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Abstract

A data sample corresponding to about 185,000 hadronic Z decays collected by ALEPH
at LEP has been used to search for the Standard Higgs boson produced in the reaction
ete™ — H®Z*. No indication for any such signal was found, and a 95% C.L. lower limit
on the Higgs boson mass has been set at 48 GeV/c?.
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1.- Introduction.

With the data samples collected by ALEPH at the Large Electron-Positron Collider
(LEP) at CERN in 1989 and during the first half of 1990, corresponding to about 25,000
and 75,000 hadronic Z decays respectively, several analyses were performed in order to
search for the standard Higgs boson over a wide mass domain."***  The combination
of these analyses led to the exclusion of the mass range between 0 and 41.6 GeV/c? at

the 95% confidence level. Excluded domains up to 44 GeV/c? have been recently reported

by the other LEP experiments.[sl The present analyses have been performed with the full
data sample collected by ALEPH until September 1990 at various centre-of-mass energies
during a scan of the Z peak, corresponding to about 185,000 hadronic Z decays.

Searches for many different topologies have been carried out in order to be sensitive
to most of the possible final states induced by the process ete™ — H"Z*. The purpose
is twofold: to achieve the highest efficiency for large Higgs masses, and to increase the
exclusion level of significance at lower masses (this is useful to exclude standard Higgs-
like objects with weaker couplings to the Z, for example the neutral Higgs bosons of
supersymmetry ). '

The relative Z* decay branclﬁﬁg ratios on the one hand {70% into hadrons, 20% into
neutrinos and 10% into charged leptons) and the Higgs boson decay topologies as a function
of its mass on the other have led to the following search strategy:

1.a.- Very low Higgs mass domain: myo < 2m,.

When the Higgs mass is less than twice the muon mass, the only available final
states for its decay are ete™ through the direct H"ee coupling and vy via loop dia-
grams. Because of the weakness of the H Oce coupling, the lifetime of such a light
Higgs boson is non-negligible and has to be taken into account in the analysis; for
myo = 40 MeV/c?, for instance, the lifetime is ~ 100 ps, which leads to a mean free -
path of ~ 6 m for a Higgs produced in the Z — H 0Z* decay. This mean free path
increases as 1/mk,, making a very light Higgs practically “invisible” in Z decays. Such
an invisible Higgs can be detected indirectly if the Z* decays to an e*e™ or u¥ ™~ pair
thanks to the missing energy-momentum in the event.

The search for the relevant topology, an energetic acoplanar lepton pair', is re-
ported in Section 3. o .

1.b.. Intermediate Higgs mass domain: 2m, < mpyo < 15 Ge V/c2.

- Formgo smaller than twice the D mass, the main Higgs decay topology is into two
charged particles. Therefore, a search for acoplanar charged particle pairs with sub-
stantial missing energy is relevant when Z* — vo. This topology is also characteristic

1 If the tau-neutrino were massive, the Higgs boson would also decay into a », pair and this search

would apply equally well.



of the configuration (H® — r*r~)(Z* — vb). Such a search, extended to be made
sensitive to the 3-prong decay of the tau, is described in Section 4.

In the configuration (H® — v+7=)(Z* — IT1~), where [ is a lepton, a search for
4-lepton final states is relevant and is presented in Section 5.

For higher Higgs masses, the charged multiplicity of the decay products increases
and the dominant final state becomes a hadronic jet. In the configuration (H® —
hadrons)(Z* — vi) and in the Higgs mass range considered, the typical Higgs momen-
tum is sufficiently large with respect to mgeo for the monojet topology to be dominant:
it still accounts for 80% of the final states when myo = 15 GeV/c2. The search for
such a topology is reported in Section 6.

1.c.- High Higgs mass domain: mygoe > 11 GeV/c?.

Above the bb threshold, the dominant Higgs decay mode is into hadrons, but the
branching ratio into tau pairs always remains above 6%. Therefore, the searches for
acoplanar teu pairs and for 4-lepton final states remain relevant.

Although the search for monojets retains substantial efficiency up to about
35 GeV/c?, a search for pairs of acoplanar, acollinear jets with missing energy be-
comes increasingly appropriate in the configuration (H® — hadrons)(Z* — v7) as the
Higgs mass gets larger. This search is described in Section 7.

When the Z* decays into two electrons or two muons instead of neutrinos, the
topology to be searched for is a pair of energetic, isolated (and thus well identifiable)
leptons in hadronic events. This search is presented in Section 8.

When the Z* decays into two taus, a fraction of the energy of the taus is car-
ried away by the decay neutrinos. Depending on this fraction, the possible final state
topologies are very different. In one extreme situation, the final state resembles the
configuration (H® — hadrons)(Z* — %), and the search for acoplanar jets therefore
applies. In another extreme situation, the two taus may decay into energetic electrons
or muons and the search for energetic leptons can be used. When the two taus decay
into energetic charged particles, but now not necessarily leptons, the final state may
be characterized by two charged particles isolated from a hadronic system. The corre-
sponding search is reported in Section 9. Finally, when the energy of one of the taus is
carried mainly by a charged particle, while the energy of the other mainly by neutrinos,
a search for isolated charged particles in hadronic events is performed, as described
in Section 10. Of course, all these searches apply equally well in the configuration
(H® —»-r*77)(Z* — hadrons).

In Section 11, the efficiencies and the numbers of events expected to be selected by
each of these searches, as a function of mye, are summarized, and a new lower limit
on the Higgs mass is inferred.



2.- Common features and definitions.

A detailed description of ALEPH can be found in Ref. 6, and a brief account, together
with the relevant trigger conditions, in Ref. 3 for instance.

a.- Charged particles tracks.

To be used in the present analyses, charged particle tracks are required to be
reconstructed with at least four space coordinates in the TPC, and to originate from
the beam-crossing point within 7 cm along the beam direction and 2.5 cm in the
transverse direction. Furthermore, to be counted as “good tracks”, they must form
with the beam direction an angle of at least 18.2°.

For charged particle tracks not originating from the main interaction point, a secon-
dary vertex (V?) reconstruction is attempted. The tracks belonging to a reconstructed
V? pointing to the interaction vertex within the same tolerances as those defined for
good tracks are taken into account, for instance in the determination of the total energy,
but they are not counted as good tracks.

2.b.- Calorimetric clusters.

In both electromagnetic (ECAL) and hadronic (HCAL) calorimeters, clusters are
defined as groups of hit cells topologically connected. The energy of a cluster is the
sum of the energies measured in its cells. To be validated, an ECAL cluster is required
to have an energy compatible with the energy independently measured on the wire
planes in the corresponding ECAL module, and a HCAL cluster has to be topologi-
cally connected to a pattern of hit streamer tubes in the corresponding HCAL module.
The validated ECAL clusters can be identified as electromagnetic or hadronic clus-
ters thanks to the granularity of the calorimeter (the typical cell size is smaller than
1° x 1°), and taking advantage of the characteristic longitudinal and transverse profiles
of electromagnetic showers. To be considered in the subsequent analyses, the photon-
like clusters are required to carry more than 200 MeV and the neutral hadron-like ones
to carry more than 500 MeV.

2.c.- Energy flow algorithm.

For the final states with missing energy (involving neutrinos from Z* or from fau
decays), an energy flow algorithm has been developed, making use of the information
coming from most of the ALEPH subdetectors. In particular, advantage is taken of
the photon electron and muon identification capabilities and of the redundancy of the
energy measurements in, the calorimeters. The principles of the energy flow algorithm
are described in Ref. 4. A relative energy resolution of ~ 9% is achieved, practically
independent of the energy.



2.d.- Particles.

All the good tracks, tracks from reconstructed V%s, photons and neutral hadrons
provided by the energy flow algorithm are called “particles” in the following. These
particles are used in the analyses to determine quantities like missing momentum,
visible mass, thrust axis, etc.

2.e.- Jets.

The events are divided into two hemispheres by a plane perpendicular to the thrust
axis, two jets being thereby defined. The acollinearity 7 is the angle between the two jet
directions, and the acoplanarity ¥ the angle between the two jet directions projected
onto P, the plane transverse to the beam axis.

In the case of events induced by two-photon processes or by annihilation accompa-
nied by hard initial state radiation, it may be preferable to work directly in the plane
P. For that purpose, all particle momenta are projected onto P, a 2d-thrust axis is
computed therein, and the event is divided into two 2d-jets with respect to that axis.
The projected acoplanarity v, is defined as the angle between the directions of the two
2d-jets. The projected transverse momentum p, is defined as the scalar sum of the
transverse components of the 2d-jet momenta, measured with respect to the 2d-thrust
axis.

A given part of an event may also be “forced to n jets”, the clusterization being in

that case performed with the LUCLUS algorithm.m

2.f.- Energy in the forward direction Ej,.

Although it is instrumented down to a polar angle of 2°, the very forward region of
the detector, including ECAL/HCAL edges and the luminosity calorimeter (LCAL), is
preferably avoided in the missing energy channel analyses since the boundaries between
calorimeters are more numerous in this region and the energy resolution is therefore
degraded. For vetoing purposes, the quantity E;2, defined as the total energy measured
in the calorimeter cells (summed over validated clusters) within 12° of the beam axis,
is used.

2.g.- Veto inefficienctes.

When the calorimeters are used to veto events (see Eq; in Section 2.f for instance),
the possibility of vetoing a signal event because of a spurious energy deposit in any of
the calorimeters has to be accounted for. The related inefficiencies have been systema-
tically determined using events triggered at random beam crossings.



2.h.- Normalization.

The numbers of multihadronic decays recorded at each energies have been obtained
by counting the events with at least five good tracks and carrying a scalar sum of
momenta in excess of 10% of the centre-of-mass energy, when all the components of
the detector were simultaneously in good working condition. The efficiency of this

selection has been determined to be 97.5 £ 0.6%,[8] with a background coming from
ete™ — 777~ of 0.3% and from ete~ — (ete™) hadrons of less than 0.05% at the
peak energy. These numbers of events, before and after background subtraction and
efficiency correction, are listed in Table 1. ‘Also shown in this Table are the integrated
luminosities obtained by dividing the numbers of hadronic decays by the hadronic cross
section predicted by the Standard Model. These integrated luminosities have been used
in the computation of the expected number of events from the e¥e™ — H®Z* process,
thus making the prediction largely independent of theoretical uncertainties common to
the eTe~ — ¢§ and the ete™ — H?Z* cross sections (the latter has been determined
as described in Ref. 1).

Table 1. Numbers of hadronic events end luminosities recorded
at each centre-of-mass energy.

(/5 (GeV)| Npaa | Noog 1L (PP )
88.227 | 4,383 | 4,443 | 0.972
89.230 | 6,001 | 6,109 | 0.710
90.233 | 12,750 | 13,013 | 0.702
91.032 | 4,795 | 4,898 | 0.165
91.222 | 120,105 | 122,687 | 4.012
91.532 | 4,619 | 4,717 | 0.159
92.226 | 15,476 | 15,799 | 0.734
92.562 | 60 60 | 0.003
93.225 | 8,882 | 9,055 | 0.726
94.223 | 7,873 | 8,012 | 0.996
95.040 208 | 211 | 0.038
Total | 185,152 | 189,004 | 9.217

Npaa is the number of events satisfying the hadronic selection criteria (see text).

N7 .. is the corrected number of hadronic events (see text).

2.i.- Monte Carlo samples.

In order to avoid biasing the determination of the confidence levels and of the
corresponding Higgs mass limit, the selection procedures have been developed using
appropriately weighted samples of fully simulated events, so that the efficiency for

5



the H°Z* search is maximized while less than 1 background event is expected to be
observed in the data sample. The Monte Carlo samples used are:

¢ 265,000 Z — hadrons,

¢ 30,000 Z — r+7, corresponding to three times the recorded integrated luminosity,

e 30,000 e*e~ — (eTe”)qq , with mgq > 4 GeV/c?, corresponding to an integrated
luminosity of ~ 25pb~1,

e 20,000 e*e~ — (ete )r*7~, corresponding to an integrated luminosity
of ~ 50 pb~ 1,

e and, for various Higgs masses from 0 to 60 GeV/c?, at least 1,000 H°Z" events
in each of the configurations studied. In these simulations, initial and final state
radiations are included, and the various Higgs decays are computed and simulated
as described in Ref. 1.

The same selection procedures have subsequently been applied to the data. A complete

example of such a background study is given in Section 7 where the acoplanar jet
selection is described.

3.- Search for energetic acoplanar pairs.

In this section, a search for energetic lepton pairs with missing energy, typical of a
long-lived Higgs boson, is described. The backgrounds to such final states are Z — 7777,
with each of the taus decaying to a single charged particle, Z — 171~ (), with I = e or g,
and charged particle pairs produced in two-photons interactions.

In the data sample, ~ 67,000 events have exactly two good tracks and are considered.
The Z - 777~ background is brought down to a negligible level by requesting that both
charged particle momenta exceed 30 GeV/e. This same cut also removes the numerous
but low energy lepton pairs produced in two-photons interactions. This led to ~ 27,000
events in the data.

Non-radiative dilepton events and dilepton events where a photon from initial or final
state radiation is present but remains undetected because it is emitted below the LCAL
acceptance or too close to the direction of one of the final leptons (in which case its energy
deposit in ECAL is not resolved from that of the charged lepton), are eliminated by cuts
on the acoplanarity and on the acollinearity angles of the two leptons respectively: both
7 —n and m — 1 are requested to exceed 50 mr. Only 364 events remained at this stage.

The other radiative dilepton events are eliminated by requesting that E;; be zero, that
the total energy of the validated ECAL neutral clusters be less than 1 GeV, and that
the total energy of the validated HCAL neutral clusters situated in the regions of HCAL
backing the boundaries between the ECAL modules be less than 500 MeV. In order to
avoid vetoing a Higgs event because of a final state radiation or Bremsstrahlung photon
coming from one of the two leptons, the calorimetric clusters situated within +£2° in polar
angle and within +@Q; x 6° and —@Q,; x 3° in azimuth of the direction of the charged particles
are ignored (@ is the sign of the charge of the particle). Asymmetric azimuthal cuts are
used because of the curvature of the charged particle tracks in the magnetic field.

6



No events survived in the data, while the efficiency of this selection for a massless, and
therefore stable, Higgs boson is 30% when Z* decays to ptu~ and 20% when Z* decays
to eTe, including a 2.5% inefficiency related to the calorimetric vetos. When the Higgs
mass is non-zero, an additional factor in the efficiency has to be introduced to take into
account the finite Higgs lifetime.

4.- Search for acoplanar pairs.

~In this section, the topology of interest consisis of a pair of charged particles or feu
decay products accompanied by missing energy. The search has been optimized for a 50
GeV /c* Higgs boson in the configuration (H® — 7H7=)(Z* — v#), but it is also used for
the two- or four-prong Higgs boson decays that occur below the 777~ threshold.

To select this topology, events with 2 or 4 charged particle tracks and total electric
charge zero are considered. Tau candidates decaying into three charged particles are se-
lected as triplets of tracks with a total electric charge +1 and an invariant mass smaller
than 1.5 GeV/¢? (the pion mass being assumed for the charged particles). If more than
one triplet fulfil these conditions, only the one with the lowest miass is considered. For
simplicity, the tau triplets and the remaining charged particle tracks are referred to as
leptons, and only the events with two leptons are further considered. In the data, about
70,000 events satisfy the above preselection criteria. At this stage, the main background
sources are eTe” — [TI7(7) and eve™ — (ete™)ITi™.

To avoid energy losses in the forward region of the detector, Fi; is required to be zero
and both lepton directions must form an angle # with the beam axis such that | cos 8| < 0.95.

The acollinearity angle of the two leptons, 7, must be smaller than 165°. This removes
most of the Z — 7]~ events. In addition, if the angle 8 between the direction of the total
momentum of the leptons and the beam axis is such that | cos 8| < 0.90, it is required that
n > 2.5°; this is to remove e*e™ pairs from photon conversions which occur preferentially
at low angles with respect to the beam axis. |

Events from Z — [*]™y are eliminated by applying a “photon veto” which requires
that no neutral particle with energy above 1-GeV be detected unless the angle of its
direction with that of one of the leptons is smaller than 10°, or unless the invariant mass
between it and one of the leptons, assumed to be massless in this computation, is smaller
than 2 GeV/c?. These protections avoid vetoing an event because of a photon coming
from a 7 decay. In addition, in order to keep low multiplicity monojets, the “photon veto”
is not applied to events with a total visible mass smaller than 10 GeV/c*. About 18,000
events remained at this stage. '

The component of the vector sum of the lepton momenta transverse to the beam axis
must exceed 3.75% of the centre-of-mass energy. The same cut is applied to the transverse
component of the total visible momentum. These cuts remove most of the background from
two-photon events in: which both spectator electrons remain below the inner boundary of
the LCAL acceptance. As it may also happen that a spectator electron escapes through
the vertical crack of the LCAL, but still remains below the inner boundary of the HCAL
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acceptance, a tighter cut at 5% of the centre-of-mass energy is applied, but only if the
direction of the total missing momentum is within £10° in azimuth of the vertical LCAL
crack. This led to 61 events observed in the data.

The background from ete~ — (eTe™)r* 7~ is not fully removed by the transverse mo-
mentum cuts because of the energy taken away by the neutrinos from the 7 decays. These
events appear almost coplanar, but with an acoplanarity potentially increased if at least
one of the taus has emitted an energetic neutrino. This background is efficiently removed
by requiring that the projected transverse momentum p, be smaller than 1.25 GeV/c (see
Fig. 4.1). To preserve monojet-like events, this last cut is not applied when the 2d-thrust
axis points between the two projected lepton momenta.
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Fig.4.1 Projected transverse momenium distibutions

No events remained, while the efficiency for a 50 GeV/c? Higgs boson decaying to
r+r~, with the Z* decaying to v¥, is 41% including a 2.5% veto inefficiency determined
as described in Section 2.g.



5.- Search for four-lepton final states.

To select this topology, only events with 4 or 6 charged particle tracks are considered,
and among them, only those with four leptons, as defined in Section 4, are kept. The same
E1,; veto is also applied.

For the 1034 events passing this preselection, it was requested that all lepton pair in-
variant masses exceed 2 GeV/c? (in this computation, the leptons are considered massless).
Only 4 events fulfil these criteria, all identified as eepp and pupu final states. These events
were removed by further requesting that the scalar sum of the charged particle momenta
be less than 85 GeV/c. In Higgs events, it is expected that a substantial energy, carried
away by the neutrinos from 7 decays, should be missing. For a 50 GeV/c? Higgs boson
decaying to 77~ while the Z* decays to ete™, uTu~ or 77, the efficiency of this search
is 54% (including a 2% veto inefficiency).

6.- Search for monojets.

The main backgrounds to the monojet topology are two-photon processes and ete™ —
717~ when the energy of one of the taus is carried away by neutrinos. To reject most of the
latter, only events with at least 4 good tracks are considered. For an event to be classified
as a monojet, one of the two hemispheres defined with respect to the thrust axis is required
to contain an energy smaller than 2 GeV, the other hemisphere being the “monojet”. At
this preselection level, 4032 events were observed.

By reinforcing the veto on the second hemisphere in requiring that no energy be mea-
sured in a cone of half angle 50° around the direction opposite to that of the monojet,
most of the e*e~ — hadrons and all of the remaining e*e~ — 777~ background events
are removed. l

This leads to 2568 events which come mostly from two-photon processes and are ex-
pected to be produced at low polar angle. Therefore, the direction of the monojet is
required to form an angle 8 with respect to the beam axis such that |cos§| < 0.9 and
E,2 must be zero, rejecting that way more than 95% of the background and leading to 60
events observed.

No events survived in the data after requesting that the total transverse momentum
exceed 5% of the centre-of-mass energy. This cut eliminates most of the remaining back-
ground, as shown in Fig. 6.1 (the apparent disagreement between data and expectation
in the overall normalization can be attributed to the my; > 4 GeV/c? cut-off in the sim-
ulation of the two-photon processes). Finally, to remove the few background events still
expected from the process ete™ — (ete~)rtr~, and although this is not needed by the
data, the projected acoplanarity 4, is required to be smaller than 150°.

For a 11 GeV/c? Higgs, the resulting efficiencies are 57% when H® — hadrons and
13% when H? — 7F7~ (which occurs at this mass in 25% of the cases). These efficiencies
include a 2.5% veto inefficiency determined as described in Section 2.g.



s 2
= =
L ALERFH | &
T hd
3 1 N
Y W
%‘ 10 Py
=
3 s L 3
6 —
“r \p
2 .
0 i | bsded o diaaa P
0 2.5 5 7.5 10 ¢ 25 5 10
GeVic GeVie
Data Background Monte Carlo
» 2.8 © =
= = E
) o E
& E Nic 7 F
- 2.4 .:' 5 E _
L g% s F R
2 ?F | 2 2 "
£ b N
5 6 = E | B
& E E R
E 4 E R .
1.2 {L:- 3 ; '::Eo: ..:E
= - ]
0.8 c
04 ! -
0 0 E b nn .
0 0 20 40
GeVic
11 GeVic2 Higgs 11 GeVic2 Higgs (full scale}

Fig.6.1 Total transverse momentum distributions.

7.- Search for acoplanar jets,

In this section, the topology of interest consists of a pair of jets accompanied by missing
energy. The search has been optimized for a 50 GeV/c? Higgs boson in the configuration
(H® — hadrons)(Z* — vi).

Backgrounds to this process arise from events where some energy is either unseen or
mismeasured by the detector. Therefore, performing cuts on energy related quantities
might not be the best choice to get rid of standard sources of missing energy. However, as
this missing energy is likely to be contained in jets (neutrinos from semileptonic decays,
cracks in the calorimeters), the directions of the jets‘should still be well determined and
reliable. Most of the cuts were thus performed on these directions, resulting in both a
higher selection efficiency and a better selectivity.
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To design these cuts, attention was first focused on hadronic events with energy actually
lost, characterized by a visible mass smaller than 70 GeV/c?, at least 5 good tracks and a
scalar sum of the momenta carried by the good tracks in excess of 8 GeV/c. In addition,
to be complementary to the monojet analysis (see Section 6), thé energies measured in
the two hemispheres defined with respect to the event thrust axis are required to exceed
2 GeV. At this level, 11,390 events are expected from ete™ — ¢g, 200 from e*e™ — rHr-
and 255 from eYe~ — (ete~ )hadrons, while 11,865 were seen in the data. Expected and
observed visible mass distributions are also in good agreement, as shown in Fig. 7.1.
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For a substantial fraction of these events, energy is lost because a parton has been
emitted close to the beam direction and some of its fragmentation products escape the
detector. This can be seen in Fig. 7.2 where the distribution of the fraction of the total
visible energy that is measured beyond 30° of the beam axis is presented for the Monte
Carlo prediction and for the data. After a comparison with the same distribution expected
from a 50 GeV/c? Higgs boson, this fraction is required to exceed 60%. Furthermore, to
avoid dealing with the very forward region of the detector, Ej; has to be smaller than
3 GeV. After these requirements, leading to a 10% inefficiency for a 50 GeV/c? Higgs
boson, 4710 events are expected and 5018 were actually observed.
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More than 90% of the remaining background is due to ete™ — two jets, where at least
one of the jet energies is measured to be much smaller than /s/2. This mismeasurement
comes either from the energy-flow algorithm itself, in which the energy resolution is ~ 9%,
or from real effects like neutrino ‘emission. As already. stated, whatever the origin and
the amount of energy lost, the two jets remain collinear while the two jets coming from a
Higgs decay would be acollinear, as shown in Fig. 7.3. The acollinearity angle 7 is therefore
required to be smaller than 165°. The 305 events observed satisfying this criterion are to
be compared to the 354 + 20 predicted from standard processes. The resulting inefficiency
on a 50 GeV/c? Higgs signal is 7%.
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d, the total missing momentum would point along the beam direction.

Let o be the angle between the missing momentum and the beam axis (see Fig. 7.4.). To

rmine

However, if a hard photon radiation occurs in the initial state, the energy of this photon

is lost and the two jets become acollinear. For these events, and if the jet energies were
the data for 180 & 15 predicted) whereas this would affect only 4% of the signal from a

(o > 21.8°). Again half of the background disappears (155 events remained observed in
50 GeV/c* Higgs boson.

allow for some energy fluctuations in the two jets, tan « is required to be larger than 0.4
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The events surviving at this point are mostly three-jet events, where at least one of
the jet energies is mismeasured, making unreliable the direction of at least one of the
two hemispheres. Nevertheless, if only one jet “fluctuated”; the total missing momentum
should be contained in that jet, and thus not be isolated. Let E.,.. be the total energy
measured in a cone of half-angle 25.8° around the missing momentum, the distribution of
which is shown in Fig. 7.5. Requiring E;,. to be smaller than 3 GeV introduces only a
3% additional inefficiency for the signal, but rejects again half of the background. At this
stage, 95 + 10 events are expected and 73 were actually seen.
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For three-jet events with at least two fluctuating jets, the total missing momentum
direction can no longer be used, but the directions of the three jets are still well determined.
Each event is thus forced into three jets, giving the directions of the three original partons.
Let 0; be the angle between the directions of jet § and jet k, with¢,7,k = 1, 2 or 3, and with
f; < 180°. As a consequence of the total momentum conservation, the three directions
have to be contained in a given plane or, in other words, have to fulfil the condition

3

S = Z”i = 360°.

=1

Two-jet events artificially forced into three-jets will tend to have a value of S close to 360°
if collinear, but not otherwise. As, in addition, the Higgs signal events, even if three-jet
like, are not expected to be planar, they always tend to be characterized by a value of §
much smaller than 360°, as shown in Fig. 7.6.
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The ¢g background two-jet events, which would be characterized by a small 67", have
already been rejected by the acollinearity cut. Therefore, S is required to be smaller than
350°, provided the event is really three-jet like, that is when the smallest of the three angles
87" is in excess of 40°. The two-dimensional distributions of S versus §7*'" are presented
in Fig. 7.7 for the data, for the various backgrouﬁd sources and for a 50 GeV/c? Higgs.
After applying the cut, 0.6 event is expected from ete™ — 7+, 6 from ete™ — ¢7 and
12 from ete~ — (et e~ )hadrons, while 20 events were actually observed. The inefficiency
caused by this cut amounts to 4% for a 50 GeV/c? Higgs boson.
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The remaining events from ete
(see Fig. 7.7), are two-jet events with large fluctuations and accompanied by a hard initial

state radiation. Therefore, they have not been rejected by any of the previous cuts (in
smaller than 175° rejects the last ¢ events and only 0.3 777~ event remains expected. At

particular, the tan a cut is inefficient because the direction of the missing momentum is
this stage, the selection efficiency is about 68% for a 50 GeV/c? Higgs boson.

no longer determined by the energetic photon only). However, making use of the direction
of the two jets again, the acoplanarity angle ¢ of such events remains very close to 180°,
whatever the fluctuations and the photon energy, as shown in Fig. 7.8. Requiring % to be

180
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120 130 140 150
49.7.8 Acoplanarity distribution.
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The 7 last events remaining in' the data are at low visible mass and low total trans-
verse momentum, in agreement with the 5 events expected from two-photon processes
(see Fig. 7.9). It is therefore finally required, for events with a visible mass smaller than
25 GeV/c?, that the total momentum transverse to the beam direction be larger than 5%
of the centre-of-mass energy. No events remained in the data, while 0.8 is expected from
two-photon processes, with no additional inefficiency for a 50 GeV-/¢? Higgs boson.
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Although this analysis has been developed for events with a visible mass below
70 GeV/c? (see a summary in Table 2), it is worth looking at its results when applied
to the full sample. No events were observed in the data over the whole mass range (ren-

dering thus useless the 70 GeV/c? mass cut), while 1.4 are expected from e*e™ — ¢g, but
with a visible mass of ~ 90 GeV/¢?.

Table 2. Effect of the cuts in the acoplanar jets analysis on the data,
the background sources and a 50 GeV/c* Higgs signal.

Cut Data Backgrounds Higgs

gg |77 | vy | (%)

Preselection | 11,865 ] 11,390] 255 [200| 99.4
Low angles | 5,018 | 4,400 | 225 | 85 | 90.4
Acollinearity| 305 285 3 66 | 83.2
tan 155 164 3 13 | 78.8
Econe 73 80 2 13 | 751

S, g 19 6 1 13 | 71.2
Acoplanarity 7 0 6.3 |45} 67.7
T 0 0 0.3 [0.8] 67.7

No mass cut 0 14 0.3 08] 67.8

In the preselection, a cut in visible mass at 70 GeV/c? is applied. The last line of the table gives the
result of the analysis when this mass cut is removed.

When applied to the 77+ ¢ final state and for a 50 GeV/c? Higgs boson, the efficien-
cies of this search amount to 9% in the configuration (H® — 77r7)(Z* — hadrons) and
5% in the configuration (H° — hadrons){(Z* — v+77).

8.- Search for energetic lepton pairs in hadronic events.

In this section again, the search has been optimized for a 50 GeV/c? Higgs boson, now
in the configurations (H® — hadrons)(Z* — eTe™ or ptp™).

Energetic pairs, in events with at least 7 good tracks carrying more than 10% of
the centre-of-mass energy, are defined as pairs of good tracks oppositely charged, with
individual momenta in excess of 3 GeV/¢, with a scalar sum of momenta greater than
20 GeV/c and with an invariant mass greater than 5 GeV/c?. In the data, 62,995 events had
at least one such pair for an expectation of 62,289. The efficiencies on a 50 GeV/c? Higgs
signal are 90% and 87% in the channels (Z* — ptp™) and (Z* — e*e™), respectively.

To declare the pair isolated with respect to the recoiling hadronic system, first the
scalar sum of the transverse momenta of the two tracks calculated with respect to the
thrust axis of the rest of the event has to exceed 15 GeV/c. The distribution of this
quantity is shown in Fig. 8.1 both for the data compared to the standard expectation
and for the signal from a 50 GeV/c? Higgs. 809 events were observed after this cut (871

expected), preserving an 85% efﬁmency for a 50 GeV/c? Higgs in the channel (Z* — putp™)
(80% in Z* — ete™). :
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Fig.8.1 Sum of the transverse momenta of the two leptons.

In addition, at least one of the two tracks has to be topologically isolated from the
other particles, that is: . :
¢ there is no other charged particle track inside a cone of 18.2° half-angle around the
direction of its momentum,
o the sum of the energies of the neutral particles inside the same cone has to be
smaller than 1 GeV. The clusters potentially coming from final state radiation or
Bremsstrahlung photons (see Section’3) are not counted'in the sum.

Only 84 events fulfilled these is@la.tion requirements in the data, which is compatible
with the 68 events expected, while the corresponding inefficiency for a 50 GeV/c? Higgs
amounts to 5%. ' '

Finally, in order to eliminate the remaining background events, a lepton identification
is performed on both tracks, requiring one track to be “tightly” identified, and allowing
the other to be only “loosely” identified: _ _

. ® For the electron identification, two estimators, called Rt and Rf, constructed to have

a normalized Gaussian distribution for electrons, are used. The estimator Ry compares
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the momentum of the charged particle to the energy deposited in the four towers
of the electromagnetic calorimeter closest to the extrapolation of the track, and the
estimator Ry, compares the longitudinal energy deposition of the associated cluster to
a typical electromagnetic shower longitudinal profile. The tight identification is defined
by Ry > —4 (no cut on high Rp values is applied to allow for momentum losses by
Bremsstrahlung) and |Rr| < 4. The loose criterion requires only Ry > --6, except
when the charged particle track extrapolates to an ECAL crack, where Ry cannot be
calculated reliably; in that case, the associated HCAL cluster, if any, must have fewer
than 6 planes of streamer tubes fired.

e For the muon identification, the track is extrapolated through the HCAL up to the
muon chambers, and the number of planes fired inside a road 5 cm-wide around the
extrapolation of the track is compared to the number of instrumented planes in the
corresponding HCAL region. The tight identification criterion requires, in regions
where at least 15 planes are instrumented, at least a third of them to be fired, and at
least 1 hit to be registered in the last three HCAL planes or in the muon chambers.
The loose identification criterion requires:

a) in regions where at least 10 planes are instrumented, at least one hit in the last 10
HCAL planes or in the muon chambers and less than 15 GeV in the corresponding
HCAL cluster;

b) in regions where fewer than 10 planes are instrumented or for the tracks with a
momentum smaller than 5§ GeV /¢, no associated ECAL cluster or By < —5.

Requiring the two tracks to be two electrons or two muons, of which at least one
is tightly identified, has an efficiency of 92% on the signal, in both (Z* — ptp~) and
(Z* — ete™). No events remained in the data while 0.7 ete™ — g event is expected.
The overall efficiency of the selection for a 50 GeV/c? Higgs boson is 74% in the channel
(Z* — pTp~) and 69% in the channel (Z* — ete™).

A control analysis has been performed by looking for an H%eu signal in the data,
requiring two leptons of which at least one is tightly identified, thus providing the pos-
sibility of testing the lepton identification criteria on an independent sample. The deep
inelastic scattering (with one tagged electron) was pointed out by this check to be the
main background to the H%eu final state (3.6 events expected, 3 events seen), and even
to the H%ee final state although the loose electron identification is much more selective
against soft pions than the loose muon one (1.2 event expected, 0 event seen). In order to
eliminate this ultimate background, it has therefore been required, in the final states with
one electron tightly identified, that Q..pr, be smaller than 15%+/s, where pz, is the missing
longitudinal momentum of the event and Q. the sign of the charge of the most energétic
electron. No H%eu events remained in the data, while 0.4 deep inelastic scattering event
(with two tagged electrons) is expected. This last cut introduces less than half a percent
of additional inefficiency for a 50 GeV/c? Higgs in the channel (Z* — ete™).

Applying these analyses to the r+77¢g final state for a 50 GeV/c? Higgs boson, the
efficiencies are 7% in the configuration (H® — 7%t77)(Z* — hadrons) and 4% in the
configuration (H° — hadrons)(Z* — 777~). These are to be added to the 9% and 5%
obtained in Section 7.
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9.- Search for isolated charged particle pairs in hadronic events.

In this section, the search has been optimized for a 50 GeV/c? Higgs boson, in the
configurations (H® — hadrons)(Z* — r+t7r=) and (H® — 7++7)(Z* — hadrons), when
the two taus do not decay necessarily into leptons. In that case, the lepton identification
can no longer be used and the isolation requirements have to be tightened to reject the
background.

Only events with at least 7 good tracks carrying more than 10% of the centre-of-mass
energy are considered in the analysis. At least two oppositely charged particles, with
momenta p; > 2.5 GeV/c and py > 5 GeV/c and with polar angles between 45° and 135°,
have to be isolated from the other particles. To be isolated, a particle has to fulfil the
following conditions: there is no other charged particle tracks inside a cone of half-angle
25.8° around the direction of its momentum; the invariant mass of the particles contained
in the cone has to be compatible with the tau mass, i.e. smaller than 1.5 GeV/c?.

Only 57 events survived these cuts in the data, with 26 expected from ete™ — ¢g.
However, there is no particular reason to observe any missing energy in these background
events, while some missing energy is expected in the signal events due to the neutrinos
coming from the tau decays (see Fig. 9.1).
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Fig.9.1 Missing energy distribution.
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Therefore, a missing energy of at least 20 GeV is required, eliminating the remaining
simulated background and leading to 0 event in the data.

For a 50 GeV/c? Higgs boson, the efficiencies of this selection are 10% in the (H° —
7t+)(Z* — hadrons) channel and 4% in the (H® — hadrons)(Z* — 7%17) channel,
bringing additional efficiencies of 6.5% and 3% to the 16% and 9% obtained with the
analyses presented in Sections 7 and 8.

10.- Search for an isolated charged particle in hadronic events.

In this section, the topology which is searched for is a charged particle accompanied
by missing energy and momentum, both isolated from a hadronic system. Appropriate
selection criteria have been developed and optimized to search for charged Higgs bosons in
the channel ete™ — HTH ™~ — (c3)(7~#,). This analysis is found to increase the selection
efficiency in the configurations (H® — 7¥77)(Z* — hadrons) and (H® — hadrons)(Z* —
7777) when the energy of one of the taus is mostly carried away by decay neutrinos.

Only events with at least 6 charged particles carrying more than 10% of the centre-of-
mass energy are considered. At least one charged particle with a momentum in excess of
2.5 GeV/c and with a polar angle between 45° and 135° has to be isolated from the other
particles (with the same definition as in Section 9). This preselection led to 4929 events.

To select further events with isolated missing energy and momentum, the total trans-
verse missing momentum of the event with respect to the beam axis is required to exceed
7 GeV/c and the total missing energy has to be larger than 10 GeV. Furthermore, the
total energy measured in a cone of half angle 25.8° around the total missing momentum
of the event has to be smaller than 3 GeV. The effect of this cut is shown on Fig. 10.1. At
this stage, 21 events remained in the data while 29 are expected.

Since, in the Higgs mass domain of interest here (40 GeV/c? < mpyo < 50 GeV/c?),
the standard Higgs boson and the Z* also carry about half of the centre-of-mass energy
each, the energy of the hadronic system (recoiling against the tau-cone) is expected to be
~ 45 GeV; it is thus required to be smaller than 55 GeV, but no lower bound has been
applied in order to allow for energy losses due to additional neutrinos for instance.

No events remained in the data after this cut, but a few background events survive in
the Monte-Carlo sample. Those are eliminated by observing that they are 3-jet events with
a mismeasured missing momentum but in which the planar topology is preserved (while
such a feature is not expected in the H®Z”* signal). To determine the directions of the
“non-tau” jets, the event, from which the fau-cone has been removed, is forced into two
jets. Let § be the sum of the angles between the tau and the first jet, between the tau
and the second jet, and between the two jets; § is expected to be close to 360° for planar
events but not otherwise. A cut on 5 at 359.5° eliminates all of the 3.5 expected events.
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Fig.10.1 Isolation of the missing momentum.

For a 50 GeV/c? neutral Higgs boson, the efficiencies of the analysis are 7% in the
(H® — 7t1~)(Z* — hadrons) channel and 5% in the (H® — hadrons)(Z* — 77 7~)
channel, bringing additional efficiencies of 3.5% and 3% to the 22.5% and 12% obtained
with the analyses presented in Sections 7, 8 and 9.

11.- Search efficiencies and numbers of events expected from ete™ — H°Z*,

11.a.- Very low mass domain : 0 < mpye < 2m,.

In this mass range, only two of the analyses presented above contribute. The search
for energetic acoplanar pairs presented in Section 3 applies for very light Higgs bosons
which escape undetected, accompanied by a pair of electrons or muons from the Z*
decay. For higher masses, the Higgs lifetime becomes shorter so that some of the decays
are expected to occur close enough to the interaction vertex for the search for acoplanar
pairs described in Section 4 to be efficient in the.configuration (H® — ete™)(Z* — vb).
Table 3 shows the efficiencies of thesé'two analyses as a function of the Higgs mass.
The numbers of events expected are presented in that same table and in Fig. 11.1.
The total number of events expected exceeds 38 in the Higgs mass range considered,
allowing this domain to be excluded at a confidence level much higher than 95%.
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Table 3. Efficiencies and expected numbers of events for the two complementary

100

acoplanar pair searches in the very low Higgs mass domain.

Huvi HeTe~ Houtpu~
mpo (MeV/c*) | . (%) | Nexp | Ef. (%) | Newp | Eff. (%) | Neap
] — - 20. 17 30. 26
25 5 16. 14 24, 21
50 16 10. 9 15. 13
75 31 5. 4.3 8. 6.5
100 . 47 2. 1.7 3. 2.6
- 1256 14. 73 1. 0.9 1.5 1.3
150 20. 104 - - - -
200 28. 145 - - - -
212 49. 253 - - - -

—— — Acoplanar pairs (1)

- | — — — Acoplanar pairs (2)
& ™~ Prad Total
2 ™~ - -
g N7
% , //&
= , \
% 10| J N 4
g r J/ g
g B / \ ]

B Y

N / \ -

3 4 N
L 7 - — -\ — — -
95% EXCLUDED
/
L/ \ .
/ \
/
1 II I 1 I 1 1 1 1 1 1 I 1 1 1 1\| 1 1 1 1 i 1
0 50 100 150 200

myo (MeV/e?)
Fig.11.1 Number of events ezpected below the muon threshold.
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11.b.- Intermediate mass domain : 2m, < mgo < 15 GeV/c?.

Between the muon threshold and ~ 15 GeV/c?, the most relevant analyses are the
‘acoplanar pair and the monojet scarches applied to the H%v¥ channel. The acoplanar
:pair selection is naturally efficient when the Higgs decays mostly into two or four
charged particles, that is for masses below the DD threshold. The additional efficiency
‘brought by the monojet analysis increases progressively with the Higgs mass, as shown
‘in Table 4. Fig. 11.2 shows the corresponding numbers of events expected to be
observed if the Higgs mass were between 2m, and 15 GeV/c?. In the whole mass
range, a total of at least 32 events are expected while none was seen, allowing this
'domain to be excluded with more than 95% confidence. :

Table 4. Efficiencies and ezpected numbers of events for the acoplanar pair’
and monojet searches for the Higgs mass between 2m, and 15 GeV/c?.
(Hvo channel only)

Acoplanar pairs Monojets
myo (GeV/c*) | Eff. (%) | Newp | Eff. (%) | Nezp
0.212 49, 253 - -
0.300 36. 184 - -
0.500 {1 38 189 - -
0.800 35. 165 - -
1.0 33. 149 - -
1.2 32. 139 - -
14 ] 30, 125 | 0.5 | 2.1
1.6 - 31. 124 0.5 2.0
1.8 35. | 134 | 1. 3.8
2.0 33. | 121 2. 7.3
2.5 38. | 125 4, 13
3.0 |} 32. | 96 9. 27
4.0 21. | 52 26. 65
5.0 19. 41 28. 60
8.0 .13, 19 40. 58
11.0 11. 11 42. 45
15.0 2. 1.3 43. 31

The efficiencies and the numbers of events given for the mono_]et search are to be understood as

additional to the correspondmg quantntles in the acoplanar pair search.
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Fig.11.2 Number of events ezpected between the muon threshold and 15 Ge V/c2.
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11.c.- High mass domain : mgo > 11 GeV/c?.

In order to be sensitive to the highest possible Higgs mass, all the topologies pre-
sented in this paper have been included to derive the final result. The most important
final state (18.8% of the cases) is the (H? — hadrons)(Z2* — v¥) channel, leading to
a monojet or an acoplanar pair of jets (see Sections 6 and 7). The other final states
like hadrons I*1~ (3.1% for each lepton ! = e or u, see Section 8), hadrons v+~
and 771~ hadrons (7.3%, see Sections 7, 8, 9 and 10), ¥~ v (1.2%, see Section 4)
and 77~ [T~ (0.6%, see Section 5), also contribute significantly. The efliciencies of
the corresponding analyses for each channel are listed in Table 5 together with the
numbers of events expected to be found. The latter are summarized in Fig 11.3. The
total number of events expected for a 48 GeV /c? Higgs boson is 3.05. With no events
observed, such a Higgs boson is excluded with 95% confidence.

Table 5. Efficiencies and ezpected numbers of events for all the final states
considered when myo > 11 GeV/c2.

5.1 - H® — hadrons.

Z* s vb |Z* s ete |Z* —»utp~ [2* - 7Fr~

Mo (GeV/cz) (%) Nezp (%) Ne::p (%) Nezp (%) Nezp
' 11 65.1545]160.] 79 |71.| 94 |21. 2.82
20 69. [ 29.5]70. | 495 | 78. | 5.51 | 22. | 1.49

30 75.113.2]75. ] 2.15 | 82. | 2.35 | 23. | 0.66

40 77.15.11]73.] 0.80 | 80. | 0.88 | 20. | 0.22

48 17131991711 0.33 | 76. | 0.36 17. | 0.08

50 68.11.49]169. 0.25 | 74. | 0.27 | 15. | 0.05

60 - | 54.]10.31{63.| 0.06 |67.] 0.06 | 7. | 0.01

52- H° - rr-.

Z* = hadrons| 2* — vp |Z2* - 1T~

rireo (GVT Y[ ] Nep | O Fazg | 00 [Vems
11 7. 6.36 41. 1 11.0 | 54. | 7.16

20 11. 1.03 41. 1 1.14 § 54. | 0.73

30 17. 0.65 41. 1 0.46 { 54. | 0.30

40 24. 0.35 41. 1 0.18 § 54. | 0.11

48 26. 0.16 41. |1 0.08 | 54. | 0.05

50 2. | 012 |41 |0.06 |54 | 0.0

60 25. 0.03 32.10.01 | 54. | 0.01
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Fig.11.8 Number of events ézpected between 11 GeV/c® and 60 GeV/c?.

30



11.d.- Systematics.

No detailed systematic studies have been performed in the very low mass and in
the intermediate mass domains since the total number of events expected to be seen
is so large. In the high mass domain, about 85% of the Higgs events expected to be
found come from the configurations (H® — hadrons)(Z* — vz, ete™ or ptu~). The
systematic errors have therefore been studied carefully for these final states only and
assumed to be of the same order for the other channels (the relative contributions from
these channels are very small, and the dominant systematic errors are common to all
the channels). _

The uncertainty on the number of multihadronic events in the data sample induces
a systematic error of 0.6% (see Section 2.h). Another source of systematic error is the
dependence on the top mass of the ete™ — H®Z* cross section: varying m,, from
90 to 200 GeV/c? gives rise to a ~ 1% variation in the ratio of the ¢g to H°Z* cross
sections. The limited Higgs Monte Carlo statistics introduces a contribution of 0.7%
to the error.

The most important uncertainty might originate from the hadronization of the ¢g
pair coming from a scalar particle (the Higgs boson). In order to determine this uncer-
tainty, the Higgs decay simulation has been performed both using the H® — ¢gg matrix
element and applying the Lund parton shower evolution to the quark pair, pretending
thus that the two quarks are produced from a vector boson. This results in a varia-
tion smaller than 0.5% in the selection efficiencies. A 0.5% additional error has been
estimated by varying the QCD and fragmentation parameters (mainly Agcp, oy, €).

The electron and muon identification efficiencies (H°I*!~ channel only) have been
compared in the data and in the simulation with samples of Bhabha and dimuon events.
The difference between the data and the Monte Carlo has been shown to be smaller
than 1%.

Adding the various uncertainties in quadrature, a total systematic error of 2% is
obtained. Conservatively reducing by this amount the total number of events expected
to be observed, the Higgs mass lower limit obtained is 48 GeV/c?%.

12.- Conclusion,

Using a data sample corresponding to approximately 185,000 hadronic Z decays, the

process ete~™ — H%Z* has been studied in most of the possible final states in order to
search for the Standard Higgs boson H?. No events have been found in any of these
analyses, thus allowing an extension to higher masses of the domain previously excluded
by ALEPH" and other LEP experiments.ls] Combining all the analyses presented here,
the whole Higgs mass range between 0 and 48 GeV/¢? is excluded at the 95% confidence

level. When the present analyses are applied to higher statistics, they will be sensitive to
a 60 GeV/c? Higgs boson with the million events which is foreseen to be recorded in 1991.
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