(cot/3)4:19f3~,

where f3~,is theb-quarkvelocity in the Higgs rest frame. Sincethe mixing anglea
is approximatelyequal to — /3 in the mass range consideredhere, the decay
fractionsfor h°andA° are roughly similar. For tan /3 much larger than 1, r~s-
andbb dominate.The T~T mode is still appreciable(4% to 5%) evenfar above
thebb threshold.For tan /3 much less than 1 the c~modedominates— with some
admixtureof bb for tan /3 near 1, correspondingto massdifferencesbetweenh°
andthe A°of 5 GeV/c2 or more.

Thus in the MSSM model, the searchfor the SM H° already restricts the
possiblevaluesof mh, if tan /3 wereabout1. Therecanbe extraZ°decayswith s-
pairs if tan /3 wereabove 1, or with four jetswith di-jet massespeakingat m~and
mA if tan /3 wereaboveor below 1. Searchesfor suchdecaysin the 1989 datafrom
DELPHI aredescribedin ref. [14].

2. Data

The presentanalysis is basedon datacollected by DELPHI during the 1990
scans at LEP around the Z° peak. Some 119000 hadronicZ° decays were
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detected, depending on specific selectionson the data taking conditions. A
summary of specific propertiesof the DELPHI detector [15] relevant to this
analysisfollows.

Chargedparticle tracksare measuredin the 1.2 Teslamagneticfield by three
cylindrical tracking chambers:the Inner Detector (ID) at radii 12 to 28 cm, the

Time ProjectionChamber(TPC), the main tracking device,coversradii 30 to 122
cm and the Outer Detector (OD) 197 to 208 cm. Beyond the solenoid coil are
Time of Flight (TOF) countersfor triggering.The ForwardChambersA and B,

cover polar angles10°to 30°and 150°to 170°.
Electromagneticenergy is measuredby the High density Projection Chamber

(HPC) in the barrel and by the ForwardElectroMagneticCalorimeter(FEMC).
The HPC has layersof lead and gas coveringpolar anglesfrom 40°to 140°.A

scintillation layer is installedafter the first 5 radiationlengthsfor fast triggering.
The FEMC hasleadglassblocks coveringpolar angles10°to 36°and144°to 170°.

Hadron shower energies are measured by combining measurementsfrom the
Hadron Calorimeter (the instrumented iron return yoke for the magnet) and the
electromagneticcalorimeters.

Muonsare identified by their penetrationthroughtheyoke to the MUon Barrel
andForwardchambers(MUB andMUF) which havelayersinsideandoutsidethe
iron yoke. The calorimetersalso distinguish hadronor electromagneticshowers
from muons.

The SmallAngle Tagger(SAT) measuresthe luminosity andis alsousedto veto
significant energyseenat a small angleto eitherbeam.

The trigger is basedon ID and OD coincidences,on the HPC and TOF
scintillation counters, and on the forward detectors.The trigger efficiency for
eventswith H° in the mass range studied is indistinguishablefrom that for

hadroniceventswhich is greaterthan 99.7%[16].
Monte Carlo datasamplesincludedZ°—a H°+ Ztt* for severalH°masseswith

of the order of 1000 eventssimulatedat each mass (and h°A°production for
MSSM), and possible background contributions from some 110000 simulated
Z°—aq~j,11000 i-’

tr’ and 22000 jx~x decays.Thesewere used to define the
selectioncriteria and determinetheir efficiencies. H°productionprocesseswere
generated[171 and then fragmentationwas simulated using the LUND parton
showermodel [18]andthe resultspassedthroughthe DELPHI detailedsimulation
program.This producesthe expectedsignals in the various subelementsof the
detectors.The simulatedraw datafor thesesampleswerepassedthroughthe same
reconstructionand analysisprogramsas realdata.

The StandardModel parametersobtainedfrom DELPHI [16] datawereusedto
predict the cross sections for Ht~production[19,20],5.5 pb at theZ° for m~o= 40

0eV/c2. The calculation includedinitial-state radiativecorrectionscomputedwith
exponentiationand a triangle vertex correction with a top quark of mass 200
GeV/c2.
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3. Search for Z°—a H°+v +i’

Due to the large missing momentumcarriedby the two neutrinos,the Z°—a

HOZO*, ZO* —a v1 decaysvery often appearunbalanced.This is the main feature
used to distinguishthesefrom the majority of Z°—a q~decays.

Detectionof particlesandmeasurementof energyareparticularly important,as
missingmomentumis oneof the selectioncriteria. We thereforerequire that the
TPC and all calorimeterswereworking.

The reconstructedmass,m~,of mostZt~—a q~jis much larger than a Higgswith
mass 45 0eV/c2. However the decayZ°—a T~T may produce potential back-
groundcandidatesdueto the missingmomentumcarriedby the neutrinosfrom the
T decays.Theseeventsare efficiently suppressedby selectingchargedmultiplici-
ties, tic!), above6 andremovingsuch typically back-to-backevents.In contrast,the
chargedmultiplicity of mostH°decaysis quite largewhen m~nis largeenoughfor

decay to bb. Backgroundeventsfrom beam—gasand beam—wall interactionsare
eliminatedby selectingcandidateswith the particlesproducedat a largeangle to
the beam.

To reducethe backgroundfurther a set of topologicalvariablesareused.These
variablesexploit the fact that the Higgs boson events, as opposedto the back-
ground,havea pronouncedspatial asymmetryin the laboratorysystemdue to the
(invisible) neutrinos.We usethe acoplanarityand A, p and E

50 as definedbelow.
To calculatethe acoplanaritythe eventis split into two hemispheresdivided by

a plane perpendicularto the thrust axis. The sum of particle momenta in each
hemisphereis projectedonto the planeperpendicularto the beamaxis. Acopla-

narity is defined as the complementof the anglebetweenthe two sums. If all the
energyis in one hemisphere,we take the acoplanarityas90°.

A is the angle betweenthe direction of missing momentumand the closest
reconstructedjet. Jetsaredefinedwith the algorithmLUCLUS [18].

p is the complementof the largestanglebetweenany two jets, for eventswith
threeor morejetswith an energyabove2 0eV.

E50 is the total energyof reconstructedparticlesin a conewith 50°half angle
about the missingmomentum.

The searchis divided into two complementarysetsof selections;analysisI hasa
reasonablygood efficiency for Higgsbosonmassesfrom 10 to 40 GeV/c

2,while
analysisII is optimisedfor heavierHiggsmasses,up to 50 GeV/c2.

Both analysesinitially usechargedparticles(with momentumabove100 MeV/c)
as well as showerswith energyabove100 MeV (which arenot linked to a charged
particle). Candidatesmust have ~ch above6 andan energysumof thesecharged
particles(assumedto be pions) above8 0eV, missingtransversemomentum(with
respect to the beam) above 5 GeV/c andmissingmomentum,~mj5’ at morethan
18°to the beam axis. 1-ladronic Z°decayswith high-momentumchargedsecon-
dariescan be reconstructedwith a large momentumimbalancedue to the occa-
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sional deterioration in momentumresolution for shorter, straightertracks. To
removethis backgroundthe particle with highestmomentum(above 7 0eV/c)
musthavefractional momentumerror below 1. For Higgsmassesconsideredhere
the signal is no longer that of a stronglyboostedhadronicsystem. So we reject

contaminationfrom beamrelatedbackgroundand Z°—a q~y(with a high-energy
y) by requiring I to be below 35 0eV/c and, for m~above 10 0eV/c2,

I 1~mis to be less than 0.8 x E~
15(where E~15is the measuredenergy of all the

detectedchargedandneutralparticles.)In additioneventswith morethan10% of
their recordedenergygoingin the forward andbackwarddirections(within 15°of
the beam axis) are rejectedsince theseeventsmay havemissed an important

amountof energyalong the beampipe.
After the initial selections,eventsare removedin analysisI when significant

energy is seenin the regionswhere the detectorshave incompletecoverage.The
sum of the energy in all SAT detectorsis required to be below 4 GeV and the
thrustaxis and P,~15to be at morethan 25°to the beam.If mr is below 10 0eV/c

2
thenall particlesmust be in one hemisphere.

Comparisonof the differential distributionsfor the simulatedZ°—a q~and r~
backgrounds and the possible Z°—a H°pi signal led to selectionsthat optimise
backgroundrejectionandH°acceptance.Fig. 1 andtable 1 show the effectsof the
sequentialselectionson the data, on simulatedZtt decays initially normalisedto
the data, andon H°with a massof 40 GeV/c2.After the preselectionsdescribed

above,the remainingeventsmusthave:
(a) p above30°for eventswith morethan two jets, fig. Ia;
(b) A above42°,fig. Ib;
(c) acoplanarityabove15°(or 30°if mr below 25 GeV/c2), fig. ic;
(d) mr below 40 0eV/c2, fig. id.

TABL.E 1
Thenumbersof eventsremainingafterZ0—a H°vPsequentialselectionson thedata,andon a Monte
Carlobackgroundsamplenormalisedto thenumberof hadronicZ°decaysin theinitial data sample

Selection Real Simulated m~o—
data Z°—a q~ 40GeV/c2

Analysis-I preselections 56132 51080 2.9
13380 15205 2.6

A > 42° 685 671 2.4

acoplanarity > 15° 160 161 2.2

m,<4OGeV/c2 0 1 2.1

Analysis-Il preselections 60419 54127 3.1
acoplanarity > 2.5° 32791 27401 3.1

p>36° 5138 5538 2.7
E

50< 1 GeV 63 64 2.0
m0<45GeV/c

2 0 2 1.9
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(histogram) initially normatised Z°—a q~, 1~~T and Z°—aH°taD with m~o= 40 GeV/c

2: (a) p, the
complement of the smallest angle between jets (only for eventswith threeor morejets); (b) A, the angle
between the missing momentumand the nearest jet; (c) acoplanarity; (d) measured mass of possible H°

decayproducts.
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TABLE 2

StandardModel H°production:for variousmassesin GeV/c
2, selectionefficienciese,and expected

numberof eventsn

mn H°vO HOe+e_ HO~.s+p. r channel

n n e% n n

12 24 12.91 38 3.22 68 6.12 15 1.51
15 28 11.60 45 2.85 69 4.62 16 1.18

20 38 9.71 45 1.81 68 2.88 19 0.90

25 51 8.39 45 1.15 68 1.83 24 0.64
30 56 5.94 45 0.74 66 1.13 27 0.49
35 59 3.91 47 0.48 65 0.70 26 0.30

40 58 2.35 45 0.28 67 0.44 29 0.21
45 45 1.05 42 0.15 65 0.25 28 0.12
50 30 0.40 44 0.09 63 0.14 27 0.06

No eventsfrom the real datapassedtheseselectionsin analysisI. There was
one remaining backgroundcandidateamong the Monte Carlo Z°—a q~decays,
with an energetic, isolated photonpointing towardsa region(around40°)where
photondetectionis absent.

In analysislithe comparisonof the differential distributionsfor the simulated
backgroundsandpossibleH°signalled to the following selections:
(a) acoplanarityabove2.5°,fig. 2a;
(b) p above36°for eventswith morethan two jets, fig. 2b;
(c) E

50 below 1 0eV, fig 2c;
(d) mr below 45 0eV/c

2, fig. 2d.
Again no eventsfrom the real data passedtheseselections,while two events

from the simulatedbackgroundZ°—~ q~were selected.Onewas the sameas in

analysis I, the other had both a large initial-state radiation and a jet pointing
towards the region (around40°)where neutralparticle detectionis poor. When
normalisedby the sample sizes,the two Monte Carlo eventscorrespondto an
expectedbackgroundof 1.8 ±1.3 events.

Accepting all events in both analysesresults in the detectionefficiency for a
I-Iiggs bosonmassin the range 10 to 50 GeV/c2 shown in table 2 (and fig. lOa).
Systematicerrors (typically ±0.028) were evaluatedby comparingthe small sys-
tematic differencesbetweenthe dataand Monte Carlo differential distributions.
The expectednumberof selectedH°decaysis alsoshownin table2 (andfig. lob).

4. Searchfor Z° -÷ H°+ e±+ e -

The signaturefor Z°—a HOZ~*,~ —a e~e is two isolated high-energyelec-
trons and somehadrons.Isolation is essentialto reject backgroundfrom semilep-
tonic decaysof heavyquarks.
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In orderto acceptas many electronsas possible,thisanalysisusedtwo different
definitions of electrons(with momentummeasuredby the trackingchambers,Pc,
showerenergyin the electromagneticcalorimeters,Ee, and residualenergymea-

suredby the hadroncalorimeter,Eh.) The “firm” electron is distinguishedfrom
otherchargedparticlesby requiring(a) E~over 3 GeV, (b) Ee/ I Pe above0.3 and
(c) Eh below 1 GeV. The “loose” electron canbe either (a) an electromagnetic

showerwith Ee above 3 0eV and Eh below 1 GeV, associatedwith a charged
particle or behind an insensitiveregion betweenTPC modules,or (b) a charged
particle with Pe above 4 0eV/c extrapolating to an insensitive region between
HPCmoduleswith Eh above1 0eV. After selectionsthe main backgroundis from
true electronsfrom othersourcesratherthan from misidentifiedhadronicshowers,
so stricterelectronidentification criteria arenot needed.

The electronenergies(associatedwith the extrapolationof the electron track)

are augmentedby addingthe energiesof satelliteshowers,dueto bremsstrahlung
in thematerialin front of the calorimeters,within a conewhoseopeningangleis a
decreasingfunctionof theparentshowerenergy.

We analyseall datawhen the TPC and the electromagneticcalorimeterswere

working properly.
An eventthat could be from HOZO* productionmustcomefrom the interaction

region, within 10 cm in the beamdirection and within 4 cm in the transverse
direction. The eventmusthave two (or more)possibleelectrons(from the ZO*),
including at least one firm and a secondfirm or loose electronwith opposite
chargeand 4 or more chargedparticleswith momentumabove500 MeV/c from
the H°decay.Fig. 3 (and table3) show the effectsof further sequentialselections
for dataand simulatedq~jevent initially normalisedto the data, as well as for

—a H°e~eeventswith ~ = 40 GeV/c2. Eventsmusthave:
(a) one electronenergyabove12 GeV and the other shower energyor tracking
momentumabove5 GeV, fig. 3a;
(b) the openinganglebetweenthe two electronsover20°,fig. 3b;
(c) the isolation anglebetweeneachelectronandthe closestjet axis over25°,fig.

3c.
The selectionefficienciesshownin table2 (andfig. lOa) havebeencalculatedby

generatingsamplesof Monte Carlo eventsfor different valuesof the massof the
Higgsboson.A systematicerrorof 2% on all the efficiencieshasbeenevaluatedby
varyingthe selectioncriteria.Table 2 (fig. lOb) also showsthe expectednumberof
events.

The simultaneousrequirementsof relatively high multiplicity and electron
isolation remove background from leptonic Z° decays. No background from
hadroniceventswasfound in a sampleof 120000simulatedq?~events.

However one event in the datadoeshave two isolated,high-energyelectrons
(see table 4). The electrons with momenta31.5±3.1 and 21.3±2.7 0eV/c are at
large anglesto the beamand 100°and43°away from the nearestjets (and 720 and
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TABLE 3
Thenumbersof eventsremainingafterthe Z°—a HOe+e sequentialselectionson the data,andon
Monte Carlo background samples normalised to thenumberof hadronicZ°decaysin theinitial data

sample

Selection Real Simulated Simulated mH =

data Z°—a q~ 4 fermions 40 GeV/c
2

e identification 508 566 0.63 0.40

e energies 154 169 0.53 0.38
e~e angle >20° 141 142 0.52 0.38
e-jet angle> 25° 1 0 0.39 0.28

31°away from any chargedparticlewith momentumover300 MeV/c and neutral

hadronsabove2 GeV) while the missing massto the electronpair is 35.4±5.0
GeV/c2. The measuredmassof the two close jets (jets 1 and2 with 7 charged
particlestakenas pions) is 9 GeV/c2.There is evidenceof other particlesin the
directionof the missingmomentum,towardsthe lessefficient forward region.

Two particular mechanisms_whichmay simulatethe H°e~efinal statewere

studiedwith largerstatistics:bb productionandthe four-fermion processese~e
—ae~eq~.In order_to have statistical precision equivalent to fractions of an

event,800000Z°—abb weregeneratedwith the Lund Monte Carlo program[181,
JETSET.900 of theseeventspassedwide selectionsandwere submittedto full
simulation and reconstructed.Only 2 passedall final selections,correspondingto
an expectationof 0.05±0.04eventsin our experimentalsample.

The four-fermion backgroundhasbeenstudiedwith a simplesimulation[20,21]

assumingzero-massfermions. Two-photon processesmaking qi~are included.
Final-stateparticlesweregeneratedusing quarkfragmentationfrom JETSETand
submittedto the full detectorsimulation.The crosssectionhasbeencalculatedas
a function of the centre-of-massenergy,after selectionsthat are requiredby the
experimentalacceptanceor H°candidatecriteria.Theseselectionsavoid infrared
divergencesin the calculation. The full simulation shows the background to

TABLE 4
Z°—a H°e~ecandidate,run 10600event4505, momentaandenergies.Missingmassto

e~e = 35.4±5.0GeV/c2,m(jets 1, 2)= 9.0GeV/c2,m(jets1,2, 3)= 17 GeV/c2

p
0 (GeV/c) i> (GcV/c) p~(GeV/c) E (GeV)

4.62 —20.78 —1.98 21.39 e~
—0.13 22.72 21.84 31.51 e

0.04 —6.60 4.89 9.19 jet-I
—4.51 —3.02 1.24 5.89 jet-2

0.58 0.85 —2.81 3.00 jet-3
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Z°—a H°e~eis 0.39±0.04±0.08 (syst.)events (see table 3, column 4) including
a reduction factor 0.74 (averagedover the beam energies)to account for the
effects of initial-state radiation. The systematicerror is due to the theoretical
approximationsmadein the calculation.

Summarizing, the searchfor Z°—a H°e4e gives one candidateand an ex-

pectedbackgroundof 0.44±0.10 events.

5. Searchfor Z°—a

The selectionof the H°j.r~ channelrelies on the identification of high-en-
ergy, isolatedmuons,which distinguishH°productionfrom semi-leptonicdecays
of bb pairs.

Pairs of muons are selectedusingdifferent criteria for the two particles.The
first “firm” muonis selectedby a good match in spacebetweenthe extrapolation

of a trackof a chargedparticleanda set of hits in at leasttwo detectionplanesof
the muonchambers.In the transverseplane, the distancefrom the first hit to the
extrapolationandthe deflectionbetweenthe set of hits andthe extrapolation,are
required to be less than five times their intrinsic resolutionsdue to multiple
scatteringat small angles.in addition, the energydepositionsmeasuredby the
electromagneticand hadron calorimetersmust be consistentwith thoseexpected
for a minimum ionizing particle. This condition is fulfilled by restrictingthe total
showerenergiesas well as the energydepositionsin eachpart of the calorimeters.

In order to selectas many muonpairs as possible,the second“loose” muonis
allowedto fail the conditionsfor muon chambershits, or for the energydepositsin
the calorimeters.The singlemuon selectionefficiencies were monitored on real
and simulated~ ~a eventsas well as on real r~r eventswhere one r decays
into one charged particle while the other decays into three particles. These T

decayswere also used to estimatethe expectedpion contamination.The results
aregivenin table5 with the correspondingstatisticaluncertainties.Requiringone

TABLE 5

Efficiency for jr identification(in %)

Efficienciesandcontamination Firm Loose
identification identification

efficiencyfrom real i-0r events 88.4±9.0 95.3±9.5
efficiencyfrom real ~.e events 89.1±0.4 96.7±0.2
efficiencyfrom simulatedtL~e events 92.4±0.4 98.2±0.2
a- taken as~efromreal r~r events 2.1±0.5 4.4±0.7
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“firm” and one “loose” muon identification leadsto a high dimuon selection
efficiency and a small pion contamination.The simulation is found to be in
agreementwith the datato within 3%.

Candidatesfor Z°—a H°.t~ — areselectedby requiringeventswith six or more

chargedparticles(including the two muons) coming from the interactionregion,
within 10 cm along the beamdirection andwithin 5 cm in the transverseplane.
This selectioneliminatesradiativeeventswith the photonproducinga showerat
the beampipe or when enteringthe detector. In such events,the trackscoming
from the shower do not extrapolateback to the beam crossingwith the same
accuracyas particlesproduced at the Z° decay. This type of backgroundcan
thereforebe reducedby requiringthat all trackstakeninto accountin the charged
multiplicity comefrom the interactionregion.

Furthermore,the two muonsmusthaveoppositechargesandmomentaabove5
0eV/c, while their openinganglehas to be larger than 30°in order to suppress
the contributionfrom sequentialleptonic decaysof b-quarks.A set of kinematical
cuts is then applied to further reducethe contaminationfrom bb decays.These
selectionstake advantageof the fact that muons producedin associationwith a
Higgs boson are expectedto be isolated and of high momentum,unlike those
coming from the decayof a b-quark.Fig. 4 andtable 6 show the effectsof these
sequentialselectionson dataand simulatedq~jeventsinitially normalizedto the
data, aswell as on Z°—a H°~j.r eventswith m~o= 40 GeV/c2.The following
conditionsare required:
(a) momentumof onemuon, jt~,above15 GeV/c, fig. 4a;
(b) transversemomentumof

1u1 over 5 GeV/c with respectto the thrust axis of
the systemrecoiling from the dimuon, fig. 4b;
(c) transversemomentumof the other muon, ~ over 3 GeV/c with respectto
the sameaxis as in (b), fig. 4c;
(d) anglebetween~a1and theclosestjet above30°,fig. 4d;
(e) anglebetween/~2and the closestjet above10°,fig. 4e.
The Higgsselectionefficiency, shownin table2 andfig. lOa,is almost independent
of mH. The systematicuncertaintiesaredominatedby a 4% relative uncertainty
in the dimuon selection efficiency. The expectednumberof eventsis shown in
table2 and fig. lOb.

A backgroundstudy was madeon samplesof some 110000Z°—a q~,11000
Z°-ar

4r (see table 6, columns 3 and 4) and 22000 Z° t~4ft decays. A
sampleof 3000 Z°—a bb decayswith at leastone muonin the final statewas also
used to study the expectedbackgroundfrom hadronicZ° decayswith a higher
statistical precision.No eventsin thesesamplespassedthe selections.The four-
fermion backgroundwas studiedusingthe procedurealreadydescribedin sect.4.
Final stateswith onepairof muonsandeitheronepairof quarks,tausor electrons
weretakeninto account.For eachfinal state,a sampleof a few hundredsof events
was generatedand passedthrough the reconstructionand analysis chain. The
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backgroundfrom ~ is small: 0.003±0.002events.The contributionfrom
~ final statesis 0.43±0.02events,while the backgroundfrom ~
is 0.052±0.007events.Table 6, column5, summarisesthe effect of the selections

momentum lepton I Pt/thrust axis lep ton I

0~
data + MC data + MC

T-T:.~80 0~2Th540
Higgs (40 0eV/c

2) 0eV/C Higgs (40 GeV/c2) 0eV/c

Pt/thrust axis tepton2 angle/nearest jet tepton I

10 (C) (d)

1 1 —
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~ ~i~
0 5 tO 15 20 25 30 35 40 0 20 40 60 80 100 120 140 160 180

Higgs (40 0eV/c2) 0eV/c Hi9QS (40 0eV/c2) deg

Fig. 4. Distributions showing the effects of the sequentialselectionson the variablesused for the
Z0 —a H°~~ — analysisfor samplesof data (dots),simulated(histogram)Z°—a qfj (initially normalised
to the data)and simulatedH°

1.s~/1 — with m~o= 40 GeV/c
2: (a) highest muon momentum;(b, c)

transversemomentaof the faster and slower muons with respectto the thrust axis of the system
recoiling from thedimuon; (d) the anglebetweenthefastermuonandthenearestjet.
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TABLE 6
Thenumbersof eventsremainingafterthe Z°—a H°1.e~ — sequentialselectionson data, simulated
H

0~L eventswith rn
0 = 40GeV/c

2andsimulatedbackgrounds.TheMonteCarlodata are
normalisedto thenumberof hadronicZ°decaysin theinitial datasample

Selection Real Simulated Simulated Simulated rn
0 =

data Z
1’ —a q~ Z°—a -- 4 fermions 40GeV/c2

preselections 1331 1506 10.20 0.74 0.50

pati > 15 GeV/c 375 409 7.65 0.57 0.50

> 5 GeV/c 46 46 0 0.54 0.49
p~t2>3 GeV/c 14 12 0 0.51 0.48
O(~.e

1jet)> 30° 1 1 0 0.50 0.460(P2 jet)> 10° 0 0 0 0.48 0.44

on four-fermion events.The totalexpectedbackgroundin the H°j.r~ channelis
0.48 ±0.02±0.10 (syst.)events.

Finally, to further checkour backgroundcomputation,we relaxedthe selection
on the impactparameterof trackstakeninto accountin the chargedmultiplicity,
allowing impactparametersup to 20 cm alongthe beamdirectionandup to 10 cm
in the transverseplane. One eventwas then selectedin the data. in this event,
most of the chargedparticlesrecoiling from the dimuon form a narrow jet, with
low mass,pointing in the forward direction to an electromagneticshowerof 9
0eV. This jet can either be due to a photon conversionat the beam pipe or a
primary low masse~epair. With theserelaxedselections,the additional contri-

angle/nearestjet tepton 2

0 20 40 60 80 100 120 140 160 180

data + MC

0 20 40 80 80 100 120 140 160 180

H~qgs(40 0eV/c2) deg

Fig. 4. (e)Theanglebetweentheslower muonandthe nearestjet.
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bution from radiativeZ°—a ~ ~ decaysis 0.33±0.23 events, while the other
backgroundsremainpracticallythe same.

6. Search for H°production with final-stateT — pair

According to the StandardModel final stateswith isolated tau decayscan be
producedbothby Z°decayandby H°decay(seetable 7). A T decaycandidateis a
“slim” jet with low multiplicity and intermediateenergy.Our analysis doesnot
look for identified electronsor muonsbut any chargedparticles,so we use all runs

in which the main trackingdevice,TPC, is working.
Selectedeventsmust have at least two slim jets (with one to three charged

particleswith I p I above300 MeV/c madeinto jets usingLUCLUS) and two or
more other chargedparticles.Variablesx and ~li are introducedto reducethe
background from Z°—a q~.Both use the measuredenergies, ~ of charged
particles.The quantityx = j(E~2—E~)/E~2+E~)) measuresthe relative en-
ergiesof exactly two jets constructedfrom all the chargedparticlesthat are not
includedin the two r candidates.The quantity ~li= (E~+ E~)/Ehemfis the ratio
betweenthe energyof the two T candidatesand the total energyof the charged
particlesin the hemisphere(with axis along p0/} p~I +p02/I p02 I) that contains
them.

A studyof the differential distributions for the simulatedZ
t~—a q~and Z~t—a

T~T backgroundlead to selectionsthat optimise backgroundrejectionand 1~I0

acceptance.Details (see below) are given in table 8 for data and simulatedq~
eventsand Ztt —a Z°~(—a‘r~T)H° with rn

11 = 40 GeV/c
2.

The first r candidateis required to haveonly onechargedparticle.
After this selectiononly 7 real eventsand 6 simulatedZ°—a q~events (no

simulatedZt~—a r~r) havea secondslim jet with one chargedparticle (the 1—1
topology.) After further selectionsto reducebackground(x below 0.6, t~i above

0.6, and sphericityabove0.2) no eventsremain.
If the secondslim jet has two or three chargedparticles (the 1—2 and 1—3

topologies)thenother sequentialselectionsareused,seetable8 andfig. 5. Events
musthave:

TABL.E 7

StandardModel H°productionwith final-state.r~i- pair: branchingratiosanddetectionefficiencies
for m

0e= 40 GeV/c

2

Decays Branchingratio Efficiency

Z° Z~( T~T)H~~ 3.3% 11%

Z°—aZ°( —a q~)H°(—a r’ 2-) 70.9%>< 6% 11%
—a ZO*( —° e’~e)H°( r~r) 3.3%x6% 26%
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TABLE 8
Thenumbersof eventsremainingafterthe Z°—a H°r~- sequential selections on thedataandon

MonteCarlobackgroundsamplesnormalisedto the numberof hadronicZ°decaysin theinitial data
sample

Selection Real Simulated MC rn
0u =

data Z°—aq~ 4f 40 GeV/c
2

1—1 topology 7 6 0.35 0.22
x ~ 0.6 5 4 0.30 0.17
~‘ >0.6 3 3 0.29 0.16
sphericity >0.2 0 0 0.08 0.13

1—2 and 1—3 topologies 143 120 0.21 0.34
6 GeV~Er ~ 22.5 GeV 42 41 0.09 0.17
r openingangle >90° 25 22 0.06 0.15
~]i>0.8 19 15 0.05 0.10
sphericity > 0.25 0 0 0.02 0.08

(a) energiesof bothslim jets above6 GeV andbelow 22.5 GeV, fig. 5a;
(b) openinganglebetweenthem above90°,fig. Sb;
(c) ~li above0.8, fig. Sc;
(d) sphericityabove0.25, fig. 5d.

The simulatedZ°—a q~sample is normalizedto the real events in table 8 and
figure 5 after preliminaryselections.

After the selectionsno candidatesremainin the dataor simulatedZ1~—a q~jor
Z~—ar~- decays,while we expect 0.21±0.02±0.02 eventswhen m~ is 40
GeV/c2 (seetable2). Systematicerrorswereevaluatedby changingthe selections.

Contributionsfrom backgroundsfrom four fermionprocessesgiving all I~r
and ~ final stateshavebeenevaluated.After the selectionswe expect
0.10±0.2±0.02 backgroundevents(see table 8 column 4).

Resultsof the searchfor the StandardModel Higgsparticle are summarizedin
sect.9.

7. Searchfor MSSM neutral Higgs decayingto T ~1• -

The searchfor MSSM h°or A°(see sect. 1) decayingto r1r looks for two
isolated r decaysaccompaniedby two heavyquark jets. This searchfor MSSM
decaysis different from the abovesearchfor the StandardModel H°—a r~r. It
includesboth chargedandneutralparticlesand usesdifferent selections.Results

of both analyseshave been cross-checkedand agree. Slim jets are defined as
having up to threechargedparticlesand areselectedas candidatesfor i- decays.
No restriction is madeon their neutralmultiplicity but their massmustbe below
2.5 GeV/c2.

The searchis restrictedto four-jet events(using LUCLUS) with thrustbelow
0.9. The numberof chargedparticlesincludedin the slim jets is shownin fig. 6 for
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Fig. 6. Chargedmultiplicity observedin thelow-multiplicity jets in four-jetevents,for the data(points),
simulated (line histogram)initially normalisedZ° q~and Z°—a h°A°for rn

5o = mA = 40 GeV/c
2

(hatchedhistogram).

the data,simulatedZ°—a q~decaysinitially normalisedto the dataandZ°—a h°A°.
As expected,slim jetswith threechargedparticlesdominatethe backgroundwhile
jetswith a singlechargedparticledominatethe possiblesignal.We thereforeapply
different selectionsaccordingto the topology of the r decays.

Two of thejetsmustbe slim jets. The first slim jet is requiredto haveonly one
chargedparticle, E~ above2 0eV, andtotal energyabove3 0eV (includingany
neutralparticles).When(a) the secondslim jet also hasonechargedparticle,one
of the slim jets must have E~ above3 GeV. When (b) the secondjet has two
chargedparticles, it must have E~ above 1 0eV. When (c) the secondjet has
threechargedparticles,bothjetsmusthaveE’~ above3 GeV.

The two slim jets (r candidates)havea large opening,O~.The cosineof this is
plotted in fig. 7a againstcos 8h (the anglebetweenthe high-multiplicity jets) for
the selectedreal events (black circles), and in fig. 7b for simulatedZ0 —a h°A°
decayswith rnh = mA = 40 GeV/c2. A concentrationis seenfor the simulated
h°A°(black squares)about cos8~,cos 0h —0.6 but no similar structureis seen
for the data. No events in the data haveboth cos 0 between —0.8 and —0.2,
whereabout I backgroundevent(opencircles)is expected.



26 DELPHI Collaboration / Searchfor Higgs

~ 0
‘5

::: :

o (a)
—0.75 -

0

—-1
—1 --0.5 0 0.5 1

cosO
5

‘5

cc

S
—0.25 -

—0.5

-nm 1

cos6,,

Fig. 7. Distribution of cosO~versuscos O~where O~(8k) is the angle betweenthe two low- (high-)
multiplicity jets for (a) data (black circles) and simulated Z°—a q~(open circles); (b) simulated

—a h°A°decaysfor m~,o= mAo = 40 GeV/c
2.

The efficiency for finding Z°—a h°A°decaysby theseselectionsis 12 ±2% and
variesvery slowly for mAo between35 and 42 0eV/c2.

If f
t is the branching ratio for Z°—a h°A°and f2 the branching ratio for

h°A°—a TT + 2jets, then the absenceof eventsmeans f1 .f2 < 2.5 X i0~ at the
95% confidencelevel. Fig. 11, contourB, showsthe correspondingMSSM limit in
the (mh, tan /3)-plane,assumingvaluesfor f1 and f2 calculatedfrom the formulae
defined in sect. 1.

8. Searchfor MSSM neutral Higgs decayingto 4 jets

The MSSMHiggsh°andthe A°also decayto purely hadronicfinal states(see
sect. 1) andmay be reconstructedfrom their decayproducts.In orderto studythe
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expectedmass resolutionsand detection efficiencies, we simulatedZ°—a h°A°
decayswith various combinationsof masses(mh, mA), for both tan /3 aboveand
below 1. Decaysof the h°andthe A°into cë, T~T and bb were given branching
ratios predicted by the MSSM. Subsequenthadronizationused parton shower
evolutionandstringfragmentationfrom the Lund Monte Carloprogram[18]. The

dataanalysisrequired the simultaneousoperationof the TPC, OD and HPC at a
high-qualitylevel.

First, all hadroniceventswith a visible energylarger than 20 0eV are recon-
structedas four-jet events (if possible),using an iterative procedurebasedon
maximization of 4-thrust [22] (a generalizationof thrust to the case of four-jet
axes). The jets are reconstructedfrom the measuredcharged particles (with
momentumabove0.1 0eV/c, fractional momentumerror below 1, and I cos 0 I
below 0.93, where 0 is the polar angle) and reconstructedelectromagnetic
calorimeter clusters in the HPC (with I cos 0 I below 0.8). Noisy channelsare
removed from the electromagneticcalorimeter signals by an algorithm which
removedless than 1% of the solid angle. This has a negligible effect on the jet
finding efficiency. Eachjet wasrequiredto consistof at leastfour particles.

Next, in order to improve the jet—jet mass resolution, a constrainedfit is
performed,in which the measuredjet energiesand momentaarecorrected,using
the constraintsfrom energyandmomentumconservation.The twelve fitted param-
etersarechosenin sucha way that their distributionsin simulatedZ°—a h°A°are
nearly gaussian.For eachjet they are a, the log of a rescaling coefficient, e°,
appliedto the energyandmomentumof the jet, andtwo momentumcomponents,
b3 and c~,transverseto the measuredjet direction. The meanvalue of a~is

(0.14+ 0.5 cos~0g.), where 0~.is the polar angleof the jet axis with respectto the
beam. Similarly, the gaussianwidths of the parametersused in the fit are
o-(a1) = (0.26 + 0.21 cos

2 O~)andu(b~.)= o-(c
1)= 1.9 GeV/c. The x

2 of the fit had
to be smaller than 20. Only minor differenceswere found betweenthe simulated
decaysin regionswith tan /3 aboveandbelow 1.

After the fit, eachof the threepairs of di-jet massesthat can be formed is

enteredin a plot of the smallerdi-jet mass,m
5, versusthe largerdi-jet mass,mL.

Sincethe main backgroundcomesfrom Z
tt —a q~decays,selectionsare madeon

the minimum openingangle, 0~’°,and the minimum jet energy,E~°’°,amongthe
four reconstructedjets. Fig. 8a showsthe distribution of 0~°’~plottedagainstE)~”
for simulatedZ°—a q~subjectedto the sameanalysis(with arbitrarynormalisation),
andfig. 8b Z°—~ h°A°.From suchcomparisons,andthe MSSM branchingratio for

—a h°A°,the statisticalsignificanceof a possiblesignalin the massregionabove
25 GeV/c2 is optimizedby requiring~ x E~”~largerthan 9 radGeV(the curve

on fig. 8).
The resultingplot of m

5 againstmL is shown in fig. 9a for the dataand in fig.
9b for simulated decayswith m~= 30 0eV/c

2 and m~= 35 GeV/c2, where

eventsgeneratedwith tan /3 aboveandbelow 1 havebeencombined.Thesimula-
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TABLE 9
Detectionefficiencyfor Z°—a 4 jets

mh (GeV/c
2) mA(GeV/c2) Efficiency (%)

25 40 20.2±1.4
30 35 22.2±1.5
30 45 13.0±1.1
35 40 20.8±1.4
35 50 12.2±1.1

40 45 16.5 ±1.3

tion shows an accumulationat about the correct masses,surroundedby a wider
distribution dueto the otherjet—jet combinations.

The Higgsbosonsignalwould be a cluster of eventsin fig. 9a sincesimulated
—a q~events show a smooth variation with mass. Whereasthe jet—jet mass

resolutionis typically around2 0eV/c2 at lower masses,the Monte Carlo studies
show that the signalbecomesdistortedwhenthe kinematical limit is approached.
The searchfor the signal is therefore made in a rectangularwindow in the
(mL — m~,m~+ m

5) plane, with constant window area (correspondingto 36
(GeV/c

2)2 in fig. 9) with sides that dependon the position in the plane. The
backgroundis computedby extrapolatingfrom the observeddistribution itself,
averagedovera regionof the samesizeadjacentto the window. Hencethe results
do not dependon the simulatedZ°—a q~.The efficienciesfor finding h°andA°at
massesexaminedhere areshown in table 9.

The expectednumberof signaleventsin the searchwindow is calculatedfrom
the crosssection for h°A°production,anda smooth interpolationof the efficien-

cies shown in table 9. The efficiencies take into accountthe part of the signal
spilling into the region used to estimatethe background.The confidencelevel
correspondingto the calculatedsignal, given the observednumber of eventsand
the estimatedbackground,is then calculated, using Poissonstatistics, and the
contourcorrespondingto 95% confidenceis located.

The resultinglimit on themassesof the h°andA°is shownin fig. 9 as a contour
in the (mh, mA)plane(95% confidencelevel). The straightline AB is becausethe
larger massis plotted as mA. The contour betweenB and C is whereZ°—a h°A°
productionis limited by the cross section (the small excluded island at m~ 42
GeV/c2, mA 43 GeV/c2 is not usedfor the limits quoted).The four-jet search
wasnot madeto the right of the line CDGH wherethe MSSM limit comesfrom
the SM H°search(see fig. 11, discussedbelow). The interestingfeatureDEFG is
where h°A°productioncannotbe excludeddue to fluctuationsof the data. Thus
mh 29 0eV/c2, m~ 43 0eV/c2 remainsas a possibleregion for MSSM that
may not be excludedby the dataanalysedhere.

Since the massresolution andefficiency is the samefor tan /3 bothaboveand
below 1, the result is valid for both.
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The searchwasoptimizedfor massesabove25 GeV/c2,but sincethe exclusion
contourthat canbe derivedfrom the searchfor the SM Higgsparticle(contourA
on fig. 11) overlapswith our previously publishedlimits [141 for mh below 26
0eV/c2, this leavesno uncoveredregionsat lower masses.

9. Results and conclusions

Fig. lOb shows the expected number of H°events within the Standard Model as
a function of mHo. The total error bar shown includes the uncertaintiesat-
tributable to systematicchangesin the selection criteria for each channel,the
Monte Carlo statistics used for H° detectionefficiencies (±1.5%), and in the
computationof expectednumbersof H°decays for uncertainty in the H°produc-
tion crosssectionanddecaybranchingratio (±2%)andnormalizationto hadronic
Z°decays(±0.6%). Including statisticalandsystematicuncertaintiesthe total H°
signalwould be 3.27±0.06±0.12 eventsat 40 GeV/c2. We lower the expected
numberof eventsby one standarddeviation(the fitted curve on fig. lob) before

calculatingmasslimits to allow conservativelyfor the experimentaluncertainties.
The candidatefor Z°—a H°e~eis consistentwith the total expectedback-

groundof 1.0 ±0.2 eventsin all threeZO* —‘i~r channelsdue to four-fermion
processes(or Z°—a bb with two leptonic decays). Including the expectedback-
groundof 1.8±1.3 eventsin the Z0°’—a v1 channelgives the totalbackgroundof
2.8±1.3 events.Sinceone eventsurvivesthe selections,we takeit into accountto
computethe 95%confidencelevel (see fig. lob) taking the massof the candidate
H°to be between27.2 and43.6 GeV/c2. In this regionthe maximumsignalis 3.9

eventsat 95% confidencelevel, using the proceduredescribedin ref. [23], ex-
tendedto allow for the error on the background.Comparisonof the expected
signalwith the 95% confidencelevel restrictsmHo to be outsidethe region 12 to

38 0eV/c2.
Since massesbetween0 and 14 GeV/c2 has beenexcluded by our previous

results[7,11], thereis no Higgsbosonwith massbetween0 and38 GeV/c2 (at the
95% confidencelevel). This result is in agreementwith the conclusionsof recent
searches[24—26]by the otherexperimentsat LEP.

In MSSM (without higher-ordercorrections[13]) this limit can beuseddirectly
to give contourA on fig. 11. The searchfor h°or A° producing T providesthe

95% confidencelevel contour B on fig. 11. For mh mA, this restrictsm~to be
above42 0eV/c2.The contourshowsthe combinedlimit, with mh restrictedto be
above34 GeV/c2, for all tan i3 above1. The searchfor four jets from h°andA°
gives the 95% confidencelevel contour C on fig. 11, when the mass limits are
transformedfrom fig. 9 into the (mh, tan /3) plane. Fortan 13 above1, the limit C
(from four jets) would be slightly less restrictivethan the limit B from T decays.
For tan /3 between0.3 and0.5, mh canbe as low as 29 GeV/c2.
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levelfor theanalysis with the candidate and backgrounds discussed in the text.
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As small valuesof mh are alreadyexcludedin ref. [11], the combinationof the
contoursrestrictsh°and A° to massesabove29 GeV/c2 for tan /3 between0.3

and0.5 (at the 95% confidencelevel, for MSSM without the higher-ordercorrec-
tions discussedrecently[13]) and above34 0eV/c2 for all other tan /3.

We are greatly indebted to our technical collaborators and to the funding
agenciesfor their supportin building andoperatingthe DELPHI detector,andto
the membersof the CERN-SLDivision for the excellentperformanceof the LEP
collider.
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