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Abstract

A search is performed for Higgs bosons decaying into invisible final states, produced in
association with a Z0 boson in e+e− collisions at energies between 183 and 209 GeV. The
search is based on data samples collected by the OPAL detector at LEP corresponding to
an integrated luminosity of about 660 pb−1. The analysis aims to select events containing
the hadronic decay products of the Z0 boson and large missing momentum, as expected
from Higgs boson decay into a pair of stable weakly interacting neutral particles, such
as the lightest neutralino in the Minimal Supersymmetric Standard Model. The same
analysis is applied to a search for nearly invisible Higgs boson cascade decays into stable
weakly interacting neutral particles. No excess over the expected background from Stan-
dard Model processes is observed. Limits on the production of invisibly decaying Higgs
bosons produced in association with a Z0 boson are derived. Assuming a branching ratio
BR(h0 → invisible) = 1, a lower limit of 108.2 GeV is placed on the Higgs boson mass
at the 95% confidence level. Limits on the production of nearly invisibly decaying Higgs
bosons are also obtained.

(Submitted to Physics Letters B)

http://arXiv.org/abs/0707.0373v1


The OPAL Collaboration
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1 Introduction

The Higgs boson [1] is required by the Standard Model (SM) [2] but has not yet been ob-
served [3]. At LEP II energies it should be produced mainly through the “Higgs-strahlung”
process (e+e− → Z∗ → H0Z0) if its mass is sufficiently low. In the SM, the Higgs boson dom-
inantly decays into a pair of the heaviest kinematically accessible particles, which would be a
b-quark pair at LEP II. In some models beyond the SM, however, the Higgs boson can decay
predominantly into a pair of invisible particles if the process is kinematically allowed.

The Minimal Supersymmetric Standard Model (MSSM) [4] is one of the models which allows
for invisibly decaying Higgs bosons [5], through the h0 → χ̃0

1χ̃
0
1 process, where χ̃0

1 is the lightest
neutralino, if the mass of χ̃0

1 is lighter than half of the Higgs mass and R-parity is conserved. If
χ̃0

1 is purely photino-like, the decay h0 → χ̃0
1χ̃

0
1 is suppressed. In this case a decay h0 → χ̃0

1χ̃
0
2,

where χ̃0
2 is the second lightest neutralino, becomes dominant if it is allowed kinematically.

If the mass difference (∆M) between χ̃0
2 and χ̃0

1 is small, the visible products of the decay
χ̃0

2 → χ̃0
1Z

∗/γ are soft and the event topology is similar to that produced by an invisible Higgs
decay h0 → χ̃0

1χ̃
0
1. The h0 → χ̃0

1χ̃
0
2 processes are therefore referred to as nearly invisible Higgs

decays.

In a non-linear supersymmetric model, the Higgs boson can decay into a neutrino plus a
Goldstino [6], and the invisible decay can be dominant. In other models beyond the SM with
a spontaneously broken global symmetry, the Higgs boson could decay into a pair of massless
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Goldstone bosons, called Majorons [7], which couple strongly to the Higgs boson. In models
with extra dimensions, the Higgs boson can decay into a neutrino pair [8] or can oscillate into
invisible states if the Higgs boson mixes with a graviscalar [9] which is a scalar graviton and
escapes in the extra dimension. Models which introduce hidden scalar sectors which couple to
the Higgs sector can also cause invisible decays of the Higgs boson [10].

In this paper, a search for invisibly decaying Higgs bosons (h0 → χ0χ0)a is presented using
the data collected at various centre-of-mass energies (

√
s) between 183 and 209 GeV by the

OPAL detector at LEP, corresponding to an integrated luminosity of 659.3 pb−1. The topology
of events containing invisibly decaying Higgs bosons produced through the process e+e− → h0Z0

is characterised by the decay products of the associated Z0 boson plus large missing momentum
and a visible mass (Mvis) of the event consistent with mZ0 . Here it is also assumed that the
decay width of the Higgs boson is negligibly small. A search for invisibly decaying Higgs bosons
with large decay width is presented in Ref. [11]. The search presented here looks for a hadronic
decay of the Z0 boson in association with missing energy. To cover other Z0 decay modes, the
results from this search are combined with the results of the decay-mode independent h0Z0

search [12] where the Z0 decays into e+e− or µ+µ−. The results of the invisibly decaying Higgs
boson search at LEP I [13] are also included to enhance the sensitivities to lower Higgs boson
masses.

The same analysis is applied to search for the production of nearly invisibly decaying Higgs
bosons: e+e− → Z0h0 → (qq̄)(χ0χ0′) assuming a small mass difference ∆M = 2 and 4 GeV
between χ0 and χ0′. The standard neutralino searches [14] are sensitive to cases with ∆M ≥ 3
GeV. Similar searches for an invisibly decaying Higgs boson have been carried out by the other
LEP experiments [15].

2 The OPAL Detector, Data and Event Simulation

2.1 The OPAL Detector

The OPAL detector is described in detail in Ref. [16]. The central tracking system consisted
of a silicon micro-vertex detector, a vertex drift chamber, a jet chamber and z-chambers. In
the range | cos θ| < 0.73, 159 points could be measured in the jet chamber along each trackb.
At least 20 points on a track could be obtained over 96% of the full solid angle. The whole
tracking system was located inside a 0.435 T axial magnetic field. A lead-glass electromagnetic
calorimeter (ECAL) providing acceptance within | cos θ| < 0.984, together with pre-samplers
and time-of-flight scintillators, was located outside the magnet coil in the barrel region and at
the front end of each endcap. The magnet return yoke was instrumented for hadron calorimetry

aWhile motivated by the lightest neutralino of the MSSM, throughout this paper we use χ0 as a generic
symbol for a neutral weakly interacting massive particle resulting from an invisible Higgs boson decay.

b A right-handed coordinate system is adopted, where the x-axis points to the centre of the LEP ring,
and positive z is along the electron beam direction. The angles θ and φ are the polar and azimuthal angles,
respectively.
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(HCAL), giving a polar angle coverage of | cos θ| < 0.99, and was surrounded by external muon
chambers. The forward detectors (FD) and silicon-tungsten calorimeters (SW) located on both
sides of the interaction point measured the luminosity and complete the geometrical acceptance
down to 24 mrad in polar angle. The small gap between the endcap ECAL and FD was filled
by an additional electromagnetic calorimeter, called the gamma-catcher (GC), and a counter
consisting of tile scintillators called the MIP plug.

2.2 Data and event simulation

The search is performed using the OPAL data collected at
√

s between 183 and 209 GeV with
an integrated luminosity of 659.3 pb−1. The integrated luminosities at each

√
s are listed in

Table 1.

Nominal
√

s (GeV) 183 189 192 196 200 202 204 205 206 208
〈√s〉 (GeV) 182.7 188.6 191.6 195.5 199.5 201.7 203.7 205.0 206.5 208.0

Lumi. (pb−1) 56.1 178.2 29.0 71.7 74.9 39.3 6.3 71.4 124.6 7.8

Table 1: Average centre-of-mass energies (〈√s〉) and integrated luminosities collected at each
nominal centre-of-mass energy after detector status cuts. The uncertainty on the luminosity
measurement is 0 .5%.

The signal detection efficiencies and expected number of background events are estimated
using a variety of Monte Carlo (MC) samples. Signal samples of invisibly decaying and nearly
invisibly decaying Higgs boson processes are produced using the HZHA generator [17]. The
Higgs bosons are produced in association with a Z0 boson, and then are forced to decay into
a pair of invisible particles. Samples of h0 → χ0χ0 at each

√
s are produced in one GeV steps

in the Higgs boson mass range from 1 to 120 GeV with 2000 events per mass point. The
h0 → χ0χ0′ samples are generated with mass differences ∆M of 2 and 4 GeV at 5 or 10 GeV
Higgs boson mass intervals between 30 and 120 GeV, with 500 or 1000 events per point. The
detection efficiencies are determined at fixed values of the Higgs boson mass using the above
samples and then interpolated to arbitrary masses with a spline fit.

The most important background processes are e+e− → W+W− → ℓνqq̄ and e+e− → Z0Z0 →
νν̄qq̄. The first of these channels fakes a signal when the lepton is within a jet or escapes
detection along the beam axis, and the second is an irreducible background for Higgs bosons
with masses in the vicinity of the Z0 boson mass. The radiative multihadron process e+e− →
qq̄(γ) also contributes due to the escape of photon into the beam pipe.

The background processes are simulated primarily by the following event generators. For
two-fermion (2f) final states, events are generated by PYTHIA [18] and KK2f [19] (qq̄(γ)), BH-
WIDE [22] and TEEGG [23] (e+e−(γ)), and KORALZ [24] and KK2f (µ+µ−(γ) and τ+τ−(γ)),
for four-fermion (4f) final states, by grc4f [20] (4f processes with final states of e+e−f f̄) and
KORALW [21] (4f processes except final states with e+e−f f̄), and for so-called two-photon pro-
cesses where the initial-state electron and positron radiate photons which interact to produce
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additional final state fermions, by PHOJET [25], PYTHIA and Vermaseren [26] (hadronic and
leptonic two-photon processes; e+e−qq̄ and e+e−ℓ+ℓ−). The generated partons are hadronised
using JETSET [18] with parameters described in Ref. [27]. The resulting particles are processed
through a full simulation [28] of the OPAL detector.

3 Selection criteria

The search criteria are optimised at each
√

s using the MC samples with 10 mass points just
below the kinematic limit for the invisibly decaying Higgs, h0 → χ0χ0. For the h0 → χ0χ0′ final
state, the decay products of the Z0 may be accompanied by a soft jet with small visible mass
and energy, aligned in the direction of the missing momentum. Since the two event topologies
are very similar, the selection criteria for the h0 → χ0χ0 are also applied to the h0 → χ0χ0′ final
states. The analysis begins with a preselection to ensure data quality, followed by a combination
of cut-based and likelihood-based analysis.

Experimental variables are calculated using the four-momenta of charged particle tracks,
and ECAL and HCAL clusters. The clusters associated with tracks are also used in the energy
and momentum calculations, after subtracting the momenta of tracks from the energy observed
in the calorimeters to reduce double counting of energy [29].

3.1 Preselection

The following requirements are applied to reduce beam-related background as well as two-
photon events:

(P1) The event must not contain any charged particle track or ECAL cluster with reconstructed
energy greater than 1.3 × Ebeam, where Ebeam is the beam energy.

(P2) E
| cos θ|>0.9

vis /Evis < 0.2, where Evis is the total visible energy and E
| cos θ|>0.9

vis is the visible
energy in the region defined by | cos θ| > 0.9.

(P3) Ngood
ch /Nch > 0.2, where Ngood

ch and Nch are the number of good charged particle tracks
defined as in Ref. [30] and total number of tracks, respectively.

(P4) Mvis > 3 GeV, where Mvis is the invariant mass of the event.

(P5) pT > 1.8 GeV, where pT is the magnitude of the vector sum of the transverse momenta
of the reconstructed objects in the event with respect to the beam direction.

(P6) Forward energy veto: events are rejected if there is more than 2/2/5 GeV deposited in
either side of the forward detectors, SW/FD/GC respectively, or if there is any significant
activity in the MIP plug. This forward energy veto is introduced to ensure that the data
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sample consists of well-measured events. The efficiency loss due to vetoes on random
detector occupancy has been studied with a sample consisting of random triggers, and was
found to be between 2.2% and 4.1%, depending on

√
s. The signal detection efficiencies

and the numbers of expected background events are corrected for such losses.

(P7) Njets > 1, where Njets is the number of jets reconstructed with the Durham algorithm [31]
with a jet resolution parameter ycut = 0.005. This reduces monojet-like background caused
primarily by beam-gas and beam-wall interactions.

(P8) | cos θmiss| < 0.95, where θmiss is the polar angle of the missing momentum of the event.
The qq̄(γ) background is reduced by this requirement.

(P9) M2
miss > 0 GeV2, where M2

miss is missing mass squared and is calculated with the visible
mass scaled to the Z0-mass, i.e. M2

miss = s− 2
√

s mZ0

Mvis
Evis + m2

Z0 . This formula is applied

to avoid a negative M2
miss.

The number of data events remaining after these cuts and those expected from SM back-
ground processes are summarised in the first row of Table 2.

3.2 Main selection criteria

The main selection consists of a cut-based analysis followed by a likelihood-based analysis using
the same technique as described in Ref. [32]. After the preselection (P1-P9) the following cuts
are applied in sequence:

(B1) Ngood
ch > 4.

(B2) pT > 6 GeV.

(B3) max(| cos θjet|) < 0.95, where θjet is the polar angle of the jet axis after the event is forced
into two jets with the Durham algorithm. This requirement leaves events containing well
measured jets.

(B4) The number of isolated charged leptons identified as in Ref [32] is required to be zero to
reduce the background contribution from semi-leptonic W+W− and Z0Z0 events.

(B5) 120 GeV > Mvis > 50 GeV.

The distributions of pT and max(| cos θjet|), just before applying the respective cuts, are shown
in Figure 1. The numbers of selected events, the expected background and the signal efficiencies,
after each cut, are shown in Table 2.

After applying the above cuts, the selected sample is divided into two categories, namely
events with two jets (“2-jet”) and with more than two jets (“>2-jet”), where the number of jets
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Cut Data Background Efficiency (%)
Total 2f 4f mh0 = 105 GeV

Pre 101653 86767 48277 8299 67.6
B1 40031 34158 14253 7513 67.6
B2 16895 17037 10391 6503 65.8
B3 16694 16882 10372 6379 65.3
B4 11476 11654 8855 2695 56.1
B5 1045 1069 523 532 55.5

LH 2-jet 194 205.7 ± 1.8 ± 1.3 46.1 157.1 23.7
>2-jet 278 279.4 ± 1.9 ± 1.5 44.1 233.5 23.4

Table 2: Cut flow table at
√

s =183–209 GeV. Each row shows the number of events after each
cut of the selection (described in the text) for the data and the expected background. The back-
grounds from two-fermion and four-fermion processes are shown separately. The contributions
from two-photon processes are not shown individually but included in the total background.
The background estimates are normalised to luminosity at each energy and summed. The first
quoted error on background estimates is statistics and the second systematic. The last column
shows the luminosity-weighted average of selection efficiencies for the Z0h0 → (qq̄)(χ0χ0) final
state with mh0 = 105 GeV. The last two rows show the final numbers of selected events, ex-
pected background and the efficiency after the likelihood analysis (LH) in each category. The
efficiency in a category is the fraction of signal Monte Carlo events which pass the selection
requirements. The background numbers and signal efficiencies include the occupancy correction
determined at each

√
s due to the forward energy veto.
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is defined by the Durham algorithm with ycut = 0.005. A likelihood analysis (LH) is built up
for each category separately, with the same technique as described in Ref. [32] using the input
variables:

• cos θmiss

• the acoplanarity angle when the event is forced into two jets, φacop.

• the invariant mass of the two jets with the smallest opening angle, Mminφ
2jets .

• d23, which is defined as E2
vis×y23, where y23 is the jet resolution parameter at the transition

point from two to three jets in the jet reconstruction.

• min(N jet
ch ), which is the smallest charged multiplicity of any jet in the event.

The distributions of input variables for the expected background are different between the two
categories as shown in Figure 2, due to the different contribution from background sources.
The resulting likelihood distribution for each category is shown in Figure 3. The remaining
background in the signal-like region is dominated by semi-leptonic 4f events.

The properties of 4f background events are similar to the signal, thus broadening the like-
lihood peak for the signal. The final results are obtained by requiring the likelihood to be
larger than 0.2. The numbers of observed and expected events are summarised in Table 2 and
Table 3. The efficiency in a category is defined as the ratio of the number of selected events in
that category to the total number of produced events; the sum of efficiencies in the two cate-
gories provides the total efficiency at a given mass point. The efficiencies for the h0 → χ0χ0′

processes are relatively lower than those for the h0 → χ0χ0, as shown in Table 4.

√
s (GeV)

183 189 192 196 200 202 204 205 206 208
Data 17 52 7 19 20 12 1 22 43 1

2-jet Background 19.0 54.6 9.0 22.4 23.4 12.2 2.1 22.1 38.5 2.4
Eff.(%) 17.7 20.0 21.1 22.5 27.2 26.7 28.5 27.6 27.2 29.2
Data 15 78 18 31 41 12 2 32 47 2

>2-jet Background 30.6 76.1 13.1 31.7 30.8 15.4 2.6 28.5 47.6 3.1
Eff.(%) 17.5 20.9 20.7 24.3 25.0 25.1 24.9 23.6 26.1 23.6

Table 3: Number of candidate events and expected background for each category at each
√

s,
together with signal efficiencies for mh0 = 105 GeV.

The systematic errors on signal efficiencies and the numbers of expected background events
are estimated using the following procedures. The uncertainty corresponding to the modelling
of each selection variable is determined by comparing the mean values of the distribution of
that variable between data and SM background MC samples at

√
s = mZ0 after applying the

preselection. Efficiencies and numbers of expected background events are estimated again,
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Cat. Decay ∆M Efficiencies (%) at Higgs Mass(GeV)
Mode (GeV) 10 20 30 40 50 60 70 80 90 100 105

2-jet χ0χ0 — 13 16 20 22 26 27 27 27 27 25 24
χ0χ0γ 2 — — 11 14 18 22 24 23 25 23 24
χ0χ0γ 4 — — 8 11 14 17 19 20 20 20 21
χ0χ0Z∗ 2 — — 9 13 16 19 22 22 23 21 22
χ0χ0Z∗ 4 — — 9 13 16 18 21 22 22 21 22

>2-jet χ0χ0 — 12 14 18 20 23 24 24 25 25 23 23
χ0χ0γ 2 — — 10 14 17 19 22 23 23 22 23
χ0χ0γ 4 — — 10 14 17 19 22 23 24 23 24
χ0χ0Z∗ 2 — — 12 15 18 20 23 24 24 23 24
χ0χ0Z∗ 4 — — 12 16 19 21 23 24 25 24 25

Table 4: Luminosity-weighted averages of efficiency for χ0χ0, χ0χ0γ and χ0χ0Z∗ channels. No
Monte Carlo samples are available in the χ0χ0γ and χ0χ0Z∗ channels for Higgs masses less than
30 GeV.

shifting each variable separately by its uncertainty. Relative changes to the original values of
efficiencies and numbers of expected background events are taken as systematic errors for that
variable. The systematic errors for the LH selection are estimated in a similar way. The total
systematic errors due to the modelling of the selection variables including those entering the
LH selection are calculated by summing the errors in quadrature for each category at each

√
s

individually. The evaluated errors are summarised in Table 5. The statistical errors due to
the finite size of the MC samples and the uncertainty on the luminosity measurement are also
estimated. The total systematic error ranges from 3.5% to 17.4% for the signal, and from 1.9%
to 4.4% for the background.

Category 2-jet >2-jet
Decay Mode Inv. Nearly Inv. Inv. Nearly Inv.
∆M (GeV) — 2 4 — 2 4

Selection variable Signal 0.2-3.9% 0.0-5.0% 0.0-11.1% 0.3-4.1% 0.4-4.7% 0.6-10.3%
BKG 0.7-2.2% 1.0-1.9%

MC statistics Signal 3.3-7.3% 5.2-10.9% 6.5-15.4% 3.6-8.8% 5.0-9.5% 4.8-11.0%
BKG 1.9-3.8% 1.4-2.7%

Luminosity 0.5%

Total Signal 3.5-7.8% 5.3-10.7% 5.8-17.4% 3.7-9.5% 5.1-7.8% 4.8-11.4%
BKG 2.2-4.4% 1.9-3.4%

Table 5: Ranges of estimated relative systematic errors (in %) for all
√

s. Errors on the signal
efficiency are estimated at each MC mass point at each

√
s and those for background at each√

s. The total systematic error at each
√

s is calculated by summing the individual errors in
quadrature.
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4 Results

Figure 4 shows the missing mass distribution for the selected candidate events together with
the expected background and an expected signal of mh0 = 105 GeV for the two categories,
for all

√
s combined. No significant excess above the expected SM background is observed in

either category. The main background comes from four-fermion processes in both categories.
The broad peak around 70 GeV in the four-fermion histograms is due to the e+e− → W+W−

process and the peak around 90 GeV is due to the e+e− → Z0Z0 process. Final efficiencies are
summarised in Table 3.

Limits are calculated using the likelihood ratio method described in Ref. [33]. The Mmiss

information is used as a discriminator in the calculation. Systematic errors on the background
and signal estimate are taken into account.

4.1 Limits on the production of invisibly decaying Higgs bosons

Figure 5 (a) shows 95% confidence level (CL) limits on the production rate of an invisibly
decaying Higgs boson relative to the predicted SM Higgs production rate, defined as

BR(h0 → χ0χ0)
σ(e+e− → Z0h0)

σ(e+e− → Z0H0
SM)

= BR(h0 → χ0χ0)Rσ

where σ(e+e− → Z0h0) and σ(e+e− → Z0H0
SM) are the production cross-sections of the invis-

ibly decaying Higgs boson and the SM Higgs boson, respectively, and BR(h0 → χ0χ0) is the
branching ratio for the Higgs boson decay into a pair of invisible particles.

The observed and expected ratios shown in the figure are obtained from the results of this
search, combined with LEP I data [13], and with results from the e+e− and µ+µ− channels of
the decay-mode independent searches [12]. For LEP I results, the recoil mass information is
used as a discriminating variable, incorporated using a Gaussian mass resolution function; for
the channels from the decay-mode independent search, the distribution of the squared recoil
mass is used as a discriminant.

The full line in Figure 5 (a) represents the observed upper limit at 95% CL on the relative
production rate as a function of the Higgs boson mass. A Higgs boson which couples to the Z0

boson with SM strength and which decays exclusively into invisible final states is excluded up
to a mass of 108.2 GeV at 95% CL assuming BR(h0 → χ0χ0) = 100%, while a limit of 108.6
GeV is expected. The compatibility of the data with the expected background is quantified
using the confidence (p-value) for background-only hypothesis, 1 − CLb (see Ref. [3]) which is
plotted in Figure 5 (b).
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4.2 Limits on the production of nearly invisibly decaying Higgs

bosons

The results obtained from two nearly invisible decay modes (χ0′ → χ0Z∗ and χ0′ → χ0γ) in
this analysis are combined at each ∆M , where the lower of the two efficiencies is taken as the
combined efficiency. The limit calculation uses only results from this analysis. In Figure 6 (a)
and (b), limits on the production rate for a nearly invisibly decaying Higgs boson with ∆M =
2 and 4 GeV are shown for the data taken between 183 GeV and 209 GeV. The production
rate of the nearly invisibly decaying Higgs boson relative to the SM Higgs production rate is
defined as

BR(h0 → χ0χ0′)Rσ

where BR(h0 → χ0χ0′) is the branching ratio for the decay into nearly invisible particles. The
dependence of 1−CLb on the Higgs mass for nearly invisibly decaying Higgs bosons is shown in
Figure 6 (c) and (d). A Higgs boson coupling to the Z0 boson with SM strength and decaying
into the nearly invisible final states is excluded up to a mass of 108.4 and 107.0 GeV at 95% CL
for ∆M = 2 and 4 GeV, respectively, assuming BR(h0 → χ0χ0′) = 100%. The corresponding
expected limits are 108.2 and 107.3 GeV.

5 Conclusion

A search for invisibly decaying Higgs bosons has been performed using the data collected by
the OPAL experiment at centre-of-mass energies between 183 and 209 GeV, corresponding
to an integrated luminosity of 659.3 pb−1. The search has not shown any excess over the
expected background from SM processes. Limits on the production of invisibly decaying Higgs
bosons were calculated combining the results with those from LEP I and those from e+e− and
µ+µ− channels of a decay-mode independent search at LEP II. Invisibly decaying Higgs bosons
with masses below 108.2 GeV are excluded at 95% CL if they are produced with SM cross-
sections, assuming BR(h0 → χ0χ0) = 100%. The search criteria were also applied to a search
for nearly invisibly decaying Higgs bosons. Limits of 108.4 and 107.0 GeV were obtained for
∆M = mχ0′ − mχ0 = 2 and 4 GeV, respectively.
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96-01, vol. 2 (1996) 309.
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Figure 1: The distributions of pT and | cos θjet| at
√

s=206 GeV before applying the sequential
cuts on the variables: data (dots with error bar) are shown together with the predicted con-
tributions from the background processes; e+e− → ℓ+ℓ− (cross-hatched), two-photon processes
(negative slope hatched), four-fermion processes (positive slope hatched), and qq̄(γ) (open).
The background distributions have been normalised to 124.6 pb−1. The distribution of sim-
ulated signals for the process Z0h0 → (qq̄)(χ0χ0) for mh0 = 105 GeV are also shown with
dashed line. The signal is normalised using the SM Higgs production cross-section and 100%
production rate for the process Z0h0 → (qq̄)(χ0χ0).

16



cosθmiss

E
ve

nt
s

10
-1

1

10

-1-0.75-0.5-0.25 0 0.250.50.75 1
cosθmiss

E
ve

nt
s

10
-1

1

10

-1-0.75-0.5-0.25 0 0.250.50.75 1

φacop

E
ve

nt
s

10
-1

1

10

0 25 50 75 100125150175
φacop

E
ve

nt
s

10
-1

1

10

0 25 50 75 100125150175

M
2jets

minφ [GeV]

E
ve

nt
s

0

5

10

15

20

25

50 60 70 80 90 100 110 120
M

2jets

minφ [GeV]

E
ve

nt
s

0
5

10
15
20
25
30

0 20 40 60 80 100

d23

E
ve

nt
s

0
5

10
15
20
25
30
35

0 1 2 3 4 5 6 7 8 9
d23

E
ve

nt
s

0
5

10
15
20
25
30
35
40

0 10 20 30 40 50 60

min(N
ch

jet)

E
ve

nt
s

0
5

10
15
20
25

0 2 4 6 8 10 12 14 16 18
min(N

ch

jet)

E
ve

nt
s

0

5

10

15

20

25

0 2 4 6 8 10 12 14

Figure 2: The distribution of likelihood input variables: cos θmiss, φacop, Mminφ
2jets , d23 and

min(N jet
ch ), at

√
s = 206 GeV for the 2-jet category (left) and the >2-jet category (right).

The background sources are shaded as in Figure 1. The distributions of the signal for simu-
lated invisibly decaying Higgs bosons with mh0 = 105 GeV are shown as dashed lines. The
signal histograms are normalised to the number of events of the expected background. The
first and last bins in each histogram include underflow and overflow, respectively.
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Figure 3: The distribution of likelihood output for
√

s= 183 – 209 GeV for (a) the 2-jet
category and (b) the >2-jet category. The background sources are shaded as in Figure 1. The
distributions of the signal for simulated invisibly decaying Higgs bosons with mh0 = 105 GeV are
also shown. The signal histograms are normalised using 30 times the production cross-section
of the SM Higgs boson and 100% production rate for the process Z0h0 → (qq̄)(χ0χ0).
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Figure 4: The distribution of missing mass for each category for all LEP2 data combined:
(a) the 2-jet category and (b) the >2-jet category. The background sources are shaded as in
Figure 1. The distributions of the signal for simulated invisibly decaying Higgs bosons with
mh0 = 105 GeV are shown on top of the background distribution. The signal histograms are
normalised using the production cross-section of the SM Higgs boson and 100% production rate
for the process Z0h0 → (qq̄)(χ0χ0).
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Figure 5: (a) Observed and expected limits on the relative production rate for e+e− → Z0h0 →
Z0χ0χ0 (invisible decay) to the SM Higgs production rate at 95% CL as a function of the test
mass mh0 , assuming BR(h0 → χ0χ0) = 100%. The solid curves show the observed limits and
the dot-dashed curves the median expected limits. The dashed and dotted curves show 1σ and
2σ bands of expected limits. (b) The background confidence 1 − CLb as a function of mh0 .
The thick solid curve shows the observed 1 − CLb and the thin solid curve the expectation in
the signal plus background hypothesis. The dot-dashed, dashed and dotted lines show median
1 − CLb, and the 1σ and 2σ bands expected for the background only hypothesis, respectively.
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Figure 6: Limits on the relative production rate for e+e− → Z0h0 → Z0χ0χ0′ (nearly invisible
decay) at the 95% CL, normalised to the SM production rate for e+e− → Z0H0, (a) for ∆M = 2
GeV and (b) for ∆M = 4 GeV, assuming BR(h0 → χ0χ0′) = 100% as a function of mh0 .
Figure (c) and (d) show the 1 − CLb for ∆M = 2 and 4 GeV, respectively.
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