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Decays of the Heavy Lepton, Tau (1785

Craig A. Blocker

Abstract

The structure of the weak hadronic current coupled to
the tau is investiqated via some of the hadronic decays of
the tau. The vertor current coulping is determined by mea-
suring the T * PV{ branching ratio. The axial=vector cou-
pling is determined by measuring the 1 + nwv; branching ra-
tio. The Cabibbo structure of the hadronic current is
established by observing the decay 1 + K*(890)v. and mea-
suring its branching ratio. The branching ratios for the
decays T - evgVy and T - UVUVT are neasured as a ncrmaliza-
tion for the hadronic decays and as a check on the validity
of the measurements. The leptonic branching ratios agree
well with previous experiments.

From a Kkinematic fit to the pion energy spectrum in
the decay T * Tv., an upper limit (95% confidence level) of
245 MeV is placed on the tau neutrino nass, From a sinul-
taneous fit of the center of mass energy dependence of the
tau production cross section and the pion energy spectrunm
in the decay 1 + WV, the tau mass 1is determined to be
1.787 + .010 GeV/c . |

All properties of the tau measured here are consistent
with it being a sequential lepton coupled to the ordinary

weak hadronic current,
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Chapter 1

INTRODUCTICH

The study of e+e- annihilations at center of mass en-
ergies from 3-7.5 GeV has been an extremely rich and inter-
esting field during the past five years. Two discoveries
have been particularly spectacular- the charm quark with
its associated complex spectroscopy and a new lepton, the
tau. This thesis explores the production and decay of the
tau at the SLAC e+e- storage ring facility SPEAR in order
to understand the tau's properties and interactions.

Before the discovery of the tau, the only known lep-
tons were the electron, the electron neutrino, the muon,
and the muon neutrino, These leptons couple to other par-
ticles via interactions which are thought to be well under-
stood, namely, the weak and electromagnetic interactions.
It is vital to study to the <couplings of the tau to under-
stand whether it simply mimics the other leptons or is in-
dicative of new phenomena or interactions. Previous stu-
dies of the tau have primarily utilized 1its 1leptonic
decays, and a thorough understanding of its coupling to
hadrons is lacking.

In this dissertation, the structure of the hadronic

current coupled to the tau is studied in detail via three



of its hadronic decays, namely', 7 - pv, T =+ v, and
T ~ K¥(890) v. If the possibility of arbitrary scalar (S),
pseudo-scalar (P), vector (V), axial-vector (A), and tensor
(T) couplings is allowed, it is not possible here to draw
defirative conclusions about the hadronic current. How-
ever, there is strong theoretical prejudice for a Vv,A
structure, and that will be assumed. Then the T »* . decay
occurs via the vector current, and the T » 7V decay occurs
via the axial vector current, allowing separation and study
of these two couplings. The 7 = K*V decay also occurs via
the vector current and, 1in conjunction with the T = . de-
cay, gives the Cabibbo structure of the hadronic current.
The leptonic decays of the tau are also measured here to
provide a normalization for hadronic decays and as a check
on the validity of the measurements.

A major advantage e+e- experiments have over hadronic
experiments is the simplicity of the initial state, that
is, two leptons which annihilate into one wvirtual photon
via the well understood electromagnetic interaction (Fiqg.
1), allowing isolation and study of the production and sub-
sequent decay of particles (both leptons and hadrons) at
the second vertex. The price that is paid for the simplic-
ity of the initial state is the low event rates typical of
e+e~- storage rings. For thz tau cross section and a typi-
cal average luminosity? at SPEAR, about 200-500 tau pairs

were produced per day of running.
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annihilation via a single virtual photon.




1.1 HISTORY AND PROPERTIES

The initial evidence for a new lepton was the observa-
tion® by the SLAC-LBL collahoration at the e+e- colliding
bean facility SPEAR of anomalous 1lepton events of the forn
e+e- - e + pF+ "missing energy". Subsequently, this ano-
malous lepton production was confirmed by several experi-
ments” ® ®* 7, and the properties of these events firmly es-
tablished that the anomalous leptons were from the
production and decay of a new lepton, now designated tau,

Once the existence of the tau was established, it he-
came important to measure its properties in order to under-
stand its place in the particle world, Some of these pro-
perties have already teen well measured. The mass has been
determined® * 1% from the threshold behavior of the tau
production cross section, The measurenent with the snal-
lest error is DELCO's vaule of l.782f'88; Gev/c?. Fron the
high energy rise of this cross section, Tsail® argues that
only a spin 1/2, pointlike tau is consistent with the data.
All experiments hav favored a V-A coupling to the weak
current for the tau, but the DELCC measurement’- of the Mi-
chel parameter using the electron spectrur fron tau decays
provides the strongest evidence. It favors V-A, is incon-
sistent with V+A, and stronqgly disfavors pure V or A, The
neutrino associated with the tau appears to bte different
from the electron or muon neutrino or antineutri-
nos* ® 13 1v 15 and to be massless (the upper 1limit:- i§

.25 GeV/c?, 95% ccnfidence level).



The picture that emerges 1is that the tau 1is a
sequential lepton, that is, a spin 1/2, pointlike particle
with its own lepton number, its own neutrino, and a V-hA
coupling of the samne strength as other leptons to the con-
ventional weak current. There are other possibilities hav-
ing a mnassive neutrino and electron-muon-tau mixing, but
electron-muon universality place severe limitations on
these models.?® Throughout this thesis it was assumed that
the tau is a sequential lepton with the DELCO mass of 1,782

GeV/c* and a massless neutrino.

1.2 THEORY

The existence of the muon has 1long been a puzzle in
element  + particle physics 1in that it is not required by
any theory. The current gauge theories of weak and elec-
tromagnetic interactions do require that the sum over the
quark and lepton charges weighted by group theory phases he
zero Sso that Adler triangle anomalies!’ cancel and the
theory be renormalizable. The up and down quarks along
with the electron form a satizfactory and complete theory.
The addition of the strange and charm quarks and the muon
again forms a collection of particles that satisfy the
Adler condition. The discovery of the tau upset this ba-
lance which has been partially rectified by the discovery
of the upsilon, which is most 1likely a charge 1/3 quark-

antiquark state. However, there is no evidence yet in ete-
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annihilations up to 31 GeV for the charge 2/3 gquark needed
in the standard Weinberg-Salam model to restore the ba-

lance.

1.2.1 Production

Taus are produced as pairs via the Feynman diagram shown in

Fig. 2 with a cross section of

dc _ 12‘: 2, -2 z.
= = E»(Z-, +~““cos )
- _ 271 -2

c.. = IS (3-2°)

where , is the fine structure constant (-1/137), s is the
square of the center of mass energy, and 7 is the velncity

of the tau in units of the speed of light.

1.2.2 Decays

One property of the tau that distinguishes it fror the
other known leptons is that it is sufficiently massive to
decay into hadrons, allowing tauv decays to be used to test
theories of hadronic weak interactions. Assuming the tau
is a sequential lepton, many of the decay widtns can be

calculated?® 1% 2¢ either exactly or to a good approxira-

tion.



Fig. 3. Feynman diagrams for (a) t,» 2vv, (b
(d) © + Kv, (e} T - pv > nnl, and (



1 2.2.1 Leptonic decays

The leptonic decay widths are calculated from the

Feynman diagram in Fig. 3a. A straight forward calcula-
tion'® gives
. Gy ¢ E L :
F(rwevv) = ——F— [1-By+By -y -12y“In(y)]
3x287 7

where ; is either an electron or muon, G is the Fermi weak
coupling constant known from mu decay, and y is defined as
MRZ/MTE' This calculation is exact to lowest order and de-
pends only on known parameters. The factor in brackets is
1.000 for electrons and .973 for muons for a tau mass of

1.782 GeV/c?.

1.2.2.2 Pion and kaon decay
The decay width for 1 - 7+ is calculated from Fig. 3h,

Again, a straight forward calculation gives

[S]

sz :COSZSC 2 M 5
T = ; 3 _ : 2
F(rmv) = =TS, (- gs)
where &, is the Cabibbo angle. f_ is a constant in the

[
pion form factor obtained from the decay rate for ™ - v,
which proceeds through a similar diagram, as shown in Fig.
3c., Its value is ,137 times the mass of the proton.

The diagram (Fig. 3d) for the decay T + Kv is identi-

cal except that the pion is replaced by a kaon and cos <



is replaced by sin Bl This immediately gives

- C'fr%sin‘" s Myt
g (V) = c N - ‘
NEGnd GV ——I——-——lﬁ, Mo (] ”"r"’)

The calculation of these widths 1is again exact to lowest

order and depends only on known parameters.

1.2.2.3 Rho and other even pion decays

The decay 1 - :. also proceeds through a very sinilar
diagran (Fig. 3e), but now the W-rho coupling is not di-
rectly known since the rho does not decay weakly. However,
since the rho i1s a vector particle, only the vector portinn
of the weak current contributes, and the W-rho couplint can
be related to the gamma-rho coupling via the conserved vec-
tor current hypothesis (CVC). The gamma-rho couplirg is
obtained from measurements of e+e—- :%- -*-~ which proceeds
as in Fia., 3f. There could also be a small non-resonant
contribution to T - m*7’y and e+e- - 7T=" where the rho in
Figs. 3e and 3f is absent, Gilman and Miller ~ calculate
for a tau of mass 1.8 GeV/c® that 7_ /7, = = 1.2 for pion
pairs that have an invariant mass less than 1.25 GeV/c2 .
The rho resonance is expected to dominate the two pion de-
cays of the tau. Using the same technique of assuming CVC
and using e+e- data the width for 1T = 47+ is .57 "(=~e..).
Gilman and Miller’® calculate that for a tau mass of 1.8
GeV/c*

T(r—=»n-n-1+tn’v) = .46 T(T=evv)

T(17+1731%) = .11 T(1~evv).
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The accuracy of these calculations depends on the mea-
surements of e+e- - 2n- which are good to 10-20% for the
two pion case and on the assumption of CVC. Thus, measur-
ing these decay widths provides a test of the applicability

of the CVC hypothesis to tau decays.

1.2.2.4 Al decay
Assuning that the Al exists and dominates the -~ - 3-.

decays, Tsai‘® has calculated fron wWeinberg sum rules that

Il 3 .
(t=A-") = GC"M;°cos’ - ¢

D Ml s 2ML
)= 25@‘: .'A;‘I(‘l—r) (l+—k'_.1-;.)

This depends only on known parameters but is more uncertain
than other widths due to some of the assumptions 1in the
derivation. 1In particular, the existence of the Al is unc-
ertain. Measuremnent of the rate and distributions of the

- 37. decay could =settle the guestion aof the Al's evis-

tence.

1.2.2.9% K*(892) and 0(1313) decays
Using Das-Mathur-Okubo sum rules, Tsai'® has calcu-

lated for the strange counterparts tao the rho and Al that

. Mps©® - M M-* M
;('*K*u)=7(7*:v)tan‘~ - Nh YT (1+ k* \/(1——q—\>(1? m

M Mot oav
T(T*Q*J)z"(f*o‘-')tanzec —}l:“ L) (1+ —-—1'(1— T ) (14
Q -

[
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These are Cabibby suppresserd decays and accordinaly have

small widths.

1.2.2.+% Sunmary

Tabhle 1 summarizes the theoretical predictinns for <te
decay wiZths, the corresponding branching ratios, an? the
experirental values, The world average for the leptonir
widths agrees well with the theoretical expectation, Tre
early measurenent - of the pion decay mode indicated that
it was smaller than expected, but later measure-
ments-* -t *7 " were closer to expectations. The other
modes aaree roughly but have larae errors, or there is es-
sentially no measurement. Experimentally, what is measured
is the branching ratio (= 7 /TLO[). Even in cases where
the partial width can he calculated exactly, the theoreti-
cal calculation of the branching ratio is uncertain to the
extent that the total width is uncertain. Since sone of
the multi-pion decays cannot be calculated exactly, the to-
tal width has sone theoretical uncertainty. To make a rore
neaningful comparison with theory, all results in this the-
sis are given as the quotient of the branching ratio and
the measured electronic branching ratio (= Bj /Bg..), which
is theoretically uncertain only to the extent that the par-
tial width is uncertain,

It is interesting to compare these detailed calcula-

tions to the prediction of the lowest order gquark model.
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Assuming that the tau decays by emitting a W that material-
izes into a light quark pair (ud) or a lepton pair (e. or
)., the width to hadrons should be three times (because of
three colors) that to an electron or muon, giving branching
ratios B,. .= BL:: = 1/3 B

hadrons .2, which approxirately

agree with those in Table 1.



Decay Theory” Exicrimental
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T ELL ). Lo, al
. [ 17.: .97 12.6z1.2 1.13z2.:¢ 2z
17.121.2 -—-- 2,40
1 hadror 1.2 39.7 2.23 36.324.2 2.0% 2z
35.024,0 2.00 27,40
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hd 3¢ G0 LEE 22,5 R S R
323.9 2y-.0% ot
3 T
c -
Sk
ik
T7.s 0 2l.3 1.o6 24-9 1.37z.% 25,50
18.5:1.5 1.11-.22 g%
Ay 3.7 .3 .50
-H T 1¢.9 G.¢ .26 5:22.1 L2903 c
7=5 L40z.22 472
47y 3o.e 19.1 .57 1127 .h2204 52
>57 44.2 12.C .68
Kv 2.6 .72 .04 <1l.¢ <, 02 c
K*v 5.1 1.4 .08
Total 363.5 100.

Table 1. Thecretical and experimental branching ratios f
decays of the tau. *Mark II data used here.
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Chapter T1I

T''E MARK II DETECTOR

2.1 MARK II

The Mark 11 detector was desiqgned as a general purpose
detector for detecting both charged and neutral particles
from electron-positron annihilations over the maximum solid
angle possible. High detection efficiency, qood resolu-
tion, and good particle identification were important con-
siderations. The Mark I1 had a basically cylindrical geo-
metry with the beam direction forming the symmetry axis.
The coordinate system referred to in this thesis 1is such
that the z axis is in the direction of the positron beam,
the vy axis 1is vertical, and the x axis completes the
right-handed coordinate systen. The origin is at the cen-
ter of the detector where the electron and positron beans
collide.

Figs. 4a and 4b show cross-sectional and isometric
views of the Mark II detector. As a particle left the e+e-
interaction region, it first traversed a .15 mm thick
stainless steel beam pipe and then two layers of .A4 cm
thick cylindrical scintillators (pipe counters) which were
used in the trigger. Next came 16 layers of cylindrical
drift chambers (described in detail in Ref. 30) for charged

particle tracking. The rms momentum resolution was
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Vacuum Chamber
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Fig. 4. (a) Cross sectional view of the Mark II detector.
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Fig. 4. (b) Expanded isometric view of the Mark II detector.
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:p/p = /.0145)2 +(.010p)? (p in GeV/c) for single track
fits. The factor of .0145 is from multiple scattering and
the p dependent term reflects the 200 micron position reso-
lution. Constraining the tracks to pass through the known
bean position reduced the latter term to (.005p) .

Outside the drift chambers were 48 time-of-fliaght
(TOF) scintillation counters which were 2.54 cm thick an4d
viewed at both ends by photomultiplier tubes. The rms TOF
resolution for electron-positron elastic scatters (Bhabha
events}) was 270 psec. and for hadrons was typically 300
psec measured from low momentum pions that were well sepa-
rated in TOF from other particles. This gave a one stan-
dard deviation separation of pi's and K's at a momentun of
1.35 GeV/c. The TOF counters covered 75% of the full soiid
angle.

Outside the TOF system was the solenoidal magnet coil
which provided a nearly uniform field of 4.1 kilogauss par-
allel to the e+e- beam direction, Next came the lead-li-
quid argon shower counters which provided photon detection
and electron identification for 70% of the solid angle,
The lead-liquid argon system is described in detail in Ap-
pendix B and the relevant characteristics are summarized
here. The energy resolution was measured to be 11.5%//E (E
in Gev) for electrons and high energy photons. For lower
energy photons (a few hundred MeV), the energy resolution

was a little higher (12-13%/YE) due to uncertainties in the
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corrections fo: loss of energy in the 1.4 radiation length
thick magnet coil. The photon detection efficiency (Fig.

5) was calculated using the EGS !

shower Monte Carlo to de-
posit energy according to the shower counter geometry ang
was checked usinc data from § -~ 7+r=7% and y - 2r+2=--f ey-
ents.

Finally, there were layers of 23 cm thick steel, each
followed by a planc of proportional counters, for muon
identification above a momentum of approximately .65 GeV/c,
the range threshold for muons. The initial configuration
consisted of two layers on the top and bottom covering 24%
of the solid angle. Later, one layer was added to the top
ani two layers to each side, extending the coverage to 54%
of 45 sr.

At small angles to the beans were additional endcarp
shower counters. At one end was a liquid argon calorime-
ter, and at the other end were two layers of proportional
chambers each proceeded by .5 cm of lead. Each endcap cov-
ered 10% of 47 sr.

The luminosity! was monitored with very small anale
(~20 mrad) shower counters detecting Bhabha events, The
final time integrated 1luminosities were determined from
large angle Bhabha scatters. There was a R% error assigned
to the integrated luminosities due to uncertainties in ev-
ent selection and in radiative corre_tions to the Bhabha

scattering cross section.
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2.2 TRIGGER

The Mark II employed a two level trigger system. The
primary trigger required a coincidence among (1) beanr
crossing, (2) pipe counter hits, and (3) hits in at least 4
of 9 drift chamber layers. The decision on a primary trig-
ger was made 1in approximately 500 nsecs., which was well
within the 780 nsecs. between beam cressings at SPEAR. The
primary triqgger rate varied from approximately 30 Hz at low
beam energies to about 1 kHz at a heam energy of 3.7 CeV.

The seccndary trigger was based on hardware track re-
cognition by twenty-four microprocessors (called curvature
modules®?) working in parallel. A secondary trigger re-
quired one track giving a hit in at least 4 of the f axial
orift chamber layers plus the corresponding TOF counter an<
another track qgiving a hit in at least 3 of the inner 3%
layers of the drift chambers, This decision was made in 3C
microseconds and was greater than 99% efficient for events
satisfying the required topology. Since the rate of pri~
mary triggers was at most 1 kHz., the resulting dead time
was at most 3%. The secondary trigger rate was 1-3 Hz.
The trigger system of the Mark II is described in more de-

tail in Reference 33.
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Chapter III

EVENT SELECTION

The data used came from running at several fixed cen-
ter of mass energies from 3.52 to 6.7 GeV and from scans
over the region from 3.88 to 6 GeV. Table 2 summarizes the
integrated luminosity accumulated at the energies used and
the expected number of tau pairs produced, calculated fron
the theoretical cross section in section 1.2.1.

Since all tau decays produce at least one undetected
neutrino, it is not possible to discover them by peaks in
invariant mass spectra. Instead, one looks for an event
topology which is characteristic of the decay in which one
is interested and which has minimal background from other
processes. There are three major distinguishing features
of tau decays. First, the leptonic branching ratios are
large. Electrons and muons provide a convenient tag for
tau events. Second, the multiplicities are low. Most tau
decays, 1including the leptonic decays, produce only one
charged particle, which means that tau pair production pri-
marily contributes to events with only two charged charged
particles. In contrast, hadronic events at these energies
have a mean multiplicity®® of 2.1 + .8 ln{s) (s 1is the

squere of the center of mass energy in GeVv?),., Third, there
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Vs Integrated Number of
(GeV) Luminosity Tau Pairs
{/nb)
3.52 196 0
3.67 945 1790
3.77 1991 5080
4.19 411 1400
4.42 766 2620
5.20 5200 15340
6.0,6.5,6.7 4530 9520
3.8-4.4 Scan 3310 11060
4,5-6,0 Scan 3820 11080
58610
Table 2. 1Inteqrated luminosity and the expected num-
ber of tau pairs for the center of mass =2nergies at
which data was collected.

is always missing momentum and energy because of the neu-
trinos which are not detected.

It is possible to verify that events of a given topol-
ogy are from tau decays by looking at some of their kine-
matic distributions. First, many tau decays are two body
which at a fixed center of mass energy gives rise to a flat
energy spectrum for the decay products. Second, the cor-
rect energy dependence of the production cross section can
be checked by 1looking at the product of the cross section
and the branching ratios as a function of the center of
mass energy. Finally, when a lepton tag is used, the mo-
mentum spectra of the leptons are excellent for differenti-
ating taus from semileptonic charm decays, the only other

known source of "anomalous" leptons at SPEAR energies. The
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lepton momentum spectra are checked both by the obhserved
spectrun of the leptons and, assuming equal production of
electrons and muons, by the ratio of events with an elec-
tron or muon taq since the detection efficiencies for the
two have different momentum dependence. Thus, identifying
a sanple of tau decays consists of selecting events of the
appropriate topology, measuring or calculating the hack-
ground from other processes, and verifying that the kine-
matic properties are consistent with tau decays.

Data from the Mark Il was first processed by a set of
track reconstruction and neasuring routines and ther hy
vertex reconstruction routines. The charged trackinag was
determined from a Monte Carlo to be greater than 97% effi-
cient over B80% of the solid angle. The radial positicn of
the vertex was used to eliminate events where an electron
or pesitron from the beams interacted in the wvacuum pire
surrounding the beams. Cosmic ray events were eliminate?
by the time-of-flight system.

The decay modes measured here each produce only one
charged particle and are best studied in events with ex-
actly two oppositely charged particles (except for part of
the K* analysis, which involved four charged particles).
Fig. 6 shows the z position of the vertex for these events.
The peak around z=0 is due to e+e- annihilations, and the
flat background is from the e+ or e- beams interacting with
residual gas molecules in the SPEAR vacuun region (bean-gas

events) . Events with a vertex at |z} greater than 10 cm
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were eliminated to insure that the signal events were
associated with e+e~ interactions. Fiq., 7 shows the dif-
ference in z of the two charged tracks at the vertex. A
cut of 10 cm was applied to eliminate events with poorly
measured tracks. A scan of the rejected events shower? that
they were primarily cosmic rays.

The acoplanarity angle is defined 1in two charged par-

ticle events as (180-%) where - is the angle between the
projections in the x-y plane of the particle momenta,. The
QED processes e+e- - e+e-" o7 ;+L'1 and the two photon pro-

cesses e+e— — e+e—-e+e-, e+te-.t.", et+e--t-" (these events
have four charged particles produced, but the scattered
e+e- are never detected) have cross sections which are cor-
parable to or larger than the tau production cross section,
but which peak strongly at small acoplanarity angles. To
recuce background frorn these processes, the acoplanarity
angle was required to be greater than 20 degrees. This re-
sulted in a loss of signal events ranging from 10% at a
center of mass energy of 3.67 GeV to 25% at 6.5 CeV.
Computer generated pictures of the events used in the
final analysis were scanned to eliminate ones with an extra
charged track not found by the tracking routines and to el-
iminate poorly tracked cosmic ray events. Events with a
neutral particle detected by the proportional chamber en?-

cap were also eliminated (the liquid argon endcap was not

used because of noise problems).
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Chapter IV

PARTICLE IDENTIFICATION

When looking for exclusive event topologies, it is im=-
portant to identify particles correctly 1in order to maxim-
ize the efficiency while minimizing background from parti-
cle misidentification. This 1is particularly true when
leptons are used as an event tag.

A particle was called a muon if there were hits in
the muon system within three standard deviations of the
projected track position in the number of layers expected
to be reached by a muon of the particle's momentum. Fiqg. =
shows the efficiency for tagging muons correctly. Pions
can simulate muons by either decaying or penetrating the
iron absorbers. Fiqg. B8 shows the combined effect of these
as measured with multi-prong decays of the psi.

Above .4 GeV/c liquid argon information was used with
a binary decision tree method to identify electrons. This
was done by working in a multi-dimensional space spannecd by
a track's momentum and direction measured by the drift
chambers, the total energy deposited in the 1liquid argon
module, the energy deposited in each layer, the spatial
width of the shower in each 1layer, and a few combinations

of these wvariables. A recursive partitioning decision
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rule’® was used with a set of known electrons and pions to
decide which hypervolumes of this multidimensional space
were occupied predominantly by electrons, pions, or both
(ambiguous regions). The major advantage of this method
was that the a priori distributions 1in the space did not
need to be known, The sources of known electrons were
gamma conversions in the beam pipe and Bhabha events where
one of the electrons had bremsstrahlunged in the beamn pipe.
The pions came from multi-pion decays of the psi. The ef-
ficiencies and nisidentification probabilities (Figs. ¢ and
10) were measured by using a separate set of known elec-
trons and pions other than those used to build the decision
trees. For a more detailed explanation of the electron-ha-
dron separation, see Appendix B,

The TOF system was used for identifying protons and
kaons. Each particle was assigned a weight to be a pion,
kaon, or proton according to the gaussian probability that
a pion, kaon, or proton of that momentum and flight path
length would give the measured time of flight, The sun of
the weights was normalized to one. A particle was called a
proton if its weight for a proton was greater than .8. A
particle with momentum less than 1.3 GeV/c and weight for a
kaon greater than .8 was called a kaon. From the TOF reso-
lution, the probability that a pion was called a proton was
calculted to be small (less than 1% even at 2.0 GeV/c), and
the probability that a kaon was called a pion had a maximum

value of 4.5% at 1 Gev/c.
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A particle was <called a pion if (1) the muon systen
said it was not a muon without ambiquity, (2) it was not a
kaon or ©proton according to the TOF criteria given above
and (3) the e-hadron separation program said it was a he-
dron without ambiqguity. The efficiency for identifying
pions (Fig, 11) decreases below a momentumn of ,7 GeV/c be-
cause of the range threshold of the muon system. Any par-
ticle which could not be classified according to the abcve
criteria was called an unknown (X).

Photons were defined as any neutral particle recon-
structed in the liquid argon shower counters. Photons with
energy below 100 MeV were not used. Furthermore, to reduce
spurious photons (see Appendix B) formed from energy depo-
sited by interaciing charged tracks, any photon within 3F
cm of a charged track at the liquid argon shower counter
was not used. This distance was determined by a step in
the distribution of the distance between photons an”
charged particles.

The gamma-ganma invariant mass for events with two
charged particles is shown in Fig 12, A clear pi zero peak
can be seen on top of a large, presumed combinatoric back-
ground. This background is greatly reduced by requiring
that the events contain only two photons (Fig. 13). All
gamma-gamma combinations with an invariant mass between 8C
and 200 MeV/c? were included in the pi zero sanple. A one

constraint fit to the pi zero mass (see Appendix A) was



then done to improve the momentum resolution of the pi ze-

ros.
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Chapter Vv

EFFICIFENCIES ANLC BACKGROUNEDS

5.1 EFFICIENCIES

The efficiency for detecting an event topoloay fror
tau decays was calculated from a Monte Carlo. Tau pairs
were produced according to the theoretical’? differential
cross section for a pointlike, spin 1/? particle of mass
1.782 GeV/c . Polarization effects and initial state radi-

: ig
ation

were taken into account. The anqular and rorertur
distributions of the decay products were deter—ined fro-
the theoretical differential decay widths, when knowrn, cor
from phase space when the theoretical angular and normentur
dependences were not known. A massless tau neutrinc an? a
V-A coupling of the tau to the standard weal current were
assumed.

The Monte Carlo then tracked each particle out throuil
the detector geometry and generated hits in the wvaricus
elements of the detector according to the measured effi-
ciencies and resolutions. The measured nagnetic fiel”?,
multiple scattering, dE/dx losses, nuclear interactions,
bremsstrahlung of electrons, photon conversions, pion pene-
tration of the muon system, and particle decays were in-

cluded. In order to obtain efficiencies as a function of
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the center of mass energy, they were determined at several
points, and polynomial fits were done.

Since all event topologies used were required to have
a specific number of photons detected, there was an ineffi-
ciency due to spurious photons ("photons" formed from elec-
tronic noise (see Appendix B)). This rate was measured by
iooking at types of events that should have few or no real
photons in them and measuring the rate at which photons
were found. Since spurious photons could be formed hy
electronic noise conbining with enerqgy deposited by real
particles, the rate of spurious photons depended on ‘“ne
number of particles in the event. Thus it was necessary to
select events to neasure the correction that had the sane
number of particles as signal events. For events with two
charged particles and no photons produced, mu pair evcents
(ete- ~ L*L7) were used. The average correction was 6% and
was as large as 12% for some of the data. This was checke?
by using cosmic ray and Bhabha events. After correctina
for the number of real radiated photons in Fhabha events
that passed the cuts (about 3% of the events), the spurious
photon rate for mu pairs, cosmic rays, and Bhabhas aqreed
within 1%, Hence a 1% systematic error was assigned to
this correction.

Using the detailed shower Monte Carlo EGs®' it was
found that 4% of the real photons had an extra spurious

photon associated with them. This was checked in the data
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by using the three pion decay of the psi (v - w+v—r°). In
13 + 2% of these events, at least one extra photon with en-
ergy greater than 100 MeV and at least 36 cn from a charged
track was found. The expecterd number was 6% determined
from mu pairs in the sane data plus 4% for each of the two
real photons, for a total of 14% of the events. Since this
correction was not measured directly in the data used, a 5%
systematic error was assigned to it.

Some high momentun pi-zeros were lost because the
opening angle of the two photons was too small for ther to
be resolved by the liquid argon system. This was a small
effect since the flight path was large (1.2 m) and the
strips in the liquid argon modules were narrow (3.P cn).
Using the shower Monte Carlo EGS, it w-s found that 5% of
the pi-zeros at 1.5 GeV/c and 10% at 2 GeV/c were lost fdue
to this effect. The correction for this 1loss was calcu-

lated by folding these numbers with the observed pi-zero

spectrunm,

5.2 BACKGROUNDS
5.2.1 Tau production

The largest backgrounds to tau decays are other tau
decay modes. These were calculated by the same Monte Carlec
and tau production model described in Section 5.1. Each
tau was decayed according to a combination of experimen-

tally measured branching ratios (for evv, uwvv, mv, pv, AV,
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and K*v ) and theoretically predicted branching ratios (for
>47v and Kv). These backgrounds ranged from 10% in e-nu
events (Chapter VI) to 30% in pi-X events (Chapter VIII),

A 20% uncertainty due to uncertainties in the Monte
Carlo was assigned to all backgrounds from taus. In addi-
tion, the uncertainties in the branching ratios (50% for
theoretical values) and uncertainties due to limited sta-

tistics were folded in.

5.2.2 QED processes

The QED processes that lead to two acoplanar, charged
tracks detected are radiative Bhabhas’®’ (ete- — e+e-"), ra-
diative mu pairsBE {e+te- —~ U*L-v), and the two photon crea-

tion of electron, muon, or pion pairssf
(e+te~ - e+e-e+e-, e+e—p+u', or e+e-*+“—). The two photon
events have four charged particles in the final state, but
the electron and positron are scattered at small angles to
their initial directions and are not detected.

The differential cross section for all these reactions
except e+e- + e+e-trTn~ can be calculated exactly. For
e+e- + e+e-ntn~ there are unknown form factors of the pion;
pointlike pions were assumed. The backgrounds were deter-
mined by numerically integrating the differential <cross
section folded with the appropriate particle detection ef-

ficiencies and identification or misidentification proba-

bilities., The limits of integration were determined by the
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detector geometry and the event selection criterie. The
backgrounds from OED processes were less than 5% in all
cases. For uncertainties in the particle identification
and nisidentification probabilities and in the numerical

integration, a 20% error was assigned to these calcula-

tions.

5.2.3 Hadronic production

Backgrounds from events with four or more charged
particles produced were measured by looking at events whickh
met all of the event selection criteria except that the two
detected charged particles had the same charge, Assuming
that the probability of missing two charged particles was
independent of the their charges, the number of background
events was twice the numher of events with two particles of

0

the same charge. This was at most a 4% subtraction.

Backgrounds from hadronic production of only two
charged particles and any number of neutral particles were
calculated as described below from an all-pion jet model

and a charm production model,

5.2.3.1 0ld physics

To estimate the background from hadron production not
associated with charm, an all-pion jet model was used. The
inputs to the model were the mean charged particle rultipl-

icity as measured over the SPEAR energy range and a limited
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transverse momentum, again as measured. The anount of this
production was assumed to be the colored-quark model pred-
iction of two units of R, The most this contributed was 7%
to the lepton-rho events (Chapter VII). An uncertainty of
25% was assigned to these backgrounds primarily because of
the assumption that only pions are produced and because of
uncertainties in particle identification and nisidentifica-

tion probabilities.

5.2.3.2 Charm production

Unfortunately, there is still much that is not known
about the production and decay of D mesons; even less is
known about F's and charmed baryons. To allow for this,
wpper and lower limits for charm backgrounds were calcu-
lated within the known properties and reasonable variations
of the theoretical expectations of D's. The background was
taken to be an average of the two limits and an error suf-
ficiently large to cover both was assiqgned. The level of
charm production was assumed to be the difference bhetween
the measured value of R and two units of R for "old phy-
sics". This was assumed to be all D production except for
the measured contribution of charmed baryon production,””
which was estimated to have negligible contribution to
backgrounds here, Consideration of reasonahle decays of
F's indicated that they should contribute to backgrounds at

rates comparable to D's., The largest uncertainty in the
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background came from lack of know!edge of the number of ex~-
tra plions that are produced with I pairs (either Dﬁ, DBI,
D*D, or D*D*) since the extra pions decrease the probabil-
ity that low multiplicity events typical of taus are pro-
duced. The lower limit to the hackgrounds was calculated
by assuming that D's are always produced with two pions (if
kinematically allowed). The upper 1limits were calculated
by assuming that 20% (the mcst consistent with the D recoil

mass spectrum) of the D's were produced with no extra pions

and the rest were acconpanied by two extra pions, The D's

w

were decayed according to a combination of experimental“
and theoretical branching ratios which were adjusted to
agive the measured multiplicities and momentum spectra of [
decays. The maximum background subtraction for charm was

10+5% for the lepton-rho events (Chapter VII).

5.2.4 Beam-gas

Background rates from beam particles interacting with
residual gas molecules in the SPEAR vacuum were measured by
looking at events which met all of the event selection
criteria except that the absolute value of the 2z position
of the vertex was between 15 and 25 c:.. This is well out-
side the region from which e+e- interactions originated

(Fig. A). The beam-gas subtraction ranged from 0O to .7%.

3
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Chapter VI

LEPTONIC DECAYS

The most <characteristic events from tau decays cone
from events where one tau decays to evv and the other to
HVV, To look for these events, one of the charged parti-
cles was required to be an electron and the other to be a
muon. It was also required that there were no other parti-
cles detected in the event. There were 294 such e-mu ev-
ents in the data sample used. The electron (Fig. 14) and
the muon (Fig. 15) spectra for these events agree well with
that expected for tau decays plus backgrounds.

The background from other processes was estimated to
be 5 + 3 events from D decays and 30 + 7 events from other
tau decays. In addition, there was one event with an elec-
tron and a rmuon of the same charge; no event had an abso-
lute value of the z position of its vertex between 15 and
25 cm. After subtracting these backgrounds, there are 25Ff
+ 17 + 8 e-mu events. The average efficiency for detecting
e-mu events, weighted by the tau production cross section
and the integrated luminosity is .071, In Fig.l16, the pro-
duct of the cross section and the branching ratios is plot-
ted as a function of the center of mass energy. A two par-
ameter fit (m, and BeB) using equation (1) for the cross

section was done yielding a tau mass of 1.80 + .04 Gev/c’.
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The product of the leptonic branching ratios |is

calcul ated from

, O
Ney = 2B .8 ’1 L T11fep

where N, is the number of e-mu events, B, and By are the
electron and muon branching ratios, ¢, 1is the tau produc-

tion cross section corrected for initial state radiation,

™

ep is the detection efficiency, L is the integrated lumi-
nosity, and the sum is over the center of mass energies at

which data was taken. The result is"°®
BeR, = .030 + .002 + .004

The systematic error comes fron the following added in qua-
drature: A% for the integrated luminosity, 5% for radia-
tive corrections, 3% for Monte Carlo statistics in the ef-
ficiency calculation, 5% for electron tagqging, 5% for muon
tagging, 1% for the spurious photon correction, and 3% for
the background subtraction. If it is assumed that the ra-
tio of the muonic to electronic widths 1is the theoretical

value of .973, then the individual branching ratios are

Be = .176 + .006 + .010

B, = .171 + .006 + .010.
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Chapter VII

TAU —--> RHO NEUTRINO DECAY

To isolate events having a 1 - .. decay, further cuts
were imposed in addition to the event selection criteria
given in Chapter III. The rho was detected via its major
decay mode ptoe mal, Thus, it was required that there be
a charged pion or an unidentified particle (X) in the event
along with at least one pi zero. The invariant mass for
all charged pions or ¥'s with a pi zero is plotted in Fig.
17. To reduce backgrounds from gamma-gamma combinations
not originating from a single pi-zero, events with more
than two photons were eliminated (Fig. 18). The remaining
background is priharily from the pi zero being paired with
the wrong charged particle in the event. To eliminate this
and to strengthen the hypothesis that these rhos came fron
tau decays, one of the charged particles was required to be
an electron or muon. This results in a spectacularly clean
sample of rhos (Fig. 19), showing that the rho dominates
the two pion decay of the tau,

To verify that these lepton-rho events were from tau
decays, some of their kinematic properties were checked.
The muon spectrum (Fig. 20) and electron spectrum (Fig. 21)

agree well with the expected curves. Fig. 22 shows the rho
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enerqgy spectrum, which, 1if the efficiency were uniform
would be a flat spectrum at a fixed center of mass energy.
However, the pi zero inefficiency causes the spectrum to
fall at 1low rho energies and the width of the rho smears
the edg2s of the distribution. The curve is the Monte
Carlo prediction which includes these effects.

In order to compare the result with Gilman and Mil-
lerzo, a rho was defined to be any et combination with an
invariant mass less than 1.25 GeV/c . There were 214 elec-
tron-rho and 137 mu-rho events. In addition, there were
two electron-rho events where the particles had the sane
charge. The backgrounds were calculated to be 10 + 3 (9 +
2) events from old physics, 21 + 11 ({3 + 2) events fron
D's, and 40 + 14 (22 + 8) events from other tau decays for
the electron(mu)-rho events. Subtracting the backgrcunds,
there is a net of 139 + 15 + 18 electron-rho and 103 + 11 +
8 mu-rho events. Combining these numbers with the average

efficiencies (.034 for electron-rho and .021 for muon-rh<)

gives the followina products of branching ratios:

BeB, = .034 + .004 + .007

BB, = .041 + .005

[+

.007.

The systematic errors consist of the following added in
quadrature: 6% for the integrated luminosity, 12% (8%) for
uncertainties in the electron(muon)-rho backgrounds, 5% for

Monte Carlo statistics in calculating the efficiences, 3%
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for electron tagging, 5% for muon tagqging, 5% for radiative
corrections of the tau production cross section, 10% for
the photon detection efficiencies, and 5% for the spurious
photon correction. Note that sone of these systematic er-
rors partially or fully cancel in the calculations of the
quantities below. BeBy and ByuB, were combined with the

measured value of BeBp from Chapter VI to give

B, = .158 + .013 + .014
B, = 190 + .01A + .02l
B, = .215 + .0l2 + .032
B./B, = 1.37 + .18 + .24
B,/B, = 1.20 %+ .18 + .23.

Within the errcrc=, the ratio BU/BE is equal to the theoret-
ical value of .973. Setting this ratio equal to this, the

final results are:

E. = .213 + .017 + .032
By/Be = 1.21 + .12 + .20.
Plotting 0B (B,+B)) for the wvarious energies at which

data was collected verifies that these lepton-rho events
have the correct energy dependence to be from taus. The
result is shown in Fig. 23 with a curve obtained by fitting
the theoretical tau production cross section times & con-

stant. The fit 5ive5 a tau mass of 1.79 + .04 Gev/ct.
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Chapter VIII

TAU --> PI NEUTRINO DECAY

Initial experiments?" indicated that the branching ra-
tio for the T - TV decay was significantly lower than the
unambiguous prediction of the conventional model of the

: 25 26 27 28
tau. Later experiments

indicated that this de-
cay had the proper branching ratio, but those experiments
relied on assumptions about the other decay modes of the
tau, In particular, the T > PV decay is a major background
since its branching ratio is large and the probability of
missing the two photons from the pi-zero was usually rela-
tively large in these experiments. With the measurement
of the T + pv branching ratio in Chapter VII and with the
lepton identification capabilities of the Mark II, it was
possible to make a good measurement of the T =+ 7v branching
ratio.

For this, events were required to have one charged
particle identified as a pion, a second oppositely charged
particle (designated as X) which was not a kaon or proton,

and no other particles in the cvent. There were 2150 7*x’

events, 40 #° X' events, ~and 14 events with

15 < lzgyertex! ¢ 25 cm. The bhackgrounds were calculated to

be 590 + 170 fron other tau decays (primarily ov and A,V),
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49 + 24 from charm particle decays, 87 + 1¢ from old phy-
sics, 63 + 13 from radiative bhabhas, 5 + 1 from radiative
mu pairs, and 114 + 15 from two photon processes. This re-
sulted in a net of 1138 + 4f + 174 events.

The efficiency for detecting pi-X events from taus de-
pends on what decay mode of the tau contributed the X.
Thus the number of pi-X eventis is given by

N =28 fobtlzpel

X Ty TT j j 7m]

where the first sum is over the center of mass energies at
which data was taken and the second sum is over the decsay
modes of the tau. Only modes with one charged particle
were used since the same sian suhtraction takes care of the
others. Since By occurs in the sum over the decay modes,

this is a quadratic equation in B; which was easily solved

once ¢ and I B.e . were determined by Monte Carlo. Tre
T g7 J T3
average values were € . = .307 and jﬁﬁsjgfj = .CF54 yielid-
ing
By = .117 + .004 + .018,

The systematic error consists of 15% for the bhackground
subtraction, 6% for the luminosity, 5% for initial state
radiative corrections, 5% for electron-pion separation, 5%
for muon-pion separation, 1% for the spurious photon cor-
rection, and 5% for uncertainties of the branching ratics
in

LI B.e .. Combining this with the electronic branching
j#m 3 T3

ratio from Chapter VI gives

Bn/Be = .66 + .03 + .11.
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Fig. 24 shows the energy dependence of the product of the
cross section and By with a fit yielding my = 1.818 + .013
GeV/cZ.

By was also determined by requiring that the second
particle in the event be either an electron or a muon.
This gave 1information about the leptonic branching ratios
and confirmed the result from the pi-X events. The spectra
of the electrons and muons accompanying the pions are shown
in Figs, 25 and 26k along with the expected curves, Again,
the agreement is good. There were 372 (231) e=-pi (mu-pi)
events of which 148 + 29 (77 + 15} were calculated to be
background. The average efficiency for detecting e-pi
(mu-pi) events was .0955 (.0N5%42) which gives

BeBy = .0l8 + .002 + .004

uBr = .024 + .002 + .006

By/Bg = 1.33 + .18 + .36,

Combining these with the results of Chapter VI gives

Be = .150 + .011 + .021
B, = -200 + .0l5 + .028
B, = .121 + .009 + .017

B/B, = .81 + .10 + .16,
Again Bu/Be is consistent with the theoretical value .973.
Setting BU/Be equal to .,973 gives

Br = .119 + .009 + .020

B./Bg, = .AB + .07 + .10.
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Since = - 7. is a two hody decay, the enerqy spectrum
of the pions would he flat fnr mono-energetic taus, that
is, at a fixed e+te- center of mass eneray. The upper and
lower edges (E.) of the spectrum depend on the mass of the
tau, the mass of the tau neutrino, and the center of mass

energy and are given by

E« = 7. (E*'i':P*)

where P* and E* are the pion momentum and energy in the tau

frame, given by

This allows a determination of the tau mass or the tau neu-
trino mass by fitting the ohserved pion energy spectrum.
Since the data came from many center of mass energies, the
expected pion spectrum is a sum of several flat spectra.
Fig. 27 shows the pion energy spectrua for various center
of mass energies after bin by bin background subtractiors
and efficiency corrections were nade. T™wo fits were done.

The efficiency for detecting pi-X everts —<enends on the tau

mass and tau neutrino mass. This ca.=es5 the fits to be
sensitive to swvstematic variations [~ the efficiencies and
hackground sut© action between data from different center
of mass energie-. To avoid this, only data from the lara-

est hlock of fiwed enersyy running (s = 5.2 GeV) was used
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in the fits. First, the neutrino mass was fixed at zero
and a two parameter (the tau mass and B;) fit was done
yielding m, = 1.80 + .04 Gev/c’. Second, the tau mass was
fixed and the neutrino mass and E- were variec. The neu-
trino mass is consistent with beina zero, and Fia. 2€ shows
the resulting upper limit (95% confidence level) on the
neutrino mass as function of the tau mass assumed. For a

tau mass of 1.782 GeV/c?’, the upper limit on the neutrino

mass is 245 MeV/c?’,
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Chapter IX

TAU ~--> K* NEUTRINO DECAY

If the tau couples to the conventional weak current,
it should have Cabibbo suppressed decays to states contain-
ing the strange quark. Two expected decaysll3 are T = Kv
and T - K*9, the counterparts to T - 72 and T * PV, respec-

tively. This chapter contains evidence for the K*v mode.

9.1 SIGNAL

The K** decays 1/3 of the time to Kka, 1/3 to Ksr:
and 1/3 to K'n0. The Mark IT detector did not detect KL's,
so only the Ksﬂi and Kiﬁo modes were studied. For this an-
alysis, only events taken at center of mass energies above
4,2 GeV were used in order to avoid the peaks in charmed
particle yields below that. For the sti mode, events were
required to have exactly four charged particles with zero
total charge and no photons. Three of the particles were
required to be identified as pions or uridentified, hence-
forth all referred to as pions. The fourth was required to
be an electror -r muon as a tag of the other tau in the ev-
ent. Two of the pions were identified as coming from a XK
by requiring trat their invariant mass be consistent with a

K, and that th.. form a secondary vertex at least .2 cm in
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the x-y plane (Ryy) from the e+e- annihilation point, A

one contraint fit to the K° mass was done and the chi

square of the fit (Fig. 29) was required to be less than 5.

The resulting Kg™  mass spectrum (Fig. 30) has a peak at
the K*(892) mass. In order to reduce the backarounds an-?
further insure that the K’'s were genuine, the secondary

vertex was required to be at least 1 cm from the e+e- anni-
hilation point (Fig. 31) and these events were used in the
subsequent analysis. It is difficult to estimate the sig-
nal and background when dealing with low statistics and a
broad resonance such as the K*, The procedure used was to
define the signal bins to be the five hins from .22% to .95
GeV/c?2 and the background control bins as the ones from .7
to 1.25 GeV/c? exclusive of the signal bins. For the sig-
nal region, let ng be the number of bins, N  be the number
of events found, and Pg be the probability that a X* has a
mass in the that region. Let nge NB' and PB be the corres-
ponding quantities for the background regions. Finally,
let Ngx be the total number of actual K*'s detected and A
be the number of background events per bin assuming the
background is flat. Then, the following relationships are

obtained:
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These equatinns were solved for Ngx. Using ng; = 5,

nB =
17, Pg = .80, Pp = .20, Ny =9, and Ng. = 9 gives
Pobgs = 7 + 3,

For the K°n°

mode, events were required to have a K*,
a pi-zero, a lepton as a tag, and no other detected parti-
cles. Due to the inefficiency in detecting pi-zeros, fewer
events were expected than for the Ksﬁt mode, and the pi-
zero resolution widened the peak. The net result was that
for 7 + 3 events from the KgT= mode, 2 + 1 events were ex-
pected fromn the kK*-® mode where the mass of the K -° was
between .8 and 1 GeV/c?, Fig. 32 shows that there were ¢
events in this region and no events in the surrouding back-

ground region, This was not statistically siqgrificant by

itself, but gives strong support to .he KS': mode.

9.2 D BACKGROUKD

Since D decays have both anomalous leptor - and large
strange particle content, it is imperative to show that
they were not the source of these lepton-K* events. This
was done by making two assumptions: (1) The K* peaks were
actually E*'s and not fluctuations 1in the K-pi mass spect-
rum (the statistieal signifance of the total peak is large)
and (2) the lepton-K* events had only two charged particles
produced, that is, there were no charged particles missed
(the justification for this was that there were no RS

events). First consider Cabibho allowed decays. Since n°
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cannot decay to K*> + neutrals (it wviolates the 4 = 5
rule), decays of charged R's cannot be the source of the

n

lepton-K* events by assumption (2). In order to have D"'s
give lepton-K* events consistent with assumption (2), it is
necessary that the event contained a DD(::) that decays to

+ ¥* + neutrals and a D°(DY) that decays to all neu-

trals. This possibility was eliminated immediately by the
fact that in 11 of the 13 events in the signal region the
invariant mass of the lepton and K* was jreater than the C°
mass and the mass of the remaining two events was greater
than 1.6 GeV/c*. A Monte Carlo calculation confirmed this
by showing that at most .05 of the lepton-F* events coul-
have come from D''s. The other possibility for ©D%'s is
that the lepton is a nisidentified pion. However, the in-
variant mass argument still applies and the snall misiden-
tification probabilities for particles of these nonenrta
lead to a minute estimate for this possibility. The only
other possibility is events with a Cabibbo suppressed deca.
" - K*> + X" + neutrals opposite D - ;- + KI + neutrals,
Monte Carlo <calculations showed that these contributed at

most .0l events,. The conclusion 1s that the lepton-¥* ev-

ents were not from D decays.

9.3 RESULTS

In order to compare the properties of the events with

those expected from taus, the - ancd S events were
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conbined and are sumnarized in Tatle 72, The ratio of the
nunber of  events witl  a muon tag te  the number with an
clectron taqg 1s .% + .5 compared to .74 expected for taus.
Althounli the statistics are poor, the lepton energy spect-
run {Fia. 33) and the ¥* enerqgy spectrun (Fig. 34) are con-
sistent with being from tau decays.

Te properly get the efficiency for findina the secon-
dary K vertex, a feature of the Monte Carlo which gener-
aterll space points in the drift chambers was used. Then
this *onte Carlo data was processed through the same track-
inm and vertexing routines that were used for the actual
data. This was also done for the K -° mode to . coperly ac-
count for in-flight decays of the kaon. The luminosity-

and cross section-weighted averaqge efficiencies were 0178

(.0135) for the sti mode with an electron (muon) taag and

L004R (,0025) for the ¥-r" mode with an electron (m.on)
tag. Combining these efficiencies with the number of ev-
ents calculated above and assuming B, = .973B, gives B By«

= ,0030 * .0015 for the Ksﬁ: mode and .008 + .005 for the
¥ =" mode. These two measurements aqgree within the large
errors and give an average value of . |

B Bey = .0042 + .00IF,
entining this with the results of Thapter VI gives

L . WB =,.024 +..N000

F#

B,o/B_= .13 + .05,
— e ..
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This was conbined with the measurement of the rho branchina

ratio from Chapter VII, and after using equations (27.11)

and (3.32) of Tsai '® to correct for phase space differ-

ences, the Cahbirlto angle is 12 + 3°,
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Chapter X

CONCLUSTNOMNE

Table 4 summarizes the comtinatior of branchina rati-s
that were measure”d, Cince there were six measuarerents of

the four branching ratios F., E , F., and P , a fit wa

0N

done to deterrine the best wvalues of the franching ratieos.
The measurement of PE_ included tle e-pi  and mu-gi events,

so to bhe independent B. was recalculated without these ev-

[»]

ents giving R~ = ,115 + 007 + .

le. Systematic errcrs
common to all measurements, the luminosity andi radiative
corrections to the production cross section, were not in-
cluded in the fit but were folded back in afterwar-s. The
errors used were the remaining systematic errors folded
with the statis-ical errors.

The results of the fit are shown in Table 5. The ra-
tio B, /B, is consistent within the errors of the theoreti-
cal value of .973. The errors on the hranching fracticns
were reduced by constraining P /P, to the theoretical value
and doing the fit aga;n, as given in Tabhle 5. The leptonic®
brancing ratios agree "very well with previous measurerents
and fortuitously well with the theoretical expectation con-
sidering the experimental error and theoretical uncertainty

in the total width.
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nable 4. Branching ratios measured in this experi-
inent .
3ranching Fit Fit Value
Ratio Value o= .e72 ¢
Be (1) 5.5 4+ 2.0 17.0 + 1.1
Ep () 19.4 % 2.5 17.1 % 1.1
Bu/Be 1.25 + .27
BL(3) 21.5 F 3.4 21.4 + 3.2
B/ PRe 1.38 F .20 1.22 F .1¢
Br(%) 11.7 + 1.4 11.5 + 1.3
Bn/Be 275 + .13 LRG + .08
Table 5. Final values of branching ratios found hy
simultaneously fitting the results in Tabhle 4.

.

The ratio B-/B, alsc anrees extremely well with the theor-
etical expectatiorn, bheina well within the%experimental er-
ror and the theoretical wuncertainty of 5%, The ratio
B-/Be is a litc:re higher than the theoretical prediction of
.58 but is «consistent wi.n it within the errors. The pi

branching ratio is higher than previous measurements, but

this can be r2adily understood. Earlier experiments
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assume:d values of F which were too larte lealing to an ov-

erestimation of the feeiown to the pi's and assured values
of the leptoric kranchina ratins whis! were too larae whicr
also reduces tre value of F. ohtained

The bhest value cof the tau rmass was obtained b eipyl=
taneously fitting 'FVE“, ‘“'(FL*F“), ar the 11 eneray

spectra at varicus center of mass eneraies, aivina a value

of 1.787 + ,CI7 fev/o, This aqrees with the DFLSC
+ .00 . + 010 . =

(1.782 Ub')' DESY~Heidlehern (1.7277 " 27, ann nLsp
= .\ ’ - )L~

(1.RC7 4+ _0P2M) pexzzurerents,

In conclusion, the breoperties of the tau re-ain

8]

nr-
sistent witl it heing a sequential lepton courle’ to the
conventional wcak currert. The kranchinn ratios measured
here are consistent with those expected. The value of
B-/Be shows that the axial vector current is present at the
expected level. The value of P;/EO shows that the con-
served vector current hypothesis is applicahle to tau de-~
cays and that the vector current is present at the expecte”r
level. The value of the Cahibbo angle (19 + 3") measure?
from the K* decay indicates that the weak current in tau
decays has the same Cabibbo structUre as the ordinary wéak
current, .

The dependence of the cross section on eneray cdeter-
mined by e-=mu (Fig. 14), lepton~=rho (Fiag. 23), and pi-=-x ev-
ents (Fig. 24) verifies the spin 1/2, pointlike nature o’

the tau. Finally, although the upper 1limit on the tau
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neutrinn nass (249 MeV/c?, 95% «onfidence level) is much
higher than those for the electron and muaon neutrineos, the

tau neutrino is still consistent with beinn massless,
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Eprrentiuw A

FIT 70 TH¢ DI ZER™ MALT

“rce a i zero was identified, its momentun resolutinan
was jreatly imrroved hy constrainino the two photons to the
ri zero mass. Fittinn both the enerqies and the directiorns
of the photons, althouah strictly the correct procedure,
leads to ecuations that are intractahle. These equations
can be snlved numerically for each pi zero, hut that is ex~
trercly costly in conputinag tire, Fortunately, the equa-
fe sirplified hy assuninn that the eneray resc-
lutinn c¢cf the photons domirates their anqgular resolutiorn,
so that the latter may be ignored. This is a good arrproxi-
ration for pi zeros of energy lesc than two CeV,

The fit was done by definina a chi square for the pho-
ton enernies and assuming the enerqy resolution was propor-~
tional to the sauare root of the eneray {the actual value
of the proportionality constant was irrelevant to the fit.)
The chi squate was then minimized with respect to the pho=~
ton energies .subject to the constraint that the invariant
mass of the photons was the pi zero mass. The variarlec

used in the derivation were:

ET 5 = measured photon energies
Ey,2 = fit photon energies
o(E) = photon energy resolution = A\E



;= chi sauare

¥ o= nass aof iozero

anqle hetween the tw, photann

The chi-saquare distribution and nasc constraint are

e temehe Gaeeh (e
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Using equation (2) tn treat ¥, as a function of E} and nin-
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potential, The other planes were divided into 3.F ¢

strips oriented at 0° (desiarated as F layers) or 9C° (T
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rection. To reduce the amount of readout electronics ne-

cessary, strips were ganqged together in depth, Adesiaonate?
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and J (layers 6,12,1P). The layers in the frant rmare ~F¢
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deposited in the liquid argon. The microprocessors also
corrected for the for the gain and offset of each channel
as determined by calibration runs and for the ballistic ef=~
ficiency of the smplifiers. Channels with a signal greater
than one rms noise fluctuation were written to magnetic via
the online VAX 11/780 computer.

The entire electronics chain for each channel was cal-~
ibrated hy injecting known amounts of charge on 10 pF cal-
ibration capacitors located on the low voltage side of the
blocking capacitors. The output was read out as for data,
and the qain, nfiset, and rms noise fluctuation were calcu=-
lated for each channel. It was necessary to correct for
leakage of the calibration charge to ground via the block~
ing capacitor and the detector strip capacitance. These
correction factors (precalibration constants) were measured
for each channel during construction before enclosure in
the aluminum shell., Calibrations were done three times per
day, primarily for diagnostic reasons since the electronics
were stable over a much longer period of time. The failure
rate of the electronics was less than .1% of the 3000 chan-

nels per week.

B.3 SHOWER RECONSTRUCTION

The liquid argon shower counters served two distinct
purposes in the Mark II detector; they provided for detec-

tion and momertum measurement of photons, and they
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distinguished electrons fron other charged particles.
Since these two applications presented different problems
for the shower reconstruction routines, they were treated
separately.

Charged particles were reconstructed first. A minimun
ionizing particle deposited 200-400 MeV of energy uniformly
along its track through a 1liquid argon module. Being a
sanpling device, a module collected only 12% of the result-
ing ionization, A hadron acted as a minimum ionizing par-
ticle or interacted strongly in the module, An electron
showered and nonuniformly deposited its energy with the
maximun energy deposition occurring in the front half of a
module and with little leakage out the back for SPEAR ener-
gies. To obtain maximal 1liquid argon information for
charged particles regardless of how they deposited their
energy, tracking information from the drift chambers guided
the liquid argon reconstruction. The position where the
track passed through each layer of the liguid argon nedule
was projected from the drift chanbers. The largest pulse
height in that layer within 2«3 strips, depending on depth,
of the projected position plus any contiguous group of hits
surrounding that strip was associated with that charged
particle. The distance of the projected position from the
largest pulse height depended on the drift chamber resolu-
tion, scattering or interaction of the particle, and shower

fluctuations. The maximum distance allowed was determined

enpirically.



93

The alternate approach to handling charqed particles
was to do the liquid argon reconstruction independently of
the drift chamber tracking and then match the liquid argon
and drift chamber tracks, The reconstruction algerithm
described below for photons was only 45% efficient for
finding minimum ionizing ©particles since they deposited
only as much energy as a photon of a few hundred Mev.
Electrons were detected with an efficiency similiar to pho=-
tons (see Fig. 5). The loss of information from ineffici=~
ency in charged particle reconstruction would have heen ex-
tremely detrimental to electron-hadron separation.

A goal of photon reconstruction was to maximize the
low energy photon detection efficiency. To accomplish
this, reconstruction used pulse heiqhts that were close to
the level of electronic noise. The rms fluctuations of the
noise were measured for each channel in calibration runs,
saved, and written on tape for each data run so that they
were available to the reconstruction program. Typical rms
noise fluctuations were equivalent to approximately .3-~.4
MeV of collected energy for the massless qgaps, 2.5-3 MeV in
F3, and .8=1.2 MeV in the other layers. This is compared
to typical signals which ranged from a couple of MeV col-
lected in a cha:nel for a two hundred MeV phcton to tens of
MeVv for photons above one GeV. Since reconstruction worked
close to the 1level of noise, noise fluctuations could

create spurious photons. Pesigning a reconstruction
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program was then a process of maximizing the efficiency
while minimizing the number of spurious photons. A channel
with an up fluctuation of noise could combine with other
channels in one of three ways to form a spurious photon:
it could combine with channels 1in other 1layers with up
fluctuations in their noise; it could combine with channels
which were correctly reconstructed as part of a real photon
or charged particle; or it could combine with energy depo-
sited by a real particle which was missed by the recon=-
struction program. The nunbher of spurious photons was mon-
itored by using cosmic ray events, which shoul? have had
few real photons, collected durina normal data taking.

The basic concept of the photon reconstruction was to
make a low cut on the pulse height in individual layers to
allow for down fluctuations in the energy deposited in any
one layer, and then, to limit the number of spurious pho-
tons, make a cut on the sum of the energies in several lay-
ers. This cut favored the correlated nature of energy de-
position by real showers and discriminated against
uncorrelated electronic noise.

The program first looked for hits which had a pulse
height of at least twice the rms noise. A group was built
around a strip by adding channels on each side until one of
the following occured: (1) a blank channel was found (one
blank channel was allowed if it was a dead channel), (2) a

signal of 1less than twice the rms noise was reached,
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{3) the beginning or end of the layer was reached, or (4)
there were four channels in the group (six channels were
allowed if the energy in the group was large, that is, at
least fifteen MeV). In the case of (2), one channel with
energy less than twice the rms noiue was added to each side
of the group if that kept the number of channels 1in the
group under the maximum outlined in (4). The centroid of
each group (denoted below by the name of the layer, for ex-
ample, F1l) was calculated as the pulse height weighted av=~
erage of the position of the strips in the group. The
width of the group was calculated as the pulse height
weighted rms deviation of the position of the strips from
the centroid.
To allow for shower fluctuations, photon candidates
were defined by any one of four alqgorithms: {1) About 80%
of the photons were found by requiring a crossing of F1
and/or F2, u, and T1 groups defined by requiring
IF + T1 -~ 2U] < 1.5 strip widths (3 strip widths in ccrners
of a module where the U strips were ganged). The sum of the
deposited energies in Fl or F2, U, and Tl was required to
be at least 7 MeV + 1 MeV times the number of channels in
the Fl1 or F2, U, and Tl layers. {2) To find photons that
deposited little energy in Fl or F? due to shower fluctua=
tions, noise fluztuations, or dead channels, an identical
algorithm to (1) was employed except that massless gap

groups were us~d instead of Fl and F2. (3) The third
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algorithm designed to find late showering photons required
a crossing of F2, U, and T2 groups which again had a total
deposited energy of at least 7 ieV + 1 MeV times the number
of channels. (4) Finally, early showering photons were
found by requiring exactly one Tl group and mnassless qap
group, neither of which had been used by algorithms 1 to 3.
Fach aroup was required to have a strip with a deposited
energy of at least four times the rms noise. There could
not be more than one of each type of group for algorithm
(A) because there was no amhiguity resolution without U
strips. Though algorithms (2)=(4) accounted for 20% of the
tectal number of photons, they found 40% of the photons be-
low 200 MeV,

aAfter finding a candidate, the program searched the
layers not used in the algorithm for deposited energy asso-
ciated with that shower. The channel with the largest en-
erqy deposited within 1.5 strips of the expected position
plus any group of hits around it was associated with the
candidate. For photons of energy 1less than six hundred
MeV, the F3 layer was not used since the shower was con-
tained before then and the large noise fluctuations charac-
teristic of F3 channels adversely affected the energy scale
and resolution.

To reduce spuricus photons from noise hits combining
with energy deposited by real tracks, two further checks

were done. If two showers shared a qgroup in one of the
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layers, the energy in that group was apportioned according
to the ratio of the unshared energy in the showers. If,
after doing this, the total deposited energy in the layers
used to find the candidate was not at least ten MeV, the
photon candidate was discarded. Any candidate left aftar
this which shared more than one type of layer (for example,
poth an F and a T) was discarded. Surviving candidates

were called photons.

B.4 ENERGY CORRECTIONS

Since the lead-liquid argon modules are sanpling dev-
jces, it was necessary to convert the energy deposited in
the liquid argon to the total energqy of the incident parti=~
cle. In addition, to obtain the optimal energy resolution
it was necessary to correct for losses of energy in the 1,4
radiation lengths of material which preceeded the modules
{primarily the magnet coil} and for leakage of energy out
the backs of the modules. The corrected energy was given

by

= aE + AE + E
le

corrected LA ak

where E;, is the enerqgy deposited in the liquid argon bet=~
ween the lead planes (the energy deposited in the massless
gaps was not included here), o« 1is a module depend=2at nor=-
malization factor, AE includes the various corrections dis-

cussed below, and E,;_.,, 1is the leakage energy. The



98

constant a primarily corrected for the fact that ionization
in the lead was not collected and, to a lesser extent, for
module to module variations 1in the precalibration con=
stants, 1lost signal due to electronegative contaninants in
the liquid argon, and any overall errors in the calibra-
tion. The normalization constant o was determined for each
module with high energy electrons from Bhabha events. Typ=
ical values were .08, corresponding to a collection of
about 12% of the incident particle energy.

The contributions to the correction term were paranet-
erized according to known physical processes (such as ioni-
zation losses) or by using the detailed shower Monte Carlo

EGS?! for shower simulation. For electrons the correction

was

AE = AE_ + A + A
E EI ERAD EMG

AEI corrected for 1ionization loss by the primary electron
in the coil (coil henceforth refers to all material which
preceeded the 1lead stack) and was given by??’ JEL =
62.4/cos 8_ where GC was the angle of incidence with the
coil. AERAD was the average radiative loss in the coil,
that is, energy lost because the electron began to shower
in the coil. Its form was determined by Monte Carlo to be
BEgap = (52+72.5109(2/600))/(cos g )24 where E = of ..
The good signal to noise ratio of the massless gaps permit=-

ted their use to correct the average radiative loss by
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counting the number of minimum ionizing particles that left
the coil and passed through the massless gaps. The term
AEMG did this correction and was given by AEMG = (n=n)s
where n and n are the observed number and calculated aver=
age number of minimum ionizing particles in the massless
gaps and s 1is the Monte Carlo determined correlation bet~

ween the pulse height in the massless gap and the radiative

loss in the coil. These parameters were given hy

massless gap pulse height

= 3.38 cos Oyg
= 3.5+ 4.4 1n(E/600)
s = 8.5 + 10.6 1n(E/R00)/cos’ ? &

c

where 8y, 1is the angle of incidence of the electron with
the massless gaps which could differ from 8, since the
massless gaps were planar whereas the coil was cylindrical,
Note that n was not necessarily an integer.

For a photon, the correction depended on whether it
converted in the coil or not. A photon was considered to
have converted if the pulse height in the massless gaps was
at least four times the rms noise fluctuations. If a pho-
ton actually did nrot convert, there would t: no loss of en=-
ergy in the coil. However, a 5 MeV correction was made for
the very small rraction of the converted photons which be=
cause of shower .t noise fluctuations deposited little en-

ergy in the massless gaps and hence were classified as
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nonconverted photons. For converted photons, the correc-

tion was

LE = AERAD + LEMG

This is the same as for electrons except the ionization
term is absent and the other terms are paraneterized cdif-

ferently, given as

1.4
Egap = (8F + 44 1n(E/800))/cos™ " &
EMG = (n-;)s
- massless gap pulse height ___ .
3.3¢ MG
n = 3.53 + 3.03 1n(E/ACO)
s = 15.5 4 18.3 1n{E/RQD)
The leakange ternm was
-c/cos 2
Ejeak = [(a + b 1n(E/600)) e “'°°% "Mc

were a, b, and c were constants that depended on whether
the particle was an electron, unconverted photon, or con-
verted photon. Furthermore, since for photons with eneragy
less than 600 MeV, the energy deposited in the F23 layer was
excluded, the three constants were different for these pho-
tons. Table A summarizes the various cases. For low en~
ergy particies, Ej,,, could become negative in which case

no correction was made.
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Finally, two small enmpirical corrections determined by
studying systematic differences between fit and measured
cnergies in ¢ » atn w%, v =+ 20t2v n®, and ¢'oynsttecyy eve
ents were made., For photons at large z (lzl|l > 1.488 m) the
eaergy was multiplied by 1+.179(lzi-1.488m). To correct
for the fact that low eneray rhotons were more likely to be

detected if there war an up fluctuation 1n the deposited

energy due to shower statistics, a correction of
AEemp = 25=.04?FE was added to photons of energy l1ess than
00 Mev,

Figs. 36~40 show the corrected energies of wvarious

electrons and photons over a wide range of energies with
all distribution peaking at the correct values. These dis=
irihutions are discussed in 1.ore detail in the next section

in connection with the energy resolution.

Type of a b c
Particle
Electrons 3.42 1.69 4,56
Conver ted photons
E < 600 1.56 1.47 3.38
E > 600 1.56 1.47 4.28
Unconverted photons
E < fOO 2.11 3.0 3.38
E > AOD 3.11 . A1 4.28
Table 6. Parameters used in calculating ~nerqgy leak=
age corwec .,
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B.5 PERFORMANCE

The enerqgy resolution of the liguid argon system was
11—13%/»E_dependinq on the type and enerqgy of the particle.
The was as good or slightly better than expected from cal-
culations and from measurements with a full-size prototype
module with a similar amount of preradiator in a test bean,
Electron energies were measured using bhahba events (Fiq.
36) and photon conversions (Fiq. 317 . The resolution for
electrons was 11.5%/YE over their aentire energy range.
Comparison of measured energies with values from kinematic
fits of events of the type © + 717 7 , o 2ﬂ+2n'n°, and
prpn>2 e Tyy (Figs. 38 and 39) neasured the 1low energy
photon resolution to be 12%//E for photons which did not
convert in the coil and 13%/VE for thos- which did.  The
resoltuion was greater for converted photons due to uncer=
tainties in the corrections for losses in the coil. Pho-~
tons from et+e~ -+ yy + yet+e~ events gave a high energy pho-
ton resolution (Fig. 40) of 12%//E.

The angular resolution ranged from 3.A mrad (20% of a
strip width) for high energy electrons to ahbout 8 mrad for
low energy photons. The anqular resoclution was better for
higher energy particles because their shcwers spread over
several strips per layer allowing a more accurate determi-
nation of tiie centroid. For particles of energy less than

1l GeV, usually only one or two chann2ls in a layer had a

signal.
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The efficiency was measured from v - nin7r® and
v o~ 217217 1° events where at least one of the photons from
the pi zero was detected. A two constraint fit was done on
the charged particles' momenta and one of the photon's mo-
mentum to determine the direction and energy of the other
photon. The efficiency was the fraction of the events
where a photon with the expected energy and position was
found. Fig. 5 shows the measured efficiency after removing
geometrical effects. The curve is the result of a detailed
Monte Carlo calculation which used the shower code EGS° ' to
deposit energy according to the nodule geometry and then
analyzed this data with the same reconstruction progran as
was used for real data. The efficiency decreases at low
energies for primarily three reusons. First, there was the
presence of the 1.4 radiation length thick magnet coil.
Low energy photons that began showering in the coil depo-
sited little energy in the lead stack to be used for recon-
struction. Second, different layers measured the eneray
deposited at different depths. Reconstruction was then af-
fected by shower fluctuations that caused little energy ‘o
be deposited at a given depth. Finally, noise fluctuations
could reduce small signals to below the minimums required.

The number c¢f spurious photons from noise combhining
with real deposited enerqgy was reduced by eliminating pho-~
tons that were within 36 centimeters (measured at the no-

dule) of a charged track. Even when this was done, the
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algorithms ahove fournd at least one photon in 5=<10% of the
cosmic ray events. This rate was checked by using Bhabha
and mu pair events, and the agreement was good. Bhabha ev=
ents have real photons from radiative processes, but most
of these photons were eliminated by the 36-~centimeter cut
and the rate was corrected for the those remaining. Since
spurious photons could be formed from energy deposited by
real tracks, the probability of creating a spurious photon
depended on the number of particles in the event. This was
measured by looking for extra photons in events Yy - n+n_n”.
A spurious photon was round in 13 + 2% of these events.
Fig. 41 shows the photon spectrum for hadronic events com-

pared to that for cosmic ray events.
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B.N ELECTRON~PIOM SEPARATION

Flectron~pion separation in the Marx I1 detector was
done using a method known as "Recursive Partitioning for
Monparametric Classification. " This is a powerful classi-
fication nethod when the  =tributions of the mneasured
quantities are unknown, as for the conplicated phenomnena of
showering electrons and stronqgly interacutving pions, so that
maximum likelihood methords cannot he used. It uses a set
of known members (training vectors) of the classes to be
separated to arrive at a decision rule which minimizes the
probabhility of incorrectly identifying the class.

The decision rule 1is @ binary tree as illustrated in
Fig. 42. A particle to be classified is started at the top
of the treec. It proceerds left (right) at a branch point if
a measured property of the particle is qgreater than (less
than or equal) a p.edetermined value, A particle iIs clas-
sified as an electron, pion, or anbiquous depending on
which final branch of the tree is reaches. ©Once the struc-
ture of a tree has been determined, <classification is com=
putationally very fast.

To construct a tree, each observation is assigned a
position in a multidimensional space spanned by the quanti-
ties measured (xﬁ). Consider, for a moment, a one dimen-
sional exanmple in which £1(x) an: f2(x) are the distribu=-
tion functions ¢! the two classes and Fl(x) and Fz(x) are
the cumulative .istributions, that is,

(x
Fix} = i f(y) dy.
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Simple example of a binary decision tree for
separating electrons and pions of momentvm from
.9 to 1.2 GeV/c. Each terminal node is labeled
with the classification of particles that reach
there (electron(e), pion(m), or ambigucus (A})

and the number of electron and pion training
vectors in that terminal node. Actual =lectron-
pion separation trees were much more complicated.

-
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The best way to partition the x axis with a single cut that
minimizes misidentification i3 to cut at the value of x
(denoted by x*) that maximizes lFl{x) ~ Fo(x) 1. The quan~
tity IFl(x*) - Fz(x*)l is known as the Komolgorov=Smirnoff
distance. Each subinterval can then be partitioned agqain
(hence recursive partitioning) by cutting at the point that
corresponds to the Komolgorov-Smirnoff distance in that su-
binterval. When the distribution functions are not known
(hence nonparametric classification), the cunulative dis-

trihbutions are estimated from the training vectors by

1
[O % < X1
- i i
Fi(x) k/n xl < x < xk+l
1 X < xi
n

where xi is the kth training vector of class i arranged in
ascending order and n is the number of trainingvectors in
the class.

Partitioning in several dimensions 1is done by cutting
on the variable xj that has the maximum Komolgorov=Sr.irnoff
distance. Each subspace thus formed is then partitioned by
cutting on the wvariable that has the maximum Komolgorov~
Smirnoff distance in that suhspace, Fach partitioning of a
subspace cort::ponds to a branch point of the decision
tree. The pr~n-am that constructs the trees automatically
considers 1linea combinations of the variahles as possible
directions of s¢paration. Partitioning is continued in the
subspaces formed - -til one of the following is encountered.

(1) A subspace has training vectors of only one class.
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This is a region of the space in which the two classes do
not overlap and no further division 1is necessary. (2)
Further division results in Komolgorav=Smirnoff distances
which do not represent significant dAifferences in the cumu-~
lative distributions. (3) Further division would result in
subspaces containing less than a mininum number (determine?
by the user for the application) of traininc vectors. If
the number of is too small, the estimation of the distribu-~
tions becomes sensitive to statistical fluctuations of the
training vectors. Subspaces that are not divided further
are called terminal buckets and correspond to the final
ends of branches of the decision tree.

The «class identification assigned to each terrinal
bucket depends on the relative ©populations of the training
vectors in that hucket as given by

Ry

H

Nl/(Nl + Nj)

R2=1~Rl
where Ny and N, are the nunber of training vectors of each
class in the terminal bucket. A threshold value R* is set
for the entire tree and each terminal bucket is classified

as follows:

if Ry > R* Class=1
Ry > R* Class=2
otherwise Anbiguous.

The ambiquous buckets are regions occupied by both ~lasses

where one is willing to suffer an inefficiency in order to
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reduce misidentifications. The threshold is determined by
scanning the results of the decision tree and maximizing
the efficiency while minimizing the misidentification.

In one method of measuring the efficiencies and misi-~
dentification probahilities, !'.aown as cross-validation, a
fraction of the training vectois (for exanple, 10%) are
split off anr. the remaining ones are used to build a tree.
The training vectors split off are classified by the tree
giving the probabilities that class 1(2) is called class
1(2) or class 2(1,. This is repeated by splitting off dif~
ferent fractions to measure all nuances in the data, The
final tree is ther ceonstructed using the full set of train-
ing vectors.

For electron~pion separation the variables were pri-
marily the information mear red by the liquid argon system.
The coordinates used were the energy deposited in each of
the seven layers, the transverse width of the shower in
each layer, the track momentum measured from the drift
chanbers, the angle of the particle momentum relative to
liquid argon nodule, the chi square of the match between
the position of the liquid argon shower and the position
projected from the Arift chambers, the 7 i weight to be an
electron versus a pion for particles with momentum less
than .5 GeV/c, the rpulse height weinhed average shower
depth in the liquil arqon mordule, the longitudinal spread

of the shower, t“he total enerqgy deposited in the module
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divided by the momentum, the energy in the front of the ro-
dule ((2F:MG +EFl +EF2 +ETl +EU)/p), and an enpirically
found wvariable defined as EFl(ETl +EU)/p. Some of the
ahove coordinates were found to have little separeting
power, but it does not hurt to give such superfluous coor-
dinates to the tree building progran as they are sinply ia-
nored.

The middle and high momentum (> .7 GeV/c) electron
training vectors came from radiative Bhahbhas identified as

being opposite a particle that had a momentum close to the

bean energy (.85 < p/Epgypn < 1.08) and having a large en-
ergy deposited in the liquid arqgon systern
(58 < Eqp/Epegp € 1.2). The low momentum electrons care

fron gamma conversions the bean pipe.

The pions came fron two and four charged particle de-
cays of the psi which had a missing mass of 1less than .43
GeV/c corresponding to ¢y -+ mtn7z? and w » 2727720, Fu-
ents with two tracks with a cosine of their opening anale
greater than .99 were not used in order to eliminate conta-
ninaticn from gamma conversions, To reduce contanination
fron e+e~ -+ e+e~y, events with two tracks and a photon of
energy greater than .5 GeV or identified as e+e-y by a scan
of events were discarded. In the four track case, events
in which the 1linear sum of the four particles was greater

than 3 GeV were eliminated to quard against

e+e~ -+ c+e-ete~, Finally, the TCF system was used to re-

move kaons and protons.
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Decision trees were constructed for the momentum bins
e3~.4, .4~.5, .5>-.7, .7-.9, .9-1.3 and 1,3~1.5 GeV/c. It
was important vo have a large number of training vectors in
each bin to minimize problems of statistical fluctuations
in the terminal buckets, to accurately identify the distri-
butions where the electrons and pions overlapped closely,
and to estimate the distributions 1in regions that were
sparsely populated, Each of the momentum bins had
1000-1500 training vectors of eaclh type from data taken
during the spring of 1278. Figs. 2 and 10 show the results
for classifying data taken during the fall of 1978, The
statistical errors are 1-2%. Results for classifying elec-
trons and pions from data taken during the spring of 1972
and the spring of 1979 agree with results of Figs. 9 and 10
within 2-3%.

Several possible biases have to be considered. If the
samples of training vectors were not pure, the trees lead
to incorrect misidentification probabilities. From careful
analysis and scanning of events, the Bhabha electron sample
was thought to have very few hadrons in it. For gamma con-
versions, the primary identifying feature was the small
opening angle of the two tracks so that random coincidences
of two pions could simulate this. The pion contamination
in the ganma conversion electrons was estimated by compar=
ing results fror gamma converson electrons with results

from Bhabha electrons in a region around ,7 GeV/c where
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they overlapped. The pion contamination of the gamma con-~
version electrons was estimated to be about 2%. It was
difficult to eliminate electrons from e+e= =+ e+e=Y from the
pion sample without losing high momentum pions. However,
the rate for this process is small and the cuts reduced the
contanination to an estimated 2-3%. A second possible bhias
was that the angular distribution of the Bhabha electrons
was ruch more peaked at small polar angles than that of
particles from hadronic events. To minimize this effect,
zanples of electrons were selecte? that had the same angu-
lar distribution as hadrons. Another possible bias was the
fact that within a momnentum bin the momentum spectra of the
electrons and pions were not the same so that cuts on the
momentum c-~uld cause an inaccuracy. An examination of the
trees showed that this was not a problen.

Since there were no pion training vectors above 1.5
GeV/c, the tree built from 1.3-1.5 GeV/c was used for par-
ticles above that. This was not a problem for electrons
since sanples of them existed at all attainable monentun
and they could be measured. It was possible, however, that
this was not a good procedure for the pions. To correct
for this for the T » mv analysis, a special tree was built
from 1.3-«1.5 GeV/c using only coordinates that should scale
with momentum, namely, the energy deposited in the massless
gap, Fl, T1, and U layers and the total energy deposited

(Etge) divided by the momentum, For higher momenta the
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cuts in the tree were scaled by the momentum divided by 1,4
GeV/c (Ecot/p was not scaled, of course). The validity of
this procedure was checked in two ways. First, a similiar
tree was built fror. 1-1.1 GeV/c and it was checked that the
efficiencies and misidentification probabilities for pions
up to 1.5 GeV/c and for electrons up to 2.5 GeV/c were
flat. Secondly, it was checked that for the 1.3-1.5 tree,
electrons scaled from 1.5 to 2,5 GeV/c and pions scaled
backwards down to 1 GeV/c. All efficiencies and misidenti=-
fication probabilities were found to be very flat except *o
a slight improvement in the electron misidentification

probability at higher momentum.
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