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ABSTRACT

We present the results of an experimental study of twoc properties
of the tau lepton performed Wwith the MARK I} detector in the SPEAR
e*te- storage ring at SLAC.

The tau production cross section in e*e” annihilation between
3.85 and 6.85 Gev in the center of mass has been measured using e-u
events, and is consistent with the spin 1/2, point cross section. The
branching ratic product for the electron and muon leptonic decay modes
is measured to be .0321.002:.004.

Searches for 12 neutrinoless decay modes of the tau which violate
lepton number conservation have been made. MNo evidence for lepton
number violation is observed, and we set upper limits (90% C.L.) on the
branching ratio for each decay mode. The branching ratiec limit on the
radiative decays r-py and Ttoey are .055% and .064% respectively. For
the 3 charged lepton decays THeee, T-epp, 7-uee, and r-ouup, the
branching ratic limits are .040%, .033%, .044%3 and .049% respectively.
Upper limits on the branching ratios are also set for the following
charged leptent+neutral hadron decays of the tau: 7oep (.037%4), 71-up

(.044%), 12eK® (.13%), 71ouK® .(.10%), 71oen® (.21%), and 7-oum® (.082%).
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Chapter 1
INTRODUCTION

Our current theory of elementary particle physics represents the
latest of man’s attempts to understénd the structure of matter as a
composite of a small set of simple, fuﬁdamental units. The gauge
theories of the strong, electromagnetic, and weak interactions divide
these units into tuo classes: the elementary fermions and the gauge
bosons uhich mediate their interactions. The fermions can be further
subdivided into the strongly interacting quarks {the constituents of all
strongly interacting particles), and the uweakly interacting leptons.
Prior to 1975, only 4 members (excluding anti-particles) of the lepton
family were knoun: the electron, the muon, and their associated
neutrinos. In that year, a neu candidate for the lepton family was
discovered in an experiment performed with the MARK I detector in the
SPEAR electron-positron storage ring."°2 It was named the tau and
has a mass® of 178213 Mevsc?.

This thesis is a study of tuo properties of the tau performed with
the MARK II detector at SPEAR. 1) We present a new measurement of the
tau production cross section in e+e~ annhilations between 3.8 and 6.8
Gev in the center of mass. Measurements of this cross section are an

important source of information on the fundamental nature of the tau.
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2) To test whether the tau obeys the empirical rule of lepton flavor
conservation, we have searched for 12 decay modes of the tau which

viclate this rule.

1.1 A NEW MEASUREMENT OF THE TAU PRODUCTION CROSS SECTION

i) Theoretical considerations:

Evidence for the classification of the tau as a lepton has come
from two sources: its produétion cross section in e+e- annhilations?
and studies of its observed decay modes." At SPEAR energies, tau
production occurs through the one photon exchange graph illustrated in
Figure 1.1.

ete” -=> v -=> 1" (1
This process will ﬁccur only if the center of mass energy (ECM) is
greater than tuwice the tau mass. Measurement of the cross section near
threshold is the most sensitive way of determining the tau mass.

The productionrmechan{sm also yields inforhation on the leptonic
nature of the tau. 1If the tau was a hadron, uwe uwould expect the
production process listed in (2)

ete” --> ¥ --> r*1" + hadrons 2)
to dominate-reaction (1) for energies uhere (2) is kinematically
allowed. For example, the charmed DB*!{-}) mesons, whose mass is only
about 80 Mevsc? larger than the tau mass, are produced at least §

times more often via process (2) for ECM=5.2 Gev.5 Thus, the fact

that reaction (1) is observed to dominate tau production iS strong
evidénce for including the tau in the lepton family.

Information on the cross section can be used to determine the tau’s
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Figure 1.1. One photon exchange diagram for tau
pair production in e¥e~ annihilation.



spin and to verify its point-like nature. For example, the lowest order
QED point pair production cross section for spin 0 and spin 1/2
particles is
Spin 0 g=na2R3/3S B=/i-dami/s f3a)
Spin 172 s=(4vaZ/35)R(3-B2)/2 (3b)
where S=ECM2, m is the particle’s mass, and B is the velocity in units
0f the speed of light. For large center of mass energies (ECM>>2m), the
spin 172 cross section approaches the limiting value
o=4nal/3S (3c)
In most storage rings, this condition is aluays satisfied for muons.
Thus, (3¢) is called the muon pair production cross section, and serves
as a convient standard to compare against other cross sections. Such
measurements are often quoted in terms of the ratio Ry
Rx=c(ete~ - X}/ole*e” =» p*p-) (3d)
For example, the ratio Ri for the tau pair production cross section
(agsuming a spin 172, point-like tau) is
Rt=o(ete” = t*r-)/0(e*” - ptu-)=B(3-p2)/2 (3e)
The energy dependence of Ri is limited to just the threshold behavior of
the cross section and has the simple property R4--> 1 as B-->1.
1f the tau was not point-like, the theoretical cross section would
be multiplied by a form factor which would deviate frem unity. We
expect the deviation to increase with energy as the photon in (1) probes
smaller distances. Therefore, high energy measurements of the cross
section provide the most sensitive fest of the point-like nature of the
tau.
Because the tau has a short lifetime, it has not been possible to
directly observe the taus from reaction (1). 1nstead, cross section
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measurements are performed using event signatures that are highly
indicative of tau decays. The event topalogy consisting of a s{ngle
muon Wwith an oppositely charged electron and no other detected particles

is the cleanest signature of tau pair production and decay (4).

ete ==> i) 4+ p-(+)
l eye-t4ryy (4)
Te=pt (- lyy

Tau production was first observed in events of this type.!

ii) Previous Measurements of the tau production cross section.

The threshold behavior of the tau cross section has been measured
by several groups. The MARK I collaboration used e-p events in their
analysis.® Figure 1.2 shows their measurement of Rt (equation 3d)
along with the theoretical prediction for a spin 1/2, point particle for
2 mass values. The highest statistics measurement was obtained at SPEAR
by the DELCO coilaboration.? To increase the statistics, they used
all events of the form

ete” ==> e*l-) 4+ x-(*) + missing energy (Si
where X is any particle that is not an electron. Figure 1.3 displays
their measurement of Rax
Rex=0(e*e~ » e*(-}4xX-(*)imigging energy)/cle*e - p*tp-) (6)
Also shoun is the tHeoretical prediction (3b5 for a particle of mass.
1782 Mev/c2.

Although both sets of data are consistent with equation (3b), the
DELCO data above 5.5 Gev suggest that perhaps some process bevond
statistical fluctuations could be occuring. Although the statistics are
poorer, the MARK I data does not suggest any viofation of (3b). To
clarify this situation, Chapter 4 of this thesis presents a new
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measurement of the tau production cross section performed with the MARK
IT detector at SPEAR.

Experiments at the PETRA electron-pesitron storage ring have
measured the tau cross section for energies up to 32 Gev in the center

of mass.” These experiments are all consistent with equation (3b).

1.2 TESTS OF LEPTON FLAVOR CONSERVATION IN TAU DECAYS:

The principle of lepton flavor conservation grew out of studies on
the muon and its relationship to the electron. These studies revealed
that the muon and its associated neutrino, were carbon copies of the
electron and its neutrino except for 2 things: 1) The muon and electron
have a different mass. The muon neutrino and electron neutrino may have
a different mass, but only upper limits on their masses have been
measured. 2) The electron and its neutrino, and the muon and its
neutrino both have a unique property, “electron-ness” or “muon-ness”,
which is shared uwith no other particle. To be more specific, uWe define
the two quantum numbers Lo (electron number) and Lpn (muon number),
and assign to each particle the values listed in Table 1.1. Then the
experimental results on the electron and muon can be summarized by the
following rule: 1in any reaction, the separate sums of Le and L, for
the outgoing particles, must equal their respective sums for the
incoming particles. This rule is called “lepton flavor conservation.”

We have no a priori way of knowing how & new lepton will be
integrated into this picture. For example; it may have its oun
separately conserved lepton numher. If not, it may have the lepton
number of the electron or muon (the ortho-lepton model), or it may have
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TABLE 1.1

Lepton number assignments.

Particle Electron Number Muon Number
€ Ve +1 0
etTe -1 ]
Loy )] +1
utoy 0 -1

All Hadrons 0 ]

the lepton number of the positron or anti;muon (the para-lepton model).
Still more complicated situations can be imagined.

Perhaps the simplest model is the sequential lepton model. This
model assumes that the lepton family exists as a mass sequence of
charged leptons and associated neutrinos (”generations”), each having
its oun separately conserved quantum number. Besides stating the
experimental results on the muon and electron in concise form, the
sequential lepton model suggested that perhaps there uere other
generations in the lepton sequence that had not vet been discovered.

Furthermore, just as the muon decays to an electren and two neutrinos

(7,

W == e” + Vg + vy (7)
other more massive leptons should decay in an analogous manner to muons
or electrons. This was the motivation for the search which resulted in
the discevery of the tau in e+e- annhilations through the reaction
listed in (4). Once the tau was discovered, however, its status as a
sequential lepton remained to be proven by experiment.

Although the sequential model is simple and elegant, we must not
forget that it is a generalization based on one instance: the muon
{relative to the electron). Theoretically, present day gauge theories

-9-



find no a priori reason to conserve lepton flavor. Just as the quark
strong interaction eigenstates are mixed by the uweak interaction,
thereby allowing weak transitions between quark generations, transitions
betuween lepton generations would be perfectly natural (and
possible--providing the neutrino masses are net all equal). MWhether or
not they are confirmed, the recent experimental claims on the
ohservation of neutrino oscitlations have vividly demonstrated the
empirical nature of the lepton conservation lawu.?® Studies with the
tau can provide new evidence to either support or invalidate this law.
Examination of the steps uﬁich lead to the concept c¢f lepton number
conservation with the muon will reveal the reasons for the concept and
provide an example of methods useful in obtaining evidence on lepton
conservation with the tau. MWhen the muon was discovered, it was
’mistaken\y identified with the hypothesized Yukawa meson responsiblie for
the nuclear force. As nuclear beta decay was thought to occur through
the weak decay of the virtual meson, it was assumed the muon decayed
into an electron and neutrino. After the muon was shoun to be ueakly
interacting and therefore not the Yukaua particle, a search was carried
out to see if it decayed into an electron plus photon.? Failure to
observe a photon in the muon decay products led back to the assumption
that it decayed into an electron plus neutrinoi Only after the electron
spectrum had been measured uwas it understocd that the muon decayed into
an electron and at least two other light neutral particles assumed to be
the neutrinos of nuclear beta decay.'® After the resurrection of
the intermediate meson hypothesis to solve the problem of the violation
of unitarity at high energy in the Fermi theory, it uas rgcognized that
the electron plus photon decay of the muon should occur through the
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diagrams shouwn in Figure 1.4.'' As the measured upper limit on this
decay was already less than the theoretical predictions, this argued
strongly for the existence of two separate neutrinos. The verification
of this idea came with the direct observation of separate muon neutrinos
in accelerator experiments.'?

Today, the concept of lepton coﬁservation is supported primarily by

the impressive upper limits on the lepton flavor violating processes

listed belou:13-16

T(p2ey)/T(urevy) € 1.9x10°10 (8a)
F(pseyy)/T(prevr) ¢ 5.x10°¢ (8h)
[(preee)/T(psevy) € 1.9%10°°? (8¢c)
o(L"+S»e~+5)/0(pn-+S>capture) £ 7.x10- 1! ad)

oL " +S»e*+Si*) /a(L-+S»capture) £ 9.x10°10 (8e)
These experiments indicate that if muon--electron flavor mixing ocecurs,
it does so at a very tiny level. Some current thecries, discussed
below, predict violations that occur at rates far smaller than even
these limits.

The most important tests of lepton number conservation with the tau
would demonstrate that its neutrino is not identical with any of the
four “old” neutrinos: Ve,Ve,Vp.vpu. Neutrino experiments
can test the coupling of the tau to the old neutrinos via reaction (9}

v; + nucleus -=> t*(-) + anything (9)
where 7~ tests the coupling to v; and 7* test the coupling
te ;. This experiment has been performed using a muon neutrine
beam with negative.resu]ts.” In conjunction with the upper limits on
the tau lifetime, this rules out the possibility that the tau is
associated solely with the muon neutrino or muon anti-neutrino.2
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Figure 1.4. Lowest order diagrams leading to radiative
muon (tau) decays in the charged intermediate vector
boson model when the muon (tau) and electron share the
same neutrino,



Electron neutrino beams do not exist, so other less direct uways must be
found to test the tau--electron asscciation.
If the tau were associated with the electron anti-neutrine, the

ratio R of the tau decay rates

R=I'(1 > eurve)/r(f > uvTvu) (1m)

would be approximately twol!® instead of the measured value of
one'?, due to the identical neutrinos in the electron decay.
Therefore, this can be ruled out, leaving only the association of the
tau with the 2lectron neutrino to be determined. This is, ¢f course,
the same situation that existed with regard to the muon 20 years ago,
and the arguments discussed then apply nou. Nete that the 3 neutrino
identifications which have been ruled out used model independent tests.
Current experimental tests of the equality between the tau and electron
neutrinc are more model dependent.

As before, uWe might expect the tau to decay electromagnetically to
an electron plus photon with a characteristic lifetime of 10-21
seconds.

TH(") w) et(7) 4 y “an

Houwever, Feinberg, Kabir, and Weinberg2? have proven the remarkable
result that for several simple types of interactions uhich might be
expected to cause 719e transformaticns., reaction (11) is forbidden
due to the similarity of the tau and electron. Only if the tau has an
anamolous magnetic moment {beyond that predicted for Dirac particles
with QED) would (11) be allowed. Thus, we need not expect that
electromagnetic transitions would dominate tau decays. 0Of course, if
the tau has an anamalous magnetic moment, the rate could be large.
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In any given model, the rate for reaction (11) can be calculated
and is non-zero in many cases if the tau and electron neutrinc are
identical. For example, the simplest model we can imagine simply
enlarges the standard 4 Tepton SU(2)XU(1} model by adding an extra left
handed singlet and mixing the tau and electron in the standard left
handed electron doublet and the new singlet. In this case the decay
T2eY can occur as shoun in the diagrams of Figures 1.4 and 1.5
with the rate?!

RzI(12e7)/T(rsevy)=(3as8u)(1-4/35in26,)22d4x 10" Q2)
where 8, is the Weinberyg angle. Chapter 5 details the search made
with the MARK Il for this decay and the similiar reaction listed in
(13).

7O ==y ptl) 4oy (113)

Previous searches for these decays have estab!ished upper 1imits on the
branching ratios for (11} and (13) of 2.6% and 1.3% respectivelyb,
Although no evidénce for these decays is found in our search, the upper
limit that we determine is still 5n order of magnitude larger than the
rate predicted by equation (12).

The SU(2)XU(1) model described above has many octher consequences.
For example, the 3 charged lepton tau decay rseee wil! occur in
louest order via the diagram shown in Figure 6b. The ratic of the rate
for this decay over the normal leptonic decay rate isZ?

R=T'(1eeee)/T(12evr)=[2(1-25in20,)2+4sin"8 ]z .7 (14)
The upper limit on this branching fraction determined in chapter 6
eliminates this model. [In general, it is very difficult to construct a
model with no unique tau neutrino which does not violate one or more
experimental results. Direct observation of a unique tau neutrino would

-14-



Figure 1.,5. Lowest order diagrams leading to radiative
tau decays in the neutral intermediate vector

boscn model whan the tau and electron share the
Sake peutrino.
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Figure 1.6. Three diagrams for the process tau --5 11%1-
(1 is either an e or uy). (a) Internal photon conversion
in the diagrams of Figure 1.4. (b) Coupling of the tau
to the neutral intermediate vector boson. (c) Example of
a higher order diagram.
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be a model independent way of proving the non-identity of the electron
and tau neutrinos. Several proposals have been made to produce a tau
neutrino beam using the 1000 Gev tevatron proton beam at Fermi National
Laboratory.?3 These experiments may provide direct proof in the next feu
years.

Other models exist which allow radiative decays of one lepton to
another even if each lepton has its oun neutrino., If mass differences
exist between the neutrinos in different generations, it is possible
that the neutrino mass eigenstates will be different than the
eigenstates of the weak interaction. Thus, weak transitions can occur
hetween generations leading to lepton flavor viclation. Several
experiments are currently being performed to test this hypothesis using
the large flux of neutrinos available at nuclear reactors.?® Assuming
for simplicity that only the tau and electron neutrino mix, the relative
rate for the decay listed in (11) is

R=T (r2e¥) /T (12evy)=(3a/321) (sin20/2M,2) 2 {my_2-mye?) 2 (15
where 8 is the mixing angie, and My is the intermediate vector boson
mass. Assuming the mass of the tau neutrino is equal to its current
upper limit (250 MeVIEZ) and that mixing is maximal, the value of R is
5x10° !5 ~-a completely academic-value.

I1f neutral heavy leptons exist which couple to both the tau and
‘electron. then the significant mass difference would not be the neutrine
mass difference, but instead would be the mass difference betueen the
neutral heavy leptons. Presumably this could be large, thereby giving a
much higher rate.24'25 Other modeis have been suggested that achieve
high rates (relative to (12)) by introducing additional particles such
as new Higgs particles,%® or massive singly or doubly charged heavy
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teptons.2? The interested reader is directed to the references.
Searches for other tau decay modes which would violate lepton

number conservation have been made. Table 1.2 summarizes the results of

these experiments.

TABLE 1.2

Previous experimental limits on
branching ratios for lepton flavor
violating tau decay modes,

MODE LIMIT (%) c.L.(%) REFERENCE
T2e + Y or T+ ¥ 12 _ S0 23
Toe + ¥ 2.6 90 6
L + 7 1.3 90 6
7-2(3 charged leptons) 1. g5 28
7+(3 charged leptons) .6 90 6
7+(3 charged particles) 1.0 95 28
T3p + 70 2.4 90 6

The tau decays to three charged Teptons (16)

Treete”, g7opetet, 7oeptyT, Topptp- (16)
are analogous to the muon decay to three electrons (5.b). If the tau
decayed via the modes listed in (11) or (13), the 3 charged lepton decay
would also be expected, although suppressed by order a/m, simply
from internal conversion qf the photon (Figure 1f6a)". Houwever,
this decay is interesting in its oun right because it tests the coupling
of the tau to the neutral vector boson as discussed above. Other
classes of diagrams can also contribute (e.g. Figure 1.6c). Models
created to explain the pse+y transition will also predict nén-zero
rates for p+eee decay. These results apply directly to the three
charged lepton decays of the tau. In particular, the model yith doubly
charged leptons predicts an enhancement of thé three lepton rate
relative to the radiative decay??,
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Chapter 6 of this thesis reports on a search for the three charged
lepton decays of the tau listed in (16). Our experiment is an order of
magnitude more sensitive than previous searches.

Other lepton flavor violating decays of the tau can be imagined
besides those analogous to the neutrinoless muon decays listed iﬁ (8).
The large mass of the tau dramatically increases the number of decays
which are kinematically allowed. Chapter 7 reperts on our search for
the lepton violating tau decays listed in (V7).

i) - 1+(-) 4 R 1=e, 1 h=m, K, p an
. These decays, to a charged lepton plus neutral hadron, are the simplest
tau decays which conserve angular momentum that are possible to detect
with the MARK I1. If the tau were some strange object which coupled to
both leptons and quarks in unconventional ways, uWe might uncover
evidence in these decays. Little theoretical work has been done in this
area??,

It is hard to imagine how very large improvements in the
sensitivity of any of the above searches uwill be obtained. Assuming
other backgrounds are not important, the limiting factor in any search
is simply the number of taus which are available to decay. If they are
produced in an electren positron storage ring (the only place where taus
have currently been observed), with the center of mass energy near the
maximum of the tau production cross section (4.2 Gev), one could hope to
produce at most S5x105 taus/year. Assuming the experiment runs for 2
years With a detection efficiency of 50¥%, the 90% contidence level upper
limit on any bhranching ratio would be at least 5x10°¢. If lepton
number violation occurs at levels much below this limit, we may never he
able to observe it.
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Chapter 2
The MARK II Detector

The similarity observed between general purpose detectors for
single ring ete- colliding beam experiments is not accidental. The
physics of single photon electron positron annhilation coupled with the
'current state of detector technolegy impose strong constraints on
detector design. The low event rate and identity between the Taboratory
and center of mass systems demand a large solid angle detector. The low
rate also makes it desirable to measure as much as possible for each
event. Given that non-destructive instruments must be placed before
destructive ones, the folleowing design is prescribed: first, a charged
particle detector and momentum analizer, followed by 2) an
electromagnetic shouwer detector, 3) a hadronic shouer detector, and 4)
muon rénge counters. The MARK II folious this general prescription. It
is basically a cylindrically symmetric detector with elements 1, 2; and 4.

Figures 2.1 and 2.2 shouw a cross sectional slice and an isometric
projection of the MARK II. As a particle leaves the interaction region,
it passes through the beam pipe and pipe counter, before entering the
drift chamber. After traversing the drift chamber, it next crosses the
time of flight (TOF) counters, the 1.3 radiation length thick aluminum
solenoid coil, and the lead~-liquid argon electromagnetic shouwer
detectors. The muon range counters surround the inner detector and are
sensitive to muons with mementum agove 700 Mev/c. Large ahgle tracks

which exit through the ends of the drift chamber are detected by
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counters attached to the pole faces of the magnetic flux return steel.
These “endcap” counters are not used in {his analysis, and wuill not be
mentioned further. The muon system is described in chapter 3. A brief

description of the other major detector elements follous.

2.1 DRIFT CHAMBER:

Charged particles are detected in over 80X of the solid angle with
a 16 layer cylindrical drift chamber.! Six layers are parallel to the
beam axis, while the other 10 have one end rotated by roughly 3 degrees
to allow 3 dimensional reconstruction. The z axis of the right-handed
rectangular coordinate system points along the direction of the positron
beam, while the y axis lies in the veftical direction. The radii of the
first (innermost) and last layers are 41 cm and 1.45 meters
respectively, and the active length of the sense wires in the outermost
laver is 2.78 meters.

The average momentum resolution is given by (1)

ap/P = 01 (1.5)Z + P2 (1)

where the constant term represents the effects of mulitiple coulomb
scattering, and the momentum dependent term accounts for the 200 micron

single cell resoclution,

2.2 TIME OF FLIGHY SYSTEM:

The time of flight counters are lecated between the drift chamber
cuter skin and the sqlenoid coil, at a 1.5 meter radius from the beam
axis. The scintilliator is viewed at both ends to give a time resolution
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of 300 picoséconds. This allouws separation {1-sigma) of electrons from
pions belew 300 Mevs/c, kaons from pions below 1.3 Gevs/c, and protons
from pions below 2.0 Gevs/c. The separation procedure is described in

mere detail in section 4.2.
2.3 EVENT TRIGGER:

The event trigger? is a tuo level sysiem composed of a fast (500
nanosecond) and simple kprimary” trigger uhose output sets off the more
sophisticated but slouwer (30 microsecond) “secondary” trigger. The
primary trigéer demands the coincidence of a beam crossing signal from a
pickup electrode with the pipe counter, and hits in at least 4 of 9
selected drift chamber layers. The pipe counter limits the caosmic ray
background to tracks which pass within 12 c¢m of the beam axis. The
loose requirement on the drift chamber data results in near perfect
efficiency for tracks uwhich pass through at! of the drift chamber
layers. Typical trigger rates are below 100 hz for low energy runs, but
can approach 2 khz at high energy.

The secondary trigger is a harduare track finder and track counter.
IF works by rotating crescent shaped masks axially around the drift
chamber and defining tracks if a minimum number of layers have hits
within the mask boundaries. Tuenty-four masks are used, allocuing tracks
of different momenta and charge to be recognized. The c¢riteria used for
most of the experiment was at least 1| track with 4 out of 6 axial layers
hit, and 1 track with at least 3 hits in the five innermost layers.

This resuited in a trigger rate of a few hertz. The combination drift
chamber/trigger logic system works so uell that the trigger efficiency
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for event topologies used in this analysis (ie, tracks which enter the

shouwer counter or muon system solid angle) is nearly {00%.
2.4 LEAD-LIQUID ARGON SHOWER COUNTERS:

Located just outside the solenoid coil, the 8 lead-liquid argon
electromagnetic shower counters are used for photon detection and
electron identification. Appendix B describes the counters in more
detail. Here we will discuss the general performance characteristics.

The energy resolution for electromagnetic shouers is given

approximately by (2)

AE/E = .13/JE(Gev) (2)

Figure 2.3 shous the counter response to electrons and muons. This
figure plots the total energy deposited in the counters divided by the
track momentum, for tracks from 2 prong total charge zerc events with
ECM=6.6 Gev, uwhere the momentum of each track is within 10% of the beam
energy. These tracks are also required to be inside the shower counter
fiducial volume, defined by extrapolating the measured drift chamber
trajectory to the rear of the module, and demanding it be at least 3.8
cm inside all edges.

The photon detection efficiency (Figure 2.4) was measured using
constrained fits to the processes ¥-au*r 1% and ¥=2n*t2n-7o.
ﬂpuard fluctuations in the electronic noise can cause fake photons tc
be found by the photon detection softuware. The threshold in the
efficiency is caused by the cuts required to keep the fake rate
acceptable. Figure 2.5 shous the energy distribution of fakes in muon
pair events. The fake rate depends aon the state of the hardware, but is
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typically .16 photonssevent.

The shouer counter information can be used to separate electrons
from other particles. The algorithm used to achieve the separation is
knoun as ”“Recursive Partitioning for Mon-Parametric Classification”
which exists as a program at the SLAC computer center.3 Briefly, the
algorithm works as follous:

By independent means, obtain unbiased samples of electrons and the
other particles (we use pions). For each member of both samples, form
an N dimensional vector constructed from the measured values of all
variables to be used in the separation process (ie, the TOF electron
weight, the 7 shouwer counter layer energies and widths, and some
compound ‘physical’ variables formed from these). This is the input to
the program.

The program builds a binary decision tree by iterating on the
following proceedure. By comparing the input samples, determine the one
variable which is the most sensitive separator, and fix a cut at the
value which achieves the maximum separation. The separation ability (S)
of a particular variable (X), is détermined by running through all
values of the variable existing in the input vectors
(Xk€X1:X2,...), and measuring the fraction of elements in each
sample whose X value is belouw xy. Call the fractions Felxgk) and
Fpilxk). The value of X which maximizes S(x)=IFe(x)~Fp;{x)]1 is the
value uhich achieves the maximum separation, Spax(xX). The variable
with the largest Syuax is the most sensitive separation variable,

The program then divides each sample into tuo sub-sampies: these
which are belouw, and theose which are above the cut. This process is
continued until 1) perfect separation is acgieved, 2) the number of
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input vectors is too smail to make statistically significant cuts, or 3)
no variable has any separating pouer left. These stopping points on the
decision tree are called “terminal nodes.”

When using the resultant decision tree for particle identification,
the candidate particle’s input vector is constructed, and stepped doun
the tree until a terminal node is reached. Depending on the relative
number of original training vectors uhich landed at the node., the
particle is called electron, not-electron, or ambiguous, depending on
the users’ requirements on the identification and mis-identification
efficiencies.

Separate decision trees are made for different momentum intervals
using training samples obtained from several sources. Different samples
were used to measure the resulting identification efficiencies. Belou
1.0 Gev/c, pions from tightly constrained reconstructed neutral kaon
decays are used (see section 7.4), while pions from multiprong decays of
the ¥(3095) are used above. Electrons are obtained from converted
photons and Bhabha events. Table 2.1 lists the measured identification
and mis~identification probabilites for pions and electrons as a

function of momentum.
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Table 2.1

Electron and pion identification

and misidentification efficiencies.
P(i»j)} means the probability a
particle of type i

Momentum P(e-e)
.3~.4 L730+-.007
.4-.5 .760+~.009
.5-.86 .833+-.011
.6~.7 .866+-.012
.7-.8 .823+-_.017
.8-.9 .857+-,018
.9-1.1 .843+-_.015%8

1.1-1.3 .918+-.015
1.3-1.5 .963+-.008
2.0-2.1 .981+-.002
2.6 .987+-.001
3.3 L8991+~.001

References:

P(e»not

L0774+,
.060+~,
042+,
.032+-,
L0474+,
024+~
. 035+~
L022+-,
.009+-,
.004+-,
.004+-,
.003%-.

is called type j.

-e)

go4
005
006
g0é
010
008
o8
068
004
001
co1
001

P(m»not-e)

.565+-,
.B5 14~
ST124-,
. 736+-,
.870+-,
.810+-,
.895+-,
.8396+-,

012
0
0N
012
ot
015
004
006

.

-098+-
S+,
.069+-,
.056+-,
.032+-,
.052+-,
L0314,
L036+-.

P(w>e)

-
. ——

.007

007
006
006
006
009
002
004

1.3 R.H, Schindler, Ph.D. Thesis, SLAC Report No. 218 (1979).

~2.) T.M. Himel, Ph.D. Thesis, SLAC Report No. 223 (1979),

3.) J.H. Friedman, IEEE Transactions on Computers, April

1977) P. 404,
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CHAPTER 3

The Muon Detection System

3.1 INTRODUCTIGON:

Muon identificaticon is accomplished by exploiting their
non-participatien in the strong interaction. By forcing the particle
sample to traverse an absorbing material, strongly interacting particles
Wwill be attenuated while muons (aside from dE/dx losses and multiple
coulomb scattering) will be unaffected and can be detected with simple
counters sensitive to charged particles. Although a thicker absorber
gives better separation due te the increased attenuation, demanding that
the muons do not range out in the absorbing material determines a
maximum absorber thickness which depends on the muon momentum. To
provide muon identification over a wide range of momenta, practical
systems usually consist of several consecutive layers of absorbing
material and particle detectors. The probability that a hadron is
misidentified as a muon depends not only on the absorber thickness, but
also on the fraction of pions and kaens which decay to muons befaore
entering the absorber, and the ability of other detector elements to
discriminate against such decays.

The MARK Il muon detection system consists of 4 walls that surround
the central detector, each wall being made of alternate layers of steel
plates and planes of proporticnal tubes. During the time the data used
in this analysis was collected, the system had three absorbing plates on
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the top wall and two on each of the other walls. The first tuwo steel
layers on the top and bottom walls double as the maghetic flux return
for the spectrometer magnet. The first laver of the system subtends
approximately 51% of the total solid angle, and has a momentum threshold
for muon penetration of approximately 700 Mev/c. MWe will discuss belou
the physical construction, the tracking and identification algorithm,
and measurements of the detection efficiency and hadron

misidentification probabilities.
3.2 PHYSICAL CONSTRUCTION:

Before a particle can reach the first absorbing plate, it must
traverse inner detector material (ie, the magnet coil and shouwer
counters) equivalent to 20 ¢m of iren. The steel absorbing plates are
2; cm thick in the first tuo layers and 30 ¢m thick in the third layer
of the top uwall. The first layer is located approximately 3 meters from
the interaction region, and subtends 51% of the solid angle, while the
second layer is approximately of equal area'and covers 90% of the solid
angle subtended by the first. The top wall’s third Tayer subtends 9% of
the total solid angle.

Behind each absorbing plate there is a plane of proportional tubes
which run the full width of the wall and which measure one of the tuo
orthogonal coordinates. The tubes are oriented so that the second and
third layers measure the éoordinate orthogonal to that measured by the
first. The 1672 tubes used in the system are actually built in the form
of & tube modules made of extruded aluminum. The systém uses modules of
different lengths, the longest being 19 feet long, but they all have the
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cross section displayed in Figure 3.1. The 25 mm wire spacing is well
suited to the tracking errors caused by multiple coulomb scattering.
The triangular design of the tubes result in a module of great strength
which suffers little mechanical defermation even in the longest
versions, This is important as if insures the modules pack together
kith no gaps or irregularities over their entire length.

The forty-five micron diameter gold plated tungsten sense wires are
held under 200 grams of tension and terminate in 100 ohm resistors
located in an electironics enclosure welded to one end of the module.

Gas is supplied through 2 fittings located at the opposite end and flous
serially through the eight tubes. Signals on the sense wires are
discriminated and sent via line drivers (also lccated in the electronic
enclosure) to the electronics trailer where they trigger a 3 microsecond
one-shot uwhose output is loaded into a long shift register. When the
detector secondary trigger requirement is satisfied, the contents of the
shift register are read out and saved on the data tape.

After testing several gas mixtures, a 95% argon 5% carbon dioxide
_mixture was chosen due toc the relaxed timing and gain requirements for
this application, and due to safety considerations for a system uith
such a Yarge gas voiume and distribution network. The response of a
typical module as a function of high voltage is shoun in Figure 3.2 for
one of thebtested mixtures. Here we plot the efficiency fer any tube in
the module to detect a track and the “doubles” efficiency for tuwo
adjacent tubes to simultaneously detect the track measured with normally
incident cosmic rays. The average counting rate per wire (for 16 foot
tubes) is also shoun, The module efficiency is greater than 99,.5% and
has a ptateau cf several hundred volts before the background singles
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rate begins to rapidly increase. Note that in the plateau region, the

singles rate is determined almost entirely by the cosmic ray flux. The
doubles efficiency rises more slowly, plateauing near the maximum value
expected from geometrical considerations approximately 100 volts be1du

the background threshold. Thus it is possible to operate the tubes so

as to achieve good efficiency throughout the entire gas volume.

Several hardwuare subsystems were developed to monijtor the system
reliability. Shift register operation was confirmed by shifting through
an 8 bit fixed pattern at the end of each read cycle. At the start of
each run, every electronic channel was tested by forcing a small charge
onto the wire via the high voltage isolation resistor. The actual wWwire
performance was checked with cosmic rays. The output of all tubes in a
plane were “ored’ together, and the coincidence of this signal from all
horizontal or vertical planes was used to define a cosmic trigger. 1In a
matter of minutes the efficiency and background counting rate of every
tube could be measured. The system modularity allowed easy replacement
of defective tubes, but this proved unnecessary except for a feuw
replacements during the installation and shake-doun phase of the

experiment.
3.3 THE MUCON IDENTIFICATION ALGORITHM:

The muon identification routine analyzes all charged tracks
individually and is conceptually very straightforuard: extrapolate the
measured drift chamber trajectory out throﬁgh the absorbing wall keeping
track of dE/dx losses, bending in thé magnetic field inside the flux
return iron (where applicable), and the average multiple coulomb
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scattering. If a proportional tube fired near the predicted track
position (i.e, within 3 sigma of the deviation expected from multiple
scattering) in each plane traversed before the particle ranges out, call
it a muon. Edge effects and range straggling complicate this simple
picture, so before examining the detailed algorithm, the range

straggling and multiple coulomb scattering will be discussed.

3.3a Multiple Coulomb Scattering:

Before reaching a plane of proportional tubes, a particle must
first traverse several massive detector elements——-the coil, shouer
counters, and iron absorbing walls upstream of the detector plane--uhich
can significantly change its direction due to multiple coulomb
scattering. As an estimate of the RMS deviation from the predicted
position at the detector plane (o,), the deviation arising from each

element is calculated and added in quadrature (Equation 12
ox = [2832(D;2 + T32/12)]1/2 ()
1

uhere @;, D3, and T; are the RMSD multiple scattering angle,

distance to the detector plane, and thickness of the scattering eiement
respectively. ©; is calculated using the simple formula given in
appendix A. Although the approximations contained in equation 1 will
be poor for tracks which exit an absorber element with low momentum,
thereby suffering a large amount of multiple scattering, the geometry is
such that the largest contribution to ¢y arises from the scattering
elements located far upstream for which the approximations are valid.
For example, Figure 3.3 plots o4, as a function of momentum, for
normally incident tracks in the first and second layers of the bottom
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wall. Also shoun is the ¢y that would result considering the
multiple scattering in the coil and shouer counters alone. Note that
ox 18 on the order of 10 ¢m and is dominated by the scattering in

the coil and shower counters. The error in the extrapolated position
arising from the drift chamber resolution is typically 3 cm (sigma)
depending on the depth and orientation of the laver, and is added in
quadrature with oy, to obtain the total deviation. Figure 3.4 shous

a typical distribution, made with cosmics rays, of the measured

deviation in units of a4 for the first plane in the bottom wall.

3.3b Range Sfraggiing:

Fluctuations in the dE/dx losses when a particle traverses an
abéorbing medium result in fluctuations in its range. Thus, there is no
sharp momentum threshoid for muon penetration of a given layer. The
relative range straggliing is between 2 and 3 percent for muons with
momentum of interest in this analysis (See Appendix A). Of concern
here, houever, is the projected rénge straggling along the axis
perpendicular to the absorbing plane, Muitiple scattering contributes
to this projected straggling as the particle can be bent towards or auway
from the normat, thereby’traversing a greater or lesser amount of
material before exiting.

One uway to describe the situation is to consider the
fraction of incident muons of momentum P uhich traverse the
material preceeding a given detecter plane, as a function of
the variable Q

Q@ = (R{P)I-Rp)I/R(P)
where Rgo is the total amount of material the particle would have to
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traverse if it experienced no mutiple scattering, and R(P) is the
tabulated range ?or a particle with momentum P. In an absorber with no
magnetic field, Ro = Rps¢c0s(8) uhere R, is just the absorber

thickness and 8 is the angle of the incident track to the normal. For
example, Figure 3.5 shows, as a function of Q, the measured detection
probability for cosmic ray muons with cos(8) > .90 in the first layer
of the bottom wall. To eliminate confusion arising from the shouwer
counter boundaries, those tracks within 2 degrees (azimuth) of a module
edge are not used in the plot.

To determine the projected range straggling for muons as a function
of momentum and incidence angle, a Monte Carlo program was developed
which simulated the detector geometry and did the transport in small
steps allouwing for dE/dx losses and fluctuations, multiple coulomb
scattering, and magnetized materials. For each layer, the generated
transmission plot was fit to an integrated gaussian with adjustable
width (op.) and offset. As an illustration of the relative
importance of the variocus physical processes, in Figure 3.6 we plot as a
function of incidence angle, o, for the first detector plane
allowing for energy loss fluctuations only, multiple scattering only,
both energy loss fluctuations and multiple scattering, and both in
magnetized iron equivalent to the MARK II flux return. Although the
relative projected range straggling due to energy loss fluctuations is
independent of incidence angle, the multiple scattering contribution
increases sharply uith increasing incidence angle becoming the dominate
.effect for angles larger than 18 degrees (cos(8) ¢ .95). Calculations
with both effects included indicate they effectively add in quadrature.
Inciusion of the magnetic field increases the straggling especially at
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large incidence angles. The calculations also indicate that multiple
scattering causes a more or less constant offset of roughly 9 grm/cm2
equivalent to 2.2% for the first detector plane and 1.7% for the second.
Averaging the Monte Carlo results over the incident angle

distribution measured with the cosmic ray sample of Figure 3.5 yields
the curve shoun in the figure. The data and calcualations agree uell.
Both the analysis program and the MARK II Monte Carlo program assume a
gaussian distribution fer the projected range straggling, and use the

calculated results for the uidth and ocffset described here.

3.4 FIDUCIAL VYOLUME CONSIDERATIONS:

Multiple scattering and range straggling sufficiently smear the
edges of the muon system acceptance that simple fiducial volume or
momentum threshold cuts are expensive to use. Therefore, a somewhat
different concept hés been implemented to take into account edge
effects. A given detector layer is said to he “required” if the
extrapolated particle trajectory is uithinrthe layer edges by more than
3 sigma of the projected multiple scattering (ox), and if the
particle has excess range greater than 3 sigma of the expected range
straggling (or). The laver is “expected” if the particle trajectory
is within the edges and the excess range is greater than zerg. If the
trajectory is no more than 3¢, outside the layer edges, and the
excess range is no less than -30., the level is called a “possibie”
level. No layer is allowed to have a higher status {required > expected
> possible) than the status of the preceeding layers. MWe indicate
status classes with the notation MULEVX > N where N is the nuhber of
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levels and X is P, E, or R for possible, expected, or required
respectively.

The “status acceptance,” defined as the fraction of isatropically
preduced muons uhich satisfy a particular status class, is shown in
Figures 3.7a,b as a function of muon momentum. For the status MULEVE >
0, the acceptance plateaus at the geometrical acceptance of the system
(51% for level 1, 46% for leve! 2}, The threshold region reflects the
system’s planar geometry in that the effective absorber thickness
increases like the inverse cosine of the incident angle. Raising the
status to MULEVR > 0 decreases the acceptance due to the impasition of
fiducial volume cuts (sese Figure 3.3), and increases and broadens the
momentum threshold due to the range straggling restriction. Lowering

the status to MULEVP > 0 has exactly the gpposite effect.

3.5 MUOR IDENTIFICATION EFFICIENCY:

Given the status classes described above, the foilowing rules are
used to determine the identification of a given track. Three choices
are allouwed: muon, not muon, and can”’t tell.

The efficiency for a muon of a given status class to be properly
identified depends on several factors. The individual tube efficiency
is high (>99.5%), but in our large system a few tubes uere usually
malfunctioning, thus reducing the average tube efficiency by some
fraction of one percent. A more intrinsic inefficiency results from
those tracks uhich scatter by more than three sigma in position or
range, but is no larger than ! to 2 percent. Tracks uhich are
improperly measured by the drift chamber due to harduare or softuare
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TABLE 3.1
Muon system particle identitication rules.
STATUS CLASS RULE

MULEVP>0 + MULEVE=0 If a signal is detected in either
of the first tuo detector levels,
call it a muon; otheruise--can’t tell.

MULEVE>Q + MULEVR=O0 If a signal is detected in either

or MULEVR=1 of the first tuo detector tevels,
call it a muon; otherwise--not muon.

MULEVR> 1 If a signal is detected in the
highest or next highest level and
in at teast one other level, and

not more than one level is missed,
call it a muon; otherwise--not muon.

deficiencies, will not project to the proper coordinates. This causes
an additional inefficiency.

These inefficiencies can be measured in the momentum intervals
where unambiguous muon candidate tracks can be collected from the data
sample. Muon pair events provide a clean source. These events are
identified only through the charged track momenta, colinearity, and
shower counter pulse heights, but to guarantee sample purity, tracks are
considered muen candidates only if the oppesite track is identified as a
muon in at least twec muon levels. For a given level, only those
candidates which are frequired” are used in the efficiency measurement.
To isolate the inefficiency due to tracking errcrs, the efficiency is
also measured with a subset of the candidate events which have high
quality drift chamber information (i.e., the tracks are detected in at
least 12 of the 16 drift chamber layers and have a chi-squares/dof from
the track fit less than 6.25, are colinear within 30 mR, and have a Z
coordinate difference at the origin less than 3 cm). To isolate the
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multiple scattering contribution, the efficiency is also measured with
the scattering !imits increased to 5 sigma from the usual 3. Table 3.2
iists the measured effic{encies.

TABLE 3.2

Muon system layer efficiencies.
Statistical errors are less

than .001.
LAYER 1 LAYER 2 Correct ID
3s 5s 3s 5s 3s 5s
Normal Data .977 .984 .984 .988 .968 .874
High Quality .980 .984 .986 .989 971 .97%

Enlarging the multiple scattering limits increases the efficiency for
the high quality tracks approximately .4% to 98.4% and 98.9% for layer 1
and layer 2 respectively, These values can be taken as the average
efficiencies for the detector planes. Essentially no difference in the
8s efficiency is observed between the normal and high quality data,
although a .2% to .3% improvement is measured for the 3s efficiency.
Thus, drift chamber errors account for no more than 10% to 15% of the
total inefficiency. Table 2 also lists the efficiency for the muons to
be property identified using the rules of table 3.1.

The identification efficiency far tracks which have no required
levels is considerably less than 1004 as they are more likely to scatter
outside the system boundaries. For isotropically produced muons, the
identification efficiency is roughly 86% for tﬁe status class MULEVE>D +
MULEVR=0, and is only 13% for the status MULEVP>0 + MULEVE=0. The muon
#identification acceptance,” defined as the fraction of isotropically
produced muons which are properly identified, is also shown in Figure
3.7 for different status classes. The identification acceptance for the
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¢class MULEVP>D is about equal to the status_acceptance for the class
MULEVE>Q since as many ‘possible’ tracks scatter inside the boundary as
‘expected’ cnes scatter out. Raising the status class to MULEVE>OQ
reduces the identification acceptance only slightly. For the status
class MULEVR>D, the tuo acceptances are nearly equal due to the the

small identification inefficiency.
3.6 MISIDENTIFICATION PROBABILITIES:

Non-muons may be misidentified as muons for several reasons, the
simplest being the random background counting in the detector tubes.
This misidentification rate has been measured using “imaginary” tracks
obtained by rotating 90 degrees in azimuth, real tracks from coplanar
two prong events. The rate depends on the status class and decreases
with increasing momentum proportienaily to the width of the projected
search region in the detector layer (see Figure 3.3). Table 3,3 lists
the misidentification probabilitiés averaged over the momentum

distribution in the sample.

TABLE 3.3

Muon misidentification probability (%)
for random tracks and electrons.

STATUS CLASS RANDOM-TRACKS ELECTRONS
MULEVP>0 + MULEVE=D .78+~.10 .59+-.09
MULEVE>QO + MULEVR=0 .94+-.13 L80+-. 11

MULEVR=1 L97+-.14 1.19+-.12
MULEVR=2 L07+-.01 .04+~.01
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For status classes requiring a signal in only 1 detector plane, the
misidentification probability is roughly 1%Z. For MULEVR=2, the
probability is consistent with .01 squared. Also listed in Table 3.3
are the electron misidentification probabilities measured uith electrons
from Bhabha events. They are consistent with the randem background
values although a small signal could bé expected from Compton scattering
in the proportional tubes of the low energy photons that are the
remnants of the electromagnetic shouer,.

Hadrons can be misidentified as mudns from “punch through” where
the hadron escapes experiencing a strong interaction in the absorbing
wall, or where a secondary track from the strong interaction cascade
succeeds in penetrating the detector plane. Alternatively, the hadron
can “decay” in flight to a muon which is then detected in the
proportional counters.r

The probability that a pion is misidentified as a muon due to deqay
is easily calculated with the Monte Carlo program, and leads to the
results shown in Figure 3.8. This figure shous as a function of
momentum, the pion rejection ratio defined as the probability that
isotropically produced pions are identified as muons (“pion
misidentification acceptance”), divided by the muon identification
acceptance (MULEVP >0) meésured at the pion momentum (i.e., if the pions
were actually muons, the ratio would be 1). The pion time dilation
factor causes the misidentification to decrease uwith increasing
momentum. However, the misidentification is also a function of the
status class. The structure apparent near 1100 Mev/c is due to the
transition from MULEVR=% to MULEVR=2,

Pions which decay in the drift chamber volume will often be poorly
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fit by the tracking program, and this can be exploited to decrease the
misidentification probability. For example, Figure 3.8 also shous the
rejection ratio obtained if all tracks are required to have at least 12
drift chamber layers used in the fit., a chi—squafe/dof for the track fit
less than 12, and be no farther from the interaction region than .6 cm
in the radial projection. These cuts reduce the misidentification by a
factor of two near thresheld while decreasing the muon identification
acceptance by no more than 3%. The cuts have less effect as the pion
momenta increases.

Getermining, by a Monte Carle calculation, the probability that a
pion is misidentified due to punch through is a more difficult problem
as ore must reliably simulate the hadronic cascade in the absorher.
Therefore, we measure directly the pion misidentification probabhility
using pions extracted from the data sample. For this purpose,
mul tiprong hadron events (3<#prongs¢1l) from the ¥(3096) resonance are
used. Interaction region cuts are applied, and events uith converted
photons are rejected. Events with identified MULEVRY| muons were hand
scanned, and only twe hackground events were found: a ppy évent
where the photon convérted but was not idéntified due to a grossly
mismeasured track, and a hadran event with a coincident cosmic ray,
Unless the ¥ has an undiscovered multiprong (>3) muon decay, the muon
contamination is negligible. Within the muon system acceptance, the
candidates have an isotropic angular distribution.

Figure 3.9 plots, as a functfon of momentum, the fraction of pion
candidates which have a signal in the muon dectector plane uithin‘3
ox 0of the extrapolated position. Only candidates whose normal angle
to the absorbing wall is less than 26 degregs (cos > .90) and are within
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the layer’s spatial fiducial volume (3 o4 from all edges) are used.

The transmission plot for muen candidates near threshold is shown for
comparison, as are the contributions to the signal from random
background and pion decay. Punch through begins to dominate the
misidentification approximately 2063 Mevs/c and 400 Mevsc above the
momentum *nresnold in layers 1 and 2 respectively. For layer 1, the
detection probability rises smoothly from threshold and reaches a vaiue
near 154 at 1.5 Gevs/c, uhile for layer tuwo, the probability remains
constant near 3% until punch through becomes important.

Figure 3.10 plots the relative pion misidentification probability
as a function of momentum for several status classes. This is the ratio
(for isotropi~ally produced and successfully tracked pions and muons) of
the pion misidentification efficiency to the muon identification
efficiency. If we remove the requirement that the particles be
successfully trorked, the ratio would decrease by 5 to 10% as more pions
than muons fail to be tracked. The misidentification varies with the
status class and is smallest for the class MULEVR>1. Note that it is
considerably smaller for the class MULEVEXO+MULEVR=0 than for the class
MULEVR=1. This is hecause the candidate tracks are either near the edge
of the momentum acceptance where punch through is at a minimum, or are
near the piane edges and therefure have a large inc¢cidence angle relative
to the absorber.

How the muon system information should be used depends on the type
of analysis being done. If one wishes to have the largest possible muon
acceptance independent of pion misidentification, using the status class
MULEVP>0 would be appropriate. If one wishes to minimize the pion
misidentification at the expense of the muon acceptance, the c¢class
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MULEVR>1 could be used. To insure the cleanest separation of pions from
a myon background, the c]ass‘MULEVR)T shouiﬁ be used with the

requirement that no signals are present within the tracking region in

s oo~

any muon plane.
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Chapter 4

Measurement of the Tau

Production Cross Secticn

4.1 INTRODUCTION:

Tau production in e+e- annhiltation was first observed using e-u
_events from the reaction listed in (1).
etem =) (=) 4 go(4)

-=e-(tlyy (1)

-ty
Because there is little background fromlother‘sources, these events
provide a clean signature through which to study tau production. This
chapter reports on an analysis of the e-u events measured with the
MARK Il at SPEAR. Assuming the tau obeys the point pair production
cross section given in equat%on (2},

g9 = 4ma2B(3-B2)/(6S) (2)
the measurements can bhe used to determine the branching ratio product

BeBy as shouwn in (3D
Neyw = 2BgBuL(EYG(E)ACE) ‘ (3)
E

where Ngy is the number of observed e-p events, A is the detector
acceptance, L is the integrated luminosity, and where the sum runs aver
the center of mass energies spanned by the data. Conversely, the tau
production ¢cross section can be measured and compared to the point cross
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section by assuming theoretical values for Be and Bu.

AII data coliected during the fall of 1978 and spring of 1979 uhich
had good shower counter information are used in this analysis, except
for the fixed energy runs at the ¥(3095) and ¥/(3684). Equation (2)
and the measured luminosity can be used to caiculate the number of
produced tau pairs. Figure 4.1 plots the number of produced pairs as a
function of center of mass energy. For the cross section analysis, the
data is binned in energy to give roughly equal numbers of produced taus.
Table 4.1 1ists the integrated luminosity and number of produced tau

pairs for each energy interval. The systematic error in the luminosity

is estimated to be 6¥%.

TABLE 4.1

Tau pair production vs.
center of mass energy.

Interval Integrated Luminosity #Produced Pairs

(Gev) (nb)
3.85-4.25 2129 7348
4.25-4.65 1788 52438
4.65-5.05 1866 6006
5.05-5.45 6176 ‘ 18136
5.45-6.35 1221 2922
6.35-6.85 , 3783 7448

Total: 16963 48108

4.2 EVENT SELECTION:

We begin by selecting all iwo prong, total charge zero events in
the data sample. A minimum charged track acoplanarity cut of 5 degrees
is applied to eliminate bhabha and muon pair events, and most events
from two photon processes. A maximum acoplanarity cut of 175 degrees is
imposed to eliminate converted photons. Each charged track is required
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to originate near the interaction region, and have a Chi-squares00F from
the track fit no larger than 16. The interaction point determined by
the vertex of the tuo charged tracks must be no farther from the center
of the interaction regionlthan 4 cm in radial projection and 8 cm along
the beam direction., All tracks are required to enter the shower counter
fiducial volume as discussed in Chapter 2. Tracks uwith momentum less
than 1.3 Gev/c that have good time of flight information are required to
have a TOF less than 1.5 ns (5 sigma) from that predicted assuming it is
an electron or muon. Events with barrel module photons with energy
greater than 250 Mev and which have an opening angle with both charged
tracks 1argef than 9.6 degrees are rejected. Measurements with
myon-pair events indicate that 1.6% of real e-p events uwill fail this

photon cut due to spurious noise photons in the barrel mocdules.

4.3 PARTICLE IDENTIFICATION:

Misidentification of non-ep events is the oniy large background
in the e-p signal. To determine this background, all events uhich
satisfy the topology cuts are collected. Using the knouwn
misidentification probabilities, the data is inverted to determine the
number of produced events in each identification catagory (ee,ep.em,
etc.). This can then be used to calculate the misidentificatian
background in the measured e~y candidates. In the analysis, it is
assumed that all candidate tracks are either electrons, muons, or pions.
This is a good assuhption since most of the hadrons in the selected
sample are the products of tau decays.

The method used to determine a particles’ 1D depends on its
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momentum. Below 300 Mev/c, the time-of-flight information is used. The
relative probability that the measured TOF %s consistent with an
electron hypothesis or pion hypothesis is calculated and used to form
the electron-pion weight (WTEPI) given in (4),

WTEPI = P(el)s/(P(w)+P(e)) (4)

Particles are identified as electrons if WTEPI>.80, or as pions if
WTEPI(C.40; otheruise, they are called ambiguous. Figure 4.2a shous the
electron and pion identification and misidentification efficiencies as a
function of particle momentum. These values uwere calculated with the
monte carlo assuming a .3 ns TOF resolution.

Because the TOF system is not useful in separating muons from pions
or electrons, no attempt is made to do so. Instead, we reclassify pions
and muons together as ncon-electrons and accept a large misidentification
probability for muons to be called electrons as shouwn in Figure 4.2b.

Above 300 Mevr/c, the liquid argon counters become useful in
separating electrons from muons and piens. Houever, pions and muons
cannot be separated until the muon system momentum threshold is passed
(700 Mevrsc). Therefore, betueen 300 and 700 Mev/c, a track is
identified as electron, not-electron, or ambiguous according to its
shower counter identification (LAID) as discussed in chapter 2.

Above 700 Mevs/c, particles are still called electrons if identified
as such by LAID. 1If LAID is not-electron and the muon class is at least
MULEVE>D, the particles are called muon or pion depending on the muan
system identification (MUID) as discussed in chapter 3. If LAID is
not-electron and MULEVE=0, the track is not considered to be in the
fiducial velume. All other combinations of LAID and MUID are labeled
ambiguous.

-64-



Fraction (%)

300
Momentum (Mev/c)

Pigure 4.,2. TOF identification and wisidentification

probabilities as a function of momentun:
and electreans; (b) fqr RUONS.

-65-

(a) for pioans




The particle identification and misidentification efficiencies are
shown in Figures 4.3a, b, and c. The muon data is derived from a
combination of monte carlo calculations and measurements. The muon
system detection efficiency measured with muons from muon-pair events,
and the shouwer counter response determined with low momentum muons from
cosmic rays, provide input to the monte carlo. Electrons from converted
gammas and specially selected bhabha events are used as electron
candidates, while pion candidates from reconstructed K%ghort
decays and multiprong ¥ events are used to determine the pion
efficiencies. The electron sample is selected so as to approximate a
uniform angular distribution within the solid angle of the shower
counters. Systematic errors are estimated to be 10 percent and include
effects from sample contamination, long term variations in detector
response, and non-isotropy in the candidate and data sample.

Events with neither track above the muon momentum threshold cannot
possibly be identified as e-u events and are discarded. 1If hoth
tracks are above 700 Mevsc, the event can be classified as ee, e,
ef, Wi, BT, TW, or ambiguous, while if one track is below the
threshold, the classifications are ee, ey, en, not-ese, not-esp, not-esw
or ambiguous. In the follouwing discusssions, these types will be

referred to as class A and class B events respectively.

4.4 SPECIAL BACKGROUNDS:

To minimize the effect on the inversion procedure of errors in the
particle identification and misidentification efficiencies, two cuts are
empioyed to reduce the large number of ee and pi events arising from
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purely electromagnetic processes. Electron pair and muon pair events
which have experienced initial or final state radiation can be
discriminated against by applying a cut on the invariant mass recoiling
from the charged tracks. Figure 4.4 plots the squared recoil ing mass
distribution from ee and pp events. By requiring the recoiling mass

to be larger than 1 Gevsc?, a large fraction of the events can be
eliminated at a cost of no more than 1% in the e-u acceptance.

Bhabha events where one electron has suffered a large hremstrahlung
emission in the pipe counter, can survive the acoplanarity cut because
the low momentum track has been incorrectly projected to the interaction
region. These events ccnsfitute roughly 20% of the ee events, and are
removed by retracking the low momentum track back out to the pipe

counter and reapplying the acaplanarity cut.

4.5 RAW DATA:

Table 4.2 lists the number of class A and class B events which
survive the analysis cuts. There are 227 class A and 227 class B e—j
events. Figure 4.5 shous the electron and muon momentum distributions

for these events.

4.6 MISIDENTIFICATION BACKGROUND:

The unfold procedure is straightforuard and unambiguous for class A
events. Let M(i,j;ptl,p2) represent the number of measured events of
type 1j (i,j = e,pn,m), with particle i Having momentum pt and
particle j having momentum p2, and let R(i,3;p1,p2) be the number of
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TABLE 4.2

Number of events by 1D surviving
topology and background cuts.
nh signifies non-electron.

¢lass A Class B
Type Number Type Number
ee 1485 ee 969
e 227 el 227
em 304 ew 283
KK 221 ne 352
wr 295 nu 391
™ 210 nm 616
Ambigucus 269 Ambiguous 754
Tatal 3011 3592

real events. Measured events with an ambiguous ID are ignored; they
represent an inefficiency in the measurement process. If P(i,j;pl1) is
the probability that a particle of type i, with momentum pl, is called
type j, then M and R are related by

MCGi,i;p1,p2) = ¥ RCk,1;p1,p2)PCk,1;p1)P(1,35;p2) (5)
k 1

Equation (5) can be solved to Hetermined RCk,1;p1,p2).

This procedure is implemented hy coliecting the measured events in
“an array by type and momentum (100 Mevs/c bins). The misidentification
matrices are inverted, and the number of real events by type and
momentum is determined. R(i,J;pl.p2) is then summed over the tuo
momentum indices to determine the total nﬁmber of real events. Table
4.3 lists the number of measured and real class A events in vector form
along with the momentum averaged misidentification matrix that relates
them. The fact that electrons are not misidentified as muons (and vice
versa), insures that many off diagonal elements are zero. The errors
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are statistical only and do not include errors in the identification

probabilities.

TABLE 4.3

The number of measured and real class
A evenis, and the momentum averaged
misidentification matrix.

Type §Measured Identification Matrix #Real

(ee) (1485%33.5) (.892 .000 .054 .000 .000 .003) (1645.8%43.4)
{ep) ( 227+15.1) (.000 .840 .059 ,000 .050 .007) ( 228.0*18.3)
{ew) ( 304%17.4) (.022 .069 .734 .000 .004 .09%) ( 3056.9%24.1)
(pp)  ( 221%214,9)  (.000 .000 .000 .827 .061 .004) ( 243.2%18.4)
(pw) ( 295:17.2) (.000 .016 .001 .148 .737 ,103) ¢ 306.2%24.3)
(mwd  ( 210214.5) (,.000 .00% .G14 007 .064 .641) ( 286.5%23.2)

From Table 4.3, one can read off the misidentification background
in the measured e-p events. The largest contributions are from
misidentified e-m and p-m events that come from other tau decays.

Adding all contributions yields a total misidentification backaround of
35.6%1.9 events. The systematic error depends on the errors in the
identification efficiencies and is taken to be 25X%. Thus, the corrected
number of class A e~ events is 191.4*15,1*9.1 where the errors are
statistical and systematic respectively.

for class B events, an ambiguity enters the unfold procedure as the
Tow momentum track is identified only as electron or not-electron, and
it is impossible to determine the number of real electrons, muons, and
pions given only this information. Since we only wish to knowuw thé
number of low momentum tracks which are electrons, there would be no
problem if muons and pions had the same identification and
misidentifcation probabilities belouw 700 Mevrsc. But they don’t. Teo
overcome this problem, one can assume a fixed ratio of muons to pions
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and check hou the background subtraction depends on this assumption.
Therefore, we assume real events come only in the flavors eiectron and
not-electron below 700 Mev/c, and the 2X2 identification matrix
P{i,j:pl1) is determined by averaging the muon and pion identification
probabilities according to the assumed muons/pion ratio. The analysis is
nouw performed in exactly the same way as for class A events. Since thé
probability of misidentifying a muon as an electron is large belﬁu 400
Mevsc, and depends very strongly on the quality of the TOF data, class B
events uhere the lou momentum track is belouw 400 Mevs/c are excluded from
the remainder of this analysis.

Figure 4.6 plots the calculated background to the e-p class B
events as a function of the assumed muon fraction. It varies smcothly
between 35 and 15 events as the fraction changes from 0 to 1, Thé
muonspion ratio for tracks above 700 Mev/c can be measured, and is
approximately constant at a value of .6 betwueen 700 and 1200 Mev/c.
Therefore, we use the background value calculated for a muon fraction of
.4, and give an extra systematic error of 5 events to account for this
extrapolation. The resulting background subtraction is 26%1.5:8.2.
events uhere the first error is statistical, and the second is
systematic obtained by adding in quadrature the basic 25% systematic
error from identification efficiency uncertainties with the systematic
error from the extrapolation. The corrected number of class B e-i
events is 98.%11.718.2 where the errors are statistical and
systematic respect%velv. Table 4.4 lists the number of measured and
real events, and the momentum averaged misidentification matrix

connecting them.
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TABLE 4.4

The number of measured and real class
B events, and the momentum averaged
misidentification matrix. n stands
for non-electron.

Type $Measured Identification Matrix #Real

{ee) (468+521.6) .765 .000 .047 .045 .000 .003) (585.1x528.6)
{ep) - (1243511.8) .000 .742 .053 .000 .043 .003) (132.2+515.5)
(ew) (162x512.7) L012 .073 .644 .001 .005 .040) (184.3+520.3)
(ne) (218+514.3) .041 .000 .003 .719 .0G00 .042) (233.6*520.9)
(nu) {265+516.3) .000 .040 .003 .000 .692 .050) (330.2*524.1)
(nw) {415*520.4) .001 .004 .038 .013 .079 .620) (610.1x533.7)

PN N PN S N

To determine the background subtraction in the subset of events in
a specific energy interval, the same background procedure is applied.
Tahle 4.5 1ists the number of detected e-p events and the background

subtraction by center of mass interval.

TABLE 4.5

The number of measured e-p events
and calculated backgrounds for
specified center of mass energies.

Interval Detected Events Background Subtraction
(Gev) Class B Class A Class B Class A
3.85-4.25 224,7 23%4.8 4.020.6*1.2 3.220.630.8
4.25-4.65 2324.38 275.3 3.420.6£1.0 3.1:0.6%0.8
4.65-5.05 12+3.5 25+5.0 2.8%0.5%0.9 3.620.6%0.9
5.05-5.45 37%6.1 89+9.4 9.420.9%3.0 17.%1.3%4.1
5.45-6.35 7*2.6 12+3.4 1.7%0.420.7 2.6%0.5%0.6
6.35-6.86 23%4.8 51x7.1 4.620.6%1,2 6.5:0.8%1.6

Total 124*11. 227%15. 26.0%1.5%48.2 35.6%1,99.1

4.7 ACCEPTANCE:

The acceptance for detecting preduced e-u events has been
determined using the full monte carlo simulation program. The muons
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system monte carlo simulation.routines accurately calculate the muon
identification efficiency, while the shower counter simulation uses a
loock up table of measured idgntification and misidentification
efficiencies., Figure 4.7 plots the measured acceptance as a function of
the center of mass energy.‘ The energy dependence is mainly a function

of the muon system momentum threshald.

4.8 RADIATIVE CORRECTIONS:

The actual tau production cross section {oprod) has

contributions both from the lowest order expression given in equation
(2) and from higher order terms. Because the louest order expression
accounts for nearly all the production and has such a simple form, it is
customary to keep this expression for the cross section and multiply it
by a small correction term (§) to correct for the higher order
contributions:

Cprod = 0g(1+6) (6)
To calculate 6, we use the result of Bonneau and Martin' given in

equation (9)

£
2
5 = Eggg_%%+(21n(2iz/m,)—1)[%+f %‘-[(1— %+§%2)0—‘({5%)fg3)——1]]§ (9

0

where the integral includes corrections for initial state radiation and
runs over the phase space of the emitted photon. oy is the point

cross section, E is the beam energy., S and S, are the center of mass
energy Wwith and without radiation (S=4E(E-k)), and €(S) and €(Sg)
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are the detection efficiency with and without radiation. The threshold
in the tau production cross section cuts off the integral at a point
Kkmx=E{1-4m?/8). The detection éfficiency €(S) was measured

by generating monte carlo events which had photons emitted by either the
electron or positron along the beam axis. Figure 4.8 plots

€(8)/e(Sy) as a function of k/kymx for several center of

mass enhergies. The decrease in the detection efficiency for large k is
mainly a function of the muon sysitem momentum threshold. Linear
interpolation betueen these values was performed to estimate the
efficiency at intermeadiate energies. The resulting correction (&) is
nearly independent of the center of mass energy, ranging from 4.9% at
4.0 Gev to 5.6%4 at 6.6 Gev. This correction effectively increases the

number of produced %tau pairs over that calcutated with the lowest order

cross section.

4.9 DETERMINATION OF BRANCHING RATIO PRODUCT:

Assuming all produced e-p events arise from tau decays, the
branching ratio product BgBy can be determined from equation (3).
After applying radiative corrections, making background subtractions,
and correcting for the 1.6% loss from spurious photons, the result is:

BeBy = .032%0.00210.004 (10)

where the first error is statistical, and the second is systematic
obtained by adding in quadrature the systematic errors in the background
subtraction, 6% error for the integrated lumineosity, and a 10% error in
the calculated acceptance, Assuming the theoretical value for the ratio
of the branching fractions, By/Be =.973. the individual branching
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ratios are

Be .18120.006x.011 (H1a)

.176x0.006.011 (11b)

Bu

Assuming the value for the branching ratio product given in (10),
the shape of the measured cross section can be compared to the point
cross section of equation (3). Figure 4.9 plots the ratio of the number
of detected e~p events (after background subtractions} to the number
expected from equation {(3) for the 6 center of mass energy intervals.
Alternatively, if we assume the middle value in the range of theoretical
predictions for4the branching ratic product, BBy=.029, the data
shoun in Figure 4.10 resuit. The measured cross section is consistant

with the spin 172 point cross section.

References:

1.) 6. Bonneau and F. Martin, Nucl. Phys. B27:381 (1971).
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Chapter 5
A Search for Radiative Tau Decays
5.1 INTRODUCTION:

The search for particles which undergo radiative transitions to onpe
of the knoun leptons has been long and fruitless. In particular, the

search for the electromagnetic decay of the muon (1) has been se

Bo~=)e + ¥ )

refined that an upper limit of 1.1x10-19 has been set on the
branching ratie for this process.! In this chapter, we present the

analysis of a search for the radiative decays of the tau lepton (2).
T -=>ut v T -=) e+ 7 (2)

As it requires little effort to enlarge the scope cf the search to all
states whose mass is within the limits determined by the center of mass
energy, we will include the results of the general search herein and
witl refer.to such states as ”excited leptons”. We will assume the

excited leptons are pair produced (3) so that each lepton is generated
efes -=) L** 4 L*- (3)

with the beam energy. The discussion will focus on the radiative decays
of the tau but will expand to include the general case of pair produced
excited leptons uhere‘nécessary.
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The method of analysis will be to search for structure in the
invariant mass plot of all lepton-photon ccmbinaticons uwhich satisfy
certain background removing cuts detailed in the text. The data sample
covers the center of mass energy range from 3.9 to 6.7 Gev with an

integrated luminosity (see Figure 5.1) of 17,000 inverse nansbharns and

contains 48,000 produced tau pairs.

5.2 EVENT TOPOLOGY:

Experimental studies of the tau have verified that its major decay
modes are those predicted by standard weak interacticn theory,? and
have determined an upper limit near the 1% level for either radiative
decay br;nching fraction. Therefore, we will search for radiative tau
decays assuming the other tau from the producéd pair decays via a
standard channel. Because more than 70% of all standard mode decays
have only 1 charged particle in the decay products, the evenf topology
we use in the search are 2 prong, total charge zero events with 1 or
more photons (4).

ete ;—) 140-) 4+ X=¢4) 4+ ¢ + (20 neutrals) (4)

To reduce the contamination from beam-pipe or beam-gas events, the
reconstructed vertex of the tuwo charged prongs must lie within a
cylinder 16 cm long with 8 4 cm radius centered around the interaction
region. To eliminate mis-measured tracks, the vertex finding algorithm
must use both tracks, and the chi-square from the vertex fit must be
less than 100. A minimum momentum cut of 100 Mev/c is applied to the
charged tracks to insure a well defined cutoff in the detectors response
to lou momentum tracks. |
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The kinematics of a tuwo body decay are extremely simple. In the
tau’s rest frame, the decay products recoil with fixed momenta, and if
we ignore any alignment of the tau, the fixed energies yield a uniformly

populated distribution in the lab with limits given by equatien (5).

max
ECYI™IN = S5Epcam(15B4au) (1-(my/miay)2) ' (5a)
qu mgx
EQlepton)™ID 5 E(¥)™MIN &+ Epaam(mi/mesyd? (5b)

The invariant mass of the photon-ieptan system is calculated using
the energy of the photon and lepton, and the angle between them as given
by equation (8).

m = [my2 + 2E(¥)(E; - PicosH))1/2 (6)
The resclution in this measurement is dominated by the photon energy
resolution and is on the order of 100 Mev/c2. Since the tau is pair
produced, the sum of the energies of its decay products equa?s the beam
energy, and this constraint can be used to improve the resolution of the
invariant mass measurement.

The proper realization of the beam constraint adjusts both the
measured photon and lepton energies depending on their relative
measurement errors, but in practice is nearly identical to the straight
replacement of the photon energy with Ep(Y)=Epesm—E(Tepten). 1In
this case, the contribution to the invariant mass resolution from
measurement errors in the lepton momentum is given by (ignoring
secondary lepton masses) Equation (7).

Am = .Smtzul 17E1-1/(Epeam—E1) JAE]
A€y = .01E1.52+E;2
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The error becomes large uwhen the lepton energy approaches the beam
energy as can be seen in Figure 5.2. Here we shouw the mass resolution
as a function of x = E{lepton)/Epeam for three beam energies. 1f the
correct constraint procedure is applied, the resolution levels off as x
approaches 1 at a value reflecting the photon energy resolution, but it
is so poor that this kinematical region is useless. Consequently,
lepton-gamma combinations where x is larger than .77 are rejected.

In the allowed x region, the error in the predicted photon energy
is small relative to the error in the photen energy measurement.
Therefore, a cut on the chi-square of the 1 constraint fit is equivalent
to a cut on the photon energy resolution D

D = |Ep~Enl7Ep £8)
where Ep and Em are the predicted and measured photon energy. To a
good approximation this variable is normally distributed with a sigma of
.13/JEplGev). In Figure 5.3a, we show the measured distribution in
Z=DJE} for all muon-photon candidates satisfying the-above cuts
along with a distribution calculated with the Monte Carlo. The signal
to noise ratio improves if a cut is made at a low value of Z but at the
cost of decreased acceptance. To balance these tuwo factors, we chose to
use only those photons which have Z less than .20. HNote that at this
stage, any signal is masked by the large background.

The same distribution is shoun in Figure 5.3b for all
electron-photon candidates. Bhabha events where one electron radiates a
hard photon in the material preceding the drift chamber satisfy the beam
constraint and constitute most of the signal that is observed.

The requirement that E(lepton)/Ehesm ¢ .77 is equivalent to
a cut on the predicted photon energy: Ep{(Y) >.23 * Epean-
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In conjunction with the photon energy resolution cut, these cuts greatly
reduce the random background from noise photens in the liquid argon

modules.

5.4 ACCEPTANCE:

We will now address the issue of the MARK Il”’s acceptance for
detecting both decay products from the radiative tau decay. Although
the proper analysis requires the full Monte Carlo simulation, a simple
discussion will reveal the essential factors.

First, there is roughly a factor of .75 to account for the normal
tau decay to one charged particle. Assuming no correlation betueen the
charged tracks from the two tau decays, the drift chamber solid angle
limits {.80%4gr) adds a factor of .64. Restricting ourselves to the
RB-7 decay, the muon system solid angle adds a factor {,50/.80) while
its lou momentum cuteff adds a factor which depends on the center of
mass energy. Considering the case ECM=5.2 Gev, uwe can estimate this
factor to be (.700-Eymim)/(g, ™ -g,min)=_82_ An addition factor of .88
arises from the cut on E(iepton)/Epgam.

At threshold, the tau is produced at rest, and the muon and photon
recoil in opposite directions. Given that we identify the muon, the
photon will be within the shower counter solid angle {except for the
cracks between the modules). As the beam energy increases, the opening
angle betueen the muon and photon decreases. For ECM=5.2 Gev, the
minimum opening angle is near 90 degrees and the average is net much
greater (see Figure 5.4). Therefore, requiring the photon to impact a
barrel module adds a factor uwhich is approximately the fraction of the
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polar angle intercepted by the shouer counters (i.e., .60)., The
detection efficiency is nearly 100% for these photons, and approximately
88% survive the resolution cut (Z ¢ .20). |
Putting all the factors together yields a 11% acceptance for
detecting the radiative decay 7-p+y at 5.2 Gev. In Figures 5.5
and 5.6 we plot, as a function of center of mass energy, the acceptance
calculated with the Monte Carlo to detect the muon and electron
radiative decays given the cuts specified above, The acceptance is
largest near the tau preoduction threshold (15% for electron case) and

steadily decreases as the center of mass energy is increased.

5.5 BACKGROUNDS:

If we now examine the measured lepton-gamma invariant mass
distribution, we discover a large background which greatly impairs the
sensitivity of the search., Figure 5.7 shous the invariant mass spectrum
obtained using the entire data sample With the addition of a 5 degree
acoplanarity cut appiied to the charged tracks. This cut is necessary
as the background from purely electromagnetic processes
{e.g. e*te »ete” or e*e~+Y) becomes extremely large as the
acoplanarity approaches zero. For example, the acoplanarity
distribution (;fter the cut at 5 degrees) for all 2 prong, total charge
zero events with at least 1 photon and 1 lepton (with
E(lepton)/Epeam ¢ .77} 1is shown in Figure 5.8a (b) for electron
(muon) events. Note there is a small signal from converted photons
which can be removed by requiring the coplanarity to be less than 175

degrees.

-94-



L e )
020 r . No Background Cuts
h :" .- All Cuts Included ]
0.15 |- )
g !
3 [ 1
§ 0.10 ]
p ‘.~
< g .-"h.__
°Iosl- -.-_----0--—-- -~
]
Y g S— . :

=
L+ ]
o

Pigure S.5. 7T ==Y acceptance as a function of center
of mass energy. The acceptance is shown with and without
the impositiocn of background cuts described in the text,

-95-



M ! - I ~ - L] M

! No Background Cuts
0.15 .' i All Cuts Included )

0.10

Acceptance

005 -

Pigure 5.6. T =-->pY acceptance as a function of center
of mass en2rgy. The acceptance is showo with and without
the imposition of background cuts described in the text.

~96-



1
L
r
-
4
L

v T v . v T v

e~y All Combinations

# Events/(25 Mev)
°

N | R I S IHIMH

1 2
(lep+7) Invariant Mass (Gev/c®)

Figure 5.7. Measured lepton-photcon beam constrained invariant
mass with no backgrcund cuts applied.

-97-



v ¥ v T v . — T v - T

¢+X+>0 y Events

p+X+>0 7y Evenls

Y

Arbitrary Scale

Ty

100 180
Acoplanarity (deg)

Figure 5.8. Charged track acoplanarity distribution for
events with at least one lepton (E(lepton)/E (beam) < .77)
and one photon.

-98-



O0ther cuts can be applied to reduce the background that arises from
several knoun sources. As purely electrqmagnetic eventg form the
largest contribution, we will first discuss a series of cuts designed to
reduce this background.

Electron pair, photon pair, and muon pair events dominate
electromagnetic processes at these energies. Processes which have 3
particles in the final state also have significant cross sections and
provide a large background to cur search for radiative tau decays. To
detine these events, the total 4 momenta of the tuwo charged tracks and
candidate photon is required to bhe consistent with the initial e+e-
state. 1If this consistency condition is tested by simply adding the
measured/4 momenta of the 3 particies, the poor photon energy resolution
allous only a weak test to be performed. The optimal soluticn is to use
a kinematic fitting program that takes all measurement errors into
account (ie, SQUAW), to determine the probability that the constraints
are satisfied:; and then to make a decision based on this probability.
This apprqaph yields the best mass resolutions, but a simpler algorithm
is used here.

The simple 4-momentum test can be rendered much more sensitive if
the measured photon energy is not used (ie, one constraint is used to
eliminate the photon energy). The following algorithm is based on this

idea:

1.) Momentum conservation requires that the momentum vectors
of the three final state particles lie in a plane.
Therefore, if 8 is the angle of the photon to the
plane defined by the charged tracks, use only those
photons with cos(8) > .98.
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2.) Using the measured charged track momenta and photon
position, calculate the photon energy which minimizes
the summed square error in the total energy and total
momentum constraints:

Ep(y) = .S(Ecn-Echarsed‘?charged'¢ ) (9

3.) Keep only those events whose measured photon energy is
consistent with the predicted energy (Z ¢ ,48).

4.) Substituting the predicted for the measured photon
energy, require the total energy of the three final

state particles to be within 12% of the center of mass
energy and the total momentum to bhe less than 400 Mev./c.

As an jllustration of the nature of the events which pass this
algorithm, in Figure 5.9 we shou for all puy candidates, the
distribution of the measured total energy of the three final final
particles relative to the center of mass energy.

Another source of background are lepton-lepton-gamma (i-1-¥) events
where one of the initial electrons has radiated a hard photon so that
the center of mass frame is no longer identical with the lab. We use
the fact that the initial state radiation (ISR) is most often emitted
along the beam direction to reduce this background. The algorithm is as
follous:

1.} I the invariant mass recoiling against the two charged
tracks and candidate photor is consistent uith zero
(lsquared massl{1.4 GevZ,/c*), the event is
considered a 1-1-v + ISR candidate.

2.) We then assume the recoiling mass is zero to calculate a
predicted eneray for the candidate photon and require
the predicted and measured photon energy to be
consistent (Z ¢ .48).

3.) Substituting the predicted for the measured photon
energy, calculate the momentum receiling against the
three particles, [f it is larger than 300 Mev/c and if
the cosine of its angle to the beam axis is greater than
.95, then the event is called an ISR 1-1-¥ event and is

discarded.
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Figure 5.10 shows the distribution in the cosine of the angle of the
recoiling momentum to the beam axis for events with at least one
electron after the 300 Mevs/c cut.

The tuo algorithms discussed above remove 65% of the p-7r
candidates and 45Z of the e-y combinations. However, there still
remains an excess of events which have the charged tracks and photon in
a plane. These events might be real events which failed the 1-1-%
algorithm for one of many reasons; for example, electron bremsstrahlung
in the pipe count or excessive fluctuations in the photon’s energy
measurement (perhaps due to shouer sharing, edge effect, or dead spaces
in the modute). Higher order electromagnet{c processes where a photon
is emitted along a direction near one of the charged tracks uill result
in planar events. In Figure 5.71a and 5.11b we plot the measured
distribﬁtion in cos{(8) for those Iepton—photon_candidatgs which
survive all the above cuts, and for compariscn, Figure 5.11¢c shous Monte
Carlo distribution for radiative tau decays at 5.2 Gev. We impose an
additional cut that cos(8) ¢ .998 to eliminate the excess background
with cos(8) near 1.

Photons created when an electron radiates in the material
preceeding the drift chamber cause another source of background which
can be easily eliminated. Although the measured invariant mass of these
combinations is near zero, higher mass backgrounds can be made'from
bremsstrahlung photons which combine with other leptons in multi-lepton
events. The opening angle distibution between photons and leptans in
our candidate sample is shoun %n Figure 5.12. There is a large
bremsstrahlung signal which can be removed by discarding all photons for
which the cosine of the opening angle betueen it and either charged
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track is larger than .986,.

Conventional tau pair events provide another source of background.
If one tau decays leptonically uhile the_other decays via the
rho-neutrino mode, the néutral pions from the decay of the rho produce
photons that can combine with the lepton to mimic a lepton-gamma signal.
Figure 5.13 gives an example of the pu~vy invariant mass spectrum
resulting from this process at 5.2 Gev. Monte Carlo calculations
indicate that 1% of the tau pairs which decay in this manner survive the
analysis cuts. Roughly one-half of this background can be removed if
photons which are used in reconstructed w%s found bv.the program
PIZERO (see section 7.4) are discarded. As can be seen in Figure 5.13,
the background is concentrated in a several hundred Mevsc? uide region
just below the beam energy. The data above 5.2 Gev does not contaminate
the invariant mass spectrum in the region near the tau mass, but will

provide a background for the general excited lepton search.
5.6 BRANCHING RATIO LIMIT FOR T-p+y:

With the addition of the cuts discussed above, ue ohbtain the
k=¥ invariant mass spectrum shoun in Figure $5.14. The spectrum in
the region near the tau mass is shoun With an expanded scale in Figure
5.15 along with the resclution function ocbtained with the Monte Carlo.
In Figure 5.5 we show as a functien of the center of mass energy, the
acceptance calculated with the Monte Carlo program with all background
cuts inciuded. The acceptance is defined to be the fraction of
generated Monte Carlo events uwhich survive the analysis cuts, and have a
k=Y invariant mass within 34 Mevrsc? of the tau mass,
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There is no evidence for the p-y radiative decay of the tau.
Using the measured luminosity and calculated acceptance, we can

determine an upper limit to the branching fraction as indicated in

equation (10)
BR ¢ P(#observed)/23o(E)LC(E)ACE) 890% ¢c.L. (102

E

where P(N) is the average for a Poisson distribution such that 90% of

the probability is for values larger than N. The mean acceptance,

averaged over the center of mass energy range with a weight function

proportional to the number of produced tau pairs, is 7.3%. Given that

the data sample contains 96,000 produced tau leptons, the single event

which lies within the 68 Mevs/c? wide region used to define the acceptance

determines the 90% confidence level on the branching ratic of the

radiative decay 71-u+v to be .055%.

There is no evidence in Figure 5.14 for any state that is produced
with the beam energy and decays to a muon and photon. The distribution
in the photon energy resolution for all events is shown in Figqure 5.16
and is consistent with the background distribution‘observed in Figure
5.3. Assuming the ”excited lepton” is pair produced with a cross

section proportional to the point cross section (113,
¢ = Ry*og 09=43.38(3-R2)/S nb (11)

and has a unit branching fraction to the p-y final state, we can put
an upper limit on the production cross section suppression factor

*_ To do this, we must determine the detectors acceptance and

Ru
resglution as a function of center mass energy over the excited lepton

mass range of interest.
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The invariant mass resolution varies according to mass and total
energy as shown in Figure.5.17 where--due to the non-gaussian nature of
the resolution function--ue define the resolution as the limits around
the central value uwhich contain 80% of the detected events. The
abscissa for the plot is the excited lepton mass divided by the beam
energy (m*=m/Epeam). Foar a given total energy, the resolution
remains approximately constant until the lepton mass approaches the beam
energy at which point it rapidly improves. For constant m*, the
resolution increases lineariy with the total energy.

In Figure 5.18 ue show the acceptance for detecting the decay
products from one produced pair as a function of m* and the total
energy. As m* approaches unity, the acceptance improves due to the
back-to-back recoil of the secondary lepton and photen. As m*
apprcaches zero, the events tend to be colinear. Thus they fail both
the acoplanarity cut and the requirement that the photon be out of the
plane of the charged tracks. For constant m*, the acceptance
increases slightly with total energy due mostly to the decreased
importance of the muen system momentum dependence.

In Figure 5.19 we shou the number of produced lepton pairs as a
function of lepton mass calculated using the point cross section and the
luminosity distribution for the data. The expected number of detected
lepton-gamma combinations can be determined by folding the acceptance
into the calculation and is shoun in Figure 5.20. For masses between .6
and 2.2 Gevs/c? ue would expect to detect approximately 8000 excited
teptons if they uwere produced with the point cross section and decayed
with with unit branching fraction to the p-¥ final state. For
masses belouw .5 Gev/cZ, the decreasing acceptance limits this uhile
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above 2.6 Gevs/c? only the high energy data contributes. The steep
sholder betuween 2.2 and 2.6 Gevsc? is a reflection of the threshold
function in the cross section and the large fraction of data with
ECM=5.2 Gev.

As observed in Figure 5.17, the mass resolution varies with the
total energy and excited lepton mass. MWhen appropriately averaged over
the energy distribution of the data sample, we cbtain the 80% resolution
shoun in Figure 5.21 as a function of mass. The discontinuity near 2.5
Gev/c? is also a product of the 5.2 Gev data. The average resolution
is aluay§ less than 45 Mev/c2. Therefore, if we plot the measured
invariant mass distribution in 25 Mev/c? wide bins, more than 80% of
the events from an excited lepton’s decay will lie within the three bins
embracing the lepton’s mass.

Using Figures 5.14 and 5.20, wue can determine an upper limit for
the cross section suppression factor Ry*:

Rp* £ P(#observed) (12)
Expected #detected events

In Table 5.1 we list, for various mass intervals, worst case values for
the 90% upper limit on Ry* obtained by dividing the 90% Poisson
probability for the largest sum of three adjacent bins within the mass
interval by the minimum expected number of detected events.

Within these intervals there are certain regions where the limits

are considerably better than the worst case values, but never better

than .0004.
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TABLE 5.1

Pair produced excited muon point cross section
suppression for various lepton mass ranges.

Mass Interval Maximum Bin 90% Confidence Level
(Gevs/e?) Sum Upper Limit on Ry*
.6-1.6 3 .0010

1.6-2.1 L} .0014

2.1-2.5 6 .0025

2.5-2.9 3 .0043

2.9-3.2 3 .0090

3.2-3.3 1 .0193

5.7 BRANCHING RATIO LIMIT FOR T-e+y:

We nouw turn attention to the search for the electron-gamma decay
of the tau. MWith the background cuts detailed in section 5.5 above, ue
obtain the invariant mass.spectrum shoun in Figure 5.22. The background
is nearly an order of magnitude uorse than what is ohserved in the
muon-gamma decay, and consists mostly of purely electromagnetic
processes uith 2 electrons and 2 or more photons in the final state. We
can impose additional cuts to reduce this background, but they are more
expensive in terms of reduced acceptance than the cuts previously
applied,

It was observed in Figure 5.8 that the charged track acoplanarity
distribution in electron-gamma candidate events is sharply peaked
towards small values. Figure 5.23 shous the acoplanarity distribution
for all events'used in Figure 5.22. By imposing a more stringent cut of
28 degrees on the acoplanarity, we can eliminate nearly 2/3 of the
events.

For those events which remain where the oppositely charged track is
unambiguous identified, more than 95% are identified as electrons.
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Therefore, requiring that the opposite track not be identified as an
electron will remove an additional 604 of the background events.

With these two additional cuts, the e-y mass spectrum shoun in
Figure 5.24 is obtained. The mass distribution near the tau mass is
shoun with an expanded scale in Figure 5.25 along with the resocliution
function calculated with the Monte Carlo. There is no evidence for the
e-y decay of the tau. The calculated acceptance (including all cuts)
is shown in Figure 5.6 as a function of the center of mass energy. The
mean acceptance, averaged over the total energy with a weight function
proporticonal te the number of produced tau pairs, is 6.3%. Given the
one event in Figure 5.25 within the 68 Mev/c? interval used to define
the acceptance, the 90% confidence level upper limit on the branching
fraction for the decay rt-e+y is .064%.

We can determine upper limits on the production cross section
suppression factor R for pair-produced excited electrons
in exactly the same way that upper limits on Ry* uwere set in
section 5.6. However, the requirement that the opposite track
not be identified as an electron must be dropped. This
leads to the e-¥ mass distribution shown in Figure 5.26.

The expected number of detected e-r events {showun as a function
of the excited lepton mass m* in Figure 5.27) is less than

the excited mucen case due to the tighier acoplanarity cut. The
average e-y mass resolution is werse than the p-r mass
resclution due to electron bremstrahlung. Therefore, we must
increase the acceptance window from three to four 25 Mev/c?
bins. Table 5.2 lists the resulting 90% confidence level
upper limits on Rg* for varicus mass intervals.
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TABLE 5.2

Pair produced excited electron peoint cress section
suppression for various lepton mass ranges.

Mass Interval Maximum Bin 90% Confidence Leve!l
(Gevsc?) Sum Upper Limit on Rg*
.5-.6 0 .0014
.6-.8 3 .0027
.8-1.0 5 .0023

1.0-1.3 8 . 0025

1.3-2.0 22 L0041

2.0-2.3 15 .0030

2.3-2.5 16 .0051

2.5-3.0 10 .0096

3.0-3.2 1 L0039

3.2-3.3 0 L0110

References:
1.) J.D. Bowman et al., Phys. Rev. Lett. 42:556, (1979),

2.) C.A. Blocker, Ph.D. Thesis, LBL Report LBL-108981 (1980).

-127-



thapter 6

A Search for the Decay Tau --)> 3 charged leptons

6.1 INTRODUCTICON:

Another test of the sequential lepton hypothesis is to search for

the decays listed in (1) which violate lepton number conservation:

Toeete”, ropete”, Toeptpt, Touptp- n
Analogous searches for the three electron decay of the muon have been
conducted (2)

pseete- (2)

and have yielded an upper limit of 2x10°® on the branching fraction
for this decay.! In this section we report on an analysis of a
search for the three charged lepton decays cof the tau. Previous
experiments have determined an upper limit of .6% on the branching
fraction for these decays?, and given the improved lepton
identification capabilities of the MARK Il and our large data sample,
these limits can be considerably strengthened.

Evidence for the decays will be found in the invariant mass
distribution of all 3 chargedvleptﬁn combinations in the data sample.
Acceptance limitations, however, force us to also use combinations which
have‘only 1 or 2 leptons identified. The data sample contains 48,000
produced tau pairs and is the same sample used in the search for

radiative tau decays (see section 5.1).
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6.2 EVENT TOPOLOGY:

Experimental studies have confjrmed that over 70% of tau decays
have one charged particle in the decay products. Therefore, in the
search for the three charged lepton decays of the tau, we use all 3 and
4 charged prong events which have a total charge between =1 and 1, and
which have one or more tracks identified as an electron or muon. No
restrictions are placed on the number of neutral particles in the event.
At least 3 of the charged tracks must form a vertex located within a
cylinder 16 cm long and 8 ¢m in diameter centered about the interaction
region. To insure a weli-defined momentum cutoff, all tracks used in
any invariant mass calculation must have a momentum larger than 100
Mevsc and must originate in the event vertex. Corrections are made to
the measured track momenta to account for the energy lost in traversing

the material in front of the drift chamber.
6.3 IDENTIFIED LEPTON REQUIREMENTS:

The MARK II’s acceptance to detect and jdentify all 3 leptons from
any of the four tau decays listed>in (1), is small and decreases as the
number of muons in the decay increases. Thus, we are forced to alse
consider 3 charged track combinations where only one or two tracks are
identified as leptons. The background from random combinations
increases with the number of unidentified tracks. Therefore, the
contribution to each of the 4 decays from combinations where 1, 2, or 3
leptons are jdentified, are accumulated separately so that those with
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the worst background can be discarded. For example, contributions to
the invariant mass distribution for the decay 7oep*pi- can be
from any of the following leptoen combinations:

exx, WXX, eux, Xui, euu (33
where x represents a particle which was not identified as a lepton.
Note that the eleciric charges of the particles are relevant. The
combination exx can contribute to the decay only if x(1) and x(2) have
opposite charges. If in the combination nxx, both x(1) and x(2) have
the opposite charge from the muon, we will use only the combination

which has the best chi-square for the beam constrained fit (see belouw).
6.4 MASS RESOLUTION AND THE BEAM CONSTRAINED FIT:

Given the measured 3 momentum and a mass hypothesis for each
charged track, the invariant mass of the three charged track combination

is calculated from equation (4).
m = [(FE;)2 - (Fp{)2]1/2 (4)
i i

The resolution in this measurment depends on the center of mass
energy and the number of electrons in the decay. For the 3 muon decay,
the resolution is typically 20 to 30 Mev/c?, but it is several times
worse for the eee decay. This can he improved by a factor of 2 to 3 if
the fact that the tau is produced with the beam energy is used to
correct the measured track momenta. If A4E is the difference betueen

the beam energy and the measured total energy of the 3 particles,
8E=Ebeam - ZEi (57
1
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and dE; is the expected measurement error in the energy of particle
{1), then the energy of particle (k) is adjusted toc satisfy

Ex’=Ex+aE(dER )2/ (dE;7)2 (6>
1

The chi-square of the fit is proportional to AE2. Thus, requiring
the fit have a good chi-square is equivalent to the requirement that
4E be small. We implement this restriction by only considering those

combinations uhere

A<Z sg‘Ei/Eb,am < 1.03 7
A(uup)=.97, Aleup)=.96=A(pee) A(eee)=.95
Figure 6.1 shows the measured Z distribution for all 3 muon candidates
along with a Monte Carlo prediction for 7-opup at 5.2 Gev. 1In
Figure 6.2 ue plot the bhedm-caonstrained fit resalution function for

both the 3 muon and 3 electron decays at 5.2 Gev.
6.5 BACKGROUNDS:

There are many different sources which contribute background to
this search; for example, electromagnetic events, hadronic events where
pions are misidentified or decay to muons, converted photons in hadronie¢
events, semi~leptonic decays of charmed particles, and tau events. A
few of these sources can be easily discriminated against, especially
those which produce events with 3 or 4 detected leptons.

Listed in Table 6.1 are the number of 3 or 4 prong events in the
data sample as a function af the number of identified muons or electrdns
in the event. There are no 4 muon or 3 muon events detected, but many
events with 3 or 4 electrons are seen.
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search.

The -monte carlo calculation is alsoc shown.
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TABLE 6.1

The number of 3 or 4 prong events
listed according to the number of
detected muons and electrons.

e O 1 2 3 4
#n
i -- 9809 4059 1181 81
1 2477 392 27 1
2 192 40 3
3 0 0
4 0

Converted photons in both electromagnetic and hadronic events
provide the largest single source of multi~lepton events. Therefore, uwe
discard all events in which a converted photon is found. Table 6.2

shous the effect of including this cut.

TABLE 6.2

The numbher of 3 or 4 prong events

listed according to the number of

detected muons and electrons after
removing converted photons.

e O 1 2 3 4
R
0 -- 8913 2729 574 8
1 2437 376 17 0
2 175 37 1
3 0 0
4 0

Most 4 electron events are either bhabha events, uhere one electron
radiates a photon in the pipe materyal which then converts, or e-e-v
events (8) where the photon has

ete"setey . yseter (8)
converted. Most three electron events are this same type except one
electron has not been identified or was not tracked. In converted
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bremsstrahlung Bhabha events, it is difficult for the tracking program
to accurately track the 3 electrons that emerge in such a narrouw cone
particularly at high energies. The fact that all the tracksrleave the
arigin nearly along a singlé axis provides a simple way to discriminate
against these events. By considering only the projection of the tracks
in the x-y plane, errors in the momentum reconstruction along the z axis
can bhe ignored with the added benefit of also tagging those events where
one of the incident electrons emits initial state radiation.

The following simple algorithm is effective in identifying these
multiprong ‘coplanar’ events: 1if the average of the cosine of the
coplanarity angle between one track and all other tracks in the event is
less than -.970, discard the event (see Figure 6.3). The effects of

this cut are illustrated in Table 6.3.

TABLE 6.3

The number of 3 or 4 prong events
listed according to the number of
detected muons and eiectrons after
removing converted photons and
coplanar events.

e 0 1 2 3 4
i
0 - 7714 881 129 3
1 2286 342 17 0
2 36 27 1
3 0 0
4 0

Several other observations can be made about Tables 6.1-6.3.
Although the above cuts reduce the number of 3 and 4 electron events by
a factor of 10 and the 2 eleciron events by a factor of 5, only 254 of
the single electron events are removed. Thus, most electrons in events
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with one identified electron do not come from converted gammas. The
caplanarity algorithm removed roughly 172 of the 2 muon events and a
considerable fraction of the two muon + one electron events. These
events are usually muon pair or cosmic events with a knock-on electron
as the third track. Most of the remaining p-w-e, p-p~e-e, and

e-e~i. events are consistent with the electromagnetic process listed in
{93,

ete” » eteptu- (9)
6.6 ACCEPTANCE:

We have calculated the detector’s acceptance using the Monte Carlo
program assuming twc different models for the matrix element for the
decay--invariant phase space, and a four fermion V-A type interaction.
The tuwo models yield very similar results with the V-A acceptance being
slightly larger. Iﬁ Figure 6.4 we shou, for both models, the acceptance
for the 3 muon decay as a function of center of mass energy. The
acceptance to detect the three charged tracks from any of the decays in
(1) is nearly the same, and is independent of the beam energy. Houwever,
the fequirement that one or more of the tracks also be identified
introduces a factor which depends on the beam energy. For example, with
a beam energy of 2.0 Gev, it is nearly impossible to identify all 3
muons from the 3 muon decay due to the 700 Mev/c muon system momentum
threshold. As the beam energy increases, the probability of detecting 2
or more muons is enhanced while the probability of detecting only one
muon decreases,

In Figures 6.5-6.7, ue plot the acceptance for the pee, epp,
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Pigure 6.4, Detection efficiency for the tau--> ppP
decay as a function of the center of mass energy.
Calculations for both invariant phase space and a ¥v-i
matrix element are shown for the different lepton
identification catagories,
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and eee tau decays calculated with the phase space Monte Carlo including

all analysis cuts.

6.7 BRANCHING RATIO LIMITS:

The measured invariant mass distributions for 3 electron
combinations with 1, 2, or 3 identified electrons is shoun in Figure
6.8. There is no evidence in the plot for the decay raéee. Figures
6.9-6.11 shou the equivalent plot for the other 3 decays: r-uee,

Toeup, and T-opup. Again, no evidence can be seen for the decay of
the tau to any three charged lepton combination.

Table 6.5 is a summary of the data for each of the 4 decays in the
search. In this table we list, subdivided according to the catagory of
identified leptons, the average acceptance for each decay, the number of
detected events within the 40 Mevs/c? region used to define the
acceptance, and the 90¥% confidence level upper limit on the branching
ratio. Within any single decay, the results from different sets of
identified lepton catagories are statistically independent as different
particle combinations contribute to each catagory. By adding the
catagories with the least background together, the overall lihit on the
branching ratios can be improved. rTable 6.6 summarizes the best limits

obtainable in this uway.
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TABLE 6.5

90% confidence level upper limit
on tau=> 3 charged lepton decays.

-ID Average #Detected Branching Ratio
Acceptance(¥) Events Upper Limit(%}

15.7 8 .086
4.6 0 .052
.28 0 . 86
5.4 9 .28
7.1 13 .28
.87 0 .28
5.8 0 .042
68 0 .35
1.5 4 .56
7.1 13 .38
3.4 0 .470
4.2 1 .10
1.7 0 14
5.8 24 .57
7.3 1 .056
2.8 0 .086

TABLE 6.6

90% confidence level upper limit
on tau-> 3 charged lepton decay
obtained by adding different
lepton-id catagories,.

e ] Average #betected Branching Ratio
Acceptance(%) Events Upper Limit(%)
4.9 ¢ .049
—el 7.3 0 .033
-pnee 9.3 1 .044
10.1 1 .040
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Chapter 7

A Search for Charged Lepton+Neutral Hadron Tau Decays

7.1 INTRODUCTION:

The unconventional tau decays discussed in chapters 5 and 6, i.e.,
the lepton-photon and 3 charged lepton decays, are analogs to the
sequential lepton-number violating decays of the muon listed in (1).

u-rey i-reee (1
In fact, the non-observation of these muon decay modes played an
important rote in the development of the concept of electron énd muohn
lepton-number conservation. As the muon is lighter than the lightest
hadron, simple energy conservation rules out any muon decay modes
containing a hadron, whether or not they violate lepton number
conservation such as

B ==> nl+e (2]

But the large mass of the tau removes this restriction, and we can
imagine many decay modes besides those discussed in chapters.5 and 6
which are forbidden by the sequential lepton model. In particular, a
search for the electron(or muonl)+neutral hadron decay of the tau can
provide angther test of the sequential lepton hypothesis.

In this chaptér we report on a search for the lepton+ neutral
hadron tau decays listed in (3).

AP ESRARPEY L 1ze, 1 han, K, p (3
Al though these are two body decays, the hadrons are short-lived and can
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be measured only by detecting their decay products. The rho is
reconstructed using the charged pions from its w*nr~ decay. As

its large width allous only a loose mass cut to be made, the analysis is
very similar to the 3 charged lepton decays discussed in chapter 6. The
neutral kaon is reconstructed from the 2 charged pion decay of its
short-lived component. The fact that the kzero can travel an
appreciable distance from the interaction region before decaying, and
the kinematic constraint provided by its narrow width requires a maore
detailed analysis to be made but results in an improved signal te
background ratio relative to the rho-lepton decay. Photons detected in
the liquid argon barrel modules are used to reconstruct neutral pions.
The shower counter detection efficiency and limited solid angle restrict
the acceptance, resulting in a reduced sensitivity for the charged
lepton+pizero search.

The data sample, containing 48000 produced tau pairs, is the same
used in the previous analyses {(see Figure 5.1). The event topology used
in the rho-lepton and kaon-iepton search is the same as that used in the
three charged lepton decay search (except for one vertex cut in the kaon
analysis), while the topology used in the pizero-lepton search is the
same as that used in the lepton-photon search except that we require at
Teast tuwo photons to be detected in the event., Other similarities exist
between this analysis and the previous ones, and we shall make many
referances to material previously presented.

The remainder of this chapter is divided into 3 sections. First ue‘
will discuss the search for the rho-lepton decay of the tau, followed by

the kaon-lepton and pion-iepton searches.
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7.2 SEARCH FOR THE DECAYS T-2e+p AND 1op+p

The search for the rho+charged lepton decay of the tau is very
similar to the 3 charged lepton analysis discussed in chapter 5 for the
case of the uxx and exx lepton identification categories. The same
event topology, background-removing cuts, and beam constraint technique
are used. Only three differences exist:

1.) The tuo x tracks are assumed to be pions and must have

opposite charge.

2.) To reduce the background a tighter cut is applied on the measured
total energy of the three tracks (Z=(E(lepton)+E(n*)}+ E(7"))/Eheam)-
In the previous analysis, a rather loose cut was used to maximize the
acceptance, and it did not change with the center of mass energy.
Because of the severe background (the puxx and éxx events produced very
poor limits which were easily superseded by the other lepton
identification catagories), a tighter Z cut must be used. As the
resolution in Z changes with the beam energy, the cut is now made to

vary with the total energy as shouwn in Equation {4).

Xx=(ECM-4.0) Gev
w=p: .975(1-.0038x) ¢ Z ¢ 1.025(1+.0038x) (4a)

e-p: .975(1-.0038x) ¢ Z ¢ 1.020(1+.0038x) (4b)

The cuts were determined using the Monte-Carlo simulation program and
are a compromise between maximizing the acceptance and limiting the
background. The p-p cuts (4a) were chosen so that a constant
fraction (90%) of the signal events are accepted. Because the e-p
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background is worse, a slightly tighter 2 cut was chosen (4b) to improve
the signal to background ratio. Figure 7.1 shous the measured 2
distribution for thé u-{n*nw~) and e-(w*n{ab) candidate

events along with a Monte-Carlo prediction for tau decays at 5.2 Gev for
comparison purposes.

3.) The invariant mass of the two pions must be consistent with the rho
mass. In Figure 7.2 uwe plot the measured 2 pion invariant mass
distribution for all p-(nw*n~) candidate events passing the

total energy (Z) cut along with the Bright-Wigner distribution expected
for the rho (mass 785 Mev/cZ, width 110 Mevsc2). A small rho signal

is seen, and to maximize the signal to background ratioc, the w*nw~
invariant mass is required to be within 100 Mev/c? of the rho mass.

The beam-constrained rho-lepton invariant mass distributions
obtained after applying the above cuts are shown in Figures 7.3a and b
for the u-p and e-p candidates. We see no evidence for the decays
T1+p or T12e+p nor do uwe ohserve any evidence for pair
produced states decaying to a rho and charged lepton at any other mass.
Figure 7.4 displays the invariant mass plots on a finer scale near the
tau mass along with the expected resolution function for
12p+charged lepton decays at 5.2 Gev.

The acceptance {using those events within 20 Mevs/c? of the tau-
mass) has been calculated with the Monte carlo simulation pregram
and«-averaged over the center of mass energy range represented by the
data sample--is 5.5% for the 7ou-p decay and 6.5% for the
tse~p decay. Given that no W-p events are detected within the
acceptance windou, the 90% confidence level upper limit on the branching
ratio for the decay toutp is
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Figure 7.1, Measured sum of particle energies divided
by the beam energy for ymwirrand eWW combinations. The
curve shows a monte carlio calculation for BCX=5.2 Gev.
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BR £ 2.3/(96000%_055) =.044% - (90% cL) (5)
There are also no e-p events detected within the acceptance window.
Thus the 90% C.L. upper limit on the branching fraction for the decay
Tre+p is

BR £ 2.3-/(96000%.065) =.037% (90% cLa (6)

7.3 SEARCH FOR THE DECAYS T-e+K® AND rt-p+K°:

The search for the charged lepton + neutral kaon (kzero) decays of
the tau is somewhat more involved than the rho+charged lepton search.
When produced, the neutral kaon exists as an equal fraction of a
short-lived (ct=2.7 cm) and a long-lived (ct=1554 c¢m) component.

Al though the long-lived compenent uill escape the drift chamber before
decaying, the short lived one can be detected via its mw*nm- decay

mode {branching fraction = 68%). Although the net acceptance for the
kzero+charged lepton decay will be reduced over the rho case by a factor
of .34, the fact that the kaon decay vertex is most often located away
from the primary vertex can be used to significantly reduce the
background. MWe c¢an no longer, however, demand that the two pion tracks
originate in the primary vertex. But all the other vertex, topological,
and background removing cuts used in the 3 charged lepton tau decay
search are retained.

The narrow width of the kaon allows an additional constraint to be
applied to the measured pion track parameters, but wWe will see that this
results in only a negligible improvement (3%) in the tau mass
resolution. The algorithm uhich reconstructs neutral kaons from drift
chamber tracks is discussed belou.
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7.3a) Neutral Kaon Reconstruction Algorithm:

The kzero reconstruction algorithm is straightfouard and yields a
relatively clean kaon sample. MWe expleit the fact that in the uniform
magnetic field of the Mark 11, the charged particle trajectories
projected in the X-Y plane are circles. The decay vertex is located at
one of the tus points where the circles intersect, and the invariant
mass of the twe tracks, calculated.uith the momenta measured at the
decay vertex (not the point of closest approach to the interaction
region) is--within errors--the kaon mass. Specifically, tuo tracks will
be called a neutral kaon if they satisfy the following conditions:

1} The tracks must be oppositely charged, and must not be identified as
electrons or muons.
2} The "overlap” of the tuwo projected circles is defined as the distance
betueen the two circle centers minus the two c¢ircie radii. If the
overlap is negative, the two circles do not intersect so the vertex is
taken to lie between the circles along the line joining their centers.
Otheruise the circles intersect in tuwo peoints (vertices). Ideally the
overlap is non-negative, but measurement errors can result in negative
values. 0Only track pairs with an overlap betueen -1.0 and 300 cm are
considered.
3)The vertex (or vertices) must satisfy several conditions:
a) The z coordinates of the two tracks atithe vertex can
be no further than 16.5 cm apart.
b) The kaon half Tife and momentum spectrum imply a
maximum useful distance of the vertex from the
interaction region. Onl!y vertices whose radial
distance from the interaction region (Ryy) is less
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than 30cm are used.
c¢) As the kaon is assumed to come from the primary

vertex, its line of flight should point back to the

interaction region. Only those vertices are used for

which the distance of closest approach between the

radial line of flight (determined by the net momentum

vector) and the interaction region is less than .60

cm. If Ryy is greater that 1.5 em, the vertex must

lie on the same side of the interaction region as the

net momentum vector.
I1f both vertices pass the vertex cuts, it is ambigious which vertex is
the real one. Since the reconstructed kaon 4-momentum is the same at
each vertex, the main reason to determine the correct vertex (aside from
dedx loss corrections) is that the vertex position provides a useful
background cut. Since most of the background fo the kaon signal comes
from tracks which originate (and cross) in the interaction region, if
baoth vertices pass the cuis, uwe choose the vertex closest to the
interaction region so as not to diminish the effectiveness of the vertex
position cut.
4) The tracks are corrected fﬁr dedx losses in the detector material
depending on Ryy.
5) Figure f.Sa shows the dipion invariant mass distributien for a sample
of candidate tracks. The kzero mass resolution (sigma) is roughly 6
Mev/¢c2. Only those pairs with a mass within 18 Mevs/c? of the kaon
mass are retained.
6) At this point a large background from random track combinations with
vertices near the interaction region remains. Figure 7.5 shous the
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Rxy distribution for the candidate sample. Much of the background
can bhe eliminqted by requiring Ryxy te be greater than .8 em. This
results in an additional inefficiency (f) given approximately by
Equation (7), uhich is Yargest for Tou momentum kaons but is
f=1-exp(-Ryymin(cm)/(4,6P(Gev/c)) (7)
unimportant here as the desired kaons arise from a tuwo body decay of the
tau. The loss induced by this cut ranges from 12% at 4.0 Gev to 9% at
6.6 Gev. Figure 7.5b displays the kzero mass distribution after
appliying this cut but prior to the kzero mass cut. The overall
efficiency for this algorithm to call a pion pair (from a kzero+charged
lepton tau decay) a neutral kaon is approximately 75% if both tracks are

detected in the drift chamber.

7.3b) Kinematic Constraints and the Tau Mass Resolution.

We now address the question of the kinematic constraints which
exist for the kzero+charged lepton tau decay and the effect on the tau
mass resclution of fitting the events so as {o satisfy these
constraints. The beam energy constraint applies as befere although the
Z cut (Z=E{(1total)/ELeam? must be made looser bhecause the
momentqm rgsolution is degraded for tracks which do not eriginate near
the interaction region. In Figure 7.7 uwe shou the Z distriﬁution for
all u-K® and e-K° candidates. Only those candidates which survive

the 2 cut ]isted in Equation (8) are used.

x=(ECM-4.0) Gev
u-K9: .960(¢1-.0077x) ¢ Z (£ 1.040(1+.0977x) (8a}
e-K%: L950(1-.0077%) ¢ Z € 1.0840C1+.0077x) (3h)
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These cutls were determined using the Monte-Carlo simulation program and
are looser than the rho-lepton decay cuts both because the resolution is
poorer, and because the background is much reduced due to the kzero
requirement.
For those candidates which pass the Z cut, we can apply the beam

~constraint technique to improve the lepton-kaon mass resolution as
discussed in section 5.4, Figure 7.8 shows the resolution function for
tau decays at 5.2 Gev measured with the Monte Carlo both before and
“after applying the beam constraint. The constraint improves the mass
resolution {sigma) from 22 Mev/c2 to 8.7 Mevsc?,

The events can alsa be fit to force the two pions in the decéy to
have an invariant mass equal to the kaon mass. Houever, this improves
the tau mass resolution only marginally as can be seen in Figure 7.8
where wWwe have also piotted the resolﬁtion function. after applying just
the kaon mass constraint, andlafféf applying both the beam-energy and
kacn mass constraint in a 2-¢ fit. The addition of the kaon mass

constraint impreoves the resolution by oniy 3%.

77.3c)_Limits‘on 7*u+K°‘and 1>e+K® Decays:

The constrained K°%-p and K®-e ihvériant hass distributions
are shoun in Figure 7.9. The distributions contain no evidence for a
charged leptont+kzero decay of the tau or of any other particie in the
mass range accesible to this experiment. The acceptance for these
decays has been calculated using the Monte Carlo simulatien program, and
averaged over the center of mass energy range represented by the data
sample, is 2.4% for the p+K? decay and 3.1% for the e-K® decay of
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the tau. Given that no p-K® events are observed which have an
invariant mass within 20 Mev/c? of the tau mass, we can set a 90%
confidence level upper limit on the branching fraction for the decay
Tou+K® of

BR £ 2.37/(96000%.024) =.10% (90% cL) A (9]
The single e-X° event observed in the 40 Mev/c? acceptance windou
determines the 90X ¢.L. upper limit on the branching fraction for the
decay 7e+K? of

BR £ 3.9-/(96000%.031) =.13%4 (96% CL) 10)

7.4 SEARCH FOR THE DECAYS Top+m® AND Toe+q0:

The final charged tepton+neutral hadron tau decays we shall discuss
are the r-p+1? and 7oe+n® decays. This analysis is in
many ways similiar to that of the search for the charged lepton + photon
decay discussed in Chapter 4. A subset of the events used in that
analysis are used here-- 2 opposifely charged, acoplanar (>5 deg} tracks
which originate in the interaction region, one or more of which is
identified as a leptoh, with 2 or more photons detected in the liquid
argon barrel! modules --and is therefore subject to the same sources of
background. The algorithms discussed in section 5.5 to eliminate events
of purely electromagnetic origin are also used in this analysis as they
have a negligible effect on the acceptance ({(2%) but reduce the
background significantly. Because the lepton-pizero mass resclution is
dominated by the photon energy resolution, the beam constraint technique
yields nearly the same mass resolution as existed in the radiative decay
search, and the inciusion of the pion mass constraint improves this
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somewhat. The acceptance is gignificantly smaller, houever, as the tuwo
photons from the decay must be detected, and the sensitivity of this
search is correspondingly reduced. MWe hegin by discussing the algorithm
used to reconstruct neutral pions from photons detected in the liquid

argon barrel modules.

7.4a m° Reconstruction:

The K° reconstruction algorithm