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Chapitre 1

Introduction

Quelques années avant sa découverte en 1975 [1] au collisionneur e+e~
SPEAR, une étude théorique sur les propriétés des désintégrations du lep-
ton lourd r x avait été réalisée [2]. Depuis lors, des études expérimentales
et théoriques approfondies ont été effectuées. Tous les résultats expérimentaux
obtenus jusqu'à maintenant [3,4,5,6,7] ont confirmé que le T est un lepton ayant
son propre nombre quantique et son neutrino associé. Il appartient à la troisième
génération du modèle standard[8] de l'interaction électrofaible. Par exemple, les
interactions du r avec le boson Z0 ont été bien testées en dessous et sur le pôle
du Z0. Les résultats expérimentaux sur les couplages électrofaibles du r au Z0,
qui entraînent une asymétrie chargée sur la section efficace différentielle de la
production d'une paire de r, sont en excellent accord avec les prédictions stan-
dard [5]. Les nouvelles mesures du LEP (Large Electron Positron storage ring)
sur le rapport d'embranchement du Z0 en paires T+T~ et sur la polarisation du
T confirment également les prédictions [9].

Par contre les désintégrations du r lui-même ne sont pas bien comprises
puisqu'il existe quelques désaccords entre différentes mesures [5]. En particulier,
ce que l'on appelle le 'problème des une-branches', remarqué d'abord par Truong
[10] puis par Gilman et Rhie [11] en 1984, a été une énigme de longue date: les
mesures des canaux individuels de désintégration par des expériences différentes
conduisent à un désaccord entre la somme des rapports d'embranchement Bi
pour les canaux exclusifs à une particule chargée et le rapport d'embranchement
inclusif correspondant Bj. En utilisant les moyennes mondiales (MM) [6] et les
valeurs mesurées récemment [7], le désaccord se chiffre à

ABMM = Bj -Y, B.(une-branches) = (6.1 ± 1.1)%. (1.1)
•

Le problème, qui n'a pas été résolu, est soit dû à des effets systématiques,
1Le nom r a été donné du grec rpirou pout trois - Ie troisième lepton chargé - selon la

proposition de P. Rapidis.



soit dû à des modes de désintégration non détectés. Une solution possible
a été indiquée par l'expérience CELLO [12] dans une analyse globale sur les
rapports d'embranchement du r, qui a obtenu des valeurs plus grandes que
celles mesurées antérieurement pour les modes T —» 37W7 et Tr2ir°i/r.

Dans cette thèse, une analyse globale sur la mesure des rapports d'embranche-
ment inclusifs et exclusifs est présentée en utilisant un échantillon pur de r
provenant des désintégrations du Z0 basé sur les données enregistrées en 1989
et 1990 par le détecteur ALEPH au LEP, et en tenant compte des propriétés
particulièrement avantageuses du détecteur ALEPH pour cette étude. La pos-
sibilité d'une normalisation absolue et précise pour l'échantillon T+T~ basée sur
les autres leptons en supposant l'universalité leptonique est également utilisée.
Cette possibilité de normalisation permet une mesure des rapports d'embranche-
ment absolus pour tous les canaux, et permet donc de chercher des modes non
détectés.

Cette analyse a pour but l'étude des aspects suivants:

• la mesure des rapports d'embranchement inclusifs: l'analyse est appliquée
aux événements T+T~ concernant des particules chargées. Une somme
des rapports d'embranchement inférieure à 100% indiquerait l'existence
de désintégrations du r qui n'auraient pas été sélectionnées par l'analyse.

• la mesure des rapports d'embranchement quasi-exclusifs pour tous les
canaux: dans ce cas, des sélections supplémentaires sont appliquées pour
l'identification de particules et l'échantillon contient toutes les désintégra-
tions du T. Les désintégrations sont ordonnées en classes génériques, qui
sont définies selon le type et le nombre de particules chargées, et le nombre
de photons (7) ou de pions neutres (TT°) reconstruits.

• la mesure des rapports d'embranchement exclusifs: les modes exclusifs
sont définis en utilisant uniquement les ir° reconstruits. Les rapports
d'embranchement correspondants sont comparés avec ceux de l'analyse
quasi-exclusive pour établir une limite sur l'existence de canaux où les 7
pourraient venir d'autres sources que les TT0, par exemple des 77.

Les résultats obtenus dans cette analyse ont été publiés par la collaboration
ALEPH dans Ref.[13].

Comme sous-produit, les spectres de masse invariante ont été reconstruits
pour tous les principaux canaux semi-leptoniques et sont utilisés avec les rap-
ports d'embranchement leptoniques pour mesurer [14] la constante de couplage
a,{m\) de la chromodynamique quantique (QCD).

La thèse s'articule de la façon suivante. Dans le deuxième chapitre, une revue
de la situation théorique et expérimentale liée aux rapports d'embranchement
est présentée. Les caractéristiques du détecteur ALEPH sont précisées dans



le chapitre 3. Le chapitre 4 traite de Ia sélection des événements T+T~ et
les critères de sélection y sont détaillés. Les chapitres 5 et 6 sont réservés à
l'identification des particules chargées et à la reconstruction des photons ou
des pions neutres, qui sont en effet deux parties essentielles pour l'analyse. Le
générateur Monte Carlo utilisé pour la production T+T~ et pour les désintégra-
tions du r est introduit dans le chapitre 7 suivi par le chapitre 8 pour la nor-
malisation absolue de l'échantillon de r. Les méthodes ainsi que les résultats
de l'analyse sont présentées respectivement dans les chapitres 9, 10, et 11 pour
les rapports d'embranchement inclusifs, quasi-exclusifs, et exclusifs. Les incer-
titudes systématiques de l'analyse sont détaillées dans le chapitre 12. Nos rap-
ports d'embranchement mesurés sont comparés dans le chapitre 13 avec ceux des
autres expériences et avec les prédictions théoriques quand elles sont disponibles.
Le chapitre 14 présente les spectres de masse invariante reconstruits dans les
canaux semi-leptoniques. Les spectres peuvent être utilisés avec les rapports
d'embranchement leptoniques pour mesurer la constante de couplage a3(m%)
de QCD. Finalement, le chapitre 15 est consacré à la conclusion.



Chapter 2

Phenomenology of r decays

2.1 The r in the Standard Model

The picture of particle interactions that is now known as the Standard Model
has as its foundation the unification of the electromagnetic and weak nuclear
forces achieved by Glashow, Weinberg, and Salam [8] in the 1960s. In ad-
dition to the description of the electroweak forces in terms of the symmetry
group 517(2) x 1/(1), the model also incorporates the Higgs mechanism for the
generation of particle masses, Cabibbo-Kobayashi-Maskawa generation mixing
(see below) in the quark sector, and Quantum Chromodynamics (QCD) as a
description of the strong interactions.

The fundamental fields of the Standard Model are the four electroweak gauge
bosons (7, W±, and Z0), the eight gluons of the strong interaction, the con-
jectured Higgs scalar, and the three generations of quarks and leptons. The r
is a charged lepton in the third generation with its own associated neutrino vr

(Table 2.1). Each generation includes not only leptons but also quarks, which

Table 2.1: Schematic view of the generation structure of
leptons and quarks.

Leptons

Quarks

Generation
1 2

/ \ / \

(""•) ( * )

3
Charge

0
- 1

2

~3

are the constituents of hadrons. Quarks, therefore different from leptons, have
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non-integer charges. In addition, each quark has three different colors.

In each generation, the four left-handed fermions transform as doublets un-
der SU(2):

, < (M)
« ) , (, = «,c,l;r = i,.,i)

where the weak eigenstates (d',s',bf) are related to the mass eigenstates (d,a,b)
by the Cabibbo-Kobayashi-Maskawa (CKM) matrix [15]:

Vud Vn. Vub\ ( d\
Vd Fc, VA \[ S . (2.2)
vld Vu vib)\b)

This is a generalization of the four-quark case, where the matrix is parametrized
by a single angle, the Cabibbo angle Oc [16]. The three right-handed fermions
are SU{2) singlets:

= 5(1-75)«, (2-3)

Only the doublets couple to the W\

Among the three generations, the top quark t is the only one which remains
not being found. The present mass limit is set at mt > 91 GeV/c2 [17]. Re-
cent measurements at LEP have shown that the number of generations with
neutrinos lighter than about half the mass of the Z0 is three [18]. The Stan-
dard Model, on the other hand, offers no theoretical reason why the number of
generations should be exactly three (nor does it explain the entire phenomenon
of repeated generation structure). The inability of the Standard Model to ex-
plain or predict certain glaringly obvious features of the physical landscape has
frustrated the physics community for more than one decade. Nevertheless, no
phenomenon has yet been observed that clearly contradicts its predictions.

2.2 The Decays of the r and Charged Currents

Besides its intrinsic interest as a sequential lepton in the Standard Model of
electroweak interactions, the r is the only presently known lepton heavy enough



to decay into hadrons. Therefore, its semi-leptonic decays appear to be an ideal
laboratory for studying the hadronic weak currents in very clean conditions.
Morever, contrary to the well-known e+e~ —* 7* —> hadrons process, which
only tests the electromagnetic vector current, the semi-leptonic r-decay modes
offer the possibility to study the properties of both vector and axial currents.

Within the Standard Model, the r lepton decays via the FT-emission dia-
gram: its leptonic decay (Fig.2.1(a)) is very similar to the /x decay (Fig.2.1(b)),

(b)

W

Figure 2.1: Lowest order Feynman diagrams for the r leptonic decays (a)
and /i decay (b).

while the semi-leptonic decay (Fig.2.2) resembles the process for leptonic pion
decay (ir —> iiv^) (see Fig.2.3(b)). Thus it is not surprising that the most s-

W

Figure 2.2: Lowest ordsr Feynman diagrams tor semi-leptonic r decays.

traightforward T branching fraction calculations were performed well before the
discovery of the r itself [2].

iu the following, we will describe in some detail the theoretical framework
in which the branching ratios of the r decays are predicted.



2.3 Leptonic r decays

Within the Standard Model the leptonic decays are the best understood of all
the r decays. The decay width can be expressed[2] as:

T(r -> VrW1) = ^^~ JdSlf dxx3 [3 - 2x T (w • p,)(2x - I)] (2.4)

where x = E/Em&x is the scaled energy of the decay lepton l{e,(i), w the T
polarization vector, pi the unit vector along the direction of the decay lepton,
and GT and Gi are the corresponding Fermi constants of the r and the charged
lepton in the final state to the weak current. In the Standard Model, all leptonic
coupling constants are equal due to the lepton universality and therefore can
be related to the muon lifetime measurement:

Gr = Ge = G» = GF = (1.16637 ± 0.00002) • 10"5GeV-2. (2.5)

If all masses of the final states can be neglected then one has:

r<r-•*'*> = w - <2-6>
Taking into account the mass correction factor:

f{y) = 1 - 8y + 8y3 - y4 - YIy2 In y with y = (m/mr)
2, (2.7)

and the first order electroweak corrections [19] not absorbed into GF from the
radiative processes and the effects of the finite mass of the intermediate vector
boson W, the decay width is modified as:

a - l ( m r ) ^ 133.3. (2.9)

The mass correction is small for me = 0.511 MeV, but sizable for Tn11 = 105.6
MeV (1 — f(y) = 0.0272). The other corrections in the square brackets are also
small (3 • 10~4 and 4.3 • 10~3 respectively).

The uncertainty in the decay rate arises at present mainly from that of the
T mass value (mT = 1784.1136 MeV/c2 [6]) except for the muon mass effects:

0.9%, (2.10)
mT

Theoretically, the branching ratio of the electron channel Be can be cal-
culated from the measured lifetimes T7. (Table 2.2) and T11 [6] assuming fi — r



Table 2.2: A list of the measured r lifetime and their weighted average.
The single quoted error is combined statistical and systematic errors added
in quadrature, which are separated in case of two quoted errors with the
Srst being the statistical one.

291
308
314
309
301
288
306
299
295
309
325
315
303

Tr

±
±
±
±
±
±
±
±
±
±
±
±
±

(fs)
14
13
25
23 ±
29
16 ±
20 ±
15 ±
14 db
17 ±
14 ±
36 ±
6

30

17
14
10
11
7
18
40

Experiment
ALEPH
OPAL
DELPHI
L3
JADE
Mark II
TASSO
HRS
ARGUS
MAC
CLEO
MAC
Average

Reference
[20]
[21]
[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]
[30]
[31]

universality:

Be= nî U w (2-11)
= (18.9 ±0.4)%,

where the error is dominated by the uncertainty of the T lifetime measurements.
As one will see later, this prediction is about two standard deviations higher
than the measured branching ratio. It should be noted that the discrepancy
cannot be established at the level of a single experiment and only appears after
the averaging of many experimental values. This is not a confortable situation
as the weighted average may have underestimated the systematic error. In fact,
the procedure for constructing the average is generally based on the assumption
of uncorrelated systematic errors for the various experiments. This assuption
is not true if some of the experiments shared a same systematic source.

One could also imagine that mT was not correctly measured and this could
also be important since the predicted Be is related to m®.

Finally, the measured Be may be too low. This certainly will facilitate the
solution of the 'one-prong problem' (Sec.2.5.3).

The knowledge of the leptonic branching ratios Be and B11 depends on the
total decay width of the r , which cannot be precisely calculated theoretically.
The ratio of the two is however well known theoretically since some of the



10

corrections are in common1 for the two decay modes:

(2.12)

This convention of expressing the branching ratios of the r decay with respect
to the electron branching ratio will be used for the other decay modes.

The hadron to lepton ratio

_ T(T- -+ ^hadrons(7)) _ 1 - Be - B11

** = B.

has been calculated [32] up to order a3
a in the perturbative QCD with a small

estimated non-perturbative contribution. As we will see later in Chapter 14, the
measured Be or the hadronic spectrum in r decays allows a precise measurement
of a,(m2

T).

2.4 Semi-leptonic r decays

The general form of the decay width for a semi-leptonic T decay is:

P(T- - , hadrons + uT) = ^ f ? dq2(m2
r - 9

2)2x

2) + Mq2)] + ml[V0(q
2) + A0(q

2)]} cos2 Bc (2.14){[(ml + 2

+[(ml + 292MV1V) + A\(q2)\ + mlWtf) + A>0(q
2)}] sin2 6C),

where the numerical subscript indicates the spin of the hadronic final state, the
superscript s denotes the Cabibbo-suppressed strange decays, Oc is the Cabibbo
angle, and V and A indicate the vector and axial-vector spectral functions.
Table 2.3 lists some of the final states identified with different values of spin-
parity and strangeness. The Vo, which is not shown in the table, can be set to
zero on the basis of the Conserved Vector Current(CVC) [33], and A0 = 0 for
ç2 > ml using the Partially Conserved Axial Current(PCAC) hypothesis [34],
in other words, Ao contributes only to the n decay mode.

Different from the leptonic decay modes, the semi-leptonic decay widths are
not directly calculable in the framework of the present theory. Some of the
decay modes, namely those to vector mesons, pions and kaons, can be quite
well calculated from theory and the low-energy experimental mesurements (see
below). Other decay modes, notably the three- and five-pion decays, cannot be
calculated with any reliability.

'Apart from the last two correction factors in Eq.(2.8), which are same for the electron and
muon channels, an additional correction for the latter: (a/2jr)m^/m^ can be safely neglected.
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Table 2.3: A list of the final states identified with different values of spin-
parity and strangeness.

Spectral function
-̂ o
A,
V1

AQ

A\
V1'

Spin-Parity

o-
1+
1-

o-
I +

1-

Strangeness
0
0
0

- 1
- 1

Final State

oi(1270)~
,(770)"

K-
K1 (1270)" ,K1 (1400)-

#•(890)"

I + ^(I +2Q)In p

2.4.1 Electroweak correction to semi-leptonic decay modes

Electroweak correction also contributes to semi-leptonic modes [19,35]. How-
ever, because of the fractional electric charge carried by quarks, short-distance
loop corrections involving 7 and Z0 bosons are different for leptonic and semi-
leptonic amplitudes. In fact, the correction factor

(2.15)

in the leading logarithm O(a) only contributes to semi-leptonic decay modes
since the average charge for a quark-doublet is Q = \ ( | — 5J = | , whilst for a
lepton pair Q = — \.

The renormalization group can be used to sum up all short-distance loga-
rithms of the form a" In" mz. Assuming that the top quark has a mass larger
than mz, the correction factor obtained in Ref.[19] becomes:

(2.16)

m ) fa
,mZ) =

~ 1.0194,

where the numerical value is obtained by using the running coupling constants in
the Quantum ElectroDynamics (QED) a(mb) = 1/132.05, a(mw) = 1/127.97,
and a(mz) = 1/127.93, at their respective masses.

Taking into account of the electroweak correction to the electron channel, the
last factor in Eq.(2.8), the total correction to the ratio R7- and to the individual
ratio BhIBe for each semi-leptonic channel h amounts to:

EW correction to RT and to —- = 1.0237,
Be

(2.17)

i.e. a correction of 2.4%.
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2.4.2 Pseudoscalar final states

For the decay T —> TTVT, using the corresponding spectral function:

A0(q
2) = 2TTfJW-ml),

Eq.(2.14) becomes:

(2-18)

The pion decay constant / r , which measures the strength of the pion coupling of
the axial-vector current and cannot be derived from theory, is well determined
from the decay rate of the process IT —* pu^ (see Fig.2.3(a,b) for the relationship
between the two processes):

m
2 1 2

(2.20)

(a)

fK COS 8C IT

(b)
/ T cos 9C

(d)

K

/K sin 0

Figure 2.3: Feynman diagrams for (a) r —» VTTT, (b) IT
(c) T —> i/Tiir, and (̂ dJ iif —

As is shown in Sec.2.4.1, there is an electroweak correction of 2.4% to Bf1/Bc

for any individual semi-leptonic mode h. Since we are using the process n
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as a reference for the pion decay constant /* in calculating the ratio Bx/Be, a
similar correction for this process should be considered. The latter correction
was found [19] larger than 2.4% so that the overall correction amounts to f =
0.990. Taking into account this correction, the ratio Bs/Be reads:

(2.21)

A conservative uncertainty of ±1% should be quoted for the ratio if taking the
uncalculated O(a/n) radiative corrections [36] into account in addition to the
calculated leading logarithm term in Eq.2.15.

Similarly, for the kaon channel, by using Eq.(2.6) and the corresponding
spectral fuction:

A'0(q
2)=2nfK6{q2-mK), (2.22)

where, / K , the kaon decay constant, is measured in process K —> /tu,, as il-
lustrated in Fig.2.3(c,d), the ratio of the decay rate to the electron channel
follows:

~~ (2.23)

where the electroweak correction f ' has also been taken into account.

2.4.3 Predictions using CVC and e+e —» hadrons data

Compared to the case with pseudoscalar final states, the situation for the Cabib-
bo allowed modes with Jp = 1~ is more complicated. Here, different polariza-
tion states have to be summed up and the final state has a non-zero width
described by the Breit-Wigner factor for a single resonance. For example, the
vector spectral function for the p~(770) final state has to be determined over
the range of q2 corresponding to the Breit-Wigner shape of the p meson.

To avoid the possible uncertainty, the vector spectral function can be derived
by invoking CVC, which relates the isovector part of the e+e~ annihilation into
hadrons to the vector part of the charged weak current:

Vl{q ) " i S ? ' ( « ) ^ ï~

where <rpoint = 47ra2/3g2 is the cross section for the process e+e~ —> ^+/*", and
the superscript J = I indicates that the u> contribution has been subtracted.
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Using this equation and Eq.(2.6), the ratio of the decay rate with the electron
channel can be expressed as:

Bp _ T(r -> Vrp)
Be ~ T{T -» uT€ve)

3cos2ftc

2Ka2mT

The numerical value of this ratio Bp/Be — 1.23 was first given by Gilman
and Rhie [11] by integrating directly over the then available e+e" —• mr cross
section (or actually a fit to it). Eq.(2.25) can be expressed in a slightly different
way in terms of the electromagnetic pion form factor F*:

* £ -
Be'

where the superscript 7 = 1 indicates that the o> contribution has been sub-
tracted. Fig.2.4 shows the measured \F*\ from all measurements including the
new measurement from VEPP-2. The various curves in the figure stand for
different fits using different parametrizations for F*(q2), which all incorporate
p — ui mixing and an energy dependent width Fp(g2) for the p, but differs in the
exact functional dependence of the Fp(g2), in the incorporation of analyticity in
the p propagator and in the inclusion of higher radial excitation p', p" and even-
tually in a deformation of the resonance in the large q2 region as a consequence
of the opening of a new channel.

Using Eq.(2.26) and the different parametrizations for F*(q2) with the con-
tribution of u> being subtracted, a larger value of B9JBe has been derived[38]
solely due to the new data[37]:

^ = 1.32 ±0.05,
B

(2.27)

The result was found to be fairly insensitive to the details of the parametrization
on the form factor and the quoted error was dominated by the systematic error
of the experiments.

The same method can be applied [39] to the other processes. The results
are listed in Table 2.4. The results increase by 2.4% if taking the electroweak
radiative corrections into account (Sec.2.4.1). The quoted errors are all dom-
inated by the systematic uncertainty on the overall normalization of the e+e~
annihilation cross section.

2.4.4 Constraints due to isospin conservation

Some decay modes cannot be predicted with the same degree of confidence. We
can only make model-dependent estimates with an accuracy which depends on
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2.0

Figure 2.4: The data for the electromagnetic pion form {actor Fx are shown
with a variety offits from Ref.[37j.
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Table 2.4: Predictions using CVC and e+e~ —» hodrons
data.

Decay mode
T~ —> VTX~

TTO/

37TTT0

7r3ir°

(ftr)"
7TTT0JJ

K0K
<fnr

Bx/Be

0.126 ±0.018
0.243 ± 0.015

0.0602 ± 0.0028
0.0107 ±0.0023
0.0073 ±0.0011
0.0062 ± 0.0017

< 0.0051

our ability to handle the strong interactions at low energies.

As pointed out by Gilman and Rhie [11], isospin conservation can give con-
straints on some of these decay modes. For example, if the three pion decay of
the r proceeds uniquely through the ai, i.e.:

Oj"l/T

L-U^-,

then the isospin conservation results in:

T-2*0
= 1.

(2.28)

(2.29)

If the three pion decay of the r is not completely dominated by the O1, such
considerations have to be extended to other isospin combinations leading to the
following limits for mode T —» VT(3TT)- :

(2.30)

(2.31)

Similar relations have also been derived for the following decay modes.
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For mode T~ —> i>r(57r) :

with an upper limit on the one-prong decay mode:

JZ • •"S—prong» •

For mode r"

- BM- ~ 35 '

< <
5 ~ -5(6*)- ~ 5 '
1 < B3*-2x+*o < 4

5 — ^(6ir)- ~ 5

with an upper limit on the one-prong decay mode:

(2.32)

(2.33)

(2.34)

(2.35)

(2.36)

(2.37)

(2.38)

(2.39)

This limit becomes more precise if we use the prediction from CVC and
e+e~ -+ hadrons data (see Table 2.4) along with Eq.(2.36):

< 0.003 ± 0.001. (2.40)

For mode T~ —> ur(KKir) :

n s t BKOKX 1

0

0 < /K+K-ir- =
)"

 4

(2.41)

(2.42)

(2.43)
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with a maximum value for the one-prong decay mode:

2 4
/ - i r O + gfKOK0X- = 0 .526 .

For mode r —» i/r(.KV7r) :

1 . , #**+* ^ 2

< 0 »
) - <»

0 <

with a maximum value for the one-prong decay mode:

4
9

(2.44)

(2.45)

(2.46)

(2.47)

(2.48)

2.4.5 Other decay modes

The Cabibbo-suppressed decay mode r~ —> uT(Kir)~ is dominated by the
if(890) just as the irir system is dominated by the p. The rate can be ob-
tained [11] from that for T~ —> vTp~ by multiplying by tan2 0c due to the
strangeness-changing current and by the phase space factor:

(2.49)

and by using the relation between the two coupling constants
derived from the SU(3) asymmetry [40]:

Bh = 0.069, . (2.50)

Theoretical predictions can also be derived for some of the r decay modes
involving 17 meson:

Mode T~ r-Tp7- : as the r\ and ir are pseudoscalars, this decay must proceed
through the hadronic vector current. This is characterized by even G-
parity (like the p meson), while the TJTT system is G odd, so we have
by definition a process that involves a second-class current. Within the
Standard Model this should happen at a level of roughly a2 in the rate
compared to processes through the usual first-class currents. Thus, in the
Standard Model such a decay is completely negligible.
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Mode T~ -> (2n)-T)vT : see Table 2.4.

Mode T~ —* (3TT) J71/,- : there is no firm theoretical prediction on the one-prong
decay mode 7r~27r°?/i/r, the branching ratio is, however, related to that of
the three-prong decay mode ir+2ir~7]VT by isospin invariance: BT2n°n <
#3™,- Further using the experimental limit on the latter (0.3% at 90%
CL [41]), one gets:

< 0.3%. (2.51)

2.5 One-Prong Problem

2.5.1 Definition of the one-prong problem

The evidence is overwhelming that the r is a standard sequential lepton: the
interactions of the r with the Z0 boson have been tested well both below and
at the Z0 pole. The experimental results on the weak neutral couplings ol the
T to the Z0, leading to a charge asymmetry in the differential cross section for
r pair production are in excellent agreement with the standard expectation [5].
Also the new measurements from LEP on the Z0 branching ratio into T pairs
and the r polarization follow the expectations [9]. The decays of the r itself,
on the other hand, have so far not been completely understood.

The problem [11,10] was that measurements of single channels by different
experiments lead to a deficit in the sum of the branching ratios Btfi = e,/£,...)
for exclusive one-prong channels compared to the corresponding one-prong in-
clusive fraction Bj.

Using the weighted average values (Table 2.5) for all measured one-prong
decay modes obtained from all the measurements included in Ref.[6] and the
new results 2 presented recently [7], this deficit amounts to:

AflwA = Bj-J2 5,(one-prong) = (6.1 ± 1.1)%, . (2.52)
i

where WA stands for the weighted World Average. In Table 2.5, the weighted
world average values have been compared with the theoretical predictions, which
are normalized to an 'input' electronic branching ratio obtained by averaging
naively the measured one and the theoretical one derived from the measured T
lifetime (see Sec.2.5.4 for more detail). The theoretical branching ratio of 9.8%
quoted for mode ir2n°i>T is obtained from completeness since there is no reliable

2some of them aie preliminary, for instance the branching ratio (0.78 ± 0.29%) quoted in
Table 2.5 for channel ir3jr° is dominated by the preliminary result from CLEO experiment. If
instead, we use the old measured world average 3.0 ±2.7%, the deficit becomes smaller but with
a much larger uncertainty.
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Table 2.5: Comparison of one-prong traction between a weighted average
the measured branching ratios and the theoretical predicted ones.

of

One-prong fraction of the r decays(%)
T~ decay mode

UTTT~

uTp-

UTK-

Vr\-"- Jone—pong

i/r7r-(27T0)
urn-\> 3TT0)
VT*-{> 1V)(> OTT0)
yT(if7nr)~ne_prong

uT{KKn)~ne_pTOtt6

vTK~K°
Sum of measured modes
Sum of predictions
Theoretical limits
on unmeasured modes
Sum of exclusive modes
Measured one-prong
branching fraction
Difference

Experiment
17.88 ± 0.25
17.45 ± 0.28
11.00 ± 0.42
22.31 ± 0.61
0.67 ± 0.23
1.13 ±0.13
7.77 ± 0.57
0.78 ± 0.29

79.0 ± 1.1

Theory
(18.2) Input, Eq.(2.54)
17.7 Eq.(2.12)
10.9 Eq.(2.21)
24.6 Eqs.(2.17,2.27)
0.7 Eq.(2.22)
1.00 Eqs.(2.50,2.17)
(9.8) Input, Sec.2.5.5
< 1.3 Table 2.4, Sec.2.4.4
< 0.16 Table 2.4, Eq.(2,51)
<0.47 Eq.(2.56)
< 0.34 Eq.(2.57)
0.11 Table 2.4

<85.3

<1.1
< 80.1 ± 1.1

86.2 ± 0.3 Sec.2.5.3
6.1 ±1.1

prediction for this mode (see also Sec.2.5.5). The sum of theoretical predictions
for the listed one-prong decay modes is smaller than the measured topological
one-prong branching fraction. This indicates that either the input electronic
branching ratio is set slightly too low or the topological one-prong branching
ratio is measured slightly too high.

It should be emphasized that the problem is derived from averaging over
the measurements from many different experiments. From this point of view,
it is very desirable to measure all the branching ratios in a single experiment.
However, this was not possible for all the existing detectors used for the mea-
surements except for Mark II [42], TPC [43], and CELLO [12], where it was
done with some limitations on particle identification, and y/ir° reconstruction
for channels involving high 7r° multiplicity.

Furthermore, as already pointed out in Sec.2.3, the procedure for construct-
ing the weighted averages is generally based on the assumption of uncorrelated
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systematic errors for the various experiments. This effect can be especially
important when systematic errors dominate as for the r —• TTVT and T —• pvT

modes. In addition, there is a tendency [44] for multiple experimental measure-
ments of a given mode to be more consistent than expected from their quoted
errors. The T —* pvT measurements show this tendency even if the systematic
errors are ignored and only the statistical errors are used.

In order to help identify the problem, let us take m closer look by going into
some details on the experimental measurements and the comparison between
the theoretical predictions and measurements for each decay channel whenever
it is possible.

2.5.2 Importance of Experimental Conditions

Experimental conditions are extremely important for a reliable measurement.
For the r branching ratio measurement, crucial conditions required may vary
from one experiment to other depending on the physical variables to be mea-
sured and the methods to be used, but generally speaking, the knowledge of
the efficiency and the background contamination, among other things, are the
two most important conditions.

Virtual'y all our present information on r physics comes from one of the
e+e~ annihilation processes as shown in Fig.2.5: e+e~ —• T+T~ annihilation
channel. The multiplicity of charged particles in the final state from this process
is small (> 99% of decays yield three or less charged particles), and therefore
the r decays events can be easily isolated from hadrons where the multiplicity
is much larger, especially at higher energies as shown in Fig.2.6. However at
low energy, the hadronic background still can be very important. In the figure,
we have also shown three groups of experiments, which are classified roughly
according to the centre-of-mass energies y/â:

1. SPEAR and DORIS,

2. CESR and DORIS II, and

3. PEP and PETRA.

In the earlier experiments at SPEAR and DORIS, the r selection was usu-
ally based on tagging a semi-leptonic decay of one of the T'S and studying the
properties of the other. Unfortunately, these studies, which were performed
close to the charm production threshold, had to contend with large contami-
nations from hadronic events, whose kinematical distributions at these energies
are similar to those from r decays. The situation is much cleaner at PEP and
PETRA, where the mass of T is small compared to the beam energy. Here, the
r events are characterized by two back-to-back jets of particles having both low
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Figure 2.5: Feynman diagrams for (a) the a channel photon and Z0 ex-
change processes e+e —* ff where f = vi, I , or q with I = e, fi, and
T, and q = us d, s, c, and b, und for (b) the t channel photon and Z0

exchange processes e+e~ —> e+e~.
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CM. Energy

Figure 2.6: Average multipîiàty as a function of centre-of-mass energy for
e+e~.

multiplicity and low invariant mass. At the same time, the mean multiplicity of
hadronic jets has increased and the probability of a quark jet resulting in only
a single charged prong is small.

The other background from QED processes, however, becomes more impor-
tant. As shown in Figs.2.7(a) and (c), at y/s = 30 GeV, the e+e" production
is much more important than that of T+T~ due to the large contribution from
the t channel photon exchange process. At LEP on the Z pole, the T+T~ pro-
duction becomes comparable with that of e+e~ (Figs.2.7(b) and (d)) where
f-channel photon exchange dominates only at very small angles. The p+fi~
production at the two energies are comparable with that of T+T~. A selection
cut on acollinearity in one-one topology events removes most of these events.
The remaining background comes from the radiative processes e+e~ —* e+e~rf
or e+e~ —» n+fi~-y. Such events have an apparent one-three topology if the
photon converts into an e+e~ pair close to the interaction vertex. They also
have high visible energy and low invariant mass. The removal of such events
depends, therefore, on the ability in a particular experiment to identify photon
conversions either by the electron identification or by detecting the low invariant
mass of the e+e~ pair.
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Figure 2.7: (a): The e+e production as a function of cos 9 from s and
t channel photon exchange and their interference (solid line), and the
T+T~ production from s channel photon exchange (dashed line); (b): same
as (a) with a channel Z exchange and t channel photon exchange and
their interference for e+e~ (solid line) and s channel Z exchange for T+r~
(dashed line); (c) and (d): The ratios between e+e~ and T+r~ in (a) and
(b), respectively.
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To have some idea on the statistics, efficiency, and background contamina-
tion, here is an example from CLEO experiment. They have recorded 0.8 x 105

T+T" events, To reject the enormous hadronic background, they had to cut
heavily on their data sample. Finally, for the analysis of the electron branch-
ing ratio [45], only 2,965 electron decay candidates were used based on 15,851
selected T+T~ events which corresponds to a selection efficiency of 16.1% with
still quite a large hadronic contamination of 15.0%.

2.5.3 Topological one-prong branching ratio

The measurement of the one-prong branching ratio has had quite some histo-
ry, showing a definite "learning" process, as shown in Fig.2.8. Starting from

1 I 1 I

I I I I
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Figure 2.8: A compilation of all measured Bj (in %). The vertical
line indicates the world average value.

relatively low first measurements, Bj was constantly climbing as a function
of time and has finally settled around 86%. The analysis methods were not
always the same for all the measurements. Some were more sensitive to the
accurate knowledge of the luminosity and of the absolute selection efficiency
than the others [46]. However, even in the latter case with the same analysis
methods, CELLO [47] and HRS [48], two ox the most precise measurements in
recent years still differed from each other by 2.3 standard deviations, as shown
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in Table 2.6. This may indicate that the systematic errors were underestimat-

Table 2.6: Comparison of the Bj between two of the most
precise measurements, CELLO and HRS.

BÏ

CELLO
84.9 ± 0.4 ± 0.3
15.0 ± 0.4 ± 0.3

HRS
86.4 ± 0.3 ± 0.3
13.5 ±0.3 ±0.3

éd. For instance, the detected charged track topology can be different from
the physical one since tracks may be lost because of the detection inefficiency
and may have additional tracks appearing from converted photons and hadron
interactions. To remove these additional tracks, one relies heavily on the ability
of the detector to perform electron and pion separation.

The weighted average shown in Table 2.5 and Fig.2.8 is obtained using all
experiments listed in Ref.[6] including the new measurements [23],

2.5.4 The branching ratio of the electron channel

Including the new measurements presented recently in Ref.[7], a weighted aver-
age is derived for Be:

Be = (17.88 ± 0.26)%. (2.53)

This is about two standard deviations lower than the prediction using the mea-
sured T lifetime rT (Eq.(2.11)).

Since most of theoretical predictions are expressed with respect to the Be, an
input value Be

npui is needed in order to compare the measured and the predicted
branching ratios for the other channels. Here, the average of Eq.(2.53) and
Eq.(2.11) is naively used as the input in Table 2.5:

(2.54)

where the error has been scaled by y/%? (larger than 1).

2.5.5 Decay modes involving TTO'S

Without good energy resolution and granularity for the electromagnetic shower
detection, it is impossible to make reliable and precise exclusive measurement
of the branching ratios of the decay modes involving TT°'S, in particular BT2X°

and 5*3*0 because of multiple photons in the final states. Even with these
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requirements, it is still difficult from the detector point of view since when
reconstructing the real photons from the calorimeter information one is faced
with fake photons due to electronic noise in the sbower counters and due to
fluctuations in the shower development, where photons may be generated by
splitting of hadronic showers. In addition, photons may be lost in uninstru-
mented regions of the detector so that decays with a given n0 multiplicity may
feed down into classes with lower observed TT° multiplicity. Conversely, due to
"genuine" photons produced in the calorimeter by hadronic interactions of the
charged pions, moderate feed up may occur.

The B9 has been measured by several experiments. Although they differed
greatly in their mass resolution and background (see Fig.2.9), they found con-
sistent results. In fact, they are over-consistent from the statistical point of
view [44]. The weighted average is shown in Table 2.5, which is more consis-
tent with the old theoretical prediction of Bp/Be = 1.23 [11] than the new one
(Eq.(2.27)).

For Bx2iro there is no reliable theoretical prediction. However, if we take
such a normalization that the sum of all the r decay channels gives 100%, then
"the theoretical prediction" is significantly larger than the measured one.

It should be mentioned that in a global analysis by Mark II [42], TPC
[43], and CELLO [12], the three experiments all found a significant excess over
previous measurements, in the one-prong hadronic modes involving at least two
neutral hadrons (h0 = ir°,T)):

{ (12.0 ±1.4 ±2.5)% MarkII
(13.9 ± 2 .0^ )% TPC (2.55)

(14.0±1.2±0.6)% CELLO.
This may be an indication that the branching ratios with multiple neutrals

were underestimated.

2.5.6 Measured branching ratios of the modes contain-
ing K and 77 mesons

The branching ratios shown in Table 2.5 for decay modes T —> KvT and r —>
K*vT are taken directly from the Ref.[6].

TPC [49] has recently measured the branching ratios for decay modes T~
-* uTK-n+ir- + neutrals (0.7012$%) and VTK-K+TT- + neutrals (0.16lg$%),
which can be transformed into one-prong fractions using the isospin relations
(Sec.2.4.4):

(2.56)
[BK7cJone_prong<0.34%. (2.57)



28

CM
100

Ul

" (a)
1 CHARGED PARTICLE +
2 PHOTONS

I DATA
J" MONTE-CARLO

800

800

50 100 150 200
M n MeV/c2

250 300

Figure 2.9: Two-photon invariant mass for (a) CELLO, (b) Crystal
Ball, and (c) CLEOII experiments.
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Historically, there has been quite some excitement about the measurement
of the decay r —> f]nuT with a branching ratio of order 5% [51]. However, these
findings were quickly disproved by many other experiments, limiting the branch-
ing ratios below 1% [6], consistent with the theoretical estimation (Sec.2.4.5).

2.5.7 Three-prong decays

Including two new measurements on the topological three-prong branching ratio
of the T decays (Bj) by L3 (14.4±0.6±0.3% [23]) and ARGUS (13.3±0.3±0.8%
[52]), the weighted average value for the Bj is:

Bl = 13.88 ± 0.26%. (2.58)

The corresponding weighted average values for the two dominant exclusive
branching ratios are [52,6]:

B3w = 6.8 ± 0.4%, (2.59)

= 5.3 ± 0.4%. (2.60)

k

Even taking a small contribution from Knn and KKn into account, the sum of
the exclusive three-prong branching ratios is still smaller than the correspond-
ing topological one. This points to a 'three-prong problem' though it is less
significant than the 'one-prong problem'.

The theoretical prediction for mode 37T7r° (see Table 2.4 and Eq.(2.54)) is
compatible with Eq.(2.60), while for mode 3TT, if we assume that the three
pion decays are O1 dominant, then B3x should be equal to Bx2x°: 10.55%, and
is therefore more than 3 standard deviations larger than the measured one
(Eq.(2.59)).

These observations may indicate that the B3r was underestimated.

2.6 Conclusion

At present, all experimental results on the r-lepton are consistent with the Stan-
dard Model. The accuracy of the r-data is, however, rather poor in comparison
with the lighter leptons. The two well-known discrepancies were observed: the
'one-prong problem' and the conflict between lifetime and leptonic branching
ratio measurements. There have been many speculations concerning the dis-
crepancies [5], such as the existence of unseen decay modes. Resolution of these
discrepancies will surely rely on new measurements with reduced statistical er-
rors and well controlled systematic ones, and on a consistent study of all the
decay modes.



Chapter 3

ALEPH Detector at LEP

3.1 Large Electron Positron storage ring (LEP)

The ALEPH collaboration together with three others, DELPHI, L3, and OPAL,
constitute the four experiments at the Large Electron Positron storage ring
(LEP). The storage ring has a circumference of 27 kilometers and is located
across the border between France and Switzerland to the west of Geneva. It is
the largest scientific instrument in the world.

LEP was designed to run in two different phases. The first one (LEP I) with
a center of mass energy around the Z0 mass, has started from the middle of July
in 1989 and has been running for physics since then. The typical luminosity
during the physics data taking in the first two years was 3 x 1O30 cm"2»"1 with
the maximum luminosity of 7 x 1030 Cm-2S"1, to be compared with the designed
luminosity of 16 x 1030 cm~2s~x. The purpose of this initial phase is to make
a precise measurement of the Z° decays and searching for new particles and/or
new physics.

The second phase (LEP II) with a center mass of energy increased up to
200 GeV is foreseen to start in 1994. It will allow a continuous searching for
new particles (physics) and a first study on the non-abelian three-boson vertices
Z0W+W- and -/W+W'.

3.2 ALEPH detector

The ALEPH detector is a general purpose detector. It has been designed to
study in detail the parameters of the Standard Model, such as the production
and the decay modes of the Z0 and W± bosons, to test QCD at large Q2, to
investigate neutral-current couplings of the different quarks and leptons, and
to search for the top quark. In addition, it is well suited to the search for new

31
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phenomena, such as the Higgs bosons or supersymmetry particles.

The emphasis of the detector designing has been put on the following con-
siderations:

• large acceptance (97% of 47r),

• good energy resolution,

• the possibility to reconstruct jets even if they are dense,

• good detection and identification of leptons and photons.

It has a quasi-cylindrical shape of 11 meters in diameter and 11 meter long.
Starting from the interaction point outwards, it contains the following elements
and subdetectors (Figs.3.1,3.2):

1. The beam pipe, made of an aluminium(96%)-magnesium(3.2%) alloy. It
has a diameter of 156 mm and a thickness of 0.5 ram (0.0056 X0 radiation
length). The beam pipe has been replaced by a beryllium beam pipe with
a smaller diameter of 110 mm since 1991.

2. The vertex detector (VDET), made of a double layer silicon strip (com-
pletely installed in 1991). It provides the tracking information of charged
particles at a few centimeters from the interaction point, and allows in
particular to reconstruct the secondary vertices, which are important, for
instance, for the b quark physics and for the measurement of r lifetime.

3. The inner tracking chamber (ITC), a drift chamber using axial wires with
inner and outer radii of 13 cm and 29 cm, respectively. It provides up
to eight accurate r — <f> points for tracking, and it also provides the only
tracking information for the Level-1 trigger (Sec.3.3).

4. The time projection chamber (TPC), a large cylinder with a length of
4.4 m and an outer diameter of 3.6 m. It provides a three-dimensional
measurement of each track segment and contributes to particle identifi-
cation through measurements of energy loss (dE/dx) derived from up to
344 samples of the ionization for a track traversing the full radial range.

5. The electromagnetic calorimeter (ECAL), consisting of alternating layers
of lead sheets and proportional tubes read out in 73728 projective towers,
each subdivided into three depth zones (stacks). It provides the trans-
verse and longitudinal information for a shower generated by a neutral or
charged particle.
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©

Figure 3.1: ALEPH detector, longitudinal cross-section. The numbers in the
Egare refer to (1) the beam pipe, (2) the vertex detector (VDET), (3) the
inner tracking chamber (ITC), (4) the time projection chamber (TPC), (5) the
electromagnetic calorimeter (ECAL), (6) the super conducting solenoid, (7) the
hadronic calorimeter (HCAL)1 (8) the muon chamber, and (9) the luminosity
detector.
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13600

Figure 3.2: ALEPH detector, lateral cross-section. The numbers have the same
dehnitions as m the previous figure.
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6. The superconducting solenoid, 5.3 m in diameter and 6.4 m long. It
provides a homogeneous magnetic field of 1.5 T parallel to the LEP beam
axis.

7. The hadronic calorimeter (HCAL), consisting of limited-streamer tubes
interleaved with the iron plates forming the magnet return yoke, the total
iron thickness being 1.2 m. This calorimeter is read out in 4608 projective
towers, and the tubes also give a digital output for tracking penetrating
muons.

8. The muon chamber, consisting of two double layer of limited-streamer
tubes separated by 50 cm. It measures the position and angle of a pene-
trating muon.

In the following, more detailed information will be found for all the subde-
tectors except for VDET and the muon chamber which were either not installed
or only partly installed for the data used for this analysis.

3.2.1 The inner tracking chamber (ITC)

The ITC is a cylindrical multiwire drift chamber consisting of eight concentric
layers of wires parallel to the beam direction in the radial region between 160
and 260 mm. The r — <f> coordinate is obtained by measuring the drift time
with a precision of about 100 ̂ m. The ^-coordinate is found with a precision of
about 3 cm by measuring the difference in the arrival times of pulses at the two
ends of each sense wire. For the trigger, the ITC has two associated processors
that find, respectively, charged-particle trajectories either in two dimensions
(the r — <l> projection) or in three dimensions. The trigger is available within
2—3 /is of a beam crossing. The maximum drift time in the ITC is about 400 ns,
which is small compared with the beam crossing time of 22/JLS. This allows to
reject most of the cosmic background at this level.

3.2.2 The time projection chamber (TPC)

The TPC is a large drift chamber (4.4 meter long and 1.8 meter in radius),
which is divided into two halves (Fig.3.3) by a graphite coated mylar membrane
(thickness 25^m) acting as the central high voltage electrode. It is run with an
Argon-Methane (91:9) gas mixture at atmospheric pressure and provides up to
21 three dimensional coordinate measurements.

A charged particle track traversing the sensitive volume of the TPC produces
electrons and gas ions by ionization process. The electrons from the primary
ionization drift up to 2.2 m toward one of the end-plates in an axial magnetic
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field of 1.5 T and an electrical field of 125 V/cm pointing parallel or antiparallel
to the magnetic field vector in the two halves respectively.

On each end-plate 18 wire chambers (or sectors) of three different shapes
are mounted. This geometry was chosen so that tracks would have a sufficient
number of coordinates even for stiff tracks passing along a sector boundary.
Each end-plate has a total of 20502 cathode pads arranged in 21 circular pad
rows and 3168 sense wires situated on 6 inner and 12 outer sectors.

In the vicinity of a sense wire the electrons create an avalanche and induce
by capacitive coupling a signal on the cathode pads. The pulse height seen by
one pad is a superposition of pulse heights induced by avalanches of electrons
approaching several consecutive wires. The signals on the pads extend in general
over two or three neighbouring pads.

Azimuthal coordinates are derived from the r<f> position of the recorded
avalanche, whereas, longitudinal coordinates are obtained from their measured
drift times. After careful correction of residual distortions and optimization of
coordinate reconstruction algorithms, a single coordinate resolution, measured
with leptonic Z0 decays, of <rr^ = 173 pm in azimuthal and of (Tx — 740 pm in
longitudhial direction is achieved [53] as shown in Fig.3.4.

The quality of the track reconstruction depends critically on the precise
knowledge of systematic distortions in the time imaging process. The ALEPH
TPC was therefore equipped with a laser calibration system. It allows to mea-
sure and correct residual inhomogeneities of the electric and magnetic drift
field?, to monitor the drift velocity of electrons in the gas, and to measure
important parameters which are used in the coordinate reconstruction.

The relative alignment of the 18 sectors in each end-plate has been deter-
mined with two track events from the process e+e" —* /*+/J~, where the radially
outgoing muon tracks have a momentum equal to the beam energy. Each muon
track was fitted with three helix segments, one measured by the ITC, one mea-
sured in an inner sector of the TPC and one in an outer sector. The track fit was
made with a common radius of curvature and dip angle for all three helix pieces
but allowing f™ offsets in the azimuthal plane at the boundaries between ITC
and TPC and between inner and outer TPC sectors. The radial and azimuthal
positions of each sector and its rotation about its center were determined by
minimizing the azimuthal deviations between the TPC and ITC helix pieces. In
this way, the sectors in each TPC end-plate were aligned relatively to each other
and the complete end-plate was aligned globally to the ITC. As a consequence
the two TPC end-plates are then also aligned relative to each other.

Fig.3.5(a) shows the ratio of the beam energy over the momentum as it is
measured in the TPC with tracks from Z0 —» fi+fi~ decays. Twenty-one TPC
coordinates on the tracks were required and the acollinearity angle between the
positive and the negative muon had to be smaller than 0.3° to cut out radiative
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events.

A transverse momentum resolution of

(QeV

c

for the TPC is achieved. Together with ITC the transverse momentum resolu-
tion becomes

Apr/p?- = 0.0008 ( — ) (3.2)

after applying field and alignment corrections. Fig.3.5(b) shows a similar dis-
tribution measured by the ITC/TPC tracking system, where the positive and
negative muons are plotted separately showing that the corrections are appro-
priately treated.

In addition to its principle role as a tracking device, the TPC also serves
to separate particle species according to measurements of their specific energy
loss by ionization, dE/dx. This is important for identification of electrons when
used in conjunction with the ECAL as we will see in Chapter 5. The dE/dx is
measured from the sense wire pulse, of which there are at most 344 for a track
traversing the full radius of the TPC. The offline reconstruction uses for the
dE/dx analysis only those wire pulses which match in z with a single track.

Generally, the quantity (dE/dx)6x is the mean energy loss via interaction
with electrons in a layer of the medium with thickness Sx. For finite Sx1 Poisson
fluctuations occur. Landau first remarked that the distribution is skewed toward
high value [54]. The large fluctuations in the energy loss are primarily due to
the production of a few high-energy knock-on electrons or so-called 6 rays [55].

In order to reduce the large fluctuations, the dE/dx is therefore defined
to the mean of the 60% of its associated wire pulses, or dE/dx samples, with
the lowest pulse heights (60% truncated mean), after applying corrections for
variations of sample length and for attenuation of the charge with drift.

In order to optimize the results it is necessary to correct residual gain vari-
ations from one wire chamber sector to other and within each sector. Since the
TPC operates at atmospheric pressure, the effective gain changes from run to
run. It is calibrated from data using minimum-ionizing pions in the momentum
range from 0.3 GeV/c to 0.6 GeV/c, where there is a large separation between
the dE/dx of pions and that of all other particle types (except muons, which are
rare and give dE/dx close to that of pions). The data are grouped into blocks
of runs such that the pressure variation within a block is negligible, and the
position of the pion peak is measured for eack block. The dE/dx for each block
is thereby normalized such that minimum-ionizing particles have (dE/dx) = 1.

The sample of minimum-ionizing pions is also used to determine the dE/dx
resolution in hadronic events. The resolution as a function of the number of



40

400
Ap/p2=1.2-10"3(GeV/c)

1.4

Ap/p2=0.8«10"3(GeV/c)

Figure 3.5: Tlie ratio beam energy over track momentum measured in the
TPC (a) and by ITC and TPC (b) for tracks from Z0 -» H+(i~ decays.
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dE/dx samples, N, is fit to the form

a,/I = JvIIN + <r\ with / = (dE/dx), (3.3)

from which it follows <ra = 0.834 and (Tb = 0.019. Note that the constant term
(Tb of almost 2% gives a significant contribution to the resolution. The sample
of pions is in a momentum range where the track curvature is large (particles
with transverse momentum less than about 0.4 GeV/c loop in the TPC), so the
resolution must be checked with tracks of higher momentum. This was done in
hadronic events by using electron candidates identified by the E C A I J . A fit to the
resolution of the electrons (with a substantial background in the cample being
subtracted) versus number of samples prefers <Tb = 0 and <ra = O.83I5, indicating
a resolution of 4.6% for electrons in hadronic events with the full complement of
wires. The resolution is slightly better for low multiplicity events. In dilepton
events, with pairs of electrons or muons at p = 45 GeV/c, a resolution of 4.4%
is found.

The dependence of the mean dE/dx on particle velocity has been measured
from data using a variety of event types. Minimum-ionizing pions fix the min-
imum of the curve, protons are used to fit the low momentum I//?2 region,
Bhabha events give the plateau position, and dimuons and muons from r de-
cay give points only slightly below the plateau. The mean dE/dx of pions in
the relativistic rise region is determined from fits to dE/dx measurements in
multi-hadron events. Each momentum bin is fit to a sum of four Gaussian
contributions, for electrons, pions, kaons and protons, with only the position
of the pion peak and the normalizations of the four contributions allowed to
vary. The results of the. fits for the position of the pion peak are then combined
with the points from protons, minimum-ionizing pions, and dileptons in a fit of
a modified Bethe-Bloch formula [56] with six free parameters. This procedure
is iterated several times, the improved parameterization being used in each it-
eration to fix the positions of the kaon and proton of measured dE/dx versus
momentum for each of the five particle types (e, /j., TT, K, p) in Fig.3.6. The
height of the plateau relative to minimum ionizing is 1.57.

3.2.3 The electromagnetic calorimeter (ECAL)

The entire ALEPH electromagnetic calorimeter (ECAL) is divided into two
parts (Fig.3.7):

• the barrel, formed of 12 modules of 4.6 m in length, 1.87 m in radius, and
43 cm in depth,

• two end-caps, each consisting of 12 modules in petal form, placed at 2.5 m
from the interaction point, of an internal radius of 57 cm arid an external

I
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radius of 2.3 m. The end-cap modules are rotated by 15° with respect to
the barrel modules.

ENDCAP B

50LEN0I0

ENDCAP A

VIEW IN DIRECTION OF ARROW C

SHOWING HALF MODULE OVERLAP

Figure 3.7: Electromagnetic calorimeter (ECAL), over view.

This structure permits to cover a very large angular region, [ cos 6\ < 0.98
around the interaction point. The cracks represent 2% of the barrel and 6% of
the end-cap surfaces. The overlap region between the modules of the barrel and
end-caps covers an interval of 0.71 < | cos 0\ < 0.79.

Each ECAL module is a highly granular lead/wire chamber sampling device
of 45 layers (corresponding to 22 radiation lengths (X0) nominal thickness).
The wire chambers are made of open-sided aluminium extrusions. Ionization
from an electromagnetic shower developed in the lead sheets is amplified in
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avalanches around 25 /un diameter gold-plated tungsten wires. The signals are
read out capacitively via the extrusions' open faces with cathode pads placed
behind a highly resistive graphite-coated Mylar "windows". The pad size is
approximately 30 x 30 mm2, which corresponds to an angular size in B — <f> of
0.9° x 0.9°. The structure of a typical single layer of the calorimeter is shown
in Fig.3.8. The pads from consecutive layers are connected to form towers

RNQDE PLRNE

graphited mylar

CRTHOOE PLRNE

readout lines

Figure 3.8: Typical layer in the electromagnetic calorimeter stack.

pointing at the interaction region. They are summed independently in three
depths ('storeys'), corresponding to the first 'stack' (w 4X0 = 10 layers of 2 mm
lead sampling), the second 'stack' (« 9X0 = 23 layers of 2 mm lead sampling),
and the third 'stack' (« 9Xo = 12 layers of 4 mm lead sampling).

Energy depositions in ECAL are measured from charges collected in the
front-end electronic circuits attached to the individual pad storeys and wire
layers of the modules. The relationship between energy deposited and charge
collected is determined experimentally by an energy calibration procedure.

The performances of the calorimeter during the data taking periods have
been excellent from the point of view of reliability and stability. The number of
dead channels is remarkably small: about 300 segments of dead towers within
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221184 and about ten wire planes disconnected among 1620.

The resolution of energy measurement in ECAL is

• for wires:

AR 17(1%

Barrel, (3.4)

2.3% End - caps. (3.5)

• for towers:

= ^ 2 + 1.1% Barrel, (3.6)

= —d~ + 0.8%
hi

Different particle types give different response in the ECAL. This makes it
possible to separate one particle type from the other. The separation between
electrons and pions has been measured [57] with a barrel module using the test
beam data at 5 and 10 GeV particle energies. The energy response for 10 GeV
electrons and pions is represented in Fig.3.9. As far as pions are concerned, the
large peak at lov; energy - about one half the total sample - corresponds to
pions that do not interact in the 22 radiation lengths, whilst other pions start
a hadronic shower. Their energy distribution involves a long tail that contam-
inates the region where electrons of same momentum are expected. Defining
a pulse-height window with > 99% efficiency for electrons in Fig.3.9(a), the
fraction of pions simulating electrons is (1.5 ± 0.3)%. This pion rejection is
improved by using the the calorimeter segmentation. If only the energy in the
four towers adjacent to the impact point of the particle with momentum p is
summed (E4), the ratio E4/p shown in Fig.3.10 allows a sharper discrimination:
for the cut E4/'p > 0.75, only (0.8 ±0.2)% of the pion sample can fake electrons,
while the electron efficiency remains above 99%.

Additional cuts are based on the longitudinal shape of the electromagnetic
showers, and on the comparison between barycentre reconstruction and the
track-hit coordinates within spatial resolutions.

The final pion contamination for an electron efficiency larger than 95% is

e»_e = (1.1 ± 0.5) x 10"3 at 10 GeV, (3.8)
eff_e < 3 X lu"3 at 95% CL at 5 GeV.

The test beam studies [58,59] have also been used to reconstruct energy-
independent estimators of the quality of electron identification based on the
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compactness ratio E.t/p defined above (Rr) and the longitudinal shower shape
(RL). These two estimators are formulated to be normally distributed dimen-
sionless quantities centred at zero. The first, RT, measures the deviation of the
compactness of the shower from the expected transverse shape reconstructed in
the calorimeter storeys:

The second, RL, performs the same function for the longitudinal shower shape
and is formed from the inverse of the mean position A of th<; longitudinal energy
deposition:

RL = Measured-Expected ^ ^ = E, ^

where E, is the energy deposited in the four storeys closest to the extrapolation
in each of the three stacks i, S1- the mean longitudinal position of the shower
in the corresponding stack. Applied to hadronic Z0 events in the data, a plot
of RT as a function of RL (Fig.3.11) shows electrons (above 2 GeV) clearly
separated from other charged particles. This illustrates the power of the fine
granularity in ECAL, combined with the good spatial track resolution of the
TPC, to identify electrons embedded in high-multiplicity jets.

3.2.4 The hadron calorimeter (HCAL)

The HCAL is subdivided into a central barrel placed outside of the supercon-
ducting solenoid and consisting of 12 modules, and two end-caps, each consisting
of 6 modules (Fig.3.12). The entire hadron calorimeter is rotated by 32.7 m-
rad (1.875°) with respect to the ECAL in order to avoid overlapping of crack
regions.

The calorimeter is also a sampling device. The iron is split into self-supporting
slabs (5 cm thick and 10 cm for the last one) by air-gaps in which layers.of plas-
tic streamer tubes are inserted (Fig.3.î3(a)). There are 23 planes of tubes in
the barrel, 22 in the end-caps. One end-cap module is shown in Fig.3.13(b).
Spacers formed of iron bars are welded along the edges of the slabs so as to
maintain the 22 mm gaps between slabs. Although these are necessary for the
rigidity of the structure, they do reduce the space available for streamer tubes
by 3.4% in the barrel. Similarly, in order to withstand the large magnetic forces
that pull the end-caps inside the magnet, and to maintain the 22 mm spacing,
five iron bars are welded into each gap. This reduces by 6% the area of the
petal that can be covered with streamer tubes.

The streamer tubes are made of extended plastic. Each tube has a base
sheet with nine fins perpendicular to it forming eight long cells. Signals are
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induced on electrodes on both sides of the eight-cell unit. The open side of the
cells faces copper pads which are etched on Vetronite sheet with an earth plane
on its reverse side. Twisted-pair cables, one grounded and one connected to the
pad, carry away the induced signals. These are summed from pads in different
layers so as to form signals from projective towers. As seen from the interaction
point, each tower subtends a solid angle in 0 — <f> about 3.7° x 3.7°. On the
average, 14 towers of ECAL are covered by 1 tower of HCAL.

On the other side of the eight-cell unit, aluminium strips, one per cell,
are positioned parallel to the wires. These are used to derive standard logic
signals whenever the particular cell fires. This digital readout provides a two-
dimensional picture of the hadronic shower and is also vital to the process of
identified muons.

Because the barrel modules are trapezoidal in cross-section and the eight-
cell units have a fixed width, it is not possible to completely cover the layers
with an integer number of units. To overcome this, passive spacers are inserted
between units in such a way as to spread the sensitive regions within each layer
without allowing the passive parts to line up along possible muon paths.

Typical patterns of fired tubes produced by the strip digital readout of the
calorimeter for single pions, muons, and electrons of 10 GeV energy are shown
in Fig.3.14. This feature will be employed together with dE/dx from TPC and
RT and RL, from ECAL for identifying particle types in this analysis.

3.3 The Trigger System

The ALEPH trigger system is designed to accept all genuine e+e~ interactions.
Given the luminosity of LEP and the corresponding event rate, no specific
type of physics events need to be selected - the trigger must only reduce the
background to a manageable level, i.e. the frequency of triggers must be small
enough to be acceptable for gating the TPC and to cause only minimal dead-
time in the data acquisition.

Signals from different ALEPH subdetectors allow for a variety of triggers
which together cover all possible types of events. The basic philosophy for the
design of the individual triggers was to be sensitive to single particles or single
jets. This was achieved by the following three levels of refinement:

• the Level-1 trigger, with a decision within about 5 [is (compared to 22 /is
between two beam crossings),

• the Level-2 trigger, with a decision within about 50 /is,

• the Level-3 trigger, which is applied only after the readout.
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Figure 3.14: Typical digital pattern of tubes hit by a 10 GeV pion
(a), muon (b), and electron (c).
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The overall requirement for the trigger system is not to exceed the rate
acceptable for data writing, i.e. 1 - 2 Hz. The Level-1 trigger initiates the
event digitization. To keep the space-charge effects in the TPC small, the trigger
rate should be at most a few hundred hertz. The Level-2 trigger refines the
Level-1 track triggers and checks for the presence of charged-particle trajectories
in the TPC originating from the vertex region. In case the Level-1 decision
cannot be confirmed, the readout process is stopped and cleared. The maximum
trigger rate allowed for Level-2 is about 10 Hz. The Level-3 trigger, which has
access to the information from all detector components, identifies genuine e+e~~
interactions, separates them from background triggers, and validates them for
recording on the storage medium.

The main Level-1 triggers are:

1. ECAL energy greater than 6.5 GeV in the barrel or 3.8 GeV in either
end-cap or greater than 1.6 GeV in both end-caps.

2. ECAL energy greater than 1.3 GeV (reduced to 0.2 GeV in the data of
1990) in a module in the same azimuthal region as an ITC track.

3. A particle penetrating HCAL in the same azimuthal region as an ITC
track.

These triggers are complementary for T decays into different final states. For
instance, the first two triggers are more efficient for decays r —» eue and
nnmir°(n,m > 1), while the third trigger is more useful for those decays
T —» HVf, and/or ir where it is a non-interacting particle.

The other triggers provide redundancy and allow the trigger efficiencies to
be studied. The trigger inefficiency is 0.15% for T+T~ events within the fiducial
region and is known with an accuracy better than 0.05%.

The triggers for the luminosity events are described in the following section.

3.4 Luminosity Measurement

The ALEPH luminosity detector is an electromagnetic calorimeter (LCAL) with
a track detector (SATR) in front. The calorimeter is a lead/proportional wire
sampling device of nominal thickness 24.6 radiation lengths with 38 sampling
layers. It is placed around the beam pipe on both sides of the interaction region
with the first sampling layer at a distance of 266.8 cm from the nominal inter-
action point. The calorimeter covers a polar angle range, relative to the beam,
from 45 mrad to 190 mrad. During the early running period SATR was only
used for verification of the LCAL alignment and to optimize the beam condi-
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tions, since SATR is very sensitive to synchrotron radiation and thus presents
a valuable background monitor.

The luminosity is determined by comparing the measured rate of Bhabha
scattering with the cross section predicted by theory. The reason for using
Bhabha scattering for this purpose is twofolds:

• in one hand, at low angles this process has a large cross section, thus
allowing a luminosity determination with a small statistical error.

• in other hand, the process at low angle is clearly dominated by the t-
channel photon exchange, which can be accurately described in the frame
of QED. This fact allows a measurement of the luminosity basically inue-
pendent of the Z parameters which we pretend to determine by studying
the lineshapes.

For the prediction, the event generator BABAMC[60] is used for the reaction
e+e~ —» e+e~(j). The generated events are passed throught a detector simula-
tion which produced simulated Monte Carlo events. The simulated events are
then reconstructed and analyzed using the same programs as for the data. The
luminosity for a particular beam energy is given by:

r •''Bhabha

OYef

where .Afehabha is the number of events in the data passing the selection cuts,
and <rref the reference cross section at the given beam energy, which is calculated
from the Monte Carlo events using the same cuts as are used on the data.

The experimental systematic errors on the Bhabha cross section result from
uncertainties in the simulation, calibration, and positioning of the calorimeter,
as well as Monte Carlo statistics. The total systematic error on the luminosity
measurement is 0.7%, with 0.6% coming from experimental uncertainties and
0.3% from theoretical uncertainties.

3.5 Reconstruction Program

After one event is accepted by the third level trigger, it is then taken by the
reconstruction program JULIA (Job to Unveil LEP Interactions in ALEPH),
which transform the numeric signals of each subdetector into a form more useful
for physics analyses. The most important tasks of the reconstruction are the
following:

• The signals provided by the TPC are analyzed and translated into points
in space. The different coordinates are then fitted to form tracks by taking
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into account of the ITC information. The momentum of each track is
calculated together with the minimum distances (do and Z0) between the
track and the interaction point in the direction perpendicular to the beam
axis and in the direction of the beam axis.

• The secondary vertices (V0) are reconstructed.

• In each calorimeter, neighbouring storeys with energies above certain
thresholds are classified into a same cluster. The association between
ECAL clusters and those of HCAL and between the clusters and the ex-
trapolated TPC tracks are analyzed.

• The digital signals of the HCAL tubes are classified and related to showers
in the HCAL storeys.

The Monte Carlo events for a physical process can be either generated by
running an event generator alone or generated inside the ALEPH simulation
program GALEPH (GEANT[61] + ALEPH) through an interface with the KIN-
GAL package, a set of subroutines which can be called in the event generator
program to produce the kinematic data flow used by the tracking module and
the analysis package and a generator data flow which contains the run conditions
of the generator.

The simulation program GALEPH can be shown as a data flow diagram
(Fig.3.15). A data flow is made of one or several tabular BOS banks, a data
store is a set of data flows which can be output on a file if required. The data
flow diagram consists six main processes:

1. Generate interaction

2. Track through apparatus: this is a very complex process. It needs the
knowledge of the physical geometry and physical mechanisms.

3. Compute hits and analog signals: This process depends on the choices
made by the experiment such as parametrization of showers and which
type of parametrization if any. The link between this process and the
previous one is very tight because hits are computed during tracking.

4. Apply saturation effects

5. Compute digitizings

6. Apply trigger conditions: These last three processes are under the
control of the detector teams. The input data flows are the relevant hits
banks and readout geometry information obtained from the data base.
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The requirements for the geometry description, tracking, and physics pro-
cesses can all be fulfilled by the GEANT package using ZEBRA as memory
manager and transport format.

Showers in ECAL are simulated using EGS [63], a general program for sim-
ulating electromagnetic showers produced by any particle types with energies
between 10 KeV and 3000 GeV in certain different materials in a detector with
any given geometry. To spead up event generation and to achieve a better
reproduction of the transverse shape than with EGS [64,65], all electrons and
positrons are parametrized in the calorimeters using functions established Lorn
test beam data. The longitudinal energy distribution is parametrized as

deposited energy « a^-^e'0' , (3.12)

where s is the shower depth expressed in radiation lengths, and where 1/0
and a//? are independent parameters. The transverse shape is parametrized
according to the distance r from the shower axis and the depth in the shower
z:

lateral distribution « -. — , (3.13)

with n = 4.3 and a = 0.6 + 0.031*2 .

The Monte Carlo program provides simulated raw data files which are S1

indistinguishable from the real raw data. No reference to the type of raw a
should be necessary in the analysis chain: reconstruction, analysis, graphics.
The simulated raw data contain in addition the true information which could
be used in the graphics and analysis packages and for debug purpose in the
reconstruction package.



Chapter 4

Event Selection

A typical T+T~ event is shown in Fig.4.1. The low multiplicity and back-to-
back topology are actually the general feature of T+T~ events. The main cuts
required for their selection are based on this feature for the separation between
the leptonic and hadronic Z0 decays, and the missing energy (mass) information
provided by the ECAL and the TPC for further separating T+T~ events from
e+e~ and /i+fi~ events. Some additional cuts are imposed in order to reduce
contributions from cosmic rays, hadronic events, and from e+e~ —> e+e~ +
X(X = e,fi,r,q). Detailed cuts are described as follows.

4.1 Rejection of Hadronic Events: e+e —» qq

AU leptonic events are characterized by two back-to-back jets with low charge
multiplicity to be compared with hadronic events e+e~ —» qq with high charge
multiplicity as shown in Fig.4.2.

This difference provides a powerful tool - the multiplicity cut (Eq.(4.2))
- for their separation. The charge multiplicity is counted based on the good
charged tracks with the following definition:

<2cm,
|*o |<10cm, (4.1)
< 4 reconstructed points in the TPC ,

where do and Z0 are the minimum distances between a track with momentum p
and the interaction point in the direction perpendicular to the beam axis and
in the direction of the beam axis, respectively.

This definition of tracks is intended to eliminate tracks which originate from
beam-gas interactions, cosmic rays, secondary decays (such as photon conver-
sions), or which are badly measured.
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Number of Charged Tracks

Figure 4.2: Number of charged tracks reconstructed in the T+T and
hadronic Monte Carlo events.

The multiplicity cut is defined as:

The event is required to have two to six tracks in the
polar angle range | cos 0\ < 0.95.

(4.2)

Each selected event is then divided into two hemispheres by a plane perpen-
dicular to the thrust axis, with TV, and p'sum being the number of tracks and the
vector sum of the momenta, respectively.

To further reduce the hadronic background events, the following cut is re-
quired based on the maximum angle of any track with respect to the track
vector sum in the same hemisphere in one of the two hemispheres (Fig.4.3):

Events with more than four tracks are rejected if any
track makes an angle greater than 18.2° (cos 0 < 0.95)
with respect to PgUm in the same hemisphere.

(4.3)

As we will see later in Sec.12.1, an additional cut (Eq.(4.14)) is needed for
further rejecting the hadronic background in order to reduce possible systematic
uncertainties on the analysis.

4.2 Rejection of e+e" -> e+e~ + X Events

The Feynman diagram of the decay processes e+e~ —» e+e~ + X(X = e,/t,T,g),
also called two-photon (77) events, is shown in Fig.4.4.
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Figure 4.3: The cos(0max) distribution for T+T~ anef hadronic Monte Carlo
events, where 0max is the maximum angle of any track with respect to the
track vector sum in the same hemisphere in one of the two hemispheres.

Figure 4.4: Feynman diagram for e+e~ —* e+e + X(X = e,/i,T,g)
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The final states X of the decays generally have small momentum (Figs.4.5,4.7)
and large acollinearity angle 7/ (Fig.4.6), defined as 180° minus the angle be-

10 20 30 40 50 60
Leoding track momentum (GeV/c)

Figure 4.5: The maximum leading track momentum in one of the two
hemispheres tor T+T~ and 77 Monte Carlo events.

-1 -0.9-0.8-0.7-0.6-0.5-0.4-0.3-0.2-0.1 0
cos(180-7j)

Figure 4.6: The cos(180° - 17) distribution for T+T~ and 77 Monte Car-
lo events after the cut on the leading track momentum, where 17 is the
acolh'nearity angle.

tween the two vector sums. The most probable configuration is only one or
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Figure 4.7: The maximum transverse momentum in one of the two hemi-
spheres for T+T~ and 77 Monte Carlo events after the cuts on the leading
track menmentum and on the acollinearity.

two leptons or hadronic jets with low multiplicity in the final states, while the
scattered electrons stay in the beam pipe.

Therefore, the 77 background events can be rejected by demanding:

(4.4)

(4.5)

(4-6)

(4.7)

There is at least one track in each hemisphere,

At least one track must have a reconstructed momen-
tum greater than 3 GeV/c,

The acollinearity angle has to be smaller than 20°, and

The transverse momentum relative to the beam axis of
the vector sum of the tracks p'sum in each hemisphere
must be larger than 2.5 GeV/c in at least one of the
two hemispheres.

4.3 Rejection of e+e~ —*• e+e"(7),/x+/x~(7)

The part of energy taken away by neutrinos in T decays is not directly detected
and appears as missing energy. This makes T+T~ events kinematically very
different from the events of the other two leptonic processes.

To exploit this kinematical constraint, we remark that the missing mass be-
tween the detected charged particles and the known initial state should vanish
for e+e~(7) and fi+ji~{-y), while it should be finite or even large for r+T~(f).
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Figure 4.8: The square of the missing mass distribution for the Bhabha,
fi+fji~, and T+T~ Monte Carlo events.

Fig.4.8 shows a comparison of the square of the missing mass calculated assum-
ing pion masses. The Bhabha and fi+fi~ events are effectively rejected by a
cut:

The square of the missing mass is required to exceed . .
400 GeVVc1. ^ '

The rest, i.e. events with multiple photons or mis-measured e+e~j events,
is rejected with a cut on the ECAL wire energy (Fig.4.9):

-^ECAL
<0.6. (4.9)

4.4 Rejection of Cosmic Rays

Cosmic ray events are mostly rejected by the track definition cuts (Eq.(4.1))
together with the requirement that there is at least one track in each hemisphere
(Eq.(4.4)).

To reduce further the background, two additional cuts are used:

In two-track events at least one track has to origi-
nate from the beam-crossing in the transverse direction
within d™'" = 1 cm and in the direction along the beam

(4.10)

within z™"1 = 5 cm.
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0.6 0.8 1 1.2
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Figure 4.9: Total ECAL wire energy scaled with the beam energy for the
Bhabha, Ji+(t~, and T+T~ Monte Carlo events after the cut on the square
of the missing mass.

The sum of the ITC coordinates for all tracks must be
larger than three.

(4.11)

The studies on the cosmic ray events have been done [72] based on events
selected with cuts shown in Eqs.(4.1) and (4.2) and with an additional require-
ment JVtrack = 2. The events in the period at the end of the data taking when the
ITC had problems on some sectors (KRUN < 9040) have been done separately.

Fig.4.10 shows the plots of d™"1 in events with 0 ITC coordinates for the two
sets of data. Plot (a) is rather flat at an average level of 9.5 ± 0.6 tracks/2 mm.
The first bin contains 19 events, of which 14 ± 4 are consistent with cosmic rays
from scanning, and 5 are beam-beam events with a track spiralling inside the
ITC, both tracks with very low momenta. Excluding the latter 5 events, which
do not pass the other common lepton selection cuts1, there remain 14 events in
the first bin to be compared with the average 9.5. This shows that there is no
evidence of malfunctioning of the ITC with respect to this cut.

Fig.4.10 shows the same plot for the runs following run number 9040 (first
run with problems in the ITC in the last data taking period of August 1990).
Again the absence of an over-population in the first bin of the distribution
provides sufficient indication of the good behaviour of the ITC with respect to
this cut.

Fig.4.11 shows the d™m distribution of events passing all cuts of the common
lepton selection (surely without the cut in Eq.(4.10)). The flat distribution

'Common lepton selection cuts stand for those cuts designed to eliminate hadronic events
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Figure 4.10: Distribution ofd£in for events with no ITClinked coordinates.
For 1990 data before 9040 (a) and after (b).
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Figure 4.11: Distribution of dg1'" for events passing the common lepton
selection. The ûat tail is caused by the cosmic ray background.

for events with d™'n > 1 cm confirms the presence of a small residual cosmic
background.

4.5 Further Rejection of Hadronic Background
Events

The selection procedure has an overall efficiency of (73.5 ±0.8)% corresponding
to a selection efficiency of 85.7% within the acceptance defined by the cut on
the scattering angle (B") of the T~ with respect to the electron computed in the
reference frame of the centre-of-mass of the two incident particles:

I cos 9* I <0.90. (4.12)

This angle is computed with the assumption that at most one hard photon is
emitted from the initial lines; in this case it depends only on the polar angle of

and two-photon events, i.e. the cuts described in Sees.4.1 and 4.2.
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the two T'S measured in the laboratory frame:

sin (e+~e-)

The polar angles of the r's cannot be measured since they decay very close
to the production vertex. We measure instead the vector sums of the charged
particles produced in their decay and we approximate the r scattering angle
with the angle of the vector sum.

The quoted systematic error stems mostly from the cuts on ECAL wire
energy and on the square of the missing mass and was determined directly on
the data in Refs.[70] and [71].

The background contaminations are estimated from Monte Carlo simula-
tions (and whenever possible checked with real data) to be (1.1 ± 0.5)% from
Bhabha events, (0.17 ± 0.08)% from /i+/z" events, and (1.07 ± 0.13)% from
hadronic events. The background from 77 —> e+e~, fi+(i~, and T+T~ are es-
timated to be (4.5 ± 0.9), (4.7 ± 0.7), and (0.8 ± 0.1) pb, respectively. The
background from 77 —> qq and cosmic rays is found to be negligible.

As will be discussed in Section 12.1, the properties of the residual Monte
Carlo Z0 —» qq selected by the previous cuts are somewhat different from what
is found in the data sample. Therefore, an attempt has been made to reduce
even further the hadronic contamination with an additional cut:

Events are rejected if both hemispheres have a mass
larger than 3 GeV/c2, the mass being computed with . .
charged particles, photons and neutral hadrons, as de- * " '
termined by an energy flow procedure [73].

In the energy flow procedure [73], the charged particles, photons, and neutral
hadrons are defined in the following ways:

• charged particle tracks, with at least four space coordinates reconstruct-
ed in the TPC and originating from the beam-crossing point within 7
cm {Jong the beam direction and 2.5 cm in the transverse direction, are
counted as charged energy;

• F°'s (long-lived neutral particles decaying into two oppositely-charged
particles) are kept if they point to the interaction vertex within the same
tolerances as those defined for charged particle tracks;

• photons, identified in the electromagnetic calorimeter through their char-
acteristic longitudinal and transverse shower profiles, are counted as neu-
tral electromagnetic energy;

I
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• the remaining neutral hadronic energy is finally determined from the
calorimeter clusters, defined as sets of calorimeter cells topologically con-
nected.

This algorithm gives a better resolution of the centre-of-mass energy (8%
for hadronic events) than any one of the two calorimeters. That is why it is
used for further rejecting hadronic background.

After this cut, the overall efficiency is reduced to (72.4 ± 0.8)% by (1.08 ±
0.07)%, while the hadronic background is reduced by a factor of 5 to (0.24 ±
0.06)% and the background from the other sources remain unchanged. Details
of the r selection are summarized in Table 4.1.

Table 4.1: A summary of the T selection.
Geometrical acceptance (%)
Selection efficiency (%)
Overall selection efficiency (%)
Backgrounds (%)

Z —> hadrons
Z -> e+e"(7)
Z -> /*V(7)
77 -> I+I-
cosmic

Total background (%)

85.7
84.5

72.4 ± 0.8

0.24 ± 0.06
1.1 ± 0.5

0.17 ±0.08
0.9 ± 0.1
negligible

2.4



Chapter 5

Particle Identification

5.1 Introduction

Particle identification is essential to r physics, especially for the measurement of
the branching ratios. In the case of measuring the topological branching ratios
(cf Chapter 9) of r decays, it is important to separate the primary tracks from
those resulting from secondary effects, such as photon conversions (Figs.5.1(a)
and (b)) and Kg decays. Since photon conversions largely dominate, we shall
concentrate on separating electrons produced by photon conversions from par-
ticles originating from r decays. Furthermore, in the case of measuring the
exclusive branching ratios (cf Chapter 10), it is also essential to efficiently re-
construct photons and 7r°'s (cf Chapter 6). To recover those photons which
convert into e± pairs, i.e. to identify electrons from conversions, the same elec-
tron identification method is needed. This is the first case which we are going
to deal with. The second case is to distinguish among electrons, muons, and
hadrons in the one prong decays (Fig.5.1(c)) for the exclusive branching ratio
determination.

For the first case, one could use the usual particle identification method, i.e.
by cutting on some chosen characteristic variables. However, it is not always
very efficient, and it is not suited to the second case where we want to identify
each single charged particle as electron, or muon, or hadron at once. Therefore,
a likelihood method is introduced and it will be applied to both cases.

71
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(a)

(b)

'e

(c)

Figure 5.1: Possible cases where particle identification is needed: (a) a
photon bom a ir° converts symmetrically into a e+e~ pair, (b) a pho-
ton converts asymmetrically with one ot the converted particle no being
counted as a charged track, (c) the one-prong without additional photons.

5.2 Likelihood Method For Particle Identifica-
tion

In this analysis, the following subdetectors in ALEPH are used: the time projec-
tion chamber (TPC), the electromagnetic calorimeter (ECAL), and the hadronic
calorimeter (HCAL). The muon chambers are not used here because they were
not sufficiently efficient in the early running, and at any rate the information
contained in the last plane of the HCAL can be treated very similarly to the
potential muon chamber data. The energy loss of a charged particle when
passing through the TPC, dE/dx, is a characteristic variable, especially at low
momentum (say below 2 GeV/c), as shown in Fig.3.6. There are two variables
contributed by the ECAIi, RT and Ri, (Chapter 3), which measure the com-
pactness and the longitudinal profile of an ECAL cluster. These two variables
are tailored to electrons and photons, in particular at high energy, as shown in
Figs.5.2 and 5.3. The HCAL response is characteristic for hadrons and muons
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in terms of two additional variables: the average shower width, W, and the
penetration, JV10. The W measures the tube pattern of a shower in the HCAL
by averaging the maximum width in each plane over all planes containing tube
bits, where the maximum width is defined as the distance between the most
separated tubes in a plane within a 60 cm wide road (plus three times the
multiple scattering r.m.s. spread) around the line extrapolated from the TPC
track. The N10 detects penetrating particles by counting the number of planes
containing tube hits in the last ten HCAL planes within a 5 cm wide road (plus
again three times the multiple scattering r.m.s. spread) around the extrapolated
line. The distributions of these two variables for electrons, muons, and hadrons
are shown in Figs.5.4 and 5.5.

The usual way of identifying particles is to cut on one or several of these
variables. For example, to identify electrons, the following cuts are generally
used:

dE/dx > 1.3, (p < 2 GeV/c) (5.1)
RT > -3.0 and - 2.4 < R1 < 3.0. (p > 2 GeV/c)

Clearly, as one sees from Figs.3.6, 5.2, and 5.3, we lose information by using
only dE/dx or Rj and Ri in the two momentum regions. For example, below
2 GeV/c, the peak position of either Rj or RL distribution for electrons is
clearly separated from that for muons and he .irons though they substantially
overlap(see Fig.5.6). This is also true for dE/dx, even at 45 GeV/c, as shown
in Fig.5.7 for Z0 —» e+e~ and Z0 —> fi+fi~ events from data.

The way out is to use all characteristic variables at the same time in terms
of a likelihood probability of each variable. The basic idea of this likelihood
method is the following:

• Energy-dependent reference distributions of probability densities / / (zi)
are set up for variable a;, and particle type j .

• The probability is calculated for the considered particle to be of a given
type. Using the reference distributions of the t-th variable, a probability
Pj is defined:

which has been denned such that the whole probability is always con-
strained to one.

• The particle is assigned to the particle type which has the largest prob-
ability. This assumes a priori an equal probability for the three particle
types, which is not far from the real situation.
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Figure 5.7: Distribution ofdE/dx for electrons and muons selected
from the Bhabha and (M+fi~ events at high momenta (p > 30
GeV/c).

In the next two sections, this method will be applied to identifying electrons
and distinguishing among electrons, muons, and hadrons.

5.3 Identification of Electrons from Photon Con-
versions

To identify electrons, we use the following three variables: dE/dx, RT, and RL,
as they are the most characteristic ones among the five mentioned variables.
Furthermore, the average shower width in the HCAL may not be used if there
are more than one charged track reaching the subdetector.

On the one hand, the more characteristic variables are used, the higher
discrimination efficiency the particle identification will have. On the other hand,
the availability of each variable brings in some track selection inefficiency. For
instance, for dE/dx, the relevant JULIA bank has to be available and the
number of wire hits has to be large enough. Similarly, for Rx and RL, the
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ECAL energy deposit information associated to an extrapolated track from
TPC is needed. The information is available in a BOS bank: EIDT, which
has to be available to get Rr and RL,. In addition, a quality flag in the bank
indicates if the associated track is in *n ECAL crack or in the ECAL overlap
region or not. As we will see in Table 5.1, requiring this flag will result into a
quite different track selection efficiency and electron identification efficiency.

Accordingly, in order to avoid losing statistics and to have high particle
identification efficiency at the same time, below 2 CeV/c, the dE/dx will be
used and supplemented by the RT and RL once they are available, and vice
versa for the momentum region above 2 GeV/c.

It is clear from Figs.3.6 - 5.5 that some of the variables are strongly energy
dependent. Instead of having only one reference distribution for the whole
momentum region, one should divide the momentum region into several bins.
In practice, the momentum region above 2 GeV/c has been divided into the
following ranges: 2 - 4, 4 - 6, 6 - 8, 8 - 20, and above 20 (GeV/c).

For the dE/dx, assuming the measured value, Rj, is normally distribution
with respect to the expected value Rcxp, where the energy dependence has been
considered. Then the probability density fjE/dx(Ri) of a particle to be type j
takes the form:

For the other two variables, reference distributions have been set up in the
five chosen momentum regions based on the simulated Monte Carlo events.

The track selection efficiency £ir, the electron identification efficiency ee-.e,
and the probability of an other particle type to be identified as an electron,
C9Ue for the low and high momentum cases have been determined on the Monte
Carlo events, and shown in Table 5.1 together with results of the usual method
by using the cuts in Eq.(5.1), and results by another electron identification
program QEIDO, a program which recalculates the two variables RT and Rt
and has made big improvements in the calibration.

As expected, the track slection efficiency etr. differs from one case to another.
As far as we treat the Monte Carlo events in the same way as real data, the
fact that etr below 2 GeV/c is different from etr above 2 GeV/c should not
matter. What matters is whether or not one finds consistent efficiencies between
the Monte Carlo and data in all the cases. Table 5.2 shows the comparison
between the Monte Carlo and data for the three relevant cases. The observed
disagreement has to be taken into account and corrected in the determination
of the r branching ratios.

It is obvious from Table 5.1 that the likelihood method has a higher efficiency
ee_e and a slightly smaller contamination e^-,e, compared to the other methods.
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Table 5.1: Based on the simulated Monte Casio r events, the track
selection efficiency etr., the electron identification efficiency ee_e, and the
probability of an other particle type to be identified as an electron, e^_e (in
%) have been determined by the likelihood method with the quality Sag
(C + flagj or without the flag (C), and by the usual method with cut(s)
or cuts + flag, and by QEIDQ with the suggested cuts in the program.

(GeV/c)
p<2

p>2

Methods
cut
£

cuts + flag
£ + flag
QEIDO

cuts
£

87.65±0.47
87.65±0.47
82.29±0.17
82.29±0.17
97.78±0.06
97.76±0.06
97.76±0.06

ee-.e

99.34±0.19
99.55±0.16
94.04±0.26
98.43±0.14
87.13±0.34
86.58±0.34
93.91±0.24

Ctf-*e

1.21±0.20
0.49±0.13
0.94±0.05
0.91±0.05
1.02±0.05
0.88±0.04
0.85±0.04

Above 2 GeV/c, the overall efficiencies for the three choices are shown in Table
5.3. In order to retain statistics, we will use the £ method to identify converted
electrons among r decay particles. We keep however the possibility to use the
£ + flag method to investigate possible systematic effects.

Up to this point, all the electron identification efficiencies ee-,e's are obtained
from the simulated r Monte Carlo and it needs to be checked with real data.
We will postpone this study until Sec.5.5 after we generalize the method to all
three particle types.

Table 5.2: A comparison between Monte Carlo and data track selection
efficiencies etr. for dE/dx efficiency £dE/dx, i-e. the availability of the rel-
evant banks and the requirement of at least 80 isolated TPC wires for
dE/dx, for EIDT bank efficiency CEIDTJ and for the efficiency eflag due to
h f h k i h ECAL k d l

/ , g
the requirement for the track not to go into the ECAL cracks and overlap
region.

Cases

CEIDT
eflag

£data(%)

85.23 ± 0.99
95.84 ± 0.17
84.10 ± 0.32

£MC(%)

87.65 ± 0.47
97.76 ± 0.06
84.18 ± 0.17

£data/eMc(per track)
0.972 ± 0.012
0.980 ± 0.002
0.999 ± 0.004
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Table 5.3: A comparison of overall electron identification efficiency and
misidentification of three electron identification methods above 2 GeV'/clin
%)

Methods
C + flag
QEIDO

C

etr£e-»e
81.00 ± 0.20
85.20 ± 0.34
91.81 ± 0.24

etr.e^_e

0.75 ± 0.04
1.00 ± 0.05
0.83 ± 0.04

5.4 General Particle Identification

To separate electrons from other particles, we have used three variables: dE/dx,
RT, and Ri1. To distinguish between muons and hadrons, two additional vari-
ables, Nio and W, are introduced.

However, a low momentum muon(below 2 GeV/c), generally does not reach
the last ten HCAL planes. Moreover, among the five selected variables, only
dE/dx is fully effective, but does not distinguish muons from hadrons. Therefore
we will not try to identify a particle with a momentum below 2 GeV/c. This
corresponds to a 4.5% track selection inefficiency on the average.

As mentioned in Sec.5.3, the quality flag in the EIDT bank indicates if
the estimation on Rf and Ri is done in ECAL cracks or the overlap region.
Requiring that the estimation is not done in these regions, an inefficiency of
15.8% is introduced, however unbiased with respect to the r decay modes.

One should also deal with the HCAL cracks. This effect is even more im-
portant than that of the ECAL crack and overlap, since a muon in the HCAL
crack looks just like an electron in terms of Ni0 and W. Therefore, events with
a track falling into the HCAL crack will not be considered in this method. This
brings in a further inefficiency of 8.5%, again uncorrelated with the T decays.

Recalling the fact that dE/dx is mainly effective in the low momentum
region but merely helps for high momentum particles, and the fact that it does
bring in a 12.4% track selection inefficiency, we will use it as a supplementary
variable only when it is available.

As we have already seen in Sec.5.3, some of the variables are strongly energy
dependent. This is also true for Nw and W, as shown in Figs.5.4 and 5.5.
Therefore, they are treated in the same way as we did for Ri and Ri1, namely,
five reference distributions are set up in the different momentum regions for
each variable1

reference distributions of hadrons aie based on the jr and p channels of r decays.
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With the set-up reference distributions, the particle identification efficiencies
e,_,- (i = e, fi, h) and misidentification probabilities e,_j (t 5É j , j = e, /i, fc)
have been calculated based on the Monte Carlo events, and shown, in Table 5.4.
The results will be checked in the next section with real data whenever possible.

Table 5.4: The particle identification efficiencies e,_, (i == e, (i, h) and
misidentification probabilities e,—_,- (i ̂  j , j = e, fi, h) (in %) determined
using the simulated Monte Carlo r events. The particle iypes shown in
the nrst row are the generated ones, in the second column the identified
ones.

p(GeV/c)

2 - 4

4-6

6-8

8-20

> 2 0

Average

type
e

h
e

h
e

h
e

h
e

h
e

h

e
99.50±0.29
0.00±0.17
0.52±0.29

99.55±0.26
0.00±0.15
0.45±0.26

99.40±0.30
0.00±0.15
0.60±0.30

99.34±0.14
0.00±0.03
0.76±0.14

99.43±0.15
0.00±0.04
0.57±0.15

99.40±0.09
0.00±0.01
0.60±0.09

0.00±0.19
98.87±0.46
1.13±0.46
0.00±0.15

98.92±0.40
1.08±0.40
0.00±0.15

98.67±0.44
1.33±0.44
0.00±0.03

99.04±0.16
0.96±0.16
0.00±0.03

99.38±0.14
0.62±0.14
0.00±0.01

99.12±0.10
0.88±0.10

h
0.53±0.24
1.90±0.44

97.58±0.50
0.63±0.24
2.33±0.45

97.04±0.51
0.66±0.23
3.31±0.51

96.03±0.56
0.74±0.12
1.55±0.17

97.71 ±0.21
1.57±0.18
0.71 ±0.12

97.71±0.22
1.01±0.09
1.50±0.11

97.49±0.14

5.5 Checking the Reference Distributions With
Real Data

5.5.1 Electrons and Muons

Electrons and muons can be selected from Z0 —> e+e~ and Z0 ~* /i+/*~ decays in
the following way. The first particle is tagged as an e(fi) by the present method
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and must have a momentum larger than 40 GeV/c. The opposite particle is
further required to have a momentum larger than 30 GeV/c to reduce possible
background from Z0 —* T+T~ decays. For this particle, distributions of all five
chosen variables are plotted. A similar analysis is performed on the simulated
Monte Carlo Z0 -> e+e-(/i+^~).

The comparison between the data and the Monte Carlo for the five distribu-
tions is shown in Figs.5.8 - 5.9. It is clear that for both electrons and muons,
the distributions of RT and Ri in the data agree well with that of the Monte
Carlo. The agreement of dE/dx is also good except that the distribution in the
data is slightly narrower than that of the Monte Carlo. Later in this section,
we will see that the comparison of these variables for hadrons is as good as for
electrons and muons. However, the distributions of the other two variables in
the data differ from that in the Monte Carlo:

1. The distribution of TVi0 for electrons(Fig.5.9(a)): the number of fired
planes in the last ten HCAL planes is always zero in the Monte Car-
lo, but it is not the case in the data, as one may expect some contribution
of noise. The two events with 6 and 7 fired planes respectively, however,
have nothing to do with the noise. In fact, the visual scanning shows that
they are real muons from Z0 —» n+fi~ with the tagged electrons being
misidentified muons at the edge of HCAL cracks2.

2. The distribution of iV10 for muons(Fig.5.9(b)): the shape in the data is
greatly different from that of the reference distribution, because the tube
efficiency is not well simulated.

3. The distribution of W for electrons(Fig.5.9(a)): the width in the data is
slightly wider than that of the reference distribution.

4. The distribution of W for muons(Fig.5.9(b)): contrary to the electron
case, the width in the data is narrower than that of the reference distri-
bution.

Clearly, when applying the reference distributions to real data, corrections
have to be made:

• First, for particles with momenta larger than 20 GeV/c, instead of using
the JV10 and W reference distributions of electrons and muons, we will use
directly the corresponding distributions in the data by removing the two
events in Fig.5.9(a).

2This is simply because the efficiency foi !ejecting the HCAL ciacks is not 100%. In fact,
not testing for HCAL cracks results in 24 misidentified muons instead of 2.
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• Secondly, for particles in ali other momentum regions, the relevant dis-
tributions are corrected by the ratio of the e+e~([i+n~) data and the
reference in the high momentum region. This means we use the Monte
Carlo momentum dependence but the shapes are taken from the data
distributions in the high momentun region.

5.5.2 Hadrons

Hadrons are selected from a p sample of r decays. The p sample is defined
based on T decay events which satisfy all following criteria:

• only one charged particle which is not identified as electron using part or
all of the five variables depending on different cases (see below),

• one or two reconstructed photons (see Chapter 6). The invariant mass of
the two photons must be within the cut:

0.07 < m77 < 0.21 (GeV/c2), (5.4)

• the total invariant mass of the charged particle and the photon(s) is com-
patible with a p mass:

0.4 < mhl(,a) < 1.1 (GeV/c2). (5.5)

To compare dE/dx, a first p sample in r decays (both in data and in the
Monte Carlo) has been selected by requiring that the only charged particle in
a r decay is identified as a hadron without using dE/dx. The corresponding
dE/dx distributions in the data and in the Monte Carlo have been compared
in different momentum regions(see Fig.5.10), and found in good agreement.

To compare RT and Ri, a second p sample has been prepared in a similar
way but this time without using RT and R^. A comparison has been done on
RT and Ri1 (see Fig.5.11) using the samples, and found as good as for electrons
and muons.

Finally to compare JVi0 and VK, a third p sample has been selected by using
only RT and Ri supplemented by dE/dx. The comparison is shown in Fig.5.12.
Similarly to electrons and muons, a disagreement 5s found, and therefore, a
similar correction as for electrons and muons has to be made.

5.6 Direct Check of Misidentification

With all the corrections made so far, the particle identification efficiencies £,_,
(i = e, /z, h) and misidentification probabilities £,_,; (i ^ j , j = e, fi, K)
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Table 5.5: Data and Monte Carlo comparison of the particle identifi-
cation efficiencies e,_; (i = e, fi, h) and misidentification probabilities
£,_•,• (i ^ j) (in %) determined on the selected samples of electrons,
muons, and rhos.

Id.j
e

V
h

Id.j
e

V
h

True-> e
99.32 ±

0.64 ±

data

0.10
<0.3*
0.09

0.04 ±
98.89 ±
1.07 ±

Monte Carlo
True -> e

99.43

0.57

±0.15
< 0.04
±0.15

V

99.38
0.62

0.03*
0.13
0.13*

<0.03
±0.14
±0.14

1.55
2.32

96.13

1.47
1.64

96.89

h

±
±
±

h
±
±
±

0.44
0.54
0.69

0.19
0.20
0.27

* Corrected for T+T background in e+e~ and /i+fi~ samples.

in real data (Table 5.5) have been determined based on an electron (muon)
sample selected in the way explained in section 5.5.1, and a p sample selected
as described in the previous section but without using particle identification for
the only charged track in the decay.

We see from Table 5.5 that ee_,e and ee_Pi/, in the data are very consistent
with that in the Monte Carlo, whilst for muons 3, there is an inconsistency of
2.3«r in ê -̂ h. A careful study shows that this is mainly due to the disagreement
in the JV10 distribution near iV10 = 10. This difference results into a sytematic
uncertainty of 0.5% in the particle identification, and in turn results in a sys-
tematic error on the exclusive branching ratio determination. With the present
statistics, this systematic error is not so significant. Therefore, for the time
being, it is reasonable to keep the Monte Carlo distribution unchanged, and to
correct the data reference distribution.

For hadrons, one finds differences between the two Monte Carlo samples
(Tables 5.4 and 5.5) on £/,_, (i = e, ^J, h) in particular on £A_»e. This could be
understood since the average results in Table 5.4 were based on the ir and p
channels of r decays, whereas the present results are determined on a p sample.
One also finds difference (1.2<r) on e/,-,̂  between the Monte Carlo and the data,
both of which are based on a. p sample selected in the same way. First of all,
the difference is less severe than that of £„_/, if one notes the large statistical

3In the muon sample, the expected background of 0.03% and 0.14% from r decays has been
subtracted respectively from ff^—e and C11-A-
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error in the data. Secondly, the simulation problem could be one reason for the
difference, namely the real tube efficiency is smaller than that of the simulation,
therefore, hadrons are less separated from muons in data than that in the Monte
Carlo in terms of JVi0. Furthermore, the fact that there are more punch through
pions in data than in the simulated Monte Carlo may be another reason for the
difference.

An alternative way to check the agreement of particle identification between
data and Monte Carlo simulation is to compare the distribution of the largest
probability since that is what is used for identifying a particle. We have plotted
in Fig.5.13 P^x for identified particle type i (i = e, fi, h). As one sees, the
agreement between the Monte Carlo and data is quite good except in the tails,
in particular for identified muons and hadrons. An alternative way to show the
comparison is achieved by a triangular plot defined as:

(5.6)

In the ideal case of perfect identification, each particle type will appear at
one of the three corners of the triangular plot. In practice, the distribution
depends on the identification efficiencies and contaminations. Fig.5.14 shows
the distributions obtained from the Monte Carlo and the data. The small
disagreement s^ows up in the regions between electron and hadron peaks and
between muon and hadron peaks. The disagreement in fact corresponds to that
shown in the tails of Fig.5.13. As mentioned in the last section, the fact that the
tube efficiency in the HCAL is not well simulated by the Monte Carlo should
be responsible for the effect.

Similar plots with almost pure data samples of electrons, muons, and rhos
are given in Fig.5.15. They show that the misidentification is not only due to
a marginal choice but follows sometimes from an almost complete confusion as
well.

5.7 Conclusion

To summarize, in order to efficiently identify particles in the measurement of r
branching ratios, a likelihood method has been introduced and applied to the
following two cases: to identify electrons from converted photons, and to distin-
guish among electrons, muons, and hadrons. In the first case, three variables,
dE/dx from the TPC and RT and Ri from the ECAL, have been chosen to set
up reference distributions checked on real data and to obtain the electron iden-
tification efficiency ee_e and the background contamination e^_e. Compared
to the usual particle identification method with cuts, this method has a higher
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ee_e and a smaller E<j-,e. In the second case, two additional variables, TV10 and
W from the HCAL, have been used and corrected with data. The particle iden-
tification efficiencies £,_,• (i = e, /z, h) and the misidentification probabilities
e,_j (i ^ j , j = e, / j , A) have been determined both on the simulated Monte
Carlo for r decays and on real data whenever possible. Good agreement has
been found between the Monte Carlo and the data. Some small differences on
£p_»h and £/,_M have been detected. This is mainly due to the fact that the tube
efficiency in the HCAL is not well simulated by the Monte Carlo. These effects
do not however result in significant systematic effects for the analysis of the r
branching ratios at the present level of statistics.



Chapter 6

Photon and Neutral Pion
Reconstruction

6.1 Introduction

Since about 40% of r decays have at least one 7r° in the final states, it is essential
for the measurement of the exclusive r branching ratios to efficiently reconstruct
photons and ir°'s.

In contrast to T decays at low energy e+e~ colliders, the products of the r
at LEP energies are confined to a narrow cone due to the large Lorentz boost
such that the photons from one or several neutral pions generate showers in
ECAL which are in most cases very close to each other or to showers from
charged hadrons. However, the ECAL in ALEPH has been designed to have
a high granularity so that photons can be efficiently reconstructed at the LEP
energies.

At the reconstruction level, all fired ECAL storeys have been classified into
ECAL clusters by the clustering algorithm implemented in JULIA (Sec.3.5).
An ECAL cluster is a group of spatially connected storeys. The definition
used is that two connected storeys have at least one corner in common. For the
clustering algorithm two different threshold values *iow = 30 MeV and thigh = 90
MeV for the energy deposited in a storey are used [66]. Only storeys where the
energy exceeds t\ov/ are used in the cluster finding. A cluster must have at least
one storey with an energy above thigh*

Such formed clusters may consist of several showers generated by different
particles. Fig.6.1 shows an example where the only produced ECAL cluster
contains showers both from the pion and two photons of a p decay. Therefore,
this clustering method is not appropriate and a new algorithm has to be devel-
oped for r physics, in particular for the determination of exclusive branching

97
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ratios of r decays.

6.2 Basic Idea

Both charged particles and photons deposit energy in the ECAL with different
response according to the particle type. If a shower generated by a photon
happens to overlap with one produced by a hadron (as in Fig.6.1), then accord-
ing to the clustering method mentioned in the previous section, such combined
cluster is associated to the charged particle. For later convenience, we call such
a cluster a 'charged cluster' (associated with charged particles) and a 'neutral
cluster' otherwise.

The high granularity in the ECAL: 3 stacks in depth and fine projective
towers with a typical size of 0.9° X 0.9° m 0 — <fi makes it possible to have detail
structure of a cluster and therefore makes it possible to identify the particles
which generate the cluster.

Fig.6.2(a - c) shows a typical hadronic shower which has little energy in the
first two stacks and a lot of energy in the third one. Fig.6.2(d - f) shows a
typical charged cluster where the shower of the charged track overlaps with one
of the photons' showers.

From these two examples, one sees:

• An ECAL cluster consists generally of several subclusters, some of which
are associated to charged particles and others are contributed by photons
and/or fluctuation of hadronic showers.

• A hadronic shower generally deposits more energy in the third stack than
in the other two, relatively to an electromagnetic shower, namely a shower
produced by electrons or photons.

For the purpose of finding photons, one hopes to have the least bias which
may be introduced by a shower of a charged particle. Therefore, we" will use
energy information from the first two stacks for finding a photon subcluster and
eventually including the energy in the third stack to estimate the full photon
energy once it is reconstructed.

In r decays, photons could arise from several sources. Most of them are
from TT0 decays, that is what we are interested in. The other sources could be
initial and final state radiation, bremsstrahlung from final state particles, Dalitz
decays, and final state interactions with the material of the subdetectors.

Fig.6.3 shows a comparison of the opening angle with respect to the relevant
thrust axis for a photon originating from a it0 and a photon from other sources.
It shows clearly that the photons from the latter sources generally have a wider
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Figure 6.1: Display of a p decay event showing the energy deposition in three
stacks of ECAL and its view in the xy and rz planes.
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7.5

Figure 6.2: A typical hadronic shower and a charged cluster in the ECAL
stack one (a,d), two (b,e), and three (c,f).
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opening angle than that of the former. For this reason, photons will be recon-
structed only from those ECAL clusters which are within 30° with respect to
the relevant thrust axis.

6.3 The Method

Since each subcluster is represented by one local energy maximum in an ECAL
cluster, as a first step, all local energy maxima are searched for using the sum
of tower energy in the first two stacks. The two close maxima are required to
be at least one pad away either in 0 or in <f> or in both directions.

The behaviour of photons in the calorimeter has been studied [67] in a spe-
cial test beam run. The electron beam passed through a thin lead radiator, and
the electrons that lost energy by photon bremsstrahlung were deflected by a
dipole magnet at the front of the test beam zone (Fig.6.4). The apparatus was
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Tower

Figure 6.4: Schematic of the arrangement in the test beam.

triggered by scintillât ors, which detected the 'tagged' electrons. The simulated
photon showers have been compared with test beam data in various ways by
classifying showers in different stacks with different energy thresholds. Excellent
agreement was found for all the comparisons. For instance, using for photon
showers the same parametrization for the longitudinal profile (Sec.3.2.3) as for
electron showers, relative energy has been compared with the data and shown
in Fig.6.5. The conclusion drawn from the studies was that the detailed be-
haviour of photon showers could be properly simulated and therefore was well
understood.

Assuming photon showers in ECAL follow a same parametrization for the
transverse profiles as for electrons, the energy E* in each storey i and stack k
(fe = 1,2 (and 3 for neutral clusters)) has been distributed among the overlap-
ping subclusters within the same stack in this way (cf. Sec.3.5):

fraction contributed to local maximum j oc

with n = 4.3, a1 = 0.65, a2 = 1.5, and a3 = 3.8,

(6.1)

where r£ is the distance to the local maxima j , Ej is the local maximum energy
recorrected using the same formula from the original local maximum energy, and
a* has been calculated from o* = 0.6 + 0.031(z*)2 using half of stack depth for
zk in each stack k.

By definition, a charged cluster is associated to charged tracks. The asso-
ciation was done by first extrapolating the relevant TPC track up into ECAL
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and calculating the impact point in the ECAL, and finally assigning the closest
subcluster to the track if the subcluster has an angular distance of less than 3°
to the impact point.

The rest of the subclusters in the charged clusters are further proceeded
to include an energy correction for the third stack based on the mean energy
deposition in the stack(Fig.6.5(b)).

In order to avoid fabricating fake photons, photon candidates are selected
from all rest of subclusters by applying the following criteria:

In a neutral cluster:

• The total energy of a subcluster must be larger than 250 MeV,

• The energy profile resembles an electromagnetic one with energy depo-
sition in at least two successive stacks. For instance, the energy in the
second stack must not be zero, or if there is no energy in the first stack,
the energy in the third stack must be smaller than that in the second one.

In a charged cluster:

• The total energy of a subcluster must be larger than 1 GeV,

• The energy in the first stack must be larger than 100 MeV.

The momenta of the selected photon candidates are also calculated using
the estimated photon energy (subcluster energy) and the energy barycentre of
the subcluster.

Fig.6.6 shows the photon multiplicity distribution for the selected T data
sample, in fair agreement with the Monte Carlo expectation with a set of input
T branching ratios values (cf. Chapter 7) which are slightly different from the
measured ones, as we will see in Chapter 10. The energy spectra are also in
good agreement down to 250 MeV (Fig.6.7). The possible discrepancy around
1 GeV could be due to shortcomings in the Monte Carlo simulation of hadron
interactions in ECAL leading to fake photon candidates.

6.4 Reconstruction of Converted Photons

A fraction of converted photons should be reconstructed and added to those
found in ECAL.

This is done by first identifying all electrons and positrons from the charged
particles in a T decay1 using the electron identification method (Sec.5.3). Then,

1If all charged particles happen to be identified a? electrons, in the analysis of the exclusive
blanching ratio (Chapter 10), the decay will be classified automatically into electronic channel.
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Figure 6.6: A comparison of the photon multiplicity between data and
Monte Carlo calculation using the input branching ratios.

pairs of identified electrons and positrons are combined if their invariant masses
are smaller than 100 MeV/c2. Unassociated electrons and positrons in multi-
prong decays are assumed to originate from asymmetric conversions and are
assigned to photons of the same energies.

Detailed checks on the conversions in the Monte Carlo simulation have been
performed. The fraction of converted photons depends on the amount of ma-
terial between the interaction point and the TPC volume. This can be seen
from Fig.6.8, which shows the number of reconstructed photons as a function
of the radius in the a;, y plane of the conversion point. The contribution with-
in Rc0n < 4 cm comes from Dalitz decay. It seems that the data is not well
simulated by the Monte Carlo in this region. However, since both the whole
contribution and the difference are only at a few percent level of the converted
photons and are even much small compared to the number of reconstructed
photons from ECAL (see below), the possiblity of producing large systematic
uncertainty is excluded. Between 6 cm and 15 cm the material is dominated by
the VDET in the 1990 data and by the beam pipe in the 1989 data. The Monte
Carlo has been used in the proper ratio of luminosities. A good agreement in
this region was found. In the TPC region the data are higher than Monte Carlo.
It should be pointed out that the TPC region is mostly affected by the track
definition cut (Eq.(4.1)). We do not however expect that this cut is responsible
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Figure 6.7: TAe energy spectrum of the reconstructed photons.

for the difference.
The general agreement between data and Monte Carlo indicates that both

the description of the material around the beam pipe and in the inner wall of the
TPC, and the understanding of the track geometrical cuts are adequate. The
small excess of the converted photons in the data with respect to the simulation
has been accounted for in the estimate of systematic errors.

The number of converted photons iV™" versus the number of reconstructed
photons N^CAL from the ECAL clusters in the simulated Monte Carlo has been
compared with the data (Table 6.1). Virtually all the elements are consistent
with each other within the errors. The agreement is therefore satisfactory. FVom
the Table, the fraction of the reconstructed photons coming from conversions
in one-prong r decays with at least one photon is found to be 0.0784 ± 0.0037
in the data. The corresponding Monte Carlo value is 0.0711 ± 0.0017. The
possible systematic uncertainty associated to the difference will be taken into
account in Chapter 12 together with more detailed comparison for individual
subclasses.
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Figure 6.8: The distance of the reconstructed conversion point to the beam
axis of the e+e~ pairs.

6.5 Systematic Test on TT° Reconstruction

Possible systematic uncertainties on the photon and ir° reconstruction have been
extensively studied [68] when the presented photon algorithm was applied to
the polarization analysis in the channel r —» puT [9].

For a p candidate with two reconstructed photons, the invariant mass of the
two photons is calculated (Fig.6.9) and shows a clear 7r° signal. A standard cut
from 60 MeV/c2 to 200 MeV/c2 is introduced to define ir°'s.

The efficiency of TT° reconstruction as a function of ir0 energy is shown in
Fig.6.10. The low efficiency at low energy is due to the energy thresholds used
in the reconstruction, whereas the decreasing of the efficiency at high energy
is related to the finite angular resolution for two close or overlapping photons.
In fact, given the typical ECAL pad size Apad = 3 cm and its distance to the
interaction point d = 200 cm, the product JSIU2 of the two photon energies can
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Table 6.1: A comparison of the number of converted photons N*
the number of reconstructed photon from the ECAL clusters

with

0
1
2
3
4
5
6
7
8

Normalized MC
0

0.0
882.9
1011.7
345.1
170.2
45.2
13.3
1.9
0.3

1
59.4
154.8
70.9
44.1
18.4
5.1
1.1
0.1
0.0

2
3.3
4.0
2.6
1.9
1.4
0.3
0.0
0.0
0.0

Data
0
0

879
1039
325
161
30
6
2
1

1
61
163
86
57
12
12
2
1
1

2
2
3
0
0
1
0
0
0
0

be easily estimated from the decay kinematics:

012 TfI-K0

a > 2 A P a d
(6.2)

This gives Eno = 2JSi ,2 > 9 GeV assuming the TT° decays symmetrically (smallest
opening angle).

The resolution effect can be equally seen in Fig.6.11, where the photon
energy asymmetry \Ei — Ez]JE7P as a function of TT° energy !has been shown.
As expected, above a typical energy of 13 GeV, the two photons from a ir° are
no longer resolvable.

Since the 7r° energy spectrum (Fig.6.7) is of the utmost importance, to mea-
sure the polarization in the p channel, systematic effects have been looked for
in the TT° reconstruction. In fact, the detailed comparison between data and
the Monte Carlo simulation reveals similar trends in a rather quantitative way.
The situation is summarized in Fig.6.12 which shows the energy dependence of
the mean and the standard deviation for a Gaussian fit to the TT° signal: the
reconstructed mass increases with energy similarly to the data and the Monte
Carlo simulation. Such an effect is expected from the cluster energy truncation,
affecting mostly the lower energy photon which controls the vsJue for the mass,
and also at higher energies from a systematic increase of the opening angle when
the two photons are barely (or even accidentally) resolved.

Combining the only charged particle not identified as an electron, the in-
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Figure 6.9: The invariant mass of the two reconstructed photons.

variant mass of the charged particle and the neutral particle (reconstructed
from the two reconstructed photons with a n° mass: 60 MeV/c2 < M77 < 200
MeV/c2, and from the one reconstructed photon with its energy corrected by
the TT0 mass) has been calculated (Fig.6.13). The agreement between data and
the Monte Carlo simulation is again reasonably good.

6.6 Another 7r° Reconstruction Program: GAM-
PEC

Different from the analysis of the polarization in the channel T —> pvr, where
the emphasis is put mainly on the photon and n0 energy spectrum as far as
the photon reconstruction is concerned, the analysis of the exclusive branching
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Figure 6.10: The efficiency of n0 reconstruction as a function of the it0

energy.

ratios (Chapter 10) is more demanding on the photon reconstruction efficiency
since we intend to measure not only the channel T —> irir°vT, but also r —» ir2ir°vT

and 7r37r°fr.

We have compared the presented photon reconstruction algorithm (method
A) with another one GAMPEC[69] (method B) developed initially for studying
the ai(7r27T°) channel. Method B is close to method A with two main differences:

1. The local energy maxima are searched for with a different definition of
neighbouring storeys: the neighbouring storeys must have a common face,
while the neighbouring storeys, in our case, can share a face or a single

corner.

2. The energy of a storey i is always distributed to a subcluster which has
such a storey j that it is the largest neighbours of i in terms of the storey
energy.

This definition of neighbouring storeys makes it possible to have two lo-
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Figure 6.13: TAe invariant mass of the charged particle (not an electron)
and a reconstructed ir°.

cal energy maxima sharing a common corner, while this can never happen in
method A. As a consequence, method B is slightly more efficient than method
A, especially at high energy as shown in Fig.6.14. This can be equally seen from
a comparison of the two photon invariant mass distributions (Fig.6.15). The
small mass shift may be due to the different treatments of the photon energy
(as for instance in the third stack). However, as far as the analysis of branching
ratios is concerned, this mass shift does not make any difference. In fact, as for
selecting the p sample2, once the only one-reconstructed photon is also taken
into account, the whole p sample is almost identical as can be seen from the
comparison of the invariant mass distribution (Fig.6.16).

3The x° mass window is tuned according to the Ui77 distributions, foi Method B, a slight
different mass window 0.07 < Jn77 < 0.21 is used.



114

T Monte Carlo
Method A
Method B

16 20 24
n0 Energy (GeV)

Figure 6.14: A comparison of the efficiency ofn0 reconstruction as a function
of the ir° energy.

In order to provide a check on the estimate of systematic uncertainties, both
methods have been used for measuring the branching ratios. The final results
showing in Chapter 10 are obtained with method 6 , which is globally more
efficient.
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Chapter 7

Monte Carlo Generator for r
Production and Decays

It is well known [74] that the frequent emission of the (usually soft) photons
out of the initial beams distorts strongly the Breit-Wigner Z0 resonance shape
lowering the peak cross section by 26% and shifting the peak position with about
+110 MeV. In the radiation tail above the Z0 position the QED corrections
are even larger, of order 100%. The direct effect on the measurement of the
branching ratios of r decays is expected to be much less important. However,
the measurement can still be strongly affected indirectly through the event
selection since the emission of the additional photons changes the topology of
the events, giving rise to nonzero acollinearity and acoplanarity angles for final
fermions and to nonzero transverse momentum of the final fermion pairs as a
whole.

For this analysis, we have used a same Monte Carlo generator KORALZ[75]
as used in the measurement of the polarization of r leptons produced in Z
decays[9] for generating T+T~ events in the Z0 energy ranges. The production
includes initial state radiation up to order a2 with multiple photon emission
obtained through exponentiation, and final state radiation and electroweak cor-
rections both to order a. No interference between initial and final state radiation
is however included in the case where multiple photon emission occurs in the
initial state.

Monte Carlo generated T+T~ events decay according to the decay library
TAUOLA [76] which includes the following modes: T —+ evevr, IiUf1U7-, iri/r,
Kvx, /W7-, K*i/r, a\vT, 47Tf7-, 5irt/T, and 6iri/r. The matrix elements for the
first six channels are well known theoretically. The ai is known phenomeno-
logically and several parametrizations for the decay matrix clement have been
proposed[77,38,78]. The a\ in our generator decays into pit giving three charged
7r's or one charged ir and two 7r°'s in equal amounts and is generated using the
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following parametrization:

m'
m.2 _O2_f.»m

(7.1)
a,

where the mass mai and width Fa i of the Oi take the values mat = 1.220 GeV/c2

and T01 = 0.420 GeV/c2 from Ref.[77] using a different parametrization fit
based mainly on the old ARGUS data[79]. The last three multi-pion decays
are generated according to a simplified matrix element following phase space
which, contrary to the other modes, does not include spin effects and therefore
correlations between the two r decays. Finally, for the first six modes, single
photon radiation is included in the decay processes in the leading logarithmic
approximation [80].

The branching ratios used in KORALZ are shown in Table 7.1. Most of

Table 7.1: Input branching ratios in the Monte Carlo generator.
B(T~ -* X-uT) in %

e~ûe

18.5 18.0
TT

11.2
K~
0.8

P
23.0

K-
1.5

«r
15.6

(UTT)-(U > 4)

11.4
B(T- -> (n7r)-i/r) (n > 4) in%

T T - 3 T T 0

4.96
(3Tr)-Tr0

6.34
(5TT)-

0.05
(5Tr)-TT0

0.05

them are close to the world averages (see Table 2.5), others are quite different
both to the world averages and to what we have measured (Chapter 10), such
as BK-3*o and B(3K-)-VO. However, our method does not rely on their particular
values.

It should be pointed out that the set of simulated r decay channels shown
in Table 7.1 may not be complete. For instance the decay mode tjirir0 is not
included. However, we do not expect the related effects will contribute sizably
to the measurement of the branching ratios since these "missing" modes should
be of order 10"3 according to our present knowledge[6,39]. On the other hand,
possible systematic uncertainties may arise due to the lack of the resonance
dynamics for the multi-pion channels in the generator (see Sees.10.2 and 12.7).
For instance, as we will see in Chapter 10, a u resonance is seen in the
channel but is not included in the generator.



Chapter 8

Absolute Normalization of r Pair
Event Sample

Branching ratios can be relatively measured assuming the sum of the measured
branching ratios to be 100%. Such measured branching ratios may be used to
compare with other measurements or theoretical predictions when available. By
definition, they cannot be used to set a limit on the branching fraction of the
'missing decay', if there is, associated to the long-standing 'one-prong problem'.

To measure the branching ratios in an absolute way, the number of pro-
duced T+T~ events (Nr+T-) in the experiment should be known independently
from another source. For instance, if the total luminosity is precisely mea-
sured, NT+T- can be obtained using the cross section of the r production in the
Standard Model. However, to avoid using an absolute theoretical prediction, we
shall instead take a more general assumption — the lepton universality. With
this assumption, NT+T- is nothing but the number of produced p+p~ events
Np+p- and/or e+e~ events Ne+e- from Z0 decays. By convenience, NT+T- in
this analysis is derived from the number of produced hadronic events Nqq and
the measured ratios between leptons and hadrons: Re+e- ̂ 11- = Fhad/re+e- p+/j-
[71]-

The hadronic events are selected in two independent ways, leading to a
reduced systematic error for the average of the two methods. One selection is
based entirely on charged tracks, while the other depends on energy deposition
in the ECAL and HCAL. The track-based selection requires at least 5 charged
tracks in the TPC, and a charged-track energy sum (assuming pion masses)
greater than 10% of the centre-of-mass energy. The calorimeter-based selection
requires that the combined ECAL and HCAL energy exceeds 20% of the centre-
of-mass energy. In addition, the minimum energy deposit in the ECAL must be
either 7 GeV in the barrel or 1.5 GeV in each end-cap. A time requirement of
±100 ns with respect to the beam crossing, measured on ECAL signals, removes
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the bulk of cosmic-ray background. Additional requirements are imposed to
suppress the background from leptonic pairs [70]. Details of the two selections
are summarized in Table 8.1. The number of events corresponds to data at all
centre-of-mass energies, while efficiencies, backgrounds, and systematic errors
are quoted at the peak.

Table 8.1: Hadronic events selections. The number of events corresponds to data
at all centre-of-mass energies, while efficiencies, backgrounds, and systematic
errors are quoted at the peak.

Events
Selection efficiencies (%)
Backgrounds:

e+e- (%)
T+r- {%)
Cosmic-ray (%)
Two-photon (%)

Total systematic error
(VS = Mz)W

Charged track selection
166,158

97.4 ± 0.24

0
0.26 ± 0.03

0
0.39 ± 0.07

0.26

Calorimeter selection
169,993

99.1 ± 0.09

0.11 ± 0.04
0.62 ± 0.15
0.08 ± 0.02
0.23 ± 0.08

0.20

To select Z —> e+e (7), and ii+li~(f), a set of preselection cuts are applied.
Th ïse cuts are almost identical to the common lepton selection cuts shown in
Secs.4.1 and 4.2 except that:

The event is required to have either 2 or only two good
tracks which pass a loose do requirement (\do\ = 5cm)
or 3 to 8 tracks which satisfy a restrictive do require-
ment (|do| = 2cm).

(8.1)

The further selection of electron pairs is based on the sum of the momenta
of the two most energetic tracks in an event and on the sum of energies of the
BCAL clusters associated with these tracks [70,71]. The energy sum includes
also energy which escapes through cracks in the ECAL but is detected by the
HCAL, and includes the energy of radiated photons. The selection requirements

are:

> 0.
(8.2)

£<•> 1.2^.
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Here, £ p refers to the sum of the momenta of the two most energetic tracks and
£ E(S) refers to the energy sum of the clusters associated with these tracks be-
fore (after) the inclusion of energy from a radiated photon and of the associated
HCAL energy.

The further selection of muon-pair is done by first a high-momentum-track
selection then a muon identification [70,71]. If the momenta of the two fastest
tracks both exceed Zhy/ajMz GeV/c, the event is accepted as a muon-pair
candidate. If only one track exceeds this momentum cut, the event is accepted if
a photon can be found which is consistent in energy and position with the fi+i*~f
hypothesis. For the muon identification, one of the two highest momentum
tracks is required to have an HCAL hit pattern consistent with that expected
for a muon, or to be matched to a hit in the muon chambers for those data
where the chambers have been installed.

Details for e+e~(f.) and /J selection have been shown in Table 8.2.

Table 8.2: Lepton-pair selections. The number of selected events corresponds
to data at all centre-of-mass energies, while selection efficiencies, background,
and systematic errors are quoted at the peak.

Selected events
Angular range (cos ̂ *)
Selection efficiency (%)'
Overall efficiency (%)
^-channel contribution (%)
Backgrounds:

e+e- (%)
M+M" (%)
T+T- (%)

Cosmic-ray (%)
Total systematic error
(vfi = M*)(%)

e+e-
6,947

(-0.9, 0.7)
98.8 ± 0.3
71.4 ±0.4
12.2 ± 0.3

<0.11
1.18 ± 0.07

0

0.5

M+M
6,691

(-0.9, 0.9)
98.4 ± 0.5
83.1 ± 0.5

0

<0.03

0.12 ± 0.08
0.23 ± 0.05

0,5
f The efficiency is defined within the accepted angular range.

The ratios i2e+e-,/i+/i- were fit together with other parameters [71] from the
measured cross sections based on data collected at 16 energies at and near the
peak of the Z resonance. The luminosity needed for cross section measurements
is measured with small-angle Bhabhas (see Sec.3.4). The experimental error
on the luminosity measurement is 0.6%. The theoretical calculation for small
angle Bhabha scattering includes corrections of second order in a [81,82]. The
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uncertainty in this calculation within the acceptance is 0.3% [83], giving a total
luminosity error of 0.7%. The systematic uncertainty due to this error should
be however largely cancelled out in the ratios jRe+e-^+M- which we are going to
use (except for the effect of ^-channel subtraction in the e+e~ final state).

The weighted average value for the two measured ratios Rt*e-^it- is:

R = 21.00 ±0.22. (8.3)

In order to retain high statistics, we have used some more data, which were
still good for r decay physics, in the T+T~ selection as compared to the hadronic
selection used for absolute cross section determination. This corresponds to a
number of selected hadronic events 174,011 (±0.24%stat) with the same selection
efficiency as given in Table 8.1 but slightly higher background contamination
(0.83 ± 0.19)%. Using Eq.(8.3), this gives the number of the produced T pair
events: NT+r- = 8437 ± 88. Taking into account a small contribution of 1.2%
from the photon exchange and the interference terms[84], which ate different in
the T+T~ and hadronic channels, the final result reads:

NT+T- =8538 ± 8 9 . (8.4)

1



Chapter 9

The Topological Branching
Ratios

9.1 The method

The charged-track topology of a T+T~ pair event should be ij(i,j = 1,3,5).
However, in practice, the topology of a detected T+T~ pair event is kl(k,l =
1,2,...). This is due to the fact that (a) tracks may be lost because they
overlap, escape detection, or interact; and (b) additional tracks may appear
from converted photons and hadron interactions. At this point, one could use
the simulated Monte Carlo to take care of all these effects. In other words, the
true number JV,-,- of T+T~ pairs where one r decays into i and the other into j
charged particles is related to the number of T+T~ pair candidates n*/ expected
to be seen in the detector by:

nkl = n^ + J^Tii^uNa (M = 1,2,3,...),

JVy = {2-6ij)NT+r-BfBJ (i,j = 1,3,5). (9.1)

JVr+r- is the total number of produced T+T~ pairs, and Bj is the topological
branching ratio for the decay into i charged particles. 2y_ju represents the
probability for reconstructing T+T~ pairs with charge topology ij as T+T~ pairs
with topology kl. Finally, nkl

 g is the number of expected non-T+r" background
events in the kl topology, obtained from the different Monte Carlo generators.

However, this is not our starting point since the additional tracks (b) are
usually secondary tracks and they do not represent the topology originating
from the T decays. Furthermore, since the effect of (b) is generally more sig-
nificant than that of (a), we would have to rely heavily on the Monte Carlo
simulation if we would do so.

In order to have the smallest dependence on the simulation, these secondary

123



124

tracks are largely eliminated by the following additional cuts made on tracks
from the event selection:

• The cut on the transverse distance to the beam axis is tightened to 0.5
cm.

• It is required that the relevant information is available for electron iden-
tification for all tracks. Electrons are identified1 by the method described
in Chapter 5.

• Identified electrons are removed if they are not the only track left in each
decay.

After these cuts, Eq.(9.1) is still valid except that now the detected topology
kl does not contain any longer the additional tracks identified by the cuts.

The Monte Carlo determined mixing matrix T at this level is given in Table
9.1. It includes the selection acceptance and the track selection efficiencies

Table 9.1: The mixing matrix T determined by Monte Carlo.. The
matrix elements are given in % and the quoted errors are statistical.

kl \ ij
11
12
13
14
15
22
23
24
33

11
66.99 ±
0.54 ±
0.19 ±
0.01 db

<
<
<
<
<

0.30
0.05
0.03
0.01
0.01
0.01
0.01
0.01
0.01

13
2.07 ±0.16
7.83 ± 0.30

48.76 ± 0.55
0.02 ± 0.02

<0.01
0.01 ±0.01
0.07 ±0.02

<0.01
0.04 ± 0.02

15
<

5.36 ±
12.50 ±
17.86 ±
21.43 ±

<
<
<
<

1.79
3.01
4.42
5.12
5.48
1.79
1.79
1.79
1.79

33
0.28 ±
0.28 ±
2.81 ±

<
<

0.98 ±
9.54 ±

<
25.39 ±

0.20
0.20
0.62
0.14
0.14
0.37
1.10
0.14
1.63

required for electron identification. It is largely diagonal for small multiplicities.
The T+T~ topologies with high track multiplicities are somewhat distorted by
the overall multiplicity cut < 6 tracks used in the selection. The relatively lower
efficiencies for three-prong decays are due to the missing mass cut (8) in the
selection procedure. Even-even topologies are expected at a very small rate.

1In this analysis, neither photon reconstruction nor the general particle identification method
are used.
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The final data sample consists of 5095 T+T~ candidates2. Assuming the
number mki of events actually observed in the detector is Poisson-distributed
around the expectation n*(, then using the absolute normalization of the pro-
duced r pairs (see Chapter 8), the parameters Bj, Bj, and Bj can be obtained
by minimizing the following likelihood function:

C = - In n V{mkl) = - E In f ̂ ^ e - - l . (9.2)

9.2 Study of systematic effects

Several effects can alter the charged-particle multiplicity. The uncertainty in
the event selection has been found to be one of the dominant systematic sources
of error. The effect due to the subtraction of non-r+r~ background has been
studied in the different topologies by varying the number of the non-r+r~ back-
ground events estimated from the various Monte Carlo generators. The electron
identification procedure introduces possible biases at the level of the track se-
lection efficiency and of the misidentification probabilities. These effects have
been estimated by comparing Monte Carlo and data samples of pure particle
types, as described in Chapter 5.

The quality of the simulation of hadron interactions in the material near
the beam pipe has been checked to be sufficient for our purpose: no significant
effect was seen in the results when the transverse distance cut of tracks was
varied between 0.5 and 2 cm. Increasing this cut has the effect of accepting
more tracks which are scattered before being detected in the TPC.

Multi-prong r decays lead to close overlapping tracks in the TPC. Special
attention was given to the case where two overlapping tracks were lost because
of reconstruction problems. This effect gives the dominant contribution to the
mixing matrix element Ti3_»n- Its systematic uncertainty is estimated to be
0.48% by detailed comparison of relevant distributions of the events in data and
Monte Carlo and by event scanning. This results in a systematic-uncertainty
of 0.10% and 0.12% for Bj and Bj, respectively.

Because of the T+T~ selection cuts, the efficiency for the hadronic T decays
varies slowly with the hadronic mass. Any discrepancy between data and Monte
Carlo in the mass distributions could result in a slightly incorrect efficiency
calculation. As such an effect is observed for the at channel (see Chapter 10),
a corresponding systematic uncertainty has been included.

Systematic effects from decays involving Kg —> Tr+TC~ are negligible since
the corresponding branching ratio is small (~ 0.5%) and their efficiency is not

2This number is quoted simply for showing our actual selected statistics. It will not be used
in deriving final results on the topological branching ratios.
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expected to be very different from that of non-Kg decays.

Table 9.2 summarizes the systematic uncertainties for the measurement of
the topological branching ratios (see Chapter 12 for more details).

Table 9.2: Systematic uncertainties of topological branching ratios(in

Sources
event selection

non—T+T" background
selection for electron identification

tracking
7 conversions

Monte Carlo generator
Combined error

ABj
0.40
0.12
0.16
0.10
0.06
0.15
0.48

0.06
0.04
0.09
0.12
0.06
0.15
0.23

~ÂiT|
—

0.02
0.01
—

0.01
—

0.03

9.3 Results

The likelihood fit of the observed distribution of multiplicities yields the follow-
ing results for the topological branching ratios in %:

Bj =
VtT _

± 0.48 ,
± 0.23 , (9.3)

where the first uncertainty is statistical and the second systematic. A common
relative uncertainty of ±0.52% should be added to take into account the normal-
ization of the T+T~ sample. The correlation among the three branching ratios
are weak. The strongest one (Pig.9.1) between Bj and Bj is found statistically
to be p — —0.27 (the systematic contribution is small).

As a check on the quality of the fit, the observed and fitted multiplicity
distributions are given in Table 9.3. The good agreement observed confirms
the correct simulation of the data(conversions, interactions, track reconstruc-
tion) in the Monte Carlo calculations and the proper evaluation of non-T+T~
backgrounds. As a further check, the momentum distribution of the one-prong
candidates agrees well with the Monte Carlo simulation (Fig.9.2).
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Figure 9.1: TAe correlation between Bf and Bj.

Table 9.3: A comparison of the charged track multiplicity be-
tween data and the Monte Carlo using the fitted branching
ratios. The quoted errors are statistical only.

kl
11
12
13
14
15
22
23
24
33

T+T- MC

3812.6 ± 14.3
172.3 ±6.3

908.5 ±13.1
3.2 ±0.8
3.0 ±0.8
2.1 ±0.7

19.7 ± 2.2
<0.2

39.7 ± 3.1

non—r+r~ bkg
135.1 ± 26.9

1.8 ±1.0
0.7 ±1.0
0.1 ±1.0

<i.o
<1.0

5.1 ±1.9
<1.0

1.0 ±1.0

MC total
3947.7 ±30.5

174.1 ± 6.4
909.2 ± 13.1

3.3 ± 1.3
3.0 ±1.3
2.1 ± 1.2

24.8 ± 2.9
<1.0

40.7 ±3.3

Data
3939

202
889

4
2
2

18
0

39
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40 50
p(GeV/c)

Figure 9.2: The momentum distributions of the charged particles for the
one-prong decays both for data and for Monte Carlo.

9.4 Limit on undetected r decays

It should be stressed that the completeness of the branching ratios of r decays
was not used to derive the results (Eq.(9.3)), which are absolute. It is therefore
possible to investigate the existence of new decay modes which would be un-
detected by our analysis. Such a possibility would require special properties of
these decay modes owing to our broad-band momentum acceptance(Fig.9.3).
One could imagine the case, for example, where the r decayed into eN, N being
a neutrino-like particle almost mass-degenerate with the T itself, so that the
small momentum electron would escape detection.

To bound the branching fraction of such peculiar modes, it is useful to con-
sider if the measured branching ratios represent a complete set. The measured
sum

£ Bj = 99.90 ± (0.70)st8t ± (0.51)sysl ± (0.52)norm (%) (9.4)
•'=1,3,5

is consistent with 100%. Since this result assumes lepton universality in the
Z0 decays, there is still the possibility that a new undetected r decay mode is
exactly compensated by a deviation from universality of the r coupling to the
Z0. This scenario looks unlikely as r production is governed by weak neutral
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currents whereas T decays involve charged currents.

Under the assumption of lepton universality in the neutral current, a 95%
CL limit can be set for totally undetected modes

•̂ undetected < 2 .1% . (9.5)



Chapter 10

Quasi-exclusive Branching
Ratios

10.1 The method

In this analysis, each reconstructed r decay is classified according to the number
of charged particles, their type, the number of photons and 7r°'s reconstructed
from photon pairs. Eight classes are thus defined (Table 10.1). Not only is

Table 10.1: Definition of quasi-exclusive channels. The presence of radiative photons
in the decays does not change the input Monte Carlo classification.

class
1
2
3

4
5

6
7
8

final states X
for T —» XvT

evc

HV11

h

hn0

h2n°

h>3ir°
Zh

3h > ITT0,

5h>0ir°

reconstruction criteria
particle type

> Ie
l(i

1 hadron

1 hadron
1 hadron

1 hadron
> 2 hadrons
> 2 hadrons

number of photons
any
any

0

1, 2 with ITT0

2, 3 with ITT0,

4 with 2TT°

3, 4 with l7r°,>5
0

> 1

input MC
classification

«7e

HV11

TT, Ji , A —» ii/,7r,

A " -> TrA-S(^ .r+f l - )

7T7r°,A" - * iYir0

7r27T°,

A " -> T T A " ^ ^ ir°ir°)

ÎT>37TO

3TT

37T>l7TO ,

57T>07TO

this definition general but also experimentally complete in the sense that all r
decays selected by the analysis are classified.
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It is clear from Chapter 7 that the Monte Carlo generation includes more
physics possibilities than our scheme permits: Cabibbo-suppressed decays in-
volve charged kaons that wè do not attempt to separate from pions, as well as
neutral kaons. Although some possibility exists to identify if£'s in HCAL, this
is not implemented in this analysis. The situation is different for Kg'si decays
into 2n° are readily identified, while for 7T+Tr- decays, the information on pos-
sible secondary vertices is not used at present (this can be improved when the
need comes with more statistics). These problems are taken into account in
our procedure which relies on the Monte Carlo to simulate the corresponding
reconstruction efficiencies. Since T decays involving Kg —* ir+ir~ are only at
the 0.5% level, the risk of producing large systematic effects is excluded.

The set of simulated r decay channels, as shown in Table 10.1, may not be
complete. For instance the decay mode r/wn0 is not included. However, such
channels would lead to final states already included in our classification and
consequently would be taken into account although possibly with an incorrect
efficiency. Since the corresponding branching fractions should be of order 10~3

according to our present knowledge[6,39], all related effects are expected to be
small compared to the statistical uncertainty.

The strategy to classify a reconstructed r candidate is the following:

1. If there is only one charged track: the general particle identification
method is used and the decay is classified in one of the first six class-
es depending on the identified particle type and the number of ir°'s or
7'B.

2. If there is more than one charged track: electrons are first identified and
then transformed into photon candidates according to the prescription
given in Chapter 6. If all charged particles happen to be identified as elec-
trons, the event is in class 1, and the highest energy particle is assumed to
be the primary electron in the r decay. Otherwise, the candidate is classi-
fied according to the number of hadrons and the number of reconstructed
photons.

Due to the particle identification inefficiency and misidentification proba-
bilities, and due to the photon reconstruction inefficiency, some mixing occurs
and the true number JV,-(= NTBi) of decay events in class i is related to the
expected number nj of decay events in reconstructed class j by:

ni = n?* +Nr1EEt^Bi ( i , j = l , . . . , 8 ) , (10.1)
•

in which NT is the total number of produced r decays, Bi are the branching
ratios to be measured, the mixing matrix elements E^j give the probability
of generated class i being reconstructed as class j , and rij g is the number of
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non—T background events obtained by Monte Carlo. Part of the background
estimated at the selection level is significantly reduced by the particle identifi-
cation criteria. Note that the r Monte Carlo enters only via the mixing matrix
E whose elements are independent of the input branching iratios except for the
rare K and K* channels.

The matrix E is given in Table 10.2. It is mostly diagonal as a result of

Table 10.2: The mixing matrix
ing a T decay in class i to class j .
The generated class types are in
types in first column.

-, j , giving the probabilities for assign-
The matrix elements are given in %.

the urst row, and the identified class

3 I * ->
1
2
3
4
5
6
7
8
sum

continued
1
2
3
4
5
6
7
8
sum

49.89

0.24
0.15
0.03

0.01

50.32

0.88
0.49
0.71
6.85

33.45
7.00

0.93
50.31

1

±
<
±
±
±
<
±
<
±
5

±
±
±
±
±
±
<
±
±

0.45
0.01
0.04
0.04
0.02
0.01
0.01
0.01
0.45

0.13
0.09
0.11
0.35
0.64
0.35
0.02
0.13
0.68

0.01
56.30
0.44
0.10
0.02

0.02
0.01

56.91

1.06
0.36

1.75
14.59
27.34

1.06
46.17

2

±
±
±
±
±
<
±
±
±
6

±
±
<
±
±
±
<
±
±

0.01
0.45
0.06
0.03
0.01
0.01
0.01
0.01
0.45

0.18
0.10
0.03
0.23
0.61
0.77
0.03
0.18
0.87

0.59
0.60

45.95
3.78
0.46
0.10
1.06
0.32

53.18

0.57
0.34
0.13

48.99
7.41

57.76

3

±
±
±
±
±
±
±
±
±
7
<
<
±
±
±
<
±
±
±

0.08
0.08
0.54
0.21
0.07
0.05
0.11
0.06
0.54

0.0.2
0.02
0.10
0.08
0.05
0.02
0.69
0.36
0.68

0.66
0.69
2.13

41.74
5.55
0.33
0.04
0.55

52.24

0.34
0.22

5.36
54.01
60.48

4

±
±
±
±
±
±
±
±

8
<
<
<

±
±
<
±
±
±

0.06
0.07
0.12
0.39
0.18
0.05
0.02
0.06
0.40

0.02
0.02
0.02
0.09
0.07
0.02
0.34
0.75
0.73

good particle identification and Tr0 reconstruction capabilities. Some mixing is
observed between classes with multiple 7r°'s, reflecting the difficulty of detecting
a large photon multiplicity clustered around a charged track. It is important
to notice that the overall efficiency in each class is large and rather uniform
because of the looseness of the cuts used in the analysis.

The final data sample selected to ensure full particle identification for the
quasi-exclusive analysis consists of 8429 r candidates. Note that this sample of
T decays does not require that the full T+T~ event be reconstructed and iden-
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tified Consequently the samples used for the topological and quasi-exclusive
analyses partly overlap (Table 10.3): 2899 complete T+T~ events are used in

Table 10.3: Details of the two data samples for the topological branch-
ing ratio (TBR) and quasi-exclusive branching ratio (QEBR) analysis.

TBR

5095 T+T- —

- * •

— »

—

2899

1914

282

—

IT

IT

Or

Or+T-

QEBR

5798 —«

1914 —

— —

717 —

— 8429 r's

both analyses, with an additional sample of 1914 events where only one of the
two T'S is kept for the quasi-exclusive analysis. The remaining parts of the two
samples do not overlap. Assuming nf3" is the number of observed r candidates
in class j , then the branching ratios Bi can be straightforwardly derived from
Eq.(lO.l), solving the linear system of equations.

10.2 Study of systematic effects

Many sources of systematic uncertainties have been considered for the mea-
surement of the branching ratios of the individual channels. Some of them have
been discussed in the previous chapters.

An important source arises from the photon reconstruction. The corre-
sponding uncertainty has been estimated by varying all relevant parameters
(cluster thresholds, proximity to the charged track, 7r° mass cut) within reason-
able ranges. Possible statistical effects are also introduced in this procedure.
Since they have not been subtracted out, the estimate is considered to be con-
servative.

The possible misclassification of the small residual hadronic background
estimated from the Monte Carlo simulation has been taken into account in the
non-r background uncertainties.

An additional source of uncertainty could come from r physics itself s-
ince the computation of the efficiency matrix reh'es on the proper Monte Carlo
generation[75] of the kinematic distributions. Whereas the main channels (e,
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/x, 7T, />, O1, K, K*) are reasonably free of theoretical uncertainties, some bi-
ases could be expected in the less known channels (îr3ir°, 37TTr0, 5ir, ...). In
fact, such a difference is noticed in the 3nir° channels (class 8) where w pro-
duction is observed in the data but is not included in the generator (Fig.10.1).
The corresponding systematic uncertainty has been estimated from the channel
efficiencies obtained assuming different final states.

The various systematic uncertainties are summarized in Table 10.4. More
detail can be found in Chapter 12.

Table 10.4: Systematic uncertainties of quasi-exclusive
branching ratios.

1.7/TT0 reconsti uction,
2. non-^r background subtraction,
3. particle identification,
4. detector simulation (selection, momentum

cut, conversions, tracking),
5. Monte Carlo physics simulation.

ABi{%)
class

1
2
3
4
5
6
7
8

Sources
1

0.12
0.04
0.23
0.61
0.74
0.41
0.50
0.50

2
0.19
0.12
0.08
0.10
0.18
0.19
0.10
0.15

3
0.30
0.29
0.16
0.52
0.22
0.03
0.31
0.36

4
0.16
0.09
0.07
0.22
0.10
0.03
0.07
0.04

5
—
—
—
—

0.15
0.08
0.15
0.15

Total

0.41
0.33
0.30
0.84
0.81
0.46
0.62
0.65

In order to compare the reconstructed classes in data and Monte Carlo,
arged/̂ beam distributions are plotted for classes 1 - 3 (Fig.10.2) and invari-

ant mass distributions of all detected particles are shown for the other classes
(Fig.10.3). Good agreement is found, except for the 37r(in class 7) and 7r27r°(m
class 5) mass distributions where the observed mass shift is due to an inaccurate
description of the a.\ resonance in the Monte Carlo. Our 3TT mass distribution
agrees with previous measurements, in particular with the precise determina-
tion of Ref.[79]. This effect has been included in the estimate of systematic
uncertainties for the Monte Carlo physics simulation.
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Figure 10.3: Distributions (a.) - (e) of hadronic invariant mass of all de-
tected final states for classes 4-8, respectively. Note that the small excess
on the left hand side of the peak in (d) is due to a small contribution of
the decays with only two selected tracks (Table 10.1).
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10.3 Results

The results for the quasi-exclusive branching ratios are given in Table 10.5.
It must be emphasized that, because of the significant mixing between classes

Table 10.5: Results for tht quasi-exclusive branching ratios. A
common relative uncertainty of 1.0% should be added to take
into account the normalization of the T sample.

class i
1
2
3
4
5
6
7
8

h
h + (7T0,7)

fc + (27rV°7,27)
h + (3TT° > O7, 2TT0 > I 7 , TT° > 27,> 37)

3h
3M->l(7r°,7), 5fe+>0(7r°,7)

Bi(%)
18.09±0.45±0.41
17.35±0.41±0.33
13.32±0.44±0.30
25.02±0.64±0.84
10.53±0.66±0.81
1.53±0.40±0.46
9.49±0.36±0.62
5.05±0.29±0.65

with ir°'s, some correlation is expected between the corresponding branching
ratios(Fig.l0.4). The strongest statistical correlation (p = —0.65) is observed
between Bs and B6.

The sum of the measured branching ratios is again consistent with com-
pleteness:

Bi = 100.4 ± (1.3)stot ± (0.9)8y8t ± (1.0)noiTO % , (10.2)

and, in particular, we find that the sum of one-prong channels (taking into
account the correlation) is:

B11 = 85.8 ± 1.6 % , (10.3)
1—prong

and is consistent with the corresponding topological branching ratio (Eq.(9.3)).
This comparison clearly does not constitute a test of the one-prong problem
since the data samples are essentially the same in the two analyses, but rather
a consistency check on the systematic effects involved in the analyses.
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Chapter 11

An Exclusive Analysis of Final
States With Neutral Pions

11.1 The Analysis

The analysis described in the previous chapter is not based on a completely
exclusive definition of the channels with 7r°'s, since it accepts as ir0 candidates
single photons (down to an energy of 250 MeV) not used in a ir° mass combina-
tion. Here, the analysis is restricted to r decays with fully reconstructed ir°'s,
so that exclusive channels can be unambiguously defined. Therefore, decays
with additional photons are rejected except for the h3n° channel.

Compared to the quasi-exclusive case, the background is expected to be
smaller, but the efficiency is much reduced. High energy iro's are lost: for
energies larger than a typical energy of 13 GeV, it is no longer possible to
resolve the two photons. Low energy 7r°'s are also affected, in particular if they
decay asymmetrically, because of the photon energy thresholds of 250 MeV and
1 GeV (as discussed in Chapter 6). A smaller efficiency also means an increased
sensitivity to the dynamics of the hadronic system included in the Monte Carlo
generator.

Fig.11.1 shows the evidence for final states with n 7r°'s (n > 1). In all cases,
a signal is found with a ratio over background consistent with the Monte Carlo
prediction.

The full procedure for the derivation of branching fractions is then repeated
using only these fully exclusive channels with TT°'S. The results are shown in
Table 11.1 and compared with those from the quasi-exclusive analysis. Good
consistency is observed between the two sets and thus there is no evidence for
a mode not presently included in the Monte Carlo simulation. Quantitatively,
the branching ratios for the modes with ir°'s (classes 4, 5, 6, and 8) can be

141
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Figure 11.1: The invariant massm^ for decays with (a) two reconstructed
photons, (b) tour photons with at least one reconstructed n°, and (c) six
or more photons with at least two reconstructed TT°.

summed (with due attention to correlations):

x° modes

!-«elusive = 42.13 ± 0 . 6 3 % ,

BeiXclusWe = 41.91 ± 1.22 % ,
ir0 modes

(11.1)

(11.2)

where the quoted uncertainties are only statistical. The difference, taking into
account a relative systematic uncertainty due to 7 and TT° reconstruction of 0.8%
(see Chapter 12 for more detail), provides a measure of possible new modes with
photons:

Bnew modes < 3.4% at 95% CL . (11.3)

Therefore, we conclude that the present description of the photonic modes
of r decays in terms of multi—ir0 states is adequate and that the results of
the quasi-exclusive analysis are valid. Consequently, the final values quoted
for the branching ratios of the different r decay channels are those from the
qufcsi-exclusive analysis.
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Table 11.1: Comparison of the results for the branching ratios Bi
of channels with ir°'s as obtained from the quasi-exclusive (Chap-
ter 10) and exclusive (this chapter) analyses. Also given for each
sample are the corresponding efficiency (e), the other r channel
contamination (fc) and the number of observed decays. Only sta-
tistical errors are given.

modes

A(27T jTT ^,2"YJ

M37r°. 27r°7,7r°27,37)

3MAT)
modes

hn0

h2ir°
h(3n°>0y)

3hlT°

e
0.417
0.335
0.273
0.540

e
0.213
0.078
0.025
0.249

quasi-exclusive
/ c

0.112
0.397
0.674
0.265

/ c

0.069
0.147
0.105
0.146

decays
1849
809
186
570

exclusive
decays

904
128
10

230

Bi
25.02
10.53

1.53
5.05

Bi
25.31

9.09
2.35
5.16

±
±
±
±

±
±
±
±

)
0.64
0.66
0.40
0.29

)
0.87
1.06
0.83
0.41

11.2 Comparing Performances with CLEO

The above measured branching ratio for mode h3ir° is the first published mea-
surement in the sense that for the first time the three TT° final states have been
fully reconstructed. This is in fact also true for the other two decay modes: hir0

and h2ir°, since many experiments have measured these modes without explic-
itly reconstructing the TT° (as we have done in the quasi-exclusive analysis).

Recently, the CLEO collaboration has obtained preliminary results [85] on
the relative ratios of the branching ratios of modes h2ir° and hZn0 with respect
to that of hn0, where the 7r°'s have also been fully reconstructed. The analysis
was done with two different data samples selected by tagging on the decay of one
r to (i) a muon plus neutrinos and (ii) three charged hadrons plus a neutrino.

Compared with LEP experiments, the main features of the experiment are:

• High energy resolution calorimeter: 1.5% at 5 GeV and 4.1% at 100 MeV,
to be compared with 3.0% at 45 GeV and 18.8% at 1 GeV in ALEPH.

• Low centre-of-mass energy y/s = 10 — 11 GeV, large opening angle of two
photons from a single 7r°. The effective granularity of the calorimeter is
approximately (taking into account the number of cells (7800 in CLEO
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and 73728 in ALEPH) and the energy scales (5 GeV for CLEO and 45
GeV for ALEPH)) ~ ~ 3 times better than ALEPH.

• Large T samples, 91 pb x (~ 0.81 X 10 5 T + T pairs) in case (i) and about
250 pb"1 (~ 2.3 X 105T+T" pairs) in case (ii) to be compared with 8,500
T+T' pairs produced in 1989 and 1990 data recorded by ALEPH.

However, the advantage of having large data seimple for CLEO is partially
offset by the large hadronic background. Details on the selection efficiencies,
background contaminations, and final statistics are summarized and compared
with that of ALEPH in Table 11.2. In our case, the non-T background is

Table 11.2: A comparison between CLEO and ALEPH on the
selection efficiencies (e), non-T background (//) , T background ( / r ,
and total background / tot) contaminations, and final used decay
events for the branching ratio analysis of decay modes involving
TT05S

ALEPH
modes

h2it°
h(3w°>Q<y)

e
0.213
0.078
0.025

backgrounds

Si
negl
negl
negl

Sr
0.069
0.147
0.105

JtOt

0.069
0.147
0.105

decays

904
128

10
CLEO sample (i)

modes

hn0

h2n°
WTT0

e
0.147
0.091
0.051

backgrounds

Si
0.040
0.069
0.160

/ r
0.056
0.039
0.085

/tot
0.096
0.108
0.245

decays

1133
261

17

CLEO sample (ii)
modes

hw°
h2ir°

e
0.210
0.109
0.051

backgrounds

Si
0.028
0.076
0.36

/ ;
0.056
0.039
0.085

/tot
0.084
0.115
0.445

decays

3817
681
42

* Assumed to be the same as in sample (i).

negligible and only T background contributes due to the feed-down or the feed-
up. In the CLEO case, the non-T backgrounds, dominated by hadrons, are
very important: comparable or larger than the T contaminations. The overall
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contaminations 1 are generally larger than ours: two times larger in case of
mode /i37T°.

The preliminary results deduced from these two sample were combined as
follows:

= 0.353 ± (0.018)8tat ± (0.028)8y8t, (11.4)

~ - = 0.031 ± (0.006)stat ± (0.008)sy8t, (11.5)

to be compared with our measured ratios, where only statistical errors are
quoted:

8 = 0.359 ± (0.044)stat, (11.6)

= 0.093 ± (0.033)8tat • (11.7)

The comparison for the first ratio is good. The second ratios 2 are also consistent
if taking additional systematic error in our case into account.

The similar ratios from the statistically more significant quasi-exclusive ana-
lyis are (after subtracting the w —* iry contribution, see Chapter 13)

= 0.409 ± (0.050)tot, (11.8)

= 0.061 ± (0.025)tot, (11.9)

where correlation between B112*
0 and Bi1nO has been taken into account and the

quoted errors are the total statistical and systematic errors added in quadrature.
They are in good agreement with that of CLEO.

•O/.7T0

'The r backgrounds are not shown explicitly foi sample (ii) in Ref.[85]. Heie we have naively
assumed that the contaminations in sample (ii) are the same as in (i).

3A slight different iatio in oui case as it may have additional 7's 01 *°'s.



Chapter 12

Evaluation of Systematic
Uncertainties

12.1 Background subtraction

12.1.1 Leptonic final states

The contamination of the background to the r sample selected by the selection
procedure described previously has been estimated in Ref.[72]. It was found
that the Monte Carlo estimate for the two photon background was too large by
15%.

Here, we have also checked this by the number of identified e+e" and Ji+fi~
events found in the exclusive branching ratio analysis (cf. Chapter 10). Table
12.1 shows that the background, which is dominated by 77-induced events, is
somewhat lower (0.71 ± 0.36) than estimated from the 77 Monte Carlo.

Table 12.1: Check on the contamination of the Bhabha and events.
Comparison

Normalized r MC *
Data

Data — Normalized TMC
Estimated background^ —> e+e~,/i+/i~
Estimated background(77 —» e+e~,/i+/it~

Total estimated background

MC)
MC)

88.7 ±
101.0 ±
12.3 ±

0.9
21.4

22.3 ±

-
4.4
10.0

11.7

[

5.6

103.6 ±
126.0 ±
22.4 ±

5.7
20.S

26.6 ±

-
4.7

11.2
12.1

I
2.9

* Renormalized with the measured values for B\ and B2.

147
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Further studies on the characteristics of the e+e~ and /i+ji~ events also
suggest that the 77 Monte Carlo estimate may be too large. For example, the
ratio of data over Monte Carlo events for acoilinearity larger than 10° and scaled
energy less than 0.4 is 0.52 ± 0.23. These studies confirm what was found in
Ref.[72]. We have therefore applied the same correction of 0.85 in the analyses
with a systematic uncertainty of 0.15.

It should be pointed out that contamination from doubly radiative Bhabha
events is not simulated. Possible effect has been evaluated by looking at the
cos0* distribution (Fig.12,1, where the 0* is the scattering angle of the T~ with
respect to the electron beam) for the identified 101 e+e~ events in data (Table

Q)
.Q

E

18

16

14
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8

6

4

2

0

Data
r MC + non—T bkg
non—T bkg

t J_Lf (II I I I lit : i 111 I I I I I I r > (I i 1 1 1 T 1 1 1 I 1 1t.t 1 I 1 I.I

-1 -0.8-0.6-0.4-0.2 0 0.2 0.4 0.6 0.8 1

COST?"

Figure 12.1: The cos 6" distribution for the identified e+e events in data
compared to those from Monte Carlo calculations.

12.1) compared with those from Monte Carlo calculations. The data seem to
have an excess over the T Monte Carlo and the estimated background around
small angles. However, the fact that the total number of e+e~ is rather low
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compared to the predicted r and background events means that the absence
of the doubly radiative background may have been compensated by the over-
estimated 77 background. For this reason, we did not quote any additional
uncertainty.

12.1.2 Hadronic final states

A qq background of (1.07±0.13)% is estimated to contaminate the r sample after
all the selection cuts except for the cut shown in Eq.(4.14). If we define 6mMX

to be the maximum angle between a track in either hemisphere with respect to
the track vector sum in the same hemisphere, then the difference between data
and Monte Carlo in the dmax distribution is well consistent with the estimated
qq distribution as seen in Fig. 12.2.

U)
Q)
0)

CP

LO

W
-t->

10 -

• „ I

•

I
i
i
i
i

• i . , . r-.--.--.--i"! . . i .

O Data
T MC
Hadron MC

Selection cut

—-$

i , ,_, . . . i . . . i .

- 4 0 8 12 16 20 24 28
I » (Degrees)

Figure 12.2: TAe distribution of the maximum angle 0 between a track
in either hemisphere with respect to the track vector sum in the same
hemisphere. The events in the first bin correspond to the one-track events.

However, in the analysis of the r branching ratios, we are interested not
only in the total number of contaminating events but also in the classification
of these events.

The classification of the selected hadronic events in the topological branching
ratio analysis (cf. Chapter 9) is shown in Table 12.2. What one sees is that the
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Monte Carlo estimated qq background in topology 22 and 24 is higher than the
difference between data and the normalized Monte Carlo although the errors
are quite large.

Table 12.2: A comparison on the classification of topological branching
ratio analysis. The mj showing in the first column is the reconstructed
topology.

mj

22
24

Data — normalized T MC

4.2 ± 2.5
3.0 ± 1.7

Estimated qq
background (MC)

8.9 ± 2.6
7.9 ± 2.5

We see the same problem in the exclusive branching ratio analysis (cf. Chap-
ter 10). Table 12.3 shows the classification of the Monte Carlo estimated qq

Table 12.3: The classification of the 65 qq background events (68 jets
further selected by the exclusive branching ratio analysis) selected from
176,000 Monte Carlo events.

class
jets

1
0

2
0

3
0

4
4

5
4

6
3

7
0

8
57

background events, most of which are classified in class 8. If we select those
events which have at least one side classified in class 8, and compare the event
distributions of the hadronic mass Al8 versus the opposite mass Mi(f:=li...>8), we
find an inconsistency between the data and the Monte Carlo qq events (Table
12.4).

As this observation could depend on the resolution on Af8 and Mi^-i^^S),
we have checked that data and Monte Carlo have consistent mass resolution(2.8
events expected compared to 3 found for a mass cut above 3 GeV for instance),
using events classified in classes 1 and 2 opposite to the "class 8" side (this
sample is not affected by qq background).

The mass M1-̂ =X1...|8) above is calculated using the energies and momenta of
charged tracks measured in the TPC and of 7's(ir°'s) reconstructed from the
ECAL. This can be improved by using an energy flow program [73] to take
into account neutral particle energy deposited in the HCAL. Fig.12.3 shows
a distribution of those events with the total calculated invariant mass being
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Table 12.4: Check on the contamination
Cut on M8i,(l=1 8)(GeV)

Normalized T MC *
Data

Data—Normalized r MC
Estimated qq background(MC)

27.1
34.0
6.9

15.5

2

±
±
±
±

2.2
5.8
6.2
3.9

otqq.
3

7.1 ±
11.0 ±
3.9 ±
11.6 ±

1.2
3.3
3.5
3.4

* Renormalized with the measured value for B%.

greater than a given mass for both sides.

It is therefore clear that globally the estimation on qq background from the
Monte Carlo is consistent with what we expect. However, the Monte carlo does
not predict correctly the classification of the events selected, since it overesti-
mates the larger charged multiplicities. In that sense, it may be considered that
the fact that the overall estimate comes out correctly is somewhat fortuitous.
At any rate, it is preferable to reduce the qq contamination and this is the
justification of the additional cut (Eq.(4.14)).

With this additional cut, the hadronic background is reduced by a factor of
5, while the T sample suffers a lose in efficiency of only (1.08 ± 0.07)%.

The final systematic errors quoted for the topological and quasi-exclusive
branching ratios are obtained by varying in each topology or each class the
number of classified background events based on the various Monte Carlo gen-
erators and the above studies.

12.2 Particle Identification

Uncertainty on particle identification is one of the largest sources of systemat-
ics. It has two aspects: first, the track selection for the particle identification;
secondly, the particle identification procedure.

For particle identification, we have required the availability of the EIDT
bank and of the quality flag (i.e. track not in ECAL cracks or in ECAL overlap
region). Since this procedure introduces an inefficiency, it is important to verify
data and Monte Carlo quantitatively.

A systematic effect of 2% was seen for all particle types (Table 5.2). The
same discrepancy is observed for tracks in one-prong and three-prong decays,
thereby indicating that pions and leptons behave similarly in this respect. Also,
as seen in Table 5.2, the additional requirement of the quality flag does not alter
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Figure 12.3: As a function of the mass cut} the distribution of the number
of events where the total calculated invariant masses by ENFLW in both
hemispheres are greater than the cut.

the conclusion:

1 - Cdata 2.0 ± 0.2(%)
2.1 ± 0.4(%)

EIDT only,
EIDT + flag. (12.1)

Therefore, a correction of 2% has been applied for the efficiency of all tracks,
regardless of their type and whether or not the flag was used.

We have tried to study directly this effect with muons and electrons from
processes e+e~ —> (t+fi~ and e+e~, with the difficulty of selecting a sample
unbiased with respect to the ECAL cracks and overlap region. A possible
uncertainty of 1% in this correction is estimated for e and /i decay channels and
this corresponds to a systematic uncertainty of 0.18% for Bi and Bi-

The systematic uncertainty related to the particle identification procedure
can be seen from Table 5.5. Here is an example showing how the relevant errors
have been estimated.

Take the class (channel) fi as an example, according to the mixing matrix
Ei->j (Table 10.2), the signal and the background in the reconstructed class are
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proportinal to p8 and pbks, respectively:

p" = 56.30B2(%) = 9.77%, (12.2)
pbkg = 0.60B3 + 0.69B4 + 0.49B5 + 0.36B6(%) = 0.31%.

The signal ps and the background pbkg may change the selected samples by
(-0.5 ± 0.2)% and (0.41 ± 0.35)% respectively due to the difference on the p
identification efficiency and the misidentification probability between data and
Monte Carlo as shown in Table 5.5. This difference results in a systematic error
AB2 < 0.23%.

Taking into account an additional systematic error of 0.18% related to the
correction done to the track selection, a total systematic error of 0.29% has
been quoted for B2. Systematic errors for the other channels can be similarly
estimated.

12.3 Photon and Neutral Pion Reconstruction

Since the topological branching ratio analysis is based on the charged track
topology, the present study of the systematic uncertainty of the 7/ir0 recon-
struction is only relevant for the exclusive branching ratio analysis.

To reconstruct photons from ECAL clusters, several thresholds have been
used: J5t

ne, Ef1, and JS^, where E^ (E?e) and Ef1 stand for the total energy
threshold for a subcluster in a cluster associated to charged tracks (a neutral
cluster) and the threshold for a subcluster in the first stack. Changing the
thresholds has the effect of varying the number of reconstructed photons, and
therefore the number of reconstructed 7r°'s. The values used in Sec.6.3:

E™ = 0.25 GeV,
1.0GeV, (12.3)

f1 = 0.1 GeV,

have been so chosen that the fake photons are at very small level compared
with the genuine photons and, on the other hand, the photon reconstruction
efficiency is still sufficiently high. This point can be nicely demonstrated by
the mostly diagonal nature in the mixing matrix £,__,• (Table 10.2). This nuiy
be also shown by a comparison, obtained using the above values for the energy
thresholds and the default values in Sec.6.3 for other parameters, between data
and Monte Carlo of the number of events classified in different configurations
of class 4, 5, and 6 in the quasi-exclusive analysis (Table 12.5).

To investigate possible systematic effects, a range on these parameters has
to be explored. For this study, the following values have been chosen:
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Table 12.5: A comparison of the number of events classified in the
different 7 and n0 configurations of classes 4, 5, and 6 in the quasi-
exclusive analysis.

Class
4

5

6

Configuration
TT0

7
TT0TT0

A
77

3 T T ° > 0 7

2 T T O > 1 7

7T°>27

>37

Normalised MC
901.7 ±10.7
942.3 ± 10.7
147.8 ± 5.5
393.2 ±7.1
268.0 ± 6.7
12.5 ±1.3
64.5 ±2.5
84.0 ± 2.6
29.9 ±1.9

Data
904 ±21.5
940 ±21.5
124 ± 10.2
385 ±14.2
300 ± 13.7
11 ± 3.2
48 ±6.0
97 ± 6.9
35 ±5.3

E™: 0.25 -0 .5 GeV,
^ 0 . 5 - 2 . 0 G e V ,
Ef .-0.1-0.25 GeV.

(12.4)

The corresponding variations on the quasi-exclusive branching ratios are shown
in Table 12.6.

Table 12.6: Systematic uncertainty due to the photon reconstruction
by varying the energy thresholds E"e, Ef, and Ef, and by varying the
angular distance da, and due to the TZ° reconstruction by varying the
mass window Am77 , and their sum.

i n %
£ t

ne

Ef1

Ef
da

A77

Total

1
0.03
0.08
0.01
0.08
0.01
0.12

2
0.01
0.03
0.00
0.02
0.01
0.04

3
0.10
0.02
0.03
0.20
0.01
0.23

4
0.32
0.02
0.19
0.43
0.23
0.61

5
0.49
0.01
0.07
0.45
0.33
0.74

6
0.25
0.18
0.12
0.21
0.13
0.41

7
0.02
0.01
0.04
0.50
0.00
0.50

8
0.01
0.03
0.02
0.50
0.00
0.50

In reconstructing photons from an ECAL cluster associated to charged
tracks, there is another important parameter - the angular distance da be-
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tween the impact point in the ECAL of an extrapolated TPC track and the
local energy maximum position of its nearest subcluster. Decreasing da has the
effect of reconstructing more photons (probably fake ones), and vice versa. We
have varied dQ between 1.2° and 3°. The resulting variation on the branching
ratios are shown in the table.

In Table 12.6, we have also shown the variation due to the change in the mass
window m77 used to reconstruct a 7r° from two photons: from 0.07 < Tn77 < 0.21
(GeV/c2) to 0.09 < m77 < 0.19 (GeV/c2).

As one sees, the variations of the branching ratios corresponding to that of
Ef1 for some of the classes, for instance 4 and 5, are surprisingly smr'l. This may
come from an accidental compensation between statistical fluctuations and real
systematic effects. Since the general variations seem to be reasonable, and the
total systematic errors are obtained by adding the individual ones in quadrature,
we consider the whole procedure basically sound.

The relative systematic uncertainty of 0.8% quoted in the fully exclusive
branching ratio analysis (Chapter 11) is also obtained by varying all the above
mentioned parameters, including setting a 30 MeV difference between the total
energy thresholds in data and in Monte Carlo to take into account the ECAL
calibration effect. What is different from the other analysis is that we are now
looking at the variation on the sum of the branching ratios of those channels
involving ir° modes and relying on absolute (but small) efficiencies

All above quoted values are obtained using Method B (Sec.6. we have
done a same study using Method A, similar results have been obtained, and
they are consistent with the quoted systematic errors.

12.4 Photon Conversions

We have compared in Sec.6.4 the relative distribution between the number of
converted photons N*on and the number of reconstructed photons from ECAL
cluster N^CAL in data with that in Monte Carlo in a general way." This com-
parison can be done in more detail for three different subclasses far0, h2ir°, and
h > Sir0 as shown in Table 12.7.

The comparison for most of the elements is good with some inconsistency
for a few elements, in particular in the h > 3ir° channel. However, the statistics
is still poor for this class.

Due to the limited statistics and the complexity, the systematic uncertainty
arising from the converted photons is not based on the individual channels
nor the individual elements but rather based on the overall fraction of the
converted photons. The fraction determined from data is 0.0784 ± 0.0037. Tbe
corresponding Monte Carlo value is 0.0711 ± 0.0017. The ratio of the fraction
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Table 12.7: A comparison of the number of converted photons N™n versus the
number of reconstructed photons from ECAL clusters JV^CAL for classes 4, 5,
and 6.

Reconstructed class 4: hv°

0
1
2

Normalized MC
0

0.0±0.0
882.9±10.7
828.8±10.7

1
59.4±3.8
71.9±4.1
O.OiO.O

2
1.0±0.5
O.OiO.O
O.OiO.O

Data
0

0±0.0
879±21.4
838±21.4

1
61±7.7
66±8.0
0±0.0

2

O
 

O
 

O
O

 
O

 
O

O
 

O
 

O

Reconstructed class 5: h2Tr°

jyKUAL \ jycon

0
1
2
3
4

Normalized MC
0

O.OiO.O
O.OiO.O

182.9±6.0
329.7±7.0
124.2±5.1

1
O.OiO.O
82.9±4.3
60.2±3.8
22.4±2.3
O.OiO.O

2
2.3±0.8
3.0±0.9
1.3±0.6
O.OiO.O
O.OiO.O

Data
0

0±0.0
0±0.0

201±12.3
315±13.9
105±9.6

1
0±0.0
97±9.2
69±7.9
19±4.3
0±0.0

2
2±1.S
l±1.0
0±0.0
0±0.0
0±0.0

Reconstructed class 6: h > 3ir°

1
2
3
4
5
6
7
8

Normalized MC
0

O.OiO.O
O.OiO.O
15.4±1.4
52.0±2.3
45.2±2.2
13.3±1.3
1.9±0.5
0.3±0.2

1
O.OiO.O
10.7±1.2
21.7±1.7
18.4±1.5
5.1±0.8
l.l±0.4
O.liO.l
O.OiO.O

2
1.0±0.4
1.3±0.4
1.9±0.5
1.4±0.5
0.3±0.2
O.OiO.O
O.OiO.O
O.OiO.O

Data
0

0±0.0
0±0.0
10±3.1
56±6.3
30±5.0
6±2.4
2±1.4
l±1.0

1
0±0.0
17±4.1
38±5.5
12±3.4.
12±3.4
2±1.4
l±1.0
l±1.0

2
2±1.4
0±0.0
0±0.0
l±1.0
0±0.0
0±0.0
0±0.0
0±0.0
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in data /aata over that in Monte Carlo /MC is:

= 1.103 ±0.058. (12.5)
/MC

Therefore, an excess of ~ 10% is observed in data compared to Monte Carlo,
however with limited significance.

The systematic uncertainty on the topological branching ratio analysis has
been estimated from this ratio and from the mixing matrix elements ïn-12
and Tii-,13 in Table 9.1. The sum of the two elements 0.73% should be due
to both photon conversions and the K3 decaying into ir+w~ through Kg. The
relative contribution depends on the probability of photon conversions and the
inefficiency resulting from the cut on do (2 cm). A conservative estimate shows
a contribution of about 2/3 (i.e. 0.47% among 0.73%) is due to photon con-
versions. Using the uncertainty on the fraction of photon conversion quoted in
£q.(12.5), a systematic error of ABj = 0.06% is derived, so as for Bj.

12.5 Track Loss Related to Tracking

Contrary to the effect of photon conversions, from which additional tracks may
be introduced, a track may be lost due to the track definition cuts (do and
Z0), and due to the track reconstruction in the TPC. The associated systematic
uncertainty can be studied on the matrix element Ti3_n in the topological
branching ratio analysis.

We have looked in detail at all possible contributions to Ïi3_n = 2.07%.
The main contribution was found to be the do cut: 31.4% both tracks cut at
|do| > 2 cm, 42.6% one track cut at |do| > 2 cm and another at |do| > 0.5 cm,
and 10.1% both cut by |do| > 0.5 cm. The rest 15.9% is contributed by do and
the misidentification of a pion into an electron. A visual scan showed that they
are all overlapping tracks in the TPC with about 10% having at least one track
in the TPC cracks.

Our knowledge on the agreement between data and Monte Carlo of the do
cut is obtained from a sample of the three-prong events (classes 7 and 8) in
the quasi-exclusive analysis. From the sample, 13 events are found to have
two tracks both with a do value between 0.5 cm and 2.0 cm. The corresponding
Monte Carlo events are 12.6. The agreement is good, but with a large statistical
error. Taking the error as a systematic uncertainty on the fraction of events
which lost two tracks both due to the do cut, a systematic uncertainty on T13^u
of 0.48% is therefore derived. This in turn results in systematic uncertainties on
the topological branching ratios Bj and Bj to be 0.10% and 0.12% respectively.
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12.6 Event Selection

The 0.8% systematic error on the selection is one of the dominant sources of
systematic uncertainties on the topological branching ratio analysis. Assuming
the error spreads evenly on all topolog:es, i.e. between B"[ and B% since Bj
is negligible compared to the other tw this transforms into an systematic
uncertainty on the branching ratios as:

- J?f~0.40%,

2 ^ B T ~ o.O6%, (12.6)

where e is the selection efficiency within the acceptance (Sec.4.5).

Systematic uncertainties on the quasi-exclusive branching ratios can be sim-
ilarly estimated. This is one of dominant contributions to the fourth systematic
source - detector simulation - in Table 10.4. Other contributions, the momen-
tum cut p > 2 GeV required for the general particle identification, the photon
conversion (Sec.12.4), and the tracking (Sec.12.5), are relatively small.

12.7 Monte Carlo Generator

Monte Carlo related systematic uncertainties may be subdivided into two as-
pects: simulation and physics at the generator level. Whenever possible, a de-
tailed comparison has been made between data and the simulated Monte Carlo.
General agreement concerning the simulation was good with some exceptions.
For instance, as shown in Chapter 5, the HCAL tube efficiency seemed to be
not well simulated. Corrections have been made, and related uncertainty for
particle identification has been taken into account.

We have also found differences between data and Monte Carlo due to the
physics itself. One such difference is that an u signal is seen in our data
(Fig.10.1), while the decay mode was not generated in the Monte Carlo (Chap-
ter 7). As shown in Ref.[86], there exists a difference of (2.7 ± 1.5)% 1 in the
selection efficiency for channel 37T7r° between the generator used in this analysis
and the one used there, where the w resonance has been included. This dif-
ference is then transformed into a change in the corresponding mixing matrix
element £?,_», in Table 10.2. A resulting variation of 0.15% in the branching
ratio B3xxo has been quoted as the systematic uncertainty. A similar estimate

1ThJs value was derived using more strict thresholds for the x° selection and therefore foi
the selection of the 3*ir0 sample. For this reason the statistical part of the quoted uncertainty
should be considered to be conservative for our 3wr° sample.



was made for the 7r3ir° channel assuming an efficiency variation of the same size
as a guess.

Another example is the mass shift seen in the Sir channel (Fig.10.3). This
mass shift (55 ± 7) MeV introduces a systematic uncertainty since the selection
efficiency as a function of the mass m3K is not flat. Actually, a fit gives a
slight dependence on the mass e = 0.89 — 0.19m3x. This results in a systematic
uncertainty of 0.15% for Bj and also for B5 assuming O1 dominance. The
corresponding systematic errors quoted for the topological branching ratios have
also been estimated from this uncertainty.



Chapter 13

Comparison With Other
Experiments and With Theory

13.1 Comparison with other experiments

Our measurement of topological branching ratios are in agreement with the
world average with a slightly lower one-prong and higher three-prong fractions
(Figs.13.1 and 13.2). The world average is a weighted average over all the
experimental results in Ref.[6] with the addition of all new results.

A similar comparison has also been done for the quasi-exclusive branching
ratios. Our measured values for the electron and muon channels are in good
agreement with the world average (Figs.13.3 and 13.4). The values for the
channels hvT(irvT + KuT) and 7nr° are 1.4a and 1.8<r above the world average,
respectively (Figs.13.5 and 13.6). A larger disagreement is observed for the
O1 decay mode in both channels: the n2n° and 3h modes are 1.7a and 2.5a
higher than the world average, respectively. Figs.13.7 and 13.8 show the values
for 27,2*0 B3h and from our determinations together with other experiments. A
large spread is noticed between the different values. The other two channels
h3ir° and 37rcr° are in good agreement with the world average (Figs.13.9 and
13.10).

It should be emphasized that while the world-average values do show a 'one-
prong problem', they also point to a 'three-prong problem' as well: the sum of
the average values for the 3/i and 3hn° channels differs from the three-prong
topological branching fraction by (1.20 ± 0.58)%, i.e. the sum of the exclusive
branching ratios of three-prong decays is 2.1a larger than the corresponding
inclusive value. This inconsistency points towards an underestimation of B3h
and/or B3hito.

Table 13.1 gives the comparison between our quasi-exclusive branching ratios
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Figure 13.1: A comparion of our measured Bf with other measurements
and their weighted average (W. A., not including our measurement). It
should be pointed out that our measurement is absolute and does not
rely on completeness ( £ , Bj = 1 ) .
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Figure 13.3: A comparion of our measured Be with the other measure-
ments and their weighted average values (W. A., not including our mea-
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and the world-average values[6]. Whenever appropriate, a subtraction is made

Table 13.1: The comparison of our measured quasi-exclusive branching
ratios with the world average. The common relative normalization uncer-
tainty of 1.0% is included in the quoted errors. The values in parentheses
are obtained after corrections as described in the text.

channel
eue

h
h(K* subtracted)

/l7T°

Trn°(K* subtracted)
h2n°

h2ir°(K* and irw subtracted)
7r2ir°(modes with K subtracted)

h>3n°
3/i

37r(modes with K subtracted)
3A > 1ÎT°

57r>07T°

this measurement
18.09±0.64
17.35±0.55
13.32±0.55

(12.55±0.55)
25.02±1.09

(24.56±1.09)
10.53±1.05

(10.23±1.05)
(9.85±1.05)
1.53±0.61
9.49±0.72

(8.93±0.74)
4.95±0.71
0.10±0.05

world average
17.9±0.3
17.4±0.3

11.6±0.4

22.3±0.6

7.8±0.6

0.8±0.3
7.5±0.4

5.3±0.4
0.113±0.027

to account for the small contributions from decay modes included in the defined
classes. For instance, to subtract contributions of K*uT from classes 3, 4, and
5 and of icuivT from class 5, a branching ratio value[6] of (1.4 ± 0.2)% is used
for K*vr and (1.6 ± 0.5)% for 7rwi/r. For all channels, the world-average values
used are the same as shown in Figs.13.3 - 13.10 and are obtained from all
experimental results in Ref.[6] with the addition of new results.
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Figure 13.11: A comparison of the ALEPH measured Be and r r with
theory and world average.

13.2 Comparison with theory

Our measured Be versus the measured r lifetime in ALEPH [20] has been com-
pared in Fig.13.11 with the theoretical prediction (Eq.(2.11)) and with the world
average values (Tables 2.2 and 13.1). While the world average values are more
than two standard deviations away from the theoretical prediction, the two in-
dependent ALEPH measurements are very consistent and are in good agreement
with the theory (they also agree within errors with the weighted average val-
ues). The theoretical uncertainty, indicated by the shaded band, is due mainly
to the T mass uncertainty.

The measured branching ratios among themselves can also be compared
to the theoretical predictions in a similar way. The latter are best expressed
relative to the electronic branching ratio in order to be insensitive to the theo-
retically less-known r width. Reliable predictions based on lepton universality
in the charged weak current can be made for the following channels: fiV^i/r,
hi/r(from it, K —> fiP»), and the multi-pions with G parity= +1 related by CVC
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Figure 13.12: A comparison of the measured B11/Be with theory and world
average.

to the corresponding e+e~ annihilation cross sections through an isospin rota-
tion (Sec.2.4). It should be pointed out that no reliable predictions exist for the
G= —1 channels (mostly n2n° and 37r).

The comparison with the theoretical predictions and the world average
values has therefore been done for BJBe (Fig.13.12), Bh/Be {h = ir + K)
(Fig.13.13), BTlfi/Be (Fig.13.14), Bh3lso/Be (Fig.13.15), and B3hlfi (Fig.13.16).
The agreement with the theoretical predictions are generally good except for
Bh/Be. The ratio B^o, which differs from the world average by more than
2a, is in excellent agreement with the theoretical prediction (Eqs.(2.27) and
(2.17)). The theoretical uncertainties are either due to the uncertainty related
to the uncalculated 0(a/n) radiative corrections [36] as for Bh/Be or due to
the uncertainties on the e+e~ data for the other semi-leptonic channels.

The numerical values are compared and shown in Table 13.2, where small
corrections are applied to the theoretical predictions to account for channels
with small branching fractions not included in our Monte Carlo description and
distributed among the classes, such as Kirn, KKn, rjnn, KK, and u>ir with
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Figure 13.13: A comparison of the measured Bh/ Be with theory and world
average.
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Figure 13.16: A comparison of the measured B3h^l3e with theory and
world average.
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Table 13.2: The comparison of^ our measured quasi-exclusive
branching ratios with the theoretical predictions.

ratio
"(Si1Il "eue

BhlBcVe

BhSiP I BeVe
Bshifl IBeve

Average

this measurement
0.959 ± 0.043
0.694 ± 0.038
1.358 ±0.074
0.085 ± 0.034
0.274 ± 0.040

theory
0.973

0.645 ± 0.007
1.36 ± 0.05

0.069 ± 0.005
0.261 ± 0.019

exp/theory
0.986 ±0.044
1.076 ± 0.060
0.999 ±0.066
1.23 ±0.50
1.05 ± 0.17

1.015 ±0.031

U)

Finally, the two channels 3ir and ir2ir° are consistent with the dominance of
the U1 —» pit resonance, since

B,
= 1.08 ± 0.14 ,

3w
(13.1)

where a value of one is expected. Further evidence is given by the 2ir mass
distributions showing a clear p signal in both channels, as seen in Fig.13.17.
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Chapter 14

Decays of r and QCD Running
Coupling Constant as(m%)

It should be pointed out that the purpose of this chapter is not to present
the whole analysis (still in progress) for the measurement of the QCD run-
ning coupling constant a, [14], but rather to show that our measured leptonic
branching ratios together with the measured r lifetime r r [20] can be directly
used to measure the coupling constant at the r mass scale at(m%). It is possible
(see Ref.[14] for detail) to check some of the theoretical assumptions used in
the analysis by studying the semi-leptonic rates as a function of mass, in par-
ticular the non-perturbative contributions. Here, we shall therefore present in
some detail how these hadronic spectra are reconstructed using the classification
method described in the previous chapters.

The quantity RT defined as the ratio of the hadronic to the leptonic decay
widths (Eq.(2.13)) has been calculated [32] up to order d3, in perturbative QCD
through a contour integral along \s\ = m2. 1 in the complex s plane [87]:

*QCD = 1 / * L _ 2J_ + 2 / M 3 _ fjY] ^ nW, (14.2)

where perturbative expansion for a j^II(s) is applicable [88]. The result is

1ThU form has the advantage ovet the original integral

Q̂CD J f ^ f l - l Ï Ï l + IL) ImU{s + U) (14.1)

of avoiding the dangerous low |s| region and exhibiting the phase space suppression of the time-
like region where hadronic resonances and cuts make QCD perturbation theory dubious. The
J = O term is not shown in both Eqs.(14.1) and (14.2) because it does not contribute in the
chiral limit.
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with C1 = 1 (14.3)

C2 = F3- ^p1 = 5.2023

H A + | | # := 26.3658,

where the factor 3 is the color factor, Vuj and Vut are the CKM matrix elements
(see Chapter 2), and /3,(t = 1,2) are the two coefficients of the QCD /^-function.
The numerical values are obtained by setting the number ojf flavours n/ = 3 in
P\i Pit F3, and F4:

P1 = J = - 4 . 5

ft = 1 9 ^ 1 " 1 5 3 = -8.0 (14.4)

F3 = 1.9857 - 0.1153n/ = 1.6398
F4 = -6.6368 - 1.2001n, - 0.0052nJ = -10.2839.

The theoretical uncertainty in RT lies mainly on the QCD side. The sizable
electroweak contribution of all the leading logarithms of the form a" In" mz to
Rr (Sec.2.4.1) has been calculated [19,35] and its uncertainty in Rx is known to
a level of less than 1%.

The QCD uncertainty includes both the higher order 0(a")(n > 4) per-
turbative contribution and non-perturbative contribution. There are however
indications [14] that after a proper treatment of expansion of the contour in-
tegral both contributions are small although with a larger uncertainty for the
latter. This means that aa{rn\) can be measured to a certain precision using
Eqs.(2.13) and (14.3) and using the measured leptonic branching ratios. As
the non-perturbative information is contained in the ibadronic spectra, both
a»(mr) an<^ *he non-perturbative contribution can be derived by using further
the reconstructed invariant mass distributions for the seini-leptonic channels.

14.1 Leptonic Branching Ratios and as(m%.)

Experimentally, Be can be obtained in three independent ways:

1. from the measured Be (Sec.10.3):

Be = (18.09 ± 0.64)%, (14.5)
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2. from the measured B11 and the theoretical ratio /(TB*/m*,m*/m2) shown
in £q.(2.12):

3. from the measured r lifetime rr [20] and /i lifetime T11 assuming lepton
universality (Eq.(2.11)):

Be=zTrfrnr\ = (18.I8 ± 0 . 89)%. (14.7)
m

Using the average of the three measurements, which is still dominated by
the branching ratio measurements:

Be = (17.99 ± 0.38)%, (14.8)

we obtain

Rr = 3.52 ±0.09. (14.9)

The corresponding aa(mT) value is:

a.{m\) = 0.312 ± 0.043. (14.10)

The value once evolved up the Z0 mass yields

a,(m|) = 0.116 ± 0.005, (14.11)

which is as precise as the measured value based on the hadronic Z events [89]:

a.(m|) = 0.125 ± 0.005. (14.12)

14.2 Reconstructed Hadronic Spectra of r De-
cays

As far as RT is concerned, according to the definition, a measure of an inclu-
sive sum of the hadronic spectra for all semi-leptonic channels will be enough.
Furthermore from the statistical point of view, it is better to treat all channels
together than to treat them separately class by class as defined in Chapter 10.
This is simply because that in the latter case it is inevitable to lose statistics
due to the fact that for any given class there is a fraction of background events
coming from other classes.

In reality, however, it is inappropriate to do so since the detector effects
are différent in various classes and the input branching ratios in Monte Carlo
generator are not necessarily the same as those to be measured.
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We shall therefore try to reconstruct the spectra for irir0, ff2ïr°, 7r3îr°, 3?r,
and 37TTT0, respectively from classes 4 through 8 (Chapter 10). Since K and K*
are not measured separately there, they will be treated as background in the
following. Also ir will not be considered since its mass distribution is simply a
delta function 6(m2 — m\).

Directly observed hadronic spectra for the five considered classes have to
be corrected from the following three effects: background, detector effects, and
selection efficiency.

14.2.1 Background subtraction

The overall non-r background to the r decays is small (2.4%) and is mainly
located in the leptonic channels. Its contribution to the five semi-leptonic classes
(0.4%) can be safely neglected. The r-backgrounds to these classes have been
estimated using the measured branching ratios and have been shown in Fig.14.1
together with the directly observed hadronic spectra.

We rely on the shape of the invariant mass square distributions provided by
the T Monte Carlo to subtract the background.

14.2.2 Unfolding the detector effects and efficiency cor-
rection

To correct for the distortions of the distribution which are introduced by the
various detector resolutions, a probability matrix Pm->n

 1S derived from the
Monte Carlo simulation for each class c. A scatter plot of the matrix is shown
in Fig.14.2. This matrix provides the probability for a decay selected from class
c and produced with a hadronic invariant mass square in bin m to appear with
a hadronic invariant mass square in bin n. Thus, by definition

X) Pm-+n - £m for a n V giV e n m a n d C

n

E ^ = ^-X> (14.13)
m

where T1Jj and Oc
n are respectively the produced and observed hadronic spectra,

and ec
m is the selection efficiency in bin m of class c. The selection efficiency

distribution, provided from r Monte Carlo simulation, as a function of the
invariant mass square (i.e. bin m) has been shown in Fig.14.3 for various classes.

To unfold the observed distribution Oc
m, i.e. to reconstruct the produced

distribution T^n, one can make use of the fact that for a given decay in bin n,
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the probability that it originates from bin m of the produced distribution Tfn is

Hence, for large enough statistics, the Tfn distribution satisfies

as can be readily verified from Eq.(14.13). We shall use Eq.(14.15) to define
the unfolded distribution as being the asymptotic distribution obtained by the
iterative procedure

Tfn[K) = £ OlT^m{P\T[K - I]), (14.16)
n

where K is the iteration index. Such a definition bears three essential properties:

• It converges towards an asymptotic distribution denoted by Tf1.

• The Tfn distribution does not depend on the details of the distribution
Tf1[I] selected to initiate the procedure. But of course the convergence
is much faster if Tf1[I] is properly chosen. It has been checked that the
choices Tf1[I] being either an uniform distribution or a Monte Carlo dis-
tribution lead to the same Tfn results, provided the iteration is pursued
to a large enough number.

• The Tf1 distribution is such that Eq.(14.13) is satisfied.

There is however a technical drawback: Tfn exhibits unphysically large bin
to bin fluctuations. This feature has two origins, both connected to the limited
statistics:

1. The method ignores the fact that the fluctuations occuring in the observed
On distribution are partly of a statistical origin. It tends to reproduce
the most likely Tfn distribution. For example, would there be only one
observed decay, in bin m say, the procedure yields a Tf1 distribution with
only one entry in the bin with the largest Pf1^n value.

2. The Monte Carlo statistics which is used to obtain the Pf1^n matrix is
also limited and amplify further the statistical fluctuations of the 0% dis-
tribution.

To avoid this feature, the iterative procedure is slightly modified by smooth-
ing the T^[Jf] distribution at each step and less importantly, by smoothing the
Pm-*n probability matrix.

The final reconstructed spectra are shown in Fig.14.4. These corrected dis-
tributions will be used [14] to perform a full perturbative and non perturbative
QCD analysis of r decays.
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Chapitre 15

Conclusion

L'analyse présentée dans cette thèse sur les rapports d'embranchement du
r a utilisé l'important échantillon des événements T+T~ sélectionné à partir
des données enregistrées en 1989 et 1990 par le détecteur ALEPE au LEP.
Cette sélection a été effectuée avec une grande efficacité et la contamination de
bruit de fond est faible. Après des sélections supplémentaires pour réduire de
possibles incertitudes systématiques importantes liées au bruit de fond et pour
améliorer la qualité de l'identification des particules ainsi que la reconstruction
des photons et des pions neutres au niveau de l'analyse individuelle, les statis-
tiques finales utilisées sont de 5095 paires T+T~ pour l'analyse des rapports
d'embranchement inclusifs et de 8429 désintégrations du r pour l'analyse des
rapports d'embranchement exclusifs.

L'incertitude systématique de la sélection et la contamination du bruit de
fond pour l'échantillon du r ont été étudiées dans l'analyse [70,71] sur la section
efficace et l'asymétrie avant-arrière du processus e+e~ —* T+T~. Pour notre
analyse, nous devons non seulement obtenir une estimation fiable et précise
de la contamination du bruit de fond global grâce au Monte Carlo mais aussi
une description correcte de sa classification dans les différentes classes que nous
avons définies. De ce fait, nous avons été amenés à étudier davantage les bruits
de fond.

Bien que la contamination globale de (1.07 ± 0.13)% pour le bruit de fond
obtenue par Monte Carlo soit en accord avec celle attendue pour les données, un
désaccord entre le Monte Carlo et les données est observé pour la classification
du bruit de fond dû aux événements hadroniques résiduels. Un effort spécial a
donc été fait pour réduire davantage ce bruit de fond résiduel par un facteur
cinq, tandis que l'échantillon de T ne diminue que de 1%. L'efficacité finale
est de (72.4 ± 0.8)% ce qui correspond à une efficacité de sélection de 84.5% à
l'intérieur de l'acceptance géométrique, tandis que la contamination finale est
de 2.4%.
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Les méthodes d'identification des particules et de reconstruction des photons
et des pions neutres étaient soit inappropriées soit insuffisantes pour la physique
du r en général et pour l'analyse des rapports d'embranchement en particulier
quand cette analyse a été commencée. De ce fait, nous avons développé deux
algorithmes pour l'identification des particules et pour la reconstruction des
photons et des pions neutres, en exploitant au mieux toutes les propriétés du
détecteur ALEPH. L'efficacité d'identification de chacun des trois types de par-
ticules: électrons, muons, et hadrons (pions et kaons) est de l'ordre de 98—99%.
L'efficacité de reconstruction des photons et des pions neutres est aussi suffisam-
ment bonne pour que les canaux des désintégrations ayant 2TT° et 3ir°(ou plus)
dans l'état final puissent être classés et étudiés.

Une analyse globale sur les rapports d'embranchement inclusifs et exclusifs a
été effectuée. Dans le deuxième cas, toutes les désintégrations du r sélectionnées
ont été distribuées en huit classes. La définition est assez générale pour que tous
les modes possibles soient inclus. Les effets systématiques ont été étudiés en
détail et vérifiés directement avec les données.

Le nombre de r produits lors des désintégrations du Z0 a été calculé en
supposant l'universalité leptonique pour les désintégrations du Z0. Ceci permet
d'effectuer des mesures absolues des rapports d'embranchement avec une faible
incertitude sur la normalisation (1%) et donc la somme complète des rapports
d'embranchement peut être vérifiée.

Les rapports d'embranchement mesurés pour les désintégrations ayant une,
trois, et cinq particules chargées sont respectivement:

Bj = 85.45 ± 0.97 %,
Bl = 14.35 ± 0.48 %,
Bj = 0.10 ±0.05%,

où les erreurs statistiques et systématiques (ainsi que l'incertitude relative de
normalisation de 0.52%) ont été ajoutées en quadrature. La première valeur est
légèrement inférieure à la moyenne mondiale, tandis que la deuxième, est par
contre légèrement supérieure à la moyenne mondiale, mais toutes deux sont en
accord avec elle.

La somme mesurée

£ Bf = 99.90 ± (0.70)8tat ± (0.51)8y.t ± (0.52)norm %
i=l,3,5

est compatible avec 100%. Donc, sous la seule hypothèse de l'universalité lep-
tonique dans le courant neutre, une limite correspondante à 95% de degré de
confiance peut être établie pour des modes entièrement non détectés:

Bnon détecté < 2.1 % .
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Les rapports d'embranchement pour les canaux quasi-exclusifs (où les pions
neutres ne sont pas toujours complètement reconstruits) ont été comparés avec
les autres expériences ainsi qu'avec les prédictions théoriques lorsqu'elles sont
disponibles. Pour tous ces canaux où les prédictions peuvent être faites précisé-
ment et de façon fiable nos résultats sont soit en excellent accord soit légèrement
plus élevés que les valeurs moyennes mondiales. Pour les deux autres canaux,
T —* 3 hadrons + vT et hadron -f 2ir°i/r, pour lesquels il n'y a aucune prédiction
théorique précise, nos résultats, (9.5 ± 0.7)% et (10.2 ± 1.1)% respectivement,
sont considérablement plus grands que les valeurs moyennes mondiales, qui
étaient obtenues en partant de résultats expérimentaux souvent en désaccord
entre eux.

De plus, le rapport mesuré entre les deux valeurs

= 1.08 ± 0.14

est en accord avec la contrainte de la conservation d'isospin si la résonance ai
sature ces canaux.

La somme de tous les rapports d'embranchement mesurés

8

£ Bi = 100.4 ± (1.3).tat ± (0.9).V8t ± (1.0)norm (%)

est également compatible avec 100%. Autrement dit, les canaux définis sont
saturés par les modes observés.

Les résultats présentent également une bonne cohérence interne. Par ex-
emple, la somme des canaux ayant une seule particule chargée dans l'analyse
quasi-exclusive (en prenant en compte la corrélation) est égale à

£ ) Bi = 85.8 ± 1 . 6 % ,
une—branches

qui est compatible avec le rapport d'embranchement inclusif correspondant.

L'analyse entièrement exclusive pour les modes comportant des pions neu-
tres (en utilisant uniquement les pions neutres totalement reconstruits) ne fait
apparaître aucune indication pour de nouveaux modes photoniques. Une limite
du rapport d'embranchement est obtenue à 95% de degré de confiance:

nouveaux modes photoniques O.4/0 .

Par conséquent, ces résultats expérimentaux sont en désaccord avec le 'problème
des une-branches' soulevé antérieurement.

En utilisant la méthode de classification développée dans cette analyse, les
distributions de masse invariante ont été reconstruites pour tous les canaux
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semi-leptoniques. Les distributions ainsi que les rapports d'embranchement
leptoniques peuvent être utilisés pour mesurer [14] la constante de couplage
QCD à l'échelle de la masse du r a,(ml), qui conduit à une mesure aussi
précise, après qu'elle soit recalculée à l'échelle de la masse du Z0, que celle
basée sur les événements hadroniques.

Dans un avenir proche, l'analyse présentée peut être améliorée. Tout d'abord,
les données enregistrées en 1991 (~ 300.000 désintégrations hadroniques du Z0)
sont maintenant disponibles, et représentent à peu près deux fois l'ensemble des
données de 1989 et 1990. De plus, un programme de sélection plus efficace que
celui utilisé est prêt [90]. Par conséquent, les erreurs statistiques ainsi qu'une
partie des erreurs systématiques associées à la statistique limitée seront dimin-
uées par un facteur proche de deux. Les autres incertitudes systématiques liées
aux méthodes d'analyse seront elles aussi diminuées dès que les méthodes sont
améliorées. Ceci sera le cas pour l'identification des particules. Par exemple, la
séparation entre les muons et les hadrons peut être améliorée en utilisant des
variables caractéristiques supplémentaires du calorimètre hadronique (HCAL).
Une possibilité d'amélioration existe aussi pour la séparation des électrons et
des hadrons en utilisant le profil de la gerbe mesurée sur les fils du calorimètre
électromagnétique (ECAL). Un meilleur traitement des zones insensibles du
ECAL diminuera certainement les incertitudes systématiques associées. Pour
la reconstruction des photons et des pions neutres une plus grande expérience
sera acquise au fil de l'augmentation de la statistique et des études menées
à bien. Ainsi, des photons qui passent dans des zones insensibles du ECAL
peuvent être récupérés en utilisant le HCAL.

Les autres améliorations possibles incluent la détection de l'interaction des
K0 et des désintégrations du K3 —» 7T+ir~. Le générateur Monte Carlo devrait
être amélioré en utilisant une meilleure paramétrisation pour l'élément de ma-
trice du a,\ et en prenant en compte la resonance u et éventuellement d'autres
modes de désintégrations: TJTTTT, KK, Knn, etc..

La physique du r reste l'une des parties les plus intéressantes pour 1 étude
des secteurs électrofaible et fort de la physique des particules.
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Abstract

Using the data accumulated it LEP in 1989 and 1990 with the ALEPH
detector, the inclusive and exclusive branching ratios of the r lepton have been
measured assuming lepton universality in Z° decays. The inclusive branching
fractions for the r decay into one, three, and five charged particles have been
determined to be (85.45 ± 0.97)%, (14.35 ± 0.48)%, and (0.10 ± 0.05)%, respec-
tively, in agreement with the world averages. New undetected decay modes are
determined to have a branching fraction of less than 2.1% at 95% CL. The
measured branching ratios for quasi-exclusive channels are slightly larger than,
but consistent with the world averages, except for the modes r —* 3hadronsfi/r

and r —> hadron + 2rr°uT, which are significantly larger. These latter branching
ratios have been found to be (9.5 ± 0.7)% and (10.2 ± 1.1)%, respectively. The
sum of all the measured quasi-exclusive branching ratios is (100.4 ± 1.8)%. A
fully exclusive analysis of modes with neutral pions shows no evidence for new
photonic decay modes with a branching fraction limit of 3.4% at 95% CL.
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Topological Branching Ratios
Exclusive Branching Ratios


