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Abstract

A search for the hadronic decay of a hypothetical resonance S0 in the process e+e� ! 


+ hadrons at Z0 energies is reported. Particular care is taken to optimise the sensitivity

to a scalar resonance decaying into bottom quarks, as expected for Higgs production,

e+e� ! Z0 ! H0

 with H0

! b�b, in the Standard Model or some of its extensions.

No evidence for such a resonance is observed in a sample of about 5 million produced

Z0's. The results are interpreted in terms of models of non-standard Higgs production.

An update of a search for a resonance produced in association with hadrons and the

subsequent resonance decay into two photons is also presented.
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1 Introduction

The mechanism of mass generation is one of the outstanding problems of the Standard Model.
In its minimal version this is solved by introducing the Higgs boson H0 [1], a fundamental scalar
particle. Searches at LEP using the Bjorken process Z0 ! H0 + Z�0 [2], where the o�-shell Z�0

decays into a fermion pair, have found no evidence for such a Higgs boson and placed lower
limits on its mass to mH0 > 64.5 GeV [3]. An additional Z0 decay mode into the Higgs particle
is the loop decay Z0 ! H0
 [4]. For Higgs masses smaller than about 60 GeV its Standard
Model rate is strongly suppressed relative to the Bjorken process. However, for larger masses
the radiative decay becomes the dominant mode of Z0 decays into the Higgs. Furthermore, it is
enhanced in some extensions of the Standard Model. For example, in Supersymmetric models
its production rate can increase by up to a factor of three [5]. It has also been conjectured [6, 7]
that the scalar particles are composite objects whose production rate may be larger than in the
Standard Model. Recently it has been pointed out that hardly any experimental constraints
exist on Higgs - gauge boson couplings. These could be a�ected by new physics at the scale of
several TeV and the cross section for associated Higgs - photon production can even be orders
of magnitude larger than the Standard Model Higgs expectation [8, 9] while the experimentally
scrutinized Bjorken process could be reduced.

Based on about 3.5 million hadronic Z0 decays, corresponding to 5 million produced Z0's,
we report on a search for a narrow resonance S0 recoiling against a photon, where the S0 decays
into hadrons. In particular we search for decays where the S0 is a scalar and, motivated by
the expectation that the Higgs should couple to fermions f with strength proportional to their
mass squared m2

f , we study events with an isolated photon and bottom quarks. This analysis
updates our previously published result that was based on a data sample that was more than
two orders of magnitude smaller [10]. We also update our search for a resonance decaying into
two photons produced in association with hadrons [11].

We start this paper by describing in Section 2 the selection of hadronic events with an
isolated photon. In Section 3 we present the results of �ts to the mass spectra of the hadronic
system. We use three levels of cuts that progress from a more general search for a resonance to
the speci�c signatures of a Higgs particle. In Section 4 the examination of hadronic events with
two isolated photon candidates for a narrow resonance decaying into two photons is described.
Conclusions are presented in Section 5.

2 The OPAL Detector and the Selection of Hadronic Z
0

Decays with an Isolated Photon

A detailed description of the OPAL detector can be found elsewhere [12]. Here we only review
the central detector and the electromagnetic calorimeter, essential for this analysis. The central
part consists of a system of cylindrical tracking detectors and is contained in a solenoidal
magnetic �eld of 0.435 T. Close to the interaction point there is a two layer high precision silicon
microvertex detector that is particularly suited to reconstruct secondary vertices. Three systems
of drift chambers provide an accurate determination of the momenta of charged particles.
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The detection e�ciency for charged particles is close to 100% within the polar angle range
j cos �j < 0:92 where � denotes the track angle with respect to the beam axis.

The barrel part of the electromagnetic calorimeter covers the entire azimuth and the polar
angle range down to j cos �j < 0:82. It consists of 9440 lead glass blocks, 24.6 radiation lengths
deep, pointing towards the interaction region and each subtending an angular region of approx-
imately 40 � 40 mrad2. Each of the two endcap calorimeters consists of 1132 lead glass blocks
parallel to the beam direction and covers the polar angle region of 0:81 � j cos �j � 0:98.

The analysis is based on an integrated luminosity of 140 pb�1, collected with the OPAL
detector at LEP between 1991 and 1994. The data were recorded at centre-of-mass energies
between 88.28 GeV and 94.28 GeV around the Z0 pole.

With the requirements described in reference [13] a sample of 3.509 million hadronic Z0

decays has been selected. About 86% of these events were collected on the Z0 pole. The silicon
microvertex detector was operational for about 88% of the total sample. The acceptance of the
hadronic events is estimated from Monte Carlo studies to be �had = 0.984 � 0.004 [13]. The
background fraction from � pairs and two photon processes was found to be less than 0.003.

From this sample, radiative Z0 decays are selected by requiring an isolated photon candidate.
To suppress hadronic backgrounds, mostly due to �0 ! 

 that are in general of low energy
and concentrated in the vicinity of jets, high energy isolated clusters in the electromagnetic
calorimeter have been selected. A cluster from a photon candidate has to ful�ll the following
requirements (for details see reference [15]).

� It has to be within a �ducial volume j cos �j < 0.72 or 0.82 < j cos �j < 0.92 of the
lead glass calorimeter. The intermediate region 0.72 < j cos �j < 0.82 has not been used
because the amount of material in front of the calorimeters increases up to a total of 8
radiation lengths leading to a substantial degradation of the energy resolution of the lead
glass calorimeter.

� Its energy has to be larger than 5 GeV.

� No well measured track with a transverse momentum with respect to the beam of more
than 250 MeV or any additional cluster in the lead glass calorimeter with an energy
exceeding 250 MeV is allowed within an isolation cone of half-angle 10 degrees around
the reconstructed 
ight direction of the photon candidate.

� To further suppress background from hadrons, the cluster properties are demanded to
agree with those expected from a single photon. Due to the detector geometry these
requirements are di�erent for the barrel and endcap region.

For the barrel region the requirements on the cluster properties are discussed in detail in
reference [15]. To summarize, the number of blocks has to be smaller than 16, the energy
weighted width of the cluster has to be smaller than 30 mrad and the photon hypothesis
has to be supported by the value of a cluster shape variable that indicates the goodness
of the �t to this hypothesis. These requirements result in a photon detection e�ciency of
(93.6 � 1.6)%, measured with photons from the processes e+e� ! `+`�
, 

, and 


,
where `+`� denotes either a muon or electron pair. No dependence of the e�ciency on
the photon energy has been observed for photon energies above 5 GeV.
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In the endcap region (0:82 � j cos �j � 0:92) the cluster width has to be smaller than
45 mrad and at least 70% of the cluster energy must be deposited in two blocks. The
detection e�ciency has been found to be (91.2�2.0)% for photons with energy between
5 and 30 GeV and ranges between 84% and 87% for photon energies above 30 GeV.

Additional losses are due to photon conversions in the central detector. The probability
that a photon traversing the detector perpendicular to the beam direction converts to
e+e� is (6.3 � 1.2)% [14].

After applying these cuts we are left with 25290 events containing isolated photon candi-
dates. Standard Model contributions to this sample are due to hadrons decaying into photons
(� 11%), mainly from �0 ! 

, photons emitted from the incoming electrons and positrons
(� 7%), and photons emitted from the outgoing quarks (� 82%). To identify a potential Higgs
particle we will search for a resonance structure in the hadronic mass spectrum. None of the
background contributions leads to such a resonance behaviour at least for masses larger than
� 11 GeV, i.e. above the � region.

The dominant contribution is due to photon emission from quarks. As shown in several
analyses [15, 16] QCD shower models and matrix element calculations give a good represen-
tation of the general properties of events with �nal state photons. Since the HERWIG model
reproduces the overall photon yield well, we will compare our results with about 50 000 q�q

events generated with the HERWIG model [17] corresponding to 5.9 million hadronic Z0 de-
cays. To account for the better description of bottom production and decays by the JETSET
model [18], we also use a sample of 20 000 b�b
 events generated with this model. For the �nal
comparison we combine the (u,d,s,c) events from HERWIG with the properly normalised b
events from JETSET. Assuming four di�erent Higgs masses samples each of 1000 generated
Z0 ! H0
 decays were used. To take into account detector e�ects, these events were subjected
to a detailed simulation of the OPAL detector [19] and passed through the same reconstruction
programs as the data.

3 Search for a Narrow Resonance

The search for a narrow resonance S0 in the process e+e� ! S0
 at Z0 energies proceeds in
three steps addressing in turn more and more detailed properties expected for a Higgs particle.
In all cases we search for a signal in the spectrum of the hadronic mass Mhad. We employ two
methods of determining Mhad.

The �rst one uses the relation

Mhad = Ecm

q
1� 2E
=Ecm (1)

that is based on the knowledge of the center of mass (c.m.) energy and of the photon energy
alone. The energy resolution in the lead glass calorimeter is determined in two ways yielding
consistent results. Firstly e+e�
 and �+��
 events were used invoking massless three body
kinematics and secondly Bhabha events were used by comparing well measured tracks and the
energy observed in the calorimeter. For the latter Monte Carlo simulation was used to correct
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for e�ects from bremsstrahlung of the electrons in the material of the detector and it was
shown that the resolution for photons and electrons agree for the energy range of importance
for this analysis. In the absence of initial state photon emission the hadronic mass resolution
�M decreases from about 5.8 GeV at MS0 = 20 GeV to about 0.6 GeV at MS0 = 80 GeV. Initial
state radiation leads to a tail of apparent higher masses, but its e�ect at the Z0 peak is small.

The second method leads to better resolutions at low hadronic masses and uses three body
kinematics based on properties of the hadronic system. In a �rst step the hadrons are combined
into exactly two jets applying the JADE-E0 jet �nding algorithm [20] to all tracks and non-
associated clusters in the calorimeter. The photon candidate is excluded from the jet de�nition.
Making use of the relatively good knowledge of the jet direction of �75 mrad, the energy of jet
i is then obtained from:

Ei = Ecm

�
�j sin�j
P
l;m �l�m sin�lm

(2)

where j denotes the other hadron jet, and �lm is the angle between jets or photon l and m.
The sum in the denominator runs over the three possibilities of combining the two hadronic
jets and the photon. The velocity

�k =
jP ~pijP

Ei

; (3)

is obtained by summing over the measured momenta and energies of charged tracks and clusters
in the electromagnetic calorimeter assigned to jet k. The velocity of the photon is �
=1. The
mass of the hadronic system is �nally determined from

M2
had = (E1 + E2)

2 � (�1E1)
2 � (�2E2)

2 � 2�1�2E1E2 cos�12 (4)

From simulation studies we �nd the mass resolution using this method to be independent of
mass. For large values of Mhad the �M of the second method is signi�cantly worse than for
the �rst method. We therefore measure the precision of the second method by comparing the
masses obtained from the two methods for Mhad > 60 GeV. We �nd �M = 3.1�0.1 GeV for
the second method. Since the methods are independent, we �nally use the weighted average of
the result of the two methods.

The hadronic mass spectrum is analysed in the following stages with increasingly stringent
cuts:

1. No additional requirement is imposed. This provides a very general search for a resonance
signal (Sect.3.1).

2. A cut on the angle of the quark with respect to the 
ight direction of the hadronic system
is applied, enriching a potential scalar resonance contribution (Sect.3.2).

3. Additional algorithms enhancing the fraction of bottom quarks are invoked to gain sen-
sitivity to the channel S0 ! b�b (Sect.3.3).

In each case we �t a generalized likelihood function to the mass spectrum between 15 and
83 GeV, assuming some resonance mass Mres

L = e��
NY
i=1

(B +
Nresp
2��M

exp[�(Mi �Mres)2

2�2M
]) = e��

NY
i=1

F (Mi); (5)
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where N is the number of observed events,

� =
Z M=83GeV

M=15GeV
F (M)dM (6)

the number expected from the �t, and �M is the weighted average resolution from the two
methods discussed above. The free parameter Nres, constrained to be greater than or equal to
0, accounts for the potential resonance production. Several phenomenological parametrisations
of the background were studied. We adopt the functional form

B = x1 � (1 + x2Mi + x3 exp[x4M
x5
i ]) (7)

as the default parametrisation of the background. Here the �ve xi are free parameters. Inter-
preting the results in terms of �2, we �nd typical values of 120 for 130 degrees of freedeom,
slightly depending on the assumed resonance mass and the selection. To study potential sys-
tematic uncertainties we repeat the �t in the restricted mass range �6�M around the assumed
resonance mass. In general, this gives similar branching ratio limits to those from the �t over
the full mass range. Details will be given in the following sections. Other parametrisations
that were tried, such as �xing the exponent x5 = x4 =1 generally gave worse �t qualities. We
vary Mres in steps of 500 MeV for values of 20.25 � Mres � 79.75 GeV, i.e. at each stage we
consider 120 possible resonance masses. The limits on the mass interval are chosen to avoid
the potential � contribution at low Mres and the rapidly falling acceptance close to Ecm� 5
GeV. For the presentation of background curves in the �gures, we take at each mass value the
background level obtained from the �t with Mres �xed at that point.

From the background given by the �t we derive a 95% con�dence level (C.L.) upper limit
for the product branching ratio of the Z0 into some resonance S0 of mass Mres:

BR(Z0 ! S0
) �BR(S0 ! q�q) <
1

�acc

N95%

Nhad

BR(Z0 ! had)�had: (8)

Here N95% is the maximum number of signal events that can be excluded from the �t with 95%
con�dence. It is calculated from the number of background and observed events according to
the procedure suggested in [21]. The background yield is obtained by integrating the �t result
within �2�M around the resonance mass. The number of signal events is taken as the di�erence
between observed and background yield in this mass range but has to be at least zero. The
acceptance of the selected type of events is denoted by �acc and is the product of e�ciencies
due to various sources discussed below. Nhad is the background corrected observed number of
hadronic events considered in this analysis (cp. Section 2), BR(Z0 ! had) = 0.695 � 0.003 is
the measured hadronic Z0 branching ratio [13] and �had the acceptance of hadronic events. The
e�ciencies of observing events with a potential scalar particle are calculated using a simulation
of Z0 ! S0
 including initial state radiation [22] and quark fragmentation as implemented in
JETSET [18] with parameters optimised to describe inclusive hadronic Z0 decays [23], followed
by the simulation of the detector response as discussed above. The selections used for the �rst
two stages of the analysis were found to be independent of the quark 
avour of the S0 decay
and therefore the corresponding e�ciencies were determined from a mixture of all 
avours.
Systematic errors of these e�ciencies are taken into account in deriving upper limits for the
production cross section. We conservatively reduce all e�ciencies by one standard deviation.
Two contributions were considered as overall e�ciencies:
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� Because signal and background were integrated over a region of width �2�, the e�ciency
due to the resonance shape is �res = 0.95�0.02. Distortions due to initial state radiation
are taken into account and the uncertainty allows for a 10% variation of �M .

� The photon detection e�ciency accounts for losses due to conversions and cuts on the
cluster properties and is found to be �
�e� = 0.860�0.025. Here the dependence on the
polar angle of the photon conversion probability, on the photon energy, and on the cluster
quality (described in section 2) is taken into account.

We interpret our results as they apply to theoretical expectations. The partial decay rate
as expected in the Standard Model and its extensions can be expressed as

�(Z0 ! 
S0) =
1

6
�MZ0

 
1� M2

S

M2
Z0

!3
Ce�; (9)

where Ce� is the model speci�c coupling and � � 1/128 the electromagnetic coupling at the
Z0 mass. In the Standard Model the dominant contribution is due to a W loop yielding [4]

CSM
e� =

�2

64�2
1

sin4 �w cos2 �w
(4:55 + 0:31

m2
S

m2
W

)2; (10)

or CSM
e� � 5�10�5. Here �w is the weak mixing angle and mW the W -boson mass. As described

below, we do not have su�cient sensitivity to the Standard Model Higgs boson, whereas other
models of the production of some scalar particle are signi�cantly constrained. A model for the
production of a composite Higgs boson [6] gives

C
comp

e� = (�21 + �22)
M2

Z0

�2
comp

; (11)

where �i are some unknown couplings and �comp the compositeness scale. In models with
anomalous Z0S0
 or 
S0
 couplings

Canom
e� = cos �2w(

X
i

di)
2; (12)

where di are either CP conserving or violating couplings related to some scale of new physics
[9].

We take into account variations of the production yield due to the di�erent c.m. energies
used for this search. Even for high masses the change compared to using the formulae at the Z0

pole is marginal. Since, in principle, a resonance could be produced without the intermediate
production of a Z0 we also interpret our result in terms of the production cross section

�(e+e� ! S0
) <
1

�acc

N95%R
Ldt

; (13)

where
R
Ldt is the integrated luminosity of 140 pb�1.
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3.1 Inclusive Mass Spectrum

We discuss as a �rst step the search before imposing further cuts. We show the measured
spectrum of 14658 events withMhad between 15 and 83 GeV in Figs.1a,b. No obvious resonance
structure is observed. We also display the normalised distribution of the mass spectrum for �nal
state photons as expected by the HERWIG and JETSET models. The agreement is reasonable.
We �t the distribution to equation (5) and obtain the background yield indicated by the line
in Figs.1a,b. The di�erence between data and background �t is shown in Fig.1c.

We translate this measurement into a 95% CL upper limit according to the procedure
discussed previously. The e�ciency for retaining a resonance decay depends on the angular
distribution of the quarks with respect to the S0 
ight direction. We assume an isotropic decay
of the S0. The total e�ciency is given by

�acc = �res � �
�e� � �geom (14)

where �geom takes into account the additional losses due to the restricted polar angle and to the
isolation cone. Mainly due to the requirement on the photon isolation the e�ciency decreases
slightly with increasing Mres which we parametrise as (Mres in GeV)

�geom = 0:72 + 0:0015(60 �Mres): (15)

We assign an error of 0.03 to account for uncertainties due to fragmentation e�ects that could
a�ect the isolation requirement (cp. discussion in [15]).

Fitting the function of equation (5) to the observed spectrum yields 95% CL upper limits
on the product branching ratio BR(Z0 ! S0
)BR(S0 ! q�q), as shown in Fig.1d. The limits
vary between approximately 10�5 and 4�10�5. These branching ratios correspond to production
cross sections between 0.4 and 2 pb. Restricting the �t range to a mass window of �6�M leads
mostly to identical limits. For masses below 60 GeV the limits obtained are about a factor 5
{ 100 above the Standard Model expectation. However, in this range, Higgs production with
an e�ective coupling larger than � 5 � 10�3 is excluded. For very high masses these results
are less restrictive. Amongst the 120 bins in this distribution the largest excess is observed
at Mres=38.75 GeV, where the background �t yields 670.9 events, but 784 are observed. This
corresponds to a 4.2 standard deviation upward 
uctuation of the background in this particular
bin, taking statistical errors only into account. A possible source of systematic uncertainty could
result from the choice of di�erent background parametrizations. To study this, we performed
the �t with a restricted mass window, or including a quadratic term x6M

2
i in equation (7)

and found the number of background events decreased, while the �t quality was essentially
unchanged.

3.2 Cutting on the Decay Angle

We increase the sensitivity to a resonance of spin 0 by making use of its expected isotropic
decay distribution. We determine the angle of the two quarks in the hadronic rest system with
respect to the S0 
ight direction. To this end we boost all hadrons into their common rest
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system using the four-momentum of the photon:

Ehad =
q
M2

had + p2
;
~�had = �~p
=Ehad 
had =

Ehad

Mhad

: (16)

In this rest system we then determine the thrust direction and calculate its angle �� to the pho-
ton. Whereas photons from quark bremsstrahlung and hadronic background tend to have small
angles with respect to the thrust direction, those from Z0 ! S0
 decay would be isotropically
distributed. We require j cos �� j< 0.7, which additionally rejects about 60% of the background
while retaining between 60% (for Mres = 20 GeV) and 78% (for Mres = 80 GeV) of the signal
events. We use the parametrisation (Mres in GeV)

��� = 0:725 � 0:003(60 �Mres) (17)

as an additional factor multiplying �acc. We assign an error of 0.025 to this e�ciency to take
into account the statistical uncertainty of the simulation and potential misrepresentations in
the simulation of the reconstruction of the quark direction. As discussed in [24] this uncertainty
is less than one degree. One should note that the region of j cos ��j > 0.7 is already depleted by
the isolation requirement on the photon, especially for high masses Mhad. For a scalar particle
the combined e�ciency �geom � ��� is about 0.50, with only a small dependence on the resonance
mass.

After the cos �� requirement 5701 events are retained for Mhad between 15 and 83 GeV. The
resulting spectrum is shown in �gs.2a,b. The �t to this distribution according to equation (5)
is indicated by the full line. No signi�cant resonance structure is observed which can also be
seen from �g. 2c showing the di�erence of data and background �t. Also shown is the result
of the combined HERWIG and JETSET simulation of �nal state photon emission normalised
to the observed number of events. It is in reasonable agreement with the data.

Taking the e�ciencies into account, we translate the results of a �t of equation (5) into
the 95% CL upper limits on B(Z0 ! S0
) � BR(S0 ! q�q) shown in �gure 2d. Compared
to the overall sample discussed in the previous section, the sensitivity is typically improved
by 25% yielding an upper limit of O(1 � 4 � 10�5) or a production cross section of � 0.6 pb.
The cross check with a �t in a limited mass range yields identical results for most of the mass
range but somewhat worse limits are obtained when the default �t prefers some resonance
contribution. These results correspond to limits on the production of a scalar resonance with
e�ective couplings larger than Ce� � 2�10�4 at 20 GeV and Ce� � 5�10�2 at 80 GeV. Amongst
the 120 bins in this distribution the largest excess over the �tted background is observed at
Mres=67.25 GeV, where 484 events are observed for a background of 426.3. This corresponds
to a 2.8 standard deviation upward 
uctuation of the background.

3.3 Selecting bottom decays of S0

In a �nal step we search for the speci�c decay S0 ! b�b by tagging b quark events using their
secondary vertices and their decay into energetic electrons and muons. Bottom tagging is ex-
pected to lead to a substantial reduction of the Standard Model background since only �9%
of �nal state photons are expected to originate from bottom quarks. On the other hand, for a
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Standard Model Higgs, the decay branching ratio BR(S0 ! b�b) is about 90%. Within exten-
sions of the Standard Model this branching ratio may change. For example, in Supersymmetric
models it may be reduced according to the ratio of the two vacuum expectation values and
the mixing angle between the two neutral scalars. Within composite scenarios the branching
ratio may be reduced or increased depending on the model. Therefore, depending on its actual
branching ratio into bottom pairs, events of the type b�b
 may be more sensitive to a scalar
resonance.

Secondary vertex �nding was carried out separately for each reconstructed jet in an event.
Jets are de�ned by the E0-JADE iterative clustering algorithm [20] requiring that the maximum
mass squared 2EiEj(1 � cos�ij) of two particles or precombined particles within a jet does
not exceed (7 GeV)2. Here the Ei are the energies and �ij the opening angle of the pair of
particles. To reconstruct a secondary vertex we adopt the algorithm described in ref.[25]. For
each reconstructed secondary vertex, the vertex decay length L was de�ned as the distance of
the secondary vertex from the primary vertex, projected onto a direction given by the total
momentum vector (in the plane transverse to the beam direction) of the tracks assigned to the
secondary vertex. The total vertex momentum vector was also used to determine the sign of
the decay length: L> 0 if the secondary vertex was displaced from the primary vertex in the
same direction as the total momentum, and L< 0 otherwise. To each of the jets we assign a
decay length signi�cance, de�ned as the maximum signed decay length L divided by its error
�L.

For the lepton tag we use the procedure discussed in [25] to identify muons and electrons.

We �nally retain an event if it has

� a secondary vertex with three assigned tracks and L=�L > 6, or

� a secondary vertex with at least four assigned tracks and L=�L > 4, or

� an electron candidate with momentum larger than 2 GeV and a transverse momentum
with respect to the associated jet axis of at least 1.1 GeV, or

� a muon candidate with momentum larger than 3 GeV and a transverse momentum with
respect to the associated jet axis of at least 1.2 GeV.

For the part of the data where the silicon microvertex detector was operational, we �nd that
for the selected events with j cos ��j <0.7, the tagging e�ciency for S0 ! b�b is independent for
Mres < 60 GeV and increases as

�b = 0:50 � 0:006(60 �Mres) (18)

for Mres � 60 GeV. Here Mres is taken in GeV. To account for uncertainties in the bottom
lifetimes and the simulation of the detector we assign a systematic error of 0.025 to �b. This
is estimated from comparing the e�ciency of double tagged events in the data and in the
simulation in inclusive Z0 decays and takes into account the limited statistics of the simulation.
As mentioned in Section 2, the microvertex detector was not used for about 12% of the data.
From simulation studies the e�ciency of tagging these events is found to be a factor two lower.
We therefore scale �b by 0.94.
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As expected, the �nal state photon background is signi�cantly reduced after this cut. Ac-
cording to the simulation only about 7% of the �nal state photons from light and charm quarks
are retained giving a bottom fraction in the �nal state sample of about 40%. The spectrum
of the decay length signi�cance is shown in Fig.3a together with the normalised expectation of
the simulation. Also shown is the expected distribution from bottom quarks indicating their
enrichment for large decay length signi�cances. The agreement is reasonable. In particular
no discrepancy between data and simulation is observed for large values of the decay length
signi�cance which could indicate a deviation in the predicted bottom contribution.

Only 488 events are retained in the mass range 20 < Mres < 80 GeV, which compares well
with the number of 513�16 expected by the QCD models for �nal state photon radiation, after
normalising to the event yield without bottom tagging. Out of these 488 events, 477 events are
accepted by the lifetime tag, and 21 events by the lepton tag. The mass spectrum is shown in
Figs.3b,c. No signi�cant resonance structure is observed which is underlined by Fig.3d showing
the di�erence between data and the background �t. Also the shape of the expectation agrees
well with the data, suggesting that they can be explained by �nal state photon emission alone.

We �t the function of equation (5) to this spectrum and obtain the 95% CL upper limit of
the product branching ratio BR(Z0 ! S0
) �BR(S0 ! b�b). The �tted background distribution
is shown in Figs.3b,c. The corresponding limits are displayed in Fig.3e. Also shown is the
expectation for the Standard Model and for various values of the e�ective coupling Ce� assuming
a branching ratio BR(S0 ! b�b) of 100%.

Assuming a signi�cant branching ratio of the S0 into bottom quarks, the bottom tagging
requirement provides a gain of about factor of two compared to the sensitivity with no tagging.
This sets limits on BR(Z0 ! S0
) � BR(S0 ! b�b) of typically between 0.7 and 2 �10�5 or a
production cross section between 0.3 and 0.8 pb. Restricting the �t to a mass window around
the resonance mass yields in general � 10% worse limits forMres < 40 GeV and better limits for
larger masses. In this case the �t with x4 = x5 = 1 also gives �ts of acceptable quality and can
be used as a systematic check. Its results are very close to the other two �ts. Amongst the 120
bins in this distribution, the largest excess is at Mres = 62.75 GeV, where we observe 56 events
and the background �t yields 40.9 events. This corresponds to a 2.4 standard deviation upward

uctuation. In terms of extensions of the Standard Model, we can exclude the production of
a scalar resonance with Ce� > 3 � 10�4 for masses below 35 GeV, and Ce� > 10�4 for masses
below 60 GeV. For Mres=80 GeV the limit corresponds to Ce� � 5 � 10�3.

4 Search for a Resonance Decay into Two Photons

We extend this analysis to a search for a potential two photon decay mode of a resonance. Such
a process has aroused increased interest after the observation of four events of the type (e+e�),
(�+��) and 

 where the two photon invariant mass was around 60 GeV [26]. As discussed in
[8], extremely favourable anomalous couplings could lead to a decay rate of S0 ! 

 that is
substantially larger than the Standard Model one. Here we study the invariant mass spectrum
of two photons produced in association with quarks. Previous studies of this topology have not
found any evidence for a resonance production [11, 27].
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Starting from the sample described in Section 2, we require a second photon candidate
imposing identical requirements as for the �rst photon, i.e. on its energy (E
 > 5 GeV), isolation
(no additional energy within 10 degrees), and its cluster properties. Note that in contrast to our
previous publication we also impose cluster shape requirements for photon candidates in the
endcap region. We �nd 144 events in agreement with 131�15 events predicted by the HERWIG
simulation. The typical mass resolution for two photon masses above 40 GeV is about 2 GeV.

The two photon mass spectrum is shown in �g. 4. No signi�cant mass structure is observed.
We observe three events with a mass of more than 40 GeV where HERWIG predicts 5.4 � 3.0.
The highest two photon mass is at 77 GeV. As already shown in [11], one event is observed
with a mass around 60 GeV.

To estimate the e�ciency for �nding a two photon resonance, we generated events of the
type Z0 ! Z�0S0, where the o�-shell Z�0 decays into quarks and the scalar S0 into two photons.
For S0 masses between 30 and 70 GeV we observe an e�ciency of 44�3% which is independent
of the two photon mass. Based on this e�ciency and conservatively neglecting background
contributions, we can set the following upper 95% con�dence limit on the product branching
ratio for masses of larger than 40 GeV:

BR(Z0 ! S0q�q) �BR(S0 ! 

) < 2� 10�6: (19)

At lower masses the result is less restrictive.

5 Conclusion

Previous publications [10, 28] on a narrow resonance decaying into quarks produced in associa-
tion with a photon were based on up to 0.5 million produced Z0 events and set limits of O(4 pb)
on the production cross section for some resonance S0. This analysis is based on approximately
5 million produced Z0 events. We �nd no evidence for a resonance and place upper limits with
95% con�dence level on the production cross section of typically 0.8 pb for a scalar resonance
decaying into hadrons. Following theoretical expectations that such a resonance should decay
mostly into bottom quarks allows us to exclude a production cross section of typically 0.5 pb.
Interpreting these results in terms of Z0 branching ratios leads to typical results of

BR(Z0 ! S0
) �BR(S0 ! q�q) < 2 � 10�5 (20)

or
BR(Z0 ! S0
) �BR(S0 ! b�b) < 1� 10�5: (21)

These limits are considerably more stringent than previously obtained. They can be used to
exclude non-standard Higgs production as considered in several models. Expressing the limits in
terms of the e�ective coupling Ce�, we can exclude Higgs production with Ce� > O(10�3�10�4)
at least for masses below 60 GeV.

We also update our search for a narrow resonance decaying into two photons which is
produced in association with two quarks. No resonance structure is observed and for resonance
masses between 40 and 80 GeV we �nd

BR(Z0 ! S0q�q)BR(S0 ! 

) < 2 � 10�6: (22)

at 95% con�dence.
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Figure Captions

Fig. 1 (a) Spectrum of the hadronic mass of Z0 decays with an isolated photon candidate in
bins of 1 GeV. Also shown is the normalised expectation of the QCD shower model
for the spectrum in events with photon emission from quarks (histogram) and the
�tted background distribution (line). (b) The high mass part of the spectrum for
data and �tted background in bins of 500 MeV. (c) Di�erence between observed
number of events and �tted background for resonance masses considered per 1 GeV
bin. (d) 95% con�dence upper limit for the production of a narrow resonance de-
caying into hadrons as a function of its mass. Also shown are the expectations for
a Standard Model Higgs and production of a scalar particle in composite models,
assuming various compositeness scales.

Fig. 2 (a) Spectrum of the hadronic mass in bins of 1 GeV of Z0 decays with an isolated
photon candidate after a cut in the angle between jet and photon. Also shown is the
corresponding normalised expectation of the QCD shower model for the spectrum
in events with photon emission from quarks (histogram) and the �tted background
distribution (line). (b) The high mass part of the spectrum for data and �tted
background in bins of 500 MeV. (c) Di�erence between observed number of events
and �tted background for resonance masses considered per 1 GeV bin. (d) 95%
con�dence upper limit for the production of a narrow scalar resonance decaying into
hadrons as a function of its mass. Also shown are the expectations for a Standard
Model Higgs and a production of a scalar particle in composite models, assuming
various compositeness scales.

Fig. 3 (a) Spectrum of the decay length signi�cance after a cut in the angle between jet and
photon and requiring a secondary vertex in the event with at least three assigned
tracks. The data (error bars) are compared to the spectrum for events with �nal state
photons as expected by the QCD shower model (histogram). The hashed area shows
the model expectation for events with photon emission from bottom quarks. (b)
Spectrum of the hadronic mass in bins of 1 GeV of Z0 decays with an isolated photon
candidate after a cut in the angle between jet and photon and tagging for bottom
production. Also shown is the corresponding expectation of the QCD shower model
for the spectrum in events with photon emission from quarks (histogram). The
number of events is normalised to the number expected without the bottom tagging
requirement. The line denotes the �tted background distribution. (c) The high
mass part of the spectrum for data and �tted background in bins of 500 MeV. (d)
Di�erence between observed number of events and �tted background for resonance
masses considered per 1 GeV bin. (e) 95% con�dence upper limit for the partial
decay width of a Z0 into a narrow scalar resonance decaying into quarks times
its branching ratio into bottom quarks as a function of its mass. Also shown are
the expectations for a Standard Model Higgs and a production of a scalar particle
in composite models, assuming various compositeness scales. In both cases the
branching ratio BR(S0 ! b�b) was assumed to be 100%.

Fig. 4 Spectrum of the invariant mass of two isolated photons in the process e+e� ! 



+ hadrons at Z0 energies.

18



Total Sample

0

200

400

600

800

1000

1200

1400

20 30 40 50 60 70 80

OPAL
Fig.1a

Mrec (GeV)

N
ev

en
t/1

 G
eV

0

100

200

300

400

500

600

700

800

60 62.5 65 67.5 70 72.5 75 77.5 80 82.5

OPAL
Fig.1b

Mrec (GeV)

N
ev

en
t/0

.5
 G

eV

19



Total Sample

-50

-40

-30

-20

-10

0

10

20

30

40

50

20 30 40 50 60 70 80

Fig.1c

OPAL

Mrec (GeV)

(D
at

a 
- 

bc
kg

rd
.)

/1
 G

eV

10
-7

10
-6

10
-5

10
-4

20 30 40 50 60 70 80

Fig.1d

OPAL

Scalar mass (GeV)

B
R

(Z
0 →

S0 γ)
B

R
(S

0 →
qq

)

Ceff = 5x10-3

Ceff = 5x10-4

Ceff = 1x10-4

SM

20



|cosθ*|<0.7

0

100

200

300

400

500

600

20 30 40 50 60 70 80

Fig.2a

OPAL

Mrec (GeV)

N
ev

en
t/1

 G
eV

0

50

100

150

200

250

300

60 62.5 65 67.5 70 72.5 75 77.5 80 82.5

Fig.2b

OPAL

Mrec (GeV)

N
ev

en
t/0

.5
 G

eV

21



|cosθ*|<0.7

-50

-40

-30

-20

-10

0

10

20

30

40

50

20 30 40 50 60 70 80

Fig.2c

OPAL

Mrec (GeV)

(D
at

a 
- 

bc
kg

rd
.)

/1
 G

eV

10
-7

10
-6

10
-5

10
-4

20 30 40 50 60 70 80

Fig.2d

OPAL

Scalar mass (GeV)

B
R

(Z
0 →

S0 γ)
B

R
(S

0 →
qq

)

Ceff = 5x10-3

Ceff = 5x10-4

Ceff = 1x10-4

SM

22



|cosθ*|<0.7, Bottom Tagging

10

10 2

10 3

-5 -2.5 0 2.5 5 7.5 10 12.5 15 17.5 20

Fig.3a

OPAL

decay length significance

N
ev

en
t/0

.0
5

0

10

20

30

40

50

60

70

20 30 40 50 60 70 80

Fig.3b

OPAL

Mrec (GeV)

N
ev

en
t/1

 G
eV

23



|cosθ*|<0.7, Bottom Tagging

0

5

10

15

20

25

30

35

40

60 62.5 65 67.5 70 72.5 75 77.5 80 82.5

Fig.3c

OPAL

Mrec (GeV)

N
ev

en
t/0

.5
 G

eV

-20

-15

-10

-5

0

5

10

15

20

20 30 40 50 60 70 80

Fig.3d

OPAL

Mrec (GeV)

(D
at

a 
- 

bc
kg

rd
.)

/1
 G

eV

24



|cosθ*|<0.7, Bottom Tagging
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γγ + hadrons
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