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Abstract 

Previous measurements of the branching fractions of the tau lepton result in a 

discrepancy between the inclusive branching fraction and the sum of the exclusive 

branching fractions to final states containing one charged particle. The sum of the 

exclusive branching fractions is significantly smaller than the inclusive branching 

fraction. In this analysis, the branching fractions for all the major decay modes 

are measured simultaneously with the sum of the branching fractions constrained 

to be one. The branching fractions are measured using an unbiased sample of tau 

decays, with little background, selected from 207 pb-l of data accumulated with 

the Mark II detector at the PEP e+e- storage ring. The sample is selected using 

the decay products of one member of the r+~- pair produced in e+e- annihilation 

to identify the event and then including the opposite member of the pair in the 

sample. The sample is divided into subgroups according to charged and neutral 

particle multiplicity, and charged particle identification. The branching fractions 

are simultaneously measured using an unfold technique and a maximum likelihood 

fit. 

The results of this analysis indicate that the discrepancy found in previous 

experiments is possibly due to two sources. First, the leptonic branching fractions 

measured in this analysis are about one standard deviation higher than the world 

average, resulting in a total excess of (2.0 zt 1.8)[r 0 over the world average in these 

two modes. The measured leptonic branching fractions correspond to a tau lifetime 

of (3.0 zt 0.2) x 10 -13 s which is slightly longer than the average measured tau 

lifetime of (2.8 rt 0.2) x IO-l3 s. Secondly, the total branching fraction to one - 

charged hadron plus at least one neutral particle is measured to be (7 4~ 3)% higher 

than the branching fraction expected from a combination of previous measurements 

and theoretical predictions. It is shown that decay modes involving the 7 are not 

expected to contribute more than 3% to this excess. 
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1 

1.1 THE TAU LEPTON 

1. Introduction 

With the discovery of the tau lepton L2j3 in 1975 at the SPEAR e+e- storage 

ring, the number of known families of leptons increased to three: the electron family 

( e-3 y,), the muon f amily (p- , up), and the tau family (r-, v~). The mass and 

lifetime of each of these particles is listed in Table 1.1. The electron is stable while 

the muon and the tau decay via the weak interaction as shown in Figure 1.1. In the 

decay of both the muon and the tau, a virtual charged intermediate vector boson 

(W*) materializes into fermion-antifermion pairs. Because the mass of the muon is 

less than that of the lightest meson (the pion), the muon cannot decay to final states 

containing hadrons. The mass of the tau, on the other hand, is more than twelve 

times as great as the mass of the pion. Therefore, in tau decay the IV* disintegrates 

into quark-antiquark pairs as well as leptons. Predictions of the coupling of the W 

to quarks and leptons are tested by measuring the branching fractions of the tau to 

semi-leptonic or purely leptonic final states. 

The production and decay of the tau lepton has been extensively studied at 

e+e- storage rings. Measurements of the total cross section, differential cross _ 

section, lifetime, and ratios of branching fractions agree well with the standard 

model. However, the sum of experimentally measured esclusiue branching fractions 

to final states containing one charged particle is significantly smaller than the 

measured inclusive branching fraction to final states containing one charged particle. 

Either the measured branching fractions are incorrect or there exist significant decay 
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Table 1.1. The known lepton families. 

family symbol mass lifetime 

name (MeV/c2) (seconds) 

electron e- 0.511 stable 

/ Ye <46 eV stable 

muon P-- 105.7 2.2 x 10-6 

+ < 0.5 stable 

tau r- 1784 2.8 x lo-l3 

VT < 70 stable 

modes for which the exclusive branching fraction has not been measured. 

In the next section, I discuss published measurements of inclusive branching 

fractions of the tau to one, three and five charged particles. I then review theoretical 

predictions for and published experimental measurements of branching fractions 

to exclusive final states. Only measurements from experiments at the PEP and 

PETRA storage rings, and from the Mark II and Mark III experiments at SPEAR, 

are reviewed. Results from early experiments at SPEAR are not included in this 

review since some of them are in clear disagreement with more precise measurements 

made by recent experiments. 

I then discuss the discrepancy which exists between the sum of exculsive 

branching fractions and the inclusive branching fraction to one-charged-particle 

final states. In the final section, I outline the philosophy of this analysis and the 

method which is used to solve the discrepancy mentioned above. 
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2-86 
5290A9 

Figure 1.1. Feynman diagrams for the decay of the muon and tau lepton. 
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1.2 INCLUSIVE BRANCHING FRACTIONS 

Since the tau lepton has unit charge it decays to an odd number of charged 

particles. The branching fractions of the tau to one, three and five charged particles 

have been measured in many experiments and the published results are listed in 

Table 1.2. The average over all the experiments is also listed for each branching 

fraction. * The world average for the inclusive branching fraction to one charged 

particle, Bl, is (86.8 & 0.3)%. Most of the remaining decays result in three charged 

particles. The recent precise measurements of the HRS and MAC experiments 

contribute most heavily to these weighted means. The branching fraction to final 

states with five or more charged particles is very small and has only recently been 

measured to be non-zero. 

In all measurements of the inclusive branching fractions, a sample of tau-pair 

events is selected based on criteria other than charged particle multiplicity. Then 

the produced multiplicity distribution is determined from the observed distribution 

by an unfold method. This method guarantees that Bl + B3 + B5 = 1. 

1.3 EXCLUSIVE BRANCHING FRACTIONS 

As mentioned above, the tau decays weakly to leptonic or semi-leptonic final 

states. According to the standard model of weak interactions, there are five 

diagrams for the decay of the Y which contribute approximately equally: two 

* To calculate the average, each measurement is weighted by the inverse of its 

squared error where the error is the quadratic sum of the statistical and systematic 

errors. 
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Table 1.2. Inclusive branching fractions to one, three, and five charged 
particles. For each measurement, the first error is statistical and the second 
is systematic. 

Experiment Bl B3 B5 

Mark II 4j5 (86f2fl)% (14 &2&l)% (0.16 zfi 0.08 1410.04)% 

CELLO 6 (84.0 &2.0)% (15.0 Ik 2.0)% (1.0 It 0.4)% 

CELLO ’ (85.2 31 1.9 zt 1.3)% (14.8 zk 1.5 It 1.3)% < 1.0% 

PLUTO 8 (87.8 $: 1.3 rtr 3.9)% (12.2 rt 1.3 -+ 3.9)% 

TASS0 g (84.7f l.l';$% (15.3 rt l.l:;:;)% < 0.7% 

TPC lo (85.2 310.9 31 1.5)% (14.8 xt 0.9 31 1.5)% < 0.3% 

MAC l1 (86.7 zt 0.3 ok 0.6)% (13.3 zt 0.3 rt 0.6)% < 0.17% 

HRS 12J3 (86.9 zt 0.2 It 0.3)% (13.0 zt 0.2 zt 0.3)% (0.13 5 0.04)% 

JADE l4 (86.lf 0.5 ztO.9)% (13.6 zt 0.5 ztO.8)% (0.3 ztO.1 Z!I 0.2)% 

DELCO l5 (87.9 & 0.5 rf: 1.2)% (12.lf 0.5 If: 1.2)% 

Average (86.8 zt 0.3)% (13.lf0.3)% (0.14 zt 0.04)% 

in which the W- couples to a lepton and its corresponding neutrino (e-p, and 

P-Q), and three in which the W - couples to a quark-antiquark pair (tide) in each 

of the three different colors. Therefore, the branching fractions for the leptonic 

decays r- ---) u,e-De and r- + y7~-~ are expected to be approximately 20% 

each. Semi-leptonic decays of the tau are expected to occur approximately 60% of _ 

the time. Experimentally measured branching fractions agree approximately with 

these crude predictions. 

More precise theoretical calculations generally predict the partial width for a 

particular decay mode of the tau lepton and not the absolute magnitude of the 

J *-,, / 
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branching fraction for that decay mode. The theoretical predictions for the ratios 

of decay widths agree well with the experimentally measured ratios of branching 

fractions. The branching fraction can be calculated from the partial width if the 

total decay width is known. Since the total decay width is inversely proportional 

to the lifetime, experimental measurements of the tau lifetime, combined with 

theoretical predictions of the partial decay widths, lead to predictions of the 

branching fractions. 

In the following sections, I review the theoretical predictions for decay widths 

by Y. S. Tsai, l6 and by F. J. Gilman and Sun Hong Rhie. l7 I also review the 

status of published measurements of branching fractions for each decay mode and 

compare these values with the theoretical predictions. 

1.3.1 Leptonic Decay Modes 

The decay width for r- ---) vre -i&, neglecting the mass of the electron, is given 

bY 

I+- 
G$mF 

---) ure-iie) = - 1927G ’ 

assuming the standard model with V - A coupling of universal strength at the 

7 - VT - IV vertex. The decay width for r- + v,e -t;ie can also be related to the 

tau lifetime through the branching ratio B(r- + y,e-n,): 

B(C + vre-De) = rr x JJ(r- -+ u,e%). 
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The published measurements of the tau lifetime are listed in Table 1.3. Although 

the early measurements do not contribute significantly to the weighted averagf, 

it is interesting to note the convergence to the present value from early longer 

lifetimes. Using the average measured lifetime of (2.80 XJX 0.20) x lo-l3 s and a 

tau mass of 1784MeV/c2, a combination of the above two equations results in 

B(r- ---+ vre-g,,) = (17.6f1.3)%. 

Table 1.3. Published measurements of the tau lifetime. Where two errors 
are listed, the first error is statistical and the second is systematic. 

Experiment 

Mark II l8 

CELLO lg 

Mark II 2o 

TASS021 

MAC 22 

HRS23 

Average 

lifetime (s) 

(4.6 AI 1.9) x lo--l3 

(4.73 x lo--l3 . 
(2.86 zt 0.16 AI 0.25) x lo-l3 

(3.18 “;*;; dz 0.56) x lo-l3 . 
(2.67 zt 0.24 zt 0.22) x lo-l3 

(2.8 31 0.4 If 0.5) x lo--l3 

(2.80 f0.20) x lo-l3 

Published measurements of B(r- + vTe-pe) are listed in Table 1.4 along with 

the event topologies used in each measurement. The average is dominated by the 

recent precise measurements by the MAC and Mark III experiments. The average 

measured value for B(r- + v,e-li,) and the measured tau lifetime agree very well 

with theory. 
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Table 1.4. Published measurements of B(r- + y,e-&). 

Experiment Branching Fraction Method 

Mark II 24 (17.6 zk 0.6 -+ l.O)% e - p final states, 

assumes e - p universality 

PLUTO 8 (13.0 zt 1.9 * 2.9)% e - X final states, X # e 

TASS0 g (20.4 &3.O‘_t;*;)% e - X final states, X # e 

CELLO 25 (18.3 rt 2.4 3.z ;.9)% e - X final states, X # e 

Mark III 26 (18.2 rfI 0.7 zt 0.5)% e - CL, e - e and p- p final states 

MAC 27 (17.8 zt 0.5)% e - p, e - 3 and p - 3 final states, 

assumes e - j.4 universality 

Average (17.9 It 0.4)% 

theoretical prediction (17.6 It 1.3)% standard model and rr 

Taking into account the mass of the muon, the standard model predicts 

r(r- + w-p,) 
l?(r- -+ v,e-De) 

=l-8y+8y3-y4-12y21ny=0.972, 

wherey = (z,,. Using th e measured tau lifetime, the predicted branching fraction 

is B(r- --+ u+-&) = (17.0 zk 1.3)%. 

Published measurements of B(r- + u+ -fir> are listed in Table 1.5 along with 

the event topologies used in each measurement. Again the average measured value 

for B(r- + u~~-Q) is dominated by the recent precise measurements by MAC 

and Mark III, and agrees very well with theory and the measured tau lifetime. 
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Table 1.5. Published measurements of B(r- + u+-Q). 

Experiment Branching Fraction Method 

Mark II 24 (17.1 zt 0.6 III l.O)% P- e final states, 

assumes e - j.4 universality 

PLUTO 8 (19.4 zt 1.6 rt 1.7)% j.4 - X final states, X # ~1 or 7r 

TASS0 g (12.9 It 1.75$% j.4 - X final states, X # j.4 

CELLO 25 (17.6 zt 2.6 III il)% p - X final states, X # j.4 

Mark III 26 (18.0 & 1.0 3~ 0.6)% p - e, p - ~1 and e - e final states 

MAC 27 (17.3 & 0.5)% p - e, p - 3 and e - 3 final states, 

assumes e - p universality 

Average (17.2 d.~ 0.4)% 

theoretical prediction (17.0 It 1.3)% standard model and r7 I 

1.3.2 Semi-Leptonic Decay Modes 

To determine the possible hadronic states to which the W* in tau decay can 

couple, it is necessary to know the quantum numbers carried by the charged current. 

Since the IV- has one unit of electric charge it will couple to the quark-antiquark 

pair zid with one unit of charge and one unit of isospin (I=l). Hence the IV* carries 

one unit of isospin. 

The weak charged current contains vector (V’) and axial-vector (A,) 

components. Since the vector current is conserved, its angular momentum can 

only be Jp = l- and not Jp = O+. Since the axial-vector current is not strictly 

conserved, it has angular momentum Jp = O- or 1-k 

The G-parity operator is defined to be G = Cei”‘2 where C is the charge 
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conjugation operator and 12 is the second component of isospin. The vector 

component of the weak charged current has positive G-parity while the axial-vector 

component has negative G-parity. These quantum numbers are summarized in 

Table 1.6. 

Table 1.6. Quantum numbers of the weak charged current. 

Quantum Vector Component 

Number b 

Isospin, I 1 

G-parity + 

JP 1- 

Axial-Vector Component 

A, 

1 

- 

o-, 1+ 

Since the G-parity for a pion is negative, the G-parity for 7t pions in (-l)? 

Therefore, the vector current couples to an even number of pions while the axial- 

vector current couples to an odd number of pions. 

In summary, the vector current couples to n pions with IG = l+, Jp = l-, 

where n is even. The n = 2 resonance corresponds to the p meson. The n = 4 

resonance might be the ~(1600). The axial-vector current couples to n pions with 

IG = I-, Jp = O- or l+, where n is odd. The single pion (n = 1) has Jp = O-. _ 

The n = 3 resonance could correspond to the Al with Jp = l+ or the ~(1300) with 

Jp = O- which is not a well-established resonance. Final states involving the q 

( m = 549MeV/c2, IG = O+, Jp = O-) are also possible. For example, the vector 

current can couple to ~/XT and the axial-vector current can couple to qn’l~~ or qqr. 

The final state xq is forbidden since it has IG = l- and Jp = O+ or l-. Each of 
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these final states is discussed in the following sections. 

r- + ug- 

As shown in Figure 1.2, both r- + u77rr- and xr- + /“-Do involve the 

coupling of the weak axial-vector current to the pion. The decay widths for the 

two interactions are given by 

I+- + ug-) = 
G”,(fr cos Q2m; 

167r @-$,” 

and 

qr- --) cl-~p) = 
+(fir ~0s e,J2 8* m,mc(l- $)2. 

Therefore the coupling factor fT cos 8, can be determined from the measured pion 

lifetime since the branching fraction for 7~ + P-D~ is 100%. This results in 

l?(f-- + vg-) = (f7r cos Q2 
F-(7- + u,e-P,) m3 

12x2(1 - 3” = 0.607. 

Using the measured tau lifetime, the predicted branching fraction is B(r- + 

urr-) = (10.7 z/10.8)%. 

Published measurements of B(r- + u77r-) are listed in Table 1.7. Again 

the average agrees very well with the theoretical prediction and the measured tau 

lifetime. 
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d 

2-86 

Figure 1.2. Feynman diagrams for r- + vTvr- and T- + pi+. 
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Table 1.7. Published measurements of B(r- + ug-). 

Experiment Branching Fraction Method 

Mark II at SPEAR 24 

CELLO 25 

Average 

(11.7 zt 0.4 51 1.8)% ,*-XT 

(9.9 zt 1.7 zt 1.3)% 7r- X 

(10.9 * 1.4)% 

I theoretical prediction I (10.7 zt 0.8)% 1 rtr and rr I 

r- -+ lJ~-‘IT-Tr 0 

All experimental evidence indicates that the ?r-7r” system in tau decay is 

dominated by the p resonance. Since the p has quantum numbers Jp = l-, only 

the vector component of the weak current contributes to the decay r- + u,p-. 

Therefore, the conserved vector current (CVC) hypothesis can be used to relate the 

strength of the charged weak vector current coupling to 7r7r to that of the neutral 

electromagnetic vector current. The strength of the latter coupling is measured 

by the cross section a(e+e- + 7 + d-n-). The relationship between the two 

couplings is given by 

r(7- + ug-7rO) 3 
2 

r(7- + z+e-De) = 27ra2mf / 
mr dQ2Q2(mf -Q2)2(m:+2Q2be+e--,r+r- (Q2L 

where Q is the center-of-mass energy of the e+e- system. Using the measured cross 

sections from e+e- storage rings, Gilman and Rhie calculate 

I+- 
I+--- 

--) uTT-ro) = 1 23 
+ vre-i&) ’ l 

Using the measured tau lifetime, the predicted branching fraction is B(r- + 
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v7p-) = (21.6f 1.5)%. 

Published values of B(r- + uTpB) are given in Table 1.8 and again there is 

good agreement between the experimental measurements and theory. 

Table 1.8. Published measurements of B(r- -+ uTp-). 

Experiment Branching Fraction 

Mark II at SPEAR 28 (20.5 &4.1)% 

CELLO 7 (22.M 1.9-+ 1.6)% 

Mark II 2g (22.3 rfr 0.6 zt 1.4)% 

Average (22.M 1.2)% 

theoretical prediction (21.6 zt 1.5)% 

Method 

P- e andp-p 

P-X 

P-X 

CVC and rT 

r- + uJ37r)- 

The (37r)* system is expected to be dominated by the Al (Jp = l+) 

and possibly the X’ (Jp = O-) resonance through the axial vector coupling. 

Experimental evidence indicates that the 37r* final state corresponds to the decay 

products of a Jp = l+ state which decays to a ~7r* intermediate state in a relative 

S-wave. There are no experimental measurements which can be used to predict .- 

I?(f- + uT(37r)-). However, Gilman and Rhie use isotopic spin considerations to 

make the following predictions about the relative branching fraction to one and 

three charged particles: 

1 I+- 
5' I+- 

-+ r/g-27rO) < 1 
-+ 43x)-) - ii’ 
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and 

1 
5 i 

Ip- +ug-x+7r-) < 4 
I-(7- -+ v7(3r)-) - 5' 

Therefore, the branching fraction to (37r*) must be greater than or equal to the 

branching fraction to (7r-2x0). If the (3~)~ system is completely dominated by the 

Al, the branching fractions to one and three charged particles will be identical. 

The published measurements of B(r- -+ vT7r-7r+7r-) are listed in Table 1.9. 

For the average, the contribution from the mode r- + uTK*- is subtracted from 

the measurements for which this mode was not considered as a background. 

Table 1.9. Published measurements of B(r- ---) ~~~-?r%r-). 

Experiment Branching Fraction 

CELLO 7 (9.7 rfr 2.0 Ik 1.3)% 

Mark II 3o (7.8 310.5 zt 0.8)% 

MAC l1 (8.1 310.4 zk 0.7)% 

DELCO l5 (5.0 zt l.O)% 

Average I (7.3 * 0.5)% 

theoretical prediction none 

The single-charged-particle mode is more difficult to measure because of the 

large number of photons which must be detected. CELLO7 measures (6.0 It 3.0 -+ 

1.8)% for B(T- ---) v77r-27r”) which is consistent with being equal to the branching 

fraction for the three-charged-particle mode. 
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r- + i+(4n)- 

The width for r- + v7(47r)- can be related to the cross section for e+e- + 4n 

assuming the decay proceeds via the vector current and assuming CVC. Gilman and 

Rhie have used recent data from e+e- storage rings to predict 

r(r- -+ v*‘lr-371.0) 
I+- + u,e-P,) 

= 0.055, 

I?@- + ug-7r+7r-7r”) 
Ip- ---) u,e-i&J 

= 0.275, 

and the sum 

r(r- 
r(7- 

+ u444-) =033 
+ u7e-i&J l l 

Using the measured tau lifetime, the predicted branching fraction for the three- 

charged-particle mode is B(r- + z+~-&r-~~) = (4.8 If 0.3)%. The published 

measurements for B (r- + y7?r-&r-lr”) are listed in Table 1.10. Again, the single- 

charged-particle mode is more difficult to measure because.of the large number 

of photons which must be detected. CELLO7 measures (3.0 31 2.2 do 1.5)% for 

B(r- + v,7r-3n0). From the above relationships, B(r- + 1+7r-3n’) is predicted _ 

to be about 1% which is consistent with the measurement by CELLO. 

r- -+ vT(57r)- 

As with the decay T- 3 v7(37r)-, there are no experimental measurements 

which can be used to predict I’(r- + @7r)-). G 1 i man and Rhie use isotopic spin 

considerations to predict the following relative branching fractions to one, three and 
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Table 1.10. Published measurements of B(r- 4 v,~-x+-/r-n~). 

Experiment Branching Fraction 

CELLO 7 (6.2 4 2.3 4 1.7)% 

Mark II 3o (4.7 310.5 If: 0.8)% 

MAC1l (5.2 zt 0.4 &0.7)% 

DELCO l5 (6.0 41 1.2)% 

Average (5.3 zt 0.5)% 

theoretical prediction (4.8 & 0.3)%, uses CVC and rr 

five charged particles: 

r- + v,7r-47r”) 
05 ‘r’, 

3 
r- -+ v,(5n)-) L 10’ 

8 
35 ’ 

I+--- 
r(7- 

+ vT3~*2vro) < 1 
-+y,(57r)-) - ' 

qr- 
OS I+- 

-+ ~~5x9 < 24 
+ y7(57r)-) - 35’ 

This does not put any upper bound on the rate for r- --) v,37r*27r0 in terms of the 

rate for r- + 45747 All of this decay could go into the three-charged-particle 

mode. 

The published measurements of the branching fraction to final states containing - 

five charged particles and any number of neutrals, B(r- -+ vT57r*(7r0)), are shown 

in Table 1.2. The average value is (0.14 kO.O4)%. Gilman and Rhie use isospin 

conservation to show that 

r(f- -+7r-47rO) < 3 
l?(r- + v,57$) - 4' 
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The average value for B(T- ---) v,57r*(7r”)) and the above relation result in the 

following limit on the one prong mode: 

B(r- -+ 2+x-47rO) < (0.11~0.03)%. - 

r- + v,(67r)-- 

Using isotopic spin conservation, Gilman and Rhie calculate the following 

relationships: 

(r( r- 
OS I?(7 

+ vT7r*57r0) < 
+ vT(67r)-) - 

9 
35’ 

1 4 
s 

r(7- -+ Y737rf37r0) 
5 r(r- + v,-(67r)-) < - 5’ 

1 
’ 

r(7- --+ vT59r*7r”) 4 
5 l?(r- -+ uT(6n)-) < - 5’ 

This implies that 

B(r- + ~~(67~)~) < 5B(r- + uT57rflr0) 

< 5B(r- - + y757rf(7r0)). 

Therefore, the experimental measurement of B(r- + uT57r*(ro)) can be used to 

establish an upper bound of (0.7 zt 0.2)7 0 on the branching fraction for the complete 

mode r- --$ y7(6~)-. Similarly, 

B(r- --+ uT&krO) <_ (9/7)B(r- --+ uT5xfn0) 

I (9/7)BV + u~57r*(~0)), 
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resulting in an upper bound of (0.18 31 0.05)y o on the branching fraction for the 

one-charged-particle mode r- -+ ~~7r*57rO. Also, 

B(T- ---) vT37rf37r0) < 4B(r- ---) u,57r*(7r”)), 

resulting in an upper bound of (0.56 4~ 0.16)y o on the branching fraction for the 

three-charged-particle mode r- ---) u737r*37ro. 

r- + u,K- 

The decay width for r- ---+ u7K- is given by 

I?@-- + u,-K-) 
= (fK sin q2 

I+-- + u,e-D,) mS 

As shown in Figure 1.3, both r- + u,K- and K- + p-fill involve the coupling 

of the axial-vector current to the kaon. Therefore the factor fK sin& can be 

determined from the dominant decay of the charged kaon. This results in 

l+- + uTK-) 
I+- -+ uTe-D,) 

= 0.0395. 

Using the measured tau lifetime, the predicted branching fraction is (0.69 rt 0.05)%. 

Published measurements of B(r- + uTK-) are shown in Table 1.11. In the 

DELCO experiment, information from Cerenkov and time-of-flight counters is used 

to identify the charged kaons. In the Mark II experiment at SPEAR, only time-of- 

flight information is used to identify the kaons. 
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S 

2-86 5290All 

Figure 1.3. Feynman diagrams for r- + uTK- and K- -+ p-i+. 
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Table 1.11. Published measurements of B(r- + v~K-). 

I Experiment Branching Fraction 

Mark II at SPEAR 31 

DELCO 32 

(1.3 zt 0.5)% 

(0.59 zt O.lS)% -1 
Average I (0.67 h 0.17)% 1 

theoretical prediction I (0.69 Ifi 0.05)% 1 
r- + u,K*- 

The decay rate for r- + vTK*- can be determined from that for r- + u,p- 

by multiplying by tan2 0, due to the strangeness-changing current and by a phase 

space factor. The result is 

I-(7-- + v7K*-) 
I+- -+ yre-De) 

= 0.079. 

Using the measured tau lifetime, the predicted branching fraction is (1.39 Ifr O.lO)%. 

Published measurements of B(r- + v7K*-) are shown in Table 1.12. Both of 

these meaurements use the decay K*- --) T-K: as a signature, identifying &rrr- 

pairs from the decay of the Kg. 

Table 1.12. Published measurements of B(r- + vTK*-). 
\ 

Experiment Branching Fraction 

Mark II at SPEAR 34 (1.7 If: 0.7)% 

Mark II at PEP 2g (1.3 ziz 0.3 It 0.3)% 

Average (1.4 rt 0.3)% 

I 
theoretical prediction (1.39 It O.lO)% 



22 

~3.3 Modes with an q in the Final State 

The possible decay modes with an q in the final state are summarized in 

Table 1.13 along with the quantum numbers and possible identity of the resonance. 

Since the q decays to two charged particles approximately 30% of the time,35 the 

decay r- -+ ug-q7r+c- results in five charged particles in the final state 30% 

of the time and the decay r- -+ u,?r-qq results in five charged particles 9% of 

the time. Assuming the efficiency for detecting these final states is the same as the 

efficiency used in the measurements of the branching fraction for r- + ~~57r* (TO) ,* 

the following limits can be set: 

B(r- + u7n-q&r-) 5 B(r- + vT57r*(7r0))/0.3 m 0.5%, 

B(r- + uT’lr-qq) < B(r- --) vT511rf(X0))/0.09 m 1.5%. 

Isospin conservation predicts B(r- + Y,~-~x~~~) < B(r- ---) v,~-r]&r-). 

Finally, a limit can be set on the branching fraction for the mode r- ---) 

ug-q7r* assuming it occurs via the ~(1600) resonance. The branching fraction 

* The efficiency might be lower for the modes involving q’s since the dominant 

decay of the Q to two charged partcles is q -+ n+n -no in which the mass of the 

final state particles is very close to the mass of the q resulting in a small opening 

angle between the ?r+ and the 7~ in the laboratory frame. Small opening angles 

between the charged tracks contributed strongly to tracking inefficiency in the Mark 

II analysis of r- ---) v,57r*(a*) but not as strongly in the HRS analysis because of 

the higher magnetic field in the HRS detector. 
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Table 1.13. Possible decay modes with an Q in the final state. 

r- -+ UT IG JP Possible Resonance 

7r-q7r* 1+ l- P(l600) 

7r-q7r+n- 1- 1+ Al 

7r-q7r*n* 

fl-vl l- O- 741300) . 

I I I 1+ I Al I 

of the ~(1600) to ~-q?r* is approximately 7% and to 47r is approximately 60%.35 

Assuming a total branching fraction of the r to 47r of 6%, as predicted by Gilman 

and Rhie, the branching fraction of the r to 1r-q7r* is approximately E x 6% which . 

is equal to 0.7%. Therefore, the modes involving Q’S are expected to contribute a 

few percent, at the most, to the total decay rate. 

1.3.4 Other Decay Modes 

The DELCO experiment has meausured decay rates for final states containing 

one, charged kaon and any number of neutral pions.32 The result is 

B(r- + y7K- + nr*,n > 0) = (1.71 * 0.29)%.’ - 

This includes the decay r- + vTK- and some of the final states for the decay 

r- + vTK*-. 

The DELCO experiment has also measured decay rates for final states 

containing three charged particles in which one or more of the charged particles 

. 
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is identified as a kaon.36 The results are 

B(r- + v,K- K+n-) = (0.22’3% . 

and 

B(r- + y,K-T+T-(TO)) = (0.22+3%. 

The first mode is expected to proceed via the ~(1600) resonance. The theoretical 

prediction for this decay rate, assuming CVC and B(p(l600) + K*K) = (9 k 2)%, 

is 0.24%. The second mode is expected to proceed via the Q resonances. The 

theoretical prediction for this decay rate is 0.11%. The TPC33 experiment 

published an upper limit of 0.6% at the 90% confidence level on the branching 

fraction for the decay r- + (K-+ 2 charged particles + any number of neutrals). 

The Mark II experiment at SPEAR set an upper limit of 0.9% at the 95% 

confidence level for the decay r- + ~~K*-(1430).~~ 

In addition, the Mark II experiment at SPEAR conducted a search for twelve 

neutrinoless decay modes of the tau which violate lepton-number conservation.37 

These modes include the radiative decays r + ey and r + ~7; the charged lepton 

decays r + eee, r + eep, r + ppe and r + ~JLP; and the charged lepton plus 

neutral hadron decays r + ep, r + J.L~, r + eK*, r + pK*, r + e7r” and 

r + pro. No evidence for lepton-number violation was observed. For each of the 

first eight decay modes, an upper limit of less than 0.1% at the 90% confidence level 

was established. For the last four decay modes, upper limits of 0.2% or less were 

established. 
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1.4 THE DISCREPANCY 

The measured branching fractions for all of the above decay modes are listed 

in Table 1.14 according to the number of charged particles in the final state. The 

sum of the branching fractions for modes resulting in three charged particles is 

(13.3&0.8)%. Th is is in such good agreement with the inclusive branching fraction 

to three charged particles since the measurement of B(r- + vTx-fbr-lrO) and 

B(7- * Y~~-x+x-) is usually performed by dividing all the three charged prong 

decays into those with and without neutrals. 

The sum of the branching fractions for the exclusive decay modes which result 

in one charged particle is (78.9 k 4.8)%. Recall that the inclusive branching fraction 

to one charged particle, Bl, is (86.8 rt 0.3)s. The difference is (7.9 A 4.8)%. Most of 

the error in the sum of the exclusive branching fractions is due to the measurements 

for B(r- + vr7r-27ro) and B(r- + yT7r-37ro). If we assume that B(r- + 

vT7r-27r*) is equal to B(r- ---) Y,K- rrr%r-), which is true according to isospin rules 

if the 37r state is purely the Al resonance, and that B(r- + v,7r-37r*) = l.O%, 

which is the result of using CVC and e+e- cross section measurements to 47r final 

states, then the sum of the exclusive one prong branching fractions is (79.0 k 2.1)% 

and the difference between the inclusive and the sum of the exclusive branching 

fractions to one charged particle is (7.8 & 2.1)%, a 3.5 sigma effect. 

One explanation for this discrepancy is that there exists an ‘invisible’ decay 

mode; i.e., a decay mode which is undetectable in existing detectors. One type of 

decay mode which can escape detection, for example, is the decay of the tau to 
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Table 1.14. Branching fractions for all decay modes (in per cent) according 
to charged particle multiplicity. A dash indicates that the decay mode 
is not expected to result in that charged multiplicity. The theoretical 
predictions assume a tau lifetime of (2.8 zk 0.2) x lo-l3 s and the errors 
on the predictions are those due to the error on the lifetime measurement 
only. 

Decay Mode Experimental Measurements Theoretical Predictions 

r- -+ 1 prong 3 prong 1 prong 3 prong 

e-PeuT 17.9 zk 0.4 17.6 zt 1.3 

p- qLur 17.2 3t 0.4 17.0 zt 1.3 

CUT 10.9 Ik 1.4 10.7 zk 0.8 

7l-- 7Pv, 22.1 zt 1.2 21.6 & 1.5 - 

(3 7r > -UT 6.0 31 3.5 7.3 * 0.5 9 X 

( 4n 1 -u, 3.0 312.6 5.3 & 0.5 1.0 zk 0.1 4.8 5 0.3 

(5 ) 7r -UT < 0.11 z 

(6 ST 1 -UT < 0.18 < 0.56 

K-u, 0.7 zt 0.2 0.69 310.05 - 

(K+-ur 1.1 It 0.3 0.3 xt 0.1 1.08 zt 0.08 0.3lrt 0.02 

(KK)-LJ, < 1.2 < 0.6 

(Ki%)-u, 0 . 22s;*q; . < 1.29y Y 

(Km)- (lr*)uT 0 . 22+O.l6 -0.13 < 0.820 W 

TOTAL 78.9zk 4.8 13.3 310.8 

a heavy neutral which does not leave a signal in the detector and a light charged 

particle. If the neutral is heavy enough, the momentum of the charged particle is 

very small, even in the laboratory frame. If the momentum of the charged particle is 

too small, the particle will curl up in the magnetic field without meeting the trigger 

requirements. However, this sort of explanation has been ruled out experimentally 
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by the measurements of the total cross section for e+e- + r+r-(7). Published 

measurements of the ratio of the measured to the expected QED cross section are 

listed in Table 1.15. The measured cross section is certainly consistent with the 

QED cross section which is used for most branching fraction measurements. These 

cross section measurements are typically based on a sample of events with one 

charged particle in one hemisphere of the event and one or more charged particles 

in the opposite hemisphere. Therefore, if there is an invisible decay mode of the tau, 

events containing this decay mode will not satisfy the criteria for the cross section 

measurement sample and hence the measured cross section will be low. Also, events 

in which one tau decays into a detectable final state, while the other tau decays into 

an undetectable final state, would have-been found in recent searches for monojets 

and supersymmetric particles at PEP and PETRA. 

Table 1.15. Published measurements of the ratio of the measured to the 
expected QED cross section for e+e- + r%-(7). 

I Experiment 

Mark II 38 

HRS 3g 

PLUTO 8 

TASS0 ’ 

JADE l4 

Average 

1.5 GOAL OF THIS ANALYSIS 

~‘measured IUQED 

0.996 zt 0.016zk 0.028 

1.10 rt 0.03 zk 0.04 

0.89 zt 0.05 k 0.08 

1.03 rfr o.os'~-yy . I 
0.963 If 0.017zt 0.035 I 

1.02 * 0.03 I 

The goal of this analysis is to measure the branching fractions for all decay 
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modes of the tau simultaneously by performing a maximum likelihood fit to an 

unbiased sample of tau decays. With this method, the sum of the measured 

branching fractions must be unity. 

Most of the measurements listed in the previous section* were made using the 

following formula, 

Bi = nil6 
2 x a(e+e- ---) d-r-) J LW’ 

where n; is the number of events observed, E: is the efficiency or acceptance, 

a(e+e- + r+r-) is the QED cross section for tau-pair production, and s f!dt 

is the integrated luminosity. The efficiency, c, is usually determined from Monte 

Carlo simulations and involves two factors: the efficiency for extracting tau-pair 

events from other types of events in the data, and the efficiency for discriminating 

a particular decay mode from all the others. 

A simplified version of the formula used to determine the branching fraction 

for decay mode i in the method used in this analysis is 

%/E B; = - 
mot 

where ni is the number of events observed for decay mode i, c is the particle 

identification efficiency for decay mode i, and ntot is the total number of tau decays 

in the sample. It does not involve the efficiency for extracting tau decays from the 

* Exceptions are the measurement of the leptonic branching fractions by 

MAC,27 and the branching fractions by PLUT0.8 
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data. Also, it does not involve the cross section for tau-pair production or the total 

integrated luminosity. 
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2. The Mark II Detector 

2.1 OVERVIEW 

The Mark II detector was designed and built by a collaboration of physicists, 

engineers and technicians from the Stanford Linear Accelerator Center (SLAC) and 

the Lawrence Berkeley Laboratory (LBL). It was installed at the small storage 

ring SPEAR at SLAC in 1977 where it was used to accumulate data from e+e- 

annihilations at center of mass energies between 3.0 and 7.4 GeV. In the summer of 

1979 the detector was moved to the larger storage ring PEP which was just being 

completed. Approximately 200 pb -’ of data were accumulated at PEP at a center- 

of-mass energy of 29 GeV. The detector was moved out of the PEP beamline in the 

spring of 1984 to be upgraded for Z* physics at the SLAC Linear Collider (SLC). 

The data accumulated at PEP are used in the analysis presented in this thesis. 

As shown in Figure 2.1, the major components of the Mark II detector are a drift 

chamber surrounded by a solenoidal magnet to provide charged particle tracking and 

momentum measurement, a lead - liquid argon calorimeter to provide electron and 

photon identification, and layers of iron hadron absorber and proportional tubes to 

provide muon identification. Scintillators outside the drift chamber provide limited 

particle identification through time-of-flight measurements. In addition, a small 

high resolution drift chamber inside the main drift chamber is used to increase 

momentum resolution and measure particle lifetimes. Endcap calorimeters and a 

small angle tagging system cover some of the areas not covered by the LA system. 

In the following sections, each component of the detector will be described in 
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Figure 2.1. The Mark II detector at PEP. 
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detail. The role of each component in the particle identification algorithms will be 

described in the next chapter. 

2.2 VERTEX CHAMBER 

A high precision drift chamber, usually referred to as the vertex chamber (VC), 

was installed inside the large central drift chamber in the summer of 1981. All data 

used in this analysis were accumulated with the vertex chamber installed. The VC 

was designed to measure lifetimes of weakly decaying particles by reconstructing 

secondary vertices, an objective which has been successfully realized. It was also 

used in the primary and secondary triggers. The main influence of the VC in this 

analysis is the improved momentum resolution for charged tracks. 

A side view of the VC is shown in Figure 2.2. The chamber is 1.2 m long. To 

reduce the amount of multiple Coulomb scattering due to charged tracks passing 

through material, the inner cylindrical wall is also the vacuum beam-pipe wall. The 

pipe is made of beryllium to reduce the number of radiation lengths through which 

a particle passes. The pipe wall is 1.42 mm thick, the thickness required to hold 

off the pressure differential between the chamber and the vacuum beam pipe. The 

radius of the beam pipe is 7.8 cm, chosen to be outside the envelope of synchrotron 

radiation produced by the final focusing quadropoles. 

The sense wires are arranged in seven layers, four close to the inner cylinder 

to minimize the extrapolation error, and three near the outer cylinder to maximize 

’ ’ the accuracy of the track angle measurement. The radii of the seven sense layers 

.nd the number of sense wires in each layer are listed in Table 2.1. The wire array 
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Figure 2.2. The Mark II vertex drift chamber. 
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is illustrated in Figure 2.3. Field layers containing only cathode wires at a negative 

high voltage alternate with sense layers containing cathode wires and sense wires 

at ground. An extra field layer inside and outside the array balances the gain on 

the edge sense wires. The distance between layers is 4.22mm and the arc length 

between adjacent wires in the same layer is 5.30mm. This array produces a closed 

cell geometry which results in a simple relationship between drift time and distance 

of closest approach to the wire. 

Table 2.1. Radii of sense wire layers in the vertex chamber and number of 
sense wires in each layer. 

Layer 

1 

2 

3 

4 

5 

6 

7 

Radius Number of 

( 1 cm Sense Wires 

10.1223 60 

10.9658 65 

11.8093 70 

12.6528 75 

30.3668 180 

31.2103 185 

32.0538 190 

The resulting spatial resolution is approximately 110pm per sense wire. The 

accuracy with which a single track can be extrapolated to the interaction point in the 

plane perpendicular to the beam is about o2 = (95 pm)2 + (95 pm GeV/p)2 where 

the first term is due to the limited resolution of individual drift-time measurements 

and the second term is due to multiple scattering in the beam pipe. 
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2.3 MAIN DRIFT CHAMBER 

A cylindrical drift chamber with 16 layers of sense wires at radii between 0.41 m 

and 1.45 m provides charged particle tracking over 85% of the solid angle. The active 

length of the outer layer is about 2.64 m. The wires in 6 of the layers are parallel 

to the beam axis, while those in the remaining 10 layers are skewed at 313~ to the 

beam axis to provide spatial information in the direction of the axis. The wire array 

is illustrated in Figure 2.4. 

The spatial resolution per wire is w 200 firn resulting in a momentum resolution 

in the plane perpendicular to the beam axis of (SP/P)~ m (0.02)2 + (0.01~)~ where 

p is in units of GeV/c, assuming a magnetic field of 2.32 kG. 

2.4 TIME-OF- FLIGHT SYSTEM 

The time-of-flight (TOF) system is located outside the drift chamber and inside 

the magnet coil at a ra’dius of 1.5 m. Forty-eight 1 inch thick Pilot F scintillators 

parallel to the beam axis measure the time between the beam crossing and particle 

traversal to provide information for the primary and secondary triggers, cosmic 

ray rejection, and limited particle identification for low momentum tracks when 

combined with the momentum information from the drift chamber. The timing 

resolution of the TOF system when only one particle traverses the scintillator is 

approximately 350 ps. 

2.5 SOLENOIDAL MAGNET 

The conventional solenoidal magnet consists of two layers of water cooled 

aluminum conductor designed to provide a longitudinal magnetic field of 4.64 kG. 
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During the winter data run of 1981-82, an electrical short developed between the 

two layers of conductors in the magnet. The magnet could then only be operated 

with the outer winding powered and the inner one floating. This results in a field 

of 2.32 kG. Almost all of the data analysed in this thesis was accumulated with the 

magnet operating in the half-field configuration. 

2.6 LEAD - LIQUID ARGON ELECTROMAGNETIC CALORIMETER 

Surrounding the magnet are eight electromagnetic calorimeter modules (3.8 m 

long x 1.8 m wide x 0.3m deep) arranged in an octagonal array covering M 65% 

of the solid angle. The modules consist of 37 layers of 2mm thick antimony 

strengthened lead planes separated by 3 mm liquid argon gaps. Alternating lead 

planes are at ground or segmented into readout strips at a positive high voltage 

of 3.5 kV, resulting in 18 readout layers in depth. About 20% of the energy is 

deposited in the liquid argon. The total thickness of the calorimeter is about 14.5 

radiation lengths. 

The 18 readout planes are divided into strips as follows. 

0 F planes: 9 of the 18 planes are divided into 40 strips of 3.49cm width 

running parallel to the beam axis and thus providing spatial information for 

the azimuthal angle 4. 

l T planes: 6 of the 18 planes are divided into 100 strips of 3.49cm width 

running perpendicular to the F strips and thus providing spatial information 

for the polar angle 6. 

l U planes: 3 of the 18 planes are divided into 66 strips of 4.94 cm width 
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running at 45’ to the F and T strips and thus providing multi-hit ambiguity 

resolution. 

Each strip is separated from its horizontal neighbors by 3 mm gaps. 

Some of the strips in the same position in different layers with the same 

orientation are ganged together to reduce the number of readout layers in depth 

from 18 to 6. The resulting layers are referred to as Fl, F2, F3, Tl, T2, and U. 

This ganging scheme is shown in Figure 2.5. 

In the T2 layer, adjacent sets of strips which are ganged in depth are also ganged 

horizontally in pairs since spatial resolution is not important for this coordinate so 

deep in the shower. In the U layer, the last ten strips at each end are also ganged 

horizontally in pairs. 

At the front of each module there are three aluminum planes separated by 

8 mm liquid argon gaps. The central plane is divided into 3.8 cm wide readout 

strips running parallel to the beam axis. This gap, known as the trigger gap, 

samples showers which begin in the 1.25 radiation length magnet coil. 

The overall energy resolution of the system is q/E = 0.14 Ev1i2 where E is 

the energy in GeV. 

2.7 MUON IDENTIFICATION SYSTEM 

The muon identification system consists of four walls of alternating layers of 

iron hadron absorber and proportional tubes. The walls are located above, below 

and on either side of the central detector. Each wall consists of four layers of 

proportional tubes. The outer layer of proportional tubes covers 45% of the solid 
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Figure 2.5. Ganging scheme in the LA calorimeter modules. Incident particles enter 
from the top. 
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angle. The absorber thickness preceding each layer of tubes is shown in Table 2.2. 

The minimum momentum required for a muon traversing the absorber planes at 

normal incidence to penetrate all four levels is F=: 1.8 GeV/c. The proportional tubes 

in the inner layer of each wall run perpendicular to the beam axis and thus provide 

spatial information for the polar angle 8. The tubes in the outer three layers run 

parallel to the beam axix and thus provide spatial information for the azimuthal 

angle 4. 

Table 2.2. Hadron absorber thickness in the muon system for normal 
incidence. The nuclear interaction length for iron is 132g/cm2. 

Absorber Thickness (g/cm2) Interaction 

Layer I East Wall Top Wall West Wall 1 Bottom Wall 1 Average I 

Magnet and LA 

1 182 

2 184 

3 244 

4 196 
I I 

182 182 182 

184 184 184 

239 244 244 

184 196 244 

1.2 

1.4 

1.4 

1.8 

1.6 

I Total I 806 I 789 806 854 7.4 

1 Lengths 

Each layer of proportional tubes consists of extruded aluminum modules each 

comprising 8 triangular tubes as shown in Figure 2.6. The center-to-center spacing 

of the tubes is 2.5 cm, a distance which is well matched to the typical extrapolation 

error from the drift chamber tracking error and multiple Coulomb scattering. 
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2.8 ENDCAP CALORIMETERS 

The endcap calorimeters cover the polar angular region between = X0 and 

ti 40°. Each endcap consists of two layers of proportional chambers each preceded 

by 2.3 radiation lengths of lead. The energy resolution for photons and electrons is 

q/E = O.XLE-~/~ where E is the energy in GeV. 

2.9 SMALL ANGLE CALORIMETER 

The small angle tagging (SAT) system covers the angular region between 21 

and 82 mrad with respect to the beamline. The system is designed to identify the 

scattered electrons from low momentum transfer Bhabha scattering and two photon 

processes. The measurement of the small angle Bhabba cross section provides a 

determination of the luminosity to 3~5%. 

Each SAT counter system consists of three sets of planar drift chambers, three 

layers of acceptance defining scintillation counters, and a shower counter made up 

of eighteen layers of l/4 inch thick lead and l/2 inch thick plastic scintillator. The 

energy resolution of the shower counters is CTE/E M 0.16 Ee1i2. 

2.10 EVENT TRIGGER 

The decision about whether or not to record a particular event on magnetic 

tape is made by a two level logic system. The first decision process, called the 

primary trigger, is completed in = 1~s. Since the time between beam crossings 

at PEP is 2.4~6, there is no deadtime associated with the primary trigger. If an 

event satisfies the primary trigger, a signal is sent to the detector electronics to 

i 
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prevent data collection from subsequent beam crossings and the event is tested by 

a secondary trigger which takes about 30~s to make a decision. This results in a 

deadtime of 3% per Mz of primary rate. 

The primary trigger logic is satisfied by any one of the following conditions. 

0 Charged particle primary trigger: A coincidence of a beam crossing signal, 

a drift chamber signal from at least 3 of the 7 inner vertex chamber layers 

and at least 6 of the outer drift chamber layers spread out in radius, and at 

least one TOF counter signal. 

l Neutral primary trigger: At least two calorimeter modules with at least 

w 1 GeV of energy deposited in the front half of a liquid argon module or at 

least ti 3 GeV deposited in an endcap module. 

Or 

At least R 4 GeV of energy deposited in the front half of all eight LA modules 

summed together or in both endcaps. 

l SAT Bhabha primary trigger: Collinear electron-positron candidate found 

by the SAT electronics. 

For the secondary trigger, 24 microprocessors work in parallel to identify 

charged track candidates, called hardware tracks, in the drift chamber. The 

secondary trigger logic is satisfied by any one of the following conditions. 

0 Charged track secondary trigger: At least 2 hardware tracks. 

l Neutral secondary trigger: Same as neutral primary trigger. 
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Only one calorimeter module over threshold and only one hardware track. 

l SAT-Bhabha secondary trigger: One of every sixteen SAT-Bhabha primary 

triggers. 

The primary trigger rate was typically less than 1 lcHx resulting in less than 

3% deadtime from the secondary trigger. The secondary trigger rate was typically 

1 to 2 Hz. 

T 

,’ - 
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3. Particle Identification 

Particle identification utilizes the fact that electrons, muons and hadrons 

each interact with matter in a characteristic way. Electrons and photons interact 

predominantly through bremsstrahlung and pair production with a scale set by the 

radiation length, X0, which is related to the mean path length of an electron in 

the material. Bremsstrahlung is suppressed for the muon and for hadrons because 

of their large mass. Hadrons interact with the nuclei of the material through the 

strong interaction with a scale set by the nuclear absorption length, A. A material 

which has a small radiation length and a large nuclear absorption length is used to 

discriminate electrons from pions. Since the muon is a lepton it does not participate 

in the strong interaction. Therefore, the muon loses much less energy in an absorber 

material than electrons or hadrons and can be identified by its ability to penetrate. 

In this analysis, information from the drift chambers, the LA calorimeter, and 

the muon system is used to identify charged tracks as electrons, muons or hadrons. 

Information from the LA and end cap calorimeters are used to identify photons. In 

the event selection, very efficient muon and electron rejection algorithms are needed, _ 

while in the measurement of the branching fractions, algorithms which discriminate 

between electrons, muons and hadrons in a manner which is well simulated by 

the Monte Carlo are needed. Both types of particle identification algorithms are 

discussed in this chapter and the efficiencies for these algorithms are discussed in 

detail in later sections of the thesis. 
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3.1 MUON IDENTIFICATION 

Muon identification utilizes the fact that muons have a very low cross-section 

for interacting with matter. The primary means of energy loss experienced by the 

muon in passing through material is due to ionization of atoms and molecules in 

the material. For iron, this relatively uniform energy loss is about 200 MeV per 

interaction length. 

The muon identification system is described in Chapter 2. It consists of 4 layers 

of iron hadron absorber, each followed by a layer of proportional tubes. To identify 

muons, each track in the drift chamber is projected into the muon system. At each 

level a search for proportional tube signals is made in a region around the projected 

track. The search region is set to three times the rms extrapolation error. The 

extrapolation error is determined from the expected multiple scattering in the coil, 

LA system and iron hadron absorber preceding the layer of proportional tubes, and 

the expected tracking error, added in quadrature. 

The mean squared extrapolation error due to multiple Coulomb scattering for 

the coordinate of interest for a particular level is 

o2 1 t? 
X 

=- 
c ( 2 . 

0; f + t;d; + df) 

where t; is the absorber 

dis t ante following element 

approximation, given by 

t 

thickness for detector element i, d; is the drift 

i, and 8; is the rms scattering angle in the Gaussian 

ei = 21 MeV/c t; 
( 

P(MeVlc)P &ad 

)W 
l 
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p and ,O are the momentum and velocity of the incident particle and Lrad is the 

radiation length of the absorber. This results in typical multiple scattering errors 

of 

(7x = p(GeZV/c) 

where 2 is about 10 cm for the first level and 20 cm for the fourth level. 

The tracking extrapolation error depends on several factors. It is larger for the 

modules on the sides of the detector than for those on the top and bottom because 

the modules on the sides are further from the origin. The error is larger for the 

first layer than for the other three layers because the proportional tubes in the first 

layer are oriented perpendicular to the beam and so measure the track crossing 

point in z, the coordinate which is least well measured by the drift chamber. The 

extrapolation errors due to tracking used in the muon identification algorithm are 

shown in Table 3.1. 

Table 3.1. Extrapolation error (in cm) due to tracking by layer and position 
of module. 

Layer 

1 

2 

3 

4 

East TOP West Bottom 

3.0 2.0 3.0 2.0 

2.0 1.5 2.0 1.5 

2.3 1.8 2.3 1.8 

2.6 2.1 2.6 2.1 

3.1.1 &r Discrimination 

In this analysis, muons are defined to be tracks which are expected to penetrate 
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all four layers of absorber material if they are muons and which have a signal within 

the search region in all four layers of proportional tubes. The first condition means 

that, based on the charged particle tracking in the drift chamber, a muon with 

the particle’s momentum would have sufficient energy and would be travelling in 

the correct direction to penetrate all four layers of absorber. Due to the uniform 

energy loss described above, muons with momentum less than about 2 GeV/c are 

not expected to penetrate the absorber material to the fourth layer of proportional 

tubes. Hence, JL/T discrimination is only attempted for particles with momenta 

greater than 2 GeV/c. 

3.1.2 Muon Rejection 

A track is classified as not being associated with a muon if it is expected to 

penetrate at least three layers of absorber if it is a muon, the three Q search region 

lies within the fiducial volume for at least three layers, and it has no associated 

hits or has associated hits in the first and/or last layer only. A hit in the first layer 

only, for a track with enough momentum to penetrate at least three layers if it is 

a muon, is often due to hadronic punchthrough. Isolated hits in the last layer are 

often noise hits from synchrotron radiation reflecting off the walls in the detector - 

hall. 

These muon rejection criteria are stricter than the p/n discrimination criteria 

in two ways. For muon rejection, the track trajectory passes through each layer of 

the muon system at least three (T from the edge, where o is the rms extrapolation 

error; for p/n discrimination, the trajectory passes through any part of each of the 
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four layers. For muon rejection, the track has at most an associated hit in the first 

and last layer; for p/n discrimination, the track is not classified as a muon if it has 

associated hits in less than four layers. 

3.2 ELECTRON IDENTIFICATION 

Electrons are identified by observing the energy deposition in the lead - liquid 

argon calorimeters. The ratio of the nuclear absorption length, X, to the radiation 

length, X0, of a material is proportional to 22/A3/4. Therefore, X/X0 is large for 

high 2 materials such as lead. The nuclear absorption length is 9.8 cm for lead 

while the radiation length is only 0.56 cm. Hence electrons are much more likely 

than hadrons to deposit their energy in the 14 radiation lengths of material in the 

LA calorimeter. The LA calorimeter is described in Chapter 2. Recall that each 

module consists of 18 layers of lead strips which are ganged to form 6 readout layers 

in depth. 

Information from the LA calorimeter is used for both electron rejection and e/x 

discrimination at different stages in this analysis. Therefore, electron identification 

is performed using two different methods. One method checks that the amount of 

energy found in various layers of the LA calorimeter (without sharing) is greater - 

than the minimum expected for an electron shower. This method is used for e/n 

discrimination. The second method associates energy in the LA calorimeter with a 

track. If the associated energy is greater than half of the momentum of the track 

measured with the drift chamber, the track is classified as an electron. This method 

has an extremely high efficiency for electron rejection. Both methods are described 

r’ 
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in detail in the following sections. 

3.2.1 e/n Discrimination 

The algorithm for e/r discrimination tests whether or not the longitudinal 

distribution of energy in the shower is consistent with that for an electron. A 

variable, called TESTl, is calculated for all charged tracks which project into the 

fiducial volume of the LA calorimeter. TEST1 is the minimum,of the following: 

0 EF~+J+~ 
aFxP 

0 EF,.~~~ 
&Front xP 

where Fl, F2, Tl and U refer to the LA readout layers as illustrated in Figure 

2.5, Ei is the energy deposited within a narrow region (described below) around 

the projected drift chamber track in layer i, p is the momentum as measured with 

the drift chamber, and q is the minimum fraction of an electron’s energy that is 

expected to be deposited in layer i. Front refers to the sum over layers Fl, F2, Tl - 

and U which comprise the first x 7 radiation lengths of the calorimeter. The values 

of q used in the calculation of TEST1 are given in Table 3.2. 

The search region around the projected drift chamber track is chosen to be 

small to reduce the probability of misidentifying a pion as an electron by assigning 

to it energy deposited by nearby electrons or photons. The width of the search 
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Table 3.2. Minimum fraction of the total energy typically deposited by an 
electron within a narrow region of the extrapolated drift chamber track in 
various layers of the LA calorimeter. 

Momentum Range 

5 4 GeVJc I > 4 GeV/c 

0.14 0.14 

0.10 0.10 

0.10 0.10 

0.50 0.40 

. 
reglonv Wsearch t is calculated according to the following formula: 

Wsearch = Wshowet + Wgang x Itan 

where Wshower is the typical width of an electromagnetic shower (x 3 cm), and the 

second term reflects the additional width arising from the separation (k: 4 - 7 cm) 

of the front and back of a ganged layer, wgang. 6 is the angle between the track 

projection and the normal to the layer measured in the plane which contains the 

strip coordinate and the normal. Table 3.3 shows typical values of WshOwer and 

W9an!7 used in the algorithm, in units of strip center-to-center spacing. Recall that - 

the center-to-center spacing is 3.8 cm for F and T strips and 5.4 cm for U strips. If 

the center of a strip lies within the search region, then the energy from that strip 

is associated with the projected track. 

The distribution of TEST1 for electrons and pions in the data is shown in 

Figure 3.1 for particles with momentum between 5 and lOGeV/c. The pions are 
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Table 3.3. Typical values of Wehower and Wgang used in the calculation of 
the search region in units of strip center-to-center spacing. 

I I width in units of strip center-to-center spacing I 

from decays of the tau to three charged particles and the electrons are from radiative 

Bhabha events. A value of TEST1 = 0.85 provides about equal efficiency for electron 

and pion identification. Discrimination of electrons from other particles is only 

attempted if the drift chamber track projects to within 2.5 strips of the edge in the 

Fl layer and 1.5 strips of the edge in the F2 and Tl layers. 

3.2.2 Electron Rejection 

The algorithm used for efficient electron rejection makes use of the fact that 

electrons are very likely to deposit all of their energy in the LA calorimeter. Energy 

deposited in the LA calorimeter is associated with charged tracks in the following 

way. The charged track is projected from the drift chamber into the calorimeter. 

For each layer, a search is made for the strip closest to the projected track which 

has a signal above a certain threshold. This strip and adjacent strips are studied 

to form a group of strips to be associated with the track. The number of strips 

in a group is limited to four unless the energy of the sum of the selected strips 

is greater than another threshold, in which case the maximum allowed number of 
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Figure 3.1. TEST1 distribution for electrons and pions in PEP data. The momenta 
of the electrons and pions is between 5 and 10 GeV/c. 
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strips is six. In forming groups, strips with less than two times the noise level (as 

measured during calibration) are ignored. Only contiguous strips with signals are 

included in a group (dead channels are ignored). The total pulse height for each 

layer is converted to energy using calibration constants determined from Bhabha 

events. The energies of the six readout layers are summed and corrected for energy 

loss in the magnet coil preceding the calorimeter and leakage out the back of the 

coil. 

Figure 3.2 shows the detection efficiency of the LA calorimeter for electrons 

from collinear e+e- + e+e- events as a function of the distance from the center of 

the modules along the direction of the beam (z), and as a function of the azimuthal 

angle from the point between two modules (4). F or electron rejection, the active 

volume of the LA calorimeter is defined to be the area less than 1.75 m from the 

module center in z and less than 0.345 radians relative to the module center in 4, 

as indicated by the arrows in the figure. A track is only considered for electron 

rejection if both the projected drift chamber track and the center of the shower 

cluster in the trigger gap are contained within the active volume. 

As mentioned above, electrons are very likely to deposit all of their energy in 

the LA calorimeter while hadrons are likely to only deposit a small amount of their 

energy due to uniform ionization along the track. Consequently, the simple ratio 

E/p, where E is the energy in the LA calorimeter associated with the track and 

p is the momemtum of the track, can be used to identify a charged particle as an 

electron or a pion. The probability that E/p is greater than 0.5 is close to 100% 
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Figure 3.2. Detection efficiency of the LA calorimeter for electrons from collinear 
e+e- +- +e e events as a function of the distance from the center of the modules 
along the direction of the beam (z) and as a function of the azimuthal angle from 
the point between two modules (4). The arrows indicate the edge of the active 
volume used for electron rejection. 



57 

for electrons with momenta above 1 GeV/c which project into the active volume of 

the LA system. The probability that E/p is less than 0.5 is about 90% for pions. 

Therefore the criteria that E/p be less than 0.5 provides excellent electron rejection 

while misidentifying about 10% of pions as electrons. 

3.3 PHOTON IDENTIFICATION 

Photons are identified using an algorithm which searches for clusters of energy , 

in the LA calorimeter. First, a search is made in each layer for contiguous strips with 

deposited energy. The position of the centroid of this group of strips is calculated. 

Photon candidates are constructed from spatial coincidences of groups from the 

different layers, with at least one group associated with each of the three strip 

orientations. If a group of strips in a layer is associated with two photons, the 

energy of the group is divided between the two photons according to the ratio of 

the unshared energy in the showers. Any photon which shares groups in layers of 

two or more different orientations is discarded and the shared energy is reassigned 

to the candidates which shared the groups. 

Spurious candidates which are not associated with real photons can result from 

the coincidence of noise fluctuations and real deposited energy. Also, hadronic 

interactions in the LA calorimeter can result in energy depostion which is sometimes 

far from the charged track. These two effects result in fake photon candidates 

with an energy spectrum peaked at very low values. Figure 3.3 shows the energy 

spectrum for photon candidates in the decays r- + u77rr- and r- + Y,T-&~- 

from a Monte Carlo simulation. The probability of finding a spurious photon 
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candidate with any energy is about 23% and 76% for the decay to one charged 

pion and three charged pions, respectively. The figure shows that the energy of a 

fake photon candidate is usually less than about 0.65 GeV. In this analysis, photon 

candidates are defined to be those neutral energy clusters with more than about 

0.5 GeV/c associated energy. This cutoff value is varied to check the sensitivity of 

the results to the number of spurious photons. 

In an independent analysis of three prong decays of the tau using data from the 

Mark II detector,40 it was shown that with an energy cutoff of about (0.6 - 0.8) GeV 

the probability of finding a fake photon in the data is approximately 50% higher than 

in the Monte Carlo. This correction is applied when using the number of neutrals 

found in a candidate tau decay to predict the branching fractions. The effects of 

the uncertainty in this correction are discussed in the section on systematic errors 

in Chapter 7. 

3.4 e+e- PAIR-FINDING ALGORITHM 

In the event selection, it is necessary to remove some events with pairs of . 

charged tracks resulting from the conversion of a photon into an e+e- pair when 

passing through material. The pair-finding algorithm is based on the fact that the 

opening angle between the two tracks is small in the laboratory frame. The opening 

angle is more accurately measured in the plane perpendicular to the beams (the x-y 

plane) than in the plane parallel to the beams. Therefore, the pair-finding criteria 

are applied separately in the two planes. This is better than using the invariant 

mass of the two charged particles as the criteria for identifying pairs since the mass 
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Figure 3.3. Energy spectrum of photon candidates in the decays r- --) v7x- and 
7- + u,7r-r+7f- from a Monte Carlo simulation. 
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resolution is degraded by the poor polar angle measurements. 

For each pair of oppositely charged tracks, the following parameters are 

calculated: the distance between the two tracks in the z - y plane where the two 

circle fits to the tracks are tangential (Azy); the distance between the origin and 

the above point in the z - y plane (I&,); the distance between the two tracks 

in the z direction at the distance of closest approach to the origin (Azo); and the 

difference in the polar angle of the two tracks (A0). These parameters are illustrated 

in Figure 3.4. A,, is related to the opening angle in the z - y plane and R,, is 

close to the point of conversion for e+e- pairs. Aze is a measure of how well the 

track was reconstructed in the z direction and A0 is the opening angle in the plane 

parallel to the beams. 

The pair of tracks is classified as an e+e- pair from the conversion of a photon 

if lAzyI < 1.5~1 and R,, > -1Ocm. In addition, if AZ < lOcm, the event is 

classified as an e+e- pair only if A8 < 0.1 radians. Besides eliminating e+e- pairs 

from photon conversions, the above criteria will eliminate some pairs from TO’S 

which undergo Dalitz decay (?r* + ye+e-). 

, - / 
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Figure 3.4. Geometrical parameters used in the e+e- pair-finding algorithm. 



4. Event Selection 

4.1 GENERAL PHILOSOPHY 

The goal of this analysis is to simultaneously measure the branching fractions 

for all decay modes of the tau by performing a maximum likelihood fit to an unbiased 

sample of tau decays. In this chapter, the selection of events for the unbiased sample 

is described. 

Since tau leptons are always produced in oppositely charged pairs at PEP 

and the decay products of the two leptons are easily separated, one can select an 

unbiased sample of tau decays by using the decay products of one tau in the pair to 

tag the event and then including the opposite tau in the sample, Of course, if the 

decay products of each tau pass the criteria for a tag, then both members of the 

tau pair are included in the final sample of tagged tau decays. For this procedure 

to work, the tag must correspond to a decay mode of the tau which is distinctive of 

the tau and not of other processes which occur at PEP. This is necessary to ensure 

little background in the sample. To maximize the number of candidates in the 

final sample, the tag should correspond to a decay mode with as large a branching 

fraction as possible. 

Two different tags are used in this analysis resulting in two distinct samples 

of tau decays. Basically, one tag corresponds to a single charged hadron and is 

referred to as the 1 prong tag; the other tag corresponds to three charged particles 

and is referred to as the 3 prong tag. In both tags, a limited number of neutral 

energy clusters are allowed. These tags are described in detail below. The tau- 
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candidate samples corresponding to the two tags have different potential sources 

of background and slightly different systematic errors. Therefore, they provide an 

important cross check on the final results. 

The leptonic decay modes account for m 40% of the total decay width of 

the tau. Since this is such a large portion, a leptonic tag was also attempted. 

Unfortunately, the background from QED events of the type e+e- + e+e-(7) and 

p+p- + j.&-(7) is so high that a leptonic tag is not useful. 

4.2 OVERALL CUTS 

There are various criteria which the overall event must meet to make it into 

the final sample. First, the event must pass the trigger requirements. The trigger 

decisions are based on logic signals produced by trigger hardware that is difficult 

to simulate accurately in the Monte Carlo. Consequently, I impose a condition in 

software which is slightly more restrictive than the hardware trigger and which is 

simulated well in the Monte Carlo. Only events with at least 2 tracks with polar 

angle 8 satisfying 1 cos 01 5 0.7 are accepted. 

Various cuts are also made to reduce the amount of data written to the final 

summary tapes. The specific criteria an event must meet are: 

l Iz,, 1 <_ 20 cm where zu is the vertex position along the beam direction relative 

to the beam collision point; 

l 2 2 charged tracks; 

. Ech>+ B 3.6 GeV where EC. is the total charged energy in the event; 

l Etot > + - 7GeV where Etot is the total charged plus neutral energy 
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in the event. 

However, the following events are ezempt from the above cuts: 

0 any event consistent with the QED production of e+e-, p$-, or 77 pairs; 

l any event containing an electron* with momentum greater than 1.25 GeV/c; 

0 any event containing a track with associated hits in at least three levels of 

the muon system. 

A Monte Carlo simulation shows that the probability of a one prong decay of 

the tau meeting the above criteria is about 42%, independent of the decay mode. 

The probability for a three prong decay is about 51%. This increase of about 20% 

for three prong decays is due to the larger number of charged tracks available to 

fulfill the trigger requirements and to the larger amount of visible energy in the 

event. 

4.3 THE 1 PRONG TAG 

4.3.1 Selection Criteria 

Each event is divided into two hemispheres by the plane perpendicular to 

the thrust axis of the event. All charged tracks and neutral energy clusters with 

greater than 500MeV deposited in the LA or end cap calorimeters are used in the _ 

calculation of the thrust axis. The 1 prong tag corresponds to decay products in 

one hemisphere of the event with the following properties. 

0 The hemisphere contains exactly one charged track which projects into the 

* Here, an electron is defined to be any track with time-of-flight or LA calorimeter 

information consistent with an electron. 
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active volume of the Liquid Argon calorimeter and the muon system, is 

identified as definitely not being an electron or a muon, and has momentum 

below 10 GeV/c and above 2GeV/c. The total visible energy in the 

hemisphere (charged* plus neutral) is less than 12 GeV. These criteria 

reject QED events of the type e+e- + e+e-(r), e+e- + p-+44-(7), 

e+e- + e+e- e+e-, and e+e- -+ e+e- p+p-. 

l The hemisphere contains three or fewer neutral energy clusters. The invariant 

mass of the charged particle (assumed to be a 7r) plus neutrals is less than 

1.5 GeV/c2. These criteria reject QCD events. 

The major decay modes of the tau which have the above properties are 

r- + v,p-, r- + u+- and r- --$ Y,T -27r0. Recall that the branching fractions 

for these modes are about 22%, 10% and S%, respectively. They contribute 

approximately 48%, 2870 and 14%, respectively, to the tag assuming the above 

branching fractions. 

At this point, a cut is made on the invariant mass of the charged and neutral 

- particles (assumed to be pions and photons, respectively) in the tau-decay candidate 

opposite the 1 prong tag. If the mass is greater than 2.5 GeV/c2, the candidate I 

is rejected. The number of candidates rejected is used to estimate the hadronic 

background (see Chapter 6). 

* The maximum of the momentum measured by the drift chamber and the 

energy in the LA calorimeter associated with the track is used for the energy of the 

charged track. 
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4.3.2 Efficiency 

According to Monte Carlo simulations of tau decays and the detector response, 

the probability of any tau decay making it into the sample tagged with the 1 prong 

tag is 3.9%. The major factors which contribute to the efficiency are the overall 

event cuts described above (c w 43%),* the b ranching fraction to one charged 

hadron (E: = 40%), the requirement that the charged track in the tag pass through 

the active volume of the LA calorimeter and the muon system (E F=: SO%), and the 

momentum cuts of 2 and 10 GeV/c for the tag (E sz 65%). 

In the Mark II data sample, the number of jets which pass all of the criteria for 

the 1 prong tag is 1627. Since the total integrated luminosity in the data sample 

is 207 pb-l and the cross section for tau-pair production (including second order 

QED corrections) is 136~6 at fi = 29 GeV, the total number of tau pairs in the 

data sample is about 28000. Therefore, the efficiency for a tau decay to pass the 

criteria for the 1 prong tag is 1627/(2 x 28 000) M 2.9%, assuming little background. 

This does not agree well with the efficiency predicted by the Monte Carlo. There 

are several reasons for the discrepancy. First, the lepton rejection criteria are very 

strict. Therefore, noise in the muon system or the LA calorimeter can cause a _ 

hadron to fail the rejection criteria. If the noise is not accurately simulated in the 

Monte Carlo, the efficiency will not agree with the data. Secondly, the cut on the 

number of neutral energy clusters in the hemisphere is sensitive to the number of 

* The number in parentheses is the probability for passing the cut if the event 

passed all of the earlier cuts. 
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fake photon candidates found. It is known that the Monte Carlo does not produce 

as many spurious neutral energy clusters in the LA calorimeter as are found in the 

data. Also the efficiency predicted by the Monte Carlo depends on the branching 

fractions used. 

Since the absolute efficiency for a tau to pass the 1 prong tag does not enter 

into the calculation of the branching fractions, it does not matter that the efficiency 

predicted by the Monte Carlo disagrees with the data. This points out one of the 

advantages of this type of analysis. The strict cuts which are sensitive to effects that 

are difficult to simulate accurately in the Monte Carlo, but which are necessary to 

reduce the background contribution to the sample, are applied to the tag side of the 

event. Then less severe criteria which are relatively insensitive to the Monte Carlo 

simulation are used to identify the decay modes in the tau-candidate sample. Even 

though the measurement of the branching fractions does not depend on the absolute 

probability for any decay mode to be included in the sample, it does depend on the 

relative probability for the different decay modes. If each decay mode is equally 

likely to be included in the sample, the sample is unbiased. This is discussed in 

more detail in Chapter 5. 

4.4 THE 3 PRONG TAG 

4.4.1 Selection Criteria 

The 3 prong tag corresponds to decay products in one hemisphere of the event 

with the following properties. 

l The hemisphere contains exactly three charged particles with net charge 411. 
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l The total visible energy in the hemisphere (charged* plus neutral) is less 

than 14 GeV. This provides some rejection against radiative QED events. 

l NO oppositely charged pairs of tracks in the hemisphere satisfy the 

pair finding algorithm described in Chapter 3. This cut rejects events 

corresponding to radiative QED production of e+e- and p+p- pairs in which 

the photon converts to an e+e- pair. 

l The hemisphere contains two or fewer neutral energy clusters. The invariant 

mass of the charged particles (assumed to be x’s) plus neutrals is less than 

1.7 GeV/c2. These criteria reject QCD events. 

l Each charged track (assumed to be a ?r) and neutral track in the hemisphere 

is boosted along the thrust axis of the event into the rest frame of a r moving 

with the beam energy in the laboratory frame. The magnitude of the vector 

sum of the particle momenta in this frame, which is called p*, represents the 

magnitude of the momentum carried off by the neutrino in real tau decays 

assuming no initial or final state radiation. Events are accepted if p* is less 

than 750MeV/c. For r- + V+ -r/r%- (no), Monte Carlo simulations show 

that for about 84% of the decays p* is less than 750MeV/c. On the other 

hand, only about 14% of hadronic jets with 3 charged particles in the data 

have p* less than 75OMeV/c. Jets produced via the two photon interaction 

* The maximum of the momentum measured by the drift chamber and the 

energy in the LA calorimeter associated with the track is used for the energy of 

each charged track. 
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are also very unlikely to satisfy this condition. 

The major decay modes of the r which have the above properties are r- + 

u,7r-7r+7rB and r- + v,rrr-&r-7r”. Recall that the branching fractions for these 

modes are about 8% and 5% respectively. They contribute approximately 60% and 

40%, respectively, to the tag assuming the above branching fractions. 

As in the case of the 1 prong tag, a cut is made on the invariant mass of 

the charged and neutral particles (assumed to be pions and photons, respectively) 

in the tau-decay candidate opposite the 3 prong tag. If the mass is greater than 

2.5 GeV/c2, the candidate is rejected. The number of candidates rejected is used to 

verify the hadronic background estimated using the p* cut (see Chapter 6). 

4.4.2 EfEciency 

According to Monte Carlo simulations, the probability of any tau decay making 

it into the sample tagged with the 3 prong tag is about 3.5%. The major factors 

which contribute to the efficiency are the general event cuts described above 

( E w 43%)) the branching fraction to three charged particles (E 

energy cut on the tag (E m 92%), the e+e- pair cuts (E = 81%), 

the tag (c x 84%), 

= 13%), the total 

and the p* cut on 

In the Mark II data sample, the number of jets which pass all of the criteria 

for the 3 prong tag is 1475. Therefore, the efficiency for a tau decay to pass the 

criteria for the 3 prong tag is 1475/(2 x 28 000) w 2.6% assuming little background. 

This does not agree well with the efficiency predicted by the Monte Carlo. Again, 

this does not matter, since this efficiency does not enter into the calculation of the 
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branching fractions. 

t , ,’ 
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5. Unfolding the Branching Fractions 

5.1 OBSERVED TOPOLOGIES 

To determine the branching fractions, the tagged tau decays in each sample 

. are divided into subgroups by charged and neutral particle multiplicity, and particle 

type where possible. .The categories are chosen so that for each decay mode there is a 

category for which that decay mode is the major contributor with little contribution 

from other decay modes. Also, the criteria for the categories are chosen to be 

those that are well modelled by the Monte Carlo simulation program so that the 

systematic errors are kept to a minimum. 

First, the tagged tau decays are divided into subgroups according to the number 

of charged particles in the hemisphere. If there is one charged particle, the decay 

is further classified according to the identification of that particle. Recall from 

Chapter 3 that muon identification is possible for tracks with momentum above 

2 GeV/c and electron identification is possible for tracks with momentum above 

1 GeV/c. In the remainder of this section, I will define a track to be a pion if it 

is not a muon and not an electron according to the p/?r and e/lr discrimination 

algorithms. Therefore, pion identification is only possible for tracks which project - 

into the fiducial volume of the muon system and the LA calorimeter and which 

have momentum greater than 2 GeV/c. Each single charged track is assigned to one 

of the following seven categories according to the direction and momentum of the 

track and its interaction with the muon system or LA calorimeters: 

1. electron (e), 
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2. muon (jk), 

3. pion (n), 

4. not an electron (Z), 

5. not a muon (FL), 

6. no particle identification because of track momentum (zP), 

7. no particle identification because of track direction (sd). 

The details of the criteria for each of the above seven classifications are given in 

Table 5.1. 

Table 5.1. Criteria for classification of a single charged particle. 

Momentum In Muon System In LA Criteria 

Range Fiducial Volume Fiducial Volume 

e p > 1 GeV/c Yes Z’ESTI 2 0.85 

P p > 2 GeV/c Yes 4 muon layers hit 

7r p > 2 GeV/c Yes Yes TEST1 < 0.85 

< 4 muon layers hit 

iz l<p<2GeV/c Yes TEST1 < 0.85 

p > 2 GeVlc no Yes TEST1 < 0.85 

P p > 2 GeV/c Yes no < 4 muon layers hit 

zP p < 1 GeV/c 

l<p<2GeV/c no 

zd p > 2 GeV/c no no 

To separate modes involving one charged hadron, the tagged tau decays 

are further classified according to the number of neutral energy clusters in the 
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hemisphere. For the sample corresponding to the 1 prong tag, photons are defined 

to be neutral energy clusters with at least 0.65 GeV of energy. The candidates 

corresponding to the 3 prong tag are less well contained within the LA system than 

the candidates for the one prong tag. Hence, the probability of detecting a photon 

in the 3-prong-tag sample is lower. To increase the number of photons detected, the 

lower energy cutoff is reduced to 0.5 GeV for the 3-prong-tag sample at the expense 

of increasing the number of spurious photons. These cutoffs are varied to estimate 

the sensitivity of the measurements to spurious photons. 

Candidates in category 3 (a pion), category 4 (not an electron) and category 

5 (not a muon) are moved into categories 8, 9, 10, 11 and 12 if there are one, two, 

three, four or more than four neutrals in the hemisphere, respectively. Candidates 

in category 1 (an electron) and category 2 (a muon) with one or more neutrals in 

the hemisphere are moved into categories I3 and 14, respectively. These are usually 

due to hadronic decays in which a hadron passes the electron criteria, or a hadron 

decays to a muon or punches through the iron absorber simulating a muon. They 

can also be due to radiative leptonic decays. 

To separate modes involving three charged particles, the tagged tau decays I 

with two or three charged particles are separated into two categories according to 

whether or not there are any neutral energy clusters in the hemisphere. 

All of the topologies are shown in Table 5.2 along with the number of tau 

decays in each, for the tau-candidate samples corresponding to the 1 prong tag and 

the 3 prong tag. 
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Table 5.2. Topological distribution of the raw tau-candidate samples 
corresponding to the 1 prong tag and the 3 prong tag. 

Particle Identification # of photons 1 prong tag 3 prong tag 

1 e 0 261 219 

2 P 0 170 109 

3 7r 0 169 78 

4 i? 0 120 189 

5 P 0 30 19 

6 “P 128 166 

7 xd 20 92 

8 7r, it or ji 1 245 182 

9 7r, it or p 2 141 96 

10 7r, E or p 3 42 49 

11 7r, Z or fi 4 12 8 

12 7r, i? or j2 >4 0 1 

13 e >o 27 16 

14 P >o 7 6 

15 2 or 3 charged particles 0 120 102 

16 2 or 3 charged particles >o 135 143 

Total Number of Events 1627 1475 

5.2 THE UNFOLD TECHNIQUE 

The likelihood for any set of branching fractions to produce the observed 

number of decays with each topology is calculated. The best estimate of the 

branching fractions is that which maximizes the likelihood. This procedure is 

described in detail in this section. 
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Let the number of events observed with topology i be N; and let the total 

number of observed events be N = xi N;. Using a Monte Carlo simulation, an 

efficiency matrix e is determined whose elements eij correspond to the probability 

- of detecting a r which decayed via mode j in the ith topology category. Then, for 

a given set of branching fractions, Bjj the expected number of events in the ith 

topology category, A&;, is given by 

Mi = c CijBjM 

i 

where M is a normalization factor, 

which ensures that c; Mi = N (i.e. that the total number of expected events 

equals the total number of observed events). The sum of all the branching fractions 

is constrained to be equal to one. 

The probability of observing Ni events for a Poisson distribution with mean 

The Poisson likelihood function for a particular set of branching fractions Bj is then 

the product of the individual probabilities for each observed topology, 
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It is more convenient to maximize the In L: since 

In l = c N; 1nM; + constants. 
i 

To summarize, the procedure is to find the set of branching fractions, .Bj, which 

results in an ‘expected’ distribution, Mi, calculated using the efficiency matrix eij, 

which maximizes xi Ni In Mi. 

The minimization program MINUIT41 is used to find the set of branching 

fractions which minimizes the function f = - Ci Ni In M;. The program also 

estimates the errors on the branching fractions using the standard technique of 

associating a change in the log likelihood with confidence levels for a normal 

distribution. This assumes that the log likelihood function is approximately 

parabolic at the maximum. The relationship between a change in the log likelihood, 

Sf, and the number-of-standard-deviations confidence level, n,, calculated using a 

normal distribution, is Sf = n$/2. So, for example, a one standard deviation 

confidence level corresponds to a half unit change in In 1. In practice, once the 

optimal branching fractions are found, the error on a particular branching fraction 

is estimated by evaluating the In L for a series of values near the optimal value, re- 

maximizing the log likelihood for the remaining branching fractions at each point. 

5.3 THE EFFICIENCY MATRIX 

Using Monte Carlo simulated events, an efficiency matrix is generated whose 

elements, Eij, are equal to the efficiency of detecting a T which decayed via mode 
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j in the ith category described above. Table 5.3 shows the Monte Carlo generated 

efficiency matrix (actually, the transpose of the efficiency matrix ~ij described 

above) for the 1 prong tag. The first column lists the decay modes and the second 

column lists the total efficiency for detecting the decay in any of the above categories. 

The relative efficiencies in this column reflect any biases introduced by the cuts. Any 

uncertainty in the bias results in an equal fractional uncertainty in the branching 

fractions. 

In the fit, the branching fractions for ?- + YJP and r- + v&*- are fixed 

at the best measured values of (0.6 & 0.2)% by DELC032 for T- + YAK- and 

(1.3 & 0.4)% by Mark IIzg for r- + u,K*-. 

The efficiency matrix for the 3 prong tag is shown in Table 5.4. Note that 

this matrix is less ‘diagonal’ than that for the 1 prong tag. For example, if a tau 

decays via the mode r- + z+~x$ and makes it into the tau candidate sample, the 

probability that it is classified as a muon (category 2) is about 58% for the 1 prong 

tag and about 34% for the three prong tag. This difference is due to the different 

fiducial volume criteria for the two tags. Recall that for the 1 prong tag, the single 

charged particle in the hemisphere must pass through the active volume of both the - 

LA calorimeter and the muon system. Since the decay products of the two tau’s in 

the pair are quite collinear, tau decay candidates opposite the 1 prong tag are likely 
. 

to also pass through the active parts of the detector. The geometrical criteria for 

the 3 prong tag are much looser. 

These efficiency matrices are only the first order approximation to the actual 



Table 5.3. Monte Carlo generated efficiency matrix for the 1 prong tag. 

T 2 or 3 prong 1 charged particle 

17 27 37 47 >47 

A, if, orji 

Decay 

Mode 

r- + Qot (%) 

e-&t+ 3.9 f 0.1 

cc- fijd+ 4.0 f 0.1 

cur 3.8 f 0.1 

%-IA+ 4.0 f 0.1 

c-2a0u, 3.8 f 0.2 

x-3x%, 3.6 f 0.2 

x-x+a-u* 4.2 f 0.2 

rrr-9r+u-XQU, 3.9 f 0.2 

K-U, 3.7 f 0.6 

KY+ 3.8 f 0.4 

>OY T any number of 7’s 

f f 

07 

A 

1.0 

3.5 

60.5 

8.7 

2.4 

E F 

0.5 

26.7 

18.7 

4.0 

1.3 

1.4 

4.3 

0.4 

4.0 

0.6 

0.3 

0.1 

6.8 

47.4 

23.9 

7.7 

0.4 

0.3 

1.4 

15.9 

26.8 

18.5 

0.2 

1.0 

0.9 0.2 

12.5 2.0 

20.3 10.4 

0.6 0.2 

64.7 21.6 8.1 

21.2 5.3 2.6 17.2 9.3 2.6 

c cc =d c P 

9.1 2.0 

8.3 2.1 

4.3 1.8 

10.9 1.9 

13.2 1.5 

12.6 0.5 

0.2 

0.2 

0.3 

2.7 

9.3 

2.5 

0.8 

1.4 

80.1 

22.0 

0.2 

0.4 

10.3 

14.4 

17.3 

73.2 

4.0 23.8 2.6 

0.1 

2.5 

2.5 

8.1 

82.8 

2.1 

0.9 

0.7 

1.3 

0.2 

0.4 

0.4 

60.2 

0.5 

0.3 

1.3 

0.2 

0.9 



Table 5.4. Monte Carlo generated efficiency matrix for the 3 prong tag. 

1 2 or : 1 charged particle 

47 >47 

?r, i?, or/J 
- 

1.0 

18.0 2.0 

23.6 18.2 4.5 

12.5 19.0 10.4 

0.5 0.3 

15.3 

0.7 

3.8 

Decay 

Mode 

r- --) 

c-D@* 

Ir- D*h 

r-u, 

x-rrOl+ 

u-2n%, 

r-3.rr0u, 

u3r+%-Y, 

n-n+n-lrOu, 

K-u, 

K.-u, 

wong 

>Ol 

f 

TT any number of -y’a 01 01 

A 

0.6 

2.4 

33.8 

4.0 

0.5 

0.7 

0.2 

0.3 

45.4 

14.4 

c c P f:o:(%) 
3.7 f 0.1 

3.8 f 0.1 

3.5 f 0.1 

3.4 f 0.1 

3.4 f 0.1 

3.2 f 0.2 

3.3 f 0.2 

3.4 f 0.2 

3.5 f 0.4 

3.8 f 0.5 

e 

0.9 

40.9 

32.1 

5.1 

1.0 

1.0 

1.2 

0.5 

28.3 

18.0 

=P =d 

13.5 8.5 

12.5 9.5 

9.4 8.6 

15.2 7.1 

13.7 7.3 

17.3 4.8 

0.5 0.2 

0.8 0.3 

1.9 11.3 

5.4 4.5 

- 
0.4 

0.1 

2.6 

4.5 

6.2 

0.2 

0.2 

0.1 

0.2 

0.3 

1.0 

73.8 

2.7 

0.5 

0.3 

0.7 

0.7 

0.8 

7.6 

1.8 

2.7 

0.2 

4.2 

0.5 

0.2 

3.8 

0.1 

0.2 

4.5 

37.2 

13.4 

6.6 

1.0 

0.8 

14.4 

35.1 

0.8 

0.5 

2.0 

1.2 

77.0 

14.1 

19.0 

2.1 

8.6 

15.6 

17.2 

74.4 

1.8 

. 
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efficiency matrices used in the analysis since they are based totally on the Monte 

Carlo. Its accuracy depends on how well the Monte Carlo simulates the momentum 

distribution, the angular distribution and the particle identification efficiencies for 

the decay products. In the next section, the Monte Carlo is described. In the 

following sections, the efficiency checks using real data are discussed. 

5.4 MONTE CARLO SIMULATION 

The Monte Carlo simulation is based on an event generator for e+e- --) 

&-(r) written by F. A. Berends and R. Kleiss 42 which includes the emission 

of real photons from the initial and final state leptons, virtual radiative corrections 

to the lepton-photon vertex, multiple photon exchange and vacuum polarization 

corrections. Although the tau leptons produced in e+e- annihilation at PEP are 

not polarized, the spin of one member of the pair is correlated with the spin of the 

other. l6 These correlations are included in the Monte Carlo. 

The generated r’s decay approximately according to the measured branching 

fractions. The exact branching fractions used in the Monte Carlo are irrelevant for 

this analysis. The following decay modes are included: 

r- -- ---) ure ye9 

r- -+ y7KDp, 

r- -+ ug-, 

r- --) WC 

r- + w& 

r- + v,(47r)-, 
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r- -+ uTK-, 

and r- + v,K*--. 

The correct angular distribution with respect to the r spin is incorporated in 

the Monte Carlo for the e, CL, ?r, p, K and K* decay modes. Also, the angular 

distribution of the charged pion from the decay of the p reflects the helicity of the 

p correctly. The angular distribution for the Al and the 47r mode is isotropic in 

the r rest frame. This is not strictly correct but the effect is small because of the 

large number of particles in the final state. A Breit-Wigner mass shape with the 

known mass and width is used for the p, K* and Al. The mass of the 47r mode is 

produced according to isotropic phase space. 

All particles are propagated through the detector, decaying according to the 

known lifetimes and branching fractions. Multiple scattering, bremsstrahlung and 

photon conversions are simulated. The simulation of electromagnetic interactions 

in the LA system is based on the EGS shower code.43 The simulation of hadronic 

interactions in the LA system is based on a library of real pion interactions recorded 

in a 4 GeV/c pion beam test. The energy deposited in four strips on either side of 

the track trajectory in each layer is scaled by a factor which depends on the total _ 

shower energy and the track momentum, and which maintains the minimum ionizing 

peak. The muon system simulation includes the effects of multiple scattering, range 

straggling, proportional tube inefficiencies, tracking extrapolation errors, hadron 

punchthrough, and decay of hadrons to muons in flight. 

The charged particle momentum resolution of the drift chamber, the muon 

I , 
’ ,,. 
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system inefficiencies, and the energy resolution of the LA calorimeter are adjusted 

in the Monte Carlo to simulate the real data. However, discrepancies still remain 

and these are discussed in detail in the next section. 

5.5 PARTICLE IDENTIFICATION EFFICIENCY 

To determine the true particle identification efficiencies, tracks corresponding 

to particles with known identification in the data are used. The efficiency for lepton 

identification is estimated using two sources of known leptons in the data: single 

photon production of e+e- and @p- pairs, and two photon production of e+e- 

and CL-$- pairs. Together these samples cover most of the relevant momentum 

range. The selection criteria for these events are described in Appendix A. The 

three tracks in the 3 prong tag are used to determine pion identification efficiencies. 

5.5.1 Muon Identification 

The P/?T discrimination algorithm is described in Chapter 3. Recall that P/?T 

discrimination is attempted only if the track is expected to leave hits in all four 

layers if it is a muon; i.e., the track trajectory projects through all four layers and 

the particle has sufficient momentum to reach the fourth layer if it is a muon. The - 

probability that a muon has associated hits in all four layers of the muon system is 

shown in Figure 5.1 as a function of momentum for muons in the data and primary 

muons from r decay in the Monte Carlo. The muon identification efficiency for the 

muon candidates in the data has been corrected for a small contamination from tau- 

pair events. The muon identification efficiency is systematically about 3% higher in 
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the Monte Carlo than in the data. The appropriate elements corresponding to the 

muon decay mode in the efficiency matrix are corrected for this fact. 

The identification efficiency is also studied as a function of the polar angle 

of the track. Since low momentum tracks scatter through larger angles than high 

momentum tracks when passing through material, a muon with low momentum 

near the edge of the module is more likely to scatter out of the module and fail 

the criteria for a muon. The efficiency is lower near the edge of the module for 

low momentum tracks while there is little dependence of the efficiency on the polar 

angle for high momentum tracks. This dependence on polar angle is seen in both 

the Monte Carlo and the data, with the identification efficiency in the Monte Carlo 

being consistently higher. Of course, the efficiency also depends slightly on the 

azimuthal angle for the same reason. 
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Figure 5.1. Muon identification efficiency for muons which are expected to penetrate 
to the fourth layer of the muon system. The histogram corresponds to primary 
muons from r decay in the Monte Carlo. 
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5.5.2 Electron Identification 

The e/n. discrimination algorithm is described in Chapter 3. Recall that e/r 

discrimination is attempted only if the particle momentum is greater than 1 GeV/c 

and the track trajectory projects into the fiducial volume of the LA calorimeter. The 

probability that TEST1 > 0.85 for an electron is shown in Figure 5.2 as a function 

of momentum for electrons in the data and primary electrons from r decay in the 

Monte Carlo. For the sample of known electrons from radiative Bhabha events, 

the electron candidate is only used if the photon is in a different LA module. The 

electron identification efficiency is consistently about 3% higher in the Monte Carlo 

than in the data. The appropriate elements corresponding to the electron decay 

mode in the efficiency matrix are corrected for this fact. No significant dependence 

of the efficiency on polar angle is seen in the data or in the Monte Carlo. 
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Figure 5.2. Electron identification efficiency for electrons which project into the 
fiducial volume of the LA calorimeter. The histogram corresponds to primary 
electrons from r decay in the Monte Carlo. 
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5.5.3 Pion Identification 

A pion is defined to be a track which meets the momentum and fiducial volume 

criteria for P/X and e/n discrimination and does not satisfy the requirements to be 

identified as a muon or an electron; i.e., the track does not have associated hits in 

all four layers of the muon system and TEST1 is less than 0.85. 

The probability that a pion which meets the momentum and fiducial volume 

criteria for muon identification has associated hits in all four levels of the muon 

system is determined using pions from three prong decays of the tau. The 

probability is (1.4 rfr 0.4)% in the data and (0.6 zlz 0.2)s in the Monte Carlo. It is 

esimated that about half of the pions in the data which pass the criteria for a muon 

are due to the decay of the ?r to pvP in flight, and about half are due to hadronic 

punchthrough and track overlap. The discrepancy between the data and the Monte 

Carlo is probably due to the following two inadequacies in the Monte Carlo. The 

Monte Carlo does not simulate secondaries from pion interactions correctly and 

does not include random noise in the muon system. The appropriate elements in 

the efficiency matrix are corrected for this discrepancy by fixing the probability 

of a hadron satisfying the muon criteria at 1.4% if it satisfies the momentum and 

fiducial volume criteria for muon identification. The probability of misidentifying a 

single prong hadron as a muon is actually slightly lower than this because there is 

no overlap of hits from other tracks. However, the difference has a negligible effect 

on the measured branching fractions. 

The probability that a pion which meets the momentum and fiducial volume 



88 

criteria for electron identification and has TEST1 < 0.85 is shown in Figure 5.3 as 

a function of momentum for pions in the 3 prong tag, in the data and in the Monte 

Carlo. For low momentum, the identification efficiency for pions is about 3% lower 

in the Monte Carlo than in the data. The efficiency for e/n discrimination also 

depends on the number of photons and other charged tracks in the vicinity of the 

track. For example, the pion identification efficiency is about 1.5% higher for pions 

which are from a three prong decay of the tau with no detected neutrals than for 

those with a detected neutral, in both the data and the Monte Carlo. 

For most decay modes with one charged hadron, the decay is classified as an 

electron accompanied by at least one neutral if the charged hadron is misidentified 

as an electron. This does not mix with the electron decay mode unless radiative 

decays are important. 
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Figure 5.3. e/n discrimination efficiency for pions. The histogram corresponds to 
pions in the Monte Carlo, The symbol x corresponds to pions in the data. 
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5.6 ANGULAR DISTRIBUTION 

The angular distribution of the r candidates in the sample affects the particle 

identification efficiencies because of the limited active volume of each detector 

component. The decay products from the two leptons are quite collinear because 

of the large thrust due to the high momentum of the r in the laboratory frame. 

Therefore, the angular distribution of the decay products in the r sample is strongly 

dependent on the angular distribution of the decay products in the tag. 

The angular distribution of the single charged track in the 1 prong tag is shown 

in Figure 5.4 for the data and the 7 Monte Carlo. The top figure shows the 1 cos 01 

distribution where 6 is the polar angle; the bottom distribution shows the azimuthal 

angle 4 between the track and the horizontal. Recall that for lepton rejection, the 

charged track in the 1 prong tag must project into the active volume of the muon 

system and the LA calorimeter. The large gaps in 4, 45O from the horizontal, 

correspond to gaps between the four walls of the muon system. The smaller gaps in 

4, at 0’ and 90° from the horizontal, correspond to the gaps between the eight LA 

modules. The agreement between the Monte Carlo and the data is fairly good. A 

slightly smaller fraction of the charged tracks in the 1 prong tag are near the edges _ 

of the detector elements in 8 in the data than in the Monte Carlo. 

The distribution of the polar angle for the three charged tracks in the 3 prong 

tag is shown in Figure 5.5 for the data and the r Monte Carlo. The agreement is 

quite good. Since there is no electron or muon identification criteria applied to the 

3 prong tag, the distribution of tracks is flat in 4. 
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Figure 5.4. Angular distribution of the single charged track in the 1 prong tag. The 
histogram corresponds to the Monte Carlo and the symbol x corresponds to the 
data. The top figure shows the distribution of tracks as a function of 1 cos 01 where fI 
is the polar angle. The bottom figure shows the distribution of tracks as a function 
of the azimuthal angle relative to the horizontal. 
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Figure 5.5. Angular distribution of the three charged tracks in the 3 prong tag. 
The histogram corresponds to the Monte Carlo and the symbol x corresponds to 
the data. 
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5.7 MOMENTUM DISTRIBUTION 

The momentum distribution of the tagged particles affects the particle 

identification efficiency because of the minimum momentum cut-off of 1 GeV/c 

for electron identification and 2 GeV/c for muon identification. The momentum 

distribution of all tagged one prongs in the tau-candidate sample is shown in 

Figure 5.6 and Figure 5.7 for the 1 prong tag and the 3 prong tag, respectively. 

The distribution is shown for both the data and the Monte Carlo. Of course, 

the branching fractions affect this distribution since the momentum distribution is 

different for each decay mode. The branching fractions used in the Monte Carlo 

are close to those measured with the data. The fact that the agreement is quite 

good indicates that the background contributions to the samples are not large. The 

backgrounds are estimated in the following chapter. 
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Figure 5.6. Momentum distribution of one prongs in the tau-candidate sample 
corresponding to the 1 prong tag. The histogram corresponds to the Monte Carlo 
and the symbol x corresponds to the data. 
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Figure 5.7. Momentum distribution of one prongs in the tau-candidate sample 
corresponding to the 3 prong tag. The histogram corresponds to the Monte Carlo 
and the symbol x corresponds to the data. 
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6. Backgrounds 

The contribution to the samples from sources other than tau-pair production 

through single photon annihilation of the e+e- pair is discussed and estimated in 

this chapter. The potential sources of background are single photon production of 

e+e- and &.A- pairs, two photon production of e+e-, p+p-, r+r- and qq pairs, 

and single photon production of q’p pairs leading to hadronic jets. The background 

from two photon production of tau pairs and qg pairs is discussed for both samples 

at once. Then the other sources of background are discussed for the two tags 

separately since they contribute to the two tags in quite different ways. 

6.1 BACKGROUND FROM Two PHOTON PRODUCTION OF TAU PAIRS 

A sample of Monte Carlo simulated events of two photon production of tau 

pairs, equivalent to an integrated luminosity of about 270pb-', is subjected to 

all of the selection criteria for each tag. The number of charged particles which 

pass the cuts is used to predict the total background in the tau-candidate sample. 

The background contribution from e+e- + e+e- r+r-, expected in 207pb-l, is 

shown in Table 6.1 for the l-prong-tag and S-prong-tag candidate samples. This 

background constitutes (2.1 zt O.3)Y o and (1.0 Itr 0.2)% of the signal for the samples 

corresponding to the 1 prong tag and the 3 prong tag, respectively. 

About a third of the candidates in the l-prong-tag sample are classified as 

electrons. The remainder are scattered among the other categories. The fraction 

identified as electrons is significantly’larger than the fraction identified as muons 

or pions for several reasons. First of all, recall that an event with total energy 
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Table 6.1. Background from e+e- + e+e- r+r- in 207pb-1 for the tau- 
candidate samples corresponding to the 1 prong tag and the 3 prong tag. 

Particle Identification # of photons 1 prong tag 3 prong tag 

1 e 0 11 3.1 

2 CL 0 1.5 0 

3 7r 0 0.8 0.8 

4 z 0 3.1 1.5 

5 P 0 0.8 0 

6 “P 0.8 1.5 

7 zd 0.8 3.1 

8 7r, if or jl 1 5.4 3.1 

9 7r, Z or ji 2 3.1 0.8 

10 7r, Z or ji 3 0 0 

11 7r, Z or ji 4 0.8 0 

12 7r, Z or ji >4 0 0 

13 e >o 0 0 

14 P >o 0 0 

15 2 or 3 charged particles 0 3.1 0.8 

16 2 or 3 charged particles >o 3.1 0 

Total Number of Events 35zk5 15-+3 

less than Ebeam/2 is not written on the data tapes unless it contains an electron 

with p > 1.25 GeV/ ( h c w ere an electron is defined using information from the TOF 

system or the LA calorimeter), or a track with associated hits in three of the four 

muon chamber levels. Since the LA calorimeters and TOF system cover a larger 

solid angle than the muon system, an event with an electron in it is more likely to 
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pass than an event with a muon in it. Secondly, the momentum spectrum of the 

charged particles is peaked at the low end, and the minimum momentum required 

for muon or pion identification is 2 GeV/c, while that for electron identification is 

only 1 GeV/c. This background constitutes (4.4 & 1.2)% of the electron signal in 

the sample corresponding to the 1 prong tag. 

6.2 BACKGROUND FROM Two PHOTON PRODUCTION OF g-q 

Recall that the overall criteria which an event must meet include Ech > 

Ebeam/4 and Em > Ebeam/:! f i none of the tracks in the event is identified as 

an electron or a muon (see section 4.2). This eliminates most background from two 

photon production of qtj pairs. In addition, the cut on p* for the 3 prong tag, and 

the requirement of a track with at least 2 GeV/c momentum at large 1 cos 81 for the 

1 prong tag, provide rejection against this background. 

6.3 BACKGROUNDS TO THE 1 PRONG TAG 

6.3.1 Leptonic Backgrounds 

The background due to leptons* passing the lepton rejection criteria for the 

single charged partcle in the 1 prong tag is estimated as follows. All of the criteria _ 

for the 1 prong tag, escept the lepton rejection cuts, are applied to Monte Carlo 

simulations of single and two photon production of lepton pairs. This results in a 

significantly large number of events passing the momentum cuts and fiducial volume 

requirements of the 1 prong tag. Then the efficiency for lepton rejection, determined 

* In this section, the term lepton refers to electrons and muons only. 
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from PEP data, is used to estimate the background from these sources. This method 

has several advantages. It does not depend on the Monte Carlo simulation of the 

lepton interactions with the LA calorimeter and the muon system, and it results in 

an estimate of the background with small statistical errors without generating an 

enormous number of Monte Carlo events. 

The muon and electron rejection criteria are described in Chapter 3. The 

efficiency for lepton rejection is estimated using the two sources of known leptons 

in the data described in Appendix A: single photon and two photon production of 

e+e- and &.J- pairs. 

6.32 kfuon Rejection Efficiency 

Of the 4 923 muons in the sample of muon candidates from the data passing the 

fiducial volume criteria for muon rejection (at least three sigma from the edges of 

the muon system), 17 pass the rejection criteria (hits in none of the four layers, or in 

the first and/or last layer only). Plots of these events were handscanned. Of the 17 

muon candidates, 5 are obviously electrons. Since these p - e events are probably 

from r-pair production, they are eliminated from the sample. Of the remaining 

12 muon candidates, 5 look like pions, probably also due to r-pair production.* _ 

These muon candidates are also eliminated from the sample leaving 7 muons which 

* The number of electrons and pions from tau decay expected to contaminate 

the muon-candidate sample is also estimated using Monte Carlo generated r-pair 

events. The expected number of /-I - e and p- ?r events agrees well, within statistical 

errors, with the number found through hand-scanning. 
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actually pass the muon rejection criteria. Therefore, the muon rejection inefficiency 

is (0.14 I/I 0.05)%. 

6.3.3 Electron Rejection Efficiency 

Of the 15 555 electron candidates in the data with momentum greater than 

1 GeV/c and less than 14 GeV/c, projecting into the active volume of the LA 

calorimeter, 62 pass the rejection criteria (E/p < 0.5). Plots of these events were 

handscanned. Of the 62 electron candidates, 11 are obviously muons. Again, since 

these e - p events are probably from r pair production, they are eliminated from 

the sample. Of the remaining 51 candidates, 16 deposit about 300MeV of energy 

in the LA calorimeter, which is the amount a minimum ionizing particle is expected 

to deposit. These are probably also due to r-pair production and are eliminated 

from the sample. * Of the remaining 35 candidates, 12 events correspond to e+e- 

production in which the electron candidate is mistracked (usually in the z direction) 

resulting in the energy in the LA calorimeter being identified & a photon. In each of 

these cases, the momentum of the charged track as measured by the drift chamber 

plus the energy of the nearby neutral energy cluster is well above the maximum 

total energy of 12GeV for the 1 prong tag. These electron candidates are also 

* The number of muons and pions from tau decay expected in the electron 

candidate sample is also estimated using Monte Carlo generated T-pair events. The 

expected number of e - ~1 and e - 7r events agrees well, within statistical errors, with 

the number found through hand-scanning. 
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eliminated from the sample leaving 21 electrons which actually pass the E/p cut. 

Therefore, the electron rejection inefficiency is (0.15 h 0.03)%. 

6.3.4 Background from Single Photon Production of Lepton Pairs 

The Monte Carlo for single photon production of lepton pairs is based on the 

generator of Behrends and Kleiss 42 which includes O(a3) effects. In the e+e-(7) 

generator, at least one of the charged leptons is emitted with an angle of at least 

40’ to the beam line. In both the e+e-(7) and @p-(7) generator, the maximum 

photon energy is 90% of the beam energy. A sample of Monte Carlo simulated 

events is subjected to all of the selection criteria for the 1 prong tag escept the 

lepton rejection cut. The number of charged particles which pass these criteria is 

shown in Table 6.2. Most of the events which pass the selection criteria correspond 

to the production of a photon and two leptons with aproximately equal energy in 

which the photon travels down the beam pipe and is undetected. Using the electron 

and muon rejection inefficiencies determined from known electrons and muons in 

the data leads to the estimated backgrounds shown in the table. The distribution 

of the background among the various topologies is also determined from the Monte 

Carlo and the major contributions are shown in Table 6.4. 

6.3.5 Background from Two Photon Production of Lepton Pairs 

Two photon production of lepton pairs with a minimum invariant mass of 

3 GeV/c2 is simulated using an equivalent-photon-approximation generator. 44 A 

sample of Monte Carlo simulated events equivalent to an integrated luminosity of 
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Table 6.2. Background from single photon production of lepton pairs. 

Event Type I e+e- --$ e+e-(7) 1 e+e- + j.~+jK(7) 

I # of Monte Carlo simulated events I 80000 I 40000 - 
I Equivalent integrated luminosity I 30.8 pb-l I 317 pb-l 

# of tracks which survive all cuts for 

1 prong tag ezcept lepton rejection cuts 446 555 

r- Lepton rejection inefficiency 1 (0.15 &0.03)% ( (0.14 &0.05)% 

I # of background events in 207pb-1 I 4.5 zk 0.9 I 0.5 zk 0.2 

about 14 pb-1 is subjected to all of the selection criteria for the 1 prong tag ezcept 

the lepton rejection cut. The number of charged particles which pass these criteria is 

shown in Table 6.3. Using the electron and muon rejection inefficiencies determined 

from known electrons and muons in the data leads to the estimated backgrounds 

shown in the table. The distribution of the background among the various topologies 

is also determined from the Monte Carlo and the major contributions are shown in 

Table 6.4. 

Table 6.3. Background from two photon production of lepton pairs. 
1 

Event Type e+e- -+ e+e-e+e- e + e- + e+e- p+p- 

# of Monte Carlo simulated events 11093 10927 

Equivalent integrated luminosity 13.2 pb-l 14.9 pb-l 

# of tracks which survive all cuts for 

1 prong tag ezcept lepton rejection cuts 199 228 

Lepton rejection inefficiency (0.15 zk 0.03)% (0.14 zk 0.05)% 

# of background events in 207pb-1 4.7 -+ 0.9 4.4 zk 1.6 
\ 
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6.3.6 Background from Single Photon Production of q - Zj 

The background in the tau-candidate sample from hadronic events is estimated 

from the invariant mass distribution of the candidate tau decays. The background 

is calculated for the sample of candidates with one charged particle and higher 

charged multiplicities, separately. 

The procedure is outlined here for the candidates with more than one charged 

particle. The invariant mass of the charged particles and neutrals is calculated 

for each candidate tau decay. In the sample selected from the data, (14 -+ 2)% 

of the candidates have an invariant mass greater than 2.5 GeV/c2. For a similar 

sample of tau decays in the Monte Carlo, only (2.8 zt O.?)% have mass greater than 

2.5 GeV/c2. Also, a sample of hadronic events with three charged particles in one 

hemisphere and at least six charged particles in the other hemisphere is selected 

from the data and used to determine that (55 * 2)% of hadronic three prong jets 

have mass greater than 2.5 GeV/c 2. These numbers are used to estimate that 28 k 6 

of the 255 two and three prong tau candidates with mass less than 2.5 GeV/c2 are 

due to hadronic background. In the sample of hadronic three prongs (with mass 

less than 2.5 GeV/c2) from the data, (74 & 2)% h ave at least one neutral in the three, 

prong jet. This is used to determine the distribution of the background between 

the topologies with zero or greater than zero neutrals. 

A similar analysis applied to the candidates with one charged particle leads 

to an estimate of 24 =t 10 hadronic background events among the 1372 candidates. 

The hadronic sample with one charged particle in one hemisphere and at least six 

9 ’ ’ 
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in the other hemisphere is used to determine the distribution of the background 

events among the topologies with various neutral multiplicities. 

6.4 BACKGROUND TO THE 3 PRONG TAG 

6.4.1 Background from Single or Two Photon Production of Lepton Pairs 

A potential source of background to the 3 prong tag is single or two photon 

production of lepton pairs with intial or final state radiation in which the radiated 

photon converts to an e+e- pair. The dominant potential source is radiative 

Bhabha events because of the large cross section for this process. The criteria 

which eliminate this background are the rejection of events in which 

0 an oppositely charged pair of tracks in the 3 prong tag has a small opening 

angle (this pair-finding algorithm is described in Sec. 3.4), or 

l the total energy (charged plus neutral) in the 3 prong tag is greater than 

14 GeV. 

The pair-finding algorithm is very efficient for radiative Bhabha events for the 

following reasons. First, since the event has three tracks in one hemisphere, 

asymmetric conversions in which one of the charged particles from the pair is 

not detected will not contribute to the background. Also, since the photon is - 

typically emitted at a very small angle to the electron, the opening angle between 

the members of the pair and the primary electron will also be small. Therefore, 

even if one member of the pair is not well tracked, the other member of the pair and 

the primary electron are likely to satisfy the criteria for a pair if they are oppositely 

charged. Finally, because of the low multiplicity of the event, the tracking quality 
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is quite good and hence the pair-finding efficiency is high. 

From Monte Carlo generated events, the estimated background due to lepton 

pairs with a conversion is negligible. A handscan of all events in the data with 

the tau candidate opposite the 3 prong tag identified as an electron, muon or pion 

reveals four, zero and one event from these sources for the electron, muon and pion 

topologies, respectively. 

6.4.2 Background from Single Photon Production of q - p 

A Monte Carlo simulation is not used to simulate the background from this 

process because the low end of the multiplicity distribution depends heavily on the 

fragmentation process used in the Monte Carlo. A sample of hadronic events with 

three charged particles in one hemisphere and at least six charged particles in the 

other hemisphere is selected from the data using all of the selection criteria for the 

3 prong tag except the cuts on p* and the invariant mass of the 3 prong side. From 

this sample, it is determined that (14.2 4~ 1.6)% of 3 prong hadronic jets pass the p* 

cut (p* 5 750 MeV/c), and (52 & 6)s pass the mass cut (ma < 1.7 GeV/c2) after 

the p* cut has been applied. From a Monte Carlo simulation of r-pair production, 

it is determined that (84 zt l)% of tau decays to three charged particles pass the p* - 

cut. 

The sample of 7 candidates tagged with the 3 prong tag contains 567 decays 

with two or three charged particles before the p* and invariant mass cuts have 

been applied to the 3 prong tag, and 265 events after the p* cut. Using the known 

fraction of hadronic jets and tau decays which survive the p* cut, one can calculate 



106 

that the sample of 265 decays contains 43 316 hadronic jets. Since the invariant 

mass cut on the 3 prong tag removes a further (52 rt 6)s of the hadronic events, 

the hadronic background in the two and three prong sample, after the p* and mass 

cuts on the 3 prong tag, is 22 rt 4 events. After this, a cut of 2.5 GeV/c2 is made 

on the invariant mass of the tau candidates opposite the three prong tag. This also 

eliminates some of the hadronic background, leaving a background of 10 313 events 

or (4 & 2)% of the total two and three prong sample. 

A similar analysis applied to the sample of one prong 7 candidates tagged with 

the 3 prong tag leads to an estimated hadronic background of 10 rt 2 events or 

(0.8 & 0.2)% of the one prong sample. 

The distribution of the hadronic background among topologies with different 

numbers of neutrals is determined from the sample of events with a one or three 

prong jet versus a six prong jet in the data. These backgrounds are summarized in 

Table 6.5. 

6.5 SUMMARY OF BACKGROUNDS 

The background estimates for the tau candidates opposite a 1 prong tag and a 3 

prong tag are summarized in Table 6.4 and Table 6.5, respectively. The topological - 

categories which receive the major contributions are also shown for each background. 

The topological distribution for the raw tau-candidate sample, the estimated 

backgrounds, and the background-subtracted sample is shown in Table 6.6 and 

Table 6.7 for the 1 prong tag and the 3 prong tag, respectively. In the next chapter, 

the unfoId method is used to determine the most likely branching fractions of the 
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Source 

e+e- -+ 

e+e- (7) 

P+P- (7) 

e+e- e+e- 

e+e- p+p- 

t I 

Total # of background 

eventsin 207pb-1 

4.5 zk 0.9 

0.5 zt 0.2 

4.7 r.t 0.9 

4.4 31 1.6 

52kl6 

I e+e- r+r- I 35rfI5 

Table 6.4. Backgrounds in the 1 prong tag. The first column lists the 
source of the background and the second column lists the estimated total 
number of events from that source. The third column lists the major 
topological categories in which the background appears and the number 
of background events expected in that category. 

Major Topology, 

# of events 

(e,Oy), 3.9 AX 0.8 

(p,o7), 0.2 zto.1 

(E,O7), 0.3 rt 0.1 

(e,Oy), 3.8 310.7 

(p,O7), 2.3 310.8 

(qoy), 1.5 rt 0.5 

(7r,if,j&LO7),24flO 

(2 or 3 prong, 07)) 7 312 

(2 or 3 prong, > 07), 213~ 5 

(e,Or), 11 IJz 2 

tau for the background-subtracted topological distributions shown in these tables. 
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Table 6.5. Backgrounds in the 3 prong tag. The first column lists the 
source of the background and the second column lists the estimated total 
number of events from that source. The third column lists the major 
topological categories in which the background appears and the number 
of background events expected in that category. 

Source 

e+e- + 

e+e-(r) 

P+P-(7) 

e+e- e+e- 

e+e- p+p- 

e+e- r+r- 

Total # of background 

eventsin 207pbs1 

4 

0 

0 

0 

2ozt4 

15*3 

Major Topology, 

# of events 

(e,Or), 3 

(TOY), 1 

(7r,a,p;r 07),10f2 

(2 or 3 prong, 07), 3&l 

(2 or 3 prong, > 07), 7 ZJI 2 

(e,Or), 3 -+2 
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Table 6.6. Distribution of raw tau-candidate sample, background, and 
background subtracted sample for the 1 prong tag. 

Particle Identification Number Raw Sample Background Background 

of Photons Subtracted 

1 e 0 261 19 & 3 242 

2 P 0 170 4&l 166 

3 7r 0 169 2&l 16'7 

4 z 0 120 4k2 116 

5 P 0 30 2*1 28 

6 zP 128 1 127 

7 xd 20 1 19 

8 7r, E or i;i 1 245 9zt4 236 

9 7r, Z or p 2 141 6&Z 135 

10 7r, it! or Ji 3 42 5xt2 37 

11 7r, E or p 4 12 6rt2 6 

12 7r, i? or F >4 0 0 0 

13 e >O 27 4-+2 23 

14 P >o 7 0 7 

15 2 or 3 charged particles 0 120 10&3 110 

16 2 or 3 charged particles > 0 135 24zt6 111 

Total Number of Events 1627 97 rt 13 1530 
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Table 6.7. Distribution of raw tau-candidate sample, background, and 
background subtracted sample for the 3 prong tag. 

Particle Identification Number Raw Sample Background Background 

of Photons Subtracted 

1 e 0 219 6sfr2 213 

2 P 0 109 0 109 

3 7r 0 78 5&Z 73 

4 I 0 189 2&Z 187 

5 P 0 19 0 19 

6 “P 166‘ 2s 164 

7 xd 92 3&l 89 

8 7r, t or j2 1 182 5&Z 177 

9 7r, t or j2 2 96 3&2 93 

10 7r, E or j2 3 49 2&l 47 

11 7r, Z or j2 4 8 133 7 

12 7r, it! or ji >4 1 0 1 

13 e >O 16 0 16 

14 cc >o 6 0 6 

15 2 or 3 charged particles 0 102 4sfl 98 

16 2 or 3 charged particles > 0 143 7&Z 136 

Total Number of Events 1475 40*5 1435 
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7. Results 

7 .l MEASURED BRANCHING FRACTIONS 

A maximum likelihood fit is used to estimate the branching fractions from the 

background subtracted distribution of tau-decay candidates corresponding to the 

1 prong tag and the 3 prong tag. Because of the large uncertainties in the photon 

identification efficiency, and the amount of mixing of decay modes with two or 

more neutral pions in the final state among topologies with three or more detected 

photons, it is very difficult to determine branching fractions for r- + y,7r-&ro and 

r- + vT7r-37r” separately, using this method. The results depend heavily on the 

minimum energy cutoff for a neutral energy cluster and the probability of finding 

spurious photons. Consequently, the three categories with a charged pion (n, z or p) 

and three, four or more than four photons are combined into one category for the fit. 

Also, the decay modes r- + ~+r-27r~ and r- + y77r-3x0 are combined assuming 

a nominal value of four for the ratio of B(r- + y?7r-27r”) to B(r- --$ u,rrr-37r”) 

to calculate the corresponding row in the efficiency matix. This ratio is varied to 

estimate the systematic errors due to the uncertainty in the ratio. 

The observed distribution of tau-decay candidates, and the distribution - 

corresponding to the branching fractions which result in a maximum of the 

likelihood function, are shown in Table 7.1 for the samples corresponding to each tag. 

The measured branching fractions are shown in Table 7.2. The errors correspond to 

a half unit change in the log likelihood, as described in Section 5.3. The correlation 

coefficients for the fit are shown in Table 7.3 and Table 7.4 for the 1 prong tag and 
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the 3 prong tag, respectively. Note that the correlation coefficients between the 

leptonic modes and the semileptonic modes are generally quite small. An exception 

is the correlation between the leptonic modes and the mode r- --) urn-, especially 

for the sample corresponding to the 3 prong tag. The highest correlation exists 

between r- + y7’/r-7r” and r- + uT7r-(2 or 37r”). 

Table 7.1. Topological distribution of the background subtracted sample 
and the distribution corresponding to the best fit for the 1 prong tag and 
the 3 prong tag. 

Particle # of 1 prong tag 3 prong tag 

Identification photons observed best fit observed best fit 

e 0 242 243 213 211 

P 0 166 159 109 103 

7r 0 167 164 73 73 

z 0 116 126 187 190 

P 0 28 23 19 15 

xP 127 128 164 166 

xd 19 25 89 101 

7r, i? or j2 1 236 242 177 163 

7r, E or jY4 2 135 124 93 105 

7r, Z or J-4 >2 43 48 55 50 

e >o 27 21 16 18 

CL >O 7 6 6 6 

2 or 3 charged particles 0 110 110 98 98 

2 or 3 charged particles > 0 111 111 136 136 

Total Number of Events 1530 1530 1435 1435 

’ 
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Table 7.2. Measured branching fractions (in per cent). The error for each 
measurement is the statistical error only. 

Decay Mode 

r- -+ 

e-&u, 

1 Prong Tag 3 Prong Tag 

19.3 It 1.2 

17.4 It 1.2 

11.3 * 1.4 

25.0 312.6 

14.0 xt 2.2 

6.8 ZlI 1.1 

4.2 31 1.2 

18.7 zk 1.2 

19.1 It 1.4 

7.7 It 1.7 

26.2 312.3 

10.6 31 1.8 

7.3 III 1.1 

8.4 ris 1.2 

fixed at 0.7% 

fixed at 1.3% 

Table 7.3. Correlation coefficients for the measurements corresponding to 
the 1 prong tag. 

Decay Mode e-9, p-Dp x- r-7~~ ?r-(20r3?r0) 37rf 37rfG 

e-De 1 

P-Q -0.175 1 

7r- -0.248 -0.318 1 

?F-7r" -0.118 -0.079 -0.416 1 

F(20737P) -0.112 -0.097 0.133 -0.760 1 

37rf -0.080 -0.051 -0.015 -0.126 0.071 1 

I 37+x0 1 -0.019 1 -0.034 1 -0.0531 0.112 1 -0.288 1 -0.6261 1 

7.2 SYSTEMATIC ERRORS 

Systematic errors are introduced by uncertainties in particle identification 
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Table 7.4. Correlation coefficients for the measurements corresponding to 
the 3 prong tag. 

Decay Mode e-& p-i+ 7r- x-no rrr-(20r37r0) 37rf 37&O 
. 

e-P, 1 

CL-q.J -0.119 1 

7r- -0.373 -0.472 1 

7T--7r" -0.060 -0.082 -0.375 1 

7r- (2 or 37rO) -0.206 -0.068 0.073 -0.658 1 

371-f -0.169 0.114 -0.112 -0.258 0.017 1 

3r*7r0 -0.047 -0.330 0.055 0.119 -0.296 -0.556 1 

efficiencies, relative overall efficiencies for each decay mode, and background 

estimates. The contribution of each of these sources to the systematic error is 

discussed in the following sections and the systematic errors are summarized in 

Table 7.5. 

7.2.1 Particle Identification Efficiency 

The uncertainty in the electron identification efficiency is estimated to be 3%. 

It is small because of the large sample of electrons, with little background, available 

in the data for checking the efficiency. The uncertainty in pion identification - 

efficiency is slightly higher since clean samples of isolated charged pions, with a 

known number of neutral pions accompanying them, are difficult to find in the 

data. The uncertainty in the pion identification efficiency is estimated to be 4%. 

Variations in the branching fractions are estimated for changes in the electron and 

pion identification efficiencies equal to the uncertainty. 
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In addition, the analysis is repeated using different cutoff values of TEST1 for 

e/r discrimination. A low cutoff value of 0.65, resulting in a clean pion sample, 

and a high cutoff value of 1.10, resulting in a clean electron sample, are used. The 

dependence of the results on the cutoff value of TEST1 used in the analysis is 

negligible. 

The uncertainty in the muon identification efficiency is estimated to be 3%. 

Again, this uncertainty is small because of the clean sample of muons available 

for checking the efficiency. The uncertainty in the probability for a pion to pass 

the identification criteria for a muon is estimated to be 30%. The effect of this 

uncertainty on the results is negligible. 

The uncertainty in the number of excess fake photons in the data is estimated 

to be 50%; i.e. the number of fake photons in the data is higher than the number 

predicted by the Monte Carlo by (50 k 25)s. 

The sensitivity to photon identification is also estimated by varying the 

cutoff used for the minimum energy of a neutral energy cluster. The results for 

B(r- + ~~7r-n~) and B(r- + u&(2 or So)) are quite sensitive to this cutoff. 

A low cutoff increases the number of spurious fake photons found, while a high 

cutoff eliminates real photons. Both effects cause a loss of sensitivity resulting in a 

fit which is not robust. This sensitivity is included in the systematic error due to 

photon identification. 

Recall that the decay modes r- + U,?T -27r” and r- ---) u,x-37ro are combined 

assuming a nominal value of four for the ratio of B(r- + ~,?r-2~‘) to B(r- + 
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y,?r-311.O) to calculate the corresponding row in the efficiency matix. The value of 

this ratio is varied between two and eight to estimate the systematic errors due to 

the uncertainty in the ratio. The errors introduced due to the uncertainty in this 

ratio are small compared to other systematic errors. 

7.2.2 Relative Overall Efficiency 

The uncertainty in the branching fractions due to the bias in the sample is 

directly proportional to the uncertainty in the relative overall efficiency for each 

decay mode. These efficiencies, determined from the Monte Carlo, are listed in 

Table 5.3 and 5.4 for the 1 prong tag and the 3 prong tag, respectively. The errors 

listed in these tables are statistical errors only and represent an uncertainty of about 

3% for the major decay modes. Within each sample, there is little or no dependence 

of the relative efficiency on the decay mode of the tag, according to the Monte Carlo. 

For example, in the l-prong-tag sample, the relative efficiencies do not depend on 

whether the tag corresponds to r- -+ u,r/r- or r- + u,p-. 

The Monte Carlo does not predict any significant differences in efficiency for 

different decay modes for the sample corresponding to the 1 prong tag. However, it 

does predict that the electron and muon decay modes are more likely to be included - 

in the sample corresponding to the 3 prong tag. 

The uncertainty in the relative overall efficiency for each decay mode is 

estimated to contribute an absolute error of 0.8% to each branching fraction. For 

the electron and muon decay modes, this corresponds to a relative error of about 

4.5%. 
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7.2.3 Background Estimates 

The errors due to the uncertainty in the backgrounds are estimated by varying 

the backgrounds within the ranges shown in Tables 6.6 and 6.7. The background 

from each independent source is varied separately. The errors from the uncertainties 

in background are generally small compared to the overall systematic errors. 

7.2.4 Summary of Systematic Errors 

A summary of the absolute systematic errors for each branching fraction is 

shown in Table 7.5. The major contributions to the systematic errors for the leptonic 

decay modes are the uncertainties in the relative overall efficiencies and the particle 

identification efficiencies. For the hadronic modes, the major contribution to the 

error is the uncertainty in photon identification. For all the decay modes, the total 

systematic error is approximately the same size as the statistical error from the 

maximum likelihood fit. 

7.3 RESULTS 

The measured branching fractions for the tau candidate samples corresponding 

to the 1 prong tag and the 3 prong tag are shown in Table 7.6. For each 

branching fraction, the first error is statistical and the second is systematic. The 

statistically weighted average of the measurements corresponding to the two tags 

is also shown for each branching fraction. The systematic error for the weighted 

average is obtained by averaging systematic errors common to the two samples 

linearly (for example, particle identification efficiency), and other systematic errors 

quadratically. 
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Table 7.5. Absolute systematic errors (in per cent) for the measurements 
corresponding to the 1 prong tag and the 3 prong tag. 

Decay Mode Source of Error: 1 Prong Tag 3 Prong Tag 
r- -+ Uncertainty in Error (%) Error(%) 

All Modes Relative Overall Efficiencies 0.8 0.8 
-- e ueu7 e/x Discrimination for e* 0.6 0.6 

e/m Discrimination for x* 0.7 0.5 
Backgrounds 0.4 0.3 

Total 1.3 1.2 
p-fjcLy7 p/?r Discrimination for p* 0.5 0.5 

Backgrounds 0.3 0.2 
Total 1.0 1.0 

T-UT e/r Discrimination for e f 0.5 0.6 
e/n Discrimination for ,f 0.6 0.4 
p/n Disrimination for p* 0.6 0.6 

Photon Identification 0.8 0.8 
Backgrounds 0.2 0.2 

Total 1.5 1.5 
7C7PU~ e/x Discrimination for 7r* 1.2 1.1 

Ratio of B(7r-27r”) to B(7r-371.‘) 1.0 0.4 
Photon Identification 2.0 2.0 

Backgrounds 0.3 0.2 
Total 2.7 2.5 

7r-(2 or 3x”)uT e/x Discrimination for 7r* 1.2 1.1 
Ratio of B(7r-27r”) to B(7r-3rrr0) 1.0 0.4 

Photon Identification 2.0 2.0 
Backgrounds 0.8 0.2 

Total 2.8 2.5 
?r-71+7C& Photon Identification 0.6 0.6 

Backgrounds 0.7 0.3 
Total 1.2 1.0 

~-T+7C7& Photon Identification 0.6 0.6 
Backgrounds 0.7 0.3 

Total 1.2 1.0 
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Table 7.6. Measured branching fractions (in per cent). For each 
measurement, the first error is statistical and the second is systematic. 

Decay Mode 

r- + 

1 Prong Tag 3 Prong Tag Average 

-- e Uevr 

p--/by7 

7ru, 

7r7r0UT 

7r--2 or 37r"y, 

7r-7r+~-yr 

w-~+7r-lr"u~ 

K-UT 

(Kn)--ur 

19.3 zt 1.2 zt 1.3 

17.4 zk 1.2 It 1.0 

11.3 zt1.4 It 1.5 

25.0 A 2.6zk 2.7 

14.0 III 2.2 dz 2.8 

6.8 It 1.15 1.2 

4.2 zt 1.2 rt 1.2 

18.7 * 1.2 rt 1.2 

19.1* 1.4 zk 1.0 

7.7 It 1.7 zk 1.5 

26.2 zt 2.3 zt 2.5 

10.6 xt 1.8 rt 2.5 

7.3 & l.lzt 1.0 

8.4 -+ 1.2 zt 1.0 

fixed at 0.7% 

fixed at 1.3% 

19.0 -+ 0.8 III 1.1 

18.1 ZII 0.9 rfr 0.8 

9.9 lt ,l.l zt 1.4 

25.6 Iiz1.7 zk 2.5 

12.0 rt 1.4 II 2.5 

7.1 & 0.8 ztO.9 

6.3 zt 0.8 310.9 

In this analysis, the sum of the branching fractions is constrained to one. Since 

the decay modes used in the fit are only those for which the branching fractions have 

been measured in other experiments, and since the sum of the previously measured 

branching fractions is less than one, this analysis must result in a larger branching 

fraction than the world average for at least one mode. 

The following comments pertain to the results. 

0 The total branching fraction to three charged particles is measured to be 

(13.4&1.1&0.7)01 h h o w ic is in good agreement with the world average of 233 = 

(13.1& 0.3)%. The ratio of B(r- + urn-&r-) to B(T- + uT~-fbr-?ro) 

is also in agreement with the world average. 

l For each tag, both leptonic branching fractions are found to be higher than 
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those measured in previous experiments. The measured branching fraction 

for r- -+ u,e-& of (19.0 31 0.8 Z/I l.l)g o is higher than the world average 

of (17.9 zt 0.4)% by (1.1 31 1.4)%. Th e meaured branching fraction for 

r- + u+--Pp of (18.1 IfI 0.9 31 0.8)!?' o is higher than the world average of 

(17.2 3.~ 0.4)% by (0.9 ZIZ 1.2)%. The total excess in the leptonic branching 

fractions is (2.0 Ifr 1.8)%. The leptonic branching fractions from this analysis 

correspond to a tau lifetime of (3.0 Z/I 0.2) x lo-l3 s. Recall that the 

average measured tau lifetime is (2.8 rt 0.2) x lo-l3 s. Therefore, the 

leptonic branching fractions measured in this analysis are consistent with 

the measured tau lifetime. 

l The theoretica prediction for the ratio of B(T- --) u~?F-) to B(r- + ure-De) 

is 0.607. Combining this with the measured leptonic branching fractions from 

this analysis leads to a prediction of B(r- + u+-) = (11.4 k 0.6)% which 

is (1.5 31 1.9)% higher than the measured value of (9.9 31 1.1 3~ 1.4)%. 

0 A significant difference between the measured branching fractions and 

theoretical expectations involves the decays to one charged hadron and 

multiple neutrals. The measurements of the branching fractions for the 

decay modes r- + 1~~7r-n~ and r- + Y,V (2 or 37r*) have large errors 

which are highly correlated. The difference between unity and the sum of 

the branching fractions for all the other decay modes (which are not as highly 

correlated) is measured to be (37.6 & 2.9)%. The theoretical prediction for 

the sum of the branching fractions for r- + u,p-, r- + urF2rrro, and 
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r- + u+r-3~r~ is about 31% (see Table 1.14). Therefore, the measured 

value for B(r- + ~~‘lr-(r~*), n > 0) is larger than predicted by theory 

by about (7 h 3)%. This difference indicates a larger branching fraction to 

one charged pion plus multiple neutral pions than expected from theoretical 

predictions, or the presence of other decay modes, such as those with an q 

in the final state. 

7.3.1 Limits OR Decay Modes Involving the q 

Recall from the discussion in section 1.3.3 that B(r- + v,,-vn*) is at most 

0.7% based on the assumption that the final state is produced via the ~(1600) 

resonance and on measured branching fractions for the p(1600). Limits can also 

be set on the other two possible decay modes involving q’s based on the measured 

branching fraction for the decay of the tau to five charged particles. The efficiency 

for reconstructing these modes as five charged particles is compared to the efficiency 

for detecting r- --) vT57r*7ro with the final state distributed purely according to 

phase space which is the efficiency used in the Mark II measurement of B5.5 The 

efficiency for detecting the five prong mode of r- + v,fl-~rrr+r- is the same as for 

r- + u&r*7r0 but the efficiency for detecting the five prong mode of r- + u7?r-qr) - 

is only about half of the efficiency for r- + u,57r*7r”. Therefore, the measured value 

of B5 can be used to set the following limits: 

B(T-- -+y77r-q7r+7r-)i0.5%, 

B(r- + u&-qq) < 3%. 
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Recall that B(r- + v,~-~x~x*) < B(r- + urn-q&r-) by isospin conservation. 

Therefore, the total contribution of decay modes involving the v to the branching 

fraction for final states containing one charged pion and multiple neutrals is expected 

to be less than 2.4%. 

7.4 CONCLUSIONS 

The results of this analysis indicate that the discrepancy between the inclusive 

branching fraction and the sum of the exclusive branching fractions to final states 

containing one charged particle found in previous experiments is possibly due to 

two sources. 

First, the leptonic branching fractions measured in this analysis are about one 

standard deviation higher than the world average, resulting in a total excess of 

(2.0 zk 1.8)% over the world average in these two modes. The measured leptonic 

branching fractions correspond to a tau lifetime of (3.0 k 0.2) x lo-l3 s which is 

slightly longer than the average measured tau lifetime of (2.8 zk 0.2) x lo-l3 s. This 

longer lifetime reduces the discrepancy predicted by theoretical calculations from 

about 9% to 2%. 

The total branching fraction to one charged hadron plus at least one neutral - 

particle is measured to be (7 j, 3)% higher than the branching fraction expected 

from a combination of previous measurements and theoretical predictions. Decay 

modes involving the q are not expected to contribute more than about 3% to this 

excess. 
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Appendix A. Selection of Known Leptons in the Data 

The lepton identification efficiency is estimated using two sources of known 

leptons in the data: single photon production of e+e- pairs with initial or final 

state radiation, and #-CL- pairs with or without initial or final state radiation; and 

two photon production of e+e- and &.c pairs. 

The radiative lepton pairs are chosen to provide leptons with a momentum 

spectrum which extends below 14.5 GeV/c. The sample is obtained by selecting 

events with two charged tracks and one neutral energy cluster with at least 1 GeV 

of energy separated from the charged tracks by at least 20 cm in the LA calorimeter. 

For the electron sample, the two charged tracks project into different LA calorimeter 

modules. The sum of the momenta of the two charged tracks, as measured by the 

drift chamber, and the energy of the neutral energy cluster is at least 24 GeV. 

The sample of radiative e+e- pairs contains an ample number of electron 

candidates. However, the muon candidate sample does not have a large number 

of events. To improve the statistics at high momentum, the muon candidate 

sample is supplemented with nonradiative muon pairs. This sample is obtained 

by selecting events with two charged tracks and no neutral energy clusters of more - 

than 200 MeV. The sum of the momenta of the two charged tracks is greater than 

22 GeV/c and less than 36 GeV/c. The time-of-flight information is used to reject 

cosmic ray events. 

The sample of two photon produced events is obtained by selecting events 

with two charged tracks and no neutral energy clusters of more than 20OMeV. 
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The sum of the momenta of the two charged tracks is less than 12 GeV/c and the 

net momentum in the event transverse to the beam is less than 300MeV/c. The 

time-of-flight information is used to reject cosmic ray events. 

For all of the above samples, each charged track is tested with strict lepton 

identification criteria. For the nonradiative muon pair sample, the momentum of 

‘ihis track must be between 12 and 16 GeV/c. If the track passes the criteria for an 

electron (or muon), the other charged track in the event is included in the sample 

used to check the electron (or muon) rejection efficiency. This results in an unbiassed 

sample of electrons and muons with a small contamination from T-pair production. 

The momentum distribution for each sample is shown in Figure A.1 for 

electrons and muons, separately. The total number of electron candidates is I5 555 

and the total number of muon candidates is 4 923. The number of muons is smaller 

than the number of electrons for the following reasons. The cross section for single 

photon production of e+e- pairs is much larger than the cross section for single 

photon production of /-1+p- pairs. Also, the radiative muon sample is much smaller 

than the radiative electron sample because of the large mass difference. Finally, the 

solid angle coverage of the muon system is smaller than that of the LA calorimeter, I 

and the minimum momentum cutoff for muon identification is 2 GeV/c while it is 

1 GeV/c for electron identification. 

i ‘* 
/’ 
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Figure A.1. Momentum distributions for known muons and electrons in the data. 
The solid histogram corresponds to single photon production of lepton pairs with 
initial or final state radiation. The dashed histogram corresponds to single photon 
production of muon pairs without initial or final state radiation and the dotted 
histogram corresponds to two photon production of lepton pairs. 
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