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Abstract

A search for the Higgs boson in final states with one, two or three isolated photons has been performed based on data
taken at LEP 2 by the DELPHI detector. The data analysed correspond to a total integrated luminosity of 67.5 pby1 at

Ž y1. Ž y1. Ž y1.centre-of-mass energies of 161 GeV 9.7 pb , 172 GeV 10.1 pb and 183 GeV 47.7 pb . No evidence for the
q y q yprocesses e e ™Hg with H™bb or gg and e e ™Hqq with H™gg was observed. Model-independent limits on

q y q y q yŽ . Ž . Ž . Ž . Ž . Ž .s e e ™Hg =BR H™bb , s e e ™Hqq =BR H™gg and s e e ™Hg =BR H™gg are set, as well as
model-dependent limits on Higgs boson anomalous couplings to vector bosons. q 1999 Published by Elsevier Science B.V.
All rights reserved.

1. Introduction

Ž .The Standard Model SM has been successful in
describing the interactions between the gauge bosons
and the fermions. Direct tests of the self-interactions
of the electroweak gauge bosons are being carried
out at LEP 2 and the Tevatron and no deviations
from the SM have been observed so far. In the
symmetry breaking sector the picture is quite differ-
ent. There is no direct experimental evidence for the
couplings of the gauge bosons to the Higgs boson
and extensions of the symmetry breaking sector of
the SM are still possible. These extensions can be
described in terms of an effective Lagrangian den-
sity, which could give rise to anomalous Hgg and

w xHZg couplings 1 .
In the SM the HZg and Hgg vertices do not

exist. The Z )rg ) ™Hg and H™gg processes
must involve charged particle loops and therefore the
corresponding cross-sections are tiny. For example,
in the SM the total cross-section for eqey™Hg at
LEP 2 energies varies from 0.2 to 0.02 fb for the
Higgs boson’s mass in the range 70 - M -H

2 w x Ž150 GeVrc 2,3 , and the branching ratio BR H™
. y3 w xgg is of order 10 4 . The presence of new

Žparticles in the loops as predicted, for instance, in
.the Minimal Supersymmetric Standard Model would

1 On leave of absence from IHEP Serpukhov.
2 Now at University of Florida.

not increase the strength of the couplings by more
w xthan a factor of three 5,6 . On the other hand, the

existence of anomalous HZg and Hgg couplings in
the framework of the Standard Model symmetry
group could result in the enhancement of the eqey

™Hg cross-section and of the H™gg decay rate
w xby two or three orders of magnitude 1,7 , thus

allowing these processes to be detectable at LEP 2.
A search for a Higgs boson in final states with

one, two or three isolated photons has been per-
formed on the data taken at LEP 2 by the DELPHI
detector. More precisely, the topologies investigated
correspond to the processes eqey™Hg with H™

q ybb or gg and to the process e e ™Hqq with
H™gg . The number of candidates found are com-
patible with the background expectation. Model-in-

q yŽ . Ž .dependent limits on s e e ™Hg =BR H™bb ,
q y q yŽ . Ž . Žs e e ™ Hqq = BR H ™ gg and s e e ™
. Ž .Hg =BR H™gg are set. Although these pro-

cesses are highly suppressed in the SM, they can be
used to search for anomalous couplings of the Higgs

w xboson to photons and to the Z 1,7 . This study was
also carried out.

The data were taken at centre-of-mass energies of
161 GeV, 172 GeV, and 183 GeV with integrated
luminosities of 9.7 pby1, 10.1 pby1 and 47.7 pby1

respectively. The effects of experimental resolution,
both on the signals and on backgrounds, were stud-
ied by generating Monte Carlo events for the possi-
ble signals and for the SM processes and passing
them through the full DELPHI simulation chain.
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q yŽ . Ž .Other limits on s e e ™Hqq =BR H™gg

w xfrom a LEP experiment can be found in 8 . A
detailed description of the DELPHI detector and its

w xperformance can be found elsewhere 9,10 .

2. Production and decay of the Higgs boson

Ž .The Standard Model SM predicts the existence
w xof one neutral Higgs boson H 11 which is searched

for at LEP. Direct Higgs boson production in eqey

Ž Ž ..collisions is possible Fig. 1 a , but since the cou-
pling of the Higgs boson to the fermions is propor-

w xtional to their squared masses 12 , this process has a
very small cross-section. Therefore, at LEP the Higgs
boson has been mainly sought through the process
eqey™HZ ). In the Standard Model for Higgs bo-

2 w xson masses, M , up to 120 GeVrc 13 , the mainH

H decay process is through bb. Several possible
channels of Z ) decay have been analysed and lower
limits for M have been set by the LEP collabora-H

w xtions 14 .

Fig. 1. Feynman diagrams for the Higgs production at LEP. The
Ž . Ž . Ž .analysed processes are b , c and d .

Although suppressed in the framework of the SM,
final states with one, two or three photons have been
proposed as possible clear signatures for the discov-

w xery of the Higgs boson 2,3 . These final states can
occur through:

q ye e ™Hg™bbg 1Ž .
q ye e ™Hqq™gg qq 2Ž .

eqey™Hg™ggg . 3Ž .
Ž . Ž .In 1 and 3 a mono-energetic photon recoils

against the Higgs boson, giving rise to a resonance in
the photon spectrum, albeit with a combinatorial

Ž .background in 3 . The main background to process
Ž . Ž .1 is Zg™qqg . In 2 the polar angle distributions
of the two photons are mainly isotropic, while the
main background consists of double ISR photons in
qq events which have a forward peaked distribution.
Selection criteria on the polar angle can thus be
applied to separate the signal from the background.

Ž .Final states from 3 are characterised by three ener-
getic photons. The QED background to this process
has at least one forward soft photon, which again
provides a good discrimination between signal and
background.

Ž . Ž .Within the Standard Model, reactions 1 , 2 and
Ž .3 occur through W or charged fermions loops. The
amplitude is dominated by the W loop contribution
w x3 and is negligible for LEP energies and luminosi-

w xties 1,3,15,16 . A possible enhancement of the pro-
duction and decay rates of the Higgs boson can be
originated by anomalous couplings of the Higgs
boson to the vector bosons. These interactions can be
expressed in terms of effective energy-dimension-six
operators included in the interaction Lagrangian den-

w xsity 1 :

7 fi
LL s O , 4Ž .Ýeff i2Lis1

where the O are the operators which represent thei

anomalous couplings, L is the typical energy scale
of the interaction and f are the constants whichi

define the strength of each term. One of the anoma-
Ž .lous operators in Eq. 4 contributes via the renor-

malization of the Higgs wave function, giving rise to
a common rescaling of all Higgs production and

w xdecay rates 1 – this constant factor was set to one.
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The other six operators give rise to the anomalous
couplings Hgg , HZg , HZZ and HWW, which can

w xbe written in the unitary gauge as 1,7 :

2 Ž .m s f q f y fW BB W W BWH V V mnLL s g y HA Aeff mn2 2L

2 f 2 22m c f q s ff ,1W W Bm m nŽ .q HZ Z q Z Z E Hm mn2 2 2g c 2c

s4 f qc4 f q s2c2 fBB W W BW mny HZ Zmn22c

Ž .s f y fW B m nŽ .q A Z E Hmn2c

2 2 Ž 2 2 .s 2 s f y2c f q c y s fŽ .BB W W BW mnq HA Zmn2c

fW q ym y qm nŽ .q W W qW W E HŽ .mn mn2

q ymny f HW W , 5Ž .W W mn

2 2 2 2 ' Ž .where g s e rs s 8 m G r 2 , s c sW F
Ž .sin cos u , G is the Fermi coupling constant, mW F W

the W boson’s mass, u the weak mixing angle andW

X sE X yE X with XsA,Z,W, the photon, Zmn m n n m

and W fields respectively.
The most remarkable feature of the effective La-

grangian is the existence of direct HZg and Hgg

couplings, resulting in possible large deviations from
the SM cross-sections of the studied processes. The
production of the Higgs boson associated with pho-
tons would then increase and H™gg , which has a
very small branching ratio in the SM, might even
become the dominant decay. A large enhancement of
the Z ) ™Hg decay width would mean that the
f rL2 coefficients were of the order 10–100 TeVy2 .i

Ž .On the other hand, the introduction of LL 4 aseff

an extension to the SM Lagrangian will also con-
tribute to other processes besides the Higgs boson
interactions, namely to gauge boson self-interactions
w x 21 . Therefore, some of the f rL coefficients arei

already bound by precise measurements of the SM
parameters. The coefficient f would contribute tof,1

a change of the Z mass and f would change theBW

W 3 yB mixing and are thus bound by low energy

Ž y2 .experiments with typical values of O 0.1–1 TeV
w x17 . The coefficients f and f contribute to theB W

Ž .Trilinear Gauge boson Couplings TGC , but these
Ž y2 .measurements still allow values of O 100 TeV .

The remaining coefficients have no tight restrictions.
Therefore, in what follows, the f and f coeffi-f,1 BW

cients will be taken as zero, and only f , f , fB W BB

and f will be considered.W W

The Higgs boson production and decay processes
where anomalous HZg , HZZ and Hgg couplings
are present at tree level, giving final states with one,

Ž .two or three photons are displayed in Figs. 1 b to
Ž . Ž .1 e . However, process 1 e will not be taken into

account in the present analyses, since it is negligible
in most of the parameter space when compared to

Ž .process 1 c .
Ž . Ž . Ž .Possible signals for processes 1 , 2 and 3

w xwere simulated using the PYTHIA generator 18 .
Events were generated at a set of possible Higgs
boson masses, ranging from 60 to 180 GeVrc2.

The interpretation of the results requires the com-
putation of the cross-sections as a function of the
anomalous couplings, f rL2, as well as of Mi H
Ž .Higgs boson mass . The CompHEP package was

w xused for this calculation 19 . All the new interac-
tions were incorporated in the generator by the use

w xof the LanHEP code 20 . In a scenario where the
anomalous contributions to the cross-section are im-
portant, the Higgs boson width depends on the fi

values and must be supplied to CompHEP. The
computation of the Higgs boson width was taken

w x w xfrom 1 and 21 and includes the interference be-
tween the SM model contribution and the new

Žanomalous diagrams. In the M range studied fromH
2 .60 to 180 GeVrc , decays of the Higgs boson into

) ) w xZZ or WW are important 16 and their contribu-
w xtion was taken into account 21 . The Higgs boson

width increases for higher values of the Higgs mass
and for increasing absolute values of the anomalous
couplings. It ranges from a few MeV up to hundreds
of MeV, never reaching the experimental M resolu-H

tion for the range of Higgs masses and couplings
considered.

Ž . Ž .The main background to processes 1 and 2 are
Z™qq with initial and final state radiation. For

Ž .process 3 the main background is the QED process
eqey™ggg . All the other relevant SM processes
were also considered.
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Bhabha events were generated with the Berends,
w x q yHollik and Kleiss generator 22 , while e e ™Zg

w xevents were generated with PYTHIA 18 . PYTHIA
was also used for the following processes: eqey™

WW, eqey™Wen , eqey™ZZ, and eqey™Zee.
In all four-fermion channels, studies with the EX-

w xCALIBUR generator 23 were also performed. The
Ž .two-photon ‘‘gg ’’ physics events were generated

w xaccording to the TWOGAM 24 generator for quark
channels and to the Berends, Daverveldt and Kleiss

w xgenerator 25 for the Quark Parton Model giving
hadrons. Compton events were generated according

w x q y w xto 26 , and e e ™ggg events according to 27 .

3. Event selection

Charged particles were considered only if they
had momentum greater than 0.1 GeVrc and impact
parameters in the transverse plane and in the beam
direction below 4 cm and 10 cm, respectively. En-
ergy depositions in the calorimeters unassociated to
charged particle tracks were required to be above 0.1
GeV.

Neutral clusters were classified as isolated pho-
tons if the total energy inside a double cone centered
around the cluster with half angles of 58 and 158, was
less than 1 GeV and if there were no charged
particles above 0.25 GeVrc inside the inner cone.
The energy of the isolated photons was then reevalu-
ated as the sum of the energies of all the particles
inside the inner cone.

The final state topologies under study are charac-
terized by the presence of jets and photons and the
absence of isolated leptons. Therefore, the identifica-
tion of isolated charged particles is of importance for
vetoing isolated leptons. The algorithm used to iden-
tify isolated charged particles demanded that inside a
double cone centered on the track, with internal and
external half angles of 58 and 258, the total charged
energy was less than 1 GeV and the total neutral
energy was less than 2 GeV. The energy of the
particle was redefined as the sum of the energies of
all the charged and neutral particles inside the inner
cone and required to be greater than 4 GeV.

For the topology with three photons, no charged
Žtracks were allowed in the event no converted pho-

.tons were recovered , the visible energy in the polar

angle region between 208 and 1608 was required to
'be above 0.1 s , and the minimum energy of each

photon was required to be 2 GeV. Whenever more
than 3 GeV of hadronic energy was associated to a
photon, at least 90% of it had to be in the first layer

Ž .of the Hadronic Calorimeter HCAL .
Ž .Hadronic topologies bbg and qqgg , required

that at least six charged tracks were present as well
as one or two electromagnetic clusters with energy
greater than 5 GeV and visible energy in the polar

'angle region between 208 and 1608 above 0.2 s ,
including at least one charged particle with an en-
ergy greater than 5 GeV. No isolated charged parti-
cles were allowed. A protection against fake photons
was set by requiring less than 1 GeV in the HCAL

Ž .and no High Density Projection Chamber HPC
layer with more than 90% of the photon electromag-
netic energy. Alternatively an energy deposition in
the hadronic calorimeter was allowed if at least 90%
was in the first layer.

All selected charged particles and neutrals not
associated to photons were forced to be clustered

w xinto jets using the DURHAM jet algorithm 28 . The
algorithm was applied three times, requiring a de-
fined number of jets, N s1,2,3. The values of thejets

resolution variable at each transition, y ,cutŽN ™ N .jetsq1 jets

characterize the event topology.
The hadronic final states searched for are well

defined 2 jet topologies. Therefore, events with a
clear monojet or 3 jet signature were excluded by
constraining the resolution variables y to becutŽ2 ™ 1.
greater than 0.003 and y to be smaller thancutŽ3™ 2 .

Ž .0.06. Events with 2 jets and photons were prese-
lected if the jets had polar angle in the range 208–1608

and momentum greater than 1 GeVrc.
The analyses were optimized for each topology

and selection levels were established. Selection level
1 corresponds to adding topological requirements to
the above set of selection criteria. After selection
level 1, specific selection criteria were applied to the
preselected samples corresponding to selection level
2. Selection level 3 is exclusively for the bbg topol-
ogy and consists of tagging the b quarks.

These selection criteria are described in subsec-
tions 3.1, 3.2 and 3.3 for the bbg , qqgg and ggg

final states respectively. The comparison between the
number of events found in data and the Monte Carlo
expectation for the various topologies and for the



( )P. Abreu et al.rPhysics Letters B 458 1999 431–446 439

Table 1
Number of events passing the sets of cuts corresponding to the selection levels described in the text for each topology and centre-of-mass
energy. The MC predicted numbers of events and their statistical errors, are displayed within parentheses. Selection level 3 applies only to
the bbg topology

' Ž .s GeV Topology Selection level

1 2 3

Ž . Ž . Ž .161 bbg 136 128"4 37 41"2 4 5"1
Ž . Ž .qqgg 22 14"1 0 2.0"0.5 –-
Ž . Ž .ggg 55 56"1 1 0.7"0.1 –-

Ž . Ž . Ž .172 bbg 109 103"3 37 36"2 7 6"1
Ž . Ž .qqgg 13 12"1 0 1.0"0.3 –-
Ž . Ž .ggg 41 38"1 1 0.5"0.1 –-

Ž . Ž . Ž .183 bbg 412 418"7 114 141"4 21 23"2
Ž . Ž .qqgg 57 57"3 7 5"1 –-
Ž . Ž .ggg 189 217"4 1 2.0"0.2 –-

different selection levels is displayed in Table 1. The
average signal selection efficiency corresponding to
the last selection level for each searched topology is
displayed in Table 2 for the three centre-of-mass
energy values.

An important contribution to the signal selection
efficiencies comes from the photon reconstruction

Ž .efficiency. The gg g QED simulation was used to
perform a systematic study of the efficiency of the
isolated photon reconstruction algorithm described
previously. This efficiency was found to be 90% in

Ž .the barrel region polar angle between 428 and 1388

Table 2
Average signal selection efficiencies at the final selection level for
the three searched topologies and for the different centre-of-mass
energy values

' Ž . Ž .s GeV Topology e %

161 bbg 35
qqgg 24
ggg 33

172 bbg 39
qqgg 27
ggg 33

183 bbg 37
qqgg 26
ggg 34

of DELPHI and 70% in the part of the forward
Žregion considered in the analyses polar angle be-

.tween 258 and 358 or between 1458 and 1558 .
The presence of matter in front of the electromag-

netic calorimeters is a source of a non-negligible
photon conversion rate. The probability that a photon
would convert in the tracking detectors and be recon-
structed was evaluated for the polar angle regions
considered in the analyses. This was done using both
a gg sample selected from the 183 GeV data and the

Ž .respective gg g QED full simulation. Within statis-
tics, a reasonable agreement between data and simu-
lation was found. The systematic uncertainty due to
the material description in the simulation was found
to be negligible compared to that from data statistics.

3.1. EÕents with one photon and two jets

Selection criteria were implemented to identify
events with two jets and only one isolated photon.
Candidates were required to have the isolated photon

Ž .with polar angle between 108 and 1708 level 1 .
After these cuts the following selection criteria

were applied to the data
Ø photon angle to the nearest jet direction, greater

than 258;
Ø photon momentum greater than 20 GeVrc;
Ø photon polar angle between 408 and 1408.
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Ž . Ž .Fig. 2. a Fitted jet–jet invariant mass and b negative logarithm of the b-tagging probability, for the bbg topology corresponding to the
Ž . 2183 GeV data sample dots . The white histograms correspond to the simulated background and the shaded histograms to a 70 GeVrc

Ž .Higgs boson signal the normalization is arbitrary . Selection level 2 has been applied both to data and simulation.

In order to improve momentum and energy reso-
w xlution, a three body kinematic fit 29 imposing total

energy and momentum conservation was performed
on the selected events. Only events with a x 2 per

Ždegree of freedom lower than 5 were accepted level
.2 ; the jet–jet effective mass resolution was then 3

GeVrc2.

Ž .Fig. 2 a shows the jet–jet invariant mass distribu-
tion at 183 GeV after the kinematic fit. The peak of
the radiative return to the Z is reconstructed with a
good resolution. The mass distribution of a simulated
signal at 70 GeVrc2 is also shown.

The main decay channel for the Higgs boson in
the studied mass range is through bb. In order to

Ž . Ž . Ž .Fig. 3. a Fitted gg and b jet–jet invariant mass spectra corresponding to the qqgg topology for the 183 GeV selected sample dots . The
white histograms represent the simulated background distributions and the shaded histograms correspond to the gg and jet–jet invariant

2 Ž .mass distributions for a simulated 70 GeVrc Higgs boson signal the normalization is arbitrary . Selection level 1 has been applied both to
data and simulation.
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reduce the qqg background, event flavour tagging
was performed based on the identification of the
final state quark. The b-tagging probability is shown

Ž .in Fig. 2 b for the 183 GeV data, for the expected
background and for a simulated Higgs signal of 70
GeVrc2. Events with a high probability of contain-

Žing a b quark b-tag variable, as defined in Refs.
w x w x . Ž10 and 30 , lower than 0.001 were accepted level
.3 . The efficiency for this b-tagging selection was

70% and the purity of the data sample was estimated
to be 86%.

3.2. EÕents with two photons and two jets

Selection criteria were used to identify events
Ž .with two jets and two isolated photons level 1 . A

w xfour body kinematic fit 29 was performed on the
selected sample imposing total energy and momen-
tum conservation. Only events with x 2 per degree
of freedom less than 5 were accepted corresponding
to a mass resolution of 4 GeV for the Higgs signal.

The gg and jet–jet invariant mass distributions
'after this fit at s s183 GeV are displayed in Fig. 3.

The corresponding reconstructed mass spectrum for
a 70 GeVrc2 Higgs boson signal is also shown.

ŽAfter the fit the following cuts were imposed level
.2 :

Ø fitted photon polar angles between 208 and 1608;
Ø angle between photons greater than 808.

3.3. EÕents with three photons

Selection criteria were implemented to identify
events with three isolated photons. Each of the pho-
ton candidates was required to fulfill the following
criteria:

Ž .Ø There could not be any Vertex Detector VD
track element pointing to the photon within 28

Ž . Ž .68 in azimuthal angle in the barrel forward
Žregion of DELPHI a VD track element was

defined as at least two hits in different VD layers
aligned within an azimuthal angle interval of

.0.58 .
Ø If the photon candidate was located inside the

Ž .FEMC Forward ElectroMagnetic Calorimeter :
Ø Its polar angle had to be greater than 258 and

less than 358 or greater than 1458 and less than
1558;

Ø Its associated hadronic energy had to be less
than 15% of its total deposited energy.

Ž . Ž q y . ŽFig. 4. 95%CL upper limits on: a s e e ™ Hg = BR H™
q y q y. Ž . Ž . Ž . Ž . Ž .bb , b s e e ™ Hqq = BR H™gg , c s e e ™ Hg

Ž .= BR H™gg , as a function of the Higgs boson mass for the
centre-of-mass energies of 161, 172 and 183 GeV.

Ø If the photon candidate was inside the HPC then:
Ø Its polar angle had to be greater than 428 and

less than 888 or greater than 928 and less than
1388;

Ø If its azimuthal angle lay outside the inter-
modular divisions 3, there had to be at least
three HPC layers with more than 5% of the
total electromagnetic energy of the photon
candidate.

3 Ž . w xmod f,158 s7.58"1.08, for more details see 9,10
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Fig. 5. 95% CL limits on each f rL2 parameter as a function of M , when other f are set to zero. The full, dashed and dotted linesi H i
Ž . Ž .correspond to the bbg , qqgg and ggg analysis, respectively. Only bbg contributes to set limits on f and f . In c and d the right handB W

Ž Z .scales correspond to TGC parameters Dk and Dg and the dashed-dotted horizontal line is the 95% CL limit on Dk from TGCg 1 g

measurements.

Ž .The preselected ggg sample level 1 consisted of
events with at least two photons fulfilling the above
criteria. Moreover, the two most energetic photons
had to have energies above 15% of the collision
energy and to be separated by more than 308.

The preselected samples correspond to a broad
Ž .selection of gg g QED events. A dedicated analy-

sis of this process including the 161, 172 and 183
w xGeV data sets can be found in 31 .

The second level of the event selection consisted
Žin demanding a third photon within the above condi-

.tions with energy above 6% of the collision energy.
The energies can be rescaled by imposing energy
and momentum conservation and using the measured
polar and azimuthal angles. The compatibility of the

momenta calculated from the angles with the mea-
sured momenta was quantified on a x 2 basis 4.
After the event selection, a three-body kinematic fit
w x32 was applied to the data sample and all selected
events were found to be compatible with a x 2 -3.
The invariant masses of the photon pairs were
reevaluated using the fitted energy values. The mass

4 12 2The x parameter was defined as x s =3
p ca lc p me as 2

yi i measÝ p are the measured momenta or ener-Ž .is1,3 is i

gies and pcalc are the momenta calculated from the kinematici
w xconstraints. s , is defined in Ref. 32 for the three photoni

topology.



( )P. Abreu et al.rPhysics Letters B 458 1999 431–446 443

resolution for the Higgs signal after the kinematic fit
was found to be 1 GeVrc2.

4. Results

From the results in Table 1, according to the SM,
no evidence for unexpected phenomena has been
found. Model-independent limits at 95% Confidence

Ž .Level CL on the cross-sections were derived for
the different topologies studied at the centre-of-mass
energies of 161 GeV, 172 GeV and 183 GeV. The
limits were obtained using a Poisson distribution

w xwith background 33 and taking into account the
mass resolution information for each topology.

Ž q y .The 95% CL upper limits on s e e ™Hg =
q yŽ . Ž . Ž .BR H™bb , s e e ™Hqq =BR H™gg and

Ž q y . Ž .s e e ™Hg =BR H™gg are displayed in Fig.
Ž . Ž . Ž .4 a , b and c respectively. The limits obtained

depend on the efficiency for the detection of the final
state particles. For Higgs boson masses above the
kinematic limit, the cross-sections correspond to the
production of a virtual Higgs boson. For this reason
the signal efficiency does not drop to zero at thresh-
old. Nevertheless, when the model-independent lim-
its are converted into a specified model, limits ob-
tained for masses above the threshold will be much
weaker since the Higgs production cross-section
would have to be very large for its virtual states to
be seen.

Limits on the anomalous couplings were com-
puted for a centre-of-mass energy of 183 GeV. They
were set assuming three different scenarios:

In the first scenario each f parameter was con-i

sidered independently by setting all the others to
zero. Limits on each f rL2 parameter were set as ai

Ž .function of the Higgs boson’s mass Fig. 5 . The
ggg analysis contributes to set exclusion limits on

< 2 < < 2 <the values of f rL and f rL for HiggsBB W W
2boson masses up to 145 GeVrc . The qqgg analysis

leads to tighter limits on f for masses M up toBB H
280 GeVrc . The bbg cross-section has a weak

dependence on f and f and the analysis of thisBB W W

process does not improve the limits on these two
parameters.

When f and f are zero, H™gg has aBB W W

negligible rate so the ggg and qqgg processes do
not contribute to set limits on other parameters. In

this case H™bb is the dominant decay and limits
on f and f may be obtained for M up to 100B W H

2 Ž Ž . Ž ..GeVrc Figs. 5 c and d .
Ž .Also shown in Fig. 5 c are the limits obtained on

the anomalous TGC parameters by the direct mea-
w x Žsurements of WW production 34 dashed-dotted

. 2horizontal lines . As mentioned in Section 2, f rLB

Ž .Fig. 6. 95% CL exclusion regions in the f = f plane a forBB W W
2 Ž . 2M s80 GeVrc , b for M s120 GeVrc , corresponding toH H

a centre-of-mass energy of 183 GeV. The contour lines corre-
spond to the upper limits on the cross-section of the processes

2bbg , qqgg and ggg . For M s120 GeVrc , the limits derivedH

using the hadronic channels are outside the region of f = fBB W W

considered.
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and f rL2 contribute also to the TGCs, and theW

resulting constraints from the bbg analysis give
indirect limits on the deviations from the SM trilin-
ear gauge boson couplings vertices. The anomalous
WWg and WWZ dipole like couplings and the WWZ
charge like couplings are defined as:

M 2 f q fŽ .W B W
Dk s ,g 22 L

M 2 f .tan2u q fŽ .W B W W
Dk s ,Z 22 L

M 2 fZ WZDg s 6Ž .1 22 L

In the case in which only f is different fromB

zero, Dk is proportional to f rL2 and Dg Z isg B 1

zero, assumptions used in the TGC direct limit for

Dk . In this case the limit obtained with the bbgg

analysis improves the direct limit of masses M upH

to 100 GeVrc2.
In the second scenario, all f except f and fi BB W W

Ž .which directly contribute to the decay H™gg

were assumed to be negligible. In this scenario, the
derived 95% CL cross-section upper limits were
used to exclude regions in the f vs f plane.W W BB

The contour plots of the limits obtained from the
bbg , qqgg and ggg analyses are displayed in Fig. 6
for M s80 GeVrc2 and M s120 GeVrc2. ForH H

M s80 GeVrc2, each final state contributes toH

exclude particular regions in the f vs f plane.W W BB

For M s120 GeVrc2 the limits derived using theH

ggg final state are clearly stronger than those from
the hadronic final states analysis.

In the third scenario the simplest assumption was
made. All f ’s have a strength of the same order andi

are set to f sF. The qqgg cross-section shows ai

Fig. 7. 95% CL limits on FrL2 as a function of the Higgs boson mass, from the 183 GeV analysis. The dotted line corresponds to the ggg

and the dashed line to the qqgg analysis.
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clear asymmetry between positive and negative val-
ues of FrL2, due to the interference between the

Ž Ž ..anomalous and standard HZZ coupling Fig. 1 c .
For the other final states there is no such interfer-
ence, as in the SM there is no tree-level vertex for
the Higgs boson production with a photon. For the

2bbg the dependence on the FrL parameter is
weaker since the anomalous coupling is only present
in the production vertex. In this scenario, limits on
FrL2 as a function of the Higgs boson mass were

Ž . 2derived Fig. 7 . Stronger constraints on FrL come
from the three-photon analysis results, and are of the
order " 35 TeVy2 for M -100 GeVrc2. TheH

qqgg results improve the ggg limit if M -90H

GeVrc2 for negative values of F. If F is positive,
the interference between anomalous and SM HZZ
couplings is destructive, therefore the limit obtained
is not as strong. The qqgg cross-section decreases
above M s90 GeVrc2, which corresponds to theH

kinematic limit for HZ production. In the mass
region analysed, the bbg final state does not im-
prove the limits.

5. Summary

DELPHI data corresponding to integrated lumi-
nosities of 47.7 pby1, 10.1 pby1 and 9.7 pby1 at the
centre-of-mass energies of 183 GeV, 172 GeV and
161 GeV respectively have been analysed and a
search for the Higgs boson in final states bbg , qqgg

and ggg performed. No evidence of unexpected
phenomena has been found. Model-independent up-
per limits on the cross-sections of these processes
were derived at 95% CL as a function of the Higgs
mass. The cross-section upper limits have been used
to derive limits on contributions from operators which
could give rise to anomalous Higgs to gauge boson
couplings and trilinear gauge boson couplings.
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