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1 Introduction

Sinceits discoveryin 1975[1], thefundamentalpropertiesof the leptonhavebeenmeasured,
including the manydecaymodesandthecorrespondingbranchingratios. Being the heaviest
lepton, decaysvia weakinteractioninto lighter leptonssometimesaccompaniedby hadrons.
Oneinterestingaspectof decayphysicsis the”inconsistency”which wasobservedbetween
the topologicalbranchingratiosandthe exclusivebranchingratiosin the early measure-
ments[2]. In thetopologicalbranchingratiomeasurements,decaysareclassifiedaccordingto
their chargedtracktopology( 1, 3, 5 tracks),whereasin theexclusivemeasurements,thefinal
decayproductis identifiedexplicitly ( , , , etc.). The topological
branchingratio of decayinto onechargedtrackshouldbeequalto thesumof theexclusive
branchingratioswhich haveonechargedtrack, like , , etc.,andsoon for
theotherdecaymodes.Thediscrepancybetweenthe topologicalandtheexclusivebranching
ratiosof theonechargedparticledecaymodeof , theso-called”missingmodesproblem”,has
createdaninterestoversomeyears.With morerecentmeasurementsfrom LEP, suchasthose
describedin this note,togetherwith newmeasurementsof the tau-mass[3] andlifetime [4] a
muchmoreconsistentpictureof thetaudecaypropertieshasemerged[5, 6].

The tau leptonis abundantlyproducedin collisionsat LEP throughthe decayof
bosons.In this analysiswe examinedthetopologicalbranchingratiosof the leptoninto one
chargedparticle , threechargedparticles andfive chargedparticles in addition
to neutrals,usinganeventsampleof 16454 decays,collectedin thebarrelregionof
theDELPHI detector. Theeventswererecordedat the peakandcorrespondto anintegrated
luminosityof duringtherunningperiodof 1992.

2 The Experimental Apparatus

TheLargeElectronPositroncollider(LEP)startedoperationin August1989atCERN.LEPac-
celerateselectronsandpositronsin oppositedirectionsin avacuumpipebeforeinducingthemto
collide. TheLEPcollider’s initial energy waschosento bearound91GeVto measureprecisely
the bosonproperties.Thetheoryof fundamentalparticlesknownasthe”StandardModel” [11]
hasbeencritically testedby studyingthedecaysof .

In a secondstep,theLEP energy hasbeenincreasedby theinstallationof superconducting
RFcavities,andhasreached183GeVin 1997.Thephysicsmotivationsfor thisenergy upgrade
weremainly thestudyof productionandthesearchfor newparticles.

2.1 The LEP Collider at CERN

With a circumferenceof 26.7km, LEP is thelargestacceleratorto date.Thefour LEP experi-
mentsALEPH, DELPHI, OPAL andL3 aresituatedin theacceleratorring about100m below
ground.Theelectronsandpositronsareinjectedinto theLEPcolliderafterbeingacceleratedby
aseriesof otheraccelerators.Thebeamsareacceleratedfirst in two linearaccelerators(LINAC)
upto 600GeVandtheninjectedinto theElectronPositronAccumulatingring (EPA) wherethey
areaccumulatedandcooledby synchrotronradiation.Theyaretheninjectedinto thefirst Pro-
ton Synchrotron(PS)built at CERN,wheretheyareacceleratedup to 3.5 GeV. Then,theyare
sentto theSuperProtonSynchrotron(SPS)to beacceleratedup to 20GeV. Finally, bunchesof
electronsandpositronsaretransferredinto theLEP ring, asshownin Fig. 1.
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LEP consists of a single almost circular ring, with eight arcs. Electrons and positrons are
maintained on a circular orbit by dipole magnets installed in the arcs. The beams are focussed
by quadrupole magnets positioned both along the straight sections and in the arcs of the ring.
The collisions of the beams takes place at the centres of straight sections in-between the
arcs.

Figure 1: Schematic view of the LEP injection system. Electrons and positrons accelerated in
LEP Injector Linacs (LIL) are then injected into the Electron Positron Accumulator (EPA). They
are then injected first to the Proton Synchrotron (PS) and later to the Super Proton Synchrotron
(SPS) and then finally into the LEP ring itself.

2.2 The DELPHI detector

DELPHI (Detector with Lepton, Photon and Hadron identification) is one of the four large scale
detectors each installed around one of the interaction points of LEP. The operation of the detector
is the result of a common effort of many hundreds of physicists and technicians. Electron and
positron beams are accelerated in the LEP ring and collided at an energy close to 91 GeV in the
centre-of-mass, producing particles of which several million decays have now been collected.
The Delphi detector is described extensively in [12]. We will concentrate on the parts used for
this analysis which are mainly VD, ID, TPC, OD, HPC and MUB.

2.2.1 The Barrel tracking Detectors

In the barrel region of the detector, tracking is done with the Vertex Detector (VD), the Inner De-
tector (ID), the Time projection Chamber (TPC), the Outer Detector (OD) and the Barrel Muon
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Figure 2: The DELPHI detector at LEP.

Chambers (MUB). The vertex detector (VD) is the one nearest to the collision point and it con-
sists of three layers of silicon strip detectors at radii of 6.3, 9 and 11 cm. Each VD layer has 24
sectors in azimuthal angle around the beam and 4 segments in (along the beam). The VD
covers the polar angle of (increased to , in 1994 [14]). It has an
R resolution around 11 m and a resolution around 13 m. This detector provides precise
extrapolation of the tracks back towards the interaction point.

The Inner Detector (ID) provides intermediate precision position and trigger information.
The inner drift chamber of the ID has a jet-chamber geometry with 24 azimuthal sectors, each
providing up to 24 points per track. The surrounding jet-chamber consist of 5 cylindrical
MWPC (MultiWire Proportional Chamber) layers giving information, used in triggering, but
also in resolving the left/right drift ambiguities inherent in the jet-chamber. In 1995 these layers
were replaced by straw tubes. The polar angle coverage of the detector is . The
two track resolution is about 1mm.

The Time Projection Chamber (TPC) is the principal tracking device of DELPHI. Providing
the dE/dX information, TPC helps in particle identification as well. It has six sectors in and two
segments along z. At the end of each sector and segment there is a MWPC. The charge deposited
by the tracks drifts through the gas volume along z to the end-plates. Each MWPC has 192 sense
wires and 16 circular pad rows. The TPC covers the polar angle region . The
resolution is about 150 m in R and 600 m in z.

The Outer Detector (OD) provides a final precise position and direction measurement with
a long lever arm. It consists of 5 layers of drift tubes, giving full azimuthal coverage. Three
layers are equipped to read the z coordinate by timing the signals at the ends of the anode wires.
It covers the polar angle of . The single point precision of = 110 m while
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the precision in the z coordinate is = 3.5 cm.
The Barrel Muon Chambers (MUB) are the farthest from the collision point, since muons

can traverse the detector material essentially unaffected. Muons with an energy above 2 GeV
can penetrate to the Muon Chambers. MUB covers the polar angle of and the
measurements of resolution on extrapolated tracks give an accuracy of 4 mm in , 2.5 cm
in .

2.2.2 The Barrel Electromagnetic Calorimeter

The DELPHI High-density Projection Chamber (HPC) represents one of the first large-scale ap-
plications of the time projection principle to gas sampling calorimetry. The detector consists of
144 independent modules, arranged in a cylinder with 6 rings ( in z ) of 24 modules ( in ) each.
Each HPC module is a trapezoidal box with a width ranging from 52 cm to 64 cm and a depth
of 47 cm. The length (along z) is 90 cm, except for modules in the first and last rings which are
somewhat shorter. The box is filled with 41 layers of lead separated by gas gaps. An electromag-
netic particle showers in the lead and ionizes the gas. The charge drifts along the z direction until
it reaches the end of the module where it is collected by a proportional chamber ( MWPC) with
pad readout. Each MWPC consist of 128 pads arranged in 9 rows, with a scintillator plane for
the first level trigger replacing the gas between the second and third row. The number of readout
channels in the HPC amounts to 18,432. Being a barrel detector, HPC covers polar angles of

. It is located between 208 cm and 260 cm in and 254 cm in . The HPC is
a highly granular detector ( in ) having an energy resolution
(E in GeV) and a spatial resolution of about 0.6 mrad.

During the first years of operation a significant ageing of the HPC proportional chambers was
observed, resulting in a progressive reduction in pulse-height. After four years of operation, a
series of investigations were carried out using one of the modules of the HPC at the test beam
facilities of the SPS, in 1993 and 1994. These investigations have shown that after a program
of repairs and modified working conditions, the ageing in the readout proportional counters of
the HPC does not significantly affect the detector performance and reliability until well after the
end of the expected LEP data taking period (see Publication III).

3 Improvement of the Hermeticity

Tau physics, as well as many other physics topics, requires a hermetic detector for an accurate
reconstruction of missing energy and momentum. There are several weak points in the DELPHI
detector, where a significant portion of the energy can be lost. For example, the gaps between the
barrel electromagnetic calorimeter (HPC) modules are about 1 cm in and z, except at = ,
between the third and fourth rings, where there is a 7.5 cm gap to accomodate a stiffening ring
for the cryostat. This central z-gap and the -gaps point straight back to the interaction region
and make it possible for particles to escape undetected. The other z-gaps are much less serious
but require some special care in shower reconstructions.

The largest gaps in the detector are in the region where the cable ducts between the barrel
and the end caps are situated, creating rather large insensitive regions around = and .

To improve the hermeticity of the DELPHI detector, lead-scintillator counters were installed
as described in the following. The counters cover the region with between and (and
between and ), which is of the geometrical coverage of the DELPHI detector.
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3.1 The scintillator counters

Therearethreedifferenttypesof lead-scintillatorcounters(referredto asA, B andC countersin
thefollowing ) whichhavethesamethicknessbutdifferentshapes.

In 1994,42 counterswereinstalledon the C sideof DELPHI ( ) andin 1995an
additional41counterswereinstalledontheA side( ) . Thesecountersconsistof a2 cm
thick leadabsorberanda1 cmthick scintillator.

Thelocationof thecountersin DELPHI is shownschematicallyin Fig. 3. Thelight is col-
lectedvia 1 mm thick wavelengthshiftingfibersgluedinsidea grove,machinedon thesideof
thescintillator. The light detectoris a fine meshPhotoMultiplier( HamamatsuR5505) which
canoperatein the1.2T magneticfield of DELPHI with atypicalgainof . Eachpairof B and
C counterswerecoupleddirectly to onePhotoMultiplierthroughanair gap,while theA coun-
terswerelinkedto thePhotoMultiplierwith aonemetrelongfibrecable.Thereforethecounters
arereferredto in thetextasBC andA counters,Theinstallationof thecountersareexplainedin
detail,in Publication I.

Figure3: XY view of DELPHI C sidewith thecountersposition.

3.2 Testing the counters

In September1994,thecounterswhichwereinstalledontheC sideof DELPHIweretestedin the
X7 beamline of theSPS,to studytheresponseof thecountersto differentenergies.In orderto
studytheeffectof thefield on thecounter’sperformancesomedataweretakenwith amagnetic
field, rangingupto 0.9T. Datawerecollectedwith beamsupto 20GeVfor eachcounter, and
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the response to Minimum Ionizing Particles (MIP), was measured with data taken without the
lead absorber.

The results of the test beam measurements are shown as MIP-equivalents [17], for different
energies in Fig. 4. The number of MIP-equivalents is defined as the ratio between the peak po-
sition of the pulse height distribution from a counter, for a certain energy, with and without the
lead. Since all the counters mounted in DELPHI have approximately the same light collection
characteristics [17], the MIP-equivalent curves obtained are universal and can be used for cali-
bration of the real data taken in DELPHI [18]. The test beam measurements of the scintillation
counters are described in detail in Publication II .

Figure 4: Test-beam results for the mean and 1 standard deviation points of the pulse height
distribution (in MIP-equivalents) for the different counter types, plotted against the energy of
the incoming positron. These results were obtained without magnetic field, except for the A-
counters were the pulse heights corresponding to a magnetic field of 0.9 T are also shown.

3.3 The efficiencyand Performanceof the counters

After the installation of the counters on both sides of the DELPHI detector, they have been used
in various physics analyses. The efficiency analysis of the counters with data taken in 1994 [19]
shows that they improve the hermeticity of the detector. For muons the average detection effi-
ciencies are 51.0 1.8 and 37.5 2.5 in the BC and A counters respectively. For high
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Figure5: Theefficienciesof the counterscalculatedusingtheelectronsfrom thedatataken
in 1994.

energy electronstheefficiencyreaches97.9 0.4 for theBC countersand99.4 0.3 for
theA counters(seeFig 5). Detectingmuonsin thecountersasa functionof their polarangle,
givesaclearindicationthatthecountersarecoveringthisproblematicregion(seeFig 6).

The countersaremainly usedas’veto counters’in newphysicssearches,asthesearch
for supersymmetricparticles(SUSY)[20] andfor theHiggsboson[21]. Thesesearchesrely on
asignaturewhichis similarto thesignatureof theproductionof a bosonwheretheinitial state
radiationphotonis lost. This is particularlyimportantfor thesecondstepof LEP(LEP2),where
suchphotonsoftenhavehighenergies.Theincreasedhermeticityachievedby the counters
is improvingtheefficienciesof thesesearchesaswell asothersearchesdoneatLEP1,at91GeV
energy (seeFig 7).
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Figure 6: Polar angle distributions of muons detected in the BC (a) and A (b) counters. The
open histograms show the selected muon candidates and the hatched histograms show the muons
leaving a significant signal in the expected counter.

Figure 7: A ”missing” photon in the event is detected with the counters
in the region.
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4 lepton physics

The tau lepton is a pointlike spin particle having a mass MeV and a lifetime
fs [6].

In the minimal Standard Model [11], the lepton, together with its neutrino form the third
family of left-handed lepton doublets. The couplings of all families to the neutral and charged
current are given by

Neutral current :
(1)

Charged current :

(2)

Figure 8: Couplings of the lepton to the neutral and charged current.

Here are the vector and axial vector couplings of the lepton to the neutral current :

(3)

and

(4)

where, and is the effective weak mixing angle. The universal coupling
strength of the charged current is related to the Fermi constant by:

(5)

The tau lepton decays via the -emission diagram shown in Fig. 9. Since the -coupling
to the charged current is of universal strength, there are five equal contributions to the decay
width (neglecting the final masses and gluonic corrections). Two of them are the decay modes

and , while the other three are the three possible colours of the
quark-antiquark pair in the decay mode , where . Thus, the
branching ratios for the different channels are:
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(6)

(7)

Figure 9: Feynman diagrams of the leptonic (a) and hadronic (b) decays of

4.1 production in

Approximately 3.3% of the bosons decay into pairs. In this section, basic observables
of tau physics at the pole in collision (shown in Fig. 10) are mentioned. The helicity
conservation at high energy is one of the important concepts for the phenomenological properties
of the production. In quantum electrodynamics one writes,

(8)

where is the fermion spinor and is the Dirac chirality operator. For a fermion with a large
energy compared to its mass, the chirality states and correspond to the helicity compo-
nents of a spinor. In the annihilation of , the electron and the positron will always be found
in states of opposite helicity: or .

Figure 10: Feynman diagram of the process .

To identify the couplings of the chirality states we write:

(9)

Hence , and are the couplings of the right and left-handed
components of a fermion spinor to the . Since the process will be parity violating. In
the process , the taus have also opposite helicities or , making
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four allowed helicity configurations with and . From the quantum mechanical theory
of angular momentum, the amplitude is proportional to the rotation matrix element , where

is the angular momentum and the and axes are along the ingoing and outgoing
direction respectively [7]. There are four allowed helicity configurations and their corresponding
amplitudes, like:

(10)

where and are the coupling constants appropriate to the specific helicity configuration.
Spin averaging the helicity amplitudes from to , the differential cross-section is obtained:

(11)

where

(12)

Thus, experimentally an angular asymmetry will be observed by studying the cross-section
for as a function of . The observable is known as the forward-
backward asymmetry.

The different strengths of the couplings of the boson to the right-handed and left-handed
and induce a polarization to and to . The mean tau polarization is given in the improved

Born approximation as [8] :

(13)

The polarization of the boson induces a dependence of on the polar angle of the
production relative to the incident beam. This gives an observable:

(14)

where is the number of produced at a given with helicity 1 and is
the electron polarization obtained by substituting in expression (13) all the coupling constants
with the coupling constants. The last part of expression (14) is derived using the equations
(10) and (13). In the Standard Model of electroweak interactions, the coupling constants and

for leptons are related to the mixing angle through the equations (3) and (4). Intro-
ducing them in (12) and (13), one obtains:

(15)

and
(16)

Thus, the measurement of and can provide information on the electroweak param-
eter . From the measurements of the polarization from 1991 and 1992 data taken in
DELPHI, the ratio of vector to axial-vector effective couplings for taus
is obtained, implying a value of the effective weak mixing angle [22].
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The other important observables of tau physics, are the branching ratios of decays. Mea-
surements of inclusive decay rates can be used to determine the value of the QCD running
coupling at the scale of the mass. The result can then be evolved to the mass scale,

. The ratio of the total hadronic and the leptonic decay widths of the , defined by:

(17)

can be calculated from the measured leptonic branching ratios:

(18)

where and are the electron and muon branching ratios of tau decay respectively, while is
the total leptonic branching ratio. The perturbative QCD correction to has been calculated to
third order in [13]. Using these calculations and the measured value of , the strong coupling
constant is measured to be in DELPHI [22].

Tau physics at LEP, also gives a tool for testing the lepton universality in the Standard Model,
by measuring the ratio

(19)

where and , the Fermi coupling constants of the and to the charged weak current,
are equal in the Standard Model. From the data taken in DELPHI in 1991 [10] and in 1992 [5], the
ratios of the couplings to the weak charged current are measured to be
and respectively, satisfying lepton universality.

5 Selection of events in DELPHI

At the peak, a event is characterized by two low-multiplicity, back-to-back jets of par-
ticles, where the neutrinos coming from the decays will result in a significant missing en-
ergy. A event where the taus decayed to an electron and a muon respectively is shown
in Fig. 11. The background from multihadron production at LEP energies can easily be re-
duced since it is characterized by a relatively high charged multiplicity. Backgrounds from

and leave very characteristic signatures in DELPHI. Radiative
events, and can also be correctly identified due to the good
hermeticity of the calorimetry. Two-photon collisions, , are also easily identi-
fied and removed from the event sample, due to their high acolinearity. As a consequence,
high purity samples can be attained in DELPHI.

5.1 Event Selection

The selection criteria for tau pairs are documented in [15] and will be described in the following.
To ensure a good detector response, in this analysis it is required that the subdetectors VD,TPC
and HPC are fully operational and the event is contained in the barrel region of the DELPHI
detector.
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Figure 11: event, where one of the taus in one hemisphere decays to an electron and the
other one decay to a muon in the other hemisphere, seen on the DELPHI interactive analysis
display.

Each event is divided into hemispheres by a plane perpendicular to the thrust axis, which is
calculated using the charged particles. The highest momentum charged particle in each hemi-
sphere is defined as the leading particle for that hemisphere. At least one of the two leading
particles per event is required to lie in the barrel region of the detector ( ). This
cut will be referred to in the following as the ”geometric acceptance cut”. All energy deposited
in the electromagnetic calorimeters within of the leading track is defined as its ’calorimetric
energy’. A fiducial region is defined around the interaction point ( 5 cm in and 10 cm in ),
and charged tracks only from this region are accepted. Events with more than six reconstructed
charged tracks are rejected.

To remove and events, it is required that:

8 GeV

2 6

where is the minimum angle between any pair of tracks belonging to opposite hemispheres,
the visible energy is the scalar sum of momenta of the charged particles added to the total
neutral electromagnetic energy, is the number of charged tracks in the event.

To reject beam gas events and leptonic final states from decays it is required that:

4.5 cm

1.5 cm
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where and are the momentum and the total electromagnetic energy of the leading particle in
hemisphere . The cut variables and are defined as the transverse and longitudinal distances
of closest approach to the interaction point for the leading tracks. Finally, to reduce further the
contamination for events with two charged tracks it is required that these obey the following
criteria:

0.4 cm

3.0 cm

where is the transverse component of the total momentum of the event, and is the
acollinearity angle. The acollinearity cut removes and Bhabha events, whereas the
cut on rejects two-photon interactions. The cut on the longitudinal distances of closest
approach to the average beam spot ( ) for the leading tracks reduces the cosmic background. In
Figs. 12, 13 and 14 the distributions of some of these variables are shown for real and simulated
events.

Figure 12: distribution of Monte Carlo simulation superimposed on data.
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Figure 13: distribution of Monte Carlo simulation superimposed on data.

Figure 14: Visible energy distribution of Monte Carlo simulation superimposed on data.
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5.1.1 SelectionEfficiency

To determine the detection efficiency events were generated using the
KORALZ [24] program. The events were then processed through a detailed simulation and re-
constructed by the same program as the real data, applying the same selection criteria. The ge-
ometrical acceptance, as defined by the acceptance cut defined above and calculated from the
total generated tau sample is . Inside the geometrical acceptance (barrel region), the
efficiency reaches . The overall efficiency and the efficiency inside the geometrical
acceptance are shown in Fig. 15 for the ”true topologies” 1-1,1-3, 1-5 and 3-3.

The overall efficiencies and the efficiencies inside the geometrical acceptance do not follow
the same pattern for different topologies. Due to this effect, the branching ratios are not the same
in the region defined by the acceptance cut, and they have to be corrected with a bias factor as
explained in chapter 6.

Figure 15: Overall efficiencies calculated from all the events (a), and the efficiencies
for events in the barrel region defined by the geometrical acceptance (b), for the ’true topologies’
of decays (1-1 , 1-3, 1-5, 3-3).

5.1.2 Background

For the background studies, events with final states are produced with BABAMC [25],
final states with DYMU3 [26] and hadronic final states with JETSET 7.3 [27]. The same

selection criteria are applied to the background events. The background for high multiplic-
ity decays of the are dominated by hadronic decays of and two-photon interactions. In the
low multiplicity decays the main background are and events. The backgrounds for
different topologies are shown in Fig. 16 and in table 2.
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Figure16: Expectedtopologies1-1,1-2,1-3,1-4,1-5,2-2,2-3and3-3of the eventsin sim-
ulation(solid)calculatedaccordingto theequation(25),andtheobservedtopologies( dashed)
in data.Thehatchedareasshowthebackgroundcontribution.

6 Migration of Topologies

Taupairsareeasilyseparatedby dividing theeventin two hemisphereswith aplaneperpendicu-
lar to thethrustaxisdeterminedfromchargedparticles.Eachtauparticlein a event,decays
to anoddnumberof chargedparticles.Theeventtopologyis thendefinedas i-j , where and

arethenumberof chargedparticlesin eachhemisphere,with i,j = 1,3,5. Theeventappears
in thedetectorwith a possiblydifferenttopologyk-l , where k,l=1,2,3,4,5..., dueto secondary
interactions,inefficientregionsfor trackreconstruction,inefficienciesof thepatternrecognition
algorithmsanddetectorresolutions.The‘reconstructed’(observed)eventtopologybecomes1-
1, 1-2,1-3,1-4,1-5,2-2,2-3or 3-3. Thepossibilityto observea topologyi-j ask-l is described
by themigrationmatrix which is obtainedfrom thesimulation(seetable1). This gives
us:

(20)

where is thenumberof expectedeventsaftermigrationand is thenumberof eventspro-
ducedin ’true’ topologies(generatedevents,beforeenteringthedetector).Accountingfor back-
groundanddetectionefficiencyof eachtopology, theexpectednumberof eventsfrom thede-
tectoris foundas:

(21)
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where, is the detection efficiency of the k-l topology event, inside the geometrical acceptance.
The inclusive branching ratios of the decay final states are related to the number of

events in true topologies :

(22)

where is the branching ratio of a tau decaying into charged particles, inside the acceptance
region, and is the number of events.

The expected number of events for each topology becomes:

(23)

But these branching ratios ( ) have to be corrected with a bias factor, due to the fact that
they are not the same inside the acceptance region. For the correction, the bias factor can
be defined as:

(24)

Inserting the bias factor calculated from the equation (24) into (23) one obtains the final ex-
pression for the expected number of events for the topologies k-l.

(25)

In chapter 9, this expression for the number of expected events for each topology k-l,
will be fitted to the observed number of events from the data and thus to calculate the topological
branching ratios ’s. (see Table 3).

Topology 1-1 1-3 1-5 3-3
1-1 82.90 0.73 0.93 0.12 0.00 0.00 0.00 0.00
1-2 7.90 0.22 13.89 0.46 4.92 2.84 1.02 0.39
1-3 7.12 0.21 69.67 1.03 16.39 5.18 2.04 0.55
1-4 0.70 0.07 3.91 0.24 36.07 7.69 0.44 0.25
1-5 0.26 0.04 1.95 0.17 32.79 7.33 0.15 0.15
2-2 0.13 0.03 0.68 0.10 0.00 0.00 3.21 0.68
2-3 0.27 0.04 3.45 0.23 0.00 0.00 21.75 1.78
3-3 0.24 0.04 4.23 0.25 1.64 1.64 65.40 3.09

Table 1: Migration matrix, where the ”true topologies” 1-1, 1-3, 1-5 and 3-3 are observed as 1-1, 1-2, 1-3, 1-4,
1-5, 2-2, 2-3 and 3-3.

7 Comparison of the Migration Matrix

As seen from the table 1, the migration matrix is not diagonal. Ideally, this matrix should be
diagonal, and in many measurements of the topological branching ratio measurements attempts
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have been made to make it more diagonal. In this analysis, we will not try to make the migra-
tion matrix diagonal, but rather to understand it. In other words, as far as our simulation of the
migration is correct, we can trust our values of the branching ratios. The only way to check the
migration matrix is to compare event characteristics in real and simulated data. Since we do not
know the migration of the real data, we try to fit each topology to the real data using the distri-
butions of the well know topologies from the simulation. The most problematic one, is the 1-2
topology. In the fit of eq. (25) to the number of observed events, the chi-square contribution for
the 1-2 topology is much larger than for any other (see table 3). In simulation, 55.4% of the 1-2
events come from the 1-1 topology, and 44.6% of them come from the 1-3 topology. To check
the same ratio in real data, we fitted momentum distributions (e.g. for the most energetic or sec-
ond most energetic particle) of the 1-1 1-2 events and 1-3 1-2 events in the simulation, to
the same distributions of the x-x 1-2 events in the real data.

(26)

where and are the distributions of the 1-1 1-2 and 1-3
1-2 events obtained from the simulation, whereas is the same distribution from the
real data normalized to the simulation (see Fig. 17). These different fits gave similar results. The
result of the momentum distribution for from the second most energetic particle is:

= 48.7 0.4 (1-2 topology events coming from 1-1 topology)

= 51.3 0.4 (1-2 topology events coming from 1-3 topology)

This shows us that we have slightly more 1-2 topology events coming from 1-3 topology
events in real data than in simulations.

8 Reconstruction problems and corrections

To get better agreement between the simulation and the real data various methods have been
used in other analyses [28, 29]. All these correction methods are mainly based on the removal of
photon conversions and corrections to the track reconstruction. The problem with these methods
is that they do not always give the same result for data and simulation. In this analysis it is found
that the main problem in calculating the branching ratios is the 1-2 topology events. They are
not one of the ’true topologies’ and they are numerous (see table 3). Since the contribution
of these 1-2 topology events is very high, any correction to get a better agreement between the
simulation and the real data should concentrate on those events. An example of this kind of
events is shown in Fig. 18. From the fit explained in chapter 7, 1-3 events contribute more to
1-2 events in data than in simulation. This effect has to be corrected either in the simulation of
the DELPHI detector or in the real data in such a way that the migration matrix of the simulation
agrees with the real data.
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Figure 17: Second most energetic particle momentum distribution for the 1-2 topology events in
real data (dots) superimposed with the same distribution of the ”corrected” 1-2 events obtained in
simulation, after the fit described in chapter 7. In the simulation there are two cases: 1-2 topology
events coming from the 1-1 topology events (hatched) and 1-2 topology events coming from the
1-3 events (grey hatched). The distributions for these topologies are normalized with the factors
a and b respectively and summed together (open histogram).

9 The Inclusive branching Ratio Measurements

Fitting the expected number of events to the observed number of events with the least squares
method, we obtained the values for branching ratios as:

where the first error is statistical and the second is systematic. In this fit is fixed to the
value computed from the luminosity. The maximum likelihood method has also been used for
a consistency check, giving no significant difference. The total per degree of freedom of the
fit is 13.99/5= 2.79, implying a probability of 1.6 %. This is mainly due to the contribution
of 1-2 topology events that we discussed in chapter 7.

The systematic effects due to the selection cuts have been calculated by estimating the un-
certainty on the measurement of each variable used for the cuts and varying the cut value by one
standard deviation up and down.
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Figure18: Originally 1-3 topologyeventreconstructedasa 1-2 topologyeventat thedetector,
asseenon theDELPHI interactiveanalysisdisplay. Dueto thepoordetectorresolution,oneof
thethreechargedtracksin onehemisphereis lost,andonly twochargedtracksarereconstructed.

Topology BiasFactor GeometricalEfficiency( )
1-1 0.993 0.004 71.7 0.3
1-3 1.018 0.003 70.0 0.4
1-5 0.994 0.002 71.6 0.3
3-3 0.999 0.002 71.2 0.5

Table2: Biasfactorandefficienciesfor thetruetopologies.

10 Conclusion

As describedabove,in this analysis,thesimulationplaysa crucial rôle. To havea reliablere-
sult,onehasto haveagoodagreementbetweentherealdataandthesimulationof thephysical
processes.Thebiggestchi-squarecontributionto ourfit comesfrom the1-2eventtopology(one
chargedparticlein onehemisphereand2 chargedparticlein theotherhemisphere),wherewe
havemore1-2 topologyeventsin datathanexpected.Apparently, themigrationmatrix is dif-
ferentfor realdata. Although the contributionfor this channelis quitehigh, a reasonable
agreementis obtainedwith theresultsfrom othermeasurements[28, 30] andtheParticleData
Group[6] (seetable4).
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Topology Observed events Expected events Efficiency ( ) Background ( )
1-1 9050 9145.18 0.932 65.4 0.5 2.68
1-2 1818 1689.32 6.444 70.2 0.4 10.61
1-3 4090 4127.04 0.358 78.3 0.3 1.15
1-4 349 345.29 0.146 67.1 0.4 6.92
1-5 192 194.36 0.063 63.0 0.4 12.58
2-2 87 69.32 3.721 66.2 0.5 16.67
2-3 446 426.35 1.502 74.3 0.5 10.81
3-3 422 431.00 0.823 84.8 0.4 5.71

Table 3: Observed and expected number of events,chi-square contribution of the fit, efficiencies and the back-
ground for each topology.

Branching Ratios ( ) DELPHI 1992 PDG 1994 M. de Fez-Laso (1994)
(1 charged p.) 84.38 0.27 0.35 85.49 0.24 85.26 0.23 0.15
(3 charged p.) 14.90 0.27 0.23 14.38 0.24 14.37 0.24 0.16
(5 charged p.) 0.51 0.12 0.11 0.12 0.02 0.37 0.10 0.06

Table 4: The measured topological branching ratios of the tau lepton compaired with the world average and with
another DELPHI analysis.
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