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Chapter 1

Introduction

The history of mankind shows that people have an instinctive interest in learning
about the world around them, and in trying to explain all kinds of phenomena in
nature. In ancient China a book, known as the Book of Changes" in the West,
says that the basic units of the world are water, fire, wood, metal and earth. This
comes from the brains of some philosophers and is based on the experience of daily
life. Modern science is based on experiment. The motivation for spending time and
money on these subjects is not only scientific curiosity, but also their applications
and the benefits for human life. The A-bomb is clearly not one of them.

Matter can be broken down into small pieces, molecules. A molecule is made of
atoms and an atom is made of a nucleus containing protons and neutrons, surrounded
by electrons. One step deeper, inside the proton and neutron, quarks were found.
The traditional goal of particle physics has been to identify what appear to be
the structureless units of matter and to understand the forces acting between the
particles. At present it is understood that the basic constituents of matter are
six leptons and six quarks. The interactions between them are classified in four
types according to their strength: the gravitational, weak, electro-magnetic and
strong interaction. To study these constituents and their interactions, high energy
is needed to break the matter into small pieces. Therefore this part of physics is
called elementary particle physics or high energy physics.

In the 20th century tremendous developments have taken place in physics. At
the beginning of the century two great theories, the Theory of Relativity and the
Theory of Quantum Mechanics, have influenced science fundamentally in general.
A few years later the two theories were combined. The application of quantum
mechanics to the electromagnetic field led to Quantum Electrodynamics (QED)
with many predictions that were confirmed experimentally later on. Later, a unified
theory of the electromagnetism and of the weak interaction took shape. Together
with Quantum Chromodymamics, which describes the strong force, the electroweak
theory forms the theory of modern elementary particle physics, the Standard Model.

To create the possibilities for further tests of the Standard model, LEP (Large
Election-Positron collider), has been constructed at CERN*. It is located at the

* or Yi Jing, written around 1000 B.C.
' European Organisation for Nuclear Research
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Swiss-French border near Geneva. The machine is positioned in a tunnel of 27 km
circumference situated 100m underground. It provides e+ and e~ beams of equal
energies, circulating in opposite direction and colliding at 4 interaction points. The
energy of the beams is around -15 GeV (LEP phase 1) and will be upgraded to
about 90 GoV later (LEP phase 2). Both types of particles arc concentrated in 4
bunches. At each of the 4 interaction regions a detector has been constructed. They
are called OPAL, ALEPII, L3 and DELPHI. Each collaboration consists of a few
hundred physicists from many countries. The construction cost of each detector is
around 100 MSFr.

The heaviest lepton r provides a nice tool to study the interaction between the
weak charged current and hadrons which is not available in the other two lcptons.
Many senii-leptonic r decays have been studied in the last few years, but some of
tlie decays have not been measured very well clue to their low branching ratios or
the difficulties of identifying the particles in the final states. Some questions, like
what are the dominant resonances in the decays, motivate physicists spending time
on this subject. Due lo its unique position amongst the elementary particles the
T-lepton may also give us some surprises. The aim of this thesis is to study the
decays of r lepton into charged kaon(s). In the analysis presented in this thesis, the
data from (he DELPHI detector taken in 1992,1993 and 1991 are used. The relevant
theory is outlined in chapter 2. The DELPHI detector is briefly described in chapter
3. In the chapters 1 and 5 contributions of the author are presented, on detector
calibration and on data treatment. The physics analysis is shown in chapter 6 and
chapter 7 summarises the results and draws the conclusions.



Chapter 2

Theory

Over a century ago, Maxwell unified the electric and magnetic force in classical elec-
trodynamics. This still stands at speeds approaching the velocity of light, unlike
Newton's classical mechanics that requires a correction at relativistic velocities as
was shown by Einstein. Combining the Maxwell theory with quantum mechanics,
the first modern gauge theory, QED, was constructed. QED predicts the electro-
magnetic interaction at high precision. Analoguously to QED, Quantum Chromo-
Dynamics (QCD) was developed to describe the strong interaction of quarks. In
the weak interaction the field quanta must be massive vector particles. GlashowM,
Weinberg'3' and Salam^have developed it as a gauge theory, in which the symmetry
is hidden. It is called the electroweak theory or the GVVS theory. It unifies the
weak interaction with QED, and therefore describes the weak and electromagnetic
interaction of both quarks and leptons. The theory predicts new gauge particles:
Z° and IT'*. They were discovered in their theoretically expected mass ranges in
lflS'^'l. and no significant experimental deviation from the Standard Model has been
found since.

2.1 Standard Model
According to the Standard Model, the basic constitutions of matter are spin 1/2
fermions. They are grouped in families, each containing 2 leptons and 2 quarks.
They are considered to be pointlike particles, and they interact with each other
via the strong, weak and electromagnetic interaction" by exchanging intermediate
vector bosons. In addition, the scalar Higgs boson is conjectured to be responsible
for the masses of the fermions and the gauge bosons. Table 2.1 lists these elementary
particles wiih their quantum numbers.

The Standard Model of particle physics consists of the three gauge theories,
mentioned before. They are based on the principle of local gauge invariance, i.e.
invariance under certain local space-time dependent phase transformations. The
corresponding gauge group is SUc{3) x SUi{2) x Uy(l).

" The effect of gravity is many orders of magnitude smaller than even the weak force. Therefore
it is absent from our story.
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fermions

leptons

quarks
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gluons
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0
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±1
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h

1/2
-1/2
1/2

-1/2

Y

-1
-1

1/3
1/3

Table 2.1: The three known families of elementary fennions, the gauge bosons
and the Higgs boson with their quantum numbers: Q is the charge, ƒ3 is the third
conponr.nt of weak isospin and Y is the weak hypercharge.

The gauge group 567,(2) X Uy(l) corresponds to the GWS theory and is referred
to as the Standard Model of Electroweak Interaction. The SUi{2) part describes the
force acting on left-handed weak isospin doublets.* The requirement of local SUi{2)
gauge invariance entails the introduction of three gauge fields, with two charged
gauge particles \V± and an electrically neutral one. In order to deal with the weak
neutral current and electromagnetic current, a new U(l) gauge group is introduced.
It is associated with weak hypercharge(Y) and unifies the electromagnetic and weak
interactions completely. The electric charge is given by:

Q = •4 (2.1)

The electromagnetic current^) and weak neutral current(Z°) are identified as
linear combinations of the neutral component of SUi(2) and that of Uy(l). The
mixing between 5X^(2) and Uy(l) is given by the weak mixing angle 0\y, that may
be expressed in term of the W and Z masses:

sin2ö„, s 1 - 3 - = o.23 (2.2)

The tree level diagrams of the electroweak coupling to fermions are:

All right-lianded components arc singlets under the weak isospin group
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can be any fermion\

i ui the corresponding
\anti-neutrino /

-le-fJl - 75) / y ' - " . *- " i -1 H] — "11
— Vfj- s or b; V is the CKM

where

ff( = / / - 2QS sin2 öw

A =
Differently from the electromagnetic and the strong interactions, flavour is not

conserved in the weak interaction. The transformations for quark mass eigenstates
to weak interaction eigenstates are described by a unitary 3 x 3 matrix, called
Cabibbo-Kobayashi-Maskawa (or CKM) matrix:

d ' \ , / Vud Vu. Vub \

s' \ = \ Vci Va Vcb \ I s I (2.3)
6' ) V v ( , v t l v;t

The diagonal elements are close to 1, so those transitions are favoured. The off-
diagonal elements are smaller than 1 and those transitions are referred to as Cabibbo-
suppressed. Historically it is more convenient to use the Cabibbo angle 0c:

s in0 c = |V„ | = O.22 (2.4)

The local SUc{3) symmetry governs the strong interaction of quarks. It refers to
a new degree of freedom, colour. Each quark exists in three colours while the leptons
are colourless. The strong interactions are mediated by the exchange of massless
gluons.
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2.2 Physics of the r Lepton

The T lepton has been studied extensively since its discovery in 197ó'5'. In the
Standard Model, the sequential lepton r and its associated neutrino form a weak
doublet and belong to the third, presumably the last, family of leptons and quarks.
It is the heaviest known lepton and the o'ly one that is able to decay into hadrons.
Therefore it provides a perfect tool to test the universality of the weak interaction,
to study the weak interaction under simple conditions and to investigate cleanly
the formation of resonances in hadronic states. It may also be a sensitive probe of
physics beyond the Standard Model.

2.2.1 Properties of the r

The T was discovered in 1975 in the process e+e~ —» T+T~ —+ e/t+ missing energy.
Since then many properties of the r were measured'6'. From this we know that the
T has spin 1/2 and does not interact through strong interactions. The results show
that the r is the third sequential lepton with its own conserved lepton number and
one associated neutrino.

Many theoretical predictions have been established, by Tsai''l ancj others'8'-'12'.
Some of them were made even before the discovery of the T. More detailed pictures
of the T properties were described in many excellent reviews'13"14"15'. The decays of
the T~* are described within the Standard Model by the Feynman diagrams shown
in Fig 2.1.

hadrons

(a) (b)

Figure 2.1: Fcyman diagram of tau decays (a) to leptons, (b) to hadrons.

The width of lcptonic r decay, neglecting the radiative correction, can be ex-
pressed as:'1'

VIIVT) = ^^JdilJdxx2\i -2xT (Ö? -p,)(2x - 1)] (2.5)

where mT is the T mass, .T = E/Emai is the scaled energy of the decay lepton /, u
is the r polarisation vector, and pi is the unit vector along the direction of (.lie decay
lepton. G[ and Gr are the weak current coupling constants for leptons.

A specific charge state implies also the charge conjugate slate.
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If the masses of the final state particles can be neglected then the integral reduces
to the value 2w, leading to the simple form:

(2-6)

With the first order electroweak correction, that takes into account the radiative
process and the effects of the finite masses, assuming the neutrino to be massless'9',
it becomes:

where a(mT) = 1/133.3 is the running coupling constant of QED at the T mass
scale. The function f(y) accounts for the non-zero masses of final state leptons:

ƒ (y) = l-8y + Sy3 - y4 - 12y2 In y (2.8)

where y = (nii/mT)2. For a r decay into a muon, ƒ(«/) = 0.9726.
The mass of the r lepton has been determined from a detailed measurement of

the energy dependence of the r production cross section cr(e+e~ —> r + r~ ) near the
threshold. The new result from BES gives: mT = 1776.9 ± 0.4A/eV'16'. The r life
time was determined from the decay path measurement. The decay length is about
2 mm at the LEP energy. Recent results from LEP benefit from the addition of high
spatial resolution silicon micro-vertex detectors. The world average value is rT =
(291.6±1.6) x 10"15*'1''. Most of the results on leptonic branching ratios are based on
counting the number of T decays into leptons, correcting for acceptance and efficiency
and estimating the number of produced T'S from the luminosity measurement. The
latest results are: Br(r -> evevT) = (17.793 ± 0.086)% and Br(r -t /iütluT) =
(17.333 ±0.0S7)%t17l

The electron-muon-tau universality (Ge = GM = GT = G = 1.166 x 10~5Ge\/~2)
predicts that these two decays should have the same branching fraction, apart from
a phase space suppression factor (ƒ = 0.9726). The observed ratio of couplings is:

G, = Br{r^evtuT) = ^ ^ ± QQm

Gf, Br{T -V flD^Vr)

It compares well with the best test of e — /< universality from 7r —> lui decays'18',
giving §^ = 1.0012 ±0.0016.
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The T — // universality (Gtl = G't) lias been tested by the electronic branching
fraction of r decay, tiiat can be related to that of the [i decay via the masses and
lifetimes of the leptons:

Dr(r (2.10)

The new results give agreement within one standard deviation!1''.
The leptonic r decay is well understood and provides a good deal of information

on the weak interaction. The chiral structure of the decay was determined to be
V-A by studying the momentum spectrum of the electrons in the decay r —» ci/cvT.

Comparing with leptonic decays, the semileptonic decays are less well understood
but can be calculated with a few theoretical assumptions. Table 2.2 lists some
measured branching fractions of scinileptonic T~ decays'41' with their theoretical
predictions'8' ~'12'.

Decay
T~ —* Tt~ V-,

T~ —> I\'1'T
T- -+ A'-(S!)2)-vr

T~ —> p~Vy —> 7r~-"l'T

r~ —* li~h~h.+(ntuh-als)i'T
T~ —t 7r~7r~7T+//T

T~ —> / \ '~ /T~- + //r

T~ —t l\'~K+ir~uT

T- -> '.\h-2h+vT

Branching Ratios (%)
11.0!) ±0.15
0.6S ± 0.01
1.36 ±0.08

21.91 ±0.21
11.19 ±0.21?
8.61 ± 0.21 _,
0.10 ± 0.09
0.20 ± 0.07
0.10 ±0.01

Theory Prediction (%)
10.95
0.723
1.15
2-1.4

__
6.4 - 12.6

0.77
0.20

—

Table 2.2: scmi-leptonic T decays rate with their theorical predictions.

2.2.2 Theory of semileptonic r decay
In contrast to the electron and the muon, the r is heavy enough to decay into
hadronic final states, via the weak charged current (figure 2.1.(b)). In the framework
of tile Standard Model, the W has both vector and axial vector components, and
can couple to hadronic states with spin-parity: J1' = 0~,0+,l~ or 1+. The general
form of scmi-leptonic r decays can be written as'7':

hadrons + i>T) — dq2(m2
T - .
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{\Vud\
2 [(ml + 2q2)(Vl(q

2) ao(q
2))]

\VU3\
2 [(m2

T a\(q2)) + m2(vs
0(q

2) + a°0(q
2))]} (2.11)

where Vud and Vus are the CKM matrix elements, v and a are vector and axial
vector spectral functions of the square of the invariant mass of the hadronic states,
q2. The subscripts of these functions denote the spin J of the hadronic system and
the superscript s denotes the system with net strangeness (The mass of the T is
below that of charm mesons). The branching fraction is related to the decay width
by Ba = TaTr/h.

Since r decays have low q2 values, q2 < m2., the spectral functions are expected
to be dominated by individual resonances. Possible final states are classified in Table
2.3, according to their quantum number.

Spectral function
« 0

« l

V\

«s
v\

Spin-Parity
0"
1 +
1"

o-
1+
1-

Straiigciicss
0
0
0

- 1
- 1
- 1

Decay channel
7T

«r(12G0)
p-(710). p'(1700)

K-
A'f (1270), A'f( H00)

A— (S92)

Table 2.3: Quantum numbers of T decay channels

At present the spectral functions can not be calculated because QCD perturba-
tive theory does not work at low energy, but there are several theoretical restrictions
on these spectral functions. For example, in the limit of exact SU(3)L X 5t/(3)/j
symmetry vx = = vj = a\ The Conserved Vector Current (CVC) theorem states
that vo(q2) — 0 and i>i can be related to the total cross-section of e+e~ annihilation
into hadrons. The Weinberg sum rule'19' provides relations between i>i and ai, while
the sum rules of Das, Mathor and Okubo (DMO)'20' relate v{ and aj.

The CVC theory relates the vector part of the charged weak current to the
isovector part of the electromagnetic interaction, which has been measured in the
reaction e~e+ —> hadrons:

47TQ2
(2.12)

The simplest example is the decay r —> pvr, with a predicted branching fraction
BR(T~ —> -~-°i/r) = 24.•1%'15'. It is in excellent agreement with the experimental
result BR(T~ -+ / ( "TTV) = 24.36 ± 0.21%s.

It includes about 0.4% decav of r " — K~ir°uT



TEK 2. THEORY

(a)

Figure 2.2: Ian decay to 3 charged mesons, (a) r~
f\~7T+~~l/T, (c) T~ —•

The rate for the decay T —* pvT can also be calculated from the spectral function:'

it leads to:

P"r) =
m m2

(2.14)

where the decay constant ƒ,, characterises the H; — /) interaction.
The r decays into three charged mesons are illustrated in figure 2.2. Fig 2.2(a)

shows the decay into three charged pions, which is the main contribution of the 3
hadron final state. All experimental results agree that the 3/r final state is saturated
by the Jp — 1+ resonance ai(1260), decaying to px.

The (l\-iz)~ final state decay can occur via the Cabibbo suppressed weak ctir-
rcnt( Fig 2.2(b)). Its rate is therefore reduced by roughly a factor of tan2 0c « 0.05,
compared with 3n decays. The axial-vector current is expected to be dominated
by the mixture of the resonances A'i(1270), which decays dominantly to ph', and
A'i(MOO), which decays to A'*7r. The equation 2.14 can be used with the appropriate
substitutions. The DM0 sum rule relates the corresponding masses and couplings:

(2.15)

The branching fraction for the A'i(MOO) is expected to be about 0.5% , and only
•1/9 decays to A'~~+?r~.

In fact the delta function should be replaced by a normalised Breit Wigncr lincshapc with a
mass-dependent width.

10
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Figure 2.2(c) shows the decay of - into A'A'-. This channel is expected to be:

r —y p'(1700)i/r —> K'KvT —> KK~vT

where p' decays dominantly to four pions, while a small fraction leads to K"K. In
the quark model it is explained with the small probability to create a ss pair out
of vacuum and the suppression by limitation in phase space. The decay rate can be
derived with the CVC theory from the cross section a(e~e+ —> K'K). A decay
rate of only 0.2% is expected.

In summary, the two 3-prong decays of r with charged kaons are both strongly
suppressed. Therefore a good K/ir separation is needed to measure the branching
ratios. From the quark model (Figure 2.2), we see that in the T —> Ki7TTiyT decay the
kaon must have the same charge as the parent r and in the T —> KK~vT decay the
two kaons have opposite charges. This provides a perfect tool to check the results
and to reduce the background.

In addition, the kaon has a much higher mass than the pion. Therefore the
decay r —• K~ K+TT'VJ has many advantages to set a limit on the uT mass by
studying the invariant mass of the (K~K+-~) system. Since at LEP energies the
three charged particles are close to each other, a good tracking is needed to have
good mass resolution. This subject is not discussed in this thesis.

11



12



Chapter 3

Apparatus

3.1 DELPHI
DELPHI, a DEtcctor with Lcpton, Photon and Hadron Identification!22!, is a detec-
tor operating at the Large Electron Positron collider at CERN. It is exploited by
a collaboration of 510 physicists from 53 universities and research institutes. The
DELPHI detector is the most intricate of the four LEP experiments. It is a 4JT
general purpose detector, with special emphasis on particle identification with Ring
Imaging Cherenkov (RICH) counters and on precise vertex determination. Most of
the detector components provide three-dimensional information with high granular-
ity.

The detector assembly consists of a cylindrical central region, the so-called barrel,
and two endcaps (figure 3.1). A superconducting solenoid (radius 2.6 m, length 7.4
m) provides a magnetic field of 1.2 T, enabling a good momentum resolution of the
track detectors.

A full technical description of the DELPHI detector can be found elsewhere'22'. In
this section only the main characteristics of some sub-detectors are summarised. The
RICH detectors will be described in more detail in the next section. A cylindrical
coordinate system (r, z, <ƒ>) with the z-axis along the LEP beam is used to describe
the geometry of the detector. In addition, the polar angle 0, with 0=0 along the
beam axis, is used to describe intervals of acceptance.

3.1.1 Tracking

Primary and secondary vertices of charged particle tracks are determined with the
Microvertex Detector (VTX)'23'. It consists of three concentric layers of silicon mi-
crostrip detectors. In its initial configuration the device provided track coordinates
only in TO, with a measured intrinsic resolution of about 8 /tm. Before the 1994 data
taking period the inner and outer layers were fitted with double-sided detectors to
allow measurements both in r<f> and in z.

The Inner Detector(ID)'21' immediately surrounds the Microvertex Detector. It
consists of a jet chamber surrounded by 5 cylindrical MVVPC (Multi Wire Propor-
tional Chamber) layers. The MVVPC layers provide fast trigger information and a

13
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F i g u r e 3 .1 : The various paris of DELPHI: Vertex Ddcctor (1), Inner Detector (2),
Tiiiif Projection Chamber (3), Barrel RICH (4). Outer Detector (5), Might density
Projection Chamber (6), superconducting magnet (7). Time Of Flight (S), lladron
Caloriimters (9), Barrel Muon chambers (10), Forward Chambers A (11), Small
Ant/It logger (12), Forward RICH (13), Forward Chambers 13 (14), Forward Elec-
IroiiHigintic Calorimeter (15), Forward Miton chambers (16), Forward Hodoscopc
(17). '

stable space point measurement in the z direction. The jet chamber measures 24
ro-points per track with a resolution of 90/nn per point.

The main tracking device is the Time Projection Chamber (TPC)'25'. The DEL-
PHI pattern recognition normally starts with the information of the TPC. It provides
a good 3-dimensional measurement of space points and good two-track separation.
Over some momentum range, the specific ionization dli/dX measured in the TPC
supports the RICH particle identification. The dimensions of the TPC are r=120 cm
and L=2xl50 cm, which corresponds to a polar region of acceptance 22° < 0 < 158°.
The resolution per space point is 230 //m in r<̂> and 0.Ï) mm in ?,. The two-track
separation is about 1.5 cm. Combined with other elements of the DELPHI detector,
the momentum resolution is given by crpfp = 0.0015 /> in the barrel and 0.0037 p in
the iMidcap (p in CnX/c).

The Outer Detector (OD)'2(il consists of 5 layers of drift tubes located behind
the Barrel RICH. It provides fast trigger informations both in r4> and in z, and it.

14
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improves the momentum resolution for fast particles. It also provides the tracking
informatiop. that is important for the hadron identification in the barrel RICH. The
position resolution per layer is ari=ll0 fim and a,=4.4 cm. Since the Barrel RICH
is located between the TPC and the Outer Detector, these two detectors provide
the information on position and direction of track elements within the Barrel RICH.
For the determination of Cherenkov angles, precision and reliability of tracking
information and of Cherenkov photon detection arc equally important.

The Barrel Muon Chambers (B-MU) provide muon identification and localisa-
tion. The system consists of 6 planes of drift chambers, two inside the return yoke
of the magnet after 90 cm of iron and four outside after a further 20 cm of iron.
Each chamber measures the r<̂  coordinate to 2-3 mm. The resolution in z is about
2.5 cm.

In each of the endcaps, the tracking detectors are the Forward Chamber A (FCA)
the Forward Chamber B (FCB) behind the Forward RICH, and the Forward Muon
Chamber (F-MU). Information from FCA and FCB is crucial for hadron identifica-
tion with the Forward RICH.

3.1.2 Calorimetry
The barrel electromagnetic calorimeter of DELPHI is a High-density Projection
chamber (HPC)'27'. This sampling calorimeter is essentially a TPC in which lead
converter layers alternate with drift channels. Its thickness is IS radiation lengths.
The device measures the three-dimensional charge distribution of electromagnetic
showers with very high granularity. The precise imaging of shower development
allows discrimination of electrons and photons against hadrons and the identification
of -°'s that decay into two nearly parallel photons. To some degree, energy resolution
has been traded for spatial resolution. The resolutions in shower direction and in
energy are:

ere -~~/E + 2-5 (mrad)

97
(Ti = —?T? + 10 (mrad)

° 7 1 + 7 (%) (E in GeV)

The Forward Electromagnetic calorimeter (FEMC) consists of lead glass blocks.
It is 20 radiation lengths deep. The energy resolution for bhabhas (E = 45 GeV) is

/
The Hadron Calorimeter (HAC)'28' is a sampling gas detector incorporated in

the magnet yoke. The barrel part covers polar angles between 42.6° - 137.4° and
the two endcaps cover the polar angles between 11.2U-18.5° and 137.5°-168.8°. The
energy resolution is 120%/\/£ (E in GcV).
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3.1.3 On-line Systems and Off-line Software

The on-line systems concern triggering, data acquisition, slow controls and the sup-
ply of detector gases and liquids. The trigger system distinguishes Z° decays from
background events. This is done sufficiently loosely to ensure that events of interest
are not inadvertently rejected. The result is that the data stream written to tape
by the Data Acquisition System is strongly enriched in Z° events. The slow control
system monitors and controls the status of detector components. The fluids system
regulates the supply and checks the quality of detector fluids and monitors safety
devices.

The off-line software encompasses programme packages for data analysis (DE-
LANA), simulation (DELSIM) and event graphics (DELGRA). From the huge amount
of complex data, DELANA reconstructs the event topology, determines the momenta
and energies of particles and identifies particle species (muon, electron, pion, etc.).
DELSIM is used to generate events of a specific process according to a theoretical
model, and to simulate the response of the detector to the final state products. The
simulated data are analysed in the same way as the real data in order to check
the response of the detector, the analysis program, the quality of the real data and
the theoretical model as well. DELGRA visualises the event topology in 3 dimen-
sions. It is used to investigate the performance of the detector and the results of
(lie analysis programme.

DELANA reduces the raw data in combination with parameters from the de-
tector database to Data Summary Tapes (1)ST). Each DST event carries only in-
formation relevant for physics analysis, about the event structure and about the
constituent particles. Without loading the database and reprocessing the raw data,
it is still possible to carry out minor improvements on DST level by a DST fix-
ing programme. Subsequently a private mini-DST is created with the necessary
information on the specilie phvsics subject to perform the final analysis.

3.2 The Ring Imaging Cherenkov detectors of
DELPHI

Experimental studies by the Russian physicist P.A. Cherenkov were in 1937 followed
by a paper of Frank and Tamm explaining the production mechanism of Cherenkov
radiation. The phenomenon has since been used widely in high energy physics for
particle identification.

The DELPHI experiment is equiped with Ring Image Cllerenkov (RICH) detec-
tors for hadron identification over a large momentum range. This important feature
distinguishes DELPHI from other experiments al LEP. The RICH system comprises
the Barrel RICH detector in the central region of DELPHI and twoendcap detectors
which together form the Forward RICH. The development of the DELPHI RICH
detectors was initiated by work of Seguinot and Ypsilantis'"'. The development
work within DELPHI collaboration lias been documented in reference in'32'.

10



3.2. THE RING IMAGING CHERENKOV DETECTORS OF DELPHI

3.2.1 Principle of operation
A charged particle moving through a transparent dielectric medium with a velocity
i' larger than the phase velocity of light in that medium {—c/n, where n is the index
of refraction) emits radiation under a specific angle with respect to the direction of
flight of the particle. The angle between the propagation direction of the particle
and the emitted radiation (the Cherenkov angle 0c) is given by:

(-1)

with j3 = v/c and 7 = E/mc2. Therefore the velocity of a particle could be deter-
mined by measuring the Cherenkov angle. With the momentum measured by other
detectors, the mass of the particle is determined and the particle, consequently, is
identified.

For a particle path length / in the radiator medium, the number of detected
photons is:

Nph = NolslnX (3.2)

where the quality factor

No = micmeV}-1 [ e(ü>)du> (3.3)
Ju

takes into account the various multiplicative efficiency factors of the actual detection
instrument. The efficiency ï(w) for detection of a photon of frequency w contains
the transmission of windows, mirror reflectivity, the quantum efficiency of the pho-
ton conversion mechanism and inefficiencies in the detection of the photo-electrons
produced.

Below the threshold velocity /?,/, = 1/re" no photons are emitted. Slightly above
threshold the Cherenkov angle is close to zero. For higher velocities the Cherenkov
angle and the number of emitted photons increase quickly, untill 0 approaches 1
where the Cherenkov angle is at its saturation value 0CtSat = arccosl/n and the
number of emitted photons reaches its plateau value.

Both liquid and gaseous radiator media are used in the RICH detectors of DEL-
PHI. The aim of using two types of radiators is to extent the momentum region over

* Dealing with rclativistic particles it is often more convenient to use the Lorentz variable:

1
1th =
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Radiator
C4Fl0

C,F13

CaFu

Boiling tcmp.[uC]
-1.7

28 (1.0 atm.)
35 (1.3 atm.)

57

n at 7cV
1.00153

1.00176(40UC')
1.00229(40°C)
1.2S3(40uG')

^-(6.5 - 7.5eV)
2.0%
2.9%

3.0%

Ithr
18.1
16.9
14.S
1.60

3.17
3.40
3.87
38.77

Table 3.1: Properties of the radiators^!30!

Ï
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Figure 3.2: Cherenkov angle as a function of momentum for different types of
particles, (a) in the gas radiator C^Fu- (l>) in the liquid radiator CG^M-

which particles can be identified. The selected radiator substances are all perfluoro-
carbons. Perfluorohcxane, CQFU, is used as liquid radiator for both RICHes, while
the gas radiators are pcrfluoropentane, C$Fn, and perfluorobutane, C*FW, in the
Barrel and Forward RICH, respectively. The properties of these substances are given
in Table 3.1. The gas radiator is used for high momentum particles, the liquid for
lower momenta. Figure 3.2 shows the Cherenkov angle as a function of the particle
momentum for different types of particles, both in gas and in liquid radiators. The
power of particle identification is determined by the separation between the particle
bands in fig. 3.2 in units of the resolution on the Cherenkov angle.

The uncertainty on the Cherenkov angle determination from individual photons,
crph, is given by the quadratic sum of several error sources. For the photons from
the gas radiator one has:

= a.chrom ' bend ' position (3.4)

where <7c/irom is due to chromatic aberration, i.e. the variation of the refractive
index with photon energy. The term <rbmd is caused by the bending of the particle
trajectory in the 1.2 T magnet field of DELPHI, which smears the Chcrcnkov angle

18
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Figure 3.3: Longitudinal view of a quarter of the barrel RICH

in one direction. It depends on the transverse momentum of the particle ( ps\nOp ),
the track length (/) inside the gas radiator and the azimuthal position of the photon
(o) on the C'herenkov cone:

(3.5)

Finally, arosttwn is due to the finite position resolution of the photon detector. It
includes diffusion during the drift of photo-electrons and the intrinsic resolution of
the wire chambers which detect the photo-electrons.

For photons from the liquid radiator, the term abend ' s replaced by a term <7geom

which represents a spread in the size of the Cherenkov image on the photon detector
plane, due to the finite depth of the liquid radiator layer.

3.2.2 The Barrel RICH
The Barrel RICH (BRICIIpl is a 3.5 in long cylinder with inner and outer radii
of i:iO and 197cm respectively. A mid-wall divides the detector volume into two
identical halves, referred to as sides A and C. It covers the polar angular region
from 10° to 140".

Each side of the BRICH is azimuthally divided into 24 sectors. The elements of
a sector are one liquid radiator, one drift tube with a wire chamber at its end, and G
mirrors. An undivided gas radiator volume is common to all sectors (sec figure '-l.'-i).
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The liquid radiators consist of a 1 cm thick layer of CeF\4- They are mounted
close to the inner cylinder. Cherenkov photons from the liquid radiators are directly
incident on the drift tubes, placed 12 cm behind the liquid radiators. The whole
vessel is filled with the gaseous radiator C5F12. The average path length of particles
in the gas volume is 40cm. Cherenkov light from the gas radiator is projected as
ring images onto the drift tubes by parabolic mirrors The mirrors are mounted on
the outer cylinder of the BRICH. For convenience in the analysis, all mirrors at the
same distance from the interaction point are grouped together. Error calculus is the
same for photons reflected by any mirror of group i (i=l,- --,6; group 1 is close to
the mid-wall).

The set of drift tubes forms the photon detector of the BRICH. The tubes are
constructed from UV grade quartz plates and contain a gas mixture of lh%CH\
+25%C2#6- The drift gas is made photosensitive by bubbling through liquid TMAE*,
which has an ionization potential of 5.4 eV. A drift field of 0.5 kV/cm transports
the photo-electrons towards a Multi Wire Proportional Chamber (MWPC) at the
end of the drift tube. Each MWPC has 196 anode wires at 2.62 mm pitch and 196
cathode pads at 4 mm pitch. The chambers are operated at a gas amplification of
about 3 x 10s. Photo-conversion points are reconstructed in three dimensions. The
anode wire address provides the r<f> coordinate and the cathode pad address gives
the r coordinate. The z coordinate is determined by the drift time. Combined with
the position and the direction of the particle measured by the tracking detectors of
DELPHI, the Cherenkov angle can be calculated for each photon.

The calibration system of the BRICII injects UV light into each drift tube at 45
accurately known points, arranged as 5 rows of 9 fibers. It provides a determination
of the drift velocity at 0.1% accuracy and allows us to follow any changes in the drift
velocity during data taking due to variations of temperature, pressure, gas mixture
etc.

The performance figures of the BRICII for muon pairs at 45.6 GeV are: in the
liquid and gas radiators the number of photons per ring is 11 and S.5; per individual
photon the resolution on the Cherenkov angle is 14 and 4 7nrad with the saturated
angle 670 and 61 mrad, respectively.

3.2.3 The Forward RICH

The Forward RICH (FRICII)'341 covers both end-cap regions of DELPHI over polar
angles 15° < 0 < 35° and 145° < 0 < 165n Although very different in geometry,
it employs the same principles as the Barrel RICH. A major practical difference is
that in the FRICII the electric drift field in the photon detector is perpendicular to
the magnetic field of DELPHI.

The FRICII combines a layer of liquid radiator, CaF\.i, and a volume of gaseous
CiF\o into a single assembly. The general layout is shown in figure 3.4. Each of the
two end-caps is divided azinuithally into 12 modular sectors. Each sector contains
one drift box. two MVVPC's, three liquid radiator containers and five spherical mir-

' Tetrakis(ilimetliylaniiiio)-etliyl<'ne
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12S1

D 1800

450

Figure 3.4: Schematic view of the Forward RICH (dimensions in mm ) : A=liquid
radiator, B=photon detector with the MWPC (see fig. 4.1), C=gas radiator.
D=:nirror.

rors. The gas radiator fills the entire remaining volume of the vessel. The average
path length inside the gas radiator is about 60cm.

The photon detector is built from trapezoidal TPC units (drift boxes) spanning
30° in azimuth. Eacli drift box is symmetrically divided into two halves with an
electric drift field orthogonal to the radial edges where the MWPCs are located.
The two sides of the drift box are made of quartz plates. The drift gas is C2H6
which is bubbled through liquid TMAEat 21°C, which provides a photo» absorption
length a about 2 cm. Photo-electrons drift towards the read-out chambers under
the combined action of the mutually orthogonal electric drift field (E = lKV/cm)
and the DELPHI magnetic field (B = l:2T).

The electronics chain provides digitised time information for signals on each
anode wire and cathode strip of the MWPC. The preamplifiers are mounted inside
the MWPC assembly. The output signals are received by Amplifier-Discriminator-
.\K71tipleXer(ADMUX) fastbus units, in which each signal is individually amplified
and discriminated against an ajustable threshold. At the end of the signal acquisition
chain. LEP Time Digitizer modules provide time digitization in 10 us buckets.

With the UV calibration system, the drift velocity and Lorentz angle are mea-
sured precisely. The drift calibration will be discussed in detail in chapter •!.

A quarter of the FRICH was installed and operated in 1992. The full FRICII
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has been installed before the 1993 LEP run and has since then successfully taken
data. The performance figures of the FRICH for union pairs at 45.6GeV are: for
the liquid and gas radiators the number of detected photons per ring is 7.S and 10.8
respectively; the resolution on the Chcrcnkov angle for individual photons is 11.4
and 2.8 mrad with the saturated Chercnkov angle 670 and 5S mrad respectively.

3.2.4 K/TT separation with the RICH

The most important aim of the RICH analysis is to distinguish kaons from pions.
(Discrimination of hadrons against leptons is already provided for by other detec-
tor systems in DELPHI.) Especially in T physics, the kaon production is only 2%
compared with pion's.

Two technigues are used for kaon identification with the gas radiator. Below
~9 GfiV/c, the kaons are below the threshold for producing Chercnkov photons,
while the pious yield a nearly saturated angle and the maxiuin number of Chcrekov
photons. In this momentum range kaons are identified by "Veto Identification",
i.e. by requiring that no photon-electrons are associated with the particle. Below 4
GcV/c the Chcrenkov angle and the number of photons radiated by pions starts to
decrease, and the probability of kaon misidentification therefore increases.

Above the kaon threshold of ~9 GeV/c, the Cherenkov angle is determined from
the detected Chcrenkov photons. The kaon is identified by requiring that the mea-
sured Cherenkov angle is compatible with the kaon hypothesis but is incompabtible
with the (7T,/() hypothesis. This is called "Ring ^identification". It allows kaon
identification up to 20 GeV/c in the BRICII and up to nearly 40 GeV/c in the
FMCH.
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Chapter 4

On-line Calibration of the Forward
RICH

The photo-ionising additive TMAE in the RICH drift gas provides for efficient
conversion of Cherenkov photons into free electrons, which then drift towards an
MWPC. The Cherenkov angle of a particle is determined from the space points
where photo-conversion occurred. The three coordinates of each conversion point
are obtained from the addresses of anode and catliode signals in the MWPC and
the drift time. For a precise measurement, the drift velocity and drift trajectory
must be known accurately. Therefore, on-line calibration and monitoring systems of
drift constants have been installed on the Barrel and Forward RICH. In the Barrel
RICH, where the drift field is parallel to the magnetic field of the DELPHI detector,
the drift direction is to very good approximation perpendicular to the MVVPC wire
plane. The x, y and z coordinates as defined within a given drift tube simply cor-
respond to the anode wire address, cathode strip address and drift time coordinate,
respectively. In the Forward RICH the situation is more complicated, because here
the photo-electrons drift in a plane perpendicular to the 1.2 T magnetic field. There-
fore, not only the drift velocity has to be measured precisely but also the Lorentz
angle between drift trajectory and the electric field. Since this makes the calibration
of the FRICH more complicated than that of the BRICH, we discuss the calibration
of drift constants for the case of the FRICH.

4.1 UV calibration system of the FRICH

The calibration system of the FRICH is shown in figure 4.1. Ultraviolet light is fed
into 22 quartz (pointing) fibres of 100 /mi diameter, that are placed inside cylinders
of G10 material mounted equidistantly on both sides of the midwall of the drift
volume. Each light spot is produced through a 0.5 mm diameter collimator at the
end of the cylinder. Two alignment fibres near each MVVPC allow the determination
of the position of the MVVPC . The positions of these "fiducial" photon sources in
the drift tube system ( measured with 30 /im precision after the installation of the
fibre system on the drift volume), deviate less than 200 /mi from their nominal
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values. The UV lamp is a hydrogen flash lamp developed especially for this system.
They are running at a frequency of 150 Hz when calibration data are taken.

Pointing fibers

• Alignment fibers
Z,

Figure 4.1: Drift Uibe and calibration/monitoring system of the FRICH.

To determine the drift velocity and the Lorentz angle, the following model of
the movement of the photo-electron is adopted ( figure 4.2 ): The photo-electron is
produced at A. When the magnet is off, the drift path to the MWPC wire plane
follows the electric field: from A to B to C. When the magnet is on, it follows the
path AD inside the drift volume with a drift velocity Vd and Lorentz angle 0/,. Inside
the MWPC it follows the path DE with a saturated drift velocity V, and a saturated
Lorentz angle 93.

The FRICH runs the calibration system outside normal data taking. Calibration
data were taken both with and without magnetic field. The drift velocity and the
Lorentz angle in the drift volume are parameterised as functions of temperature and
pressure, while the saturated values V3 and 0s are kept fixed.

The pointing fibres are numbered from 1 to 11 with the fibre 1 close to the small
end of the drift box. The reference frame used is shewn in figure 4.1, which is the
same as the local coordinate system used in the off-line analysis. The measured
position of each light spot is given in table 4.1.

In our analysis the following conversion factors are used:
Wire spacing = 0.262 cm
1 LTD count = 0.01 //sec
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Drift Volume

Figure 4.2: The photo-electron movement in the FRICH.
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3
4
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6
7
S
9
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11

1
2

Coordinates

A'.
(cm)
-3S.49

-31.2S
-24.06
-16.84
-9.62
-2.04
•LSI

12.02
19.23
26.45
33.66

-36.82
36.6S

(cm)
10.51
12.31
14.10
15.90
17.71
19.50
21.30
23.10
24.90
26.70
28.50

2.10
2.11

Magnet off
Wire
(WIRE)
11.So
39.70
67.02
94.68
122.29
149.3S
177.35
204.90
232.33
260.07
2SS.07
-

-

Time
(Count)

204.1
23S.2
270.8
303.7
337.3
371.7
404.4
438.1
471.3
505.2
539.9
-

-

Magnet on
Wire
(WIRE)
63.14
9S.91
113.64
170.27
205.96
241.94
277.90
314.33
-
-
-
31.22
311.46

Time
(Count)
334.3
389.1
443.7
497.0
551.7
606.S
662.5
720.8
-
-
-

78.5
77.0

Table 4.1: Coordinates of each fiber and a sample of their measured positions.

25



C H A P T | : R I. O.V-MNK r.AMBRATlON OK THE FORWARD RICH

4.2 Calibration Results

4.2.1 Data Selection

In a calibration run, a few hundred data points are taken for each spot. To reduce
the noise, a signal is retained if the time match between the cathode and its adjacent
anode is less than 50 ns ( figure 4.3 ). Figure 4.4 displays a scatter plot of photons
from a calibration run (magnet is on) seen with one MWPC. The light spots from
pointing fibres and alignment fibres are clearly visible with almost no background.

'00 -

1 |

200
li~e rrc-.ch (ns

Figure 4.3: 11K time ilifforncc he-
lintn rathmh and anodv signals

Figure 4.4: ('V' light spots

A gaussian fit was made to determine the position of each spot in wire and time
coordinates (figure 4.5). The wire and lime distributions have typical widths of
a — O.i) wire spacings and a = 2.6 LTD counts respectively." Table 4.1 lists the
coordinates of the pointing fibres in the coordinate system shown in figure 4.1 and
tiie measured position of each spot in "wire" and "time" direction. The positions of
the alignment fibres can not be reconstructed well without magnet because of the
electronic noise. When the magnet is on, the pointing fibres 10 to 11 are out of
acceptance for odd numbered chambers while the fibres 1 to 3 are out of acceptance
for even numbered chambers.

Some spots are rejected because the position is not well determined. This may
happen if there are not enough data points ( in our analysis more then 80 data
points arc required ) or if there is no good gaussian fit because of high electronic
noise. The criteria for a good gaussian lit were:

• \" per degree of freedom is less than 5
• The standard deviation of the wire distribution is less than 1 wire.

" Willioul mugiii'tir field they ;ire 0.5 wires ami 1.7 LTD respectively, due to the shorter drift
i l i s ( n t i c i ' ( ( i g i i r c • ] . (> ) .
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Figure 4.5: Typical Gaussian fits on both wire and lime distribution ( B=1.2T )
for nil mcasuvcd light spots.
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Figure 4.6: The width of light spots in wire and time coordinates ( B= 0.0T ) .

• The standard deviation of the time distribution is less than 5 LTD counts.
One typically obtains wire coordinates and drift times with errors of about 0.2 mm
and 2 ns respectively. On average 10.5 good spots per sector are seen for magnet
off and 9 for magnet on.

4.2.2 Determination of Drift velocity and Lorentz angle

According to the model of photo-electron movement mentioned in the previous sec-
tion, the following quantities should be determined from calibration for each MWPC
and the drift volume it subtends:
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/o'. the sum of all time delays in trigger, cables and electronic units.
A'u: the offset of the positioning of the MWPC module in the x-direction

(see figure 1.2). For conformity with the off-line analysis, the origin
of the x-coordinate is taken at the nominal position of wire address
J60.5, which lies halfway along the MWPC. In the presence of an
offset A'o in units of wire spacing, the origin falls at wire address
160.5 + A'o.

n: the angle between the wire plane of the MWPC and the radial edge
of the drift box, due to inprecision in its construction.

\'u: the drift velocity when the magnet is off.
V',, 05: the saturated drift velocity and Lorentz angle inside the MWPC.
Vj, Of. the drift velocity and Lorentz angle with the magnet on.

We denote by Xs(i) and Z,(i) the coordinates of each light spot i. Light injected
at spot i arrives after a time to(i) at wire address To{i) if the magnet is off. The
corresponding quantities with magnet on are t\(i) and Xi(i') (see Table 4.1).- We
recall that the wire spacing is 0.262 cm. The depth d of the MWPC (i.e. the
distance between the points B and C in figure 1.2) is 0.86 cm.

With magnet off one has the relations:

*o( ' )= ^ + 160.5+ .Yo • (4.2)

where ;ro(i) is expressed as a wire address. With magnet on the corresponding
relations are:

Z.(i) d -f (X.(i) -f Z.(i) tan h) tan a
t i l l ) = 77 7T "i Tr n 1" Jo

Vscos0L Vscos0,

Z,(i)ta.nOL

0.262

(A',(») + Zs(i) tan Ö/J tan o) tan 0s

The calil)iatioii procedure consists of minimising the difference between arrival
times and wire addresses calculated from relations (•l.l)-(l.l) and their measured
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values. Thus, a global fit was made in which we minimise the sum:

s=o

all spots

tmo{i)-to(i)\
2 (xm0(i) - xo(i)

alhpots
(4.5)

where /„,0, xm0, tmi and xmi are measured positions. The quantities at (=4 us)
and <rr (=0.4 mm) are the r.m.s. deviations of the light spot positions from their
nominal values in "time" and "wire" direction.

In this global fit, the sum is not sensitive to the quantities V3 and 0s. Since they
do not change with time, we measured them with other methods and fixed them in
the global fit . decreasing the error of the fit.

''0.5 0.60.7 O.S 0.9 1 1.1 1.2 l.S
Drift Field (KV/ca)

30

20

10

n

•

/ oClmst

/

-.69

/

±.03(cm)

5 10 IS 20 25 30
Drift diseases (cm)

Figure 4.7: Drift velocity versus drift
Jidd without magnetic field.

Figure 4.8: Measurement of the satit-
ratcd Lorcntz angle

Saturated drift velocity, V,

To determine V, we use a drift field scan with magnet off. Herein the drift field
varies from 0.55 KV/ctn to 1.03 KV/cm. The drift velocity was determined from a
linear fit to the measured times versus the drift distances. Figure 4.7 shows the drift
velocity as a function of the drift field, in good agreement with other measurements.
Inside the MWPC the drift field is about 2 KV/cm, therefore 5.5 cm//is was found
to be a good approximation for the saturated drift velocity.
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Saturated Lorentz angle, 0S

To measure 8S, we make a linear fit of x,i(i) — Xo(i) as a function of the distance
Zs. Subtracting the equation 4.4 from equation 4.2, and using the standard value
a = 0, we get:

i) - xo(i) =
Z,(t)tanfl/. , dtanfl,+

0.262 0.262

Therefore, the saturated Lorentz angle could be calculated from the offset term of
the fit. We take the average of Xi(i) — Zo(i) from all chambers. The result of the fit
is shown in figure 4.8. We get 0s = 26 ± 1°.

With the fixed values of Vs and 0,, the global fit was made with MINUIT software.
For a good fit the spots with residuals bigger than 2 wire spacings or 6 LTD counts
were removed. As an example figure 4.9 shows the measured drift velocity and
Lorentz angle as a function of sector number. The accuracies of 0.2% and 0.4% were
achieved for the drift velocity and Lorentz angle respectively.

10 30 40
Sector Number

20 30 40
Sector Number

Figure 4.9: Measured Drift Velocity and Lorentz angle as a f unction of sector num-
ber. The maximum/minimum of the curves correspond to location in the top/bottom
part of the FRICH. It could be understood as due to a temperature difference.

4.3 Monitoring

With the UV calibration system, some other properties of the FRICII could be
measured.
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4.3.1 High Voltage on the MWPC modules

To measure the MWPC efficiency plateau, a HV scan was made where the HV of
the MWPC varied from 1.30A-V to 1.65A-V". There are two ways to count the signals
from the \'\' light: 1) tlie number of matched anode and cathode hits per trigger and
2) the number of fibres from which a signal is observed per trigger. The efficiency
plateau is shown in figure 1.10. It is apparent that method 1 leads to spuriously high
rates at the highest voltage settings, caused by electronics cross talk or by feedback
photons. With method 2 the onset of the plateau is observed at l.ofrV and at 1.6H'
good oiliciencv is achieved.

4.3.2 Discriminator thresholds

In tile FRICH the thresholds of the discriminators may be varied from \mV to
~A)ttt]'. They are detitied Uy (lie ADC's in the .AD.Ml'X modules, and could be
set by computer control. A scan was made to determine the appropriate threshold
setting. The result is shown in figure 1.11 for the two counting methods mentioned
above . A threshold of 5U (~ löinv) is ;. reasonable working point, where most of
the noise signals are cut away.

1.3 1.4 1.5 1.6 1.7

H.V. o f KWPC (KV) 10 20 30 iO 50 SO 70 BO 90 AO BO

Figure 4.10: The MWPC efficiency
pintxi u

Figure 4.11: Threshold scan

4.3.3 Absorption of UV light in TMAE

The drift gas ethane is saturated with TMAE by bubbling it through liquid TMAE
in a temperature controlled vessel. Therefore, (lie absorption coefficient // (=A~))
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varies with the absolute temperature of the bubbler*:

(4.6)

To measure the conversion length A with the UV calibration data, we count the
number of matched hits on each cathode strip layer (figure 4.12), corresponding to
the depth of the converted photon in the drift volume. The strip pitch is 0.5 cm. An
exponential fit was made from layer 3 to layer 11. The result is A=3.6 cm. These
data were taken in 1992 when the temperature of the bubbler was kept at 16.5°. It
agrees with the calculation from the equation 4.6, which gives A=3.7 cm.

0 / 2 J -I 5 6
Conversion Depth (cm)

10 12.5 15 17.5 20 22.5 25 27.5

Clatanca ftwn light «pot and HWPC (cm)

Figure 4.12: Conversion length of
TMAE

Figure 4.13: Attenuation length

4.3.4 Attenuation length of photo-electron drift

The electron attenuation length Aa(( is measured by counting the number of events,
recorded by the wire chamber, as a function of the drift distance. An exponential
curve describes the number of counts as a function of the drift distance z:

(4.7)

where A', is the number of counts from spot i, Nt is the number of UV flashes, Zd is
the drift distance, and c, is a coefficient that accounts for the light output (number
of photons per trigger ) and for electronic noise. Since the unknown coefficient £,-
is quite different for different fibres, we compare the data with magnet on with the

I'rom tin* off-Jim; simulation programme

32



4.3. MONITORING

data obtained with magnet off. From equation 4.7 we get the ratio:

Ar,o Ar<

where iV,0 and iV,0 are the number of MWPC counts and the number of UV lamp
triggers when the magnet is off. The corresponding quantities in the measurement
with magnet on are Nu and Arn, and Zi is the distance between light spot i and
the MWPC. To reduce counts due to electronic noise we count the leading photo-
electrons instead of the number of matched hits.

The ratios ƒ?,- were measured for all light spots and an exponential fit was made
(figure 4.13). The result is Aai, = 48 ± 3 cm with 0L = 50°.

4.3.5 Drift diffusion

The photo-electron image of the light spot spreads with drift distance Z, because of
diffusion during drift. One may write:

a2 = (TQ + <?ldZ

where <70 is a constant that accounts for the width of the light spot and for the
intrinsic position resolution of the measurement. The quantity <7od is the diffusion
coefficieiit.lt was measured in both "wire" and "time" direction. The standard
deviations of the Gaussian fits shown in figure 4.5 were used as estimates of the
quantity a in the two directions. Figure 4.14 shows the linear fit of its square
against drift distance Z. The results are listed in table 4.2. They are in agreement
with the values found in many other experiments.

WIRE

TIME

ao{mm)
(Tod(mrn / y/rn)

ao{mm)
crOi(mm/\/m)

D=0
1.10 ±0.02
2.0 ±0.1
0.73 ± 0.05
1.4 ±0.2

B=1.2 T
1.19 ±0.03
2.8 ±0.1
0.96 ±0.14
2.2 ± 0.5

Table 4.2: Diffusion of the photo-electron in the FRICH drift lube (The drift voltage
is 1.03 KV/cm).
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o.y 0.2 0.3 0.4 0.S
Drift distance (m)

0.1 0.2 0.3 0.4 0.5
Drift distance (m)

Figure 4.14: Drifl diffusion

4.4 Summary and Discussion
The measurements of drift velocity and Lorentz angle at our operating point (drift
field of 1.03 kV/cm ) and at. lower drift fields are listed in Table 4.3 for magnetic
fields B=0 and B=1.2 T. The drift velocity and the Lorentz angle are related by'34':
V.j = k{E.tlB)s'mOi. The factor A- depends on the velocity distribution and on the
collision cross section of the drifting electrons. It is expected to approach a constant
value at small drift fields. In figure 4.15 the measured values k=VdB/(Ejs\n0L)
have been plotted against the reduced drift field Ej/N, where N is the molecular
density of the gas. The data points closely follow the calculated curve provided
by ref.'35l The calculation proceeds from ethane cross sections, using a multi-term
solution of the Boltzmann equation for crossed E an B fields'36'.

The calibration data were taken at known temperature and gas pressure. There-
fore, the drift velocity and Lorentz angle could be parameterised as a function of
pressure and temperature. Since variations are small, linear fits were made of Vd
and 0L against P/T ( figure 4.16 ). It is found that Vd changes with P/T while
smO^/Vd is a constant. We obtain

sin fl/,

~Vd~
= 0.1493

and for the drift velocity we get the relation:
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Drift Field
(kV/cm)

1.03
0.97
0.94
0.8S
0.S1
0.75
0.69
0.63
0.57

B = 0
V0(cm/ftscc)

5.37
-

5.32
5.29
5.24
5.18
5.11
5.03
4.93

B =
Vd(anJiiscc)

5.12
5.03
4.95
4.83
4.68
4.49
4.27
4.06
3.78

1.2 T

0L(°)

49.S
51.3
51.9
53.6
55.2
56.6
58.3
59.6
60.9

Table 4.3: Drift velocity and Lorentz angle in ethane both ivith and without magnet
field

where Po = 975mbar and To = 307.5K and Vó is the corresponding drift velocity.

.0.95

E/N ( 1 O"21 Vm2

Figure 4.15: The quantity h=VdB/(EdS\i\0i) versus the reduced drift field
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Figure 4.16: Drift velocity and Lorentz angle as a function of P/T
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Chapter 5

Track Selection and Performance
of the RICH

RICH data of good quality are obtained after on-line calibration and off-line tuning
of the detector alignment and the background reduction. These data play a role
in many physics analyses. In our analysis we have to distinguish kaons from pions.
The fraction of kaon production in r decay is only a few percent. Therefore, the
misidentification probability must be reduced as much as possible; it is the main
systematical error of the final result. So it is essential to understand all features of the
RICH well, including subtle ones that may not be of consequence in other analyses.
In this chapter we describe the performance of the RICH and the improvements we
made on the Cherenkov angular resolution after DST processing.

The kaons from r decay have a momentum higher then 3.5 GeV/c. The Cherenkov
angle from the liquid radiator is saturated in this momentum region (figure in 3.2.1).
Therefore, our analysis only uses data from the gas radiator. The data of the FRICH
are not included in our analysis for reasons of tracking quality, statistics and neutral
particle measurement in the forward region.

About 1,200,000 Z° events with the Barrel RICH detector operational have been
recorded in the running period from 1992 to 1994. Muons from the decay Z°—»/t+/J~
were used to study the behaviour of the RICH and to check the stability of the
detector during data taking. This provided a clean and well known sample. These
muons have a momentum of 15GcV/c, where the Cherenkov angle is saturated (61
nirail in the gas radiator) and the number of Cherenkov photons is maximal.

5.1 Track Selection
The Cherenkov angle is calculated for a given particle from the positions where
photons hit the detection plane and from the location and direction of the particle
track in the radiator. Therefore, good particle tracking is needed.

In the barrel region, tracking through the RICH was done by interpolation be-
tween the track segment measured in the TPC, located before the RICH and the
measurement in the Outer Detector just behind the RICH. Therefore about 16%
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CHAPTER 5. TRACK SELECTION AND PERFORMANCE OF THE RICH

tracks were rejected due to the absence of Tl'C or OD in tracking. It was also
required that the uncertainty on the momentum was less than 20%.

The quality of the RICH data was checked by the number of photons observed
per Cherenkov ring. Figure 5.1 shows the number of photo-electrons per ring as a
function of the polar angle 0p of the particle track. To stay well within the Barrel
RICH acceptance, only tracks with 48°
accepted.

< 0p < 87° and 93° < 0B < 132° were

ü

o

SHffiJ-

20 Hi;:

10 [>".::'

laai
34000

3H3SEilii;:i i

35000 36000
Run Number

„. _ , n , , . . . Figure 5.2: Fraction of low photon pro-
Figure 5.1: Photon production ns a , . . ' /
r ,. t., .. , , , auction as a junction o I sector and run

Junction of the particle, polar angle _. ' , .
number. 1 tie size oj a square is propor-
tional to (lie numerical value, with max-
imum equal to 1 and minimum equal to
0.

Poor sectors and running periods were identified by looking at the number of
photo-electrons produced. We define the low photon production fraction as:

ƒ =
Ntotal

(5.1)

where Niow is the amount of tracks with less than 2 photons observed and Ntotal is
the total amount of tracks. This fraction is shown for different sectors and runs in
Figure 5.2, where the size of the box is proportional to the fraction. Sector numbers
1-21 correspond to side A of the detector, sector numbers 25-48 are on side C. Some
dead sectors are clearly visible by a big box in the figure. All these cases were
grouped in periods and rejected.

DST information was also used to identify data taking periods where problems
with electronics, high voltage, radiator transparency, drift gas composition, vie.
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5.2. RING IDENTIFICATION

caused insufficient quality of the data. These data were discarded for further anal-
ysis.

Even at maximum Cherenkov angle, each particle produces only 8 photons on
average. Therefore, a few background digitisations among the true Cherenkov pho-
tons will spoil the determination o[ the average Cherenkov angle. Therefore tracks
with a high background and bad Cherenkov angle determination were excluded.
These criteria were applied after the fitting of the Cherenkov angle.

5.2 Ring Identification
For cad) detected photon, the expected error <r7 on the Cherenkov angle is calculated
(see 3.2.1). The resolution function is given by:

- 0c,ejp

<*•>

where 0-, is the measured Cherenkov angle and 0Cielp and cr-, are the expected
Cherenkov angle and iis expected error respectively.

For a a-, that is estimated correctly, the resolution function of individual photons
is a gaussian with a standard deviation o>- = 1 plus a slowly rising background.
However, when using the DST values of <r7 the fit gives an average ap of 1.23 for
1992 data and of 1.35 for 1993 data. There is a clear dependence of the value of ay
on the mirror group number. To obtain correct values of cr-y, «'e parameterrsed <r-,
as a function of track and photon information from the DST.

We discuss the expected error of individual photons in the section 5.2.1 and the
improvement of ('hcrenkov angle measurement in the section 5.2.2. However these
two tasks are strongly correlated. An iterative procedure was used. In each step,
photons within '2.5<T-, window around expected value were used to parameterise
new expected errors and to correct the systematic errors in the Cherenkov angle
measurement.

5.2.1 Angular Resolution

According to equation 3.4 the following components were calculated:

Chromatic dispersion: crf/,rom

For a gaseous radiator the relation between the spreads in 0y and in the index of
refraction n is:

^ = ^ - (53)
0, 2 ( n - l ) (°-i}

39



CHAPTKR 5. TRACK SELECTION AND PERFORMANCE OF THE RICH

The window nf sensitivity of the RICH detector is about 5.6 — 7.5 eV. With An/(n —
1) = 2.9% from table 3.1, one obtains AO-,/0-, = 2.8%. Assuming a uniform detection
yield over the sensitivity region, we find:

Tchrom = 2.8%ö7/\/Ï2 < O.ómrad

Track bending: <T(,ctId
Substitution of / = Lsin0p (L=40 cm is the distance between the mirror plane and
the photon detector) in equation 3.5 gives:

(o.4)

The constant of proportionality ag was determined from real data of single prong
r decays, whore the momentum region of the single charged particle is 4-45 GeV.
The result is ng = 1.1 mradGeV/cm.

Position resolution: crvosMon

The position resolution of the RICH photon detector includes the intrinsic spatial
resolution of the MWPC's, drift diffusion, any distortions of drift trajectories, etc.
Its main variation is with drift distance. Photoelectrons from a certain mirror group
i ( i = l,..6) have drift distances z in a range of ± 12 cm around a central value rm,-rrorii.
For a detailed study of position resolution per mirror group, photons were binned
in the relative drift coordinate z' = z — zmiTTOr,i- Per bin, the r.m.s. spread was
determined of the measured Cherenkov angles for individual photons from dimuon
events. Figure 5.3 shows the result as a function of z' for the six mirror groups.
At the union momentum of 45 GeV/c, the error contribution from track bending
is small compared to the position resolution error, and the chromatic aberration
error is always smaller than 0.5 mrad. Therefore, the data shown in fig. 5.3 arc
a good estimate of the position resolution of the photon detector. A second order
polynomial function <7V0siiwn — «i(l +«2~' + «3~'2) describes the dependence on the
reduced drift coordinate z' well.

External source of error: ocxt
The study of dimuon events revealed that the r.m.s. spread on the Cherenkov
angle depends on the azimuthal position ^ of a photon along the ring image, as
shown in figure 5.4. This is caused by a misalignment between the TPC and the
HRICI1, leading to a shift of the reconstructed particle path in the BRICII to the
true trajectory. This in turn leads to an apparent change of the Cherenkov angle,
that for photons at |cos<p|=l fully affects the drift coordinate. At the longest drift
distances ( mirror group 1) the effect is maximal. The dimuon events were subjected
to a global fit a* = o^osilioil + (o.|Cos^)2 for each mirror group. Table 5.1 lists the
parameters found by the fit.
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IT.

•> Y;

Figure 5.3: Spread of Cherenkov angle F i g u r e 5 4 . Spnad Q} chcrenkov angk

as a function of relative drift distance for
mirror groups I (top) to 6 (bottom).

as a function of photon azimuth (mirror
group 1)

Number of mirror
«i (nirnd)

«2(10~3C;H~')

«.-,( 10-' cur2)
«,i (mard)

1
4.06
6.61
3.65
3.51

2
4.OS
3.46
1.76
3.22

3
4.07
4.08
5.91
2.46

4
3.55
1.43
6.S9
2.44

5
3.45
4.91
-0.87
0.61

6
3.05
2.46
8.34
0.43

Table 5.1: Parameters for individual photon error estimation (sec text)

Finally, o-, is the quadratic sum of aj,,,,;, ff,)0.,,<um and aCIlTa. The error from
chromatic dispersion. 0V/,r,,m- is much smaller than the others and is neglected.

5.2.2 Improvement of the Cherenkov angle measurement

The ('herenkov angle measured by an opt imal detector should depend on the velocity
of the particle only. Therefore the way to optimise the RICH detector is to identify
the dependences of t he measured Cherenkov angle on any variables provided by DST
information and correct them.

5.2.2.1 Mirror alignment

The Cherenkov light produced in the gas radiator is reflected by focusing mirrors
onto the photon detector. To be able to reconstruct the Cherenkov angle from the
measured position of a photon in the detection plane, the positions of the mirrors
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and the oriental ion of their optical axes have to be known precisely. Extraction of
this information from the data is called software alignment. All mirrors have been
aligned individually before DST processing using muons from Z°—»/<+/<~ events by
minimising the spread of the observed Cherenkov angles.

The alignment before DST processing proved to be correct for most of the mir-
rors, but a few of them were not aligned correctly, because of the underestimation
of the single-photon error <T-,. A misaligned mirror shifts the Cherenkov ring from
its expected position. A clear dependence of the Cherenkov angle on the azimuthal
position o of the photon is then seen (figure 5.5) for some mirrors. Such mirrors
have to be aligned again.

Figure 5.5: Chcrcnkon angle of individ-
ual photons as a function of photon uz-
iniulli o bfjorr. proper mirror alignment

Figure 5.6: Illustration of the RICH
mirror alignment

Mirror alignment is not possible ab initio with the information on DST, but
because the remaining displacement is small and the alignment is equivalent to a
shift of the ring (see figure 5.6), we can apply the following fit:

0, = 0mam - 80,cos(<j, - 60) (5.5)

where 0-, is the measured Cherenkov angle, ó is the azimuth of the photons from
t he DST, and 0mcan is the mean Cherenkov angle. The quantity 60-, represents the
amplitude of the shift from point A to point D and ho its direction .

To reduce effects of background, we only use photons within a few <r-, around the
expect «I value of the Cherenkov angle, 0f:Ip. I3u( if the minor is not well aligned
(his window can not, be small, otherwise we loose good photons. To get a good fit
the following three iteration steps were made:

• Use the photons within 3.5 tr-, around 0erp.
• With the result of the first step, use the photons within 3 a-, around 0,.rp.
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• With the result of the second step, use the photons within 2.5 cr-, around 0eTp.

With this alignment, the angular resolution could be improved by 10%.

5.2.2.2 Top and bot tom difference

In the 19!):} data, we observed different saturated Cherenkov angle in sectors at the
top and at the bottom of the 13RICH detector (figure 5.7). At the top of the detector
(90" in fig. Ö.7) the mean value has a minimum and at the bottom (270°) it has a
maximum.

52

61

60

U-H
^i i | 1 Jpr | 1 i

-

1 ! f\

• Side A
<= Side C

50 100 150 200 250 300 350

Sector azimuth (°)

Figure 5.7: Cherenkov angle as a function of sector azimuth from 1993 data

Considering that cos0-, = -^, where n is the refractive index of the gas radiator, the
most natural assumption is that the difference is caused by a gradient in refractive
index. As an example we look at side A of the detector, where the difference in
('herenkov angle between lop and bottom sectors is 2% . In the approximation ,0=1
and n-l<gCl, we get :

A»
0,,

A priori, there are a few possible causes for a height dependence of n:

• a temperature gradient;
• a pressure gradient;
• height dependence of the gas radiator composition.
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According to the Lorentz-Lorenz law, (n-1) oc j . The observed difference be-
tween Cherenkov angles at the top and bottom of the detector would require a
difference of 15°C in temperature or of 46 mbar in pressure; both are far outside the
actual ranges of variation.

The difference between top and bottom is probably caused by a different concen-
tration of admixed CoFii- that is the leakage from the liquid radiator, in the C5F1:
gas radiator. Since Cc,Fu is heavier than C5F12, it tends to stay at the bottom of
the detector. If fr and /g are the fraction, of CoFu in C\F\i at the top and bottom
respectively, the refractive index is:

Top:n = /7-«G + (1 - / r ) " 5

bottom:n = fBn6 + (1 - /H)» 5

The difference is:

A» = ( » G - " 5 ) ( / T - JB)

Substituting the observed difference A0-> in An=2(n-l)^- i and using «6—n5=0.0002.

one obtains the estimate
IT ~ / s~35%

This looks like a possible explanation for the top and bottom difference. In our
analysis a correction was applied for each sector.

5.2.2.3 Drift velocity

The measured position of the Chcrenkov photons in x- and y- direction are simply
given by the anode wire and cathode strip addresses which are stable. The 2 coor-
dinate is calculated from the drift time of the photo-electron using two important
constants, the drift velocity and the zero offset of drift timing. Small variations of
these constants happened from time to time or sector to sector during data taking
for different reasons. Tin; use of wrong drift parameters shift the Cherenkov ring
along the drift direction. This is parametrised similar to equation 5.5. but with the
restriction that the shift 60-, only in the drift direction.

0^=0,Tp + 60:co4o) (5.6)

where 0CJ.p=(i\.r> mrad.

After the alignment described in the previous section, 80, is zero on average. But
certain periods and sectors were identified with non-zero 60.. In the figure o.S, the
fitted shift S0: is sliown for tracks in sector 25 and 26 as a function of run number.
A jump in the zero offset or the drift time measurement can be seen. Figure 5.0
shows the dependence of 60: on the particle polar angle. On the side A (0p < 90°)
the photo-electrons with the longest drift distance (near 90°) have a significant shift.
This corresponds to a drift velocity mismeasurement in order of 0.15%.. To correct
these effects, the shift 60: was parameterised as a function of run number and drift
distance.
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Figure 5.8: Ring shift along the drift
direction in sector 25 and 26 as a func-
tion of run number.

Figure 5.9: «50, «5 a function of the
particle polar angle for the data taken in
August 1994.

5.2.2.4 Miscellaneous

after the alignment and calibration described above, two remaining effects of the
order of 1 or 5 mrad were identified and corrected:

Based on large statistics, it was found that within a mirror the rings shift sys-
tematically towards the center of the mirror and the images of the rings were slightly
distorted (became ellipses). This can be explained by a shorter focal length of the
mirrors than expected. Since mirrors of each group have the same shape, the cor-
rections were made for each group separately. The variations from mirror to mirror
are not observable within the statistics.

It was also found that the shift of the rings was a function of the depth in
the photon detector where the Cherenkov pholons were converted. There is no
particular reason to explain this. Best guesses are bugs in the processing programme
or remaining effects of other systematic deviations.

5.2.3 Photon Clusters

Biickground photons almost always occur in clusters. Therefore we reject back-
ground photons by looking for clusters of photons. At DST level the space coor-
dinates of photons are not given. Instead, we use the Cherenkov angle 0y of each
photon and its aziinuthal angle <j> along the ring image to get the relative position on
the detection plane. In our analysis, a cluster of photons is built from the definition
that two photons belong to the same cluster if their distance is less than 2.6 mm.
This value is mainly determined by the rounding precision (0.1 rad) of the angle <j>
in the DST format.

It was found that most of the clusters have only one or two photons as expected.
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Figure 5.10: Example of a Cherenkov Figure 5.11: Illustration o/4-photon
ring with a big photon cluster. cluster with 2 ghost photons.

From the comparison of the data with a simple Monte Carlo simulation we conclude
that small clusters contain mainly good Cherenkov photons. At the other extreme,
there are some big clusters with five or more photons (figure 5.10). These may
originate from oscillations or from cross-talk in the electronics. They can also belong
to the ionisation signal of an other particle. (The optics of the BRICH is such that
the ionisation of a track of a particle can not overlap with its own Cherenkov ring.)
Big clusters are considered as background and removed if they contain more than 5
photons.

It was also found that the number of clusters containing four photons is higher
than expected. Some of these clusters contain ghost photons, that are hit combina-
tions of anode wires and cathode strips in an MWPC. When two real photo-electrons
arrive in the MWPC plane at the same time, they produce two hits at the points
indicated by the filled circles in figure 5.11, two so-called "ghost" photons (open
circles) were also reconstructed. According to the properties of the ghost photon
(i.e. Groups containing four photons with equal drift time and a hits pattern as
indicated in the figure were identified. To distinguish the ghost pair from the pair
of real photons, the difference in the apparent Cherenkov angle of the two photons
is calculated for both pairs. The pair with the large difference is rejected as ghost
photons.

5.2.4 Reconstruction of the Cherenkov Ring

The resolution function of individual photons from dimuon events and from high
momentum hadrons from single-prong r decay, with values of <r-, calculated according
to the procedure described above, is shown in figure 5.12(a) and 5.12(b). The plots
show a low level of background. Signal to background ratios within 2.5 cr7 around
the expected Cherenkov angle were found to 9 and 6 for tracks from /'+/*~ events

4C



5.3. VETO IDENTIFICATION

and single-prong - decay.
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Figure 5.12: The distribution of tlie resolution function F for individual photons
from: (a)dimuon.s; (b)single-prong r decay;

To determine the Cherenkov angle 0c of a particle from the individual photon
measurements the photons are grouped. For each possible group the weighted av-
erage Cherenkov angle 0c is calculated, with a weight per photon equal to 1/cr̂ .
A group is called a consistant set, if no photon of the set lies outside the window
of ±2.5(7., around 0c and no photon not belonging to the set lies inside that same
window. For track with more than one consistent set, the one with maximal number
of photons and best \ 2 was chosen.

The expected error <rc in 0c was calculated from the errors cr7 of the individual
photons. It gives an average of 1.6 mrad for dimuon events. Variations around the
average come from statistical fluctuations in the number of photo-electrons produced
and from the kinematics of the particle track. Figure 5.13(a) and (b) show the
resolution function of the Cherenkov angle for dimuon events before and after the
correction (section 5.2.2). The improvement is observed. The tails on the resolution
function F of tracks arc significantly low. After the correction, the distribution can
be well described bv a Gaussian distribution with a standard deviation of one.

5.3 Veto Identification
In the veto identification region it is important to ensure for each particle that the
RICH was fully active. Therefore, apart from the criteria mentioned in section 5.1,
we ask that at least two ionisations along the particle track in the drift tube were
recorded. This requirement implies a 10% reduction in acceptance, because it leads
to rejection of particles passing through gaps between the drift tube sectors (which
in itself does not affect the emission and detection of Cherenkov light). Below 4
G( V/c both the Cherenkov angle and the number of radiated photons decrease for
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Figure 5.13: The distribution of the resolution function F for muons from the
decay Z°—>i.t+fi~ (a)before the correction and (b)after the correction. The curves
are Gaussian distribution with a standard deviation of one.

pions. This increases the chance of pions being misidentified as kaons. With the large
error of the individual photons and because of the track bending in the magnetic
field, there is a high chance of background signals in the fiducial region around the
expected Cherenkov angle. This decreases the efficiency of veto identification of
kaons. Therefore, between 4 GeV/c and the the kaon threshold 3.5GeV/c no effort
was made to identify kaons.

For reliable veto identification the yield of photo-electrons has to be well un-
derstood. The expected amount of photo-electrons per particle follows a Poisson
distribution around a mean value depending on the mass and the momentum of
the particle, the length of radiator it passes through, photon detection efficiency.
The expected photon production was calculated for each particle track(see 3.2.1).
Figure 5.1 shows the observed photo-electrons as a function of the polar angle of
the particle for dimuon events. The variation with polar angle is caused by the dif-
ferent radiator lengths seen by the particle. In figure 5.14(a) the distribution of the
expected amount of photons for 45 GeV/c muons is shown, together with the exper-
imental distribution of the number of detected photo-electrons in a window of ±2.5
cr-, around the expected Cherenkov angle. One observes good agreement between
the expected and observed distributions, including the bin with zero photo-electrons
that is used for veto identification. The average is 8.4 photo-electrons per ring. In
figure 5. M(b) the same distributions are shown for high momentum (20-35 GeV/c)
particles from single prong r decay. Here the average value is 8.2, nearly the same as
the saturation value. Figure 5.14(c) shows the distribution for particles from single
prong T decay with a momentum in the veto identification region. The population of
the bin with zero photo-electrons comes from kaons. The distributions of observed
photon-electrons were identical for the three samples within the statistical errors.
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Figure 5.14: Distributions of the number of photo-electrons for \5 GeV/c muons
(a) and for high-momentum (b) and low-momentum (c) particles from single prong
T decays.

Their good agreement with the expected distributions demonstrates that the issue
of photon yield is well understood, as required for the method of veto identification.

5.4 Performance in single-prong r decay

The techniques of charged kaon identification with the RICH detector have been
used in single-prong T decay successfully for the data taken in 1992139'. The update
of the analysis is ongoing'10'.

In the veto mode a particle is identified as a kaon if no associated photo-electrons
are observed. Therefore, the misidentification rate is the probability of observing no
photo-electrons for a inuon or a pion. From dimuon events and high momentum par-
ticles, the misidentification rates were found to be compatible with Poisson statistics
for the expected amount of photo-electrons. It was estimated for each track, taking
into account the slight decrease of the number of photo-electrons from muons or
pions at momenta in the veto identification region. The result was (0.15±0.04)%
from exclusive single prong r decays. The inefficiency for kaon identification in the
veto mode is given by the probability for finding a noise hit in the window around
Oj-,,,), the expected Cherenkov angle for a i o r a /(. The probability was calculated
from the final sample of kaon candidates in veto identification for single prong T
decays. All photo-electrons were counted in the large area corresponding to 120
mrad around the track where the pattern recognition programme searches for pho-
ton candidates. After scaling of the area it was concluded that the efficiency for
kaon veto identification is 99%.
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Figure 5.15: Cherenkov angle as a function of momentum for single prong
T decays

After applying our corrections described in the previous sections, the Cherenkov
angles could be measured well. Figure 5.15 shows the Cherenkov angle as a function
of momentum for single-prong r decays. The solid lines show the expected angles
for K and (//, - ) . A kaon population is clearly visible.

In the ring identification mode, the particle is identified as a kaon if the measured
Chcrcnkov angle is compatible with the kaon hypothesis within ±2.5<rc and incom-
patible with the (~./0 hypothesis, i.e. more than n,,.p ac below #(-,,,). Obviously,
the value of nscp must be chosen with care: with increasing nsrp the background
from misidentification decreases, but at the same time the identification efficiency
becomes lower. The study of single prong r decays showed that the A ' / (~ . / J ) ratio
was stable within '2% for nsf:p > 4, but starts to decrease significantly at nscp — 3.
The value 3.5 was chosen. This gives an efficiency for ring identification of 92%

The same techniques were extended to three-prong r decays wliere we face more
problems. This is discussed in the next chapter.
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Chapter 6

Data Analysis

During recent years there has been a growing interest in measuring the decays of
r leptons into strange mesons. In this chapter, the measurement of the branching
ratios of the decays r~ —> K~A'+r~i/T(neutrals) and r~ —» K~T+X~vT(neutrals)
is described using a data sample of Z° events recorded with the DELPHI detector
at LEP in 1992, 1993 and 1994. The charged kaons were tagged by the gas Barrel
RICH, which provides good kaon and pion separation on a track-by-track basis. The
resonances in the decays have been studied.

6.1 Event selection
At LEP energy, a T+T~ event consists of two collimated low multiplicity jets in op-
posite direction. The two hemispheres are separated by the plane perpendicular to
the event thrust axis. The thrust axis is calculated using all "good" charged parti-
cles, those with momenta larger than 0.6GeV/c and a distance of closest approach
to the interaction region less than 0.2 cm" in the plane perpendicular to the beam
and less than 4.5 cm along the beam direction. This requirement rejects most of the
charged tracks from interactions and photon conversions in the detector. The re-
maining tracks from photon conversion eliminated by mean of delicated track fitting
programme which is tuned to tag such tracks. The sample of 3-prong r decay was
selected by requiring 3 charged particles on one side and up to 3 charged particles
on the other side. This requirement already resulted in a clean sample of 3-prong r
decays, since hadronic Z° decays, Z° —» n+ii~, Z° -» e+e", single-prong T decays
and cosmic ray have completely different topologies.

In our measurement, the event selection was adapted to the kinematical condi-
tions for kaon identification in the RICH. As explained later, a kaon in the fiducial
volume of the RICH with momentum between 6GeV/c and 20GeV/c can be iden-
tified unambiguously. Therefore an event, with at least one particle of the 3-prong
side meeting this condition, is accepted. The number of two photon events was
reduced by the minimal momentum requirement of 6GeV/c.

To reduce the background further, the following criteria were also applied :

Without associated hits in the vortex detector, the limit is 4.0 cm.
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1. The particles in the opposite hemisphere have at least a total momentum
of lGeV/c.

2. The isolation angle, which is defined as the smallest angle between two
particles in opposite hemisphere, was required to be bigger than 165°.

3. Event was rejected when neutral particles of more than 5GeV/c were
observed outside a cone of 20° around the thrust axis.

4. Event was rejected when additional bad track was found in the 3-prong
side.

5. Event was rejected if two tracks in 3-prong side have no associated hits
in the Vertex Detector and the Inner Detector.

A first step no effort was made to identify the neutrals in the 3-prong T de-
cays, this will be discussed afterwards. The cuts mentioned above, together with
the requirement of good RICH quality (see section 5.1), produce a sample of 6171
events of 3-prong T decays. From a detailed simulation of the detector and by us-
ing JETSET!37' and the KORALZt38! event generator, the background inside the
acceptance was found to be 1.3% from single-prong T decay and less than 0.2% from
hadronic Z° decays.

6.2 Kaon Identification in 3-prong r decays
To identify the kaons in 3-prong decays we use the same two techniques (veto and
ring identification) as for single-prong T decays'39'. However, at Z° energy tracks
from such T decays are close together. The images of the Cherenkov rings may
overlap, so that some of the photons may be attributed to more than one track. To
get a similar good [\/n separation as for the single-prongs the photons were selected
carefully. Simultaneous fits were made to find the ambiguous photons. The effects
of the background were taken into account in the angular resolution and noisy tracks
were rejected. First of all the photo-electrons were selected. In the ring identification
the following steps were made:

• Fit the ring independently for each track, and resolve part of ambiguous pho-
tons.

• Fit the rings simultaneously for two tracks if there are ambiguous photons.
• The error of the measured Cherenkov angle for each track is corrected.

In the veto identification only the selected good photons were taken into account.
To gain in efficiency veto and ring identification both were applied for particles

with a momentum between 8.5 and 10.5 GeV/c.

6.2.1 Photon Selection
Figure 6'. 1 shows the resolution function of individual photons from 3-prong r decays.
Compared with dimuon events (fig 5.12) the signal to background ratio is much
smaller [S/B = 4). Apart from bad photons from clusters (Section 5.2.3), 3-prong r
decays have ambiguous photons caused by overlap between liquid and gas rings, or
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by the overlap between gas rings. Figure 6.2 shows an example of two overlapping
gas rings with several ambiguous photons.

too
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Figure 6.1: The resolution function F
of individual photons in 3-prong r decays
(]>><>.OGcV/c) pmg rings

Figure 6.2: The images of two overlap-
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Figure 6.3: Conversion probability (P) of the ambiguous photons
between liquid and gas

To identify the ambiguous photons between liquid and gas rings, a normalised
conversion probability was used, calculated from the photon conversion length in
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the detector (A = 2.5 cm in the 13RICH) and the path length of the photon in the
photon detector. Figure 6.3 shows the distribution of the conversion probability of
ambiguous photons. A peak around 10% is clearly seen. It is caused by photons
from the liquid radiator that entered the photon detector from the other side. Most
of them were absorbed immediately after entering the detector. Therefore a cut at
18% was applied to reject ambiguous photons between liquid and gas rings.

Photons attributable to 3 rings were discarded, because they are mostly back-
ground and it takes too much CPU time in a multi-fit. The ambiguous photons
attributable to two gas rings are separated in two classes. One class consists of
photons that don't belong to the K or ~ band of the other track'. These photons
are kept as good photons, the signal to background ratio is (5//? = 5), and the
ambiguities are solved. The other class consists of photons that do belong to the K
or ~ band of the other track. In this class the signal to background ratio is naturally
low, because about half of the photons belong to the other track. They are the real
ambiguous photons. The multi-fit will assign them to one of the two tracks.

photons
un-ambiguous photons
gas - liquid
ambiguity
gas - gas

ambiguity

P < 18%
P > 18%

solved
unsolved

attributed to 3 tracks

S/13
7.0
0.5
6.5
.5.0
l.T~1
0.5

Comments
good photons

killed as liquid photons
good photons

see text
see text

discarded

Croup
1
2
3
4
5
6

Table 6.1: photon classification

. In summary, the photons are classified in a few groups (Table C.I). Figure C.-l(a)
shows the resolution function of the good photons (from groups 1. 3 and 1). Tliev
have a similar signal to background ratio as the single-prong T decays {S/B = G.0).
The discarded photons (group 2 and 6) are shown in figure 6.4(b). There the S/B
is only 0.5. Figure fi.-l(c) shows that of photons from group 5 (S/B — 1.2).

6.2.2 Ring Identification
The independent fit is performed with the good photons (groups 1,3 and -1 in Table
(i.l), in the same way as we did for /<+//~ tracks and single-prong r decays. After the
independent fit, each ambiguous photon is checked to see if it could belong to both
fitted rings. When the real ambiguous photons are identified, the multi-fit is applied.
To save CPU time in the multi-fit, the ambiguous photons with a Cheienkov angle
1/7 above the TT hypothesis were assigned to the other track.

In the multi-fit the ambiguous photons are assigned to any of the tracks and the
informations of the fits are combined. The assignment is chosen such that, it gives

' In .'1-prong tan decays only K and ir were taken into account
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Figure 6.4: Resolution functions F of the photons in 3-prong r decays: (a) good
photons, (b) discarded photons, (c) ambiguous photons.

•lie maximum of good photons and the best ,\2. To decrease the effect of ambiguous
photons, the weight of these photons was decreased by a factor of \/2- No multi-fit
was applied for tracks with more than 10 ambiguous photons. The results of the
independent fits were kept instead.

For each track an uncertainty ac is calculated from the error of each individual
photon (section 5.2.1). In 3-prong T decay, the resolution function for eack track is
defined as: F = Otf~a°'• It was found that the distribution of F was a gaussian dis-
tribution with a standard deviation of 1.5 and a tail . This is caused by background
photons or by a bad reconstruction of the rings. Therefore the effect of background
photons on the resolution per track has to be studied and the uncertainty crc has to
be corrected. The noisy and not well reconstructed tracks were rejected to remove
the tail on the resolution function.

The high momentum (/) > 6GeV/c) particles in 3-prong r decays were used
to study this. The r.m.s, per bin, is used to define the width of the resolution
function. The difficulty is the impossibility to estimate the background precisely on
a track-by-track basis. Therefore we define the r.m.s. as the width of the resolution
function and increase the error ac according to changes of the width as a function
of the following factors:

Quality of the fit

Sometimes when we determine the Cherenkov angle of a particle, more than one
consistent set of photons was found (section 5.2.1). In this case the detected pho-
tons aro not well clustered because of the presence of many background photons
or because the tracking is not good. The resolution function of these tracks has
a standard deviation i.'l times the usual one. We take as the best fit the set of
photons with the maximum amount of photons and the best \ 2 . The uncertainty
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<7C becomes:

where 6C and 0' are obtained from the best fit and from the second best fit.

(6.1)

Multi-fit
The multi-fit is needed when the tracks are close together and therefore the signal
is more noisy. We had to multiply crc by a factor of fm; = 1.1 to get the resolution
function comparable to the others.

Background photons
We define the observed amount of background photons Ni,g as the number of good
photons in the band between ±2.5a7 and ±5.OCT., around 0c. When more background
photons were observed the resolution function became wider (figure 6.5).

1 2 3 4

Number of Observed Background Photons

Figure 6.5: The width of the resolution function as a function of
the observed background photons.

Therefore the following factor is needed:

/ i , = 1.0 + 0.26-Ak (6.2)

Non-uniformity along the ring
Normally the Cherenkov photons should have an uniform distribution along the
ring (from 0 to 2TT). Sometimes the distribution along the ring is not a uniform
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distribution because of a cluster of background photons or because of a tracking
problem. We define the non-uniformity of a ring as:

(6.3)
1=1

where JV/,-( is the number of photons that are used in determining the average
Cherenkov angle 0c of the ring, and f{ is a unit vector in the direction of pho-
ton i. The division by \JNJU is made here to get \rc\ independent of NJH. A ring
is more homogeneously populated for smaller \fc\. The dependence of the width of
the resolution function on |rc| is clearly seen in figure 6.6.

0.5 1 1.5 2

Non-uniformity of the ring

Figure 6.6: The width of the resolution function as a function of
the non-uniformity of the ring \rc\.

The following factor is applied to increase ac:

Li = 1.0 + 0.17|fJ (6.4)

Removed background photons
Before the fitting of 0C, most of the background has been removed (i.e. by background
reduction before DST, killed ghost photons and ambiguous photons). We define the
fraction of good photons as:

rju =
Ntotal

(6.5)
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where Ar/,( is the same as before and Ntotai's the total number of digitisations in a 90
mrad cone around the track. Again we see that the width of the resolution function
increases as r/u decreases (figure 6.7). Therefore we make another correction:

ƒ*,-,,= 1.0 + 2.1(1.0 -r}it) (6.6)

In summary, the uncertainty ae of a track is calculated from single photon un-
certainties and the factors defined above:

(6.7)

In this way the resolution function has a gaussian distribution with a standard
deviation of one. Figure 6.8 shows the distribution of the resolution function (the
kaons are on the negative side of the distribution).
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Some of the tracks are so noisy or have a tracking so wrong that the problem can
not be solved by increasing the errors. This is the main contribution to misidentifi-
cation. Figure C.9 shows the fraction of K candidates as a function of the variables
r/,< and \rc\ (defined above).

Therefore the following 3 cuts were required to reject noisy tracks:
(1) rju is bigger than 0.15.
(2) \re\ is smaller than 2.2.
(3) 2iV6s is smaller than N/u-

Figure 6.10 shows the measured Cherenkov angle of a track as a function of the
particle momentum for multi-prong r decays. It also shows the expected angle for
K and TT. A A' population around the expected line is clearly seen.
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Figure 6.9: Fraction of kaon candidate as a function of: (a) \rc\ and
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Figure 6.10: Cherenkov angle as a function of momentum
for 3-prong T decays (Only the tracks with ag smaller than
'•i.Omrad are shown).

6.2.3 Veto Identification

As for the single-prong T decays, the yield of photo-electrons in veto identification
has to he well understood. The intrinsically expected number of photo-electrons
Xintri.np was calculated for each track. In the 3-prong T decay, the K/x separation
is more difficult than in single prong because the tracks arc close to each other. They
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produce more electronic noise and have a larger dead region. The consequence of
this is that we will have more background and fewer true photons. The overlapping
rings have similar effects. In our analysis, only the good photons (i.e. the groups 1,
3 and 4 in the Table 6.1) are used to reduce the background as much as possible.
Therefore the number of observed photons Ar

0[,5 is defined as the number of good
photons within ±2.5(7-, window around the TT hypothesis 0T.

To get a good Kj~ separation we re-estimated the photon production for a ~
hypothesis. Just as for the angular resolution this is difficult to estimate on a track-
by-track basis. Therefore we parametrise with several variables*. To study the
photon production, high momentum particles from 3-prong T decays are used and
all tracks are treated as pions, the effect of 2% kaons is neglected.

In the whole photon selection procedure, two steps were made to reduce the
background. One is the background reduction in the data processing before the DST.
It is a loose cut for the general RICH information, which rejects the background
from dE/dx signals ol the tracks and from electronic noise. The other step is a
tight selection for the 3-prong r analysis (Section 6.2.1), that rejects mainly the
ambiguous photons. We define the number of photons rejected by these two steps,
jYfci and Nk2, as follows:

Nki = Ntofi-N,.*, (6.8)

Nk2 = N2.sa~Nob! (6.9)

where Ntotai is tlie total amount of digitisations within the 90 mrad corn around the
track, iV2.5„ is the number of photons left in the ±2.5a-, band around ir hypothesis
after the first selection. We expect that when more photons were killed as back-
ground, fewer good photons were left. Figures 6.11 (a) and (b) show the changes in
A'obs/jVmiri.crp as a function of Nk\ and A't2.

These observations lead to a better approximation of the expected photon pro-
duction:

iVe,p = NMri,ap exp( -AVl00 - AW20) (6-10)

On the average the photon production per ring is 5.5 in 3-prong r decays, much
smaller than that in dimuons and single-prong r decays (7.9 photons per ring). To
have good l\'/~ separation in the veto region, only those particles were selected,
which in the ~ hypothesis had an expected photon production Ar

crp higher than 6.2.
This makes the probability for observing no photons from a IT less than 0.2%.

In the veto identification some further cuts were applied to reduce the misidenti-
fication rate. The tracks on mirrors 1 and 2 (polar angle between 70° and 110°) were
rejected because of relatively low photon production and high background. Each
track must have hits on the Outer Detector to make sure that the tracking is correct
up to the Outer Detector. At least two dE/dx photons must be visible along the
track in the drift tube of the RICH for two reasons: (1). To be sure the BRICII
is fully active on a track-by-track basis. (2). To reject tracks at the gaps between

5 Here it is important to select the variables that don't, or hardly depend on the photon
production
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Figure 6.11: Nobs/Ni„tn,eTp as a function oj the number oj rejected photons Nki
and Nk2 (sec text).

adjacent drift tubes because of their poorlj' understood photon production. Kine-
matically the minimum momentum of a K in 3-prong could be 4.0 GeV/c, but near
•l.OGeV/c the K production is small while the x production reaches a maximum.
Therefore, the veto identification was only applied for particles with a momentum
between 6.0 and 10.5 GeV/c. Tracks with high J\\I{> 13) were rejected because of
high background. The veto identification was not applied to the 1992 data.

After all these cuts only 22% of the particles in the veto region survive. Figure
6.12 shows the distribution of observed photo-electrons and of the expected amount
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Figure 6.12: photo-electron production Figure 6.13: Pion probability
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of photons with a Poisson distribution. The kaon production is seen at bin zero.
Figure 6.13 shows the pion probability distribution of these tracks. A particle is
taken as a kaon if the probability is less than 0.2%. The misidentification rate was
found to be compatible with poisson statistic for the expected number of photo-
electrons.

Another inefficiency in K identification is given by the probability of finding a
noise hit in the window around 9*, which may cause a kaon to be misidentified as a
pion. This probability is calculated from the final sample of kaon candidates from the
veto identification. All good photons were counted in the large area corresponding to
100 mrad around the tracks. Of 14 kaon candidates in 1994 data, only 1 background
photon was identified by the pattern recognition programme. From the scaling of
the area it was concluded that the efficiency is larger than 96%

6.3 Branching Ratios in 3-prong r decays to
Kaons

In this section the analysis is made to determine the branching ratios of T~ —v
K~K+ir~i'T(neutrals) and T~ —> K~Tr+i;~i>T(neutrals). Kaons were identified in
the veto identification region from 6.0 to 10.öGeV/c, and in the ring identification
region from 8.5 to 20.0GeV/e.

After the tracking quality requirements (section 5.1) and the RICH quality cuts
(section 6.2), the kaon identification efficiency is low, and the chance to identify all
three particW in a 3-prong r decays is very small. Instead the branching ratios are
determined b,, the following procedure:

• Tag the events with at least one charged kaon in the final state.
• Identify the event as h'~h'+~~ or I\~~+~~.
• Determine the branching ratios.
The branching ratios of T~ —> I\~ K+-~ i/T(ncutral.s) eind T~ —» K~-+-~i/T(ncuLrals)

were derived from the number of tagged events of these two decays compared with
the total number of 3-prong r decay events, tor which the world average branching
ratio was used;!'11'

Br{T~ -» ICk+lrvT(neutrals)) = (14.49 ± 0.23)%

With this method most of the systematic errors cancel.

6.3.1 Kaon Production in 3-prong r decays
After the effects of background were taken into account, the resolution function of
the Clicrenkov angle 0c is well described by a gaussian distribution with a standard
deviation of one(Fig»re 6.8). As in singlr-prong T decays, a particle is identified as
a kaon if the measured Cherenkov angle 0c is within ±2.5crc around OR (expected
angle in the kaon hypothesis) and is incompatible with 0. (expected angle in the
pion hypothesis), i.e. more than nsr.raa below 0-. In our analysis nscl, = 3.0 has been
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chosen. Similarly, a particle is identified as a pion if 0c is compatible with 0r and
incompatible with 0^-. The niisidentification rate was derived from particles with a
momentum G.O to S.5GeV/c, where pious produce almost the maximal amount of
photons and the kaons produce no photons. It was calculated by integrating the
tails on the negative side of the resolution function of these tracks (incompatible
with 7T hypothesis), and scaling the area to the K hypothesis (compatible with K
hypothesis). It was concluded that the rate of a pion being misidentified as a kaon
is 0.11 ±0.06%.

The efficiency for l\ identification is shown in figure 6.14. It is calculated from the
number of tracks that passed all criteria nientioneci above and that were identified
unambiguously as a kaon or a pion, divided by the total amount of tracks for the
selected events. The inefficiency includes the following factors:

1. A 25% inefficiency because of additional tracking quality cuts for the
particle identification.

2. 7% of the tracks have been killed in the ring identification because of bad
ring measurement or noise.

3. About 20% of the kaons do not produce enough photons to reconstruct
the ring near the threshold. This has been calculated from the probability
of having less than 2 photons for a kaon hypothesis.

1. 55% tracks were rejected in the veto identification region because of low
photon production and high background.

5. When the momentum increases, the K and ir Cherenkov angles differ
less; therefore the efficiency drops.

5 7.5 10 12.5 15 17.5 20 22.5

MOMENTUM (GeV/c)

Figure 6.14: Efficiency for kaon identification as a function of
the momentum of the particle
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With our method, the efficiency for tagging A'~7T events is equal to the efficiency
for kaon identification, and the efficiency of tagging A'A'TT events is equal to the
sum of the 2 kaon identification efficiencies minus the product of the 2 efficiencies.
In 3-prong r decays, two of the particles have the same charge. Their trajectories
a;e bent in the same direction in the magnetic field. These two tracks have more
cl ance to be close and parallel to each other. Therefore, their tracking qualities
are a bit worse than that of the third one, and their images of Cherenkov rings
have more chance to overlap because in the gas radiator of the RICH detector the
position of the ring is only sensitive to the direction of the track. We found that
the efficiency for these like-charged particles is about 30% lower than that for the
oppositely charged particles.

Considering the momentum dependent efficiency of the particle identification, the
momentum spectra of A' and 7r (figure 6.15) in 3 prong r decays were simulated with
the KORALZ programme. Assuming the efficiencies for x and A' identification are
the same, an average efficiency was calculated by the multiplication of the efficiency
and the A' momentum distributions. The efficiencies of identifying the h~ and /i+ of
T~ decay were found to be 19.4% and 24.2% respectively for 1994 data. Therefore
the average efficiency to tag r —• KI\KuT(neutrals) is 3S.9± 1.0% and the efficiency
to tag T —> K7nri/T(neutrals) is 19.4±0.5%. The uncertainty in the efficiency(2.5%)
is dominated by the uncertainty of the A' spectrum from different r decay models.

15 20 25 30 35 10 ^5

MOMENTUM (GeV/c)

Figure 6.15: Partide momentum spectrum in 3-prong r
decays.

The result on kaon production has been listed in Table G.2. In total, 92 candidates
of r decays to kaon(s) were tagged. The number of background events, caused by
a pion misidentified as a kaon, could be calculated from the misidentified kaons. In
our sample 105 identified kaons are corresponding to 92 events, therefore 7.1 ±2.6
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inisidcntified kaons arc equivalent to 6.2 ± 2.5 background events.

92
9:5
91

total

3-prong
events
1112
931
412S
6171

identified tracks
in veto

—
117
798
915

in ring
631
613
2932
4176

tagged as Kaon
in veto

-
4
14
18

in ring
14
14
59
87

Events
with kaons

12
15
65
92

Background of
misidontified kaon

1.0 ±0.4
1.2 ±0.5
4.9 ±2.0
7.1 ±2.9

Table 6.2: Number of identified kaons and events in 3-prong r decay.

6.3.2 Inclusive Branching ratios

It is important to identify the pion(s) or the second kaon for the separation of the
decays T —» A'Ki:vT{neutrals) and T —> I\Kiri/T(neutrals). Within the sample of
identified 3-prong events where one particle has already been identified as a kaon,
the kaon to pion ratio is not small. Thus, the misidentification rate needs not to be
as low as in the first step of the analysis, where rare kaons had to be identified in
the full sample of 3-prong events. In this second step of analysis a few methods are
combined:

1. Identification of a second kaon (without the tracking and the RICH qual-
ity cuts).

2. Pion identification. A particle is identified as a pion if:
2a. the momentum of the particle is lower than 3.5GeV/c.

2b. In the veto region, at least two good photons were observed in

the window of the pion hypothesis.
2c. Unambiguously identified pions are present in the ring identifica-

tion region.
3. Charge combination. Since the two kaons in A'A'TT and the two pions in

Kirw must have opposite charge, the event is identified as a A'A'TT (A'7T?r)
if the particle with opposite charge of r is identified as a kaon (pion).

With these methods, 40 A'A'TT candidates and 51 KTTTT candidates were identified.
One event was identified as background because of a wrong charge combination. The
details of these events are listed in Table 6.3.

Since the error from other backgrounds is small compared to the statistical error,
they are estimated from Monte Carlo. The background from single-prong T decays
was calculated from the single-prong A' fraction of 2%'39l With 1.3% single-prong
r decays in the sample, we expected 0.2 ±0.1 background events in the 1994 data
sample. The background in hadronic Z° decays was calculated from the A' fraction
of 25%t|2l. With 0.2% hadronic Z" decays in the sample, we expected 0.4 ± 0.2
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Number of event comments event type

29 the second kaon has been identified A'A'JT

3S two opposite charged pions have been identified Kxx
11 identified kaou has the opposite charge of the r A'A'TT

13 identified pion has the opposite charge of the r KTTTT

1 2 identified pions with the same charge Background

Table 6.3: Event identification

background events in the 1994 data sample. The 4.9 misidentified kaons corre-
sponding to 4.4 background event. In total, 5.0 background events were expected
in the 1994 sample of 3-prong T decays to kaon(s). One event was identified as
a background event because of a wrong charge combination. The remaining back-
ground events were split statistically over the samples of r —• KKiti/T{iieutrals) and
r —• A''in;uT(neutrals). The uncertainty was taken into account in the systematical
error.

During the three years, the quality of the RICH data has been improving. The
consequence is that the efficiencies are slightly changing. The efficiency to tag
T -> KK~^(neutrals) is 33.9% and 22.7% for 1993 and 1992 respectively. The
efficiency to tag r -» l\TT-i'T(iieut,rals) is 15.7% and 10.5% for 1993 and 1992
respectively. Therefore the branching ratios were calculated separately for these
three years, and the final branching ratios are the weighted averages. Table 6.4
lists the steps of determining the branching ratios for 1991, and table 6.5 gives the
average results and the statistic errors.

final states
Candidates

Misidcntification
Single-prong

Hadronic Z° decays
Identified background

Total background
signal

efficiency (%)
Branching ratio/Br(3-prong) (%)

Branching ratio (%)

h'K-
23 11

4.1 ±2.0
0.2 ±0.1
0.4 ± 0.2

1.0
4.0 ±2.0

21.6
38.9

1.31 ±0.28
0.19 ±0.04

3S.4
19.4 _,

4.79 ± 0.74
0.69 ±0.11

3-prong
11S2

54
neglected

51
412S

Table 6.4: Determining the branching ratios and the statistic rrrorsfor 199/, data

Several sources of systematic uncertainties were investigated (Table 6.6). They
are much smaller than the statistical error. The largest uncertainty in the measure-
ment arises from the background estimation. Because of statistics and because of
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Decay mode
1992
1993
1991

average

T —> A' A'+- vT(neutrals)
0.-12 ±0.15
0.39 ±0.13
0.19 ±0.01
0.22 ± 0.04

T —* A' ~ + - vT(ncutrah)
0.45 ± 0.23
0.56 ± 0.23
0.69 ±0.11
0.63 ± 0.09

Table 6.5: Inclusive branching ratios (%) of T decay to charged kaon(s)

the transfer of the background in the K sample to the event sample in the analysis,
an uncertainty w'as expected of about 2.9 events leading to 3.1% in the branching
ratios. In identifying the decay mode loose cuts were used that have a misidentifi-
cation rate of 2%. Therefore, about 2% correlation was expected between the two
branching ratios. In the r selection, the rejection of background events is controlled
at the level of 2%, which gives a 2% uncertainty in the final results. Two further
uncertainties coming from the kaon identification efficiency and the branching ratio
of Br(r~ —• h~h+li~i>T(mutral.<) amount to 2.5% and 1.6% respectively. In total
5.1% systematic uncertainty is expected.

Misidentifition Background
Correclation between the decays

r selection
A' identification efficiency

Br{r~ —» h~h+h~vT(neutrals))
Total

3.1
2.0
2.0
2.5
1.6
5.1

Table 6.6: Determination oj the systematic error (in %).

The branching ratios determined from our sample are:

Br(r- -> I<-K+x-isT{neutrals)) = (0.22 ± 0.04 ± 0.01)%

and
Br{r = (0.63 ± 0.09 ± 0.03)%

In Figure 6.16, our result for the branching fractions of r -+ A' A'+7r vT{neutrals)
and T- -» K-7T+ir-i>T(neutrals) are compared with DELCO^BESl45], TPC/27t47l
and the world average of 19941'1!5

For the T~ —» K~ K+TT~vT(ncutrals), our result is in excellent agreement with
other experiments, while our results for the decay r~ —• K~ir+i:~i>r(neutrals) is

In tlit- reference, the result of ARGUS l}r(r' ~ A"-;r+!r-j/r) = (0.33 ± 0.11 ± 0.13)7j'R]

is also on the list. Hut it has been measured via r — K'KuT, therefore we remove the
result from the list and make the new average. The result of ARGUS 95 is listed in the next
sulisoclion.
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Experiment

DELCO 85

aES 94

TPC 94

W.A. 94

This Thesis

T " —> K~K*7T~(neutra!s)i/

0.22±0.14±0.05 •

O.J3iO.U±O.O5 *-

0.15±0.08±0.03 — • —

O.2O±O.O7 —•—

0.22±0.04±0.01 •*"

T " —> K"7T*7r"(ne j t ra ls)u

0.22±0.14±0.05 - * ~

0.54±0.14±0.08 — • -

0.58±0.14±0.12 —•—

0.4 5 ±0.11 " * -

O.B3±0.09±0.03 -*-

0.2 0.5

Figure 6.16: The branching fractions (%)of r —> A'~A'+7r vr(neutrals)
and r~ —> K~ir+n~i/T(neutrals) compared with other experiments.

about one standard deviation higher than the world average of 1994. However the
measurements of TPC and BES also show a significantly higher rates than DELCO
ten years ago.

6.3.3 Exclusive Branching ratios

We checked our A'7T7r and KI\n samples for the presence of neutral particles by look-
ing for 7T° candidates from the electromagnetic calorimeter (HPC) energy clusters
within a 20° corn around the event thrust axis.

The ~° decays into two photons. If the energy of the ;r° is sufficiently low (typi-
cally below 5 GeV) the two photons develop two separate showers in the calorimeter.
For an energetic TT° decay the two photons are too close to each other to be sepa-
rated as two independent showers in the HPC. Therefore the T°'S could be defined
as follows:

1. Electromagnetic shower, with an energy above l.aGeV, is not associated
with any charged tracks

2. The invariant mass of two photons is between 0.05 GeV/c2 and 0.225
GeV/c2.

3. The sum of the electromagnetic shower energy in the HPC is above 20
GeV.

Using the MC data of r~ —> a^ uT —> Zir^Vr and r —• p'uT —> 3ÏÏ±X"I/T, the
efficiency of this selection is found to be 76.1% and misidentification rate is 13.0%.

With this selection a significant TT° signal was observed in both decays. Fig-
ure 6.17 shows the 7r° invariant mass reconstructed from two photons in the 91
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3-prong candidate events of r decay to kaon(s). We found that 10 of the 40
T —* I\'K-i>T(ncutrals) candidates and 14 of 51 r —• Kv-vT(neutrals) candidates
have a - ° .

O L '

o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

INVARANT VAS5 OF TWO PHOTONS (GcV)

Figure 6.17: invariant mass of IT"

We have the branching fractions:

Br{r~ -> A-A'+x-j/r) = (0.18 ±0.04)%

Br{r- -» K~T:+J-UT) = (0.49 ± 0.0S)%

Br(T~ -v h'-K+-- > WuT) = (0.04 ±0.02)%

Br(T- -> A--+7T- > WvT) = (0.14 ±0.04)%

Only the statistical errors are given here, the systematic errors are neglected.

Further study of the decays r
and T —

6.4

The liadronic decays of the r lepton appear to be dominated by coupling of the
II' boson to ud or us resonant states. The experimental results of r decays to
- and A' arc in excellent agreement with the theoretical prediction. The (7rjr)~
and (I\ÏÏ)~ decays are dominated by the p~ and K'~ vector channels, while the
(~-;r)~ decay occurs predominantly through (fw)~ in 5 wave, consistent with al
axial-vector dominance. However, the resonance structure of (KKir)~ and (Ar7T7r)~
decays is still an open question, because of their small branching ratios and the
difficulties in identifying and reconstructing the strange mesons. In this section we
describe the study of the resonant structures with our 40 candidates of (A'AV) and
•r)l candidates of (KIT-).
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6.4.1 Resonances in the decays

In the standard picture, the T decay to A'AV occurs through the p'(\7Q0) resonance.
The dominant decay of the //(1700) goes to four pions, while a small fraction decays
into A""A', with the A* decaying into Kw:

p'(1700)vT
1 > A* (892)A'

1
A'TT

For the 40 candidates of r -+ KKT:I/T(W°), the invariant mass of the opposite
charge kaon-pion pairs was reconstructed. Figure 6.18 shows the distribution of the
invariant mass. A clear peak of the A'" resonance is seen, and few events are not
within ±100A/eV around the A'* mass, compatible with the expected background.
Therefore, the conclusion is that the decay r —+ KI\ir(iro)uT is dominated by the
T -> A'"A'(7r°)i/,. decay.

20 . M,.=900±8MeV

<j = 44±8MijV

15 -

10 -

5 -

rrJr

1 0

O.A 0.6 0.8 1 1.2 t.4

Invoricnt -noss Kn (O'.TI KKn eve^l (GeV)

2 -

1.2
r

/

\ .n.
1.4 1.6 1.8 2 2.2

invoricnt mess of KKTT (GCV)

Figure 6.18: A" signal in Figure 6.19:
A'A'TT.

Invariant mass of

The invariant mass spectrum of A'ATT (figure 6.19) shows a great potential for
the uT mass measurement. Events with mass above 2.0G'eV might come from back-
ground events. To extract a limit on the vT mass more efforts are needed, especially
for the tracking and further background reduction.

According to theory, there are two relevant particles that have the correct quan-
tum numbers for a three particle resonance with one kaon, i.e. the A'i(1270) and
A'i(1400), which are mixtures of the sd states in 3P\ and 'Pi quark nonets. The
dominant decay chains of A'I(1270) and A'i(MOO) are:

A"l(1270K
p{77G)K

7T7T

A'*(892)?r
•—s* A'TT



6.4. FURTHER STUDY OF THE DECAYS T — KK-vT(x°) AND T — A'7r;rt/T(jr°)

1 herefore, the easiest way to distinguish the two channels is the identification of
the p and the A'". To suppress the decay r~ —> K~ir+TT~{>_ l7r°)j/T, that may come
from other decay processes, events with identified /r° were rejected. Figure 6.20 (a)
and (b) shows the distribution of invariant masses of oppositely charged kaon-pion
and pion-pion pairs from the decay r —» Kiri;vr. A peak at the A'" mass is clearly
seen, while no obvious signal is visible at the p mass.

f\ i
4

t
'f i f

tb)

I 6

t
•v

1

V

0 4 06 OB 0 2 0.4 0.6 0.8 1 1.2

M_ (CeV)

Ofl 1 1.2 1.4 t.6 1.9 2
M _ CCcV)

Figure 6.20: Invariant mass (GcV) of (a) K~ from Kirir (b) ~~ from KKTT (C)

1 lie iiiitubcr of events outside the A'" resonance is compatible with the expected
background. Therefore the conclusion is that the decay r —> I\ITITI>T is dominated by
the decay r —» K"~uT. However, the invariant mass of KTTTT was also reconstructed
(figure 6.20 (c)). A mean at 1.36'cV is observed, which is nearly 4 standard deviation
below the mass of A'i(MOO) and compatible with the mass of A'i(1270). Further
study is needed.

In the decay r~ —+ A'~-+7r~7rVr. no obvious signals of A'"0 and p° were ob-
served from their charged decay. There might be resonance decays to one charged
particle and a - ° . This can not be confirmed because of low statistics and poor mass
resolution caused by the neutrals.

6.4.2 Interpretation of the results and Comparison with
other experiments

In the last decade or so, the r decays to 3 particles with strangeness have been
studied by several experiments, based on large data samples of T decays. It is
import ant to identify the kaon in order to suppress the huge background from non-
strange decays. To do this several techniques have been used. Charged kaons are
identified by their specific energy loss (dE/dx) or by Cherenkov radiation. As to
neutral kaons A'5 is tagged by the decay to two charged pions, and A'/, is identified
by a neutral hadronic shower in the calorimeter. In this section our results are
interpreted and compared with other experiments.
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A"° (or p) in the decays
As expected by the theory, the decay T~ —> K~K+-~vr is found to be dominated
by T- -> I<">h'-vr.

For the decay T~ —» K~ir+~~uT, the T P C ^ l 4 7 ' analysis of 23 Kinr events
based on two-particle and three-particle masses found a higher production rate of
A',(1400), while CLEO preferred predominance A'i(1270) in decays to Kah~v0^.
Our result shows the dominance of K"~ in the decay, but similar as CLEO the
resonance of KKTT is close to A'i(1270).

Br(T~ -> K"I\-vT) and Br(r~ -> K'i:~vT)

CLEO150' and ARGUSl49' have used the dE/dx method to suppress non-strange
decays. The branching fraction was deduced from the 1\"(MKX) signals in the de-
cays. Therefore, their results concern the branching fraction of r~ —> I\'"°I\~uT —>
K~ h'+-~i/r and T~ —* K'°K~I/T —* K~~*ir~vr. Our results of T~ —> K~K+ir~(ir°)i/T

and T~ —> A'~7r+7r~i/r are coniparable with theirs(Figure 6.21) because the decay
T~ -* K~A'+7T~(7r°)i/T is saturated by T~ —> A'*°A'~(r°)j/T, r" —> K~TT+X~VT is
saturated by r~ —* I\'°-~vT and no significant A'"° signal is present in the decay
T~ —» A'~77+r"(> l;ro)(/T. A good agreement is observed.

•Lxae'iment

CLEO 90

ARGUS 95

This Thesis

T" -> K*<'(7I°)T; -> K"K'n"(no)v

O.32i0.0810.'.2 •

O.20±0.0510.04 - * -

0.2240.0410.01 -•-

T* —> K*°n"iy —> K 'n 'n 'v

0.3810.1110.13 —•—

0.2510.1010.10 —•—

0.4910.0810.02 "•-

0 0.1 0.2 0.3 0> 0.5 0.2 0.» 0.6

Figure 6.21: The branching fractions (%) of T~ -+ A"'°A'"(7r°)i/r and
T~ —> K'°ir~i/T compared with oilier experiments.

The decay r —» (A/TTT) VT

There are three decay modes for the decay r (K-x)~i/T

T —> A ' 7T 7T (/T

The measured branching ratios of these decays are listed in table 6.7. In this table
our result of T~ —V A'~;r+7r~j/r without ~° is used, while the other two branching
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Decay mode
T —+ K~~ + ~~V

r -> A'u-u--(/
r -» A-- u -V

branching ratio (7c)
0.49 ± 0.0S
0.41 ±0.07
0.09 ± 0.03

relative ratio
4
4
1

Table 6.7: K-~ decay modes

ratios are the world average of 199l'41'. i.e. the average of the results of TPC,
ALEPII and CLEO.

Assuming all (A'~~)~ go through A'*~, the relative branching ratios of these three
decay modes can be determined from the Clebsch Gordan coefficients for isospin :
Br(k--+ir-) : Br{l<0-0--) : Br(K-ir°Tr°) = 4 : 4 : 1 . Table 6.7 shows an excellent
agreement with this prediction. Under this assumption the branching ratio is:

BV(T vr) = 0.94 ± 0.10%

The decay r~ —> (A'A'~)~i/r

Similar to (I\Tnr)~, (A'ATT)" has three different decay modes:

T~ —> K~K+ir~i/T

T- -» K°K°ir-uT

T- -* K-K°*avT

Assuming all (KKi:)~ go through A'"A', from the Clebsch Gordan coefficients
the relative branching ratios are predicted as 1 : 1 : 1. Table 6.8 lists the measured
branching ratios of these decays. Again our result of T~ —» K~K+ir~uT without
-° is used, that of T~ -+ K~K°ir°vT is the world average of 1994[41', and that of
T~ -+ l\°h'°-~i/T is the one from CLEO'51', which is determined from the decay
T~ —+ I\gf\°~~i/T. Our branching ratio is nearly two standard deviations higher
than the others.

Decay mode
T —t A'~A'+7T~f/

T - > A'UA'U7T-//

T-y A'-A'°n-Uï/

branching ratio (%)
0.18 ±0.04

0.083 ± 0.024
0.12 ±0.03

relative ratio
1
1
1

Table 6.8: A'A'TT decay mode

Assuming all these decays come from A''A' and have the same the branching
ratio, we have:

Br(r - K'KvT) = 0.34 ± 0.08%
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Chapter 7

Summary and Discussion

With the excellent performance of the RICH detector in DELPHI, we collected 92
candidates of 3-prong r decay to charged kaon(s), which is the biggest data sample
on these decays so far. The branching ratios of r~ —+ A"~K+ir~(neutrals)vT and
T~ —> A'~7r+-~(neu<ra/s)(/r, determined with this sample, are more precise than the
earlier measurements. The presence of additional TT°'S in the decays is confirmed.
The sample provides an opportunity to study the resonances in these decays. The
semi-leptonic r decay thus becomes more and more clear.

In the last few years, the branching ratios of almost all semi-leptonic r decay
channels have been studied in many experiments. The results are summarised in
table 7.1 - 7.3, according to their final states. Here the ~° and A'J are treated as
stable particles in the final states and the charges of the particles are not specified.
The contribution of different charge channels has been calculated with the Clebsch
Gordan coefficients for isospin. Most of the branching ratios are the world average
of 19941"]. Br(K2n) and ör(A'AV) are the results of this thesis. Br{K > 3TT)
and I3r(KK > 2K) are estimated under the assumption that these two decays
are dominated by the decays A'37r and KK2w via the channels K"p and A'" A*
respectively. Therefore the results of Br(A'~7r+7r- > 1TT°) and Br(K~K+ir- > 1TT°)
in this thesis were multiplied by a factor of 12/5 and 9/2 respectively to get the
Br(K > 3-) and Br(A'A' > 2TT).

Table 7.1 lists the Cabibbo favoured decays, with typical final states nir (n=l,2...).
Table 7.2 lists the Cabibbo suppressed decays with their corresponding Cabibbo

favoured decays in the fourth column, where one TT has been replaced by a K to get
the Cabibbo suppressed decay. The decay rates should be suppressed by a factor
of tan2 0c = 0.05. From the ratios of the branching ratios (last column) it is seen
that they are consistent with this prediction for the different channels. The small
differences are presumably caused by different phase spaces and interaction constant.

Table 7.3 lists the decays that are Cabibbo favoured but suppressed by creating
a A'A' pair. To get a A'A' pair in the final states, a ss quark pair is produced and
combined with ud from a w (figure 7.1). Therefore these final states can be compared
to Cabibbo favoured decays with a TT replaced by a A"A' pair. It is seen that all the
decay rates are suppressed by about a factor of 0.012. According to perturbative
QCI), a quark from the W may radiate a gluon and this gluon may decay into a

to
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quark pair. One can estimate this suppression to be order of (a,(mT)/x)2 = 0.01,
in agreement with the result in the last column of table 7.3. These decays provide
the simplest sample of the hadronic interaction in the cleanest environment at low
energy. It is a great challenge for QCD to calculate this factor.

final state
•R

2z
3JT

4TT

> 5TT

resonance
—

P
Ai —> pit

P'
—

Branching fraction %
11.09 ±0.15
24.91 ±0.21
17.73 ±0.28

5.2 ±0.3
1.0 ±0.2

Table 7.1: Cabibbo favoured Semi-leptonic r decays

final state
A'

AV
A'2TT

A' > 3TT

resonance
—
A"

A'i -> K'TT

—

Branching fraction%
0.68 ± 0.04
1.36 ± COS
0.94 ±0.10
0.34 ± 0.09

favoured
7T

2-
3TT

>4TT

Br/Br{mr)
0.061 ± 0.004
0.055 ± 0.003
0.053 ± 0.006
0.055 ±0.015

Table 7.2: Cabibbo suppressed Semi-leptonic r decays

final state
A'A'

A'A'TT

A'A' > 2-

resonance
—

K'K
—

Branching fraction%
0.13 ±0.04
0.34 ± 0.08
0.18 ±0.09

favoured
7T

2TT

> 37T

Br/Br{nir)
0.012 ±0.004
0.014 ±0.003
0.008 ±0.C 04

Table 7.3: Semi-leptonic r decays with two kaons in the final state.
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Figure 7.1: The Feynman diagrams for r —> zuT and r —> KKvT.
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Summary

This thesis presents the measurement of kaon production in 3-prong r decays. The
data sample of Z° events is used that was recorded with the DELPHI detector
at LEP in 1992,1993 and 1994. Charged kaons in the r decay are identified on
a track-by-track basis using the Ring Imaging Cherenkov detector (RICH). The
branching ratios of r~ —> I\~K*~iï~{ncv.(rals)ur and r~ —* K~Tr+K~(neutrals)i'i
are determined. The resonance structure of these two decays is studied. Evidence
for a simple QCD process of kaon pair production in T decay is discussed.

The first chapter is a general introduction in high energy physics. Itgives tïïe
motivation of the analysis.

The second chapter describes briefly the theory of modern elementary particle
physics, the Standard Model. The properties of the r lepton are summarised, and
the relevant theories for semi-leptonic r decay arc introduced.

In the third chapter, the DELPHI detector is described. The RICH sub-detector
plays an important role in the particle identification. The mass of the particle is
determined from its velocity, as determined by the Cherenkov angle in the RICH,
and its momentum as measured by other sub-detectors.

The on-line calibration of the Forward RICH detector is discussed in chapter
four. In the Forward RICH drift tube the single photo-electrons drifts in a plane
perpendicular to the 1.2 T magnetic field. With the calibration system the drift
velocity and the Lorentz angle were measured with an accuracy of 0.2% and 0.4%
respectively. Some other properties of the Forward RICH were also determined with
the calibration system.

In chapter live, the performance of the RICH detector is discussed. The angular
resolution of the RICH detector is improved by 10% by using muons from Z° —»
/i+/(". For single-prong r decays a misidentification rate of 0.15% is achieved both
for ring and veto identifications.

In chapter six, the particle identification techniques are extended to three-prong
T decay with the similar misidentification rate. The branching ratios of T~ —»
K~ A'4'~~'{neutrals)vT and T~ ~* K~TT+ ir~{neutrals)vT are determined to be (0.22±
0.01 ±0.01)% and (0.63±0.09±0.03)% respectively. The TT0 production in these two
decays is confirmed. It is found that the decay r~ —> A'~A'+7r~(7r0)iAr is dominated
by the decay r~ -> A'~A'"°(7r°)//r and the decay T~ —> K~ir+x~i/T is dominated by
the decay T~ —• ~~K*°uT.

In chapter seven, the status of branching ratio measurement in hadronic r decay
is discussed. The decay modes are classified in three different types. The Cabibbo

83



SUMMARY

favoured decays are characterised by pions in the final state. The Cabibbo sup-
pressed decay have a pion is replaced by a kaon, which suppresses the decay rate
by a factor of tan20c = 0.05. Decays of the third class are Cabibbo favoured, but
a pion replaced by a pair of kaons. Their decay rates are suppressed by a factor of
0.012. It can be understood as gluon emisson by one of the two quarks in the final
state, with the gluon decaying into a ss pair.
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samenvatting

Dit proefschrift beschrijft de meting van kaon productie in het verval van het
r lepton naar drie geladen deeltjes. Gebruik is gemaakt van Z° verval naar r
paren. De meetgegevens werden verzameld met de DELPHI detector bij LEP in de
jaren 1992, 1993 and 1991. Geladen kaonen in het r verval werden geïdentificeerd
met de Ring Imaging Cherenkov detector (RICH). De vertakkingsverhoudingen van
T~ —> I\'~]\+7r~[ncutralen)i'r en r~ —» I\~~+~~(neutralen)^ zijn bepaald en de
resonantiestructuur van deze twee vervalswijzen is onderzocht. Aangeduid wordt,
hoe een eenvoudig QCD proces de paarproductie van kaonen in r verval kan beschri-
jven.

liet eerste hoofdstuk schetst in algemene termen het vakgebied der hoge energie
fysica. De motivatie voor het onderzoek van r verval naar hadronen wordt gegeven.

Het tweede hoofdstuk beschrijft in het kort het Standaard Model, de theorie
van de moderne elementaire deeltjes fysica. De eigenschappen van het r lepton
worden opgesomd en een inleiding wordt gegeven van relevante theorieën voor het
semi-leptonische r verval.

In het derde hoofdstuk wordt een beschrijving gegeven van de DELPHI detec-
tor. De RICH sub-detector speelt een belangrijke rol in de identificatie van de
deeltjes. De massa van een deeltje wordt bepaald uit de snelheid, als bepaald door
de Clierenkov hoek in de RICH, en de impuls als gemeten in andere sub-detectoren.

De ijking van de voorwaartse RICH detector wordt besproken in hoofdstuk vier.
In de driftbuis van de voorwaartse RICH bewegen foto-electronen loodrecht op het
magnetisch veld van 1.2 Tesla. De driftsnelheid en de Lorentz hoek werden met
het ijksysteem gemeten tot op respectievelijk 0.2% en 0.4% nauwkeurig. Enige
andere eigenschappen van de voorwaartse RICH werden eveneens met het ijksysteem
bepaald.

In hoofdstuk vijf worden de eigenschappen van de RICH detector besproken.
Door gebruik te maken van muoncn van het verval Z" —* H+fi~ wordt het schei-
dend vermogen van de RICH detector met 10% verbeterd. De fractie van onjuist
geïdentificeerde deeltjes bedraagt met de ring- en veto- methoden 0.15%.

In hoofdstuk zes wordt de techniek voor identificatie uitgebreid tot drie-deeltjes
vervalswijzen. De vertakkingsverho ulingen voor r~ —• K~K*x~[neutralcn)vT en
voor T~ —• I\'~TT+ir~(neutralcn)i>T zijn respectievelijk bepaald als (0.22 ± 0.04 ±
0.01)% en (0.G3 ± 0.09 ± 0.03)%. De productie van neutrale pionen is in beide
vcTvalswijzen aangetoond. Het verval r~ —> I\~ l\+ir~(7t0)uT verloopt voornamelijk
via het kanaal T~ —> h'~ h'"°(ir°)i/T en het verval T~ —> A'~7r+7r~;/r voornamelijk via
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Hoofdstuk zeven biedt een overzicht van de hadronische vervalswijzcn van het
r lepton. Er zijn drie verschillende vervalstypes. Het Cabibbo-toegelaten verval
is gekarakteriseerd door pionen in de eindtoestand. Het Cabibbo-verboden verval
wordt verkregen uit het toegelaten verval door een pion te vervangen door een kaon.
Deze vervalswijze is onderdrukt met een factor tan2 6C = 0.05. In het derde type
is een pion vervangen door twee kaonen. De vervalsnelheid is ten opzichte van het
toegelaten verval met een factor 0.012 gereduceerd. Dit vervalsproces kan opgevat
worden als een toegestaan verval waarin een der quarks echter een gluon uitstraalt,
dat zelf weer vervalt in een ss quarkpaar.
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