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Th~ Lifetime of the Tau Lepton 

Dante Eric Amidei 

ABSTRACT 

We have installed a high resolution vertex detector;n the Mark II 

at PEP, and used this detector in a precision measurement of the life

time of the tau lepton. The result ;s 

~T = (2.80!.24!O.2S)x10· 13 seconds 

where the first error is statistical, and the second is systematic. 

This result implies that the tau couples to the charged weak current 

with an amplitude within 7X of the universal Fermi coupling strength. 
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1. INTRODUCTION 

1.1 The tau lepton 

In 1975. the Mark I collaboration at SPEAR discovered anomalous 

events containing only an electron. a muon. and "missing energy" in the 

final state resulting from electron positron annihilation [1]. The 

most straightforward interpretation of these events was the pair pro

duction of a new weakly decaying lepton. the tau. with mass of approx

imately 1.8 Gev/c z . 

Experimental confirmation of this hypothesis quickly followed. The 

measured threshold behavior of the production cross section was found 

to be consistent only with the creation of pairs of pointlike spin 1/2 

particles [2.3]. Measurement of the Michel p parameter in the momentum 

spectrum of decay electrons was found to favor V-A currents [2]. The 

measured branching fractions in both leptonic and hadronic channels 

were quite consistent with theoretical expectations [4]. Finally. all 

of the above. combined with limits on exotic decay modes and early lim

its on the lifetime. firmly established the tau as a member of a con

ventional Weinberg-Salam doublet. with its own neutrino. and its own 

conserved lepton number [5.27]. The tau then takes its place as a mem

ber of a new lepton generation in the Standard Model. a so called 

"sequential lepton". and will be assumed as such throughout this the

sis. 

With the identity of this new lepton thus established. it becomes a 
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new ,esting ground for the weak interactions. It is particularly 

appealing in this regard because its leptonic decay channels are free 

of hadronic complications and, in principle, exactly calculable in the 

standard Model. The decay rate to electrons, for instance, can be com-

puted in total analogy to muon decay. The lowest order diagram is 

shown in fig. 1.1a; the partial width, assuming a massless tau neutrino 

is 

(1. 1) 

192n3 

(1. 2) 

The second line assumes that the tau couples to the charged weak cur-

rent with the same strength as the muon. Higher order corrections are 

calculable in the Standard Model, they are of order d, and therefore 

effect the rate only at the 1~ level [6]. 

The utility of this expression is that it is inversely proportional 

to a very accessible experimental quantity: the tau lifetime. The pro-

portionality factor is the tau branching fraction to electrons. In 

principle, this branching fraction is calculable, but suffers some 

uncertainty due to QeD enhancements in the hadronic decay channels. 

Instead. we can use the experimentally measured branching fraction, 

B(T~eVTVe) = (17.6±1.1)~ [4]. to find 
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b) 
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fig. 1.1 Tau decay 
a) lowest order weak decay into electrons 
b) in the laboratory 



B(1~eV~Ve) 

r(1~ev1ve) 

=(2.82±O.18)xl0- 13 sec 
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(1.3) 

This value assumes eqn. 1.2. and uses the Particle Data group value for 

the tau mass. 1.784±O.003 Gev/c 2 • Hote that the ~ major uncertainty 

in this result is the 6~ error associated with the branching fraction. 

The ingredients in this rather precise prediction are the fundamen-

tal assumptions of the Standard Model: 

Mv~=O 

no mixing among lepton generations 

e-~-1 universality 

I now briefly discuss the way in which a measurement of the tau life

time tests these assumptions. 

A massive tau neutrino increases the lifetime by restricting the 

amount of available phase space. 

lowest order. by [7] 

The dependence on Mv~ is given. to 

(1.4) 

The quadratic dependence on Mv~/M~ limits the sensitivity of this meas

ure at small values of Mv1. A recent Mark II measurement has derived a 

new limit on Mv~ by looking at the endpoint of the four pion mass spec

trum in 1 ~ 4nv~ [8]. At the 95~ confidence level. they conclude 

Mv~ i 164 Mev/c 2 

A tau neutrlno mass at the upper limit would give a 7~ correction to 

the lifetime. 
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If the neutrino is massive. a Cabbibo-like mixing can occur between 

the neutrinos of the various generations. Since the neutrinos of the 

known generations are all light compared to the tau. the total decay 

rate gives no information regarding mixings with the known leptons. In 

fact. the measur.d branching rates into exotic final states indicates 

that if such mixing does exist. it is extremely small [9]. Instead. 

let us assume that v~ mixes with a massive neutrino. No. belonging to a 

fourth lepton generation: 

[ cos9v~+sin9No ] 

T 

If No is more massive that the tau. the total lifetime will be sup-

pressed by a factor of cos2 9. In an admittedly model dependent way. 

the measurement of the tau lifetime can thus probe the existence of new 

generations. 

If we restrict ourselves to three generations and a reasonably mass-

less v~. the real issue addressed by the lifetime measurement is e-~-T 

universality. Simply stated. this is the requirement that each genera-

tion of leptons couple with the same strength to the weak bosons. In 

the Weinberg-Salam model. universality is exact. and follows directly 

from the requirement that all generations couple to the same gauge 

bosons [10]. An alternative model has been constructed in which a sep-

arate family of gauge bosons and Higgs scalars is postulated for each 

generat i on [111. In this model. universal ity is an appro_ximate condi-

tion arising from the relationship between the vacuum expectation val-

ues of the scalars; deviation from universality is expected to be 
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greatest for the heaviest generation. 

More generally, the puzzle of universality seems to echo the more 

fundamental issue of why multiple generations should exist at all. 

Many authors have suggested that the explanation of the redundancy lies 

in some sort of substructure for the known fermions. In several of 

these models, the weak interaction is seen as a kind of low energy 

residual of the fundamental force which binds the constituents within 

the fermions [12]. In this case, the universality of the weak interac

tions is analogous to the old universal coupling of the vector mesons 

to the "unitary spin current" [28]. A measured deviation from univer-

sality would be an important experimental input to this speculative 

school of thought. 

The most stringent experimental evidence for the e-~ universality 

comes from a recent high precision measurement of the ratio of pion 

branching fractions into electrons and muons [13]. Combined with small 

theoretical uncertainties arising from strong interaction effects and 

higher order electromagnetic corrections, this measurement implies that 

the coupling (gN) of the muon and electron to the charged weak bosons 

are identical to within a factor of O.8~. Nothing approaching this 

kind of precision exists for the tau, although early measurements of 

the tau lifetime [14], as well as direct measurements of its vector and 

axial vector couplings [15], are consistent with universality, within 

rather large errors. One of the goals of this thesis is to make the 

most precise statement possible with respect to the issue of e-~-T uni-
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versality. 

1.1 Measurement Qi the tau lifetime in electron-positron annihilation 

In addition to the ease of its theoretical description. 

possesses several attractive experimental features. 

the tau 

The fact that it is copiously pair-produced in electron positron 

annihilation affords a working environment in which its decays can be 

studied in isolation. The work to be de.cribed here was performed with 

the Mark II detector at PEP. a colliding electron-positron facility 

which has operated over the past three years at a center of mass energy 

of 29 Gev. 

The number of charged secondaries from tau decay seldom exceeds 

three [16]. This low multiplicity reduces the complications of track

ing with an electronic detector. and. at PEP energies. helps distin

guish tau's from the higher multiplicity hadronic production. 

In electron positron annihilation. the tau and its antiparticle are 

produced monochromatically at the beam energy. Measurement of the 

lifetime then follows from a measurement of the mean path length: 

<~> = ~BCT~ (1.5) 

To measure the path length. the most straightforward scheme is to use 

the tau's 3 prong decay mode to form a decay vertex. and measure the 

distance from this decay vertex to the beam spot. This technique is 

summarized in fig. 1.1b. It requires the existence of the multiprong 

mode. a stable measurable beam position. and good tracking resolution 
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near the origin.The 3 prong mode is a matter of public record [16,17) 

and I will demonstrate in chapter 3 that beam positions are manageable. 

But note that formulae 1.3 and 1.5, in conjunction with a beam energy 

of 14.5 Gev, predict a mean path length of 680 ~. Thi~ is a regime 

which has traditionally been addressed by bubble chambers, or nuclear 

emulsion, neither of which is yet practical at colliding beam facili

ties. This makes the issue of tracking resolution at the origin a non

trivial experimental challenge, the details of which are described in 

the following chapter. 
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2. EXPERIMENTAL APPARATUS 

.2..1 The Mark II 

The Mark II detector combines charged particle tracking with liquid 

argon calorimetry and muon identification to provide a general purpose 

reconstruction of the final states produced in electron-positron anni

hilation. 

The main detector components are summarized in cross section in Fig. 

2.1. Although the tau lifetime analysis is almost exclusively depen

dent on charged tracking alone, I summarize here the main features of 

the detector for completeness. 

and move radially outward. 

I begin at the interaction point (IP) 

Closest to the interaction point is the secondary vertex detector. 

The vertex detector is a high resolution drift chamber designed to give 

the g~eatest possible precision in tracking and vertexing close to the 

origin. As this detector is indispensable to this thesis, it will be 

described in some detail in the next section. 

Surrounding the vertex detector is the larger main drift chamber 

(DC) [18]. This chamber contains 16 equally spaced concentric layers of 

drift cells, covering radii between 41 and 145 cm. In six of these 

layers, the sense wires are axial; in the remainder, the sense wires 

are canted at ±30 to provide stereo information. All layers are 

enclosed in a common gas volume, which is filled with a 50/50 mixture 

of argon ethane at ambient pressure. The resolution per layer is 
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Fig. 2.1 The Mark II detector. The muon walls on the 
sides are not shown. 
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approximately 200~. As the entire chamber is encased in a large sole-

noid, track curvature allows the measurement of momentum. The rms res

olution in the plane perpendicular to the beam is 

where the first contribution is from multiple coulomb scattering, and 

the second is from the inherent position resolution of the chamber. 

Lying next to the outer shell of the drift chamber, at a distance of 

1.51 m from the IP, are 48 longitudinal strips of Pilot F scintillator. 

These strips are read out by photomultipliers at each end, and measure 

particle flight times with an accuracy of about 400 psec. During the 

tenure of the Mark II at SPEAR, this system provided particle identifi

cation; in the high energy regime at PEP, however, it is relegated 

mainly to providing trigger information and rejecting cosmic rays. 

All of the components described thus far are enclosed in a solenoi

dal coil of radius 1.6 m. The coil consists of two water cooled alumi-

num conductors, and comprises about 1.4 radiation lengths. For the 

majority of the data used in this thesis, only one conductor was pow-

ered, providing an axial magnetic field of 2.3 kG. The flux return is 

via two steel doors which close over the ends of the coil and are con

nected by steel slabs which run over the top and bottom of the detec

tor. The entire field volume was mapped out before installation with a 

Hall probe; NMR probes mounted near the beam pipe at each end provide a 

reference for carrying this initial map forward to the present. Within 
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the tracking volume, the field is uniform to within half a percent. 

Eight liquid argon sampling calorimeter modules are mounted octago

nally outside of the coil [19,20]. Each module contains 37 layers of 2 

mm lead planes alternated with 3 mm liquid argon gaps. The lead 

doubles as both shower and readout medium. The lead planes are subdi-

vided into narrow (~ 4 em) strips; orientation of the planes in three 

different directions creates a cross hatching of strips which provides 

shower localization. To minimize electronics cost, the 37 layers are 

ganged to provide six samples in depth. The entire system is 14 radia

tion lengths deep, and covers about 65~ of the solid angle. The energy 

resolution of the system is 15~/JE; the spatial resolution is such that 

a Bhaba electron is localized to within 7mm of its entry point. 

Outside of the shower counters is a system for detecting penetrating 

muons. four muon "walls" surround the detector azimuthally, covering 

about 45~ of the solid angle. 

proportional tubes and iron. 

Each wall is a four layer sandwich of 

The iron in the top and bottom walls 

doubles as the flux return for the magnet. 

In addition to the "radial" coverage just outlined, a limited effort 

has been made to instrument the ends of the detector. Lead propor-

tional wire chamber modules mounted on the steel end doors provide 

electron and photon identification in the polar angular region from 15° 

to 400. Unfortunately the energy resolution of this system is a rather 

marginal 50~/JE, and, like the time of flight system, its usefulness is 

restricted mainly to providing trigger information. finally, in the 

, 
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"small angle" region between 21 and 82 mrad in polar angle. lies a com

bination of drift chambers, lead scintillator shower counters, and 

acceptance defining scintillators. This system is designed to identify 

high energy electrons resulting from two photon processes and low q2 

Bhaba scattering. The small an~le Bhaba rate also proyidesan online 

measure of luminosity [21]. 

The coordination of these sundry systems into a functional unit 

occurs through a hardware trigger. The high beam crossing rate at 

storage rings (400 kHz at PEP) necessitates a two-tiered system. A 

fast primary trigger checks for simple multiplicity and threshold 

requirements at each beam crossing. The charged primary trigger, for 

instance, requires hits in at least 9 drift chamber layers spread 

between the inner and outer radii. other primary triggers recognize 

summed neutral energy in the calorimeters. or collinear bhaba candi

dates in the small angle system. 

If the primary requirements are met, further data collection is 

halted. and processing moves to the next tier. This secondary trigger 

consists of 24 microprocessors which work in parallel to identify 

charged track candidates in the drift chambers and time of flight Sys

tem. Requirements on these candidates then comprise the secondary 

trigger logic. The charged secondary. for instance, requires 2 hard-

ware tracks with a minimum radius of curvature of 1.7 m (p~l 130 Mev/c) 

within the central 75X of the solid angle. If the secondary require

ments are met, the detector electronics ar~ read out by computer arid 
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Typical secondary trigger rates at PEP 

1.1 The Mark l! Vertex Detector 

1.1.1 Introduction 

A tau of canonical lifetime will travel less than 1 mm before decay

ing. The precision of a mean path length measurement thus depends 

critically on obtaining reliable tracking information from as close to 

the origin as possible. To this end. the "original" Mark II was aug-

mented. in the summer of 1981. with a high precision tracking chamber 

located between the beam pipe and the main drift chamber. This inner 

detector was optimized for the reconstruction of secondary vertices. 

hence the appellation vertex detector or vertex chamber (VC). In addi-

tion to enabling the study of the tau discussed here. the VC has had 

great success in the measurement of heavy quark lifetimes [22.23]. The 

extra tracking information near the origin has found obvious utility in 

the primary and secondary triggers. as well as improving the overall 

momentum resolution of the entire detector. 

The vertex detector is shown in side view in fig 2.2. It is a cyl-

indrical drift chamber. 1.2 m long. and 0.70 m in diameter. All wires 

are strung axially between two 5 cm aluminum endplates. The outer 

shell is also aluminum. 0.18 cm in thickness. and completely supports 

the wire tension load on the endplates. The inner shell is the beam 

pipe itself. In order to motivate a discussion of the detailed 
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Fig. 2.2 The Mark II vertex detector 
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features of this detector, I digress brieflY to a simple parameteriza-

tion of the requirements of "precision". 

Consider the accuracy with which a single track can be extrapolated 

to the origin, and let the rms miss distance be a.iss. One kind of 

contribution to amiss arises purely from the interpolation of a fit to 

data points with finite errors. Here, the data points are drift time 

measurements, and their errors are usually referred to as the "resolu-

tion per layer", Gr. The scale of ar is set by mechanical and electri-

cal tolerances, as well as the inherent limits imposed by ionization 

statistics and diffusion. for a straight line fit to H layers at radii 

ri, with constant resolution ar at each layer, the extrapolated error 

at the origin can be shown to be 

& Y\ 2. 

Another kind of contribution to a.iss arises from the angular uncer-

tainty borne of multiple coulomb scattering. The main offender here is 

the material between the origin and the first drift time measurement; 

it was in order to minimize the amount of this material that the beam 

pipe was chosen to double as the inner gas seal. for a pipe of radius 

rb, t radiation lengths in thickness, the multiple coulomb contribution 

to the miss distance can be written as 

. Ol~ r=-
ff ~t ('b 
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The mean error at the origin is then expected to be something like 

(..2..:s) 
.. 

The design and construction of the vertex chamber was carried out with 
... 

the minimization of a.iss as its goal. 

The design of the beam pipe is almost entirely constrained by the 

requirement of minimal a.es and the realities of a colliding e+e-

machine [24]. 

To start, eqn 2.2 indicates that rb should be as small as possible. 

To set the lower limit, note that the interaction region at PEP is 

bathed in an envelope of synchrotron radiation produced at the final 

focusing quadropole. This radiation is an unhealthy background for 

wire chambers; it produces excessive ionization, leading to high cham-

ber currents which can compromise performance. It follows that this 

envelope must be completely contained within the beam pipe; to accommo-

date it safely, we put 

Eqn. 2.2 now indicates that the thickness in radiation lengths 

should also be minimized. We clearly want a low Z material, and beryl-

lium, with Z=4, is an obvious choice. The actual mechanical thickness 

now follows from the pressure differential across the pipe, and the 

safety requirement that it withstand four times this amount. The VC 
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was designed to operate at two atmospheres and the interior of the PEP 

beam pipe is at vacuum. for cylindrlcal Be, the ASME boiler code then 

sets the pipe thickness at 1.42 mm. 

The design which then emerges is a beryllium tube, 1.4 m long, 15.6 

cm in diameter, and 1.42 mm thick. Each end is brazed to an aluminum 

stainless steel transition piece. which in tUrn is welded to a .tain-

less steel bellows. The bellows are attached to the PEP beam pipes; 

they serve to reduce stresses from misalignment and thermal expansion. 

In order to isolate the chamber ground from the PEP ring, the out

side of the pipe is covered with a 50 ~ mylar sheet. and this sheet is 

covered with a layer of 25 ~ aluminum foil. The foil is electrically 

connected to the aluminum endplates, completing the chamber shield. 

One further embellishment is motivated by the presence of thick lead 

masks at ~ 3 m from the interaction point. Calculation showed that 

some synchrotron radiation could backscatter from these masks and enter 

the chamber at small angles. To protect against this possibility. the 

inside of the beam pipe was lined with a 50 ~ titanium foil. attached 

to the beryllium with a seam weld at each end. Although quite thin at 

normal incidence. this lining suffices to absorb the backscattered pho

tons at grazing incidence. while florescing with a spectrum that can be 

absorbed by the beryllium. 

The complete beam pipe amounts to 0.6~ of a radiation length at nor

mal incidence. 

c. 
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l.l.~ Wire positioning 

To minimize the extrapolation error, we want to place sense wires as 

close as possible to the beam pipe. To maximize the accuracy of the 

track angle measurement, we also want to place sense wires as close as 

possible to the outer shell. These choices minimize the numerator and 

maximize the denominator of eqn 2.1. Obviously, we would like to have 

as many layers as possible in between, but this desire is tempered by 

the finite amount of space available on the endplates for the associ-

ated instrumentation. Our compromise solution is to place four layers 

close to the pipe, three layers close to the outer can, and use the 

intervening space on the endplates for cabling and electronics. 

A well understood spacetime relation is a necessity for good resolu

tion; the VC wire array is designed to keep this relation simple. This 

will be discussed in detail somewhat later. The array is formed from 

two kinds of layers arranged in an alternating concentric sequence: one 

kind, called a 'field layer' contains only cathode wires, while the 

other, a 'sense/field' layer, alternates sense and cathode wires. The 

pattern is completelY specified by two constants: the distance between 

layers. which is set to 0.422 em, and the arclength between wires in a 

layer, which is set to 0.530 cm The result for the four layer inner 

band is shown in fig. 2.3a. The pattern conspires to produce roughly 

rectangular drift cells. Sense wires are thus electrically isolated 

from their neighbors, and cross talk is minimized. The outer band of 

three layers is similar. The inner and outer bands contain 270 and 555 
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given in fig. 2.3b. 
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The radii of the seven sense layers are 

The sense wires are at ground, and the cathode wires run at a common 

negative high voltage. fig. 2.3a shows an extra field layer at both 

edges. These "guard layers" are used to compensate for edge effects; 

an appropriate (somewhat lower) choice of high voltage balances the 

gains on the sense layers, while simultaneously minimizing electro-

static deflection~ at the borders. 

Wires are positioned individuallY with nylon feedthroughs, as shown 

in fig. 2.4a. The aluminum endplates were precision machined with a 

tapered hole for each wire. The feedthroughs were injection molded 

with a corresponding taper, and a 225 ~ positioning hole concentric to 

the taper. The vagaries of the injection molding process actually 

caused the hole position to wander off center up to 100 ~. We used a 

high power microscope to sort the feedthroughs according to hole posi-

tion, and used the most accurate ones for the sense wires. The accu-

racy of sense wire location affects the chamber performance through ar 

of eqn 2.1. We believe the above technique positions our sense wires 

with an rms error of approximately 15 ~. 

The sense wires are 20 ~ gold plated tungsten and were strung at a 

tension of 50 g. The maximum wire sag is calculated to be 25~ at the 

center of the chamber; corrections for sag are included in the tracking 

program. Cathode wires in the outer band are 150 ~ gold plated copper

beryllium. To further minimize the effects of multiple coulomb 
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scattering, 150 ~ gold plated aluminum was used for cathode· wires in 

the inner band. All cathode wires were strung at a tension of 200 g. 

l.l.~ Electronics 

The last ingredient in the quest for high resolution (small or> is 

good electronics. The VC scheme is shown in fig. 2.6. One end of the 

chamber carries the readout, and the other end carries high voltage and 

calibration input. 

For readout, the chamber pulse is coupled to 6m of son coaxial cable 

through a fast emitter-follower. The emitter-followers serve only to 

match impedances, and are mounted directly on the aluminum endplate, as 

shown in fig. 2.2. The coaxial cables run to a shielded preamp box 

containing 825 channels of Lecroy Research Systems model 7791 16 chan-

nel amplifier/discriminators. The rise time of these amplifiers is 5 

ns. The discriminators drive 17 m of twisted pair which ferries the 

signal to th~ Mark II electronics house. Each channel is supplied with 

a time to amplitude converter (TAC) which measures the time between 

chamber pulse and a common stop. The TACs are read out by a dedicated 

microprocessor (BADC) which corrects for channel to channel timing off

sets and gains. If the secondary trigger information is satisfied, the 

information is transferred via CAMC to a VAX 11/780 computer which 

writes the data to tape. The accuracy of the TAC/BADC combination is 

250 psec throughout the entire system. 

The electronics is calibrated by providing a common start time to 
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the entire array from the other end of the chamber; the arrival times 

of these signals at the TACs then provides a measure of the channel to 

channel offsets already mentioned. The start pulse is fann~d to all 

channels simultaneously within about 350 psec. To avoid channel to 

channel coupling, we actually carry out two sequential calibrations in 

such a manner that adjacent channels are calibrated separately. During 

data taking, this calibration procedure is implemented once every eight 

hour shift. 

l.l.~ Operation 

The vertex detector runs with a 50/50 mixture of argon ethane. In 

order to stabilize the gain, the gas pressure is held constant at 

15.50t.05 psia. 

fig. 2.7 shows the efficiency as a function of high voltage for the 

inner four layers with our standard discriminator setting of 400 ~V. 

The fact that all four layers are the same, within errors, indicates 

that the guard wire scheme has succeeded in balancing gains. The cham

ber is fully efficient above 2.050 KV; the plateau does not go exactly 

to 1.0 because of tracking errors. High gain increases resolution by 

minimizing the effects of slewing in the preamps; our standard running 

point is therefore somewhat above the knee, at 2.25 KV. 

discussed in the next chapter, the resolution which results is approxi

matelY 100~ per layer. 

With all major chamber parameters now in hand, it is interesting 
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to return to eqns 2.1-2.3 and ask what kind of precision we expect from 

this detector. Using ar as above. layer radii as per fig. 2.4. and 

beam pipe parameters as per section 2.2.2. we find 

(a.iss)z=(85)Z + (95/p)z ~z 

For a 14.5 Gev/c bhaba. this predicts a.iss~85 ~. ' an impressive expec~ 

tation. The degree to which this;s fulfilled will arise as a kind of 

recurring motif in the rest of this work. 
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3. EVENT RECONSTRUCTION 

J.l Introduction 

Before the appearance of useful physics results, the list of wire 

numbers and drift times returned by the tracking chambers must be 

manipulated into a reconstruction of track orbits. Relevant details to 

this process include the tracking algorithm, the treatment of multiple 

scattering errors, the geometrical relation between the VC and the main 

drift chamber, and the VC space-time relation and resolution. As accu

rate tracking is crucial to the tau lifetime analysis, I shall briefly 

discuss each of these items. following this, I shall also include 

descriptions of some other pertinent offline items: the determination 

of beam positions, and some checks on VC performance. 

J.Z Tracking 

Track reconstitution begins with a pattern recognition algorithm 

which associates drift points to a single track and resolves left right 

ambiguities. A X2 minimization technique is then used to fit a helical 

orbit to the chosen points [18]. The five helix parameters used in 

this algorithm are the azimuth (+), the tangent of the dip angle 

(tan~), the curvature (1/pcos~), the distance of closest approach to 

the origin in the equatorial plane (~), and the distance of closest 

approach along the beam line (~). In the version of the algorithm that 

treats the VC and DC as a combined system, an additional parameter 

allows for a kink due to multiple coulomb scattering at the interface 
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between the two chambers. 

let the track parameters be represented by a~. The distance of 

closest approach of a fitted track to the ith wire is some function of 

these a~'s, difit(a~). let diti.e be the distance of closest approach 

to this wire as measured by the drift time and the space-time relation. 

for a resolution air the "z of the track fit can be written as 

n (difit(a~)-diti.e)Z 
"zz = ~ 

i=' a i Z (3.1) 

where n is the total number of hits associated with the track. Mini-

mization yields the optimal track parameters and their associated error 

matrix. 

The magnitude of the tracking errors is increased by multiple cou-

10mb scattering. The calculation of this effect has two parts. One 

considers the contribution of gas and wires in the region between the 

innermost layer of the VC and the outermost layer of the DC. The other 

calculates explicitly the contribution of the beam pipe and the 

material between the VC and DC. (The exact treatment of the latter 

effect obviouslY depends on whether or not a kink has been fitted at 

the boundary.) In both cases. the detector materials are parameterized 

in terms of effective radiation lengths. and average corrections are 

made additively to the elements of the track error matrix. 

A global track fit which treats the VC and DC as one large system is 

sensitive to the possibility of small geometric misalignments between 
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the two chambers. A tracking program called ADDTC was developed to 

allow for this contingency [29]. The program first fits the track in 

the DC alone, yielding a~dc and X2dc. A refit with the inclusion of 

the VC information then treats X2dc as the implicit summary of the DC 

information: 

(d;f;t(a~)-d;t;.e)2 
x2 z = I + X 2 dc 

VC (3.2) 

The change in X2dc due to small changes in the a's resulting from the 

refit can be written as 

X2 dc ' = x20 + I I (a~-a~o) A~v (aV-aVo) 
~ v 

(3.3) 

where x20 and Uo are quantities from the initial DC fit. and A~v is the 

inverse of the error matrix associated with the adc's. 

The advantage of expressing the X2 in this way is that it allows 

arbitrary modifications to the weight of selected parts of the DC 

information. We are counting on the VC to supply high quality informa-

tion about the azimuth and x-y location of the track; we worry about 

contaminating this information with geometrical aberrations in the DC, 

or in the relation between VC and DC coordinate systems. This uncer-

tainty is easily handled in the above formalism by adding extra contri-

butions (6+)2 and (6l)2 to the appropriate matrix elements in eqn 3.3. 

Note that the effect of taking 6+ and 6l very large is equivalent to 

decoupling the chambers; in this case. the DC supplies the curvature 
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and z information, and the VC supplies the angular and positional 

information. Al though this weighting is least sensitive to the rele-

vant geometrical quirks, it has the disadvantage of excluding the VC 

information from the curvature measurement. The "optimal" choice of 

the uncertainties, found from a study of track xZ, is 

6~=20011 
6+=0.3 mr 

All track fitting used in the tau analysis utilized this technique. 

~.~ Vertex detector constants 

Incorporation of the vertex detector into the track fitting schema 

requires a knowledge of the space-time relation (STR) for the chamber, 

as well as of the geometric relationship between the VC and DC. 80th 

sets of constants were found by an iterative XZ technique; our proce-

dure was to use a crude estimate of the STR to find the geometry, then 

use the new geometric constants to find a better estimate of the STR, 

and so on. In practice, this process converged quite rapidly, consis-

tent with the expected lack of correlation between these two quanti-

ties. All constant finding used isolated high momentum tracks to 

reduce complications from tracking errors. 

for finding the geometric constants, we treated .the VC and DC as 

rigid bodies with attached coordinate systems related by displacements 

in x and y, and small Euclidean rotations around x, y, and z. After 

deriving the dependence of the tracking residuals on these parameters, 

a XZ like the one of eqn. 3.1 was used to get the best estimate. fur-
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ther details of this calculation are outlined in Appendix A. 

The statistical error on the displacements was typically 5 to 10 ~. 

The constants were recalculated after every access or earthquake and 

stored in a run dependent data base. They are used to transform the VC 

wire positions into the DC coordinate system at the commencement of 

analysis on each event. 

The elucidation of 

eral features of the 

the space-time relation was 

VC wire array. The fact that 

facilitated by sev

the driH cell is 

closed on all sides means that the electric fields therein are mostly· 

radial. This minimizes the dependence of the STR on track angle. In 

fact, the proximity of the chamber to the IP means that most tracks 

depart only slightly from radiality, anyway. This presents another 

advantage. Although the shape of the drift cell varies from rectangu

lar to hexagonal as the pattern sweeps through phi, the radiality of 

the tracks implies that the first ionization cluster tends to come from 

somewhere between the sense wire and the adjacent field wire in that 

laYer. The STR then depends mainly on just the sense/field wire spac-

ing. Since this spacing is constant throughout the array, we can use 

one space-time relation for the entire chamber. 

drift distance keeps the STR very close to linear. 

Finally, the small 

With all of the above in mind, our parameterization of the STR is a 

simple cubic in the drift time: 

0=ao+a,T+8zTz+a3T3 

The track XZ depends on the a;'s purely through the dt;. term. 



PAGE 32 

Using an estimate of ai in the ve, minimization gives a new estimate of 

the ai's; the tracks are refit with these constants and the process ;s 

repeated until convergence. 

The resultant STR ;s shown ;n fig. 3.1. It is nicely linear over 

most of the drift length. The statistical error on the constant term 

;s typically about 10~. long term variation in the constants was basi

cally confined to ao, which responds to drift in the overall timing of 

the detector electronics. Attempts to discern extra non-linear correc

tion factors in the regions near and far from the sense wire yielded no 

significant improvement in resolution. 

~.~ Vertex detector resolution 

The ve resolution per layer is the ultimate measure of our success 

at high precision chamber building. In addition, the ve resolution 

will be a major component of the calculated path length error in the 

lifetime analysis. As the measured lifetime is rather sensitive to 

assumed magnitude of this error, the correctness of the assumed chamber 

resolution merits rather careful attention. 

A preliminary measure of the resolution follows from the distribu-

tion of tracking residuals in the chamber. As seen in fig. 3.2, this 

distribution is nicelY gaussian; its width is 83 ~. This figure is 

actually better than the resolution, 

included in the fit. 

since each residual is, itself, 



PAGE 33 

5 

2 

1 

OWLL-~~~~~~~~~~~-L-L~~-L~~~~~~~ 

a 25" 50 75 100 
DRIFT TIME (NSEC) 

fig. 3.1 The VC space time relation 



PAGE 34 

2000 

1500 

500 

o 
-400 -300 -200 -100 0 100 200 300 400 

HESIDUAL (MICRONS) 

rig. 3.2 VC tracking residuals 



PAGE 35 

A more sophisticated estimate follows from an analysis of the con-

tribution of the VC to the track xZ. In the limit of gaussian errors. 

the XZ distribution is exactly calculable. and is a comprehensive meas-

ure of all assumptions involved in the fit. We can therefore measure 

the resolution as that value which gives the best fit to the expected 

XZ distribution. 

Since the track is actually fit through both the VC and DC. there is 

some question about what the XZ in the VC alone really means. With the 

ADDTC algorithm described above. we can imagine that the VC information 

is basically being used to find the two quantities f and ~. If we 

limit the sample to tracks which have hits in all seven VC layers. we 

can think of the VC XZ as that expected for 7-2=5 degrees of freedom. 

Fitting the distribution of residuals from 7 hit tracks to the shape 

expected for a XZ with 5 degrees of freedom yields a mean resolution 

per layer of 95±10~. The concomitant XZ distribution. shown in fig. 

3.3. indicates a good fit. 

~.2 Beam positions 

As per the discussion of sec. 1.2. the position of the luminous 

region is a necessary ingredient in the determination of the tau path 

length. We have determined the beam position by two independent tech-

niques and verified that they cross check. The nearness of the VC lay

ers to the IP naturally enhances the effectiveness of both methods. 

One technique looks for the average intersection point of bhabas 
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taken from blocks of 10 to 20 runs. Tracks in a narrow swath around 

~=n/2 will determine the x coordinate of the beam (Xb), and tracks in a 

narrow swath around ~=O will determine t~e y coordinate (Yb). Correc-

tions are applied for the finite angular extent of the swath. To 

enhance statistics, the total azimuth is actually divided into several 

sets of such orthogonal swaths, and (Xb,Yb) is found in the coordinate 

system defined by each set. All values are then rotated back into the 

DC coordinate system and averaged. The statistical error on Xb and Yb 

for each block of runs is about 15~. The systematic offset is esti-

mated to be less than 20 ~. I shall refer to beam positions found in 

this way by their Mark II software name: XYZIR. 

The large number of runs required to achieve a decent statistic 

leaves the XYZIR technique vulnerable to the beam steering that some

times occurs between storage ring fills. Larry Gladney therefore 

developed a program called ORCAlC which is capable of finding the beam 

position on a run by run basis. This method uses all good tracks in a 

run, and calculates the (Xb,Yb) which minimizes the distance of closest 

approach (DCA) for the entire ensemble. In a typical 2 hour fill, the 

average beam position is measured with an accuracy of 50 ~ horizontally 

and 20~ vertically. Since the spread in DCA values is directly depen-

dent on the beam width, this method also yields the beam size. Figs. 

3.4a and b show the impact parameter divided by the expected errors for 

tracks within 100 mr of the x and ~ axes. These distributions are best 

fit by a unit gaussian when 
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The data in these plots comes from runs containing tau, charm or bottom 

candidates. The lack of tails in the plots indicates that the beam 

position was stable during these runs. 

Note that for both the XYZIR and ORCAlC values, the beam location 

error is significantly smaller than the actual beam size. 

~.~ Checks Qn YC performance 

Isolated electrons from Bhaba scattering are unencumbered by the 

problems of multiple coulomb scattering and tracking confusion; as 

such, they provide a powerful probe of the reliability of YC tracking. 

In one test, tracks are grouped in azimuth according to which wire 

in the inner YC layer was hit. The mean impact parameter to the XYZIR 

origin for each group is plotted vs. wire number in fig. 3.5. Sinusoi

dal variations in this plot would indicate a net displacement of the 

detector or beam from the XYZIR origin. No such modulation is seen. 

More importantly, other systematic variations would indicate deviations 

from azimuthal symmetry arising from geometrical misalignments. Azimu

thal symmetry is crucial to the lifetime analysis because it cancels, 

to first order, many obvious sources of systematic error (thus, even if 

our beam positions suffered a net displacement, lifetimes on one side 

would be too long, lifetimes on the other side would be too short, and 

the effect would cancel). large deviations of this kind are also 

absent; we conclude that all azimuthal regions point back to the same 
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spot with an accuracy of 40~ or less. (The gap near wire 20 corre-

sponds to a small region afflicted with a high voltage problem and not 

included in this study.) 

Another test looks at the separation distance between the two bhaba 

tracks in the vicinity of the origin. The distribution of this quan-

tity is shown in fig. 3.6; it is a nicely centered gaussian with width 

141~. Since the tracks actually originate from the same point, the 

width should be J2 times the extrapolated tracking error discussed in 

chapter 2; this figure then indicates that 

Gex ~ 100~ 

Recall that the considerations of chapter 2 predicted a value of 85 ~ 

for this resolution. Part of the discrepancy lies in the fact that the 

tracks used in this study do not necessarily have hits in all seven 

layers. degrading the accuracy of the extrapolation to some degree 

(recall eqn 2.1). Beyond this. the message contained in this result is 

that there are components to the tracking error which we have not 

anticipated. This issue will be studied in detail in chapter S. 
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4. MEASUREMENT Of THE MEAN TAU PATH LENGTH 

Once the vertex detector is operational~ installed in the Mark II at 

PEP~ the data recorded~ and the events analyzed and stored on magnetic 

tape~ we can consider the measurement of the tau lifetime. 

urement ;s based on 134 pb- 1 of data collected at PEP between September 

1981 and June 1983. The measurement~ as well as the discussion follow

ing~ is based on the general procedure outlined in sec. 1.2. 

~.l Event Selection. 

Since the tau decay products always include at least one neutrino~. 

it will not be possible to select them using the usual criterion for 

particle identity~ the invariant mass. Instead, I will argue quite gen

erally that tau decays at PEP can be tagged via a characteristic topol

ogy_ I will then discuss additional fine tuning cuts, and some checks 

that the sample is truly tau's. 

Recall that the lifetime will be measured by calculating the dis-

placement between the tau's production point and decay vertex. Event 

selection then focuses on the 3 prong decay mode. As the tau is pro-

duced at the beam energy, we expect the 3 pions from this decay to be 

collimated into a narrow cone. 

Now consider the overall structure of a tau pair event containing at 

least one such 3 prong decay. With the exception of the possible minis

cule branching fraction into 5 prongs ( ! 0.6'-) [16], the tau decays 

exclusively into either 1 or 3 prongs. The tau pairs of interest are 
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then limited to two topologies: 1 prong opposite a collimated 3 prong 

jet, or back-to-back 3 prong jets. 

sample by requiring either 

I thus isolate a crude "tau-like" 

4 charged tracks, with 1 track isolated from the other 3 

by 1200 

m: 

6 charged tracks falling into two 3 track clusters, with 

each member of one cluster isolated from each member of 

the other by 1200 

In order to discriminate against garbage events produced by beam gas 

scattering and other gross backgrounds, the overall vertex of each 

event was required to lie close to the luminous region, with an allowed 

miss distance of 2 cm in the xy plane, and 5 cm along the beam line. In 

addition, each event was required to have total charge zero. 

Events passing these cuts were retracked with ADDle as per the pre-

scription discussed in chapter 3. lhe retracked tau candidates were 

then subject to further cuts tailored to reject background specific to 

these topologies: 

i) low multiplicity hadrons 

Including geometrical losses, the average charged multiplicity at 

Ec.=29.0 Gev is <nch>=9, compared with the maximum of 6 charged tracks 

allowed by the topology cuts. Hadron contamination should therefore be 

qui te small. I nevertheless protect against low multiplicity hadrons 
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I first calculate the 

mass of the charged prongs alone. From the work of the Mark II at 

SPEAR, the 

1.10±O.3 Gev 

mass of this decay channel 

[17]. Allowing a little 

is known to 

more leeway 

width, I therefore require 

0.7 Gev 1 m3n 1 1.5 Gev 

be approximately 

than the quoted 

To protect against the possibility of charice charged mass combinations 

in this region, I also calculate the mass of the tau-like system 

including neutral energy. For this purpose, I include hits in the liq

uid argon system registering more than 300 Mev, provided they are 

within 60° of the 3w direction. The tau mass is 1.784 Gev. I allow 

for the possibility of some mismeasurement, and require 

M3n+neutrals ~ 2.0 Gev 

Hote that failure of either jet in a 6 prong event results in the 

exclusion of the entire event. 

ii) tau production in 1 photon collisions 

The diagram for this process is shown in fig. 4.1. The cross sec-

tion at 29 Gev, integrated over the detector acceptance, is ~ 0.9 nb, 

which is almost as large as the pointlike cross section at this energy. 

Unfortunately, the cross section peaks at the tau pair threshold, lead

ing to tau's which are at rest (or close to it) in the lab frame. 

These have a smaller gamma factor, and thus a shorter mean path length, 
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than tau's produced at the beam energy, and therefore constitute a 

background to the scheme of this measurement. 

Removal of these 2y tau's hinges on their slowness. I look at the 

total charged energy in the event, and the energy of each 3n system, 

and require 

total Ech ~ 5.0 Gev 

E3~ ~ 3.0 Gev 

Using the total energy to discriminate against 2 photon events is actu-

ally standard operating procedure in e+e- physics. In fact, events 

stored in the Mark II data summaries are all required to have 

total Ech ~ 3.6 Gev 

The cuts above merely amplify this requirement. 

One further distinguishing feature of 2 photon events is the fact 

that they tend to have a net component of momentum along the beam 

direction. Some of these events are thus eliminated by the topology 

cut, since it requires (rather loosely) that the tau decay products 

appear to recoil against each other in the detector. 

iii) radiative bhabas and dimuons 

Bhaba events, and to a lesser degree dimuons, are sometimes accompa

nied by bremsstrahlung in the final state. The photon direction is 

usually quite close to that of the emitting lepton; if this photon con

verts close to the beam line, the net effect is to produce a collimated 
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If the lepton on the other side 

does not radiate. the event will mimic the 4 prong tau pair topology; 

if both leptons radiate. and both photons convert. the event can mimic 

the 6 prong topology. One way to eliminate this background is to note 

that the charged tracks in such an event will carry the full center-of

mass energy. A real tau pair. however. will contain two or three unde

tected neutrinos. and show a corresponding missing charged energy. To 

eliminate radiative events. I therefore require 

total Ech i 26.0 Gev. 

An alternative technique is based on the kinematics of the radiative 

3 prong system. The photon is massless. the radiating lepton is almost 

massless. and the angle between them is small. The effective mass of 

such a system will also be small. Three collimated pions. however. 

cannot have an effective mass less than lmn . Assuming that the photon 

converts to an electron-positron pair. I calculate the mass of each 3 

prong using the electron mass for all particles. and require that it be 

somewhat less than lmn : 

m3e ~ 0.3 Gev/c 2 • 

. A further cut against this kind of background will be discussed in the 

next section. 

This completes the tau selection criteria. Since no one requirement 

actually specifies any event as a tau. it is necessary to check that 

the kinematic properties of the final data set are consistent with the 

known properties of the tau. This is most easily done by comparison 
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with the Monte Carlo. In fig. 4.2a. I show the momentum spectrum of 

the isolated single prongs in the, passing 4 prong events. The solid 

curve is the result of the Monte Carlo. The agreement is quite good. 

In fig. 4.2b. I compare the momentum spectrum of the passing 3 prongs 

with Monte Carlo expectations; the agreement here is also impressive. 

A "typical" four prong event. as seen in the full detector, is shown 

in fig. 4.3a; a magnified view of the VC portion of the event is shown 

in fig. 4.3b. Confident of the validity of the tau sample, I now move 

on to the discussion of event quality. 

~.Z Selection of well measured events. Vertexing. 

A precision measurement of this kind requires that tails are minimal 

and that the "resolution function" is understood. To this end, I now 

impose a series of cuts which insure the fidelity of the tracking 

information in the -final sample. The strategy here is to impose an 

interlocking, unbiased requirements which el~minate gross tails, while 

preserving statistics. From this point on, 

treated as an individual. 

each 3 prong tau decay is 

A simple starting place is to beware of tracks with small momenta. 

These tracks have a high probability of scattering, producing kinked 

trajectories. delta rays. and secondaries. all the bane of good track

ing. furthermore. a track scattered in the beam pipe is obviously use

less for the purpose of extrapolating back to the T decay point. To 

avoid these problems. I therefore require that all tracks in a passing 

3 prong have 
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Ptr ~ 0.400 Gev/c 

How consider actual tracking quality. Tracks are the result of a 

least squares fit to the measured data points; a good track will 

require a minimum number of points. To insure a good extrapolation to 

the origin, as well as optimal use of the VC information, I require 

that each of the three prongs have" at least 2 hits in the VC inner 

band, and at least 1 hit in the VC outer band. Since there is little 

intervening material between the IP and the active VC elements, this 

requirement also eliminates radiative bhabas and mu pairs in which the 

photon converts at the VC/DC interface. 

To insure a good curvature measurement, I require that each track 

also have at least 6 hits in the main DC. This is a rather minimal 

requirement, aimed at preserving statistics in an era where the DC was 

showing its age; it is not sufficient to insure good dip information. 

This task will fall to the vertex X2, to be discussed shortly. 

A good track also requires a good fit to the data points. The most 

straightforward measure of "goodness of fit" is the track x2 • As dis-

cussed in chapter 3, the X2 per degree of freedom measures the rms of 

the tracking residuals in units of the tracking errors: 

X2pdf = (H-5)-t ~ 
i Oi2 

An error in tracking will usually lead to one or more large residuals, 

and an anomalously large XZtr. But this measure is dependable only if 

one knows the 0i'S to be correct; since the VC Oi'S were derived from 
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mostly bhaba type events, there is no guarantee of their correctness in 

the somewhat denser tracking environment of the tau's. To check, I 

plot in fig. 4.4a the distribution of X 2 tr for tracks in the tau sample 

that carry the full complement of 7 hits in the ve. Recall, from chap-

ter 3, that this should be the X2 distribution for 5 degrees of free-.-
dom. The data appears wider than expected, suggesting that the bhaba 

derived VC OJ'S are a little small. The proof of this suggestion is 

fig. 4.4b, which shows the same sample refit with all VC OJ'S multi-

plied by 1.15. The agreement between data and theory is now acceptable. 

The implication of this exercise is that the VC resolution is some-

how degraded by a factor of 15~ in the denser tau events. One cause of 

this may simply be confusion between tracks during pattern recognition. 

Alternatively, it may be that the simultaneous firing of many nearby 

wires generates pickup which degrades the resolution on anyone chan-

nel. Whatever the cause of the disease, it seems that this average 

kind of rescaling is an adequate treatment; for the remainder of this 

work it should be assumed that all events have been refit with the VC 

OJ'S increased in this way. 

let the chisquare per degree of freedom for the entire track be 

denoted as X2 tr, and the chisquare per degree of freedom for the VC 

information alone as X 2 yc. The distribution of these quantities in the 

tau data is shown in fig. 4.5. Each track in a passing 3 prong is 

required to have: 
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Xlvc S 5.0 

These cuts are lenient, but do remove a number of gross delinquents. 

One reason for keeping track Xl cuts rather loose is the fact that 

one bad time can sometimes make the Xl large while actually having lit

tle effect on the track parameters. This tends to occur for tracks with 

a large number of hits. Alternatively, for tracks with a small number 

of hits, a fortuitous combination of errors in the pattern recognition 

can sometimes produce a track which is hopelessly wrong, but never the-

less has a good Xl. These later kinds of errors can be flagged by 

checking to see that the track points correctly back to the known beam 

position. This procedure also spots tracks which have scattered in the 

beam pipe. 

For each track, I calculate the distance of closest approach (DCA), 

in the xy plane, to the beam center. The finite tau lifetime, along 

with the fihite beam width, will give some contribution to the width of 

this distribution. Using an average decay product opening angle of 0.3 

mr (see fig. 5.3a), and the canonical lifetime, it is easy to calculate 

that the average miss distance from the nonzero flight path is about 

200~. Combining this in quadrature with the maximum beam width of 500 

~ in the x direction, we get an order of magnitude estimate of the mean 

DCA to be about 550 ~. Checking the tau sample, in fig. 4.6, I find 

this estimate nicely duplicated by the data, with only two tracks in 

the sample having a DCA greater than 2mm. I conclude that this pathol

ogy has already been eliminated by the requirements on minimum number 
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of hits and minimum momentum. 

The foregoing battery of quality cuts yields 594 passing 3 prongs. 

These candidates are now refit with the constraint that all 3 tracks 

originate from a common vertex. the putative tau decay point. The ver

tex constrained fit proceeds by ax2 minimization. and returns new 

track parameters. vertex location. vertex error ellipsoid. and the ver

tex x2 • This latter quantity measures the dispersion of the tracks at 

their point of closest approach. in units of the assumed tracking and 

multiple coulomb scattering errors. Through the assumption that the 

tracks do have a common origin. it is another strong check on tracking 

quality. In fig. 4.7a. I display the distribution of X2 ytx in the tau 

sample. For a 3 track vertex. there are 3 degrees of freedom; the 

solid curve is the theoretical expectation for this case. normalized to 

the number of events with X2 ytx i 20. The disagreement is embarrassing. 

The same comparison made with Monte Carlo data gives a very nice 

fit,indicating that the problem does not originate with any kind of 

error in the vertexing algorithm. We might consider rescaling the 

tracking errors. but they have already been adjusted to bring the VC 

track X2 into line. as per above. The problem must therefore lie with 

the information used in track reconstruction. 

The vertex is a point in 3-dimensional space. Information on the xy 

coordinates of this point comes mainly from the VC, whereas the z coor

dinate results solely from DC information. To disentangle these contri

butions. I revertexed the sample with track z errors increased by a 
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factor of five, effectively removing the z information from the fit. 

This reduces the problem to that of finding a vertex in xy projection; 

for three tracks, such a fit has 1 df. The resulting X2 v tx is shown in 

fig. 4.7b, along with the theoretically expected curve. The improvement 

over fig. 4.7a is obvious. This implies that the xy part of the vertex-

ing is healthy, and that the problem must lie with the z information 

from the DC. 

In fig. 4.8, the problem is recast in a zy projection. Let Yo be 

the y coordinate of the vertex as determined by the procedure above. In 

the absence of perfect z information, the three tracks will intersect 

the line of constant Yo in three different places. Assuming equal 

errors, the best estimate of the z point of the decay is just the aver-

age z of the three intersection points. Then, the X2 of the z informa-

tion alone is given by: 

_ .2 
VZl 

The distribution of this quantity is shown in fig. 4.9, along with the 

normalized theoretical expectation for 2 df. The poor agreement mimics 

fig. 4.7a, implying that faulty z information is the culprit. Requiring 

a large number of hits in the DC cleans up the low end of this distri-

bution to some degree, but the long non-gaussian tail still remains. 

As in the treatment of the track X2 difficulties, I chose to avoid 

an extensive exploration of the causes of this tail. Since the vertex 

precision is so dependent on the VC anyway, it appears best to simply 
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remove the z information as outlined above. 
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All of the 3 prongs were 

vertexed in this fashion. The extraneous noise is then excluded. and 

XZ Xy stands as a strong overall summary of the quality of the xy vertex 

information from the VC. 

is rather strict: 

With this in mind. the cut on the vertex XZ 

It is hard to draw conclusions about xZz• because of the unknown 

drift chamber problem which leads to this rather rude distribution. 

Fortunately. the calculation of the tau path length will be seen to be 

rather insensitive to the quality of the z information. Nevertheless. 

as a very large value for xZz. could indicate a real tracking problem I 

exclude the far tail: 

XZz i 20.0. 

The remaining sample contains 507 3 prong decays. 

~.1 Calculation of the tau path length 

The analysis discussed so far provides. for each passing tau. a best 

estimate of its decay point. and associated errors. Via the discussion 

of chapter 3. a best estimate of the beam size and beam center are also 

known. One easy estimate of the T path length is now given as the dis-

tance from beam center to decay point. But such an estimate is hardly 

optimal. as it fails to account for the known vertex errors and beam 

spread. 

To utilize this additional information. an ~dditional constraint is 
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required, namely the direction of the tau in the xy plane. Offhand, 

the reconstruction of this direction would seem to be ruled out by the 

presence of the undetected neutrino in T~(3w)v. Recall, however, that 

the tau decay to pions seems to occur through an intermediate, high 

mass hadronic state, which I shall generically label ST. The large 

mass of this state, about 1.1 Gev/c 2 , implies that in the tau rest 

frame, it is created almost at rest. In fact, it is easy to show that, 

in this frame, the ST momentum is given by: 

In the lab frame, ST is then expected to closely follow the tau direc-

tion, with a maximum angular difference given by 

If the intermediate state decays only to three charged pions, the tau 

direction is then given in good approximation by the direction of the 

3w system. This assumption will be used in the following. The error 

inherent in this assumption, as well as that arising from undetected 

neutral pions, will be addressed by Monte Carlo techniques in sec. 6.4. 

I now consider the problem of the optimal estimate of the tau decay 

length. I shall use beam positions as given by XYZIR, and beam sizes 

as given by the ORCAlC calculation: 

let the beam center be given by (Xb.Yb). The beam error matrix is the 
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2x2 diagonal matrix whose nonzero elements are the inverse squares of 

the beam size in the x and y directions. Let the inverse of this 

matrix be Bi;. 

Let the xy position of the reconstructed decay vertex be (Xy,yy). 

Since the vertex error ellipse has a major axis which tends to lie 

along the tau's flight direction, the 2x2 matrix of vertex errors is 

non-diagonal. Let the inverse of this matrix be Vi;. 

Finally, let the tau direction cosines in the xy plane, as approxi-

mated by the direction of the 3n system, be given by (tx,t y).· The 

entire situation is summarized in fig.4.10, which shows a magnified 

view of the region near the origin for the event alreadY pictured in 

fig. 4.3. 

The best estimate of the tau flight path is a line segment satisfy-

ing three constraints: 

i) one end must be optimally close to (Xb.Yb), in the sense of Bi; 

ii) one end must be optimally close to (Xy,yy), in the sense of Vi; 

iii) the segment must have direction (tx.t y) 

The optimization required by i) and ii) can be expressed in a XZ 

formalism. Let the point satisfying i) be (x,y), and the point satis-

fying ii) be (x',y'). The relevant XZ is then: 

In order to incorporate the constraint iii), we express (x',y') in 
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terms of (x.y). the direction (tx.t y). and an unknown path length J: 

Substitution then yields a chi square for the three unknowns x.y. and 

A. Minimization of this XZ gives the best estimate of: 

the tau 'production point' 

with respect to the beam center 

the tau path length 

In addition the matrix of second derivatives of the XZ is constructed 

and inverted. furnishing the errors in each of the three quantities. 

The path length error will be denoted as al. Since the VC is lacking z 

information. J and al as calculated above are actually projections in 

the xy plane; to get the true versions. we divide by the cosine of the 

dip angle. This is the "weak" dependence on z information alluded to 

in sec. 4.2. 

The distribution of al is shown in fig. 4.11. This quantity varies 

from event to event because of two effects. One is momentum depen-

dence: slow 3 prongs have large opening angles and well defined ver

tices. but large multiple coulomb scattering errors; fast 3 prongs have 

small scattering errors. but are rather collimated and therefore have a 

poorlY defined vertex. The other is the rather large size of the beam 

in the x direction. This leads to a larger uncertainty in the location 

of the production point for horizontally directed tau's. The average 



PAGE 68 

150 I-- I 1 
tI) 

100 I-- 1 E-< 
Z 
~ 
:> 
~ 

50 I-- f f 
f 

! 
II I 

I % ~ .... ~ .... 0 
0 1 2 3 

ERROR (MM) 

fig. 4.11 Path length errors 

\ 



PAGE 69 

is ~ 1 mm (comparable to the size of the expected tau path length), but 

there is a substantial tail extending out to large errors. We will use 

only the 'high precision' part of the data, cutting at 

a 1 S 1.4 mm. 

The location of this cut is rather arbitrary; this issue will be 

treated under the discussion of systematic errors. 

The distribution of production points, shown in fig. 4.12, is a kind 

of time average of the beam profile. The enables a nice quality cut: 

tau's whose apparent origin is outside of the beam are either mis

tracked or have bad beam positions. We require that both xp and yp lie 

within two sigma of (Xb,Yb). 

The al and production point cuts leave 423 events in the final sam

ple. The distribution of path lengths is shown in fig. 4.13. This plot 

is rather striking; it clearly shows an exponential with width about 

1mm folded with a gaussian error function whose width is also about 1 

mm. Note that this analysis has avoided any kind of explicit cut on 

large path lengths; the relative absence of tails is then a pleasing 

vindication of the obsession with event quality. The mean of this dis

tribution is 627±65~. Tau vixit! A more precise determination of the 

mean path length is derived from maximum likelihood analysis, to which 

I now turn. 

~.~ Maximum likelihood extraction of ~ path length 

The maximum likelihood technique can be applied in statistical 
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problems where the functional form of the distribution is known. The 

functional form is used to calculate the overall probability of making 

some sequence of observations. and the best estimate of the parameter 

of interest is the value that maximizes this probability. It can be 

shown that this technique yields parameter estimates with the minimum .' 
attainable variance [25]. This happy property follows from the fact 

that the maximum likelihood estimator is sufficient it exhausts the 

experimental data of all information relevant to the desired parameter. 

Consider a series of N tau flight path measurements. Let the true 

lifetime be ~o. and let the probability of observing a path length ~i 

be given by P(~i'~o). The total likelihood for a collection ~f N ~i'S 

is 
~ 

;1 n P(I;,QII) 
i ': I 

In order to prevent this product from growing,unreasonably small. it is 

customary to use the "log-likelihood": 

w 

lV'll:: $ QV) [P(Q".,t»)] 
I :: I 

The best estimate of ~o is the value at the extremum: 

In a world with no measurement error. P(~i.~O) would be the normal-

ized exponential decay distribution with mean ~o. In the real world. 



PAGE 73 

however. the path lengths are smeared by the finite experimental 

resolution: we observe a path length Ri and an error on that path 

length (11. It is therefore necessary to construct a P(Ri,al,Ro> which 

accounts for this. 

One method would be to assume an average "resolution function" for 

the entire data set. This might be a gaussian whose width was equal to 

the average al. P(Ri,<al).Ro> could then be represented as the convo-

lution of the exponential of mean Ro with this gaussian. 

The shortcoming of this approach is the use of a fixed al; in the 

data. al varies from event to event. To more carefully model the situ-

ation, we can consider the measured al of a given event as the mean 

width of a geometry and momentum dependent gaussian resolution function 

associated with that (type of) event. The probability of observing 

such an event can then be represented as the convolution 

21. ~[~~: - f.1[ I - e~t( M¥. -~;)~ 
A study of systematic effects utilizing a control data sample. to be 

discussed in the following chapter. will require the ability to measure 

very short lifetimes (Ro<100~ ). Unfortunately the expression above 

is numerically untenable in the limit RO«al. (Recall that the average 

al is of order 1 mm.> In order to develop a suitable substitute, note 
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that the sufficiency of the maximum likelihood technique is equivalent 

to saying that the parameter estimation follows from the shape of the 

experimental distribution. Consider the shape of the gaussian/exponen-

tial convolution in the ~o«al. The mean remains at ~o. the width 

remains at J(~Oz+alZ). but the exponential tail becomes irrelevant com-

pared to the gaussian width. The distribution therefore tends to a 

gaussian of mean and width as given above. In the short lifetime 

regime. we therefore take the probability of an event with ~i.al. and 

~o to be 

1>( Qi, t,,(J"""ti) ': 

The practical use of these formulae goes as follows. for each 

event. I calculate the P(~i.al'~o) for a sequence of twenty ~o's which 

brackets the anticipated result. The logarithm of P(~i,al'~O) is then 

added to a running total kept separately for each ~o. When all events 

have been included, the table of In(;() vs. ~o represents the func

tional dependence of t. on ~o. The local maximum yields the best esti-

mate of ~o; variation of 1/2 in corresponds to a one a variation in 

~o [25]. A parabolic fit to the peak region, in conjunction with these 

facts, yields the mean path length and its error. 

The reliability of this procedure has been checked against Monte 

Carlo generated data. The Monte Carlo includes accurate representation 

of VC and DC resolutions, multiple coulomb scattering in the beam pipe, 

chamber wires. and VC/DC interface. nuclear scattering and absorption 

... 
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in the beam pipe, pion and kaon decay, photon conversions, and even a 

duplication of dead wire patterns in the two chambers. Two data sets 

of 20K tau's were generated, one with the canonical lifetime, and the 

other with zero lifetime. Additional information available in the MC 

data allows the calculation of the true unsmeared flight path in each 

event, and thus the true average in each sample. Each data set was 

subjected to the complete analysis procedure, culminating in the appro-

priate maximum likelihood analysis. The path length distributions for 

passing events are shown in figs. 4.14a and 4.14b. The results of the 

maximum likelihood fits were: 

1 ifetime 

o sec 

2.8E-13 sec 

number used 

1478 

1591 

<1> from MC 

0.011 

61211 

<1> from !!l..!!.X like 

28±20 11 

597±22 11 

In both cases, the measured lifetime agrees with expectations to within 

the statistical error. 

The width of the zero lifetime distribution arises solely out of the 

experimental errors; fig. 4.14a is therefore a Monte Carlo representa-

tion of the expected "resolution function". We can check our under-

standing of the resolution by recasting this distribution in units of 

the expected error. Fig. 4.15 is the distribution of ~/al; it is 

nicely gaussian, with a width of O.97!.02. This confirms that, in the 

Monte Carlo anyway, the tracking vertexing, and path length calculating 

does yield a gaussian error which is well represented by the calculated 

a 1. 
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~.~ The ~ tau path length. A caveat 

The maximum likelihood procedure for finite lifetime is now applied 

to the distribution of tau flight paths in fig. 4.13. The likelihood 

function which results is shown in fig. 4.16. 

peak gives 

<~T)=658±48 ~ 

A parabolic fit to the 

This result is somewhat greater than the mean quoted in sec 4.3 and 

significantly closer to the expected value of 680 ~. But before it is 

carved into stone. it is important to note one weak spot in the analy

sis procedure: the maximum likelihood machinery examines the ~ of 

the experimental distribution. and draws a conclusion from this shape 

in conjunction with the calculated aJ's. The calculation of these 

quantities includes contributions from every source of error that could 

be anticipated. and the Monte Carlo data has shown that when we under-

stand the errors going in. we understand the error coming out. Hever-

theless. it is possible. that there exist additional unanticipated con

tributions to the error. and the bhaba miss distance study of sec. 3.6 

certainly supports the conjecture. 

detail in the following chapter. 

This possibility is addressed in 
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5. SYSTEMATICS WITH THE HADRON CONTROL SAMPLE 

2.1 Introduction 

PAGE 80 

Although the mean path length analysis has been checked against the 

Monte Carlo data sets. the Monte Carlo is. unfortunately, always part 

of the controversy of whether art imitates life. In particular, as 

emphasized in sec. 4.5, the Monte Carlo checks provide only limited 

confidence in our understanding of the actual experimental resolution. 

It is therefore necessary to check the performance of the analysis pro

cedure against some control data sample. 

It is clear that this control sample should. where possible. repro

duce the essential qualities of the 3 prong tau events. To this end. I 

construct a sample of 'pseudo-tau' events by judicious selection of 

triplets from multiprong hadronic events. In the limit of zero life-

time charm and bottom quarks. this sample provides a known lifetime 

(0.0 sec) against which we can calibrate. 

2.1 Event selection 

A first set of cuts simply checks for a hadronic multiprong of rea-

sonable quality: 

Ncharged tracks ~ 7 

Event vertex within 1.0 cm of XYZIR in the xy plane 

Event vertex within 5.0 cm of XYZIR along the z direction 

XZ of event vertex 1 30.0 per degree of freedom 

10.0 Gev/c 1 total Pcharged 1 30.0 Gev/c 
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The first cut removes the background from tau's. The other cuts remove 

background from beam burps, beam gas scattering, and other miscellane-

ous sources of junk events. 

, 
Passing events were retracked with ADDTC as per the tau's, except VC 

tracking errors were increased by a factor of 1.3. This error enhance-

ment was found from a study of track XZ similar to that discussed in 

sec. 4.2; it is larger than the enhancement found for tau's, and pre-

sumably reflects the increased tracking difficulties in the dense 

hadronic events. 

The retracked events were then subjected to simple track quality 

cuts based on distance of closest approach to the beam center (DCA) and 

track momentum (Ptr): 

. DCA in xy S 2.0 cm 

DCA in z S S.O em 

.. Ptr S 0.400 Gev/c 

The rationale behind these cuts is much as discussed in the tau analy-

sis. 

Tracks from KO or A decay will contribute anomalously large path 

lengths to the control sample lifetime; tracks which combine with any 

other oppositely charged track to give a KO or A mass were therefore 

disqualified. (The KO calculation assumed pion masses; both combina-

tions of p and n masses were tried in the A case.) 
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To accurately model the expected resolution, the control must resem

ble real tau's in the distribution of momentum and opening angle. The 

former is complicated by the softness of the momentum spectrum in 

hadrons compared to tau's. The strategy for finding momentous pseudo-

tau's will be to order passing tracks in terms of their momenta, and 

look for the three highest momentum tracks which satisfy the following: 

3.0 Gev/c 1 P3pron9 1 15.0 Gev/c 

3 prong opening angle 1 0.70 rd 

P3prOng/M3prOng ~ 4.0 

Suffice it to say that the low end of the first cut above is difficult 

to satisfy unless we focus on the highest momentum tracks in the event. 

The ratio in the last cut corresponds to the purely kinematic quantity 

~B; it stresses the velocity dependence of ai' as opposed to opening 

angles. Plots of these quantities for tau's and pseudo-tau's are shown 

in figs 5.1 to 5.3. In spite of the softness of the effective velocity 

distribution of pseudo-tau's, the momentum and opening angle distribu

tions turn out to be roughly well matched. 

2.~ Preliminary control lifetime. ~ and ~ contamination. 

The control resulting from the above cuts was subjected to the com-

plete tau analysis, including all quality cuts. The distribution of 

ai's is shown in fig. 5.4; it is slightly more concentrated at smaller 

errors, but reproduces the real tau's rather well. The distribution of 

path lengths is shown in ~ig. 5.S. It peaks at zero, but shows a. 

slight bias to positive lifetimes. Avoiding, for the moment, the 

" 



PAGE 83 

a) 

50 

40 

.. 
30 

~ 
! 20 

10 III .111 
I II 

0 
0 2 4 

b) 

125 I-

111 100 I-

en 75 l- II f-< z 
fsl 

II > 
I1l 

50 I-

25 I- III 

0 I I I 
!i 

'Ii i,~ II y I 
0 2 4 6 8 10 12 14 16 

GAMMA BETA 

fig. 5.1 Gamma beta 
a) for real 3 prong tau decays 
b) for pseudo tau's 



PAGE 84 

a) 

100 - 11 11 
1 11 75 -

fIl 

~ 
Izl 
> 
Izl 50 f-

I ! I 25 - I 
0 I I i l 

0 5 10 15 20 
P (GEV/C) 

ng. 5.2 Momentum of the 3 prong system 
a) for real tau's 
b) for pseudo tau's 



PAGE 85 

a) 

80 f- ! ~ 60 f- ! 1 • 

~ 40 - 1 1 
20 - I ! ! ! 
0 I I I I I Ii Iii 

0 0.1 0.2 0.3 0.4 0.5 0.8 0.7 O.B 
OPENING ANGLE (RADIANS) 

b) 

125 -

100 - I ! I 
75 -

I 1 1 ! ~ 
~ 
t.J 

50 f-

I I I I 25 f-

0 II I I I I I I 
0 0.1 0.2 0.3 04 0.5 0.6 0.7 O.B 

OPENING ANGLE (RADIANS) 

fig. 5.3 Opening angle of the 3 prong system 
a) for real tau's 
b) for pseudo tau's 



Cf) 

r 
r 

600 t-

~ 400 t
W 
:> 
w 

200 t-

0 
0 

;t 

X 
:t 

j --.l :( 1 x l( l( 

1 2 
ERROR (MM) 

Fig. 5.4 Path length error in the data control sample 

PAGE 86 

... x 

3 



PAGE 87 

• 

200 It 1 
150 I f Cf) 

E-o 

II 
z 
~ 

I . :> 
~ 100 

II 
50 I 

I 

0 
-5 -4 -3 -2 -1 0 1 5 

PATH LENGTH (MM) 

Fig. 5.5 Path lengths in the data control sample 



PAGE 88 

complications of maximum likelihood, we use a normally weighted average 

to find a mean path length of 192t 16 microns. 

The finite mean path length is 

the decay of particles with charm 

presumably due to tracks coming from 

and bottom. To help elucidate this 

assumption, a parallel sample of pseudo-tau's ~as culled from the Mark 

II QCD Monte Carlo. The Monte Carlo uses Feynman-Field fragmentation, 

and includes the latest Mark II results on fragmentation functions and 

heavy quark lifetimes [22,23,26]. It also utilizes all of the refine

ments listed in sec. 4.4. The flight path distribution from this sam

ple is shown in fig. 5.6. It also shows a very slight tail at positive 

lifetimes. The weighted mean is 105t13 microns: smaller than the data, 

but still significantly non-zero. Is this from charm and bottom? To 

test, I used the Me production information to drop all but those events 

originating from u and d quarks. The resultant {~> is found to be 1t23 

~; in the MC anyway, finite lifetime for the hadron control sample is 

the result of charm and bottom. 

It is now of some interest to see if the heavy quark contamination 

of the control sample can be reduced. To avoid the feeling of groping 

in the dark jet, I look for parallel effects of cuts in both the data 

and MC controls. One method of flagging tracks from b or c decay is to 

look at impact parameters. The distribution of DCAs to XYZIR is shown 

in fig. 5.7; a cut at 1.0 mm will eliminate gross offenders without 

biasing the bulk of the distribution (recall the DCA considerations of 

sec. 4.2) Another approach is based on the fact that band c 
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the cut is 

then simply to eliminate the highest momentum track in the event (P1)' 

The effect of these cuts on data and MC control samples is tabulated 

below: 

DATA CONTROL MC CONTROL 

:cut number mean path (I!) number !!!..tl!l path (I!) 

none 1670 192±16 1963 10S±13 

DCAs'1. 0 1627 160±16 1937 103±13 

drop P1 887 104±23 1050 105:!:18 

DCA + P1 863 79:!:23 1036 95:!:18 

The P1 cut reduces the data lifetime by fully four sigma; the DCA cut 

has a smaller, but still significant effect. If the finite path length 

is truly from c and b, it seems that these simple requirements do suc-

ceed in reducing the size of this component. Unfortunately, none of 

this is borne out by the Monte Carlo, which shows no significant reac

tion to the cuts. 

If the MC is correct, the discrepancy could possibly be due to some 

kind of tracking problem at high ~omentum. I have check~d chisquareds, 

number of hits, and DCA distributions of the high momentum tracks in 

this sample, and found no evidence of such a problem. My suspicions 

lie, instead, with the Monte Carlo. The data control ~ vs. al distri-
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butions for the case of 'no cuts' and 'P, + DCA' are shown in figs. 

5.8a and 5.8b. respectively. Fig. 5.8b indicates that the bulk of the 

'P, + DCA' sample has A between ±2.Smm, with the positive tail slightly 

more predominant. Fig. 5.8a shows the 'no cut' sample to have a obvi-

ous tail beyond +2.5mm. These events are presumably the origin of t~ 
,'" .' 

efficacy of the cuts in the data. As seen in fig. S.8c, however, the 

'no cut' Monte Carlo sample does not show the strong tail beyond 

+2.5mm. 

What is the tail in the 'no cut' sample? Fig. 5.9a is one of the 

data events that is dropped by the P, cut. The 'pseudo-tau' is the iso-

lated 3 prong system. Track 8 has p=6.9 Gev/c, which explains why this 

event was dropped when the highest momentum track was excluded. The 

mass (including nearby neutrals) of the isolated system is 1.7 Gev, 

highly suggestive of D decay. Another event from the tail is shown in 

fig. 5.9b. The 'pseudo-tau' is the system in brackets. Track 3 is 5.7 

Gev/c. The mass of the 4 prong system in the 'pseudo-tau' hemisphere is 

2.1 Gev/c 2 • 

The presence of several other events like these in the '+2.5mm 

tail', and their absence from the Monte Carlo, suggests that our under-

standing of charm fragmentation (or at least the Me implementation of 

it) is might be failing at high z and low multiplicity. For the 

remainder of our work with the control sample, I shall assume that the 

'P,+DCA' cut is actually removing charm and bottom, and adopt this data 

set as the standard control sample. 
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2.~ Check of the maximum likelihood result. Correction to resolution 

I now utilize the control data sample as a check on path length_cal-

culating machinery. Using the 'zero lifetime' likelihood function. the 

mean path length in the sample is fouhd to be 213±23 ~. This compares 

very unfavorably with the weighted mean of 79±23~. Since the mean has 

to be correct in the limit of this large statistic. a bias must exist 

in the other procedure. 

To uncover the source of this bias. consider. first. the short life-

time likelihood function: 

The maximum likelihood procedure is find the 10 which gives the extre-

mum: 

If we assume. for the moment. that the error is the same in every 

event. we find. after some algebra. an implicit relation for 10: 

<Jj'2 ~ Q', _ ut,3-l<>-z.$~I' 

2 tv '\j"'t"l - ~Q.~"2-
I 

In our case. al»lo. and we can approximate: 

In the denominator of this expression. w~ find a comparison between the 
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experimental width ~R;z and the calculated error 01. If, as discussed 

at the end of chapter 4, there exist unanticipated contributions to the 

experimental resolution, the calculated 01'S will be too small in com

parison to the experimental width; this expression shows that such an 

error will produce a result which is too large, as we observe. Assum-

ing that the weighted mean is correct, we can use this expression to 

predict that our calculated 01'S are too small by a factor of approxi

mately 1.3. 

To verify this prediction, we measured the path length in units of 

its error, as already done for the Monte Carlo data in sec 4.4. We 

assume that the mean path length is 80 ~ and plot for the data the dis

tribution of the quantity 

The width of the resultant distribution was 1.31±O.03, as expected. 

As an independent check of our estimates of the size ~f this rescal

ing, I modified the maximum likelihood machinery to fit both the life

time and the scale of the error, which I shall denote as R. Running on 

. the control sample I found a best fit of: 

<R>=84±30 ~ with R=1.30 

The size of the scaling is just as predicted, and the mean path length 

is consistent with that given by the weighted mean. 
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The use of this fitting procedure on the Monte Carlo control sample 

provides some insight into the origin of this broadened error. The 

results from the MC ctintrol sample were: 

(~> from weighted mean: 9S±1S ~ 

98±21 ~ with R=1.14 

The maximum likelihood result indicates that errors in the Monte Carlo 

should be increased by 14X. This contradicts the earlier work with the 

tau Monte Carlo, which demonstrated that the aI's in the Monte Carlo 

were correct. The origin of this contradiction becomes clear if we 

rerun on the MC ,control sample using the Monte Carlo production infor-

mation, as before, to omit all but u and d events. 

find: 

(~> from weighted mean: 1±19 ~ 

In this case, we 

<~> from maximum likelihood: 2±21 ~ with R=1.00 

The mysterious broadening in the Monte Carlo control occurs only when 

charm and bottom pollute the sample. I believe this is due to the ran

dom way in which tracks from charm and bottom get combined into the 

pseudo- tau's. In the limit of zero error, the distribution of path 

lengths from these vertices will not be exponential, as the likelihood 

functions assume. This mistake appears as an increase in our width. 

Recall that the data control sample had apparent errors 30X larger 

than anticipated. If we assume that 14X of this is due to this effect 
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seen in the Monte Carlo, we anticipate that real data contains a resi-

dual 16~ broadening due to unknown errors. The source of these 

unknowns is presumably the combination of small errors from a host of 

sources. These would include errant wire positions, field irregulari

ties in regions with high voltage problems, bad calibrations, bad beam 

positions and so on. 

The strategy for dealing with this additional error will be phenome

nological in nature. I accept that it exists, and I assume that it can 

be treated by a uniform rescaling of the calculated error. By using 

the maximum likelihood technique to fit both the path length and the 

scale of the error, we can then account, in an average way, for all of 

the unknown foibles in the data. This is the procedure that will now 

be applied to the distribution of tau flight paths. 
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6. MEASUREMENT Of THE TAU LIfETIME 

~.1 Maximum likelihood result 

The study of the hadronic control sample indicates that the calcu

lated aI's are underestimated, but that the sensitivity to this error 

can actually be removed by fitting for both the mean path length and 

the relative scale of the error. This strategy is now applied to the 

tau flight path distribution of fig. 4.12. The result is 

<1>=621±52 ~ with R=1.13±.05 

The error on the path length includes the error in R. The fitted scal

ing is consistent with the 16~ expected from the argument at the end of 

sec. 5.4. Recall that when fit with no rescaling for aI, we found 

<~>=658±48~; allowing the error to vary, in the fit reduces the meas-

ured value by about 5~. This is at the limit of statistical signifi-

cance, but well supported by the control sample study. 

The graphical success of this fit is shown in fig 6.1. The smooth 

curve is constructed by numerically convoluting an exponential of 

<~>=620 ~ with a resolution function representing the normalized super

position of 423 gaussians, one for each event. The width of the gaus-

sian associated with a given event was taken to be alxl.13. 

describes the data very nicely. 

The curve 

As another check on the error fitting procedure, I tried fitting not 

a scale, but an extra error to be added in quadrature to the aI's. 

This more accurately models the situation where the mystery error 
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50 

Fig. 6.1 Fit of measured path length function to data 
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· arises from a source independent of 01. In this case, we found 

<~>=628±52 ~ with Oextra=400~ 

The· <01> in this sample is 891~. Hotethat if the real error is the 

· sum in quadrature of <01> and Oextra, this result predicts an R of 

sqrt(891 2+400 2 )/891=1.10 

· So, both the path length and average increase in the error are in very 

good agreement with the results found by the scaling technique. 

for the final value, I shall use the scaling result, and assign as 

a systematic error the 7~ difference between these two techniques . 

.§.2, Backgrounds 

,~The main sources of background to the tau sample used in this analy-

sis have been discussed in sec. 5.1. They are: low multiplicity 

hadrons, tau pairs from 77 collisions, and radiative bhaba and dimuon 

events. ·As'.all of these give a"3 prong flight path" less than that of 

tau's produced in one photon annihilation, the presence of a small 

background component will shift the measured path length down by some 

amount. The size of this background component, as well as the expected 

shift in the measured flight path, can be evaluated with the help of 

the Monte Carlo . 

.§.2,.1 Relative efficiencies 

The basic strategy of the background estimate is to generate a sam

ple of MC background with known luminosity, and then see how many 

events pass the cuts in the analysis program. A correct normalization 
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to the known luminosity of the data then requires a calibration: we 

must measure the relative efficiency for event finding in real data vs. 

Monte Carlo. With the measured tau branching ratios of 86Y. into 1 

prong. and 14Y. irito 3 prong [16]. I calculate the number of 4 prong and 

6 prong topologies expected in the full 134 pb- t sample. Using the 

number of each topology which passes all cuts. I find the efficiency of 

finding both t~e 4 and 6 prong tau pairs in the data to be 

Edah = 10Y. 

with negligible error. Hote that the basic similarity of the two 

topologies is consistent with finding the same efficiency for each. 

To measure the efficiency for finding tau's in the MC data. I use 

this same technique on the nominal lifetime tau Monte Carlo data dis

cussed in sec. 4.4. In this case. the known branching ratios in the MC 

are used to calculate the number of events expected. Comparing to the 

throughput, I find the efficiency of finding MC tau's to be 18.3y' for 4 

prongs and 14.SY. for 6 prongs. Since these numbers are expected to be 

the same. I impose this condition. 

for both topologies is 

concluding that the MC efficiency 

E.c = 16.0 t 2.0 Y. 

Comparing this to the value found for real data. we must conclude that 

data tau's are found less efficiently by relative factor of 

Edata/E.c = 0.62 t.08 

As we have already seen that the data are degraded with respect to the 

MC in several ways. the direction of this result is quite sensible. I 

shall assume that this factor applies equally to each of the back-
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~.Z.Z Hadronic background 
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The first such sample is low multiplicity hadrons. On an equivalent 

·luminosity of 159 pb-1. the tau program found 30 events which passed 

all cuts. The expected contamination in the data is then 

134 . 

.159 
x 

30 

423 
x (0.62~.08) ~ (4.0±0.5)~ 

In-this case, ,there is also the complication of knowing whether the 

hadronic Monte Carlo correctly reproduces the data in the low multipl-

::.,icity region. To test this in a tau free regime, I ran the analysis 

program on the full dataset and the hadronic MC with the 3 prong mass 

requirements set to 

2.0 Gev/c 2 i M3W i 4.0 Gev/c 2 

2.0 Gev/c 2 ~ M3w+neutrals ~ 4.0 Gev/c 2 

The results of this search are summarized below for each topology: 

6 

4 6 

found in data 

o 

3 

The statistics are poor. but when combined with the efficiency factor. 

the result indicates that the MC is in reasonable agreement with the 

data. To reflect the poor statistical precision of this check, how-

ever. I assign a 50~ uncertainty to the predicted amount of the hadron 

contamination. 
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~.Z.J X! tau production 

The estimate of contamination from 77 tau pair production is some-

what more straightforward .. The 27 Monte Carlo generates tau pairs from 

two photon collisions in the Weizacker-Williams approximation. the pro-

gram integrates the differential cross section over detector accep-

tance: with a threshold at the mass of a tau pair, the total cross 

section is .089±.01 nb, 

effects. Using this 

where the uncertainty is due 

cross section, I calculate 

to higher order 

an expected 

(1.2!0.1)x10' events due to this process in the 134 pb-' of data. In a 

sample of 1.5x10' MC produced tau pairs.the tau analysis program found 

26 events which passed all cuts. The 27 tau contamination of the data 

set is then given by: 

(1.2±0.1)x10' 26 
x x 0.62±0.08 ~ (3.0±1.0)~ 

1.5x10' 423 

~.Z.~ other backgrounds 

The remaining backgrounds are apparently present only at the trace 

level. An equivalent 24 pb- t of radiative bhaba MC produced no passing 

events. One passing event in this sample would correspond to a total 

of five in the tau data set. Assuming a mean lifetime of zero, the 

presence of these events would lower the measured flight path by 1~. 

An equivalent 95 pb-' of radiative dimuons also produced no passing 

events. I conclude that background from this source is minimal. In one 

final check. an equivalent 25pb- t of 27 produced hadrons also gave no 

passing events. The worst case consequences here are identical to 
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those for radiative bhabas . 

.§.l . .5Background correction 

The effect of the hadron and 2~ tau backgrounds are difficult to 

evaluate in vitro: these events have 01'S distributed according to 

their own momentum spectra and opening angle distributions. and are 

therefore weighted with respect to th~ tau sample in a non-trivial way. 

fortunately. the situation can be modeled with the Monte Carlo. The 

procedure is to measure the mean path length of a MC tau sample. then 

mix in the passing MC background events in the appropriate ratios and 

observe the net change in the path length. To maximize the statistical 

precision. the size of the MC tau sample was chosen so that most of the 

MC background events could be used. The effect of adding the hadron 

and 2rbackground was to lower the mean path length by 31~. Assuming 

the effect is linear with the size of the contamination. the uncertain-

ties in the background fraction indicate the error on this numbpr is 

21~ . 

.§.J Systematic errors 

The main systematic uncertainty remaining in this measurement is the 

magnitude of offset. if any. in the experimental resolution function. 

That is: for a sample originating at the origin. would this procedure .. 
yield zero lifetime? T~is issue is best addressed by the hadron con-

trol sample. Unfortunately. the complicating contamination of finite 

pathlengths originating in charm and bottom decays means that the 

result can only be checked against the Monte Carlo. thereby introducing 



a host of model dependent effects. 
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One such effect is the different 

response of the data andMC control samples to the cuts discussed in 

sec. 5.3. I shall assume. as outlined there. that this difference is 

due to a small inaccuracy in the Monte Carlo, and that the sensitivity 

of the analysis to this inaccuracy is diminished by the application of 

the 'P1+DCA' cut to the data. In this case. the important remaining 

model dependence lies in the MC values of the DO and D+ lifetimes, the 

DO/D+ ratio, and the mean B lifetime. Reasonable independent varia

tions in these parameters were found to change the mean pathlength of 

the MC control sample by 15 to 20 microns in each case. Adding the 

variations in quadrature, I find that the total error from these 

effects is approximately 30 microns. 

Turning. now, to the actual comparison of the results, the last line 

of the table on page 91 indicates that. in fact, the mean pathlengths 

of the data and MC control samples agree to within the statistical 

errors. I take this to indicate that the potential offset error in the 

analysis is bounded from above by the error in this comparison. namely, 

the sum in quadrature of the statistical errors and the possible error 

from model dependence. 

of 42~. 

All told, this gives an estimated offset error 

The magnitudes of other potential errors are checked by varying cer

tain key assumptions. On tne basis of a slightly different path length 

found using ORCAlC beam positions, I estimate a maximum error due to 

errant beam positions of 15~. Reasonable variations in the al cut pro-
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duced maximum variations in the mean path length of 1S~. Reasonable 

variations in the XZ cuts produced maximum variations in the mean path 

length of 20~. A stricter requirement on the number of hits in the ve. 

demanding 3 hits in the inner band and 2 in the outer for each track. 

moved the mean path length up by 1S~. 

Jhe effect of assuming that the 3 prong exactly follows the tau 

direction was studied via Monte Carlo. where the true tau direction is 

available through the MC production information. The net difference in 

<l> when the true direction is substituted for the 3 prong direction is 

Adding all of these contributions in quadrature. and remembering to 

include the. error in the background estimate. as well as the small 

uncertainty assigned to the scale fitting procedure. I arrive at a net 

systematic error of·S7~. 

~.~ The tau lifetime 

Including the background correction of sec. 6.2 the final result for 

the tau path length is 

<l>=6S2±SS±S8~. 

The background correction scales the mean path length up by about S~; 

the statistical error has correspondingly been increased by the same 

amount. Radiative corrections diminish the mean energy of the tau's 

slightly with respect to the beam energy; the tau MC puts the mean tau 

energy at 13.88 Gev, giving a tau ~ of 7.78. The tau lifetime is then 
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given to be 

Ttau=(2.S0±O.24±O.25)x10· t3 sec. 

Recall that the theoretical prediction for the lifetime is 

(2.S2±O.1S)x10· t3 sec. If we assume a massless tau neutrino. this 

result implies exact ~-T universality. within the errors. Combining in 

quadrature the errors of both the experimental and theoretical values. 

the precision of this statement is about 7X. 

If we assume the tau coupling is universal. and that deviation from 

canonical lifetime is due to a massive tau neutrino. eqn. 1.4 allows a 

limit to be placed on the neutrino's mass. Combining the experimental 

statistical and systematic error in quadrature. the 2a upper limit on 

the lifetime is 3.4Sx10· t3 sec. This gives a 95X confidence limit of 

MvT 1 275 Mev/c z 

This result has been superseded by the new Mark II limit discussed in 

chapter 1; it is. nevertheless. a striking measure of the precision of 

the lifetime measurement. 

If we assume that the tau neutrino is massive. but very light. and 

that the tau coupling is universal. a long lifetime could be the result 

of mixing with a fourth generation. In the parameterization 

described in sec.l.l. the two sigma upper limit on the lifetime would 

imply a mixing angle given with 95,. confidence to be 

sin9 ! 0.4 
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~.2 Conclusion 

We have installed a ~igh resolution ~ertex detector in the Mark II 

at PEP, and used this detector in a -precision measurement of the life

time ~f the tau lepton. The result is 

TT = (2.80±.24±0.2S)x10- 13 sec. 

where the first error is statistical, and the second is systematic. 

This result is consistent with e-~-T universality, and th~ prediction 

of the Weinberg-Salam model of the weak and electromagnetic interac

tions. 



PAGE 110 

APPENDIX A. CALCULATION Of GEOMETRICAL CONSTANTS 

A.l The general technigue 

Recall, from sec. 3.2, that the basic XZ central to all tracking is 

c. 

where «~are the track parameters, a is the resolution of the drift 

time measurement, and dWlt'~ and d(<<) are the measured and fitted dis-

tances of closest approach. The sum ;s understood to run over all hits 

associated with a given track. 

let «~o be the track parameters from a previous iteration, and let 

the fitted distance of closest approach of this track to the ith wire 

be given by dio. furthermore, let 

G~v ~ 
I -;)c!i ~d.i CA.\ ') - - --\rj:z, ;;)CXr ~t1.V 

Yp. Z (cloi - diW"'s) ~d; (A.2) 
'ijj"L dD<.r 

It can then be shown [30] that in the next iteration. the linearized XZ 

is minimized by a new set of «~ such that 

(A.3) 

G~V~' is, in fact, just the error matrix of the fitted track. In addi-

tion, the track XZ after this iteration ;s given to good approximation 
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by 

'2 
X = 

(d~W"\ _ doi ) '1. ... 
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let the geometric parameters relating the two chambers be some B~. 

They will be found by minimizing. this %2 with respect to B~ for a large 

ensemble of tracks. This form of the %2 ;s necessary because the track 

parameters themselves will depend on the geometry, and must be explic-

itly included if the procedure is to converge. 

The algorithm will require the first and second derivatives with 

'i~espect to B. The first derivative of the collective %2 is 

where N is the total number of tracks in the ensemble. Assuming that 

the track ~rrors are insensitive to small geometrical offsets. the sub-

stitution of eqn. A.3 and its derivative into the second term of the 

above gives 

Substituting the derivative of eqn. A.2 then gives 

(A.~ ) 
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To find the second derivative, we differentiate again 

Using eqns. A.2 and A.3. we can write 

Substitution into eqn. A.7 and a bit of algebra then yields 

How, assuming some starting values of B~, the best new choices will 

be those such that 

To solve. we linearize 

Then. in analogy to eqn. A.3, the solution is 

- ~f' + ~ jrtl~fv~ 0 
y 

6fv = L j;~' ~r 
fA 



PAGE 113 

The new geometric constants therefore follow directly from eqns. A.6 

and A.S, after a matrix inversion. Hote that g~v-1 is the error matrix 

associated with these constants. With the exception of 

dd,O -;) {f>jA .. 
all the quantities in g~v and y~ are standard items found in all track-

ing algorithms based on least squares. The derivatives of d with 

respect to B are situation specific, which leads to the discussion 

of ... 

A.Z Application 12 the Mark 11 vertex detector 

The strategy will be to modify the VC wire positions, effectively 

transforming the VC coordinates into the DC coordinate system. The B's 

parameterizing this transformation will be 3 infinitesimal rotations, 

and 2 linear offsets: 

B, = rotation around x axis 

Bz = rotation around y axis 

B3 = rotation around z axis 

B .. = offset in x direction 

Bs = offset in y direction 

Since the VC supplies no z information, the offset in the z direction 

is irrelevant. 

Wire positions are specified by their location ~ and direction ~ at 

the center of the chamber (z=O) . For small geometric displacements, ~ 
... 

is approximately unchanged. and W transforms like 



W
, 

2 -, 
W3 

-~jW, + W2. +- ~,W3 + fs
~LW,- (1). W2 + W,3 

PAGE 114 

(A.lo ) 

The question now is: what are the derivatives of the distance of clos-

est approach with respect to the B's? 

Consider, first, the calculation of the distance of closest 

approach. Let a track registering on wire (it ~ ) have position P and 
A 

direction t at the point where it crosses that layer. A small mount of 

geometry shows that the DCA is given by 

1\ ,/\ 

\ =(w-;)). W1-t. 
0 0 

\ A A \ 
\V )( t 

'" "" In the ye. all wires are axial. so that w = k. Then 

A /\ 
- t~ I -4 t. J 

~ t,2. + tl'Z.. 

- 1..2. ( LV, - :P,) + t, ( W L - 1\. ') --

The derivative of the DCA is then given by 

The derivatives of W, and Wz follow from eqns A.10, and the quantities 

.... 



t1 and tz are available in the tracking code. 

information required to find the B's via eqn A.9. 
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This completes the 
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