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A measurementof the inclusive branching ratios of 7 decays
in the Delphi detectorat LEP
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Abstract

In this thesisa reportis givenon hardwarework doneon the DELPHI detectoranda
measuremertf theinclusivebranchingatiosof - decays A sampleof 16454 7 — 77~
eventollectedoy theDELPHI experimenatLEPin 1992is usedo measurgheinclusive
branchingatiosof  decays.Theresultsare

B( 7 — 1 charged particle) = 84.38 + 0.27 + 0.35 %,
B(r — 3 charged particles) = 14.90 + 0.27 £+ 0.23% and

B(r — 5 charged particles) = 0.51 + 0.12 4 0.11%.
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1 Introduction

Sinceits discoveryin 1975[1], thefundamentapropertieof the r leptonhavebeenmeasured,
including the manydecaymodesandthe correspondingpranchingratios. Being the heaviest
lepton,r decaysvia weakinteractioninto lighter leptonssometimesccompaniedby hadrons.
Oneinterestingaspecbf = decayphysicsis the "inconsistency”which wasobservedetween
the 7 topologicalbranchingratiosandthe  exclusivebranchingratiosin the early measure-
mentg[2]. In thetopologicalbranchingatiomeasurements,decaysareclassifiedaccordingo
their chagedtracktopology( 1, 3, 5 tracks),whereasn the exclusivemeasurementshefinal
decayproductis identifiedexplicitly ( 7 — evv, 7 — pvv, 7 — 37v, etc.). Thetopological
branchingratio of = decayinto one chagedtrack shouldbe equalto the sumof the exclusive
branchingratioswhich haveonechagedtrack, like - — evv, 7 — pvw, etc.,andsoon for
the otherdecaymodes. The discrepancypetweerthe topologicalandthe exclusivebranching
ratiosof theonechagedparticledecaymodeof 7 , theso-called’'missingmodesproblem”, has
createdaninterestoversomeyears. With morerecentmeasurementsom LEPR, suchasthose
describedn this note,togetherwith new measurementsf the tau-masg3] andlifetime [4] a
muchmoreconsistenpictureof thetaudecaypropertiehasemeged|5, 6].

The tauleptonis abundantlyproducedn ete™ collisionsat LEP throughthe decayof 7
bosons.In this analysiswe examinedhe topologicalbranchingratiosof the r leptoninto one
chagedparticle( B, ), threechagedparticles( B;) andfive chagedparticles( Bs) in addition
to neutralsusinganeventsampleof 164547 — 77~ decaysgollectedin thebarrelregionof
the DELPHI detector The eventswererecordedatthe 7 peakandcorrespondo anintegrated
luminosity of 21.87pb~! duringtherunningperiodof 1992.

2 TheExperimental Apparatus

ThelargeElectronPositroncollider (LEP) startedoperationn August1989at CERN.LEP ac-
celeratelectronsaandpositrongn oppositedirectionsan avacuunmpipebeforeinducingthemto
collide. TheLEP collider'sinitial enegy waschoserto bearoundd1 GeVto measurgrecisely
theZ bosonproperties.Thetheoryof fundamentaparticlesknownasthe”Standardviodel” [11]
hasbeencritically testedby studyingthedecaysof ~.

In asecondstep,the LEP enegy hasbeenincreasedy theinstallationof superconducting
RF cavities,andhasreached.83GeVin 1997.The physicsmotivationsfor thisenegy upgrade
weremainly thestudyof W1~ productionandthe searchfor new particles.

2.1 TheLEP Collider at CERN

With a circumferencef 26.7km, LEP is thelargestacceleratoto date. The four LEP experi-
mentsALEPH, DELPHI, OFAL andL3 aresituatedin theacceleratoring about100 m below
ground.Theelectronsandpositronsareinjectedinto the LEP collider afterbeingacceleratetyy
aserief otheracceleratorsThebeamsareacceleratedirstin two linearacceleratoréLINAC)

upto 600GeV andtheninjectedinto theElectronPositronAccumulatinging (EPA) wherethey
areaccumulatecndcooledby synchrotrorradiation. Theyaretheninjectedinto thefirst Pro-
ton SynchrotronPS)built at CERN, wheretheyareacceleratedip to 3.5 GeV. Then,theyare
sentto the SuperProtonSynchrotroSPS)}o beacceleratedip to 20 GeV. Finally, bunchesof

electronsaandpositronsaretransferrednto the LEP ring, asshownin Fig. 1.



LEP consists of a single amost 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 ete™ beams takes place at the centres of straight sections in-between the
arcs.

e~ -> e+ 600 MeV

Proton Bypass

SPS

20 GeV

Figure 1. Schematic view of the LEP injection system. Electrons and positrons accelerated in
LEP Injector Linacs (LIL) aretheninjected 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 TheDELPHI detector

DELPHI (Detector with Lepton, Photon and Hadron identification) is one of the four large scale
detectors each installed around one of theinteraction pointsof 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
thisanalysis which are mainly VD, ID, TPC, OD, HPC and MUB.

2.2.1 TheBarrel tracking Detectors

Inthe barrel region of the detector, tracking is done with the Vertex Detector (VD), the Inner De-
tector (1D), 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) isthe 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
sectorsin azimuthal angle ¢ around the beam and 4 segmentsin = (along thee™ beam). TheVVD
coversthe polar angle of 44° < § < 136° (increased to 25° < # < 155°,in 1994 [14]). It hasan
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 R¢ points per track. The surrounding jet-chamber consist of 5 cylindrical
MWPC (MultiWire Proportional Chamber) layersgiving Rz information, used intriggering, but
also inresolving the left/right drift ambiguities inherent in the jet-chamber. 1n 1995 these layers
were replaced by straw tubes. The polar angle coverage of the detector is30° < 0 < 150°. The
two track resolution is about 1Imm.

The Time Projection Chamber (TPC) isthe principal tracking device of DELPHI. Providing
thedE/dX information, TPC helpsin particleidentificationaswell. It hassix sectorsin ¢ and two
segments along z. At the end of each sector and segment thereisaMWPC. The charge deposited
by the tracks driftsthrough the gas volume aong z to the end-plates. Each MWPC has 192 sense
wires and 16 circular pad rows. The TPC covers the polar angle region 20° < 6 < 160°. The
resolution is about 150 xm in R¢ and 600 ymin z.

The Outer Detector (OD) provides afinal precise position and direction measurement with
along 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 42° < § < 138°. The single point precision of o4 = 110 pm while



the precision in the z coordinate is o, = 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 53° < § < 88° and the
measurements of resolution on extrapolated tracks give an accuracy of 4 mm in og,, 2.5 cm
nao,.

2.2.2 TheBarrel Electromagnetic Calorimeter

The DELPHI High-density Projection Chamber (HPC) represents one of thefirst large-scale ap-
plications of the time projection principle to gas sampling calorimetry. The detector consists of
144 independent modules, arranged in acylinder with 6 rings(inz) of 24 modules (in ¢ ) each.
Each HPC moduleis atrapezoidal box with awidth ranging from 52 cm to 64 cm and a depth
of 47 cm. The length (along z) is 90 cm, except for modulesin thefirst and last rings which are
somewhat shorter. The box isfilled with 41 layers of |lead separated by gas gaps. An electromag-
netic particleshowersin thelead andionizesthe gas. The charge driftsalong the z direction until
it reaches the end of the module whereit 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
thefirst 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
40° < 6 < 140°. Itislocated between 208 cm and 260 cminr and + 254 cmin z. The HPC s
ahighly granular detector ( 1° in ¢ ) having an energy resolution o( E)/E = 0.043 + 0.32/VE
(Ein GeV) and a spatial resolution of about 0.6 mrad.

During thefirst years of operation asignificant ageing of the HPC proportional chamberswas
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 I11).

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 pointsin the DEL PHI
detector, where asignificant portion of the energy can belost. For example, the gaps between the
barrel electromagnetic calorimeter (HPC) modules are about 1 cm in ¢ and z, except at § = 90°,
between the third and fourth rings, where thereisa 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 ¢ = 40° and 140°.

To improvethe hermeticity of the DELPHI detector, lead-scintillator counterswere installed
as described in the following. The counters cover the region with ¢ between 36° and 41° (and
between 139° and 144°), which is6.0% of the geometrical coverage of the DELPHI detector.



3.1 The40° scintillator counters

Therearethreedifferenttypesof lead-scintillatoicounterqreferredto asA, B andC countersn
thefollowing ) which havethe samethicknessut differentshapes.

In 1994,42 counterswereinstalledon the C sideof DELPHI (¢ < 90°) andin 1995an
additional41 countersvereinstalledontheA side(d > 90°) . Thesecountersonsistof a2 cm
thick leadabsorbeanda 1 cmthick scintillator.

Thelocationof the counterdan DELPHI is shownschematicallyn Fig. 3. Thelight is col-
lectedvia 1 mm thick wavelengthshifting fibersgluedinsidea grove,machinedon the sideof
the scintillator. The light detectoris a fine meshPhotoMultiplier( HamamatsuiR5505) which
canoperatan the1.2T magnetidield of DELPHIwith atypicalgainof 10*. Eachpairof B and
C counterswverecoupleddirectly to one PhotoMultiplierthroughanair gap,while the A coun-
terswerelinkedto thePhotoMultiplierwith aonemetrelongfibre cable. Thereforehecounters
arereferredto in thetextasBC andA countersTheinstallationof thecountersareexplainedn
detail,in Publication I.

Al2 A0
All A12 , A Al
A-11B A-TA
B-12 ! B-1
A-11A C-12 -1 A-1B AZ
Clear fibers cable
B-11 B-2 A-2A
A] C-11 -2
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R5505 C-10
-3A
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. C-7 -6 A~
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Figure3: XY view of DELPHI C sidewith the countergosition.

3.2 Testingthecounters

In Septembet 994 thecountersvhichwereinstalledontheC sideof DELPHIweretestedn the
X7 beamline of the SPS o studytheresponsef the counterdo differentenegies. In orderto

studytheeffectof thefield onthecounteis performancesomedataweretakenwith amagnetic
field, rangingupto 0.9 T. Datawerecollectedwith et beamaupto 20 GeVfor eachcounterand



the response to Minimum lonizing 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
energiesin Fig. 4. The number of MIP-equivaentsis 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 11 .
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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 theinstallation of the counters on both sides of the DEL PHI detector, they have been used
invarious physics analyses. The efficiency analysis of the counters with datatakenin 1994 [19]
shows that they improve the hermeticity of the detector. For muons the average detection effi-
cienciesare 51.0 & 1.8 % and 37.5 + 2.5 % in the BC and A counters respectively. For high
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Figure5: Theefficienciesof the40° counterscalculatedusingthe electrondrom thedatataken
in 1994.

enegy electrongheefficiencyreache®7.9+ 0.4 % for theBC countersaand99.4+ 0.3 % for
the A countergseeFig 5). Detectingmuonsin the countersasa functionof their polarangle,
givesaclearindicationthatthe countersarecoveringthis problematiaegion(seeFig 6).

The 40° countersaremainly usedas’veto counters’in newphysicssearchesasthe search
for supersymmetriparticles(SUSY)[20] andfor theHiggsboson[21]. Thesesearchesely on
asignaturevhichis similarto thesignatureof theproductionof a Z bosonwheretheinitial state
radiationphotonis lost. Thisis particularlyimportantfor thesecondstepof LEP (LEP2),where
suchphotonsoftenhavehigh enegies. Theincreasedermeticityachievedoy the4(° counters
isimprovingtheefficienciesof thesesearcheaswell asothersearchedoneatLEP1,at91GeV
enepy (seeFig 7).
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Figure7: A "missing” photonintheete™ — 7 — ete™+ event is detected with the counters
in the 40° region.



4 T lepton physics

Thetauleptonisapointlikespin % particlehavingamassm, = 1777.1+0.4 MeV and alifetime
7, = 296.6 + 3.1fs[6].

In the minimal Standard Model [11], the 7 lepton, together with its neutrino v-. form the third

family of left-handed lepton doublets. The couplings of all families to the neutral and charged
current are given by

e Neutral current :

(g, — gu15)1 2, 1)
e Charged current :
w
glu _ _
2\/514%(1 — s ) IW, 2
T 77
Z7° LW
T v

Figure 8: Couplings of the 7 lepton to the neutral and charged current.

Here ¢, ¢! arethe vector and axial vector couplings of the lepton [ to the neutral current :

gi = _71(1 — 43in2(9w) (©))
and
1
g = 5 (4)

where, [ = 7,u,e and sinfy isthe effectiveweak mixing angle. The universal coupling
strength of the charged current g,Vj’l is related to the Fermi constant by:

)
42ME,

The tau lepton decays via the W -emission diagram shown in Fig. 9. Since the W -coupling
to the charged current is of universal strength, there are five equal contributionsto the 7~ decay
width (neglecting the final masses and gluonic corrections). Two of them are the decay modes
T~ — ve v, and T — v.u”v,, While the other three are the three possible colours of the
quark-antiquark pair in the decay mode 7~ — v, dyu, where dy = cos 6.d + sin f.s. Thus, the
branching ratios for the different channels are:

©)
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1
B(r™ wve ) =BT = vpuTy,) & = 20% (6)
B - [(r™ = v + hadj“ons) ~ N =3 %

[(r™ = ve 1)

vy v,

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

4.1 7 productioninete” = 7 — 77~

Approximately 3.3% of the Z bosons decay into 77~ pairs. In this section, basic observables
of tau physics at the Z polein ete™ collision (shown in Fig. 10) are mentioned. The helicity
conservation at high energy isone of theimportant conceptsfor the phenomenological properties
of the 77~ production. In quantum electrodynamics one writes,

(1_75)UZUL, (1+75)UZUR (8)
2 2
where v isthe fermion spinor and +5 isthe Dirac chirality operator. For afermion with alarge
energy compared to itsmass, the chirality states «;, and ur correspond to the +1 helicity compo-
nents of aspinor. Intheannihilation of e™e™, the electron and the positron will always be found
in states of opposite helicity: efie or ef e

Figure 10: Feynman diagram of the processete™ — 7 — 7777,

To identify the couplings of the chirality states we write:

(1‘;’75) —I-(gu—l—ga)u;%) :gR(l‘;%) —I—gL(l_Q%) )

G — Ga¥5s = (Gv — Ga)

Hence g = (9 — 9.), ad gr = (9. + ga) are the couplings of the right and left-handed
components of afermion spinor to the 7. Since g;, # gr the process will be parity violating. In
the processete™ — Z — 7777, the taus have also opposite helicities 7t ;- or 7 7;;, making
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four allowed helicity configurationswith efie;; and ef e;. From the quantum mechanical theory
of angular momentum, the amplitudeis proportional to therotationmatrix element d’ , ; , where

J is the angular momentum and the » and =" axes are along the ingoing e~ and outgoing 7~
directionrespectively [7]. Therearefour allowed helicity configurationsand their corresponding
amplitudes, like:

efeqg = 7 = 141 = N (d1—1,+1(‘9))916%9£ x (1 —cos0)gryi, ... (10)

where ¢%, and g7 are the coupling constants appropriate to the specific helicity configuration.
Spin averaging the helicity amplitudes from V; to N4, the differential cross-section is obtained:

d
dcoasﬁ o 14 cos? 0 + §AFB cos ) (1)
where
3 2 e € 2 T T
App = 2 Yv9a 9vYa (12)

4(g5)* + (92)* (97)* + (97)?

Thus, experimentally an angular asymmetry will be observed by studying the cross-section
forete™ — Z — 777~ asafunction of cos §. The observable Ay is known as the forward-
backward asymmetry.

The different strengths of the couplings of the 7 boson to the right-handed and | eft-handed
et ande™ induceapolarizationto Z andto . The mean tau polarizationisgiven intheimproved
Born approximation as 8] :

29, 9;
(Fro) (97)% + (92)? 13

The polarization of the Z boson induces a dependence of £.- on the polar angle § of the 7~
production relative to the incident e~ beam. This gives an observable:

N;"_(cos 0) — N _(cos®) B (P.-)}(1 + cos?8) + (P.- (2 cos §)
Pr-(cos 0) = N;"_ (cosf) + N _(cos®) - (1 4+ cos?8) + 2(P,-)(P.-)(2cos 9) (14)

where NE (cos 0) is the number of 7~ produced at a given cos § with helicity +1 and (P.-) is
the electron polarization obtained by substituting in expression (13) all the 7~ coupling constants
with the e~ coupling constants. The last part of expression (14) is derived using the equations
(10) and (13). Inthe Standard Model of electroweak interactions, the coupling constants ¢, and
g, for leptons are related to the mixing angle sin? Ay, through the equations (3) and (4). Intro-
ducing themin (12) and (13), one obtains.

(P-) ~ —2(1 — 4sin” Oy) (15)

and
App ~ 3(1 — 8sin? Oy + 16(sin? Oy )?) (16)

Thus, the measurement of P, and Arp can provide information on the electroweak param-
eter sin? #y,. From the measurements of the = polarization from 1991 and 1992 data taken in
DELPHI, theratio of vector to axial-vector effective couplingsfor taus g’ /g7 = 0.074 +0.011
isobtained, implying avalue of the effectiveweak mixing anglesin? Ay = 0.232040.0021 [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 a;(m?) at the scale of the - mass. The result can then be evolved to the 7 mass scale,
as(m%). Theratio of the total hadronic and the leptonic decay widths of the , defined by:

I'(t — hadrons v;)

r = 17
k U'(r = lv.1) (17)
can be calculated from the measured | eptonic branching ratios:
1- B, - B,
r=— 1
R i (18)

where B, and B,, aretheelectron and muon branching ratios of tau decay respectively, while 5; is
the total leptonic branching ratio. The perturbative QCD correction to i, has been calculated to
thirdorder in o, [13]. Using these cal cul ations and the measured value of R, the strong coupling
constant is measured to be o, (m,) = 0.267595 in DELPHI [22].

Tau physicsat LEP, aso givesatool for testing the lepton universality in the Standard Model,

by measuring the ratio
2 5
(g—;) = (:—Z) (%) B(r — evv) (19)

where GG and &, the Fermi coupling constants of the r and p to the charged weak current,
areequal inthe Standard Model. Fromthedatatakenin DELPHI in1991[10] andin 1992[5], the
ratios of the couplingsto the weak charged current are measuredtobe & /G, = 0.985 £+ 0.013
and GG, /G. = 1.000 + 0.013 respectively, satisfying lepton universality.

5 Sdection of 777~ eventsin DELPHI

Atthe Z peak, a7t 7~ 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 77~ 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
ete™ — ete” andete™ — ptu~ leave very characteristic signatures in DELPHI. Radiative
events, efe™ — ete™y andete™ — uT ™+ can also be correctly identified due to the good
hermeticity of the calorimetry. Two-photon collisions, ete™ — eTe™X, are also easily identi-
fied and removed fromthe 7+~ event sample, due to their high acolinearity. Asa conseguence,
high purity = samples can be attained in DELPHI.

5.1 Event Selection

The selection criteriafor tau pairs are documented in [15] and will be described in the following.
To ensure agood detector response, in thisanalysisit 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.



13
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Proc: 20-Hay-luey

Figure 11: 7*7~ 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, whichis
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 isrequired to lie in the barrel region of the detector (43° < 6 < 137°). This
cut will be referred to in the following as the ” geometric acceptance cut”. All energy deposited
in the electromagnetic calorimeters within 30° of the leading track is defined asits’ calorimetric
energy’. A fiducial region is defined around the interaction point (5 cmin » and 10 cmin z),
and charged tracks only from this region are accepted. Events with more than six reconstructed
charged tracks are rejected.

Toremove g ¢ and v+ events, it isrequired that:

o eiso Z 160°
o K, > 8GeV
° 2 S Nchr S 6

where 0,,, isthe 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, V... isthe number of charged tracksin the event.

To regject beam gas events and leptonic final states from Z decays it isrequired that:

e |z2|<45cm

e |di2]|<1l5cm
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P2+ P2

* Proa =g <1
E2+E2

* Braa = F0 <1

where P; and F; arethe momentum and the total electromagnetic energy of theleading particlein
hemisphere:. The cut variables d; and z; 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

e Pr** > 0.4cm
o 0,0 >0.5°

o |21 — 2| <30cm

where P+ is the transverse component of the total momentum of the event, and 4, is the
acollinearity angle. The acollinearity cut removes Z — u* .~ and Bhabha events, whereas the
cut on P rejects two-photon interactions. The cut on the longitudinal distances of closest
approach to the average beam spot (z;) 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.

Figure12: I, ,, distribution of Monte Carlo simulation superimposed on data.
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Figure 13: P,,, distribution of Monte Carlo simulation superimposed on data.
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Visibleenergy F,;, distribution of Monte Carlo ssmulation superimposed on data.
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5.1.1 SelectionEfficiency

To determine the detection efficiency ete™ — Z — 777~ 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 sampleis’50.1 £ 0.6%. Inside the geometrical acceptance (barrel region), the
efficiency reaches 69.3 + 0.5%. 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. Dueto thiseffect, 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.

a.s

a4
0.3

az
0.2

0.2

o)
th
IIII|IIII|IIII|IIII|IIII|IIII|I
a
m

2

%

Figure 15: Overall efficienciescalculated fromall the 7 — 77~ events (@), and the efficiencies
for eventsin the barrel region defined by the geometrical acceptance (b), for the’truetopologies
of 7™~ decays (1-1, 1-3, 1-5, 3-3).

5.1.2 Background

For the background studies, events with ete™ final states are produced with BABAMC [25],
pt e~ final states with DY MU3[26] and hadronic final states with JETSET 7.3[27]. The same
7 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 muiltiplicity decays the main background are ete™ and 1.+ 1~ events. The backgrounds for
different topologies are shown in Fig. 16 and in table 2.
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Figurel6: Expectedopologies1-1,1-2,1-3,1-4,1-5,2-2,2-@nd3-3of ther* 7~ eventsn sim-
ulation(solid) calculatedcaccordingto theequation(25), andthe observedopologies( dashed)
in data. The hatchedareasshowthebackgroundctontribution.

6 Migration of Topologies

Taupairsareeasilyseparatetyy dividing theeventin two hemispherewith a planeperpendicu-
larto thethrustaxisdeterminedrom chagedparticles.Eachtauparticlein ar* 7~ event,decays
to anodd numberof chagedparticles. The eventtopologyis thendefinedas i-j , where: and
j arethenumberof chagedparticlesin eachhemispherewith i,j =1,3,5. The eventappears
in thedetectomwith a possiblydifferenttopologyk-1 , where k,1=1,2,3,4,5..., dueto secondary
interactionsinefficientregionsfor trackreconstructioninefficienciesof thepatternrecognition
algorithmsanddetectoresolutions.The ‘reconstructed{observedgventtopologybecomed -
1,1-2,1-3,1-4,1-5,2-2,2-3 or 3-3. Thepossibilityto observeatopologyi-j ask-I is described
by themigrationmatrix ;;_,x; whichis obtainedrom the simulation(seetablel). This gives
us:

nw = PijouNi (20)

%]

wheren; is thenumberof expectedeventsaftermigrationandN;; is thenumberof eventspro-
ducedn 'true’topologieggenerate@vents peforeenteringhedetector). Accountingfor back-
groundanddetectionefficiency of eachtopology the expectechumberof eventsfrom the de-
tectoris foundas:

My = m%‘} + €rr - N (21)
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where, ¢;; isthe detection efficiency of thek-I topology event, inside the geometrical acceptance.
The inclusive branching ratios ( B;) of the = decay final states are related to the number of
eventsin true topologies (V;; ) :

Nij=(2=6;) - N.,- Bi- B; (22)

where B; is the branching ratio of atau decaying into : charged particles, inside the acceptance
region, and NV, isthe number of 7™~ events.

The expected number of events for each topology becomes:

my = m% + et Y Pijmw(2—6;) - Noy - By - B; (23)
ij

But these branching ratios (B;) 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 B.5;; can
be defined as:

o _ (BB Nl
O (BiBj)total - N;'ZsideNZt]otal

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-I.

(24)

my = m%‘} + € - Z Piisw(2—=46;) - Noy- BS;; - Bi - By (25)

ij
In chapter 9, this expression for the number of expected events m;y,; for each topology k-I,
will befitted to the observed number of eventsfrom the data and thusto cal cul ate the topol ogical
branching ratios B;’s. (see Table 3).

Topology 1-1 1-3 1-5 33

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+046 | 4.92+2.84 | 1.02+0.39
1-3 7.1240.21 | 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
1-5 026 £0.04 | 1.95+0.17 | 3279 +£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 0244+ 0.04 | 4234025 | 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,
1-5,2-2,2-3and 3-3.

7 Comparison of the Migration Matrix

As seen from the table 1, the migration matrix is not diagonal. ldeally, 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 ssmulation of the
migration is correct, we can trust our values of the branching ratios. The only way to check the
migration matrix isto compare event characteristicsin real and ssimulated 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. Inthefit of eq. (25) to the number of observed events, the chi-sguare 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 comefromthe 1-1 topology, and 44.6% of them come from the 1-3 topology. To check
the sameratio 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 eventsand 1-3— 1-2 eventsin the simulation, to
the same distributions of the x-x— 1-2 eventsin the real data.

R(p)y—smsi—2 = aO(p)i—i1—2 + 0T (p)1_351-2 (26)

where O(p)i—1-1—2 and T'(p)i_s—1—» arethedistributions of the 1-1— 1-2 and 1-3—
1-2 events obtained from the simulation, whereas R(p),._, . —» isthe same distribution from the
real datanormalizedto the smulation (see Fig. 17). These different fits gave similar results. The
result of the momentum distribution for from the second most energetic particleis:

e a = 487+ 04 % (1-2topology events coming from 1-1 topology)
e b =51.34+ 0.4 % (1-2 topology events coming from 1-3 topol ogy)

This shows us that we have dightly more 1-2 topology events coming from 1-3 topology
eventsin real datathan in simulations.

8 Reconstruction problemsand corrections

To get better agreement between the ssmulation 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 correctionsto thetrack reconstruction. The problem with these methods
isthat they do not always give the sameresult for dataand simulation. Inthisanalysisitisfound
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 y? contribution
of these 1-2 topology eventsis 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 inthereal datain such away 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 topol ogy eventsin
real data (dots) superimposed with the same distribution of the” corrected” 1-2 eventsobtainedin
simulation, after thefit described in chapter 7. Inthesimulation therearetwo cases: 1-2topol ogy
events coming from the 1-1 topology events (hatched) and 1-2 topology events coming from the
1-3 events (grey hatched). The distributionsfor these topol ogies are normalized with the factors
a and b respectively and summed together (open histogram).

9 Thelnclusive branching Ratio M easurements

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

By = 84.38 +0.27 £ 0.35%
B; =14.90 +0.27 £+ 0.23%
Bs =0.51 £0.12 £ 0.11%

where the first error is statistical and the second is systematic. Inthisfit V., isfixed to the
value computed from the luminosity. The maximum likelihood method has also been used for
aconsistency check, giving no significant difference. The total \* per degree of freedom of the
fitis 13.99/5= 2.79, implying a y* probability of 1.6 %. Thisis 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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&7 DELPHI Interactive Analysis
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Figure18: Originally 1-3topologyeventreconstructe@sa 1-2 topologyeventat the detectoy
asseenonthe DELPHI interactiveanalysisdisplay Dueto thepoordetectoresolution,oneof
thethreechagedtracksin onehemispherés lost,andonly two chagedtracksarereconstructed.

Topology| BiasFactor | GeometricaEfficiency (%)
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

Table?2: Biasfactorandefficienciesfor thetruetopologies.

10 Conclusion

As describedabove,in this analysis the simulationplaysa crucialrole. To havea reliablere-
sult, onehasto havea goodagreemenbetweertherealdataandthe simulationof the physical
processes.Thieiggestchi-squarecontributionto ourfit comesrom the 1-2 eventtopology(one
chagedparticlein onehemispherand2 chagedparticlein the otherhemisphere)wherewe
havemore1-2 topologyeventsin datathanexpected.Apparently the migrationmatrix is dif-
ferentfor realdata. Althoughthe y?* contributionfor this channelis quite high, a reasonable
agreemenis obtainedwith theresultsfrom othermeasurementg®8, 30] andthe ParticleData
Groupl6] (seetable4).
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Topology | Observed events | Expected events| * | Efficiency (%) | Background (%)
1-1 9050 9145.18 0932| 654+05 2.68
1-2 1818 1689.32 6.444 70.2+ 0.4 10.61
1-3 4090 4127.04 0.358| 783+0.3 1.15
14 349 345.29 0.146 67.1+04 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+ 0.4 571

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)
By (1 charged p.) 84.38+0.27+0.35 | 85.49+0.24 85.26+0.234+0.15
Bs (3 charged p.) 14.90+0.27+0.23 | 14.38+0.24 14.37+0.24+0.16
Bs (5 charged p.) 0.51+0.12+0.11 | 0.124+0.02 0.37+0.10+0.06

Table4: The measured topological branching ratios of the tau lepton compaired with the world average and with
another DELPHI analysis.
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