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Searh for Invisibly Deaying Higgs Bosonswith Large Deay Width Using theOPAL Detetor at LEPThe OPAL CollaborationAbstratThis paper desribes a topologial searh for an invisibly deaying Higgs boson, H, produed viathe Bjorken proess (e+e− → HZ). The analysis is based on data reorded using the OPAL de-tetor at LEP at entre-of-mass energies from 183 to 209GeV orresponding to a total integratedluminosity of 629 pb−1. In the analysis only hadroni deays of the Z boson are onsidered. Asan over Higgs boson masses from 1 to 120GeV and deay widths from 1 to 3000GeV revealedno indiation for a signal in the data. From a likelihood ratio of expeted signal and StandardModel bakground we determine upper limits on ross-setion times branhing ratio to an invis-ible �nal state. For moderate Higgs boson deay widths, these range from about 0.07 pb (MH =60GeV) to 0.57 pb (MH = 114GeV). For deay widths above 200GeV the upper limits are of theorder of 0.15 pb. The results an be interpreted in general senarios prediting a large invisibledeay width of the Higgs boson. As an example we interpret the results in the so-alled stealthyHiggs senario. The limits from this analysis exlude a large part of the parameter range of thissenario experimentally aessible at LEP 2.
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1 IntrodutionAn intense searh for the Higgs boson was undertaken by all of the four LEP experiments invarious Standard Model and non�Standard Model searh hannels. Searhes for the StandardModel Higgs boson, exploiting the predition for its deay modes and also searhes for invisibleHiggs boson deays as predited by various extensions of the Standard Model exluded Higgsmasses up to 114.4GeV [1, 2℄. These latter searhes assumed a rather small invisible deay widthomparable to the predited Standard Model deay width for a light Higgs boson and well belowthe experimentally ahievable mass resolution of about 3 to 5GeV.Reent theories that postulate the existene of additional spatial dimensions o�er a newpossibility for invisible Higgs deays [3℄. In suh theories the Plank mass is lowered to the TeVrange and a rih spetrum of new partiles appears, like gravisalars in the ase of �at extradimensions. Hene the Higgs boson an mix with the gravisalars, whih leads to a missingenergy signature in the detetor [3℄. This mixing an result in a large invisible deay width ofthe Higgs boson, depending on the model parameters, and would therefore alter the StandardModel branhing ratios. As a onsequene of the broadening of the Higgs resonane in thereoil mass spetrum, the signal-to-bakground ratio an deteriorate signi�antly. In a worstase senario, searhes optimised under the assumption of a narrow Higgs resonane might havemissed the detetion of a kinematially aessible Higgs boson at LEP.This paper desribes a searh for the Higgs boson, H, whih imposes no onstraints on thetotal deay width. The Higgs boson is assumed to be produed in assoiation with a Z bosonvia the Bjorken proess, e+e− → HZ, where the Z is required to deay hadronially and theinvisible Higgs boson is deteted as missing energy EMIS in the event. The results are presentedin a model-independent way in terms of limits on the Bjorken prodution ross-setion timesbranhing ratio, σ(MH,ΓH) × BR(H → EMIS), at a entre-of-mass energy of 206GeV, where
ΓH is the Breit�Wigner width of the Higgs boson. A simple model extending the StandardModel with additional SU(3)C×SU(2)L×U(1)Y singlet �elds whih interat strongly with theHiggs boson (�stealthy Higgs senario� [4℄) is hosen as an example for the interpretation of theresult. This interation gives rise to a large invisible deay width of the Higgs boson. Thisdediated searh expands on the previous deay-mode-independent searh [5℄ arried out by theOPAL Collaboration whih reported for the �rst time limits on the HZ prodution ross-setion,interpreted in the stealthy Higgs model.The paper is organised as follows. Setion 2 introdues the stealthy Higgs senario. Setion3 gives details about the modelling of signal and bakground. Setion 4 desribes the searh andthe results are interpreted in Setion 5. We summarise the results in Setion 6.2 The stealthy Higgs senarioIn general renormalisable theories there might be other fundamental salars, in addition to theStandard Model Higgs boson, that do not interat with normal matter. To investigate the in�u-ene of a hidden salar setor on the Higgs observables the stealthy Higgs senario onjeturesthe existene of additional SU(3)C×SU(2)L×U(1)Y singlet �elds alled phions. Radiative or-retions to weak proesses are not sensitive to the presene of singlets in the theory beause noFeynman graphs ontaining singlets appear at the one-loop level. Sine e�ets at the two-looplevel are below the experimental preision, the presene of a singlet setor is not ruled out by anyLEP 1 preision data [4℄. These phions would not interat via the strong or eletro-weak fores,but ouple only to the Higgs boson [4℄, thus o�ering invisible deay modes to the Higgs. Thewidth of the Higgs resonane an beome large if either the number of suh singlets, N , or theoupling, ω, is large, thus leading to a broad mass spetrum reoiling against the reonstrutedZ boson. 4



Negleting the fermioni part for the moment, the Lagrangian of the salar setor in thismodel, adding only four new parameters to the Standard Model, is given by
Lscalar = LHiggs + Lphion + Linteraction (1)
LHiggs = −∂µφ†∂µφ − λ (φ†φ − v2

2
)2 (2)

Lphion = −1

2
∂µ~ϕ ∂µ~ϕ − 1

2
m2

phion ~ϕ2 − κ

8N
(~ϕ2)2 (3)

Linteraction = − ω

2
√

N
~ϕ2 φ†φ. (4)The term LHiggs desribes the usual Standard Model Higgs doublet φ aquiring the StandardModel vauum expetation value, v, and having its self-oupling λ. In the free Lagrangian ofsalar singlets, Lphion, the singlets with mass mphion are denoted as the O(N)-symmetri multiplet

~ϕ. The phions also have a self-oupling κ, whih is �xed at κ(2MZ) = 0, to allow for the widestparameter range of the model. The self oupling term entering loop alulations is suppressed like1/N . The interation term between the Higgs and the additional phions, Linteraction, leads to thephenomenologial onsequene of invisible Higgs deays beause the Higgs boson ouples to thephions independently of their mass. The strength of the oupling is instead proportional to theoupling onstant ω, whih is a free parameter of the model. Even though the vauum-induedmass term of the phions after the symmetry-breaking is suppressed like 1/
√

N [4℄, the phionsour in loop orretions to the Higgs boson propagator and therefore a�et the resonane widthof the Higgs boson. An analyti expression [6℄ for the hange in the Higgs width ompared tothe Standard Model deay width, ΓSM, an be found in the limit N → ∞, when negleting theself-oupling of the phions as a small e�et:
ΓH(MH) = ΓSM(MH) +

ω2v2

32π MH
×

√

1 − 4m2
phion/M2

H. (5)The ross-setion for the Bjorken proess an be alulated from Equations 9 and 10 of refer-ene [4℄. Using the parametrisation for the invisible deay width (Equation 1 and 2 in [7℄) onean express the total ross-setion for the prodution and invisible deay by
σ(e+e−→Z+EMIS) =

∫

dsI σ(e+e−→ZH)(sI)

√
sI Γinv

H

π((M2
H − sI)2 + sI Γ2

H)
. (6)Here sI denotes the invariant mass squared of the invisible deay produts of the Higgs boson.The prodution rate of these invisible masses is given by the Standard Model ross-setion1

σ(e+e−→ZH)(sI) for a Higgs boson of mass √
sI . Hene the Standard Model ross-setion om-pletely determines the dependene of the total ross-setion on the entre-of-mass energy (see e.g.in [8℄). Therefore the total ross-setion goes rapidly to zero for Higgs boson masses above thekinemati limit. The e�et of the onvolution with the Breit-Wigner-like funtion is a broadeningof the resonane in the reoil mass spetrum and hene a dilution of the signal-to-bakgroundratio. In extreme ases of large invisible deay width one ould expet the Higgs reoil mass spe-trum to mimi the bakground. In suh extreme ases even a light and kinematially aessibleHiggs boson might have esaped detetion at LEP.In Setion 5.2 we derive limits on the stealthy Higgs model under the assumption of mphion =

0. By simulating signal spetra for di�erent Higgs boson masses MH and widths ΓH, we set limitsin the ω-MH plane in the large N limit.1By hoosing ω > 0 one an prevent the phions from aquiring a non-zero vauum expetation value and avoida Higgs-phion mixing due to a non-diagonal mass matrix. In ase of non-zero mixing, the ouplings of the lightestsalar to the gauge boson would derease proportional to the osine of the mixing angle. As a onsequene theross-setion of the Bjorken proess would be lowered. 5



3 Data sets and Monte Carlo samples3.1 The OPAL detetor and event reonstrutionThe OPAL detetor [9℄, operated between 1989 and 2000 at LEP, had nearly omplete solidangle3 overage and exellent hermetiity. The innermost detetor of the entral traking was ahigh-resolution silion mirostrip vertex detetor [10℄ whih lay immediately outside the beampipe. The silion mirovertex detetor was surrounded by a high preision vertex drift hamber,a large volume jet hamber, and z�hambers whih measured the z oordinates of traks, all in auniform 0.435T axial magneti �eld. A lead-glass eletromagneti alorimeter with presamplerwas loated outside the magnet oil. In ombination with the forward alorimeters, a forwardring of lead-sintillator modules (the �gamma ather�), a forward sintillating tile ounter [9, 11℄,and the silion-tungsten luminometer [12℄, the alorimeters provided a geometrial aeptanedown to 25 mrad from the beam diretion. The silion-tungsten luminometer served to measurethe integrated luminosity using small angle Bhabha sattering events [13℄. The magnet returnyoke was instrumented with streamer tubes and thin gap hambers for hadron alorimetry andis surrounded by several layers of muon hambers.The analysis is based on data olleted with the OPAL detetor at LEP 2 from 1997 to2000 at entre-of-mass energies between 183 and 209GeV. The integrated luminosity analysedis 629.1 pb−1. To ompare with the Standard Model Monte Carlo the data are binned in �venominal entre-of-mass-energy points, orresponding to the energies at whih the Monte Carlois produed, as detailed in Table 1.A fast online �ltering algorithm lassi�es the events as multi-hadroni. Events are reon-struted from traks and energy deposits (�lusters�) in the eletromagneti and hadroni alorime-ters. All traks and energy lusters satisfying quality requests similar to those desribed in [14℄are assoiated to form �energy �ow objets�. The measured energies are orreted for doubleounting of energy in the traking hambers and alorimeters by the algorithm desribed in [14℄.Global event variables, suh as transverse momentum and visible mass, are then reonstrutedfrom these objets and all events are fored into a two-jet topology using the Durham algorithm[15℄.3.2 Signal and bakground modellingTo determine the detetion e�ieny for a signal from an invisibly deaying Higgs boson and theamount of expeted bakground from Standard Model proesses, several Monte Carlo samplesare used. Signal events for a hypothetial Higgs boson mass MH deaying with arbitrary broadwidth ΓH are simulated by reweighting invisibly deaying events of type H → χ0
1χ

0
1. The massof neutralinos χ0

1 is hosen suh that the Higgs boson with mass mi an deay into a pair ofneutralinos, whih leave the detetor without being deteted. These Higgs bosons with deaysinto `invisible' partiles are generated with masses mi from 1GeV to 120GeV with the HZHA [16℄generator. The HZHA events are generated assuming the Standard Model prodution ross-setion σ(e+e−→ZH) for the Higgs boson. The test masses mi are spaed in steps of 1GeV. Thespaing of the test masses is hosen suh that they are not resolved by the detetor in the signalyielded after a reweighting proedure desribed in the following. From Equation 6 one extratsthe event weights wi(mi;MH,ΓH) for a mass point mi ontributing to the searh for a Higgsboson of mass MH and total deay width ΓH. The total deay width ΓH is de�ned as the sum of3OPAL used a right-handed oordinate system. The z axis pointed along the diretion of the eletron beamand the x axis was horizontal pointing towards the entre of the LEP ring. The polar angle θ was measured withrespet to the z axis, the azimuthal angle φ with respet to the x axis.
6



Standard Model width and invisible width Γinv
H .

wi(mi;MH,ΓH) =
dσ

dmi
(mi)

∑120GeV
mj=1GeV

dσ
dmj

(mj)
(7)

dσ

dmi
(mi) =

σ(e+e−→ZH)(mi) 2m2
i Γ

inv
H

π((M2
H − m2

i )
2 + m2

i Γ
2
H)

. (8)The Standard Model ross-setion σ(e+e−→ZH) for the Bjorken prodution proess in Equation 8propagates the entre-of-mass energy dependene of the total ross-setion into the weights. Theunweighted signal Monte Carlo samples ontain 2000 events per mass point mi. In the reweightedsignal Monte Carlo sample all test masses ontribute aording to their weight. The reweightedmasses MH range from 1 to 120GeV spaed in steps of 1GeV. The smallest width simulatedby this proedure is a ΓH of 1GeV and the largest a ΓH of 3TeV. The detetion e�ieny fora Higgs boson with MH and ΓH is estimated by the sum of seleted event weights assumingbinomial errors.The lasses of Standard Model bakground proesses onsidered are two-photon2 , two- andfour-fermion proesses. For simulation of bakground proesses the following generators areused: KK2F [17℄ and PYTHIA [18℄ (qq̄(γ)), GRC4F [19℄ (four-fermion proesses), PHOJET [20℄,HERWIG [21℄, Vermaseren [22℄ (hadroni and leptoni two-photon proesses). For Monte Carlogenerators other than HERWIG, the hadronisation is done using JETSET 7.4 [18℄. The integratedluminosity of the main bakground Monte Carlo samples is at least 15 times the statistis of thedata for the two-fermion bakground, 24 times for the four-fermion bakground and 30 times forthe two-photon bakground. The Monte Carlo events are passed through a detailed simulationof the OPAL detetor [23℄ and are reonstruted using the same algorithms as for the real data.4 Searh for e+e− → HZ with Z → qq̄ and H → EMIS �nal stateThe event seletion is intended to be e�ient for the omplete range of possible Higgs masses
MH and orresponding deay widths ΓH studied in this searh. The preseletion uts remainrelatively loose beause the �nal disrimination between signal and bakground is done by alikelihood-based seletion. The optimised likelihood seletion has to aount for the fat thatthe kinematial properties of the signal hange onsiderably over the range of masses and widthhypotheses onsidered.4.1 Event topologiesThe signal signature is generally haraterised by an aoplanar two-jet system from the Z bosondeay. We use the term `aoplanar' for jet pairs if the two jet axes and the beam axis arenot onsistent with lying in a single plane. The deay produts of the Z boson are preferentiallyemitted into the entral part of the detetor, reoiling against the invisibly deaying Higgs boson.This is beause, in ontrast to the irreduible bakground of ZZ → qq̄ νν whih is produedwith an angular dependene of the di�erential ross-setion proportional to cos2 θ, the Bjorkenproess is proportional to sin2 θ. The Higgs boson deay leads to a large missing momentum anda signi�ant amount of missing energy. In two-photon proesses, where the inoming eletronand positron are sattered at low angles, usually one or both of the eletrons remain undeteted.Events of this type have large missing momentum with the missing momentum vetor, ~pMIS,2Two-photon interations our when an eletron and a positron at high energies and in lose proximity emita pair of photons whih interat via the eletromagneti fore to generate a fermion pair.7



pointing at low angles to the beam axis. The two-photon events have a small visible invariantmass MVIS and a tiny transverse momentum pT
MIS but a onsiderable longitudinal momentumalong the z-axis in the ommon ase that the two photons do not have equal energy. Due tothese speial harateristis this bakground an be easily redued to a negligible level.The two-fermion bakground important for this searh onsists of Z/γ∗ → qq̄(γ) events.These events tend to have a big ross-setion if one or more initial state radiation photons(abbreviated as ISR photons) are emitted so that the e�etive entre-of-mass energy √

s′ isredued to a value near the Z-resonane (so-alled radiative return events). The emission of ISRphotons happens predominantly at small polar angles. In ase of a mismeasurement or esapeof the ISR photons through the beam pipe these events have a sizeable missing momentumpreferentially oriented at small polar angles, lose to the beam pipe. In suh events the two jetsare almost oplanar.The most di�ult bakground to separate is four-fermion proesses with neutrinos in the�nal state, suh as W+W−→ ℓ±ν qq̄ and W±e∓ν → qq̄e∓ν with the harged lepton esapingdetetion. The irreduible bakground to this searh stems from ZZ → ννqq̄ (about 28% of allZZ deays) leading to a signature indistinguishable from a signal event with a Higgs mass loseto the Z boson mass. The vetor bosons are usually not produed at rest, leading to a transversemomentum of the two-jet system and therefore to a large aoplanarity of the jets, as in the signalase. Furthermore, the missing momentum vetor points into the entral detetor more oftenthan for the two-fermion ase. To disriminate between this bakground and the signal one anexploit the di�erene in the angular distribution of the di�erential prodution ross-setion.4.2 PreseletionThe �nal disrimination between signal and bakground is made using a likelihood seletion.Therefore the preseletion uts remain relatively loose. From ut No.(5) onwards the ut valueshave been tuned at a entre-of-mass energy of 206GeV using a simple �gure of merit (FoM) thatis independent of the a priori unknown signal ross-setion. Given only the signal e�ieny ǫand the bakground expetation Bexp as a funtion of a ut, this �gure is de�ned as FoM =
2.1×

√
Bexp + 2.4/ǫ. This FoM gives a reasonable approximation to the median number of signalevents that an be exluded at 95% on�dene level using the likelihood ratio. Hene a smallerFoM orresponds to a better preseletion.In order to redue the amount of bakground data only a subset ful�lling the following qualityriteria is analysed. The following uts remove almost all the two-photon bakground:(1) To redue two-photon and aelerator indued bakground, trak riteria are applied de-manding that more than 20% of all traks be quali�ed as good measured traks [24℄ andthat at least 6 of them be found.(2) A forward energy veto rejets events with more than 5GeV in either the left or rightompartment of the gamma ather alorimeters or the silion tungsten luminometers.Events with more than 2GeV in the forward alorimeters are also removed.(3) The missing transverse momentum pT

MIS should exeed 1GeV and MVIS has to be largerthan 4GeV.(4) Less than 20% of the measured visible energy EVIS should be loated lose to the beampipe in the region | cos θ| > 0.9.(5) The visible energy EVIS must be less than 90% of √s.
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(6) It is required that the visible mass of the event should be of order MZ, i.e. 55GeV <
MVIS < 105GeV. An asymmetri ut around the Z mass is hosen, sine with inreasingHiggs mass MH the Z bosons will be more and more o�-shell.The remaining bakgrounds at this stage, whih are more di�ult to remove, are mismeasured

Z/γ∗ → qq̄ events, four-fermion proesses with neutrinos in the �nal state, suh as W+W− →
ℓ±νqq̄ and W±e∓ν → qq̄e∓ν with the harged lepton esaping detetion (see Table 2).(7) To selet events that are well measured in the detetor with a visible mass MVIS lose to

MZ and a sizeable transverse momentum pT
VIS the following riterion is applied: MVIS +

5 × pT
VIS >

√
s/2(8) A large part of the qq̄ events and the remaining two-photon bakground is eliminated byrequiring the visible transverse momentum pT

VIS > 6GeV.(9) To remove bakgrounds in whih partiles go undeteted down the beam pipe, the pro-jetion of the visible momentum along the beam axis, pz
VIS, is required to be less than

0.294
√

s.(10) To redue the radiative qq̄(γ) bakground, the polar angle of the missing momentum vetormust lie within the region | cos θMIS| < 0.9.(11) The axes of both jets, reonstruted with the Durham algorithm, are required to havea polar angle satisfying | cos θ| < 0.9 to ensure good ontainment. Furthermore this utexploits the fat that events of the WW and ZZ bakground are produed aording to anangular distribution proportional to cos2 θ.(12) The remaining bakground from Z/γ∗ → qq̄ is haraterised by two jets that tend to bebak-to-bak with small aoplanarity angles, in ontrast to signal events in whih the jetsare expeted to have some aoplanarity angle due to the reoiling Higgs boson. Here theaoplanarity angle φACOPLAN is de�ned as 180◦ − φjj where φjj is the angle between thetwo jets in the plane perpendiular to the beam axis. This bakground is suppressed byrequiring that the jet-jet aoplanarity angle be larger than 5◦.(13) W+W− events with one of the W bosons deaying leptonially and the other deayinginto hadroni jets are rejeted by requiring that the events have no isolated leptons. Inthis ontext, leptons are low-multipliity jets with one, two or three traks, assoiated toeletromagneti or hadroni energy lusters, having an invariant mass of less than 2.5GeVand momentum in exess of 5GeV. In the ase of a single-trak andidate, the lepton isonsidered isolated if there are no additional traks within an isolation one of 25◦ half-angle, and if the eletromagneti energy ontained between ones of 5◦ and 25◦ half-anglearound the trak does not exeed 5% of the sum of the trak energy and the eletromagnetienergy within the 5◦ half angle one. In the ase of a two- or three-trak andidate,onsisting of the traks and eletromagneti or hadroni energy lusters on�ned to a oneof 7◦ half-angle, the lepton is onsidered isolated if the sum of trak and eletromagnetienergy between the 7◦ half-angle one and a 25◦ half-angle isolation one does not exeed15% of the lepton energy.For eah individual entre-of-mass energy there is good agreement between the numbers of ex-peted bakground events and observed andidates after the preseletion. Table 2 gives thenumber of preseleted events summed over all entre-of-mass energies. Figure 1 shows the dis-tributions for bakground lasses summed over all entre-of-mass energies and three arbitrarilysaled signal distributions (at a entre-of-mass energy of 206GeV). The e�ienies of the pres-eletion vary on average between 39% and 55% for small deay widths and between 45% and53% for larger deay widths above ΓH = 100GeV.9



4.3 Likelihood analysisTo onsider the hanging kinemati properties of the signal hypotheses in an optimal way, �vedi�erent likelihood-based analyses for the signal and bakground disrimination were appliedafter the preseletion. By a likelihood analysis we denote the ombination of a set of likelihoodinput variables, a so-alled likelihood, and the orresponding referene distributions of thesevariables. The referene distributions are �lled with events of the spei� lasses for whih thelikelihood is alulated. The lasses onsidered in this searh are the two- and four-fermionbakgrounds and the signal events. The two-photon events are negligible after the preseletion.The searh uses ombinations of two likelihoods and three �xed signal mass ranges for unweightedreferene histograms.To ompare the kinemati properties of a seleted data event to the hypothesis (MH,ΓH)when evaluating the likelihood, one in priniple has to �ll weighted signal referene distributionsfor eah hypothesis (MH,ΓH). This will soon lead to an unmanageable tehnial e�ort, given thenumber of hypotheses sanned. Therefore a ompromise was sought in whih ertain kinematiproperties of the signal were emphasised and simultaneously the number of referene histogramskept small. This was ahieved by �lling unweighted signal referene histograms. For most of the(MH,ΓH) hypotheses all signal masses were used for �lling the referene histograms. This re�etsthe fat that for a very large deay width of the Higgs boson the possible values of kinematialvariables are also smeared out over a large range. It was, however, found that the sensitivity ofthe likelihood seletion (i.e. the median expeted upper limits on σ(MH,ΓH) × BR(H → EMIS))ould be inreased further for small widths below 50GeV by �lling referene histograms withsignal masses from 50-80GeV and from 80-120GeV for intermediate and heavy Higgs bosonmasses respetively. A �rst likelihood was designed for a signal onsisting of small masses (MH< 80GeV) or large masses and a very large width (ΓH ≥ 110GeV). In this likelihood inputvariables are used exploiting the harateristis of the dominant fration of light masses in thesignal mass distribution. However for signal masses above MH = 80GeV and small or moderate(i.e. below 110GeV) deay widths, the ontribution of large masses dominates the signal massdistribution. In this ase the kinematis and topology of the signal events are determined bythe higher masses lose to the kinemati limit. A seond likelihood is therefore built with inputvariables optimised for suh signal harateristis. In the following the hoie of the inputs forthe two optimised likelihoods are presented.The �rst three input variables are used in both likelihoods (see Figure 3) .(1) (1 + P(MVIS ≡ MZ))−1

P(MVIS ≡ MZ) is the probability of a kinematial χ2 �t of the jet four-vetors under theassumption that the invariant mass of the two jets is ompatible with the Z boson mass.This variable depends only weakly on the Higgs mass. For events with non-onverging �tthe probability is set to zero. They therefore aumulate at a value of 1.(2) − log y32The Durham algorithm groups two energy �ow objets i and j into a jet as long as theirseparation in phase spae yij = 2 × min(E2
i , E2

j ) × (1 − cos(θij)/E
2
VIS is smaller then theut value ycut. The number of jets in a event is prede�ned to be 2, y32 is the value of ycutwhere the two-jet topology of the event hanges to a three-jet topology. Hene the negativelogarithm of the so-alled jet resolution parameter y32 is a measure for the jet topologybeing more two-jet like (large value of − log y32) or three-jet like (small value of − log y32).(3) pT

MIS/
√

sThe transverse missing momentum pT
MIS is one of the most prominent harateristis ofsignal-like events, but depends very muh on the Higgs boson mass. For a heavy Higgs10



boson produed lose to the kinemati threshold almost at rest, the Z boson has almost noboost and deays into two more or less bak-to-bak jets. In this ase the disriminatingpower of the variable is lost.The next three variables (see Figure 4) omplete the �rst likelihood, whih is used for all Higgsmasses in the domain of very large width > 110GeV or low Higgs masses < 80GeV.(4) φACOLThe aolinearity angle φACOL of the two-jet system is obtained by subtrating the three-dimensional angle between the reonstruted jet-axes from 180◦. Events ontaining a low-mass Higgs boson exhibit on average a larger aolinearity than the bakground.(5) | cos θ∗|The Gottfried-Jakson angle θ∗, is de�ned as the angle between the �ight diretion of theZ boson in the laboratory frame and the diretion of the deay produts of the Z bosonboosted into the Z boson rest-frame. The variable tends to have smaller values for thesignal.(6) − log y21The variable − log y21 is analogous to − log y32 and measures the ompatibility of the eventwith a two-jet topology. Two-jet events tend to aumulate at small values of − log y21.The last three variables (see Figure 5) tune the seond likelihood to beome more sensitive forlarge Higgs boson masses and small to moderate widths.(7) EMax
JET/

√
sThe variable EMax

JET measures the energy of the most energeti of the two jets. This is onaverage higher for the four-fermion bakground, due to the boost of the W and Z pairs,whereas heavy Higgs bosons and a Z boson are produed at rest.(8) RPtiThis variable is the signi�ane of the aoplanarity between the two jets, taking into aountdetetor resolution and aeptane. The disrimination power is enhaned by weightingthe aoplanarity with the average jet polar angle, sine transverse jet diretions are morepreisely measured at large polar angles. Signal events tend to have a more signi�antaoplanarity and thus larger values of RPti
than bakground. The preise de�nition of RPtian be found in the OPAL analyses of ZZ → qqνν events [25℄.(9) (MVIS + MMIS)/(MVIS − MMIS)This variable, desribed in [26℄, uses two strongly orrelated quantities, the invariant miss-ing mass MMIS and the visible mass of the event MVIS. Depending on the mass reon-strution auray it an have positive or negative values. The signal distribution of thisvariable is broader and aumulates at higher values than for the two- and four-fermionevents, whih are distributed more narrowly around the origin.From the two likelihoods and three ranges of signal masses �lled in the referene histogramsone has six analyses to searh for the di�erent hypotheses in MH and ΓH. The study of themedian expeted σ(MH,ΓH) × BR(H → EMIS) shows that �ve of these six are su�ient to havean optimally e�ient analysis for eah signal hypothesis haraterised by MH and ΓH (see Figure2) in the range studied. Likelihood 1 was not used with the referene distribution �lled for thesignal mass range of 80 to 120GeV. Figure 6 a) to ) and g) to h) display examples for thelikelihood distributions of all �ve analyses used. In the histograms the events seleted at all11



�ve entre-of-mass energies are added up, although eah entre-of-mass energy was evaluatedseparately in the limit setting as explained in Setion 5.1. The appropriate likelihood was al-ulated for eah bakground, data and signal event. In ase of a signal event it was added tothe histogram with the weight de�ned in Equation 7. The number of expeted signal events isnormalised aording to Equation 6. The use of di�erent analyses gives rise to varying shapes ofthe likelihood distributions of the bakground. Also the various shapes of the signal likelihooddistributions are visible for di�erent MH and ΓH. Sine the form of the likelihood distributionsfor signal and bakground an yield additional information in the limit alulation, only a looseut is applied in the likelihood seletion, requiring a signal likelihood larger than 0.2.4.4 Corretion of bakground and signal e�ieniesA orretion is applied to the number of expeted bakground events and the signal e�ieniesdue to noise in the detetors in the forward region whih is not modelled by the Monte Carlo.The forward energy veto used in the preseletion an aidentally be triggered by mahine bak-grounds. The orretion fator is derived from the study of random beam rossings, and appliedindividually for eah year of data taking. Random beam rossing events were reorded when nophysis trigger was ative. The fration of events that fail the veto on ativity in the forwardregion is below 3.4% for all runs analysed. The detailed breakdown of the fration of aidentallyvetoed events is given in the last olumn of Table 1.4.5 Systemati unertaintiesA possible signal in the data would reveal itself by altering the shapes of the distributions ofthe disriminating variables. Thus a systemati deviation in the desription of a reonstrutedobservable between Standard Model Monte Carlo and a data sample in whih the signal is absent,ould wrongly be attributed to the presene of a signal.The systemati unertainties in the Monte Carlo desription of the kinemati event variablesare studied in two ontrol samples at a entre-of-mass energy of 206GeV. In the �rst ontrolsample, alled two-fermion ontrol-sample in the following, radiative returns ontributing to the
qq̄(γ) proesses with photons deteted at large angles are seleted and the tagged ISR photonis removed from the event in Monte Carlo and data. This reates a qq̄-like topology withmissing momentum at large angles. The seond ontrol sample, alled four-fermion ontrol-sample, is obtained by seleting W+W− → qq̄lν events and removing the identi�ed isolatedlepton from the events in Monte Carlo and data. After this proedure ontrol samples possess atopology very similar to signal events. For all kinemati variables x of the preseletion and thelikelihood seletion the mean x and the width of the distribution (RMS) are ompared betweenMonte Carlo and data, for the two-fermion and four-fermion ontrol-samples. The observablesin the two-fermion and four-fermion Monte Carlo are then modi�ed separately aording to
xNEW

MC = (xOLD
MC − xMC) × RMSDATA

RMSMC
+ xDATA. Then all �ve likelihood seletions are repeatedseparately and the relative hange in the number of seleted events ompared to the unmodi�edase is taken as the systemati unertainty.Sine the analysis labelled A1 in Table 3 is used over a large range of the searh plane(see Figure 2), the systemati unertainties on the bakground determined in this analysis A1are taken as an estimate for the bakground for all analyses. To determine the e�et of thesystemati unertainty on the signal e�ienies, one has to take into aount the fat thatthe kinemati properties of the signal depend on the assumed Higgs mass and deay width.Twelve representative hypotheses are studied with MH hosen to be 20, 60 or 110GeV and

ΓH taking values of 5, 20, 70 and 200GeV. For these hypotheses the signal Monte Carlo ismodi�ed aording to the four-fermion orretion fators, representing the dominant remainingbakground after the ut on the signal likelihood. The relative hange in seleted event weights12



ompared to the unmodi�ed ase is then taken as an estimate of the systemati unertainty onthe signal e�ieny for a given hypothesis. The root-mean-square of all twelve hypotheses isapplied as an (MH,ΓH)-independent estimate for the whole searh area and for all entre-of-massenergies (see Table 4).The W pairs are very e�etively redued in the preseletion by the isolated lepton veto. Dueto the importane of this veto the unertainty from the lepton isolation angle and the vetoed oneenergy is studied in the following way. The half-one angle of the outer one is inreased anddereased by two degrees, following the studies in [27℄, and the relative e�et on the seletiondetermined. Furthermore the one energy is varied by 7.4% and the analyses are repeated.The value of the one energy resaling is determined by the relative deviation of the mean of themeasured energy of the lepton andidates in the inner one between data and Monte Carlo in the
W+W− → qq̄lν sample. For signal e�ienies an analogous study was performed at the twelvepoints desribed above. Both results for the relative hange of the seletion for the one openinghalf-angle and one energy variation are added in quadrature and the root-mean-square of the 12(MH,ΓH) hypotheses was taken to yield the total unertainty assoiated with the isolated leptonveto (see Table 4).The theoretial predition on the ross-setion for the two- and four-fermion proesses addsan unertainty of 2% to the bakground unertainty [28℄. Finally, the unertainty due to thelimited Monte Carlo statistis is evaluated.Table 5 summarises the results of the studies. All unertainties are assumed to be unorre-lated and the individual ontributions are added in quadrature to obtain the total systematiunertainties on the bakground expetation and signal e�ieny. The dominant systematiunertainties on the signal e�ieny arise from the desription of the kinemati variables. Thebakground expetation is more a�eted by the unertainty in the isolated lepton veto, as themain ontribution of the bakground stems from four-fermion proesses. But the unertaintyassoiated with the desription of the kinemati variables is of similar magnitude. The limitsquoted in Setion 5.1 were alulated inluding the unertainties of Table 5. To estimate theextent to whih the limits depend on the size of the systemati unertainties, the limit alulationwas repeated doubling the systemati unertainties. A omparison of the limits with single anddouble systemati unertainties, done at similar representative points as used for the systematistudies, showed that the exluded ross-setions typially derease between a half and one anda half perent. A maximal redution of 2.1% was found.5 ResultsThe results of the searh using eah of the �ve di�erent likelihood seletions, labelled A1-A5, aftera ut on the likelihood larger than 0.2 are summarised in Table 6, whih ompares the numbers ofobserved andidates with the Standard Model bakground expetations. The data are ompatiblewith the Standard Model bakground expetations. The remaining four-fermion bakgroundonsists predominantly of W pairs, representing roughly three quarters of the bakground atenergies above the Z pair threshold. Figure 7 shows examples for signal e�ienies. For smalldeay widths the dependene on the entre-of-mass energy is weak up to MH ≈ 80GeV, andfor large widths it is weak up to the kinemati limit. Beause of the entre-of-mass energydependene of the Bjorken ross-setion of a Higgs boson with mass MH, the lower entre-of-mass energies ontribute more signi�antly to the sensitivity for lighter Higgs bosons (see e.g.in [8℄). For very light Higgs bosons the e�ieny is moderately redued by the preseletion utsdemanding a sizeable amount of missing energy. In the ase of broader Higgs resonanes withhigh mass, one observes a generally enhaned e�ieny sine the hane of seleting events fromthe low mass tail ompensates the suppression due to the falling prodution ross-setion of aheavy Higgs boson. 13



5.1 The upper limits on the prodution ross-setion times branhing ratioAs no signi�ant exess over the expeted bakground is observed in the data, upper limitsare alulated on the model-independent ross-setion σ(MH,ΓH) × BR(H → EMIS) saled to√
s = 206GeV. As the likelihood distributions are only loosely ut, one an use not onlythe information from the integral number of seleted events (Table 6) but also from the shapein a likelihood ratio [29℄ to set more sensitive upper limits. For eah entre-of-mass energyseparately, eah bin with a signal likelihood larger than 0.2 in the distributions of expetedsignal, bakground and seleted data is treated as a searh hannel. For eah entre-of-massenergy the number of expeted signal events is saled to the total ross-setion (Equation 6). Aswith the analysis desribed in [30℄, the likelihood distributions are given as disriminating inputto a limit program [31℄. A likelihood ratio is used to determine the signal on�dene level, CLS,de�ned in [29, 31℄, whih exludes the presene of a possible signal aording to the modi�edfrequentist approah [31℄. Additionally the program alulates the median upper number ofsignal events that ould be exluded at 95% on�dene level (CL). This number is then saledto the total ross-setion at the entre-of-mass energy of 206GeV for eah (MH,ΓH) hypothesis.The systemati unertainties on the bakground expetations and signal seletion e�ienies areinluded aording a generalisation of the method desribed in [32℄.A very �ne san of the (MH,ΓH)-plane was performed by simulating the spetra of Higgsbosons with a mass MH from 1 to 120GeV and widths ΓH starting at 1GeV up to 3 TeV. TheHiggs boson mass was simulated in steps of δMH = 1GeV. Simulated values of ΓH are spaedin steps of 1GeV up to 5GeV. A spaing of δΓH = 5GeV is hosen from ΓH = 5GeV to ΓH =750GeV. Above this value steps of δΓH = 50GeV are adopted up to the maximal ΓH of 3TeV.Examples of the projetions of the observed upper ross-setion limits together with themedian expeted upper limits and the orresponding one and two standard deviation bandson the expeted limits are displayed in Figure 8 for some hoies of ΓH. Above a width of300GeV the exlusion plots look quite similar to the example displayed in Figure 8i) beausethe exluded limits do not hange very muh. The observed limits for ΓH & 60GeV are wellontained in the one standard deviation bands on the expetations and generally do not exeedtwo standard deviations exept in Figure 8 a) at MH = 114GeV. The disontinuities in thegraphs orrespond to hanges in the analyses. As one an observe, below ΓH . 40GeV theanalysis are hanged more often. Therefore the hane is higher that in a few bins there arestatistial �utuations in the seleted data, that lead to a deviation of more than one standarddeviation around the median. Also the data seleted are highly orrelated, as one an see forexample in the upward �utuation around MH = 114 GeV visible in Figure 8 a)-). All resultsfor the observed upper limits on σ(MH,ΓH) × BR(H → EMIS) are summarised in a ontour plot(Figure 9) in the sanned (MH,ΓH)-plane. Above ΓH = 200GeV the observed upper limits arein the range of 0.15 pb to 0.18 pb for all MH and vary very little. For suh large ΓH the reoilmass distribution of the Higgs tends to be more and more uniformly strethed out over the massrange explored. There is not muh di�erene in the seletion of signal events for a Higgs bosonwith e.g. a width of 400GeV or 600GeV in the onsidered range of Higgs masses. This preventsany spei� disriminating kinematial properties from being assigned to the expeted signal assignal masses of a broad kinematial range are seleted with roughly equal probability. Thereforeonly one likelihood analysis is used in this part of the searh area, seleting the same subset ofdata and bakground. Sine the upper limit on the model-independent ross-setion refers to aprodution ross-setion at a entre-of-mass energy of 206GeV, it must beome independent of(MH,ΓH) for an extremely large ΓH. In this ase the shape of the Higgs signal would just bea box, weighted with the prodution ross-setion from 1GeV to the kinemati limit of about115GeV. The data are then ompared to an approximately onstant signal expetation. Henethe upper limit on the ross-setion is approximately independent of the (MH,ΓH) hypothesis at14



a value of roughly 0.16 pb. For resonanes with a deay width smaller than 200GeV there areregions where the limits are below 0.15 pb or even 0.1 pb for MH between 60 and 74GeV. In thismass range the number of data events seleted is smaller than expeted. Above MH of 85GeVthe upper limits beome larger than 0.2 pb and rise onsiderably for small widths below 40GeV(see Figure 8 a-e). This is due to the fat that the Higgs mass approahes the kinemati limitand the likelihoods whih rely on kinematial variables like pT
MIS lose disrimination power. Amaximal value of 0.57 pb is observed for MH of 114GeV and ΓH of 1GeV orresponding to aira two-σ exess in the data.It should be kept in mind that no optimisation of the searh has been performed for ΓHbelow 5GeV. In the region of heavy Higgs boson mass & 105GeV and small width a searhusing reoil mass spetra would be more sensitive. Therefore this region is more sensitivelyovered by searhes that have been performed by the LEP experiments doumented in [2℄.5.2 Interpretation of the result in the stealthy Higgs senarioInterpreting the width ΓH of a Higgs boson aording to Equation 5, and setting mphion to zero,it was possible to set limits on ω in the stealthy Higgs senario. A range from ω = 0.04 to

ω = 24.45 was probed. The exluded regions are shown in Figure 10 at 95% on�dene level(CL) in the ω-MH parameter spae. To illustrate the Higgs boson width aording to Equation 5,ontours of �xed ΓH orresponding to a given mass MH and oupling ω are added to the plot.The maximum exluded invisible width is about ΓH = 400GeV for Higgs boson masses . 35GeV,dereasing slowly to ΓH = 115GeV for MH = 100GeV. The minimal exlusion of ω = 0.04 isobserved at MH = 1GeV and the maximal exlusion is ω = 5.9 for MH = 73GeV. For ω between0.04 and 0.59 a Higgs mass from 1 to 103GeV ould be exluded. The maximal exluded Higgsmass was 103GeV for width between 1 and 3GeV, ompared with the expeted exlusion of106GeV.The results presented in this study extend the previous deay-mode independent searhesfor new salar bosons with the OPAL detetor [5℄ to regions of larger ouplings and higherHiggs boson masses. In [5℄ an interpretation within the stealthy Higgs model yielded a maximalexluded oupling ω for masses around 30GeV, where ω was exluded up to ω = 2.7. That studyexluded Higgs boson masses up to MH = 81GeV. It should be pointed out that the deay-modeindependent searhes also studied Higgs widths between 0.1 and 1GeV and therefore over thegap between searhes within senarios assuming a narrow deay width of the invisibly deayingHiggs boson [2℄ and the searh presented in this paper up to MH = 81GeV.6 ConlusionsA dediated searh was performed in the hannel e+e− → HZ with Z → qq̄ and the non-Standard Model deay H → EMIS �nal state allowing for invisible deay widths of the Higgsboson from 1GeV up to 3TeV. The data taken by the OPAL detetor at LEP above the Wpair threshold were analysed. No indiation for a signal was found and upper limits were set on
σ(MH,ΓH) × BR(H → EMIS). The maximal upper limit is 0.57 pb at MH = 114GeV and ΓH =1GeV. Over the sanned region of the (MH,ΓH)-plane upper limits are generally of the order of0.15 pb, espeially for large values of ΓH & 400GeV or Higgs boson masses . 85GeV.The limits were interpreted in the stealthy Higgs senario assuming the presene of a largenumber of massless singlet states. Limits were alulated on the oupling ω to a hidden salarsetor of the Higgs boson with a given mass MH. A large part of the parameter plane kinemati-ally aessible with LEP 2 was exluded extending a previous exlusion published in [5℄. Valuesfor ω between 0.04 (MH = 1GeV) and 5.9 (MH = 73GeV) were exluded, and for ertain valuesof ω Higgs boson masses are exluded up to MH = 103GeV. The possible non-detetion of a15
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binned √
s nominal √

s (GeV) year int. luminosity (pb−1) aid. veto (%)
> 180�186 183 1997 40.0 3.37
> 186�193 189 1998 199.8 2.24
> 193�198 196 1999 70.4 2.53
> 198�203 200 1999 112.0 2.96
> 203�209 206 2000 206.9 2.22Table 1: Breakdown of the analysed integrated data luminosities aording to the entre-of-massenergies. The data was binned in �ve nominal entre-of-mass energies. The last olumn statesthe redution of the signal e�ienies and expeted bakground rates due to aidental triggeringof the forward energy veto in the preseletion, whih is not modelled in the Monte Carlo.

ut γγ qq( γ) 4-fermion total SM data(1)-(5) 48795 15639 4880 69314 74178(6) 148 10359 1394 11901 11779(7) 62 9128 1336 10526 10472(8) 44 4897 1167 6108 6264(9) 33 1061 964 2058 2116(10) 18 425 895 1338 1387(11) 18 423 879 1320 1368(12) 4 68 820 892 899(13) 4 60 441 505 498Table 2: Expeted number of Standard Model bakground events after the preseletion nor-malised to a data luminosity of 629.1 pb−1. The total SM bakground after preseletion isexpeted to be 505 ± 5(stat) ± 21(syst). The ontributions of the di�erent sublasses are bro-ken down in olumn two to four for the two-photon, two-fermion and four-fermion proessesrespetively.
analysis bakground unertaintylabel likelihood referene mass range (GeV) kinemati var. isol. lepton vetoA1 1 1�120 2.4% 2.4%A2 2 1�120 1.6% 2.3%A3 1 50�80 1.0% 2.5%A4 2 50�80 1.6% 2.6%A5 2 80�120 1.1% 1.5%hoie for unertainty 2.4% 2.4%Table 3: Results of the study of systemati unertainties of the expeted bakground for the�ve kinds of analyses, labelled A1-A5, used in the searh (see Figure 2) at a entre-of-massenergy of 206GeV. Sine the analysis labelled A1 overs the largest part of the searh area, itsunertainty was hosen as representative unertainty on the bakground due to the unertaintyin the kinemati variables and the isolated lepton veto at all entre-of-mass energies.19



signal hypothesis e�ieny unertainty
MH (GeV) ΓH (GeV) kinemati var. isol. lepton veto20 5 0.6% 0.6%20 20 0.4% 0.7%20 70 0.3% 0.7%20 200 0.1% 0.7%60 5 0.7% 0.8%60 20 0.7% 0.8%60 70 0.2% 0.8%60 200 0.3% 0.7%110 5 5.5% 0.7%110 20 2.9% 0.8%110 70 1.3% 0.8%110 200 0.1% 0.8%all MH and ΓH 1.9% 0.7%Table 4: Results of the study of systemati unertainties in twelve representative (MH,ΓH)-pointsat a entre-of-mass energy of 206GeV. For eah soure the root-mean-square of the individualunertainties in the twelve points was taken to get an (MH,ΓH) independent estimate of theunertainty at all entre-of-mass energies.

soure bakground unertainty e�ieny unertaintykinemati variables 2.4% 1.9%isolated lepton veto 2.4% 0.7%limited MC statistis 1.0% 0.2%predition 2- and 4-f ross-set. 2.0% -total unertainty 4.1% 2.0%Table 5: Results of the study of systemati unertainties of the bakground for the �ve analyses(see Table 3) and of the signal e�ienies in twelve representative (MH,ΓH)-points (see Table 4)at a entre-of-mass energy of 206GeV. The total unertainty on bakground expetation andsignal e�ieny is applied at all entre-of-mass energies and for all (MH,ΓH) hypotheses.
label referene masses likelihood 2-fermion 4-fermion total SM dataA1 1�120 GeV type 1 11 374 385 ± 4 ± 16 369A2 1�120 GeV type 2 3 378 381 ± 4 ± 16 370A3 50�80 GeV type 1 5 315 320 ± 3 ± 13 305A4 50�80 GeV type 2 2 315 317 ± 3 ± 13 310A5 80�120 GeV type 2 8 247 255 ± 3 ± 11 253Table 6: The likelihood seletion of events with a signal likelihood exeeding 0.2 aordingto the di�erent searh strategies. The individual ontributions to the total Standard Modelbakground of two-fermion and four-fermion bakground is broken down in the seond and thirdolumn respetively. For the total Standard Model bakground the statistial and the systematiunertainty is also given. 20
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCHOPAL PR417CERN-EP-2006-026August 3, 2006
Searh for Invisibly Deaying Higgs Bosonswith Large Deay Width Using theOPAL Detetor at LEPThe OPAL CollaborationAbstratThis paper desribes a topologial searh for an invisibly deaying Higgs boson, H, produed viathe Bjorken proess (e+e− → HZ). The analysis is based on data reorded using the OPAL de-tetor at LEP at entre-of-mass energies from 183 to 209GeV orresponding to a total integratedluminosity of 629 pb−1. In the analysis only hadroni deays of the Z boson are onsidered. Asan over Higgs boson masses from 1 to 120GeV and deay widths from 1 to 3000GeV revealedno indiation for a signal in the data. From a likelihood ratio of expeted signal and StandardModel bakground we determine upper limits on ross-setion times branhing ratio to an invis-ible �nal state. For moderate Higgs boson deay widths, these range from about 0.07 pb (MH =60GeV) to 0.57 pb (MH = 114GeV). For deay widths above 200GeV the upper limits are of theorder of 0.15 pb. The results an be interpreted in general senarios prediting a large invisibledeay width of the Higgs boson. As an example we interpret the results in the so-alled stealthyHiggs senario. The limits from this analysis exlude a large part of the parameter range of thissenario experimentally aessible at LEP 2.
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1 IntrodutionAn intense searh for the Higgs boson was undertaken by all of the four LEP experiments invarious Standard Model and non�Standard Model searh hannels. Searhes for the StandardModel Higgs boson, exploiting the predition for its deay modes and also searhes for invisibleHiggs boson deays as predited by various extensions of the Standard Model, exluded Higgsmasses up to 114.4GeV [1, 2℄. These latter searhes assumed a rather small invisible deay widthomparable to the predited Standard Model deay width for a light Higgs boson and well belowthe experimentally ahievable mass resolution of about 3 to 5GeV.Reent theories that postulate the existene of additional spatial dimensions o�er a newpossibility for invisible Higgs deays [3℄. In suh theories the Plank mass is lowered to the TeVrange and a rih spetrum of new partiles appears, like gravisalars in the ase of �at extradimensions. Hene the Higgs boson an mix with the gravisalars, whih leads to a missingenergy signature in the detetor [3℄. This mixing an result in a large invisible deay width ofthe Higgs boson, depending on the model parameters, and would therefore alter the StandardModel branhing ratios. As a onsequene of the broadening of the Higgs resonane in thereoil mass spetrum, the signal-to-bakground ratio an deteriorate signi�antly. In a worstase senario, searhes optimised under the assumption of a narrow Higgs resonane might havemissed the detetion of a kinematially aessible Higgs boson at LEP.This paper desribes a searh for the Higgs boson, H, whih imposes no onstraints on thetotal deay width. The Higgs boson is assumed to be produed in assoiation with a Z bosonvia the Bjorken proess, e+e− → HZ, where the Z is required to deay hadronially and theinvisible Higgs boson is deteted as missing energy EMIS in the event. The results are presentedin a model-independent way in terms of limits on the Bjorken prodution ross-setion timesbranhing ratio, σ(MH,ΓH) × BR(H → EMIS), at a entre-of-mass energy of 206GeV, where
ΓH is the Breit�Wigner width of the Higgs boson. A simple model extending the StandardModel with additional SU(3)C×SU(2)L×U(1)Y singlet �elds whih interat strongly with theHiggs boson (�stealthy Higgs senario� [4℄) is hosen as an example for the interpretation of theresult. This interation gives rise to a large invisible deay width of the Higgs boson. Thisdediated searh expands on the previous deay-mode-independent searh [5℄ arried out by theOPAL Collaboration whih reported for the �rst time limits on the HZ prodution ross-setion,interpreted in the stealthy Higgs model.The paper is organised as follows. Setion 2 introdues the stealthy Higgs senario. Setion3 gives details about the modelling of signal and bakground. Setion 4 desribes the searh andthe results are interpreted in Setion 5. We summarise the results in Setion 6.2 The stealthy Higgs senarioIn general renormalisable theories there might be other fundamental salars, in addition to theStandard Model Higgs boson, that do not interat with normal matter. To investigate the in�u-ene of a hidden salar setor on the Higgs observables the stealthy Higgs senario onjeturesthe existene of additional SU(3)C×SU(2)L×U(1)Y singlet �elds alled phions. Radiative or-retions to weak proesses are not sensitive to the presene of singlets in the theory beause noFeynman graphs ontaining singlets appear at the one-loop level. Sine e�ets at the two-looplevel are below the experimental preision, the presene of a singlet setor is not ruled out by anyLEP 1 preision data [4℄. These phions would not interat via the strong or eletro-weak fores,but ouple only to the Higgs boson [4℄, thus o�ering invisible deay modes to the Higgs. Thewidth of the Higgs resonane an beome large if either the number of suh singlets, N , or theoupling, ω, is large, thus leading to a broad mass spetrum reoiling against the reonstrutedZ boson. 4



The Lagrangian of the salar setor in this model ontains only four additional parametersompared to the Standard Model. Not listing the unhanged ouplings of the Higgs boson to thefermions, the salar part of the Lagrangian is given by
Lscalar = LHiggs + Lphion + Linteraction (1)
LHiggs = −∂µφ†∂µφ − λ (φ†φ − v2

2
)2 (2)

Lphion = −1

2
∂µ~ϕ ∂µ~ϕ − 1

2
m2

phion ~ϕ2 − κ

8N
(~ϕ2)2 (3)

Linteraction = − ω

2
√

N
~ϕ2 φ†φ. (4)The term LHiggs desribes the usual Standard Model Higgs doublet φ aquiring the StandardModel vauum expetation value, v, and having its self-oupling λ. In the free Lagrangian ofsalar singlets, Lphion, the singlets with mass mphion are denoted as the O(N)-symmetri multiplet

~ϕ. The phions also have a self-oupling κ, whih is �xed at κ(2MZ) = 0, to allow for the widestparameter range of the model. The self oupling term entering loop alulations is suppressed like1/N . The interation term between the Higgs and the additional phions, Linteraction, leads to thephenomenologial onsequene of invisible Higgs deays beause the Higgs boson ouples to thephions independently of their mass. The strength of the oupling is instead proportional to theoupling onstant ω, whih is a free parameter of the model. Even though the vauum-induedmass term of the phions after the symmetry-breaking is suppressed like 1/
√

N [4℄, the phionsour in loop orretions to the Higgs boson propagator and therefore a�et the resonane widthof the Higgs boson. An analyti expression [6℄ for the hange in the Higgs width ompared tothe Standard Model deay width, ΓSM, an be found in the limit N → ∞, when negleting theself-oupling of the phions as a small e�et:
ΓH(MH) = ΓSM(MH) +

ω2v2

32π MH
×

√

1 − 4m2
phion/M2

H. (5)The ross-setion for the Bjorken proess an be alulated from Equations 9 and 10 of refer-ene [4℄. Using the parametrisation for the invisible deay width (Equation 1 and 2 in [7℄) onean express the total ross-setion for the prodution and invisible deay by
σ(e+e−→Z+EMIS) =

∫

dsI σ(e+e−→ZH)(sI)

√
sI Γinv

H

π((M2
H − sI)2 + sI Γ2

H)
. (6)Here sI denotes the invariant mass squared of the invisible deay produts of the Higgs boson.The prodution rate of these invisible masses is given by the Standard Model ross-setion1

σ(e+e−→ZH)(sI) for a Higgs boson of mass √
sI . Hene the Standard Model ross-setion om-pletely determines the dependene of the total ross-setion on the entre-of-mass energy (see e.g.in [8℄). Therefore the total ross-setion goes rapidly to zero for Higgs boson masses above thekinemati limit. The e�et of the onvolution with the Breit-Wigner-like funtion is a broadeningof the resonane in the reoil mass spetrum and hene a dilution of the signal-to-bakgroundratio. In extreme ases of large invisible deay width one ould expet the Higgs reoil mass spe-trum to mimi the bakground. In suh extreme ases even a light and kinematially aessibleHiggs boson might have esaped detetion at LEP.In Setion 5.2 we derive limits on the stealthy Higgs model under the assumption of mphion =

0. By simulating signal spetra for di�erent Higgs boson masses MH and widths ΓH, we set limitsin the ω-MH plane in the large N limit.1By hoosing ω > 0 one an prevent the phions from aquiring a non-zero vauum expetation value and avoida Higgs-phion mixing due to a non-diagonal mass matrix. In ase of non-zero mixing, the ouplings of the lightestsalar to the gauge boson would derease proportional to the osine of the mixing angle. As a onsequene theross-setion of the Bjorken proess would be lowered. 5



3 Data sets and Monte Carlo samples3.1 The OPAL detetor and event reonstrutionThe OPAL detetor [9℄, operated between 1989 and 2000 at LEP, had nearly omplete solidangle3 overage and exellent hermetiity. The innermost detetor of the entral traking was ahigh-resolution silion mirostrip vertex detetor [10℄ whih lay immediately outside the beampipe. The silion mirovertex detetor was surrounded by a high preision vertex drift hamber,a large volume jet hamber, and z�hambers whih measured the z oordinates of traks, all in auniform 0.435T axial magneti �eld. A lead-glass eletromagneti alorimeter with presamplerwas loated outside the magnet oil. In ombination with the forward alorimeters, a forwardring of lead-sintillator modules (the �gamma ather�), a forward sintillating tile ounter [9, 11℄,and the silion-tungsten luminometer [12℄, the alorimeters provided a geometrial aeptanedown to 25 mrad from the beam diretion. The silion-tungsten luminometer served to measurethe integrated luminosity using small angle Bhabha sattering events [13℄. The magnet returnyoke was instrumented with streamer tubes and thin gap hambers for hadron alorimetry andis surrounded by several layers of muon hambers.The analysis is based on data olleted with the OPAL detetor at LEP 2 from 1997 to2000 at entre-of-mass energies between 183 and 209GeV. The integrated luminosity analysedis 629.1 pb−1. To ompare with the Standard Model Monte Carlo the data are binned in �venominal entre-of-mass-energy points, orresponding to the energies at whih the Monte Carlois produed, as detailed in Table 1.A fast online �ltering algorithm lassi�es the events as multi-hadroni. Events are re-onstruted from traks and energy deposits (�lusters�) in the eletromagneti and hadronialorimeters. All traks and energy lusters satisfying quality requests similar to those de-sribed in [14℄ are assoiated to form �energy �ow objets�. The measured energies are orretedfor double ounting of energy in the traking hambers and alorimeters by the algorithm de-sribed in [14℄. Global event variables, suh as transverse momentum and visible mass, arethen reonstruted from these objets and all events are fored into a two-jet topology using theDurham algorithm [15℄.3.2 Signal and bakground modellingTo determine the detetion e�ieny for a signal from an invisibly deaying Higgs boson and theamount of expeted bakground from Standard Model proesses, several Monte Carlo samplesare used. Signal events for a hypothetial Higgs boson mass MH deaying with arbitrary broadwidth ΓH are simulated by reweighting invisibly deaying events of type H → χ0
1χ

0
1. The massof neutralinos χ0

1 is hosen suh that the Higgs boson with mass mi an deay into a pair ofneutralinos, whih leave the detetor without being deteted. These Higgs bosons with deaysinto `invisible' partiles are generated with masses mi from 1GeV to 120GeV with the HZHA [16℄generator. The HZHA events are generated assuming the Standard Model prodution ross-setion σ(e+e−→ZH) for the Higgs boson. The test masses mi are spaed in steps of 1GeV. Thespaing of the test masses is hosen suh that they are not resolved by the detetor in the signalyielded after a reweighting proedure desribed in the following. From Equation 6 one extratsthe event weights wi(mi;MH,ΓH) for a mass point mi ontributing to the searh for a Higgsboson of mass MH and total deay width ΓH. The total deay width ΓH is de�ned as the sum of3OPAL used a right-handed oordinate system. The z axis pointed along the diretion of the eletron beamand the x axis was horizontal pointing towards the entre of the LEP ring. The polar angle θ was measured withrespet to the z axis, the azimuthal angle φ with respet to the x axis.
6



Standard Model width and invisible width Γinv
H .
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. (8)The Standard Model ross-setion σ(e+e−→ZH) for the Bjorken prodution proess in Equation 8propagates the entre-of-mass energy dependene of the total ross-setion into the weights. Theunweighted signal Monte Carlo samples ontain 2000 events per mass point mi. In the reweightedsignal Monte Carlo sample all test masses ontribute aording to their weight. The reweightedmasses MH range from 1 to 120GeV spaed in steps of 1GeV. The smallest width simulatedby this proedure is a ΓH of 1GeV and the largest a ΓH of 3TeV. The detetion e�ieny fora Higgs boson with MH and ΓH is estimated by the sum of seleted event weights assumingbinomial errors.The lasses of Standard Model bakground proesses onsidered are two-photon2 , two- andfour-fermion proesses. For simulation of bakground proesses the following generators areused: KK2F [17℄ and PYTHIA [18℄ (qq̄(γ)), GRC4F [19℄ (four-fermion proesses), PHOJET [20℄,HERWIG [21℄, Vermaseren [22℄ (hadroni and leptoni two-photon proesses). For Monte Carlogenerators other than HERWIG, the hadronisation is done using JETSET 7.4 [18℄. The integratedluminosity of the main bakground Monte Carlo samples is at least 15 times the statistis of thedata for the two-fermion bakground, 24 times for the four-fermion bakground and 30 times forthe two-photon bakground. The Monte Carlo events are passed through a detailed simulationof the OPAL detetor [23℄ and are reonstruted using the same algorithms as for the real data.4 Searh for e+e− → HZ with Z → qq̄ and H → EMIS �nal stateThe event seletion is intended to be e�ient for the omplete range of possible Higgs masses
MH and orresponding deay widths ΓH studied in this searh. The preseletion uts remainrelatively loose and are intended to aumulate signal like event topologies in the data. The�nal disrimination between signal and bakground is done by a likelihood-based seletion. Theoptimised likelihood seletion has to aount for the fat that the kinematial properties of thesignal hange onsiderably over the range of masses and width hypotheses onsidered.4.1 Event topologiesThe signal signature is generally haraterised by an aoplanar two-jet system from the Z bosondeay. We use the term `aoplanar' for jet pairs if the two jet axes and the beam axis arenot onsistent with lying in a single plane. The deay produts of the Z boson are preferentiallyemitted into the entral part of the detetor, reoiling against the invisibly deaying Higgs boson.This is beause, in ontrast to the irreduible bakground of ZZ → qq̄ νν whih is produedwith an angular dependene of the di�erential ross-setion proportional to cos2 θ, the Bjorkenproess is proportional to sin2 θ. The Higgs boson deay leads to a large missing momentum anda signi�ant amount of missing energy. In two-photon proesses, where the inoming eletronand positron are sattered at low angles, usually one or both of the eletrons remain undeteted.Events of this type have large missing momentum with the missing momentum vetor, ~pMIS,2Two-photon interations our when an eletron and a positron at high energies and in lose proximity emita pair of photons whih interat via the eletromagneti fore to generate a fermion pair.7



pointing at low angles to the beam axis. The two-photon events have a small visible invariantmass MVIS and a tiny transverse momentum pT
MIS but a onsiderable longitudinal momentumalong the z-axis in the ommon ase that the two photons do not have equal energy. Due tothese speial harateristis this bakground an be easily redued to a negligible level.The two-fermion bakground important for this searh onsists of Z/γ∗ → qq̄(γ) events.These events tend to have a big ross-setion if one or more initial state radiation photons(abbreviated as ISR photons) are emitted so that the e�etive entre-of-mass energy √

s′ isredued to a value near the Z-resonane (so-alled radiative return events). The emission of ISRphotons happens predominantly at small polar angles. In ase of a mismeasurement or esapeof the ISR photons through the beam pipe these events have a sizeable missing momentumpreferentially oriented at small polar angles, lose to the beam pipe. In suh events the two jetsare almost oplanar.The most di�ult bakground to separate is four-fermion proesses with neutrinos in the�nal state, suh as W+W−→ ℓ±ν qq̄ and W±e∓ν → qq̄e∓ν with the harged lepton esapingdetetion. The irreduible bakground to this searh stems from ZZ → ννqq̄ (about 28% of allZZ deays) leading to a signature indistinguishable from a signal event with a Higgs mass loseto the Z boson mass. The vetor bosons are usually not produed at rest, leading to a transversemomentum of the two-jet system and therefore to a large aoplanarity of the jets, as in the signalase. Furthermore, the missing momentum vetor points into the entral detetor more oftenthan for the two-fermion ase. To disriminate between this bakground and the signal one anexploit the di�erene in the angular distribution of the di�erential prodution ross-setion.4.2 PreseletionIn order to redue the amount of bakground data only a events ful�lling the following qualityriteria are analysed. From ut No.(5) onwards, the ut values were de�ned using as a guidea simple �gure of merit based on the e�ieny and expeted bakground. The following utsremove almost all the two-photon bakground:(1) To redue two-photon and aelerator indued bakground, trak riteria are applied de-manding that more than 20% of all traks be quali�ed as good measured traks [24℄ andthat at least 6 of them be found.(2) A forward energy veto rejets events with more than 5GeV in either the left or rightompartment of the gamma ather alorimeters or the silion tungsten luminometers.Events with more than 2GeV in the forward alorimeters are also removed.(3) The missing transverse momentum pT
MIS should exeed 1GeV and MVIS has to be largerthan 4GeV.(4) Less than 20% of the measured visible energy EVIS should be loated lose to the beampipe in the region | cos θ| > 0.9.(5) The visible energy EVIS must be less than 90% of √s.(6) It is required that the visible mass of the event should be of order MZ, i.e. 55GeV <

MVIS < 105GeV. An asymmetri ut around the Z mass is hosen, sine with inreasingHiggs mass MH the Z bosons will be more and more o�-shell.The remaining bakgrounds at this stage, whih are more di�ult to remove, are mismeasured
Z/γ∗ → qq̄ events, four-fermion proesses with neutrinos in the �nal state, suh as W+W− →
ℓ±νqq̄ and W±e∓ν → qq̄e∓ν with the harged lepton esaping detetion (see Table 2).8



(7) To selet events that are well measured in the detetor with a visible mass MVIS lose to
MZ and a sizeable transverse momentum pT

VIS the following riterion is applied: MVIS +
5 × pT

VIS >
√

s/2(8) A large part of the qq̄ events and the remaining two-photon bakground is eliminated byrequiring the visible transverse momentum pT
VIS > 6GeV.(9) To remove bakgrounds in whih partiles go undeteted down the beam pipe, the pro-jetion of the visible momentum along the beam axis, pz

VIS, is required to be less than
0.294

√
s.(10) To redue the radiative qq̄(γ) bakground, the polar angle of the missing momentum vetormust lie within the region | cos θMIS| < 0.9.(11) The axes of both jets, reonstruted with the Durham algorithm, are required to havea polar angle satisfying | cos θ| < 0.9 to ensure good ontainment. Furthermore this utexploits the fat that events of the WW and ZZ bakground are produed aording to anangular distribution proportional to cos2 θ.(12) The remaining bakground from Z/γ∗ → qq̄ is haraterised by two jets that tend to bebak-to-bak with small aoplanarity angles, in ontrast to signal events in whih the jetsare expeted to have some aoplanarity angle due to the reoiling Higgs boson. Here theaoplanarity angle φACOPLAN is de�ned as 180◦ − φjj where φjj is the angle between thetwo jets in the plane perpendiular to the beam axis. This bakground is suppressed byrequiring that the jet-jet aoplanarity angle be larger than 5◦.(13) W+W− events with one of the W bosons deaying leptonially and the other deayinginto hadroni jets are rejeted by requiring that the events have no isolated leptons. Inthis ontext, leptons are low-multipliity jets with one, two or three traks, assoiated toeletromagneti or hadroni energy lusters, having an invariant mass of less than 2.5GeVand momentum in exess of 5GeV. In the ase of a single-trak andidate, the lepton isonsidered isolated if there are no additional traks within an isolation one of 25◦ half-angle, and if the eletromagneti energy ontained between ones of 5◦ and 25◦ half-anglearound the trak does not exeed 5% of the sum of the trak energy and the eletromagnetienergy within the 5◦ half angle one. In the ase of a two- or three-trak andidate,onsisting of the traks and eletromagneti or hadroni energy lusters on�ned to a oneof 7◦ half-angle, the lepton is onsidered isolated if the sum of trak and eletromagnetienergy between the 7◦ half-angle one and a 25◦ half-angle isolation one does not exeed15% of the lepton energy.For eah individual entre-of-mass energy there is good agreement between the numbers of ex-peted bakground events and observed andidates after the preseletion. Table 2 gives thenumber of preseleted events summed over all entre-of-mass energies. Figure 1 shows the dis-tributions for bakground lasses summed over all entre-of-mass energies and three arbitrarilysaled signal distributions (at a entre-of-mass energy of 206GeV). The e�ienies of the pres-eletion vary on average between 39% and 55% for small deay widths and between 45% and53% for larger deay widths above ΓH = 100GeV.4.3 Likelihood analysisTo onsider the hanging kinemati properties of the signal hypotheses in an optimal way, �vedi�erent likelihood-based analyses for the signal and bakground disrimination were appliedafter the preseletion. By a likelihood analysis we denote the ombination of a set of likelihood9



input variables, a so-alled likelihood, and the orresponding referene distributions of thesevariables. The referene distributions are �lled with events of the spei� lasses for whih thelikelihood is alulated. The lasses onsidered in this searh are the two- and four-fermionbakgrounds and the signal events. The two-photon events are negligible after the preseletion.The searh uses ombinations of two likelihoods and three �xed signal mass ranges for unweightedreferene histograms.To ompare the kinemati properties of a seleted data event to the hypothesis (MH,ΓH)when evaluating the likelihood, one in priniple has to �ll weighted signal referene distributionsfor eah hypothesis (MH,ΓH). This will soon lead to an unmanageable tehnial e�ort, given thenumber of hypotheses sanned. Therefore a ompromise was sought in whih ertain kinematiproperties of the signal were emphasised and simultaneously the number of referene histogramskept small. This was ahieved by �lling unweighted signal referene histograms. For most of the(MH,ΓH) hypotheses all signal masses were used for �lling the referene histograms. This re�etsthe fat that for a very large deay width of the Higgs boson the possible values of kinematialvariables are also smeared out over a large range. It was, however, found that the sensitivity ofthe likelihood seletion (i.e. the median expeted upper limits on σ(MH,ΓH) × BR(H → EMIS))ould be inreased further for small widths below 50GeV by �lling referene histograms withsignal masses from 50-80GeV and from 80-120GeV for intermediate and heavy Higgs bosonmasses respetively. A �rst likelihood was designed for a signal onsisting of small masses (MH< 80GeV) or large masses and a very large width (ΓH ≥ 110GeV). In this likelihood inputvariables are used exploiting the harateristis of the dominant fration of light masses in thesignal mass distribution. However for signal masses above MH = 80GeV and small or moderate(i.e. below 110GeV) deay widths, the ontribution of large masses dominates the signal massdistribution. In this ase the kinematis and topology of the signal events are determined bythe higher masses lose to the kinemati limit. A seond likelihood is therefore built with inputvariables optimised for suh signal harateristis. In the following the hoie of the inputs forthe two optimised likelihoods are presented.The �rst three input variables are used in both likelihoods (see Figure 3) .(1) (1 + P(MVIS ≡ MZ))−1

P(MVIS ≡ MZ) is the probability of a kinematial χ2 �t of the jet four-vetors under theassumption that the invariant mass of the two jets is ompatible with the Z boson mass.The unertainties on the measured jet energies are of the order of 5-10GeV, while the jetdiretions are measured to approximately 1-2◦[25℄. This variable depends only weakly onthe Higgs mass. For events with non-onverging �t the probability is set to zero. Theytherefore aumulate at a value of 1.(2) − log y32The Durham algorithm groups two energy �ow objets i and j into a jet as long as theirseparation in phase spae yij = 2 × min(E2
i , E2

j ) × (1 − cos(θij)/E
2
VIS is smaller then theut value ycut. The number of jets in a event is prede�ned to be 2, y32 is the value of ycutwhere the two-jet topology of the event hanges to a three-jet topology. Hene the negativelogarithm of the so-alled jet resolution parameter y32 is a measure for the jet topologybeing more two-jet like (large value of − log y32) or three-jet like (small value of − log y32).(3) pT

MIS/
√

sThe transverse missing momentum pT
MIS is one of the most prominent harateristis ofsignal-like events, but depends very muh on the Higgs boson mass. For a heavy Higgsboson produed lose to the kinemati threshold almost at rest, the Z boson has almost noboost and deays into two more or less bak-to-bak jets. In this ase the disriminatingpower of the variable is lost. 10



The next three variables (see Figure 4) omplete the �rst likelihood, whih is used for all Higgsmasses in the domain of very large width > 110GeV or low Higgs masses < 80GeV.(4) φACOLThe aolinearity angle φACOL of the two-jet system is obtained by subtrating the three-dimensional angle between the reonstruted jet-axes from 180◦. Events ontaining a low-mass Higgs boson exhibit on average a larger aolinearity than the bakground.(5) | cos θ∗|The Gottfried-Jakson angle θ∗, is de�ned as the angle between the �ight diretion of theZ boson in the laboratory frame and the diretion of the deay produts of the Z bosonboosted into the Z boson rest-frame. The variable tends to have smaller values for thesignal.(6) − log y21The variable − log y21 is analogous to − log y32 and measures the ompatibility of the eventwith a two-jet topology. Two-jet events tend to aumulate at small values of − log y21.The last three variables (see Figure 5) tune the seond likelihood to beome more sensitive forlarge Higgs boson masses and small to moderate widths.(7) EMax
JET/

√
sThe variable EMax

JET measures the energy of the most energeti of the two jets. This is onaverage higher for the four-fermion bakground, due to the boost of the W and Z pairs,whereas heavy Higgs bosons and a Z boson are produed at rest.(8) RPtiThis variable is the signi�ane of the aoplanarity between the two jets, taking into aountdetetor resolution and aeptane. The disrimination power is enhaned by weightingthe aoplanarity with the average jet polar angle, sine transverse jet diretions are morepreisely measured at large polar angles. Signal events tend to have a more signi�antaoplanarity and thus larger values of RPti
than bakground. The preise de�nition of RPtian be found in the OPAL analyses of ZZ → qqνν events [26℄.(9) (MVIS + MMIS)/(MVIS − MMIS)This variable, desribed in [27℄, uses two strongly orrelated quantities, the invariant miss-ing mass MMIS and the visible mass of the event MVIS. Depending on the mass reon-strution auray it an have positive or negative values. The signal distribution of thisvariable is broader and aumulates at higher values than for the two- and four-fermionevents, whih are distributed more narrowly around the origin.From the two likelihoods and three ranges of signal masses �lled in the referene histogramsone has six analyses to searh for the di�erent hypotheses in MH and ΓH. The study of themedian expeted σ(MH,ΓH) × BR(H → EMIS) shows that �ve of these six are su�ient to havean optimally e�ient analysis for eah signal hypothesis haraterised by MH and ΓH (see Figure2) in the range studied. Likelihood 1 was not used with the referene distribution �lled for thesignal mass range of 80 to 120GeV. Figure 6 a) to ) and g) to h) display examples for thelikelihood distributions of all �ve analyses used. In the histograms the events seleted at all�ve entre-of-mass energies are added up, although eah entre-of-mass energy was evaluatedseparately in the limit setting as explained in Setion 5.1. The appropriate likelihood was al-ulated for eah bakground, data and signal event. In ase of a signal event it was added tothe histogram with the weight de�ned in Equation 7. The number of expeted signal events is11



normalised aording to Equation 6. The use of di�erent analyses gives rise to varying shapes ofthe likelihood distributions of the bakground. Also the various shapes of the signal likelihooddistributions are visible for di�erent MH and ΓH. Sine the form of the likelihood distributionsfor signal and bakground an yield additional information in the limit alulation, only a looseut is applied in the likelihood seletion, requiring a signal likelihood larger than 0.2.4.4 Corretion of bakground and signal e�ieniesA orretion is applied to the number of expeted bakground events and the signal e�ieniesdue to noise in the detetors in the forward region whih is not modelled by the Monte Carlo.The forward energy veto used in the preseletion an aidentally be triggered by mahine bak-grounds. The orretion fator is derived from the study of random beam rossings, and appliedindividually for eah year of data taking. Random beam rossing events were reorded when nophysis trigger was ative. The fration of events that fail the veto on ativity in the forwardregion is below 3.4% for all runs analysed. The detailed breakdown of the fration of aidentallyvetoed events is given in the last olumn of Table 1.4.5 Systemati unertaintiesA possible signal in the data would reveal itself by altering the shapes of the distributions ofthe disriminating variables. Thus a systemati deviation in the desription of a reonstrutedobservable between Standard Model Monte Carlo and a data sample in whih the signal is absent,ould wrongly be attributed to the presene of a signal.The systemati unertainties in the Monte Carlo desription of the kinemati event variablesare studied in two ontrol samples at a entre-of-mass energy of 206GeV. In the �rst ontrolsample, alled two-fermion ontrol-sample in the following, radiative returns ontributing to the
qq̄(γ) proesses with photons deteted at large angles are seleted and the tagged ISR photon isremoved from the event in Monte Carlo and data. This reates a qq̄-like topology with missingmomentum at large angles. The seond ontrol sample, alled four-fermion ontrol-sample, isobtained by seleting W+W− → qq̄lν events and removing the identi�ed isolated lepton fromthe events in Monte Carlo and data. After this proedure these two ontrol samples possess atopology very similar to signal events. For all kinemati variables x of the preseletion and thelikelihood seletion the mean x and the width of the distribution (RMS) are ompared betweenMonte Carlo and data, for the two-fermion and four-fermion ontrol-samples. The observablesin the two-fermion and four-fermion Monte Carlo are then modi�ed separately aording to
xNEW

MC = (xOLD
MC − xMC) × RMSDATA

RMSMC
+ xDATA. Then all �ve likelihood seletions are repeatedseparately and the relative hange in the number of seleted events ompared to the unmodi�edase is taken as the systemati unertainty.Sine the analysis labelled A1 in Table 3 is used over a large range of the searh plane(see Figure 2), the systemati unertainties on the bakground determined in this analysis A1are taken as an estimate for the bakground for all analyses. To determine the e�et of thesystemati unertainty on the signal e�ienies, one has to take into aount the fat thatthe kinemati properties of the signal depend on the assumed Higgs mass and deay width.Twelve representative hypotheses are studied with MH hosen to be 20, 60 or 110GeV and

ΓH taking values of 5, 20, 70 and 200GeV. For these hypotheses the signal Monte Carlo ismodi�ed aording to the four-fermion orretion fators, representing the dominant remainingbakground after the ut on the signal likelihood. The relative hange in seleted event weightsompared to the unmodi�ed ase is then taken as an estimate of the systemati unertainty onthe signal e�ieny for a given hypothesis. The root-mean-square of all twelve hypotheses isapplied as an (MH,ΓH)-independent estimate for the whole searh area and for all entre-of-massenergies (see Table 4). 12



The W pairs are very e�etively redued in the preseletion by the isolated lepton veto. Dueto the importane of this veto the unertainty from the lepton isolation angle and the vetoed oneenergy is studied in the following way. The half-one angle of the outer one is inreased anddereased by two degrees, following the studies in [28℄, and the relative e�et on the seletiondetermined. Furthermore the one energy is varied by 7.4% and the analyses are repeated.The value of the one energy resaling is determined by the relative deviation of the mean of themeasured energy of the lepton andidates in the inner one between data and Monte Carlo in the
W+W− → qq̄lν sample. For signal e�ienies an analogous study was performed at the twelvepoints desribed above. Both results for the relative hange of the seletion for the one openinghalf-angle and one energy variation are added in quadrature and the root-mean-square of the 12(MH,ΓH) hypotheses was taken to yield the total unertainty assoiated with the isolated leptonveto (see Table 4).The theoretial predition on the ross-setion for the two- and four-fermion proesses addsan unertainty of 2% to the bakground unertainty [29℄. Finally, the unertainty due to thelimited Monte Carlo statistis is evaluated.Table 5 summarises the results of the studies. All unertainties are assumed to be unorre-lated and the individual ontributions are added in quadrature to obtain the total systematiunertainties on the bakground expetation and signal e�ieny. The dominant systematiunertainties on the signal e�ieny arise from the desription of the kinemati variables. Thebakground expetation is more a�eted by the unertainty in the isolated lepton veto, as themain ontribution of the bakground stems from four-fermion proesses. But the unertaintyassoiated with the desription of the kinemati variables is of similar magnitude. The limitsquoted in Setion 5.1 were alulated inluding the unertainties of Table 5. To estimate theextent to whih the limits depend on the size of the systemati unertainties, the limit alulationwas repeated doubling the systemati unertainties. A omparison of the limits with single anddouble systemati unertainties, done at similar representative points as used for the systematistudies, showed that the exluded ross-setions typially derease between a half and one anda half perent. A maximal redution of 2.1% was found.5 ResultsThe results of the searh using eah of the �ve di�erent likelihood seletions, labelled A1-A5, aftera ut on the likelihood larger than 0.2 are summarised in Table 6, whih ompares the numbers ofobserved andidates with the Standard Model bakground expetations. The data are ompatiblewith the Standard Model bakground expetations. The remaining four-fermion bakgroundonsists predominantly of W pairs, representing roughly three quarters of the bakground atenergies above the Z pair threshold. Figure 7 shows examples for signal e�ienies. For smalldeay widths the dependene on the entre-of-mass energy is weak up to MH ≈ 80GeV, andfor large widths it is weak up to the kinemati limit. Beause of the entre-of-mass energydependene of the Bjorken ross-setion of a Higgs boson with mass MH, the lower entre-of-mass energies ontribute more signi�antly to the sensitivity for lighter Higgs bosons (see e.g.in [8℄). For very light Higgs bosons the e�ieny is moderately redued by the preseletion utsdemanding a sizeable amount of missing energy. In the ase of broader Higgs resonanes withhigh mass, one observes a generally enhaned e�ieny sine the hane of seleting events fromthe low mass tail ompensates the suppression due to the falling prodution ross-setion of aheavy Higgs boson.
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5.1 The upper limits on the prodution ross-setion times branhing ratioUpper limits are alulated on the model-independent ross-setion σ(MH,ΓH) × BR(H → EMIS)saled to √
s = 206GeV. As the likelihood distributions are only loosely ut, one an use notonly the information from the integral number of seleted events (Table 6) but also from theshape in a likelihood ratio [30℄ to set more sensitive upper limits. For eah entre-of-mass energyseparately, eah bin with a signal likelihood larger than 0.2 in the distributions of expetedsignal, bakground and seleted data is treated as a searh hannel. For eah entre-of-massenergy the number of expeted signal events is saled to the total ross-setion (Equation 6). Aswith the analysis desribed in [31℄, the likelihood distributions are given as disriminating inputto a limit program [32℄. A likelihood ratio is used to determine the signal on�dene level, CLS,de�ned in [30, 32℄, whih exludes the presene of a possible signal aording to the modi�edfrequentist approah [32℄. Additionally the program alulates the median upper number ofsignal events that ould be exluded at 95% on�dene level (CL). This number is then saledto the total ross-setion at the entre-of-mass energy of 206GeV for eah (MH,ΓH) hypothesis.The systemati unertainties on the bakground expetations and signal seletion e�ienies areinluded aording a generalisation of the method desribed in [33℄.A very �ne san of the (MH,ΓH)-plane was performed by simulating the spetra of Higgsbosons with a mass MH from 1 to 120GeV and widths ΓH starting at 1GeV up to 3 TeV. TheHiggs boson mass was simulated in steps of δMH = 1GeV. Simulated values of ΓH are spaedin steps of 1GeV up to 5GeV. A spaing of δΓH = 5GeV is hosen from ΓH = 5GeV to ΓH =750GeV. Above this value steps of δΓH = 50GeV are adopted up to the maximal ΓH of 3TeV.Examples of the projetions of the observed upper ross-setion limits together with themedian expeted upper limits and the orresponding one and two standard deviation bandson the expeted limits are displayed in Figure 8 for some hoies of ΓH. Above a width of300GeV the exlusion plots look quite similar to the example displayed in Figure 8i) beausethe exluded limits do not hange very muh. The observed limits for ΓH & 60GeV are wellontained in the one standard deviation bands on the expetations and generally do not exeedtwo standard deviations exept in Figure 8 a) at MH = 114GeV. The disontinuities in thegraphs orrespond to hanges in the analyses. As one an observe, below ΓH . 40GeV theanalysis are hanged more often. Therefore the hane is higher that in a few bins there arestatistial �utuations in the seleted data, that lead to a deviation of more than one standarddeviation around the median. Also the data seleted are highly orrelated, as one an see forexample in the upward �utuation around MH = 114 GeV visible in Figure 8 a)-). All resultsfor the observed upper limits on σ(MH,ΓH) × BR(H → EMIS) are summarised in a ontour plot(Figure 9) in the sanned (MH,ΓH)-plane. Above ΓH = 200GeV the observed upper limits arein the range of 0.15 pb to 0.18 pb for all MH and vary very little. For suh large ΓH the reoilmass distribution of the Higgs tends to be more and more uniformly strethed out over the massrange explored. There is not muh di�erene in the seletion of signal events for a Higgs bosonwith e.g. a width of 400GeV or 600GeV in the onsidered range of Higgs masses. This preventsany spei� disriminating kinematial properties from being assigned to the expeted signal assignal masses of a broad kinematial range are seleted with roughly equal probability. Thereforeonly one likelihood analysis is used in this part of the searh area, seleting the same subset ofdata and bakground. Sine the upper limit on the model-independent ross-setion refers to aprodution ross-setion at a entre-of-mass energy of 206GeV, it must beome independent of(MH,ΓH) for an extremely large ΓH. In this ase the shape of the Higgs signal would just bea box, weighted with the prodution ross-setion from 1GeV to the kinemati limit of about115GeV. The data are then ompared to an approximately onstant signal expetation. Henethe upper limit on the ross-setion is approximately independent of the (MH,ΓH) hypothesis ata value of roughly 0.16 pb. For resonanes with a deay width smaller than 200GeV there are14



regions where the limits are below 0.15 pb or even 0.1 pb for MH between 60 and 74GeV. In thismass range the number of data events seleted is smaller than expeted. Above MH of 85GeVthe upper limits beome larger than 0.2 pb and rise onsiderably for small widths below 40GeV(see Figure 8 a-e). This is due to the fat that the Higgs mass approahes the kinemati limitand the likelihoods whih rely on kinematial variables like pT
MIS lose disrimination power. Amaximal value of 0.57 pb is observed for MH of 114GeV and ΓH of 1GeV orresponding to aira two-σ exess in the data.It should be kept in mind that no optimisation of the searh has been performed for ΓHbelow 5GeV. In the region of heavy Higgs boson mass & 105GeV and small width a searhusing reoil mass spetra would be more sensitive. Therefore this region is more sensitivelyovered by searhes that have been performed by the LEP experiments doumented in [2℄.5.2 Interpretation of the result in the stealthy Higgs senarioInterpreting the width ΓH of a Higgs boson aording to Equation 5, and setting mphion to zero,it was possible to set limits on ω in the stealthy Higgs senario. A range from ω = 0.04 to

ω = 24.45 was probed. The exluded regions are shown in Figure 10 at 95% on�dene level(CL) in the ω-MH parameter spae. To illustrate the Higgs boson width aording to Equation 5,ontours of �xed ΓH orresponding to a given mass MH and oupling ω are added to the plot.The maximum exluded invisible width is about ΓH = 400GeV for Higgs boson masses . 35GeV,dereasing slowly to ΓH = 115GeV for MH = 100GeV. The minimal exlusion of ω = 0.04 isobserved at MH = 1GeV and the maximal exlusion is ω = 5.9 for MH = 73GeV. For ω between0.04 and 0.59 a Higgs mass from 1 to 103GeV ould be exluded. The maximal exluded Higgsmass was 103GeV for width between 1 and 3GeV, ompared with the expeted exlusion of106GeV.The results presented in this study extend the previous deay-mode independent searhesfor new salar bosons with the OPAL detetor [5℄ to regions of larger ouplings and higherHiggs boson masses. In [5℄ an interpretation within the stealthy Higgs model yielded a maximalexluded oupling ω for masses around 30GeV, where ω was exluded up to ω = 2.7. That studyexluded Higgs boson masses up to MH = 81GeV. It should be pointed out that the deay-modeindependent searhes also studied Higgs widths between 0.1 and 1GeV and therefore over thegap between searhes within senarios assuming a narrow deay width of the invisibly deayingHiggs boson [2℄ and the searh presented in this paper up to MH = 81GeV.6 ConlusionsA dediated searh was performed in the hannel e+e− → HZ with Z → qq̄ and the non-Standard Model deay H → EMIS �nal state allowing for invisible deay widths of the Higgsboson from 1GeV up to 3TeV. The data taken by the OPAL detetor at LEP above the Wpair threshold were analysed. No indiation for a signal was found and upper limits were set on
σ(MH,ΓH) × BR(H → EMIS). The maximal upper limit is 0.57 pb at MH = 114GeV and ΓH =1GeV. Over the sanned region of the (MH,ΓH)-plane upper limits are generally of the order of0.15 pb, espeially for large values of ΓH & 400GeV or Higgs boson masses . 85GeV.The limits were interpreted in the stealthy Higgs senario assuming the presene of a largenumber of massless singlet states. Limits were alulated on the oupling ω to a hidden salarsetor of the Higgs boson with a given mass MH. A large part of the parameter plane kinemati-ally aessible with LEP 2 was exluded extending a previous exlusion published in [5℄. Valuesfor ω between 0.04 (MH = 1GeV) and 5.9 (MH = 73GeV) were exluded, and for ertain valuesof ω Higgs boson masses are exluded up to MH = 103GeV. The possible non-detetion of a15
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binned √
s nominal √

s (GeV) year int. luminosity (pb−1) aid. veto (%)
> 180�186 183 1997 40.0 3.37
> 186�193 189 1998 199.8 2.24
> 193�198 196 1999 70.4 2.53
> 198�203 200 1999 112.0 2.96
> 203�209 206 2000 206.9 2.22Table 1: Breakdown of the analysed integrated data luminosities aording to the entre-of-massenergies. The data was binned in �ve nominal entre-of-mass energies. The last olumn statesthe redution of the signal e�ienies and expeted bakground rates due to aidental triggeringof the forward energy veto in the preseletion, whih is not modelled in the Monte Carlo.

ut γγ qq( γ) 4-fermion total SM data(1)-(5) 48795 15639 4880 69314 74178(6) 148 10359 1394 11901 11779(7) 62 9128 1336 10526 10472(8) 44 4897 1167 6108 6264(9) 33 1061 964 2058 2116(10) 18 425 895 1338 1387(11) 18 423 879 1320 1368(12) 4 68 820 892 899(13) 4 60 441 505 498Table 2: Expeted number of Standard Model bakground events after the preseletion nor-malised to a data luminosity of 629.1 pb−1. The total SM bakground after preseletion isexpeted to be 505 ± 5(stat) ± 21(syst). The ontributions of the di�erent sublasses are bro-ken down in olumn two to four for the two-photon, two-fermion and four-fermion proessesrespetively.
analysis bakground unertaintylabel likelihood referene mass range (GeV) kinemati var. isol. lepton vetoA1 1 1�120 2.4% 2.4%A2 2 1�120 1.6% 2.3%A3 1 50�80 1.0% 2.5%A4 2 50�80 1.6% 2.6%A5 2 80�120 1.1% 1.5%hoie for unertainty 2.4% 2.4%Table 3: Results of the study of systemati unertainties of the expeted bakground for the�ve kinds of analyses, labelled A1-A5, used in the searh (see Figure 2) at a entre-of-massenergy of 206GeV. Sine the analysis labelled A1 overs the largest part of the searh area, itsunertainty was hosen as representative unertainty on the bakground due to the unertaintyin the kinemati variables and the isolated lepton veto at all entre-of-mass energies.19



signal hypothesis e�ieny unertainty
MH (GeV) ΓH (GeV) kinemati var. isol. lepton veto20 5 0.6% 0.6%20 20 0.4% 0.7%20 70 0.3% 0.7%20 200 0.1% 0.7%60 5 0.7% 0.8%60 20 0.7% 0.8%60 70 0.2% 0.8%60 200 0.3% 0.7%110 5 5.5% 0.7%110 20 2.9% 0.8%110 70 1.3% 0.8%110 200 0.1% 0.8%all MH and ΓH 1.9% 0.7%Table 4: Results of the study of systemati unertainties in twelve representative (MH,ΓH)-pointsat a entre-of-mass energy of 206GeV. For eah soure the root-mean-square of the individualunertainties in the twelve points was taken to get an (MH,ΓH) independent estimate of theunertainty at all entre-of-mass energies.

soure bakground unertainty e�ieny unertaintykinemati variables 2.4% 1.9%isolated lepton veto 2.4% 0.7%limited MC statistis 1.0% 0.2%predition 2- and 4-f ross-set. 2.0% -total unertainty 4.1% 2.0%Table 5: Results of the study of systemati unertainties of the bakground for the �ve analyses(see Table 3) and of the signal e�ienies in twelve representative (MH,ΓH)-points (see Table 4)at a entre-of-mass energy of 206GeV. The total unertainty on bakground expetation andsignal e�ieny is applied at all entre-of-mass energies and for all (MH,ΓH) hypotheses.
label referene masses likelihood 2-fermion 4-fermion total SM dataA1 1�120 GeV type 1 11 374 385 ± 4 ± 16 369A2 1�120 GeV type 2 3 378 381 ± 4 ± 16 370A3 50�80 GeV type 1 5 315 320 ± 3 ± 13 305A4 50�80 GeV type 2 2 315 317 ± 3 ± 13 310A5 80�120 GeV type 2 8 247 255 ± 3 ± 11 253Table 6: The likelihood seletion of events with a signal likelihood exeeding 0.2 aordingto the di�erent searh strategies. The individual ontributions to the total Standard Modelbakground of two-fermion and four-fermion bakground is broken down in the seond and thirdolumn respetively. For the total Standard Model bakground the statistial and the systematiunertainty is also given. 20
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