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ABSTRACT; 

We present measurements of forward-backward energy asymmetries of tau 

lepton decay products from the reaction e+e- --) r+r- in data collected with 

the MAC detector operating at the SLAC storage ring PEP at a center-of-mass 

energy of 29 GeV. The energy asymmetries for the decays 7 --+ u,eDe, 7 + YARDS, 

7 --) z+?T, and 7 --) v,p are interpreted as effects caused by the combination 

of maximally parity-violating weak tau decays and a longitudinal polarization 

produced by the interference of electromagnetic and weak processes. From the 

forward-backward polarization asymmetry Ap = (0.06 f 0.07) x (1 f O.Oll), 

we determine the tau coupling constant product gzgi = (0.26 f 0.31) x (1 f 

0.011). Assuming gi = -l/2 as expected, we find gc = (-0.52 f 0.62) x (1 f 

.O.Oll), consistent with the prediction of the Glashow-Weinberg-Salam model of 

electroweak interactions. Alternatively, assuming the standard model prediction 

of negligible polarization in tau-pair production, the leptonic energy spectra are 

used to measure the Michel parameter to be 0.79 f 0.10 f 0.10, consistent with 

the V - A hypothesis for the r D~-W vertex. 

- 

_ . 
-.- 
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I. INTRODUCTI.ON 

A crucial test of the Glashow-Weinberg-Salam (GWS) model1 of electroweak 

interactions is to verify that the interaction of the weak neutral current with the 

r lepton is correctly described. In this model the coupling constants of leptons 

(1) to the axial vector and vector components of the weak neutral current are 

given by gi = -l/2 and gk = -l/2 + 2 sin 26w, respectively. Values for the cou- 

- 

pling constant products gz gi and gi gi have been obtained from measurements 

of the forward-backward asymmetry in the differential cross section and the total 

cross section for e+e- ---) 7+7- 9 respectively. These measurements are consistent 

with the predictions of the GWS model; however, since g; is quite small (the 

current world average of sin20W = 0.222 implies that gk = -0.06), the exper- 

imental error in g,’ is typically - f2 or larger. The mean tau polarization and 

_..._ . - 

forward-backward polarization asymmetry are proportional to gg gi and gz g,‘, 

respectively. These coupling constant products are expected to be an order of 

magnitude larger than gz g,‘, allowing a more precise determination of gc. 

In this paper, we report measurements of forward-backward energy asym- 

metries and mean energies of the tau lepton decay products e,p, K, and p with 

taus produced in the reaction e+e- + r+r-. From these measurements, the 

polarization and polarization asymmetry of the taus are extracted, yielding val- 

ues for the tau weak neutral current couplings if a standard V - A tau decay 
_ ..-- 

-- mechanism is assumed. Also presented is an analysis of the energy spectra of the 

- 

- _ 

leptonic decays, assuming negligible tau polarization as expected from the GWS 

model, which yields a measurement of the Michel parameter p and provides a 

test of the V - A decay interaction. The data were collected with the MAC de- 
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tector operating at the Stanford Linear Acceleratbr Center storage ring PEP at a 
. 

center-of-mass energy of 29 GeV. The parent data sample consists of more than 

10000 identified tau decays representing an integrated luminosity of 212.7 f 3.3 

pb-? 

The spin dependent cross section for the process e+e- + r+r- with unpo- 

larized beams, calculated from the Feynman diagrams in Fig. 1 and including 

only terms of order cx2 and cvG~, is3 

- da@+-,s’+) 
di-l 

rgtg,7)tl + r&it2 + rgzg,7t3 - fgtgit41 (1) 

where 

GF sM~ f=- 
q/%M~-s’ 

tl = 1 + cos28 + -5-sin20 + sz+s,(l + cos28 - +sin2B) _..._ _ r2 r2 - 
+ s;s$lsin28 - syslp2sin20 - (s,s,+ + s;si)l sin28, 

r2 7 

t2 = -2pcos6(1+ s,s,+) + (sisz+ + sFs$)$ sine, 
(2) 

t3 = 2(s, + sz) cos 9 - 2(s, + ST): sine, and 

+p t4 = -(si + s,+)/3(1+ cos26) + (si + s,):, sin28. 

The polar angle between the outgoing r- and the incoming e- is 8, s is the ; 
_ ._ -. .Q 

- - a=+-- center-of-mass energy squared, A&z is the mass of the weak neutral boson, /? is 

- the velocity of the taus in the laboratory in units of the velocity of light, 7 is 

- _ l/d1 - P2, and (Y is the electromagnetic coupling constant, e2/4 7r. The tau spins 

& are calculated in their respective centers of mass using a coordinate system 
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A ,c- for which-the z-axis points along the direction of flight of the r-, the x-axis is 
. 

formed from the cross product of the e- direction with the z-axis, and the y-axis 

completes a  right handed coordinate system. Since fi is small compared with 

Mz, the 2  width has been neglected in r. 

The longitudinal polarization of the r-, defined by 

p7 = h(s; = +1) - da(s, = -1) 
b(s, = +1) + da(s, = -1)’ 

- can be calculated from Eq. (1): 

pT=r(l+ 

g; g; p( 1+ COSQ) + g; gu’ 2 cos 8  
~0~28 + +sin20) (1 - rg;g;) - tg;g,72p cos 8’ 

(3) 

(4 

W ith fi = 29 GeV, t and g, are expected to be sufficiently small that P7 can 

be approximated by 
_..._ . 
- pz = r(gZ  s; + 1  “,“~~,~flgZ  gv7)’ (5) 

A measurement of the polarization averaged over solid angle, given by 

(P> = ?- sE SI, (6) 

is sensit ive only to ggg: whereas a  measurement of the polarization asymmetry, 

given by c  
_  ._ = -- 

- - -- 
Apd(P&PB)=rg:g; 322 

3x-l-23’ (7) 
- 

- _  is sensit ive only to gz g,‘. PF and PB are the average polarizations for cos 8  > 0  

and cos 8  < 0, respectively, and x is the max imum observable 1  cos 01. The average 
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. 
polarization is expected to be 1.01% and the polarization asymmetry to be 0.76% 

(0.72%) for 1 cos 81 < 1.0 (0.9)) at fi = 29 GeV for the world average values 

sin2t$v = 0.22 and Mz = 93 GeV/c2.* 

- 

The polarization can be measured from the angular distribution, with respect 

to the polarization axis, of the tau decay products in the tau center-of-mass 

system, However, in the laboratory frame, this angular distribution is observed 

as an angle and energy distribution due to the Lorentz boost. Since unobserved 

neutrinos make it impossible to reconstruct the original tau direction in leptonic 

decays and experimentally difficult in semi-leptonic decays, it is most practical 

simply to observe single particle energy spectra and ignore the angular correlation 

of the decay products of the two taus. 

- 

II. APPARATUS 

The MAC detector5 consists of a cylindrical drift chamber inside a con- 

ventional solenoid coil, surrounded by a hexagonal array of electromagnetic and 

hadronic calorimeters, scintillation counters, and drift chambers for detection of 

muons. End caps on either side of the central detector complete the coverage to 

within about 10’ of the beams. 

The central drift chamber (CD) consists of 833 double sense wire cells ar- c 
_ 

- _ ,-ranged in 10 layers coaxial with the beams. The 180 pm resolution of the CD 

- results in typical angular resolutions of 0.2’ in azimuth (4) and 0.7’ in polar angle 

- _ and, together with the 0.57 T axial magnetic of the solenoid coil, field results in 

an inverse momentum resolution of about Q l/p = 0.052 sin 8 ( GeV/c)-l. Particles 
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. 
originating from the interaction point traverse at least nine layers of the CD for 

polar angles such that I cos 81 < 0.9. 

The central section electromagnetic and hadronic calorimeters are construct- 

ed of alternating layers of proportional wire chambers (PWC’s) and 0.25-cm thick 

lead sheets and 2.5-cm thick iron plates, respectively. The end caps consist en- 

tirely of alternating layers of PWC’s and 2.5-cm thick iron plates. The energy 

resolutions for electromagnetic showers are ~E/E = 20%/d- in the cen- 

tral section and 45%/a in the end caps. For hadronic showers the hadronic - 

_..._ . - 

calorimeters have energy resolutions of about 75%/a. The electromagnetic 

calorimeters have angular resolutions of a$ = 0.6’ and a~ = 1.2’ in the central 

section and a+ = 1.2’ and a@ = 1.5’ in the end caps. The central section PWC’s 

are constructed of wires strung parallel to the beams and the z-position of charge 

deposition on a wire is measured with current division techniques. The end cap 

P WC’s are constructed of azimuthally segmented aluminium cathode strips and 

anode wire groups with segmentation in polar angle. Measurement of both 4 and 

8 is accomplished by readout of both anodes and cathodes. 

The outer drift system (OD) is used to identify muons and measure their mo- 

menta. The entire system consists of 2416 drift chamber cells. The calorimeters 

are surrounded by a hexagonal barrel of four layers of cylindrical drift tubes ori- 

ented transverse to the beams, except for the plane under the detector which con- ; 
_ ._ = -- 

- _ ,-sists of three layers of planar drift chambers. The ends of the detector are covered 

- with six planes of drift tubes, covering the angular range 0.80 < I cos BI < 0.97. 

- _ The iron calorimeters are magnetized with a toroidal field strength of 1.75 T and 

the OD measures the polar bend angle of a charged particle emerging from the 
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. 
iron. T-he-average inverse momentum reso1ution.i~ aIiP/(l/p) = 0.30, dominated 

by multiple scattering. 

The time-of-flight (TOF) system covers 97% of the solid angle with 144 plastic 

scintillation counters read out by photomultiplier tubes. The 72 central section 

counters form a hexagonal barrel enclosing the central section electromagnetic 

calorimeter. The remaining 72 counters provide particle detection at low angles 

and are placed, 36 in each end cap, after the sixth iron plate of the end cap 

calorimeter (near the region in which electromagnetic showers deposit most of 

their energy). With typical distances from the interaction point of 2-4 meters, 

cosmic ray induced TOF hits on opposite sides of the detector have a time dif- 

ference of about 10 nsec, while hits produced by tracks from e+e- annihilation 

occur at roughly the same time. The TOF resolution is about 1 nsec. 

- 

_..._ . - 

The trigger for the experiment consists of the logical OR of (1) scintillator 

hits in opposite sextants or end cap quadrants; (2) scintillator hits on three or 

more of the eight faces of the detector (six sextant faces and two end cap planes); 

(3) showers of at least 2 GeV in any two of six shower chamber sextants, two 

end caps, or the central hadron calorimeter; (4) one or more penetrating tracks, 

defined by a cluster of CD hits in azimuthal coincidence with energy deposition 

of more than 400 MeV in the matching calorimeter sextant and a signal in one of 

the corresponding scintillators. Events satisfying this hardware trigger must also 
_ ._ = 

- - --am-- pass a simple software filter. The:data were logged onto magnetic tapes and then 

- subjected to a loose first-pass analysis that rejected 90% of the original triggers 

- _ and left about 4 x lo6 events (mostly from Bhabha scattering) for subsequent 

analysis. 
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III. TAU DECAY SA-MPLE 

A. Event selection 

The tau data sample is selected from the low-multiplicity events by specific 

discrimination against the possible backgrounds. All two- and four-prong final 

states are included except those two-prongs in which both are electrons or both 

muons,  which cannot be adequately separated from backgrounds of the processes 

e+e- + e+e-(y), (8) 

e+e- --) cL+cL- (7)) 

e+e- + (e+e-)e+e-, 

e+e- 4  (e+e-)p+p-, 

(9) 

(10) 

(11) 

and cosmic rays. The cross sections of two-photon processes (10) and (11) are 

_..._ . - 
largest when the initial state electron and positron scatter at low angles and do 

not appear in the detector. The rejected ee and P/.L final states constitute only 

6% of all produced tau-pairs. Final states in which both taus decay into 3  or 5  

charged particles (2% of produced tau-pairs) have large backgrounds from the 

reactions 

e+e- -+ qij(y) , and 

e+e- + (e+e-)qq. 
_  

- - -- Background from the process L. 

(12) 
(13) ; 

.Q 

- 
e+e- -b (e+e-)7+7- 

is also of concern since it closely resembles the signal. The selection criteria 
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i ,c- were deveIoped with studies of their effect on a  Monte Carlo sample with full 
. 

detector simulation. The reliability of the simulation was checked by comparison 

of appropriate distributions with the data (see below). 

Events are required to have either two or four tracks recontructed in the CD; 

at least two of these are required to have a  satisfactory x2 for a  constrained 

fit to a  vertex originating at the interaction point (primary vertex). Tracks in 

reconstructed e+e- photon conversion pairs are not counted as prongs. Events 

with two prongs are rejected if both are identified as electrons or muons because 

of the large backgrounds from reactions (S)-(1l)as discussed above. Background 

from processes (12) and (13) is reduced by requiring that one charged track be 

separated from all others by at least 120°, the charged particle sphericity be 

- 

less than 0.05, and the net transverse momentum relative to the thrust axis be 

_.~.._ . - 

less than 1.5 GeV/c. The latter two requirements also reduce background from 

events produced in beam-gas interactions. Requiring the electromagnetic shower 

energy to be less than 23 GeV effectively rejects most Bhabba scattering events. 

To obtain further rejection of process (8) as well as  of processes (10) and (ll), 

events containing an identified electron with an energy greater than 5  GeV and a 

small angle to the beam axis are removed, as are those with tracks passing near 

inactive regions of the calorimeters or a  single large spurious hit in the hadron 

calorimeters. Track quality cuts are made primarily to reduce background from & 
_ ._ Tz .- 

- -- very low angle events from Bhabba scattering. Radiative events from processes 

-- (8) and (9) are reduced by eliminating events with neutrals which are consistent 

- _  with a  kinematic fit to an eey or P/KY hypothesis. Background from all two- 

photon collision processes is reduced by requiring the total calorimetric energy 
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. 
to be greater than 6 GeV and the scalar sum of.the CD momenta to be greater 

than 2 GeV/c. To reject QED backgrounds (especially process (8)) and cosmic 

ray events, events with two tracks are required to be acollinear by more than lo 

and acoplanar (the deviation from collinearity in the plane transverse to the beam 

axis) by more than lo and less than 40’. For a further reduction of background 

from cosmic rays and beam-gas interactions, the position of the primary vertex 

is required to be consistent with the known volume of the interaction point and 

the time difference between scintillator hits on opposite sides of the detector is 

required to be consistent with tracks originating at the interaction point. 
- 

B. Decay mode identification 

The criteria for identification of e, p, z, and p in this analysis are described 

below. It is required that the polar angle satisfy 1 cos 81 < 0.9 unless specified 

otherwise. Further details can be found in Ref. 6. 
L 

Electrons 

The signature for an electron is a charged track in the central drift chamber 

associated with a single shower in the electromagnetic portions of the calorimeters 

(EMC). Only electrons satisfying 1 cos 81 < 0.75 are included in the analysis, since 

the event selection criteria are not efficient for low angle electrons (due to the 

cuts needed to reject the large number of events from the Bhabha scattering and 

_. a-photon processes). The specific identification requirements are: 
c 

.- 
- -- 

l CD momentum > 1 GeV/c;“ 
- 

l 2 90% of track-associated calorimeter energy contained in the EMC; 

l Azimuthal angle between CD track and associated shower < 2’; 
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l Rms azimuthal width of associated shower < 4’; 

l No additional shower (E> 500 MeV) within 65’ of CD track; 

l Track hadronic energy < 10% of track momentum; 

l No energy in the outer layer of the hadron calorimeters; and 

. l No OD track associated with the CD track. 

These criteria select electrons with efficiency 2 90% for momenta above 2 GeV/c, 

as measured with pure electron samples from the processes e+e- + e+e- and 

e+e- --) e+e-e+e-. Th e b k  ac ground in the electron sample is predicted by the 

Monte Carlo simulation to be lo%, mostly from r --$ v,p. 

- 

Muons 

-.._ . -. 

A muon is recognized by the presence of a track in the outer drift chambers 

associated with a CD track, and energy deposition in the calorimeters consistent 

with that of a minimum ionizing (mini) particle. A charged track is identified as 

a muon if the following criteria are satisfied: 

l CD momentum > 2 GeV/c; 

l Acceptable x2 for fit to common CD/OD track; 

l EMC energy consistent with mini track (< 1 GeV); and 

l Hadronic calorimeter energy consistent with mini track (< 6 GeV). 
_ . 

--- The efficiency for: these cuts is about 85%, nearly independent of polar angle 

-- and momentum, as measured with events from the process e+e- + e+e-p+p-. 

The background in the muon sample is predicted by the Monte Carlo to be 3010, 

almost entirely from 7 + Yr7r. 
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c ,c- 
Pions70 - 

The signature for a  pion is a  shower in the hadron calorimeters with energy 

consistent with the CD track momentum. The pion identification requirements 

were the following: 

. l CD momentum > 2  GeV/c; 

l 2 25% of track-associated calorimeter energy in the hadron calorimeters; 

l Energy in the 1st layer of EMC consistent with m ini track; 

l No additional shower within 50’ of CD track; 

l CD track extrapolates to an active area of the OD; and 

l No OD track associated with the CD track. 

_.. 
Due to these harsh requirements, necessitated by the relatively large branching 

fractions for the modes r + u7p~L and r + vrp, the efficiency of pion identifi- 

cation is only 27%, independent of momentum and polar angle for I cos 81 < 0.7. 

This efficiency is estimated from the Monte Carlo since there is no background- 

free source of h igh-momentum pions in the data. The background is estimated 

to be lo%, dominated by the process r + L+P. 

Rho mesons 
; 

_  _z. A charged p is recognized by the presence of a  charged track in the ten- - 
- . ih ;. 

tral drift chamber and an unassociated electromagnetic shower. Specifically, we 
_- 

require: - _  

l CD momentum > 0.5 GeV/c; 
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l Track associated energy in the first layer of EMC consistent with mini 

track; 

l An additional shower with E> 500 MeV within 50’ of CD track; 

l No other showers (E> 100 MeV) within 50’ of CD track; and 

. l No OD track associated with the CD track. 

The efficiency for p identification is - 45% for most momenta and angles, though 

it is somewhat dependent on both. The Monte Carlo provides the only estimate 

of the p identification efficiency. The background is estimated to be 25%, mostly 
- 

from tau l-prong decays with multiple ?y”‘s. 

Additional discussion of efficiencies and backgrounds and the systematic er- 

rors associated with them will be found in section IV.B.l 

C. Monte Carlo simulation 

-. 
Monte Carlo techniques are used to calculate the tau-pair selection efficiency 

and particle misidentification and non-tau background levels. The simulation of 

the experiment consists of four steps. 

1. The reaction e+e- --$ r+r- is simulated with the lepton-pair generator 

written by Berends, Kleiss, and Jadach (BKJ),8 based on their calculations 

of the process e+e- + p+p- to order (Ye, but modified to exclude the lowest e 
_ _z. order weak terms. -~- 

- . cc  ;. 

_- 2. The output of step 1 serves as input to the tau decay simulation, based on 

- _ a calculation of the spin dependent cross section for tau-pair production 

in e+e- annihilation. 3 Monte Carlo event weights are renormalized to 
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,c- account for the fact that the production,cross section has already been 

determined in step 1. 

3. The output of step 2  serves as input to a  simulation of the detector. Elec- 

tromagnetic showers are simulated by the EGS code9 and hadronic show- 

ers and m inimum ionizing particle propagation are simulated by the High 

Energy Transport Code (HETC). lo These programs trace primary and 

secondary particles through a detailed description of the composit ion, ge- 

ometry, and segmentat ion of the detector (particles are traced until their 
- 

energies are less than 5  MeV). The results of the HETC and EGS simula- 

tions are used to calculate posit ions and pulse heights of calorimeter and 

scintillator hits and posit ions of drift chamber hits for the OD and CD. This 

information is digitized and saved in files with the same structure as the 

real data. After the detector response to an event is recorded, the hardware 

-- ..- . -. trigger is simulated. 

4. From this point on, the Monte Carlo data and the real data are analysed 

with the same programs. The input Monte Carlo momenta (output of 

step2) are available for each event during the analysis. 

To study background reactions, steps 1  and 2 above are replaced by event 

generators based on calculations by Sjiistrandll for e+e- + qij and by Smith 

and co-workers l2 for e+e- -+ e+e-e+e-, e+e- + e+e-p+p-, e+e- + e+e-q?j, ; 
_- _z. ~~- 

- - and e+e- -+ e+ e  7  r+r- (the tau-decay simulation is performed with the same 

_- program used for step 2  above). The BKJ lepton-pair generator is used for 

- _  processes e+e- + e+e- and e+e- + p+p- . 
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. . _ IV. TAU POLARIZATION 

A. Polarization measurement 

The combination of a weak contribution to tau-pair production and the V -A 

nature of tau decay modifies the energy spectra of tau decay products. Both the 

average energy and the energy asymmetry are measured in this experiment and 

are interpreted as measurements of the average tau polarization and polarization 

asymmetry, respectively. Since the PEP beams are not polarized,13 the only 

- 

-- ..- . L 

source of tau polarization comes from weak production and therefore this exper- 

iment yields measurements of the products gE gl and 9: 9,‘. Since g:, gz, and gz 

have been measured more precisely elsewhere,14-21 the focal point of this experi- 

ment is to measure the polarization asymmetry to determine 9,‘. The accuracy of 

the average polarization measurement is limited by systematic effects, whereas 

the precision of the polarization asymmetry is limited only by statistics, since 

- 

there is cancellation of most systematic effects. 

The average energy as a function of polar angle E(B) can be calculated from 

the differential decay rates given in section I and can be written in the form 

E(o) = Ebeam [a + bP(d)] , (15) 

where Abeam is the beam energy, P is the polarization, and h and b are constants 
.- _Y. 

- - -which are characteristic of a particular decay mode. It .follows that the energy 

e 
-~- 

_- and energy asymmetry averaged over polar angle, (E) and AE respectively, are 

(E) = &mn (a + b(P)) 

16 

(16) 



i ,c- . . _  AE = b  Ebeam Ap. : (17) 

The energy asymmetry is defined by AE = ((E)F - (E)B)/~, where (E)F and 

(E)B are the average energies for cos 8  > 0  and cos 8  < 0, respectively. Radiative 

corrections to tau-pair production reduce the average tau energy and also intro- 

duce a  small energy asymmetry to the taus. To account for these corrections and 

other effects such as momentum acceptance, solid angle acceptance (in the case of 

the polarization asymmetry), particle identification, and non-tau backgrounds, it 

is convenient to write Eqs. (16) and (17) in terms of the weak coupl ing constants 

and the corresponding effective coefficients, 

- 

(E) = &am (a’ + b’s; 9:) (18) 

AE F b” Eaeam 9: 9; -I- 6~. (19) 

Table 1  lists the measured average energies and energy asymmetr ies for the 

four decay modes used in this analysis and the Monte Carlo predictions for the 

standard model  (i.e., V -A tau decays, massless neutrinos, 22 the values of weak 

coupl ing constants measured in other experiments, and the values of branching 

fractions reported as of 198423 ). The central drift chamber momenta are used 

for energy measurements except in the case of r + z+p decays for which it is 

necessary to use the EMC to measure the z” energy. 24 To reduce the effect of G 
.- _Y. --- 

-.- the small fraction of decays with-very large measured momenta (p >> Abeam) 

_- 

- _  

on the means and widths of the momentum spectra, the spectra are truncated 

at 20 GeV/c. The Monte Carlo predictions in Table 1  include the effects of 

backgrounds and efficiencies. The values of measured (E) and AE are corrected 
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,; for effects--from non-tau backgrounds; the background fractions are less than 3% 
. 

and the results are insensitive to these corrections. The values of the energy 

spectrum parameters a and b are also listed in Table 1 along with the effective 

energy spectrum parameters a’, b’, b”, and 6,. 

Figures 2 and 3 show the cos 8 and momentum distributions for the four decay 

channels. The observed distributions are compared with the Monte Carlo predic- 

tions (not including non-tau backgrounds which are negligible). The bin-to-bin 

fluctuations in the Monte Carlo predictions are due to the limited statistics of 

the Monte Carlo sample. The structure seen in the cos 0 distribution of Fig. 2c 

is due to the non-uniformity of the outer drift chamber coverage. The excellent 

agreement between the data and the Monte Carlo predictions of the cos 8 distri- 

butions for the four decay modes indicates that the effective coefficients b” have 

been computed with the correct cos tJ dependence for the 3z2/(3z + z3) factor in 

Eq. (7). The Monte Carlo and observed momentum spectra are in good agree- 

ment except for the decay r + v,p (Fig. 3d). This discrepancy will be discussed 

in section IV.B.l. 

- - 

_-..- . - 

The Monte Carlo sample used to calculate the quantities in Table 1 cor- 

responds to an integrated luminosity of 1200 pb-l (about six times that of the 

data) and was created with a record of all information needed to re-weight events 

with different values of the weak coupling constants. This allows measurement of ; 
_. _T. --- 

-.- the sensitivity of a particular effect to changes in the coupling constants. Since 

_I the axial-vector couplings have been measured with much better precision than 

- _ the current measurements of the vector couplings, it is assumed that the former 

are known and only the vector coupling constants are varied. The average ener- 
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,; gies and energy asymmetries are linear functions of the coupling constants over 
. 

their full range of values. Since the sensitivity factors b’ and b” are determined by 

variation of the vector coupling constants, their statistical errors are negligible.25 

B. Systematic uncertainties 

- 

. Detailed estimates of a variety of systematic effects are described in the fol- 

lowing sections. There are generally two types of contributions to the systematic 

error, those which represent a shift of the energy scale and those which are a 

multiplicative scale factor. The former are important for the mean polarization 

analysis but cancel for the polarization asymmetry, but the latter contribute to 

both. A more detailed discussion can be found in Ref. 6. 

1. Background levels and detection efficiencies 

- 

-- ..- . - 

Since both the average energy and the sensitivity to the tau polarization 

are dependent upon the decay channel, it is important to know the amount of 

misidentification and non-tau background in each channel. Misidentification of 

leptons as hadrons and vice versa is especially troublesome since their polarization 

dependencies have opposite signs. Signal to background ratios are affected by 

branching fractions, detection efficiency, and background rejection inefficiency. 

Incorrect modeling of the momentum dependence of detection efficiencies is a 

potential source of bi-as to the average energy. 

,- _z. 
- - In Table 2 we give estimatesfor the systematic errors inu’, b’, and b”, due 

_- to uncertainty in tau branching fractions. Note that the errors for the hadronic 

- _ modes are larger than for the leptonic modes. The large contribution to 6(E), is 

due to the large uncertainty in the fraction of events with more than one z” and 
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,; the inability of the detector to resolve the multi;ple x”s. Only the largest single 
. 

background is included in the table since others have relatively small effects. 

The estimated systematic error in u’ due to incorrectly modeled energy de- 

pendence of the detection efficiencies is given in Table 3. Also given in the table 

are estimates of the systematic errors in b’ and b” caused by uncertainties in the 

- 

background levels and the average efficiencies. The systematic errors assigned 

for the p decay mode are particularly large mainly because the average energies, 

measured separately for charged and neutral particles, are not well reproduced by 

the Monte Carlo and these differences are quite dependent on the requirements 

- 

-- ..- . - 

used to define a neutral shower in the SC. Another source of systematic error for 

the decay mode r + v,p is uncertainty in the absolute energy calibration of the 

SC. After detailed studies of Bhabha scattering events,26 we assign a conserva- 

tive systematic error of 2% to the average neutral energy in r + u,p decays (1% 

in P-w 

2. Energy resolution and calibration 

Because the resolution of the CD is Gaussian in inverse momentum rather 

than momentum, the resolution smearing is not symmetric about the true mo- 

mentum and causes a bias in (p) which depends on the energy spectrum and 

how the high-momentum tail is treated. Variation of the truncation point (de- L 
,- _Y. 

-.- scribed in section1V.A) by f 5 GeV/ 
-~- 

c is used to estimate the systematic errors 

_- introduced by the truncation procedure and any differences between the data 

- _ and Monte Carlo. These estimates are included in Table 3. Also included in 

the table are estimates of the systematic error due to incorrect calibration of the 
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. 

,; CD momenta, assumed to be due to uncertainty in the solenoid magnetic field. 

These were determined by a comparison of the data and Monte Carlo momentum 

distributions of Bhabha scattering and mu-pair events. 

3. Detector energy asymmetries 

- 

. Due to causes which are not well understood, the signed CD inverse-mo- 

mentum spectrum is not symmetric around zero. We fit the inverse momentum 

spectrum of tracks from the process e+e- + p+p- to determine that the shift 

in l/p is -0.0075 f 0.0011 (GeV/c)-‘. The flat pion momentum spectrum is 

most susceptible to this shift since higher momentum tracks are shifted more 

(6P = P2WlP)>. w e correct for this effect in the data by the addition of 0.0075 

GeV/c to the inverse momentum of each CD track and assign a systematic error 

of half the size of the shift for (.E) (O.ly f o or e and JL, 0.3% for z, and 0.1% for 

p). Actual physical energy asymmetries of the detector have been considered and 

found to be negligible. 

- 

-- ..- . - 

A misidentification of the charge of both tracks would dilute the energy asym- 

metry. However, the fraction of events in the two-prong tau data with two tracks 

of the same charge is about 3% and the estimated fraction of events with two 

charge misidentifications is about 1%. A systematic error of 1% is assigned to 

the energy asymmetry of all four decay modes since the Monte Carlo did not 

,- accurately predict ‘the amount of charge misidentification in mu-pair samples. 
_Y. 

-.- 

_- 
4.’ Radiative cokections to tau production 

- _ Since initial state radiation affects only the electron from which it is radiated, 

it cannot cause the spin of a tau to flip. Depolarization due to the flipping of the 
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,; 

. 
spin of-a high energy tau by final state radiation is also negligible by approximate 

helicity conservation for high-energy Dirac fermion currents. 27 

The effects of soft bremsstrahlung and vertex corrections to order a3 are es- 

timated with the calculations of BGhm and Hollik.28 At fi = 29 GeV these 

corrections decrease the average polarization by - 2% when the maximum al- 

lowed radiated photon energy is less than 20% of the beam energy. Figure 4 shows 

the polarization with and without radiative corrections as a function of polar an- 

gle. Since these effects are far smaller than the sensitivity of this experiment, 

they are ignored. 

- 

,- _Y. 

--- 

Although radiative corrections have little effect on the polarization, radiation 

reduces the energy of the taus and therefore also the average energy of the tau 

decay products. Radiative corrections also produce a small energy asymmetry of 

the taus themselves. Corrections are made to the energy measurement parame- 

ters listed in Table 1. The ability of the BKJ event generator to model the data 

has been checked in the reaction e+e- + p+p-(r) for events without2’ and 

with 30 an observed photon with energy greater than 1 GeV. Also the charge 

asymmetry in radiative events from the process e+e- -+ r+r-q has been mea- 

sured and found to be in agreement with the BKJ Monte Carlo prediction. 19 

From the agreement of the BKJ calculations and event generator with the 

data, we estimate, that the systematic errors could be at most. 10% of the size of 

the radiative effects. Since (E) scales directly with the tau energy and the average 

tau energy is 96.6% of the beam energy, a systematic error of (1- 0.966) x 10% = 

0.34% is assigned for (E) in all four channels. 
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. . _ 5. Radiative corrections tb tau decay 

Radiative corrections to the differential decay rate for the decay ,u + up eDe 

have been calculated and can be applied directly to leptonic tau decays.31 The 

calculation, which includes virtual and bremsstrahlung diagrams, was carried out 

to order 03. The results of this calculation are used to estimate the effect of ra- 

diative corrections on the measured (E) and the sensitivity to the polarization. 

When integrated over the energy spectrum and solid angle, these radiative cor- 

- rections change the average energy and energy asymmetry for electrons (muons) 

by about 1.5% (0.4%). S ince the masses of the z and p are larger than the ~1 mass, 

the corrections to these decay modes are negligible. We correct measured (E) 

and AE since the decay radiative corrections were not originally implemented 

- 

-- ..- . - 

in the Monte Carlo event generator. Conservative systematic errors, assigned 

-as half the difference between the corrections with and without inclusion of the 

approximate momentum acceptance, are given in Table 3. 

6. Beam Energy 

The beam energy was 14.5 GeV during the entire data collection period. The 

energy of the beams is determined by the integral of the bend magnetic fields 

around the PEP ring. 32 We estimate the total error on the absolute calibration 

of the beam energy to be less than 0.05%. The amount of beam wandering due to ; 
,- _Y_ changing orbits is less than 0.2% and the width of the beam energy distribution -~- 

-.- ;. 
is 0.1%. The total systematic error attributed to the knowledge of the beam _- 

-- energy is 0.1%. 
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. . _ C. Summary of tau polari%ation results 

With the assumption of standard V-A tau decays, the energy spectra for the 

four decay modes can be used to find the average tau polarization and polarization 

asymmetry (extrapolated to full acceptance assuming the polarization to be of 

the form cl + c2 x 2 cos 0/[1 + cos 20]): 

(P) = -0.02 f 0.07 fO.ll 

AP = (0.06 f 0.07) x (1 f O.Oll), 
- 

where the first errors are statistical and the second are systematic and the mul- 

tiplicative systematic errors are indicated as product errors. The calculation of 

the systematic errors accounts for the fact that many uncertainties are common 

to all decay modes, but the largest are not. These results are consistent with the 

predictions of the GWS model, (P) = 0.0101 and Ap = 0.0076. From Eqs. (6) 

-. and (7), we find the coupling constant products to be 

g; g; = -0.05 f 0.21f 0.34 

gig; = (0.26 k0.31) x (1 f 0.011). 

The measured coupling constant products for the individual decay modes are 

shown in Table 4. In the GWS model the values of the axial-vector couplings 

of the electron and tau to the weak neutral current are both -l/2; With this 
e 

,- _Y_ assumption we find -~- 
- .- 2. 

_- g; =O.lO f 0.42 f 0.68 

- - g; =(-0.52 f 0.62) x (If 0.011). 
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,; V.--COUPLING OF r v7 TO WEAK CHARGED CURRENT 
. 

Since -there is abundant evidence from ~1 decay and other weak processes that 

e Do and ~~~ have purely V - A coupling to the weak charged current, the only 

uncertainty in the Lorentz structure of tau decay is the coupling at the T q-l+’ 

vertex. If the coupling at this vertex is written as 

a(V-A) +P(V+A) (20) 

the Michel parameter becomes33 

p=i(l- p2 ). Ly2 -I- p2 (21) 
Interactions which are pure V-A, V or A, V+A give p = $, 8, and 0, respectively. 

In terms of the Michel parameter, the differential decay rates for the four 

decay modes considered here, neglecting all masses apart from the p mass (where 

_-...- . - 
the narrow width approximation has been made) are 

d2L, cr 
dxdcos8 

9x2(1-x)+2px(4x2-3x) 

+PcosS(3-ip)x 

x [3x(l-x)+;(1 

dJJ,r -= G; f; cos2& 
dcose 32~ m:(l- 

_- .= 
x [1+P cosO(~p- 

- ~)x(4x--)] , 
3 

!?3 (22) 
7 

l)], and . e 
~- 

-.- dFp _ G$ f; COSP~C m3 -- 
dcos9 32~ SC' -Yj2(l +2y) 

P 

- 

i-2Y8 x [1+PcosB- l+2y(3p-1)l 
where y = m;/rn F. It is then a simple matter to show that the average energies 
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-’ in the laboratory are 
. 

(E)e,p “Eb,,, v +Pq 
( 

, 

(E) r “Ebeatn (i+Pv), and 

(E)p “Ebeam (1 + Y) 
P(+1)1-2y 

6 - 
> 1+2y * 

(23) 

Note that for hadronic r decays only the polarization dependent terms of (E) 

- depend on p, in contrast with the leptonic decays for which there is p dependence 

in both the constant and polarization dependent terms of (E). 

_ 

The polarization experiment consists in part of measuring the average labo- 

ratory energy. The average energy also can be used to measure p if it is assumed 

that the the tau polarization issmall as expected in the GWS model. Only the 

leptonic decay modes are used, since the average energy in hadronic tau decays 

-. is not sensitive to p. 34 

The Monte Carlo is used to calculate the p dependence of the average labo- 

ratory energy for the leptonic decay modes. The calculated coefficients u,,~ and 

b e,p, defined by 

(E)e,p = ae,p + be,, (P - i), (24 
are given in Table.5 along with the measured values of (E)e,p. The effects of par- e 

,- _x_ 
title misidentification on ae,p (a bias) and be,, (d 

~- 
-.-Pee--- ecreased sen,sitivity) have been 

_- included. Figure 5 shows the electron and muon momentum spectra compared 

- _ with the Monte Carlo for extreme values of p. The description of the contribu- 

tions to the systematic errors in (E) are described in section 1V.B and can be 
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i ,; applied directly here. The final results are ; 
. 

pe = 0.62 f 0.17 f 0.14 

pp = 0.89 f 0.14 f 0.08, 

where the first errors are statistical and the second are systematic. 

VI. SUMMARY AND DISCUSSION 

- 
The experimental values for the average polarization and polarization asym- 

metry, obtained from measurements of the mean energy and energy asymmetry 

of decay products of taus produced in e+e- --$ r+r-, are 

(P) = -0.02 f 0.07 f 0.11 

- 

AP = (0.06 f 0.07) x (1 f 0.011). 

These results are consistent with the predictions of the GWS model, (P) = 0.0101 

-. and Ap = 0.0076. From these values, the weak neutral current coupling constant 

products are measured to be 

g&g,’ = -0.05 f 0.21 f 0.34 

g; g; = (0.26 f 0.31) x (1 f 0.011). 

The value of the axial-vector coupling of the electron to the weak neutral current 

in the GWS model is -l/2. With this assumption, the measured gg.g,’ yields 
; 

,- _x_ ~- 
-.- g,’ = (-0.52 f 0.62) x (1 f 0.011). 

- _ This result is considerably more precise than that reported by the CELLO 

collaboration, 35 2g,7 = -0.1 f 2.8, also determined with the polarization 
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i asymmetry technique. Both the present result and that reported by CELLO are 
. 

consistent with the values expected in the GWS model, but the errors are too 

~large to make any serious tests of lepton universality. It should be noted that the 

only other measurements of gz have been made by comparison of the total cross 

section for the process e+e- --) r+r- with the QED cross section. This is also a 

difficult experiment since the effect is proportional to gz gz and g; is known to be 

small (-0.05 f 0.09).21 A recent measurement by the Mark J collaboration36 

yields gz = 0.0 f 1.8 when the above value for gz is used. 

A measurement of the Michel parameter p is also presented, obtained from 
- 

the energy spectra of leptonic tau-decay products, with the assumption that the 

tau polarization is indeed small as expected from the GWS model. The observed 

values for the tau decays r --) v,eUe and r --) u7p~P are 

pe = 0.62 f0.17f0.14 

_-..._ . -. pr = 0.89 f 0.14 f 0.08, 

respectively. Since the couplings of e De and ~~~ to the W  have been shown to 

be the same, these results can be combined to yield 

p = 0.79 f 0.10 f 0.10. 

The results presented here are in good agreement with previous measure- 

ments of the Michel-p parameter included in Table 6. When combined with ; 
,- _T_ --- 

-.- previous results, the new world average becomes p = O-73 f 0.07. V + A, V, or 

_- A interactions at the TD~-W vertex are ruled out, but only admixtures of more 

-- than 47% V + A with the expected V - A interaction can be excluded with 95% 

confidence by the combined results. 
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. . _ FIGURE CAPTIONS 

1. Feynman diagrams for lowest order cross section for the process e+e- + 

r+r- . 

2. Observed cos 8 distribution for: a) r -+ v7eoe, b) r + z+~D~, c) r + u,z, d) 

r + u7p. The solid curves show the Monte Carlo prediction and the dotted 

curves show the particle misidentification background. 

3. Momentum spectra for: a) r + u+Se, b) r -+ u~~D~, C) T + U,T, d) T + 

u,p. The solid curves show the Monte Carlo prediction and the dotted 
- 

curves show the particle misidentification background. 

4. Polarization as function of polar angle for the expected values of the cou- 

pling constants. The dotted curve includes the effects of radiative correc- 

tions. 

--. .- . 
- 5. Momentum spectra for a) r + ureDe and b) r --+ u~/.@~. The solid (dotted) 

curves are the Monte Carlo predictions for the momentum spectra when 

_- _z_ 

-.A??--. 

p = 0.75 (p = 0). 

c 
-- 
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,c- . . _ TABLE CAPTIONS 
. 

1. Measurements and constants for calculation of polarization (quoted errors 

are statistical only). 

2. Systematic errors for polarization measurement due to uncertainties in tau 

branching fractions. 

3. Summary of systematic uncertainties for quantit ies entering into the polar- 

ization measurement,  expressed as a  percentage of the listed quantity. 

4. Measured coupl ing constant products for the individual tau decay modes.  

5. Results of the M ichel parameter measurement.  The constants al and bl 

(Eq. (24)) are calculated with the Monte Carlo and include the effects of 

. background. 

--. .- . -. 
6. Measured values of the M ichel parameter. 

- 
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4 ,c- TABLE l-- 
. 

7  -+ lJ7ePe 7  + U7/.APp 7  --) uf?r 7  +  J+P 

- 

No. of obs. events 

(E) (GeY 

AE tGeV) 

(E) (GeV) pred. 

AE (GeV) pred. 

a  

b 

a’ 

b’ 

b” 

1823  1909  798 3158  

5.58 f 0.10 6.76 f 0.11 8.51 f 0.20 8.07 f 0.07 

-0.05 f 0.10 -0.06 f 0.09 -0.07 f 0.20 0.07 f 0.07 

5.66 f 0.05 6.65 f 0.04 8.59 f 0.08 8.77 f 0.03 

0.04 It 0.05 -0.02 f 0.04 -0.07 f 0.08 -0.01 f 0.03 

0.35 0.36 0.50 0.60 

-0.05 -0.05 0.17 0.06 

0.390 It 0 .003 0.459 f 0 .003 0.590 f 0 .005 0.604 f 0 .002 

-0.011 -0.015 0.036 0.013 

-0.005 -0.010 0.026 0.009 

0.04 f 0.05 -0.02 f 0.04 -0.07 -f 0 .008 -0.01 f 0.03 

--. .- . 
-. 

_- _Y_ 

- .r(p 

- 

- - 
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* ;- TABLE 2-- 
. 

7 -+ UrePe r + u7pDp 7 + uflr 7 * UTP 

- 

Dominant background 7. - UTP 7 + UTlr ,I- --+ urp r + uTA1 

fBG (%) 10 3 10 25 

WIBBG)IPIBBG) CW 6 11 12 20 

I(E)--(E)BGI (GeV) 0.3 1.8 2.3 0.8 

WME) (%I 0.1 0.1 0.4 0.6 

6b” (%) 0.8 1.0 0.5 5.0 

6b”/b” (%) 0.7 1.0 0.4 4.0 

- 

- - 
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* ;- TABLE 3-- 
. 

Source Effect r+e r--,/J r+7r 7-p 

Common effects multiplicative in E: 

EMC calibration 

- 

alIP 

Solenoid B field 

Shift in l/p 

oT7 radiative corrections 

T decay radiative corrections 

. . Ebeam 

Effects for < E > measurement: 

--. .- . -. Monte Carlo statistics 

Branching fractions 

Energy dependence of efficiency 

Branching fractions 

Efficiency, background estimate 

Effects for AE measurement: 

Branching fractions 

a- _*_ Efficiency, background estimate 
- ..reP--- 

Charge misidentification 
- 

a’ b’ b” , , 

a’ b’ b” , , 

a’ b’ b” , 9 

a’ b’ b” , , 

a’ b’ b” 7 , 

a’ b’ b” 3 9 

a’ b’ b” , > 

1.0 0.6 0.4 

0.4 0.4 0.4 

< 0.1 0.1 0.3 

0.3 0.3 0.3 

0.3 0.1 -0 

0.1 0.1 0.1 

1.0 

0.4 

0.2 
- 

0.1 

0.3 

-0 

0.1 _ 

a’ 0.8 0.6 0.9 0.3 

a’ 0.1 0.1 0.4 0.6 

a’ 0.5 0.5 1.2 8.0 

b’ 0.8 1.0 0.5 5.0 

b’ 0.3 0.3 0.6 4.0 

b” 0.7 1.0 0;4 

b” 0.3 0.3 0.6 

b” 1.0 1.0 1.0 

4.0 
e 

4.0 ~~- 

1.0 

- - 
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i ;- TABLE 4 
. 

Decay mode sE s: e 7 
ga gv 

7 + vTePe 

7 + v+7p 

7 + vgr 

* + VTP 

0.97 f 0.63 f 0.53 (0.68 f 1.39) x (1 f 0.017) 

-0.53 f 0.50 f 0.35 (0.43 f 0.67) x (1 f 0.017) 

-0.13 f 0.39 f 0.29 (-0.20 f 0.54) x (1 f 0.014) 

3.54 f 0.34 f 3.34 (0.50 f 0.50) x (1 f 0.059) 

- 

- - 
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;- TABLE5- 
. 

electron muon 

al (GeV) 5.66 f 0.05 6.65 f 0.04 

bl (GeV) 0.61 0.78 

Wl (GW 5.58 f 0.10 6.76 f 0.11 

e 
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,c- TABLE 6- 
. 

*- _T .  

- - 

Experiment Pe Average 

DELC03’ 0.72 f 0.15 0.72 f 0.15 

CLE03’ 0.59 f 0.14 0.81 f 0.14 0.70 * 0.10 f 0.03 

This experiment 0.62f0.17f0.14 0.89f0.14f0.08 0.79f0.10f0.10 

Average 0.65 f 0.09 0.84 f 0.11 0.73 f 0.07 

- 

- 

- - 
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