IEKP-KA /96-02

Observation of Orbitally
Excited B Mesons

with the DELPHI Detector
at LEP

Christof J. Kreuter

Zur Erlangung des akademischen Grades eines
DOKTORS DER NATURWISSENSCHAFTEN
von der Fakultat fir Physik der Universitat (TH) Karlsruhe

genehmigte

DISSERTATION

Tag der miindlichen Priifung: 26.01. 1996
Referent: Prof. Dr. W. de Boer
Korreferent: Prof. Dr. Th. Miller






Diese Arbeit wurde geférdert vom Land Baden-Wiirttemberg.






Abstract

First experimental evidence for the existence of orbitally excited B meson states [1,2] is ob-
tained by investigating the Br and B*r Q-value distributions (Q = m(B**)—m(B®)—m(x))
using Z° decay data taken with the DELPHI detector at LEP. The mean ()-value of the decays
B* — B®™r is measured to be 283 £ 5 (stat.) + 12 (syst.) MeV/c2. The Gaussian width
of the signal is 68 + 5 (stat.) + 8 (syst.) MeV/c?. The observed shape is consistent with the
production of several broad states and several narrow states as predicted by the quark model
and HQET, and which have been observed in the D meson sector. The mean mass for B**
mesons is extracted to be 5732 & 5 (stat.) & 17 (syst.) MeV/c?, and the production rate of
B** mesons per b-jet is measured to be 0.241 + 0.015 (stat.) = 0.058 (syst.). In addition, the
helicity distribution of B** mesons is investigated.

A search is performed for orbitally excited strange B meson states in the decay B.* —
BWEK. A two-peak structure in the B K Q-value distribution (Q = m(B:*) — m(B™)) —
m(K)) is observed which can be described by the production of the predicted narrow B*
states B,; and Bj,. The mass of the B,; state is determined to be 5888 + 4 (stat.) & 8 (syst.)
while the mass of the B}, state is determined to be 5914 + 4 (stat.) + 8 (syst.). The produc-
tion rates per b-jet are 0.021 £ 0.005 (stat.) = 0.006 (syst.) for the B,; state and 0.016 +
0.005 (stat.) £ 0.007 (syst.) for the B}, state.

First experimental evidence for the beauty baryons EZE and Ezi is presented in an anal-
ysis of the Apm Q-value distribution (Q = m(El()*)) — m(Ap) — m(xw)). A two-peak struc-
ture is observed on top of a flat background which can be described by the production of
EZE and Ezi baryons. The mean ()-value of the decays Ebi — Ap7m is determined to be
33 + 3(stat.) £ 14 (syst.) MeV/c?, and that of the decays X;= — A7 is determined to be
89 + 3(stat.) + 8(syst.) MeV/c2. The production rate of ¥, and ¥; baryons per b-jet is
measured to be 0.048 + 0.006 (stat.) = 0.015 (syst.). The production ratio o3, /(03z, + oxy)
is found to be 0.24 £ 0.06 (stat.) £ 0.10 (syst.). The helicity angle distribution of the signal
identified as ¥; suggests a suppression of the £3/2 helicity states.
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Chapter 1

Introduction

The present knowledge of particle physics considers the observed matter in the surrounding
nature to be constructed from six different types of quarks and leptons. The quark types are
called d, u, s, ¢, b, and ¢, the lepton types are called e™, v., ™, v,, 77, and v,. Quarks and
leptons are fermions with spin 1/2. The fundamental interactions between these particles are
understood by the exchange of so-called gauge bosons. The describing theory is known as the
Standard Model of particle physics. It basically consists of the following:

The theory of strong interactions which is called Quantum Chromodynamics (QCD) de-
scribes the effects of quark interactions. The gauge bosons of the strong interaction, the
gluons, have been discovered in three-jet events at the electron-positron ring PETRA! at
DESY?2. Since the gluon carries colour charge, this leads to the observed quark-gluon confine-
ment at lower energies. Because of this effect, the theory (QCD) has to be a non-Abelian
theory.

The theory of the electro-weak interactions has been developed by Glashow, Salam and
Weinberg [3]. It is often called GSW theory. It unifies the first modern gauge theory, Quan-
tum Electrodynamics (QED), which was first constructed by Schwinger and Feynman [4],
with the weak interaction which is responsible for radioactive F-decays. This electro-weak
theory predicted the existence of three new gauge bosons, the W* and the Z°. They were
discovered in the predicted mass range in 1983 and 1984 in proton-antiproton collisions by
the UA1 and UA2 collaborations at CERN? [5].

In order to investigate the properties of the electro-weak gauge bosons Z° and W# the
Large Electron Positron (LEP) collider at CERN has been built. The collider produced in
the years 1989-1995 approximately 17 million multi-hadronic Z° events from the annihilation
of electrons and positrons in resonance at a center of mass energy of mzo = 91.2 GeV. Four
detectors (ALEPH, DELPHI, L3 and OPAL) collected the data from the Z° decay products.
In a second stage of LEP starting from 1996 the collider is being upgraded to an energy of
twice the W mass, in order to produce W¥ pairs. In this way the charged electro-weak
bosons can be investigated. This second stage of LEP is called LEP200.

!PETRA = Positron Electron Tandem Ring Accelerator
2DESY = Deutsches Electronen Synchrotron

3CERN: Conseil Européen pour la Researche Nucléaire



The produced Z° bosons at LEP can decay either into lepton pairs (Z° — £f) or into
quark antiquark pairs (Z° — ¢q), i.e. dd, ui, s3, c¢, and bb. The Z° bosons cannot decay
into tf pairs, due to the large top quark mass®. The studies in this thesis focus on the prop-
erties of the lighter b quark. It was discovered in 1977 by the group of L. Lederman in the
CFS experiment at Fermilab (Chicago) in proton collisions with a beryllium target [7]. They
observed a narrow resonance in the invariant mass spectrum of muon pairs at 9.46 GeV/c?
(p+ Be — T+ X). This state was identified as the 1.5 state of the so-called bottomonium
system consisting of a bb pair. It was named Y(15). Later, radial excitations of this system
were discovered, e.g. T(25), T(35), T(45), and T(55). Furthermore, states with orbital ex-
citations have been identified, e.g. hs(1P), xp0(1P), xp1(1P), and xp2(1P). The excitation
spectrum of this system was successfully described using QCD-inspired potential models in
analogy to the description of positronium.

B mesons are bound states of a b quark and a @ or d quark with spin parity JE = 0~.
In 1983 it was confirmed by CESR, and later at DORIS, that T(45) decays into a pair of
BB mesons. Several experiments (e.g. ARGUS and CLEO) which study the weak decays of
B mesons, run at the T(45) resonance in ete™ annihilation. Apart from the ground state B
meson with spin parity JE = 0™, only the B* meson with J¥ = 1~ has been experimentally
established. Both states are investigated in Z° — bb decays at LEP.

The main goal of this analysis is the search for and first observation of orbitally excited B
mesons (commonly labeled as B** mesons) with the DELPHI detector at LEP [1]. The first
evidence was obtained in parallel with an independent analysis in the OPAL collaboration [2].
The expected main decay channel of B** mesons is into B*)x. The analysis starts with a
multi-hadronic event selection. This is followed by the tagging of bb events exploiting the long
lifetime of the b hadrons of 1.5 ps. The four-vectors of the B or B* mesons are reconstructed
in an inclusive fashion using the hard fragmentation of b hadrons. Since B** mesons decay
rapidly through the strong interaction, decay pions originate from the primary vertex and not
from a secondary B-decay vertex. Due to the long lifetime of B mesons, the secondary vertex
lies on average about 3 mm apart from the primary event vertex. A significant background
reduction is achieved by the reconstruction of primary and secondary vertices. The obtained
signal is consistent with theoretical expectations for B** states. The helicity distribution of
B** mesons is analyzed and a charge analysis is performed. In addition, the B** fragmenta-
tion is investigated.

Furthermore, a search for B}* mesons decaying into BMK is performed, exploiting the
good kaon identification capabilities of the DELPHI RICH detector. Two narrow signals,
consistent with the production of two narrow B;* states, are extracted from the data [8].

The last part of the analysis is dedicated to a search for the baryons ¥; and X;. Their
expected main decay channel is into Ayx. The A is reconstructed in an inclusive fashion. It is
combined with pions from the primary vertex. In order to enhance the signal to background
ratio, a baryon enrichment is achieved by using proton tagging and A reconstruction. First
evidence for the existence of the baryons ¥ and ¥y is extracted from the data [9].

The presented analysis is performed using approximately 3.4 million multi-hadronic Z°
events taken with the DELPHI Detector at LEP in the years 1991-1994. The results obtained
have been published in Refs. [1], [8] and [9]. Some review articles are given in Ref. [10].

*The top quark has recently been discovered in proton antiproton collisions by the CDF and DO collaborations.
The CDF collaboration measure a mass for the ¢ quark of 176 -8 +- 10 GeV/c?. The DO collaboration quote
a value of 199717 422 GeV/c? [6].



Chapter 2

The Theoretical Background

This section gives the main theoretical background which is needed for the understanding of
the analysis in this thesis. Starting from the static quark model for mesons and baryons, the
basic concepts of Quantum Chromodynamics (QCD) are developed. Emphasis is given to the
symmetries of QCD. Mainly, heavy quark symmetry is discussed, which leads to an effective
theory of QCD, the Heavy Quark Effective Theory (HQET).

Then, the four phases of hadron formation in ete™ annihilation are described (electro-
weak phase, perturbative QCD phase, confinement phase, and particle decay phase). This is
followed by detailed descriptions of the phenomenology of B meson and b baryon spectroscopy.
Lastly, the present experimental status in this field is reviewed.

2.1 The Static Quark Model

Today it is well known that the proton is not an elementary particle, since it consists of
three fundamental particles which are called quarks'. The name quarks originates from the
1960’s when Gell-Mann and Ne’emen [11] discovered symmetries in the spectrum of particles,
which lead first to a classification of all known hadrons into meson and baryon octets and
baryon decuplet, and later to the proposal of the existence of new fundamental particles, the
quarks. At that time the known hadrons could be constructed with the three quark flavours
up(u), down(d) and strange(s). Today, three more quarks are known: charm(c), bottom(b)
and top(t).

Each quark has spin 1/2 and baryon number 1/3. Tab. 2.1 gives the additive quantum
numbers (except the baryon number) of the three generations of quarks. The convention is
that the flavour of a quark (described by I3, 5,C, B and T') has the same sign as the charge.
With this convention, any flavour carried by a charged meson has the same sign as its charge;
e.g. the strangeness of the KT is +1, the bottomness of the BT is +1 and the charm and
strangeness of the D, are each —1. By convention, each quark has positive parity. Thus,
each antiquark must have negative parity as they are fermions.

!Sea quarks and gluons are neglected for the moment.
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Table 2.1: Additive guantum numbers of the quarks. The u and d quarks belong to the first
family, the s and ¢ quarks to the second family, and the b and t quarks to the third family.

2.1.1 Mesons: qq states

Nearly all known mesons are bound states of a quark ¢ and an antiquark ¢’ (the flavours of
q and ¢’ can be different). If the orbital angular momentum of the ¢¢’ system is L, then the
parity P is (—1)L+1. A state g4 of a quark and its own antiquark is also an eigenstate of
charge conjugation, with C' = (—1)LT5 where the total spin S is 0 or 1. The L = 0 states
are the pseudoscalars (J¥ = 07), and the vectors (J¥ = 17). According to this, states in the
normal spin-parity series, P = (—1)7, must have § = 1 and hence CP = +1. That means
that mesons with normal spin-parity and CP = —1 are forbidden in the ¢’ model. The
JPC = 0~ state is forbidden as well. Mesons with such J¥C values would lie outside the
additive quark model [12].

For fixed JF nine possible ¢’ combinations containing u, d and s quarks group themselves
into an octet and a singlet according to SU(3) symmetry:

33=841. (2.1)

States with the same IJF (I = Isospin) and the same additive quantum numbers can mix. If
they are eigenstates of charge conjugation, they must also have the same value of C. As an
example consider the I = 0 member of the ground-state pseudoscalar octet ns. It mixes with
the corresponding pseudoscalar singlet 7; to produce the 1 and 7’ mesons. They appear as
members of a nonet which is shown as the middle plane of Fig. 2.1(a). The heavier charm
and bottom quarks can be included in this scheme by extending the symmetry to SU(5). The
significant mass differences between the various flavour states indicate that this symmetry is
badly broken. Fig. 2.1 shows the SU(4) sub-group of the pseudoscalar and vector mesons made
of u, d, s and b quarks. The drawing of the full SU(5) multiplets would require four dimensions.

All the mesons shown (except the 7,) have been observed experimentally. The work of
this thesis is mainly devoted to B meson spectroscopy. The present experimental status in
this field as well as the theoretical background of B meson ground states and excited states
is discussed in detail in section 2.4.



Figure 2.1: SU(4) 16-plets for (a) pseudoscalar and (b) vector mesons made of u, d, s, and
b quarks. The nonets of the light mesons occupy the central planes, to which the bb have been
added. The neutral mesons at the centers of these planes are miztures of ui, dd, s5 and bb.
States involving the ¢ quark are not shown.

2.1.2 Baryons: gqq states

All the established baryons are 3-quark (qqq) states, and each such state is a SU(3) colour
singlet, a completely antisymmetric state of the three possible colours. Since the quarks are
fermions, the state function for any baryon must be antisymmetric under interchange of any
two equal-mass quarks (up and down quarks in the limit of isospin symmetry). Thus, the
state function can be written as:

|ggq)a = |colour) 4 X |space, spin, flavour)g , (2.2)

where the subscripts § and A4 indicate symmetry or antisymmetry under the interchange of
any two of the equal-mass quarks.

The ”ordinary” baryons are made up of u, d and s quarks. Assuming an approximate
flavour SU(3) symmetry for the three flavours, implies that baryons made of these quarks
belong to the multiplets on the right side of

3030W3=10s 58 P8m B 1A . (2.3)

Here the subscripts indicate symmetric, mixed-symmetry, or antisymmetric states under in-
terchange of any two quarks. Including the ¢ and b quarks in addition to the light quarks
would extend the flavour symmetry to the badly broken SU(5) symmetry. Again, it would
require four dimensions to draw the multiplets of SU(5). The Figures 2.2 (a) and 2.2 (b) show
the multiplets containing only u, d, s and b quarks (SU(4) sub-group). All the particles in a
given multiplet have the same spin and parity (J¥ = 1/2% for Fig. 2.2 (a) and JF = 3/2%
for Fig. 2.2 (b)). The ground floors of the shown multiplets represent the SU(3) octet that
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Figure 2.2: SU(4) multiplets of baryons made of u, d, s and b quarks. (a) The 20-plet with
a SU(3) octet. (b) The 20-plet with a SU(3) decuplet.

contains the nucleon, and the SU(3) decuplet that contains the A(1232). All these particles
have been observed in former experiments. Most of the baryons containing a b quark are not
yet established experimentally apart from the Ap and the =,. Parts of this thesis will focus
on the search for the charged X, and X; baryon.

2.2 Quantum Chromodynamics

The static quark model successfully describes symmetries and quantum numbers of the known
hadrons. It cannot explain why mesons (¢g) and baryons (gggq) are the only bound states.
Other combinations of ¢ and § are possible as well in this model but are not observed in
nature?. Inspired by this mystery a dynamical model for the strong interaction was developed,
called Quantum Chromodynamics (QCD).

2.2.1 The QCD Lagrangian

Quantum Chromodynamics (QCD), the gauge field theory which describes the strong inter-
actions of coloured quarks and gluons, is one of the components of SU(3)¢xSU(2)rxU(1)y,
called the Standard Model. As already mentioned in section 2.1.2, a quark of specific flavour
(such as the bottom quark) can have any one of three colours: often called red(r), green(g), or
blue(b). The gluons span the 3 x 3 colour space, which would lead to nine different types of

% This statement is true, although some exotic states are known which do not fit easily in the meson / baryon
picture. E.g. the ao(980) is interpreted as K K molecule by some authors.
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Figure 2.3: The Feynman graphs of the fundamental processes of QCD. (a)
quark-gluon-interaction (b) triple-gluon-vertez (c) 4-gluon-vertez.

gluons. However, according to SU(3) symmetry®, these nine states decompose into an octet
rg, b, g7, gb, b7, bg, (r7 — g§)/V'2, (r7 + gg — 200)/V/6 (2.4)
and a singlet
(r7 + gg + bb)/V/3 . (2.5)
Note that the singlet combination does not carry net colour, and therefore it does not transmit
any colour. The eight other gluons involve the net transmission of colour. Hadrons are colour-

singlet combinations of quarks, antiquarks and gluons.
The Lagrangian of QCD (up to gauge fixing terms) is given by this formula [12]

. - . - 1 o) e uw
'CQCD = ZZ¢;7N(DM)U¢3 - qu'l;b;'l;qu - ZF;(W)F( W ’ (26)
q q
with
F(2) = 8,A% — 0,A% + g, fane A% AL, (2.7)
and 2\
(Dy)ij = 60, — igs » %Az ) (2.8)

where g, is the QCD coupling constant, and the fup. are the structure constants of the SU(3)
algebra. The A}, are known as Gell-Mann matrices. The ¢;(:13) are the 4-component Dirac
spinors associated with each quark field of colour i and flavour q. The AZ(:I}) are the eight
Yang-Mills (gluon) fields. The first term in the Lagrangian is the kinetic term, the second term
corresponds to the mass term, and the third term is known as the field term. This form of the
Lagrangian leads to the three fundamental processes of QCD: the quark-gluon-interaction,
the triple-gluon-vertex and the 4-gluon-vertex. The Feynman graphs of these processes are
shown in Fig. 2.3.

2.2.2 The Running Coupling Constant o

Calculations in lowest order perturbation theory have finite results. Higher order calculations
of Feynman diagrams are divergent and would lead to unphysical results. In order to obtain

3303=8p1



finite physical values one has to perform a regularization and renormalization procedure. This
leads to the result that the effective QCD coupling constant o, = g,/47 is not constant but
depends on an energy scale g. The renormalization scale dependence of the effective QCD
coupling o, is described by the Renormalization Group Equation (RGE):

3%_ 5_0 2 Bi 3 B2 3 _

- - s T T glyg — ol 2.9
a Ou o a2 64r® (2:9)
The B functions contain some QCD intrinsic coefficients:
2
Bo =11 — 3" (2.10)
19
B =51— 3 (2.11)
5033 325
B = 2857 — ——n; - anc , (2.12)

where ny is the number of quark flavours with mass less than the energy scale u. In solving
this differential equation for a,, a constant of integration is introduced. This constant is
the one fundamental constant of QCD that must be determined from experiment. The most
sensible choice for this constant is the value of o, at a fixed reference scale ug (e.g. o = mz,),
but it is more conventional to introduce the dimensional parameter Agcp since this provides
a parametrization of the u dependence of ;. The definition of Agcp is arbitrary. One way
of defining it is to write the solution of Eq. 2.9 as an expansion in inverse powers of In(y?).
The solution to first order is:

B i
as(p) = Bo ,111(#2/A50D) :

The solution illustrates the property of asymptotic freedom, i.e. that a, — 0 as g — oo. From

(2.13)

this equation it can also be seen, that o, reaches infinity at the scale Agcp. The increase
of a, at small scales py reflects the confinement property of QCD. This behaviour of a, is
remarkably different from the behaviour in QED, where a decrease of the coupling constant
a with the scale y is observed. Fig. 2.4 illustrates the one-loop contribution to the vacuum
polarisation in QCD. In contrast to QED, gluons also participate in these loops, which leads

to an increase in a, with decreasing scale p. This property reflects the non-Abelian character
of QCD. The solution of the RGE in second order gives [12]:

) AT [ 2mlinG Adop)
Bo-n(2/A3p) |7 B (W /M)

(2.14)

2.2.3 Symmetries in QCD

There are very few cases in which it is possible, using analytic methods, to make systematic
predictions based on QCD in the low-energy nonperturbative regime. In fact, QCD has been
shown to be so intractable to analytic methods, that all such predictions are based not on
dynamical calculations, but on some symmetry of QCD.
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Figure 2.4: One-loop contribution to the vacuum polarisation. All strong interacting particles
can participate in these loops. In contrast to QED there are also contributions from gluons.

Isospin Symmetry: Isospin symmetry was the first such symmetry discovered. It is now
understood as an approximate symmetry which arises because the light quark mass difference
mg — M, is much smaller than the mass associated with confinement, which is set by the
scale Agcp. The predictions based on isospin symmetry would, in a world with only strong
interactions, be exact in the limit my — m, — 0. Corrections to this limit can be studied in
an expansion in the small parameter (mg — my)/Agep. SU(3) flavour symmetry is similar,
but the corrections are larger since (m, — m,)/Agcp is not small.

Chiral Symmetry: Chiral symmetry SU(2)r x SU(2)g arises in QCD because both
mg and m, are small compared to Agep. It is associated with the separate conservation of
vector and axial vector currents. Although spontaneously broken in nature, the existence of
this underlying symmetry allows the expansion of chiral perturbation theory in which many
low-energy properties of QCD are related to a few reduced matrix elements. If the strange
quark is also treated as small compared to Agcp, then the chiral symmetry group becomes

SU(?))L X SU(?))R.

Heavy Quark Symmetry: Over the last years there has been progress in understanding
systems containing a single heavy quark. The mass mg of the heavy quark is much greater
than the scale Agcp of the strong interaction. It was discovered that there is a new symme-
try of QCD, similar to isospin and chiral symmetry, in the behaviour of such systems. This
symmetry arises because once a quark becomes sufficiently heavy, its mass becomes irrelevant
to the nonperturbative dynamics of the light degrees of freedom of QCD. This symmetry is
called heavy quark symmetry and the underlying theory is known as Heavy Quark Effective
Theory (HQET) [13].



2.2.4 Heavy Quark Symmetry

The most important predictions from heavy quark effective theory are for semileptonic B-
meson decay form-factors. These play an important role in the accurate determination of the
values of the Cabibbo-Kobayashi-Maskawa* matrix elements V,, and V,; from experimental
data. The properties of hadrons containing a single heavy quark have been studied since a
long time using phenomenological models. Now it is understood, that this physics arises from
symmetries of an effective theory that is a systematic limit of QCD. Consequently, model
independent predictions are possible using HQET.

Heavy Flavour Symmetry

As an extreme example consider two very heavy quarks of masses one and ten kilograms.
Although these quarks will live in the usual hadronic sea of light quarks and gluons, they will
hardly notice it. Their motion will suffer only slight fluctuations compared to the motion of
a free heavy quark. Such quarks define with great precision their own center of mass system.
Therefore, hadronic systems containing a heavy quark can be studied in the frame where the
heavy quark acts as static source of colour localized at the origin. The equations of QCD
in the neighborhood of such an isolated heavy quark are therefore those of the light quarks
and gluons with the boundary condition that there is a static triplet source of colour-electric
field at the origin. Since the boundary condition is essentially the same for both of our
hypothetical heavy quarks, the solutions for the states of the light degrees of freedom in their
presence will be the same. Thus, the light degrees of freedom will be symmetric under an
isospin-like rotation of the heavy quark flavour into one another even if the quark masses are
not almost equal®. In particular, the heavy meson and baryon excitation spectra built on any
heavy quark will be the same.

Heavy Spin Symmetry

The preceding discussion ignored the spin of the heavy quark. This is appropriate in QCD
since the spin of the heavy quark decouples from the gluonic field, i.e. all heavy quarks look
like scalar heavy quarks to the light degrees of freedom. Since the flavour and spin of a heavy
quark are irrelevant, the static heavy quark symmetry is actually SU(2N}), where Ny, is the
number of heavy quarks. At the spectroscopic level this additional symmetry means that each
spectral level built on a heavy quark (unless the light degrees of freedom combine to spin zero)
will be a degenerate doublet in total spin.

Heavy flavour symmetry is analogous to the fact that the different isotopes of a given
element have the same chemistry, i.e. their electronic structure is almost identical because
they have the same nuclear charge. The spin symmetry is analogous to the near degeneracy
of hyperfine levels in atoms and the electronic structure of the states of a hyperfine multiplet
are almost the same because nuclear magnetic moments are small.

?The Cabibbo-Kobayashi-Maskawa (CKM) matrix is the quark mixing matrix of the weak interactions [12].

®In first approximation hadronic states containing a ¢ or a b quark are treated in that way. The t quark
with its mass around 180 GeV/c® would form an almost ideal heavy quark system. Unfortunately it decays
rapidly through the weak interaction before the hadronisation takes place (¢t — Wb).



The Effective Theory

In the situation described above where the light degrees of freedom typically have four-
momenta small compared with the heavy quark mass, it is appropriate to go over to an
effective theory where the heavy quark mass goes to infinity, with its four-velocity fixed. The
heavy quark path is a straight world-line described by a four-velocity v* satisfying v? = 1.
The SU(2N},) spin-flavour symmetry of the heavy quark effective theory is not present in the
full theory of QCD. It becomes apparent only in the effective theory where the heavy quark
masses are taken to infinity. The situation is very similar to the chiral symmetry which is
only apparent in the limit where the light quark masses are taken to zero. Perturbations to
the predictions from heavy quark effective theory with mg — oc can be calculated in powers

of Agep/mg.

One can derive the Feynman rules for the effective theory by taking the above limit of the
Feynman rules for QCD. In the full theory of QCD the heavy quark propagator is

i(')’upg + mg)

2.15)
2 2 (
po — Mg

In order to go over to the effective theory, we write pg = mqgv* + k*, where k* is a residual
momentum that is small compared to the heavy quark mass. In the limit mg — oo the heavy

quark propagator becomes [14]
1

—_— . 2.16
- (2.16)

Furthermore, in the full theory of QCD the vertex for heavy quark-gluon interaction is
—igsYuA” (2.17)

where g, is the strong coupling constant and A* are the SU(3) colour generators (Gell-Mann
matrices). For the vertex in the effective theory one obtains [14]

—igs A"y, . (2.18)

In this derivation factors of (y*v, + 1)/2 in the numerators of propagators and in vertex def-
initions have been moved to the outside of any Feynman graph, where they give unity when
acting on the on-shell spinors u(v, s). Equations 2.16 and 2.18 can be taken as definitions of
the effective heavy quark theory.

A different but equivalent approach starts from the QCD Lagrangian (Eq. 2.6). The
heavy quark spinor with velocity v (as an approximation for mg — o0) can be written as [14]

Yo = e MRl (2.19)
where the field hg) is constrained to satisfy
yio,h) = B . (2.20)
Inserting this in Eq. 2.6 leads to the Lagrangian of heavy quark effective theory [14]:

.7 (v)2 v)j 1 a a)uv
Lropr = ihy  v(D,)i;h5Y — ZF}U)F( = (2.21)



For simplicity the Lagrange density is given for a system containing just one heavy quark.
The effective Lagrangian 2.21 reproduces the Feynman rules in Eqs. 2.16 and 2.18. The
heavy quark effective theory has symmetries which are not manifest in the Lagrangian of
QCD. Since there is no pair creation in the effective theory, there is a U(1) symmetry of
the effective Lagrangian associated with heavy-quark conservation. Since gamma matrices no
longer appear in the gluon/heavy-quark interaction, the spin of the heavy quark is conserved.
Associated with this is a SU(2) symmetry group of the Lagrangian in Eq. 2.21.

2.2.5 Potential Models

The quark potential model is the most successful tool enabling physicists to calculate masses
and properties of mesons and baryons. However, potential models suffer from the fact that,
although motivated by QCD, so far they have not been derived from basic theory. The most
general non-relativistic ansatz for a quark-antiquark system (with masses m; and my) leads
to the Breit-Fermi Hamilton function [15]:

)

H:]2)—#+V‘|‘HLS‘|‘HSS‘|‘HT- (2.22)

The first term represents the kinetic energy with p = myms/(mq+ ms2). The specific potential
model enters in V', which usually contains an attractive and a repulsive term. The remalmng
terms reflect the couplings between total spin S and orbital angular momentum L and the
coupling between the quark spins $; and S3. Hr is known as tensor term®. Some examples for
frequently used potential models are given below. The different models have certain domains
of applicability.

Authors Potential
Eichten [16] V=-5%+ar
Quigg, Rosner [17] V= aln(r/rg)
Martin [18] V = A+ Brot
Buchmiiller [19] V=-3 (27r)3 [ d? qexp(iq"ﬁ')%o‘q&i@)

The energy levels of a quark-antiquark system can be calculated by solving the eigenvalue
equation

H|y) = E[¢) , (2.23)

where F is the energy level and |¢) the wave-function of the state. In the early times of poten-
tial models, spectroscopy was very successful in heavy quark systems e.g. charmonium(c¢) or
bottomonium(bb), since non-relativistic approaches were justified”. Then, the spin dependent
terms in the Hamilton function can be treated by perturbation theory. For light mesons a
non-relativistic approach cannot be justified®. Furthermore, perturbation theory for the spin

® Explicit expressions for these terms can be found in Ref. [15].

"Describing the charmonium system with a potential of type V = —%";—“ + ar leads to v?/c® ~ 0.4. The
bottomonium system will be even less relativistic.

8The non-relativistic approach in light meson systems is normally only justified by its phenomenoclogical
success.



dependent terms cannot be used, since e.g. spin-spin effects cannot be treated as small. The

importance of spin-spin effects can be seen in the p — 7 system, where the pion with spin 0
(11) has a mass of 140 MeV/c? and the p meson with spin 1 (]1) has a mass of 770 MeV /c2.

An interesting application of potential models is to study the difference of the squared
masses between spin singlet and triplet states Am? = m?(3$;) — m?(*S;). From experi-
ment one finds nearly constant values for Am?(p/7) = 0.57GeV?, Am?(K*/K) = 0.55GeV?,
Am?(D*/D) = 0.55GeV2, Am?(D:/D,) = 0.58GeV? and Am?(B*/B) = 0.55GeV? [12].
Potential models predict Am? = 32/9a,(8V/dr) [15]. Demanding the result to be mass in-
dependent (as motivated by observation), and by using a potential of type V = —%% + ar
leads to Am? ~ 32/9a,a. This means that the light quarks in this systems mainly feel the
linear term of the potential. From this the strong coupling constant is extracted to be a; ~ 0.6.

For practical calculations it is sometimes useful to know how the energy of a state changes
with a parameter A. This means that one is interested in the derivative of the energy with
respect to the parameter A. This leads to the so-called Feynman-Hellmann-Theorem

OE(A
I 2y (2.24)
The proof of this theorem can be found in Ref. [15]. If we consider e.g. a linear potential
H = 17—2 +ar, (2.25)
20
the Feynman-Hellman-Theorem leads to
3?2") = (r) . (2.26)

Since the right side of the equation is always positive, it is evident that the energy rises with
increasing parameter a.

2.3 From Quarks to Hadrons

The formation of hadrons from highly energetic quarks is theoretically not understood in all
details. A combined model consisting of exactly calculable parton® cross sections, phenomeno-
logical algorithms and a variety of experimentally known hadron-decay properties is used to
describe the evolution of a multi-hadronic Z° decay.

The model can be divided into four time ordered phases which are schematically shown in
Fig. 2.5. The process starts with et e~ annihilation into the strongly interacting quark and
antiquark. Phase I (in Fig. 2.5) is governed by the electroweak force. Phase II is the phase of
small-distance strong interactions which is calculable exactly in perturbative QCD. Phase 111
is the domain of long-distance strong interaction (linear confinement) and hadron formation.
Due to the large strong coupling constant a, no perturbative calculations are possible for this
period. Phase IV is the era in which the primary hadron resonances, formed in phase III,
decay into the final state particles (hadrons, leptons, photons) which are observable in the
detector.

®Quarks and gluons are partons.



Figure 2.5: The four phases of ete™ annihilation: I. electro-weak phase with initial state
radiation, II. perturbative QCD phase with gluon radiation off the leading quarks, III. con-
finement phase where colour singlet hadrons emerge and IV. decay into final state particles.

2.3.1 The Electroweak Phase

The first phase in eTe™ annihilation is governed by the Standard Model of electroweak in-
teractions, which has been developed by Glashow, Salam and Weinberg [3]. It is often called
GSW theory!'?. For QCD studies at LEP the process eTe~ — ¢q is of main importance. In
first order (Born approximation), this process is described by the exchange of a photon or a
Z° boson. By neglecting fermion masses the total cross section can be derived as [20]:

2
+ it «

o(e e_—>qq_):Nc-?-? - Q2 Q2
+ (V24 A2 (V] + A - Ix)”
+ 2Q.Q4V.Vy- Re(x)] , (2.27)
where L .

— . . ) 2.28

X 4sin0,, - cos20,, s — M% +iMzT 7 ( )
The first term originates from v exchange, the second from Z° exchange and the third from
v/Z° interference. Vi = I3 — 2Qfsin20w and Ay = I3 are the vector and axial vector
couplings of the fermions to the Z°, where sin?0,, is known as the weak mizing angle. The
fine structure constant is ¢ = e?/4w and Ng = 3 is the number of colours. Fig. 2.6 shows

1%Petails on this theory can be extracted from many standard textbooks.
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Figure 2.6: Hadron production in ete™ annihilation. (a) The total hadronic cross section
as a function of center of mass energy Ecpr. (b) The relative contributions of v, Z° exzchange
and v/Z° interference to the total hadronic cross section.

the total cross section for hadron production in Born approximation as a function of center of
mass energy, as well as the relative contributions of 7/Z° exchange and interference term to
the total cross section. At a center of mass energy, which corresponds to the Z° mass (91.2
GeV), the Z° exchange dominates completely.

Formula 2.27 is modified by electro-weak and strong interaction corrections of higher
order. These are partly virtual corrections (vertex and propagator corrections), and partly
radiative corrections of photons in the initial and final state and gluons in the final state. The
latter will be discussed in the next section.

Furthermore, the Standard Model provides predictions for the partial widths of the Z°
boson [12]:

Br(Z° — ete ,utp,7Tr7) ~ 10.1% (2.29)
Br(Z° — vp) ~ 20.1% (2.30)
Br(Z° — q3) ~ 69.8%. (2.31)

The produced neutrinos will not be observed in the detector, while the other decays are
experimentally accessible. Roughly 22.1% of the hadronic Z° decays will go into bb pairs.
The study of these events is the subject of this thesis.



2.3.2 The Perturbative Phase

Two perturbative approaches are commonly used to calculate the quark and gluon cross
sections in phase II. The first method is the complete second order QCD matrix element (ME)
calculation, and the second is the parton shower (PS) approach in leading log approximation.

QCD Matrix Elements

The Born term annihilation process ete™ — ¢g is modified through the possible gluon radi-
ation off coloured quarks. The exact cross section in second order a, for three-parton final
states (ete™ — ¢gg) has been calculated by several groups [21]. Two of these ME calcula-
tions are available in the JETSET program [22]. The four-parton final states (eTe™ — ¢ggg
or eTe” — ¢@qq) cross section in second order o, contain just the tree level diagrams. With
the total cross sections known from the optical theorem, the two-parton cross section follows
from a unitarity argument, once the three and four jet cross sections are calculated by di-
rect Feynman graph techniques. Thus, the ME calculation is able to describe two-, three-
and four-parton final states i.e. cross sections for the processes ete™ — ¢g, ete™ — qqg,
ete”™ — qgq7 and ete™ — ¢ggg.

Parton Shower Model

In order to calculate multi-parton final states a vast number of Feynman diagrams has to
be considered. An alternative to these excessive calculations is available in terms of the
leading logarithm approximation. In this approach only the leading terms of the perturbative
expansion are kept, thus neglecting non-leading terms. The parton shower model (PS) is
based on the picture of a time ordered cascade of subsequent splitting processes of the partons
(¢ — g9, 9 — qq and g — gg). The allowed splittings coincide with the O(«,) vertices which
are displayed in Fig. 2.3. Instead of calculating a single transition amplitude A(ete™ —
999993999-..), two primary quarks are produced according to a modified electroweak muon
cross section [23] including initial state radiation. Then, the (massless) quarks are assumed to
be at rest and thus completely off shell (maximal virtuality: Q% = —mz = 5/2). During the
following chain of incoherent parton splittings the probability P, ;. for a branching a — bc
results from splitting functions which are taken from the Altarelli-Parisi equations [24].

The main difference between ME and PS lies in the fact that ME cannot take into account
higher order effects since it is restricted to a maximal number of four partons. PS produces
multi-gluon events with an average of nine (comparably soft) gluons per Z° event.

2.3.3 The Fragmentation Phase

The formation of bound state systems from quarks and gluons cannot be calculated with
perturbative techniques (even if all higher orders could be obtained easily), because of the
large coupling constant if Q2 is of the order of A2QC p- Therefore, the hadronisation is described



by QCD motivated phenomenological models. The commonly used models are independent,
string and cluster fragmentation, which are discussed in this section. Emphasis is given to the
string fragmentation model, since the standard DELPHI Monte Carlo generator is based on
that [22].

Independent Fragmentation

One of the first fragmentation models was the so-called independent fragmentation model [25].
The ansatz assumes that every parton fragments into hadrons independently of the other
partons in the event. The algorithm is based on an iterative ansatz in which the available
energy is divided in a branching according to a longitudinal splitting function. The iteration
stops when the remaining energy is below a certain cutoff energy £7r, which is typically above
the pion mass. The fragmentation is performed in the center of mass frame of the whole
process. Therefore, the independent fragmentation model is not Lorentz invariant. Also, the
remaining energy of each individual jet has to be balanced at the end of each fragmentation
procedure.

String Fragmentation

The simplest version of string fragmentation [26] starts with a pair of massless quarks and
antiquarks moving in opposite directions with v = ¢. The self coupling of the gluons leads to
a linear field configuration of typical size of 1 fm, which is spanned between the quarks. This
object is called string. The idea originates from the magnetic flux-tubes in superconductors.
The effect is therefore called the chromoelectric Meissner effect. The linear energy density in
the colour field is a constant @ ~ 1 GeV/fm ~ 0.2 GeV~2 leading to a linear growing potential
between the quarks. As soon as the energy stored in the field exceeds the quark pair creation
threshold, a new meson is formed leaving the rest of the string as an exact copy of the original,
scaled down by the energy taken by the meson. Figure 2.7 shows schematically this procedure.
The fraction of energy and momentum z which is given to the meson is distributed according
to the longitudinal fragmentation function f(z). Experimental data for the heavy flavours (c
and b) can be described best by the Peterson function

z z 11—z

fz) =1 <1 N >_2 , (2.32)

and for the light flavours (u, d and s) by the Lund symmetric function

f(z) = (-2 -exp(_b;n%) . (2.33)

z

The Peterson function has the free parameter ¢. It is the squared ratio of the masses of
heavy to light quarks. However, since the light quark masses are not precisely known, in
practice the value of ¢ is evaluated from the data. Once it is known for one heavy flavour, the
appropriate value for the other can be obtained from the quark mass relation mZe, = mie.
The Lund symmetric function has two parameters, a and b, which have to be fitted to the data.
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Figure 2.7: Schematical view of the string fragmentation algorithm. The self interaction of
the colour field leads to a linear field of constant energy density (the string). The string breaks
and a meson is formed. The rest of the string s left as an exact copy of the original scaled
down by the energy taken by the meson.

The transverse mass m% —m?4+ p% is calculated from the mass and the average transverse

momentum of the produced meson. Fig. 2.8 shows the longitudinal fragmentation functions
for the different quark flavours. The heavy flavours are described by the Peterson function
with ¢, = 0.006 and ¢, = 0.054. For the light flavours the Lund symmetric function is plotted
with the values a = 0.18, b = 0.34, 0,, = 395 MeV/c and the masses of pion and kaon as
typical representations for a light and strange meson.

The gluons can be incorporated into the string fragmentation picture in an universal and
simple way. They are treated as transverse excitations of the colour flux tube. Without the
introduction of additional free parameters any number of soft and hard gluons can be modeled
as a string with several kinks.

The flavour content of the new hadrons depends on the probability of creating a quark-
antiquark pair within the thin linear colour flux tube. The rest mass 2m of the produced pair
has to be provided by the field energy stored in the string. Assuming constant linear energy
density a, the two new quarks have to be at a distance 2! with [ = m/a, when appearing
as on-shell particles. If the model includes also the transverse movement of the produced
object, this additional energy requires an even further separation. The probability for such
a pair creation process can be calculated by a simple quantum mechanical approach treating
the effect as a tunneling phenomenon. The tunneling feature becomes evident if the reaction
is imagined to proceed in the time reversed direction, starting with two quarks (at rest at
+1) attached to two strings of string constant a. By a short violation of energy conservation,
they travel a distance I, meet each other at the middle and connect the two strings thereby
restoring the amount of potential energy 2la they ”borrowed” in their annihilation. A wave-
function intruding a linearly growing potential exceeding the classical turning point will have
an exponentially decreasing intensity. This yields for the pair creation probability [27]

P o exp (—M) . (2.34)

a

The tunneling picture predicts in a natural way a unique Gaussian pr distribution for all
hadrons. The width oy, is a free parameter since neither the string constant nor the quark
masses are precisely known. It automatically accounts for the suppression of heavy flavours
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Figure 2.8: The longitudinal fragmentation functions for the different quark flavours. The
heavy flavours are described by the Peterson function with ¢, = 0.006 and ¢, = 0.054. For
the light flavours the Lund symmetric function is plotted with the values a = 0.18, b = 0.34,
opp = 395 MeV/c and the masses of pion and kaon as typical representations for a light and
strange meson.

during the fragmentation. The expected rates are
1
u:d:.s:c:b:l:l:5:10_12:10_100. (2.35)

This means that ¢ and b quarks are practically never produced by the soft hadronisation
mechanism!!. Since the light quark masses are only known with large errors the s quark
suppression is a free parameter of the model.

The creation of a diquark in the fragmentation phase leads to baryon production. For this
case the same statement is true about the suppression factors for heavy flavours. In order to
conserve quantum numbers a second diquark has to be produced near to the first diquark. It
can either be produced immediately next to the first diquark or with some mesons in between.

The latter case is known as pop-corn effect.

Cluster Fragmentation

A particular version of the so-called cluster fragmentation [28] is implemented in the HERWIG
program [29]. The basic idea is the following. The parton shower evolution develops up to
a certain virtuality Qo. Then, all gluons are forced to split into quark-antiquark pairs thus
forming clusters of partons. An effective gluon mass m;f f is introduced to enforce this process.

1The heavy quarks can either be produced primarily or during the perturbative phase.



m;ff is a parameter which must be adjusted in order to fit the model to the data. Conservation
of energy and momentum requires m;ff to be at least twice the mass of the lightest quarks.
If the mass of a formed cluster is above a certain cluster mass C\, 42, it will decay into two
clusters by creation of a ¢q pair. The clusters are colour singlets which then turn into hadrons.
The invariant mass of a cluster M is calculated by using effective masses mff f for the quarks

in a cluster. The effective masses for up, down, strange charm and bottom quarks are 0.32,
0.32, 0.5, 1.8 and 5.2 GeV/c? respectively.

2.3.4 Hadron Decays

After the fragmentation phase no particles'? created during the perturbative phase have sur-
vived. They were confined in primary mesons and baryons, which now start to decay into
stable final state particles. The commonly used simulation programs here refer to ezperimen-
tally measured branching ratios. However, at LEP energies, especially within the domain of
bottom hadrons, a number of states are produced where only a few or no experimental data
exist. The modeling of their production and decay is inspired by predictions, observations in
analogous systems'®, quantum number conservation and simple spin and state counting ar-
guments. Fig. 2.9 gives two examples for particle decays visualized in the so-called spectator
model.

(& B> D™ ¢y, e (b) B""— B°n"
u
-
Wt
Pid vV
P e d
- b C . u d
B+| |D*° B*** B°
— — — —

Figure 2.9: Two ezamples for particle decays in the spectator model. (a) Weak decay of a
B meson in a D* and a etv, pair. (b) Strong decay of an orbitally excited B meson (B**)
mto a B meson and a pion.

12The only exception are initial or final state photons which are colourless and thus escape from confinement.

13The D meson and its excitations e.g. can serve as a model for the B system.



Quantity Experiment Measurement Ref.
mp+ [MeV/c?] PDG 94 5278.7+ 2.0 [12]
TB+[ps] PDG 94 1.564 4+ 0.11 [12]
L3 46.3+ 1.9 [30]
DELPHI 45.5+ 0.3+ 0.8 | [31]
Amps/p [MeV/c?] ALEPH 45.3+0.44+0.9 | [32]
PDG 94 46.0 + 0.6 [12]

average 45.74+ 0.4
L3 publ. 0.76 + 0.08 + 0.06 | [30]
production ratio | L3 update | 0.76 + 0.04 + 0.06 | [33]
op~/(oB* + 0B) DELPHI | 0.72+0.03 £0.06 | [31]
ALEPH 0.77 + 0.03 £ 0.07 | [32]

average 0.75 £ 0.04

Table 2.2: Selected experimental results on B and B* mesons as given by the Particle Data
Group and the LEP collaborations.

2.4 B Meson Spectroscopy

For hadrons containing a heavy quark @, quantum chromodynamics displays additional sym-
metries in the limit as the heavy quark mass mg becomes large compared with a typical QCD
scale. These heavy quark symmetries are powerful aids in understanding the spectrum and
decay of heavy-light (Q7) mesons (see also section 2.2.4). Because mp > Agcop, heavy quark
symmetry should provide an excellent description of the B and B, meson and their excited
states. It is plausible that the properties of the D mesons and even of the K mesons should
also reflect approximate heavy quark symmetry.

2.4.1 Ground State B Mesons

The pseudoscalar B meson (JF = 07) and the vector B* meson (J¥ = 17) have been
established experimentally for several years. The B* meson decays electromagnetically into
a B meson and a photon (B* — B7). A fraction of the experimentally available results is
shown in Tab. 2.2. The Hilbert space of these states can be represented conveniently in a
tensor product notation | +1/2, +1/2), where the first £1/2 is the 3rd component of the spin
of the heavy quark and the second +1/2 is the 3rd component of the light degrees of freedom:

|B*7 +1> = | + 1/27 +1/2> (2'36)
* I L - i

B0 = (4172124 | - 12, +1/2) (2.37)

|B*7 _1> = | - 1/27 _1/2> (2'38)
B) = (41/2,-1/2)— |- 1/2,11/2)). (2:39)

V2
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Figure 2.10: Production ratio V/(V+P) of vector (V) and pseudoscalar (P) mesons as a
function of (My — Mp)/(M) at LEP. The triangles show the ratio including primary and
secondary produced mesons [12]. The squares give the same ratio where secondary mesons
from particle decays have been subtracted using the JETSET 7.8 model [22] with DELPHI
tuning [34]. A vector meson suppression is evident for the light mesons.

It can be seen that the pseudoscalar B meson belongs to a singlet, while the vector B* meson
belongs to a triplet. From a simple spin counting argument, one would expect a production
ratio of B* : B mesons of 3 : 1 in ete™ collisions'% This expectation is in accord with LEP
measurements: op+/(ocp + op+) = 0.75 £ 0.04 (see Tab. 2.2).

However, this simple spin counting argument, which seems to work well in the B/B*
system, fails for light meson systems. A vector meson suppression is observed here. The
production ratio V/(V+P) of vector (V) and pseudoscalar (P) mesons as a function of (My —
Mp)/(M) is shown in Fig. 2.10. The triangles show the ratio including primary and secondary
produced mesons. The squares give the same ratio where secondary mesons from particle
decays have been subtracted.

2.4.2 B Mesons with Orbital Excitation

For the discussion of orbitally excited meson states, the usual spectroscopic notation is used:
n?5*1L;, where n is the principle quantum number, § the total spin, L the orbital angular
momentum between the quarks and J=L+S§. Tab. 2.3 gives the suggested ¢4 quark model
assignments for most of the known mesons.

In the strict sense this notation is valid only if § and L are conserved quantum numbers.
In the limit of equal-mass quarks (q1q2) this situation is rather well fulfilled (first column in
Fig. 2.11). In this case the total spin § = 34, + 54, and the orbital angular momentum L are

'*This simple argument needs slight corrections due to the production of higher excited states (e.g. B**
mesons). This will be discussed in the next sections.
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conserved separately. For the case of u or d quarks, the ground state pseudoscalar and vector
meson correspond to the pion (J¥ = 07) and the p meson (J¥ = 17). Orbital excitations are
formed by coupling the total spin § to the orbital angular momentum I_;, leading to a singlet
and a triplet. For the case of L = 1 the b is identified as the singlet, and the particles ag, a;
and a, are identified as belonging to the triplet (see Fig. 2.11).

This situation changes drastically if one quark becomes much heavier than Agcp (second
column of Fig. 2.11). One essential idea of the heavy quark limit is that the spin of the
heavy quark 5g and the total (spin 4 orbital) angular momentum fq = 5;+ L of the light
degrees of freedom are conserved separately. Accordingly, each energy level in the excitation
spectrum of ()¢ mesons is composed of a degenerate pair of states characterized by ]q and
the total angular momentum J = ]q + 5g. The ground-state pseudoscalar and vector mesons,
which are degenerate in the heavy quark limit, correspond to j, = ;, with J® = 0~ (B) and
JP =17 (B*). Orbital excitations lead to two distinct doublets associated with j, = L + 1.
For the special case of L = 1 four different states are expected:

. JP =0t B
Jq = 1/2 { JP -1t Biﬂ
: JP =1t B

The official notation for the four states is given in the third column. All four states are com-
monly labeled as B**. In order to describe whether the b quark in the meson is accompanied
by a @, d or a 5 quark, the notation is extented by the subscript u, d or s (B, By* and B}¥).
In the literature the symbol B** usually refers to the states B;* and Bj", sometimes it also
includes the state B;*. The meaning becomes apparent from the context. Before the start of
the work described in this thesis, none of the B** mesons was observed experimentally. The
main part of this thesis will focus on the search for and observation of these states.

Properties of Orbitally Excited B Mesons

Orbitally excited B mesons will decay due to the strong interaction. The expected main decay
modes of B, mesons are Br and B*w. If the B;" meson mass is above the BK or B"K
threshold, these will be the prominent decay modes, since the decay into B,x° is forbidden by
isospin conservation. The members of the first doublet (j, = 3/2) should be narrow compared
to the typical strong decay width, because only L = 2 (d-wave) decays are allowed. This is
due to the conservation of angular momentum and parity for the 2+ state and a dynamical
prediction of HQET for the 11 partner. The members of the second doublet (j, = 1/2) are
expected to be broad (of the order of the typical strong decay width > 150 MeV/c?), because
L = 0 (s-wave) decays are allowed. HQET predicts the two 1T eigenstates to be 45° mixtures
of the states with § = 0 and § = 1. This results in the property that the 1% (j, = 1/2)
state decays via s-wave, while the 11 (j, = 3/2) state decays via d-wave. The situation is
similar to the D and K meson sector. Spin-parity rules govern the possible decay modes for
the different states. In general,
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Figure 2.11: The different coupling schemes of symmetric and heavy-light mesons. For
symmetric mesons (first column) the total spin S and the orbital angular momentum L are
conserved separately. Heavy-light mesons (second column) are governed by HQET. The spin
of the heavy quark sqg and the total angular momentum of the light degrees of freedom j, are
conserved separately.
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Figure 2.12: Production and decay properties of orbitally excited B mesons. Details con-
cerning this diagram are given in the text.

B; — Brw B;, — BK } broad states
Bf — B*r  Bf, - B"K s-wave decay
B, — B*r B, — B*K } narrow states

B; — B®x Bj, — BWK d-wave decay

where the symbol B*) denotes B or B* meson. Fig. 2.12 gives an overview of production
and decay properties of orbitally excited B mesons. A primary produced b quark will pick a
quark ¢ from the vacuum 90% of the time to form a meson, while 10% of the time a baryon
is formed. From the D meson sector it is expected that roughly 30% of the mesons will be
produced with L = 1, 70% with L = 0. According to simple spin counting rules the states
with L = 0 will be manifest in 75% of the cases as B* mesons and in 25% as B mesons. The
four B** states (21,17,1" and 07) with L = 1 will decay according to spin-parity rules into
B and B* mesons. Depending on the production mechanism assumed for these states (spin
counting 5 : 3 : 3 : 1, state counting 1 : 1 : 1 : 1 or anything in between), the ratio of B~
: B mesons produced from B** decays can vary from 50% : 50% to 756% : 25%. For this



calculation it is assumed that the 2T state decays only in B* mesons for the spin-counting
argument and only into B mesons for the state counting argument. The B* meson then decays
electromagnetically into a B meson and a photon.

Influence of B** Production on the Ratio B*/B

As discussed in section 2.4.1, the production ratio of B* mesons per primary produced meson
was measured by the LEP experiments to be: op«/(0p+0p+) = 0.7540.04. In the absence of
B** production, this ratio is equal to the parameter V/(V + P) in the JETSET fragmentation
model [22], where V' and P are the production rates of primary vector and pseudoscalar B
mesons. However, production of a sizeable amount of B** mesons can alter the ratio of B* to
B mesons depending on the relative production rates and branching fractions into B*#x and
B7 of the four individual B** spin-parity states. A further complication arises from the way
JETSET treats the production of the two 17 states: one state is made from the P (. = 0)
fraction, and the other state, together with the 07 and the 2T states, is made from the V
(§ = 1) fraction. However, HQET predicts the two 11 eigenstates to be equal mixtures of
S =0 and S = 1. Different assumptions, such as relative 27 : 11 : 17 : 07 production ratios
varying between 1:1:1:1 (state counting) and 5: 3 : 3 : 1 (spin counting), and unknown 27
decay branching ratios into B*7, may change the effective branching fraction of B** to B*w
to anything within the range 50% to 75%. This implies that

ViP 1-f \op+op

— f* - Br(B” — B*)> , (2.40)

where f** denotes the production ratio of B** mesons per primary produced meson [31].

Influence of B;* Production for Mixing Studies

The flavour change!” in B** decays is shown schematically in Fig. 2.13. According to isospin
rules B* and Bj* will decay 67% of the time with the emission of a charged pion, and in
33% with the emission of a neutral pion (for the moment the B(*)p channel is neglected). In
the analysis presented here, only the charged pion decay channel is investigated. It is worth
noting that B}* mesons cannot decay into B,(,,*)ﬂ'o, since it is forbidden by isospin conservation.
B?* mesons decay with the emission of a kaon (50% K+, 50% K?).

This fact is important for B, mixing studies, which are being performed at LEP [35].
These analyses look for oscillations of a primary produced B, to a B, meson. The Standard
Model describes such processes in analogy to the K°K° system with boz diagrams. In the
ByB; system clear evidence for time dependent and integrated mixing has been extracted
from data at LEP [35]. Assuming the usual strangeness suppression factor

u:d:s=3:3:1 (2.41)

for the production of B, mesons in B events leads to a production ratio of op,/(cp + 0B,) =
14.3%. This production ratio has to be corrected if sizeable amounts of B;* mesons are

" The flavour here refers to the quark (antiquark) which forms the B** meson together with the b (b) quark.



Figure 2.13: Flavour change in B** decays. According to isospin rules B}* and B will
decay 67% of the time with the emission of a charged pion, and 33% with the emission of a
neutral pron. B}* mesons cannot decay into Bg*)wo mesons since this s forbidden by isospin
conservation.

produced, since they do not decay in B, mesons'®. One obtains
oB,

(o5 +opy) L3 (=17 (2:42)

where f;* is the production ratio of B;* mesons per primary produced (b3) state. This effect
makes it more difficult to observe B, mixing at LEP.

The decay properties and suspected mass relations of orbitally excited B and B, mesons
are summarized in Fig. 2.14. The ordinate shows schematically the mass of the different
states. The arrows give the possible decay modes. The decays of the ground state mesons
(L = 0) are not shown.

2.4.3 Motivations from the D Meson Sector

Orbitally excited D and D, mesons have been established experimentally for the past few
years. The evidence has been obtained by experiments running on the Y(45) resonance
(mainly CLEO and ARGUS). The results from the CLEO collaboration dominate the world
average. All narrow orbitally excited D meson states (j, = 3/2 with J¥ = 17, 2%) have been
observed in the channels Dx and D*#. Furthermore, in the D, meson sector, all the narrow
states have been identified in the channels DK and D*K. Spin-parity and decay character-
istics have been shown to be in accord with HQET predictions by studying decay angular
distributions. However, until now none of the broad states (j, = 1/2 with JE = 0%,1%) has
been identified. Tab. 2.4 summarizes the measurements of masses and widths for the known
excited D meson states, as published by the CLEO collaboration [36—-39]. The observed mass
splitting between 2+ and 17 states is given as well.

Heavy quark symmetry predictions e.g. by Eichten, Hill and Quigg [40,41] use the mea-
sured D; and Dj masses as input and predict the masses of the corresponding B states. This

'8 Note, that only B, mesons live long enough to mix. It does not matter if a B, meson is primary or comes
from the decay of a primary B} meson (B; — B,v).
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Figure 2.14: Decay properties and suspected mass relations of orbitally excited B mesons.
The ordinate shows schematically the mass of the different states. The arrows give the possible
decay modes. The decays of the ground state mesons (L = 0) are not shown.

will be discussed in the following section. Furthermore, they predict masses and decay widths
for the D,; and D}, mesons. Their prediction for the 1* D, meson lies 9 MeV/c? below
the level observed at 2535.1 + 0.5 MeV/c? [38]. The prediction for the 2* D, meson lies 12
MeV /c? below the level observed at 2573.2+1.7 MeV/c? [39]. It was suggested by the authors
to take the discrepancies between the calculated and the observed masses as a measure of the
limitations of their model. The accuracy for the B, system predictions is lower, since none of
the unknown orbitally excited B, 4 states could be used as input (at the time the model was
developed).

Recently, the LEP experiments reported evidence for D** production in ¢ events as well
as in b events [42-44]. The D** mesons in b events appear due to weak decays of B mesons,
e.g. B — D**~{*vy. The measured production ratios of the LEP experiments are summa-
rized in Tab. 2.5 together with the corresponding measurements from ARGUS and CLEO.
Although experimental errors are large, it becomes clear that sizeable fractions of D** mesons
are produced in B meson decays (roughly 30%). Moreover, sizeable fractions of D** mesons
(roughly 25%) are observed in ¢ quark fragmentation, thus proving that quark fragmentation
is capable of producing mesons with orbital excitation. These facts motivate a search for B**
mesons at LEP.



State Channel Mass Width A Ref.
[MeV /c?] [MeV /c?] [MeV /c?]

D,(2420)F DOt 2425 + 2+ 2 2675 £4 } 33+ 5 | [36]
D;(2460)* D°xt 2463 +3+3 2715 £5 36]
D,(2420)° D*tr~ 242113 + 2 2018 43 } aa 45| 37
D;(2460)° | D**x~/Dtr™ 2465 + 3+ 3 2875 +6 37]
D,1(2536)F | D°K*/D*tK° | 2535.1 £ 0.2+ 0.5 | < 2.3 (90% c.l.) } 3349 | [38]
D3, (2573)* DK+ 2573.2717 4+ 0.5 1675 £3 [39]

Table 2.4: FEzperimental results for orbitally excited D mesons obtained by the CLEQO col-
laboration. Given are masses, widths and mass splitting between 27 and 17 states.

Quantity Experiment Measurement Ref.
ARGUS 0.460 + 0.080 £ 0.120 [45,46]

o(c—D**X)-Br(D**~D(*)x) CLEO 0.230 + 0.020 £ 0.020 [37]

o(e—jet) DELPHI | 0.248 + 0.068 £ 0.051 [42]

ALEPH 0.189 + 0.054 £ 0.057 [43]

o(b—D**X)-Br(D**—~D()x) ALEPH 0.318 £+ 0.096 + 0.062 [43]

o(b—DX) DELPHI | 0.340 £ 0.120 + 0.060 [42]

ARGUS 0.31 +£0.15 [12,47,48]

Br(B°—D**~{+v) CLEO 0.36 £ 0.12 [49]
Br(B°—(D=, D=, D~ )ttv) DELPHI 0.21 +0.09 [12,48]

OPAL 0.34 £+ 0.07 [44]

Table 2.5: D** production in ete~

annthilation experiments. Note, that ARGUS and CLEO

run on the T(45) resonance, while the ALEPH, DELPHI and OPAL experiments operate at

the Z° pole.

2.4.4 Predictions for Orbitally Excited B Mesons

Predictions of Masses

The heavy spin symmetry can be combined with the heavy flavour symmetry to predict masses
of the narrow orbitally excited B mesons in terms of meson masses in the charm sector. The
relevant derivation may be found in a paper by Falk and Mehen [50]. The splittings between
excited doublets and the ground state should be independent of heavy quark mass, while the
spin symmetry violating splitting within the doublet scales like 1/mg. If one defines the spin




averaged masses and mass splittings to be

3 1

mp = ZmB* + ZmB , (2.43)

_ 5 3
mp = gmB; + g?’)’ZB1 , (244)
Amp+« = mp; —mp, , (2.45)

and analogous relations for charm mesons, the heavy quark symmetries predict that

mpB+ —MB = TMp* — Mp , (2.46)
Ampe = 2CAmpe . (2.47)
mp

With the assumption m./m; = 1/3, and averaging over the charged and neutral charmed
mesons, these relations yield [50]:

m(B3) 5794 MeV/c?
m(B;) = 5780 MeV/c?
m(B;,) = 5899 MeV/c?
m(B1s) = 5886 MeV/c?

The leading corrections to the predictions for mp+« and mps+ are of the order

L _ L) ~ 40MeV (2.48)

2m.  2my

where a QCD-scale of Agcp ~ 400 MeV has been assumed. It becomes evident that heavy
quark symmetry together with measurements in the charm system provide powerful tools for
predictions in excited B systems. The simpleness of these considerations increases the confi-
dence in the predictions.

A more sophisticated model has been developed in two papers by Eichten, Hill and
Quigg [40,41]. In a more general concept, they write the mass of a heavy-light meson in
the from
C(nLi(iq))

mQ

m(nL;(jg)) = m(15) + E(nL(js)) + (2.49)
where m(15) = (3m(151) + m(15¢))/4 is the mass of the ground state, E(nL(J,)) is the
excitation energy and C'(nLj(j,)) are constants. The excitation energy E(nL(j,)) has a weak
dependence on the heavy quark mass. Referring to non-relativistic ( Buchmiiller type) potential
models to estimate the variation of the excitation spectrum as a function of heavy quark mass,
and using meson masses of already observed states'®, the following mass predictions have been
determined for orbitally excited B mesons:

19The following particles were used as an input: K, K*, K1 4,K5,D,D*,D:1,D},D,,D*, B and B*.



m(B;) = 5771 MeV/c?
m(B;) = 5759 MeV/c?
m(B;,) = 5861 MeV/c?
m(Bis) 5849 MeV /c?

Thus, the mass splitting between the 2t and the 1T state is predicted to be 12 MeV/c? for
the B, case and 12 MeV/c? for the B:* case. Similar mass splittings (14 MeV/c? for the

= and 13 MeV/c? for the B;*) are predicted by Falk and Mehen, although their absolute
mass predictions are significantly different from the above.

There are no detailed predictions for the masses of the broad (j, = 1/2) B** states
since they decay immediately via s-wave due to strong interactions. In first approximation,
they should have the same masses as the narrow (j, = 3/2) states. Other models predict
their masses to split from the narrow states by an amount, of the order of 100 MeV/c?,
whose magnitude and sign gives valuable information on the spin structure of the long-range
interquark force [51].

Predictions of Decay Widths

It is somewhat more delicate to make predictions for the widths of the excited B mesons than
for their masses, since the widths depend on the available phase space, and hence on the values
of the heavy meson masses. The argument presented here follows the ideas of Eichten, Hill and
Quigg [40,41]. Consider the decay of an excited heavy-light meson H, characterized by Ls(j,),
to a heavy-light meson H'(L,(j,)), and a light hadron h with spin s,. The amplitude for
the emission of h with orbital angular momentum [ relative to H’ satisfies certain symmetry
relations because the decay dynamics becomes independent of the heavy quark spin in the
mqg — oo limit of QCD. The decay amplitude can be factored into a reduced amplitude Ag
times a normalized 6 — 7 symbol:

AH — H'h) = (17490 3000 A1, or33) (2.50)
where
i = e + 1)+ 1) {Jf};’q]} (2.51)
and ) )
Ih=dn 1. (2.52)

The coefficients C depend only upon the total angular momentum j; of the light hadron and
not separately on its spin s and the orbital angular momentum wave [ of the decay. The
two-body decay rate may be written as

H—H'h _ ( 8Q,j¢/1.:-]/)2 p2H _qu’jfz( 2), (2.53)

jh:l - jh;J;Jq jh:l

where p is the three-momentum of a decay product in the rest frame of H. Heavy quark

symmetry does not predict the reduced Ag or the related F;:’qu (p?) for a particular decay.



However, once determined from the strange and charmed mesons, these dynamical quanti-
ties are used to predict related decays, e.g. those of orbitally excited B mesons. For each
independent decay process, a modified Gaussian form is assumed

. . M? !
Jgdg, 2y _ pdaid 2/.2 p
B0 (07) = F5,77(0) - exp(—p”/K7) - [Wl ’ (254
and the overall strength of the decay and the momentum scale  is determined by fitting to
existing data. The ability to predict decay rates depend on the quality of the information used
to set these parameters. The following list gives the predicted decay widths, I', for orbitally
excited B mesons [40,41].

I'(B; — B*r) = 11 MeV/c?
I['(B; — Br) = 11 MeV/c?
I'(B; — B*p) = 3MeV/c?
I'(B; — Bp) < 1MeV/c?
I(B; —all) = 25MeV/c?
I'(B; — B*r) = 17 MeV/c?
I'(B; — B*p) = 1MeV/c?
['(By — Bp) = 3MeV/c?
I['(B; —all) = 21MeV/c?
T(B, — B'K) ~ 1MeV/d
(B, — BK) = 26 MeV/c?
(B, —all) = 4MeV/c?
T(By — B'K) ~ 1MeV/c

Chiral symmetry and heavy quark symmetry combined suggest that the heavy-light j, = 1/2
states should have large widths for pionic decay to the ground states (> 150 MeV/c?) [52].
This will make the discovery and study of these states challenging, and will limit their utility
for B** tagging.

2.4.5 Flavour Tagging and CP-Violation

Inclusive studies of particle-antiparticle mixing and CP-violation for neutral B mesons require
that the quantum numbers of the meson have to be identified at the time of production. This
identification can be made by observing the decay of a B (B) produced in association with
the neutral B (B) of interest. The efficiency of flavour identification might be significantly
enhanced if the neutral B mesons under study were self-tagging [53].

Charmed mesons have been observed as (strong) decay products of orbitally excited (cq)
states, in the decay channels D** — D# and D** — D*w. The charge of the pion signals the
flavour content of the charmed meson. If a significant number of B mesons were produced
through one or two narrow excited states, then the strong decay B*** — B(*)%z% tags the
neutral meson as bg or b§. This B** tagging may resolve kinematical ambiguities in semilep-
tonic decays of charged and neutral B mesons by choosing between two solutions for the
momentum of the undetected neutrino. In hadron colliders and Z° factories this technique



may make high statistics determination of the form factors in semileptonic decays possible,
and would enable precise measurements of V,; and V,; [40].

However, the primary application of B** tagging would be in the expected large CP-
violation asymmetry?? [53]. Theoretically these asymmetries can be interpreted most easily
in the decays of the neutral B meson into CP eigenstates f, such as J/¢¥ K,. A state which was
produced as B at time ¢ = 0 decays into a CP eigenstate f with probability Dy, while a state
which was B° at t = 0 decays into f with probability D;. The time integrated asymmetry
can be written as

F(B?:0—>f)—I‘(B?:0—>f) Df_Df

Alf) = T(BL, — f)+L(BL, — f) Ds+D;" (2.55)

For the final state f = J/¢ K, it has been shown that the asymmetry A(f) measures the
angle B of the unitarity triangle (a fundamental parameter of the CKM matrix) to a very
good approximation [54] (for notation see, e.g. Ref. [12])

A(T[9K) =~ ida:g -sin28 | (2.56)

since a single amplitude contributes to each decay B® — J/¢K, and B® — J/¥K,. The
parameter z4 is known as the mass mixing parameter and has been extracted from time inte-
grated BY-BY mixing analyses [35].

This discussion shows the importance of B** tagging for future experiments on CP-
violation in the B system. The work of this thesis is dedicated to the first observation of
the B** meson and to the investigation of its properties.

2.5 b Baryon Spectroscopy
2.5.1 Heavy Baryons

Heavy baryons are bound states formed from a heavy quark and a light diquark system. The
spin-parity quantum numbers JE of the light diquark system are determined from the spin
and orbital degrees of freedom of the two light quarks that make up the diquark system.
From the spin degrees of freedom of the two light quarks one obtains both spin 0 and spin 1
states. The total orbital state of the diquark system is characterized by two angular degrees
of freedom which we take to be the two independent relative momenta k = (p; — p2)/2 and
K = (p1 + p2 — 2p3)/2 which can be formed from the two light momenta p; and p, and the
heavy quark momentum p3. The k-orbital momentum describes relative orbital excitations of
the two light quarks, and the K-orbital momentum describes orbital excitation of the center
of mass of the two light quarks relative to the heavy quark as shown in Fig. 2.15.

The wave function may be viewed as if the heavy quark (charm or bottom) at the center
is surrounded by a cloud corresponding to a light diquark system. The only communication
between the cloud and the center is via gluons. But since the gluons are flavour-blind the light
cloud knows nothing about the flavour of the center. Also, for infinitely heavy quarks, there

20Up till now CP-violation has only been observed in the K°K° system.
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Figure 2.15: Orbital angular momenta of a light diguark system. L, describes relative orbital
momentum of the two light quarks and Lg describes orbital momentum of the center of mass
of the light quarks relative to the heavy quark.

is no spin communication between the cloud and the center. Thus, one concludes that, in the
heavy mass limit, a bottom baryon at rest is identical to a charm baryon at rest regardless
of the spin orientation of the heavy quarks. First order corrections to this limit would be
proportional to 1/mg (as discussed in section 2.2.4) 2.

The ground state heavy baryons (L, = Lg = 0) are made from the heavy quark Q
with spin-parity J* = 1/2% and a light diquark system with spin-parity 0% and 17 moving
in an s-wave state relative to the heavy quark. When one combines the diquark spin with the
heavy quark’s spin one obtains the ground state heavy baryons Ag and g/ ¥ according to
the following coupling scheme:

0tolit - gP=17F Ag
P _ 1+
L JP =3 Y
1tos
N\ P + *
JP =3 ps

The two states Yo and X7, are exactly degenerate in the heavy quark limit since the heavy
quark possesses no spin interaction with the light diquark system as mg — oc. Parts of the
work on this thesis will focus on the search for the charged ¥; and X baryons, with quark
content (uub) for the El()*)-l_ and (ddb) for the El()*)_. They are expected to decay strongly
into Apw.

2.5.2 Present Knowledge about b Baryons

The present experimental knowledge about b baryons is very limited. First measurements
show that roughly (10 + 4)% [56] of primary b quarks in eTe™ annihilation fragment into
baryons, while the remaining b quarks fragment into B mesons (see also Fig. 2.12). Fig. 2.2
shows the SU(4) baryon multiplets made of u, d, s and b quarks, where picture (a) corresponds

2L A comprehensive theoretical review about heavy baryons is given in Ref. [55].



Quantity Experiment Measurement Ref.

ALEPH 5621+ 17+ 15 [57]

Mass my, [MeV/c?] DELPHI 5656 + 22 + 6 (58]

PDG Average 5641 + 50 [12]

ALEPH 1.0210-73 £ 0.06 [59]

Lifetime 75, [ps] DELPHI 1.1019-18+0-08 [60]

OPAL 1.147922 £+ 0.07 [61]

Polarisation P, ALEPH —0.26192310 15 [62]

_ DELPHI (3.0+0.6+0.4)-10~% | [63]

Rate f(b— As) - Br(A, — Al7X) OPAL (2.91 4+ 0.23 + 0.25) - 103 | [64]
_ ALEPH (15.1 £2.942.3)-107> | [59]

Rate f(b— Ap)- Br(As — ActrX) | gy pyy (11.8+2.6731).10-3 | [63]
Lifetime 7=, [ps] DELPHI 1.570740.3 [65]

ALEPH (5.3+£1.3+0.7)-10~% | [66]

Rate f(b — E3) - Br(Z, — E(pX) | DELPHI (6.6 + 1.7+ 1.0)-107* | [60]
OPAL <5.1-107*(95% c.l.) | [67]

Table 2.6: Present knowledge about b baryons. Properties of Ay and Zy baryons as measured
by the LEP experiments.

to the 20-plet with SU(3) octet (J¥ = 1/2%), and picture (b) corresponds to the 20-plet with
SU(3) decuplet (J¥ = 3/2%). The present knowledge on b baryons is summarized in Tab. 2.6.
From the b baryons only the A state is experimentally established. Most of the b baryons
are expected to decay into A, by strong or electromagnetic interactions. Since the Ay is the
lightest b baryon, it decays weakly. It has been observed in the final states Ay — AJ/4,
— pD%%~, — Afrtr~ 7=, — AL~ X and — AJ{~ X [12]. Note that the A, lifetime is roughly
30% lower than the lifetime of the B meson [569-61]. Some evidence has also been obtained
for the existence of the = baryon [65—67], otherwise there is nothing known about excited b
baryons.

The spectroscopy in the ¢ baryon sector can serve as a guide in the searches for new
b baryons. The AJ has been observed in many channels e.g. AT — pK° — pK =¥,
— pK°rtr~ and — Ant#x° It has a mass of 2285.1 £ 0.6 MeV/c? [12]. Furthermore,
the X¥.(2455) has been identified, decaying to almost hundred percent into A.x. The follow-
ing masses have been measured: m(X.(2455)7 ") = 2453.1 + 0.6MeV/c?, m(X.(2455)7) =
2453.8 + 0.9MeV /c? and m(X.(2455)%) = 2452.4 + 0.7MeV /c? [12]. The ¥} has not yet been
discovered.



2.5.3 Predictions for X, and ¥} Baryons
Predictions of Masses

The simplest approach in predicting the mass difference between 3, and A, consists of a
simple extrapolation from the ¢ baryon sector ignoring all 1/m; corrections. Taking the
Particle-Data-Group [12] mass values for the ¥, and A. leads to

m(Zp) — m(Ap) = 168 MeV/c” . (2.57)

As already said, in this simple approach the state ¥ would have the same mass as X, since
there is no spin communication between the b quark and the diquark.

A more sophisticated model for the masses of ¥, and X; (dealing with corrections in
1/ms) has recently (1995) been published by Roncaglia, Dzierba, Lichtenberg and Predazzi
[68]. They argue that the quark potential model has been the most successful tool enabling
physicists to calculate the masses of normal mesons and baryons containing heavy quarks.
However, potential models suffer from the fact that, although motivated by QCD, they have
not been derived from basic theory (QCD). Therefore, predictions about hadron masses are
made with complementary methods which use general properties of the potential but not its
specific form. Complementary constraints are obtained from (1) hadron (and quark) masses
from the Feynman-Hellman theorem, (2) theorems which relate the ordering of bound state
energy levels to certain properties of potentials, and (3) regularities in known hadron masses,
which yield estimates of undiscovered hadrons using either interpolation or semi-empirical
mass formulae. Exploiting these methods, the following mass predictions for the ¥; and X;
baryon are obtained [68]:

m(Zp) — m(Ap) = 200+ 20MeV/c, (2.58)
m(Z}) —m(Ay) = 230+ 20MeV/c? . (2.59)

A similar mass prediction for the ¥; baryon has already been obtained in a paper from 1981
by A. Martin [69]:
m(Zp) — m(Ap) = 197 £ 20 MeV/c” . (2.60)

Predictions of Widths

The widths for the transitions ¥,/%; — Apm can be estimated in the nonrelativistic quark
model by using a pion quark coupling estimated from the Goldberger- Trieman relation. This
computation has been done by Yan et al. [70]. They find

2

3
9ga 3 2 Pr
r— 5% — 28 M N 2.61

6rp2 Pr =28 ev/e <200MeV/c> ’ (2.61)

where p; is the pion three momentum in the El(;*) rest frame, f, = 93MeV/c1/2, and g4 is the
axial vector coupling of the constituent quark. In the numerical estimate, we take g4 = 0.75
to give the correct g4 for the nucleon [71]. The ¥; and the X; have the same decay rate up
to kinematic factors, since the decay mechanism does not directly involve the heavy quark.



2.6

Summary of the Chapter

The static quark model describes nearly all experimentally known meson and baryon
states. Furthermore, predictions for the quantum numbers of unknown meson and
baryon states can be derived.

The dynamic theory of the strong interaction is Quantum Chromodynamics (QCD).
The non-Abelian structure of the theory provides the key point for the understanding
of confinement and asymptotic freedom.

Quantum chromodynamics reveals additional symmetries in the limit of my — m, — 0
(Isospin Symmetry), as well as in the limit of my — 0 (Chiral Symmetry), and in
the heavy quark limit mg — oo (Heavy Quark Symmetry). The latter symmetry is
described mathematically by Heavy Quark Effective Theory (HQET).

In the heavy quark limit the spin of a heavy quark decouples from the light quark
degrees of freedom (Heavy Spin Symmetry), and the flavour of the heavy quark becomes
irrelevant to the system (Heavy Flavour Symmetry). Heavy Quark Effective Theory can
be constructed by taking the limit mg — oo (with four-momenta fixed) of the Feynman
rules of QCD. In an equivalent approach the same limit is taken for the QCD Lagrangian
leading to the same Feynman rules.

The non-relativistic quark potential model is the most successful tool enabling physicists
to calculate masses and properties of mesons and baryons. The most general non-
relativistic ansatz for a quark-antiquark system starts with the Breit-Fermi Hamilton
function. For heavy quark systems, e.g. charmonium (c¢) or bottomonium (bb), spin
dependent terms in the Hamilton function can be treated by perturbation theory.

Hadronic Z° decays in ete™ annihilation can be described by four phases, which are
implemented in the JETSET [22] simulation program (Electroweak Phase, Perturbative
Phase, Fragmentation Phase and Particle Decay Phase). The perturbative phase of
short distance QCD is modeled either by the parton cross sections obtained by the
exact second order QCD matrix element at an optimized scale or by the parton shower
algorithm. The low Q% QCD processes of hadron formation in JETSET are described by
the string fragmentation model.

Quark model and dynamical implications from HQET provide predictions for orbitally
excited B mesons. They are commonly labeled as B** (B}*) mesons, and are grouped
into two doublets with j, = 1/2 (JF = 0%, 11) and j, = 3/2 (JF = 17, 2+). Two of
these states (j, = 3/2) are expected to have narrow width (I' ~ 20 MeV/c?), since they
decay through d-wave transitions. The expected main decay modes are B** — B()r
(B — B™K). Masses and decay widths of these states have been predicted. Obser-
vations from the D meson sector motivate the search for orbitally excited B mesons.

The present knowledge about b baryons is very limited. Only the A; is experimentally
established. Predictions for the baryon masses of ¥ and ¥; are made using constraints
on hadron (and quark) masses from the Feynman-Hellman theorem, theorems which
relate the ordering of bound state energy levels to certain properties of potentials, and
regularities in known hadron masses. The principal decay mode for ¥ and X is expected
be into Apw.



Chapter 3

The Experiment

This chapter describes the experimental setup of the Large Electron Positron (LEP) collider
at CERN. After an introduction to the LEP machine, the DELPHI detector, one of the four
LEP experiments, is discussed in more detail. This is followed by a description of the DELPHI
online and offline systems.

3.1 The LEP Collider

The LEP storage ring with a circumference of about 26.7 km is installed in the LEP tunnel,
which has a diameter of 3.80 m and lies 50 to 175 meters below the surface across the frontiers
between France (Pays de Gex) and Switzerland (Canton Geneéve) [72]. A schematic map of the
local area is given in Fig 3.1. The LEP ring consists basically of a beam pipe, a set of magnets,
acceleration sections and their power supplies. The magnets either bend or focus the electron
beam, while the acceleration sections, consisting of several radio frequency cavities, provide
the energy for the acceleration of the electrons and positrons. In total, there are 3 392 dipole
magnets (for bending), and 876 quadrupole, 520 sextupole and 700 correction magnets (for
focussing). Since the electrons and positrons have opposite electric charge and equal mass,
they can circulate in opposite directions in a single beam pipe with the same arrangement of
focussing and bending magnets. Therefore, unlike proton-proton colliding beam accelerators,
LEP has only one beam pipe.

The energy of the electrons and positrons in the LEP100 phase is around 45.6 GeV (/s =
myo). This is achieved in a several step procedure as shown in Fig. 3.2. In the first step of
positron generation, electrons are accelerated at the LEP Injector Linacs (LIL) to an energy
of about 200 MeV. Collisions with a target of high atomic number Z lead to the production
of positrons with an average energy of 10 MeV. A small fraction (~ 0.001) of the positrons
is accelerated by the second stage LIL to 600 MeV. The electrons for the electron beam are
produced by a 10 MeV electron gun and are injected directly into the second stage LIL. In the
next step the electrons and positrons are accumulated in the Electron Positron Accumulator
(EPA) to increase the current of each beam. The Proton Synchrotron (PS) then accelerates
the beams to 3.5 GeV followed by the Super Proton Synchrotron (SPS) which accelerates
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Figure 3.1: Schematic map of the local area near the LEP collider. PS, SPS and the LEP
rings are shown, together with the four LEP experiments ALEPH, DELPHI, L3 and OPAL.

them to an energy of 20 GeV. Finally the beams are injected into LEP where the particles
are accelerated to about 45.6 GeV. The energy loss AU due to synchrotron radiation is given

by
4

E
AU =8.85-107° — . ——_
r  GeV

where F is the beam energy and r the bending radius of the ring. The synchrotron radiation
loss in LEP is not negligible and consumes about 1.2 MW of power. It is the major constraint
on the maximum beam energy for LEP100 with the present accelerator sections.

Each beam is concentrated in short time bunches with a length of =~ 4.5 cm. The transverse
dimensions are o, ~ 100 ym and o, ~ 10 pm (corresponding to an elliptic beam profile).
Each bunch contains roughly 2.5 - 10!! electrons or positrons and circulates around the ring
11 250 times a second. Until mid 1992 four bunches for electrons and positrons were used.
Starting in 1993 LEP also operates in an eight bunch (so-called pretzel) mode, and it has
been tested successfully to run with bunch trains'. Both bunch systems are synchronized so
that they cross each other at the four interaction points each of which is surrounded by one
of the detectors ALEPH, DELPHI, L3 and OPAL. The rate of production of Z° events at
the interaction points is increased, because the transverse size of the bunches is squeezed by
strong superconducting quadrupole magnets close to the detectors.

(3.1)

! The running with 4 bunches, dividing each bunch into a train of several (mostly 4) bunches, is called bunch
train mode.
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Figure 3.2: Schematic view of the LEP injection system, which shows the two stage LEP
Injector Linacs (LIL), the Electron Positron Accumulator (EPA), the Proton Synchrotron
(PS), the Super Proton Synchrotron (SPS) and the LEP ring itself. The 10 MeV electron gun
close to the e~ — eT conwverter is not shown.

From the physics point of view, two important machine parameters are the center of mass
energy /s and the luminosity £. The center of mass energy /s of an ete™ storage ring of two
beams with exactly the same energy is twice the beam energy. This is the most economical
way of achieving the highest possible center of mass energy. In order to get a stable beam
several effects such as betatron oscillations?, or beam-beam interactions®, must be considered.
An additional small effect which influences the beam energy on the per mill level is the phase
of the moon. The surface of the earth is subject to the gravitational attraction of the moon.
It moves since the rocks that make it up are elastic. At the new moon and when the moon
is full, the earth’s crust rises by some 25 c¢m in the Geneva area under the effect of these
tides. This movement causes a variation of 1 mm in the circumference of LEP (for a total
circumference of 26.7 km), which shifts the beam energy up to AE ~ 14 MeV [74].

The luminosity £ can be defined by

n=c-L, (3.2)

where n is the number of events per second of a given process and o is the corresponding cross
section. The luminosity depends on some specific machine parameters and can be expressed

2Qscillations of the beam around the ideal orbit of the machine are called betatron oscillations.

3Electromagnetic interactions between the beams lead to an increased betatron frequency.
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Figure 3.3: Integrated luminosity averaged over the LEP experiments in the years 1993 and
1994. The horizontal plateaus correspond to technical stops and machine developments [73].

in the following way
_ Nt.N— . k. f

AT -0, - Oy

L (3.3)
where N* denotes the number of electrons or positrons in a bunch, k is the number of bunches,
f is the revolution frequency and o, and o are the horizontal and vertical widths of the beams
at the collision point. The maximum luminosity obtained at LEP in 1994 was approximately
2.2 nb~1s7!. The integrated luminosity averaged over the four LEP experiments for the years
1993 and 1994 is shown in Fig. 3.3. In summary, an integrated luminosity of roughly 145
pb~! has been collected in the years 1990-94 by each experiment. The beam current for an
ete™ collider is defined as

IF=N* . k. f. et (3.4)

where e* is the elementary charge of the electrons and positrons. Typical beam currents for
LEP during the 1994 running period were 2.5 mA.

The operational phase of LEP100 ended in October 1995. Starting from 1996 the cen-
ter of mass energy of LEP will be increased up to 180 GeV in order to produce Wt W~ pairs.
With a scheduled integrated luminosity of 500 pb~' roughly 10000 W* pairs are expected
per experiment. The main physics goals are investigations of the properties of the W* boson
(e.g. a precise measurement of its mass), and searches for new physics (e.g. Higgs or supersym-
metric particles). A serious problem for LEP200 is the energy consumption of the ring. Due
to synchrotron radiation an energy loss of about 38 MW is expected for running in the eight
bunch mode. This corresponds to roughly 10% of the production of a modern power station.
In order to optimize the acceleration sections of LEP the conventional radio-frequency (RF)
cavities are being exchanged with superconducting RF cavities.



3.2 The DELPHI Detector

The DELPHI detector is one of the four multi-purpose 47 detectors at LEP. DELPHI stands
for DEtector with Lepton, Photon and Hadron Identification. A schematic view of the appa-
ratus is given in Figs. 3.4 and 3.5. It was constructed and it is run by a collaboration of 540
physicists coming from 52 different universities and national laboratories. The construction
time of DELPHI was roughly 7 years. The costs for the construction of DELPHI not including
the manpower provided by the institutes were in the order of 150 MSFr. Since the operational
beginning of LEP in November 1989 DELPHI has collected over 3 400 000 hadronic Z° events.
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Figure 3.4: Schematic view of the DELPHI detector: Vertex Detector (VD), Inner De-
tector (ID), Time Projection Chamber (TPC), Ring Imaging Cherenkov Counter (RICH),
Outer Detector (OD), High density Projection Chamber (HPC), Superconducting Solenoid,
Time-of-Flight Scintillators (TOF), Hadron Calorimeter (HAC), Muon Chambers (MUB,
MUF and MUS), Forward Drift Chambers (FCA and FCB), Small Angle Tile Calorimeter
(STIC), Forward Electromagnetic Calorimeter (FEMC).
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Figure 3.5: Schematic view of the DELPHI detector (barrel part) along the beam pipe.

The apparatus can be divided into three main parts: the cylindrical barrel-part with a
total length of 8 m and a diameter of 10 m which lies axially symmetric to the beam pipe, and
two large end-caps (3 m long and 10 m diameter). It has a total weight of approximately 3 500
tons. The detector architecture has, besides some conventional components of an et e~ detec-
tor, additional features for particle identification, e.g. the Ring Imaging CHerenkov (RICH)
detectors, which allow a separation of kaons, pions and protons in certain momentum re-
gions. Most of the elements in DELPHI provide direct three-dimensional information, which
is read out via some 250 000 channels, 14 dedicated computers and one main computer. This
section reviews the main (barrel) detector components of DELPHI and provides information
concerning the performance. More details can be found in Refs. [75-78].



3.2.1 The Tracking System
The Solenoid

A large part of the barrel detector is embedded in the magnetic field (1.2 T) of the large
superconducting coil (length 7.2 m, inner diameter 5.2 m), made of copper-packed Ni-Ti
filaments operating at 7' = 4.5 K with a total current of 5000 A. The magnetic field allows
a precise momentum determination of charged particles from the curvature of their tracks in
the R¢ plane®*. Moreover, it plays an essential role in reducing the transverse diffusion of the
gas drift devices, e.g. in the central Time Projection Chamber (TPC) and in the High density
Projection Chamber (HPC).

The Vertex Detector

The DELPHI Vertex Detector (VD) consists of three layers of silicon micro-strip detectors
which surround the interaction point at radii of 6.3, 9.0 and 10.9 cm parallel to the beam-pipe
(see Fig. 3.6 and 3.7). Each layer consists of 24 modules covering a length of 23 c¢m (27 cm for
the closer layer). In 1994 two layers of the VD were equipped with double-sided micro-strip
detectors which provide measurements in R¢ and Z direction. The intrinsic resolution of the
VD is 7.6 pm in R¢ and 9 pm in Z (for perpendicular tracks). The short lever arm to the
interaction point results in an excellent impact parameter® resolution in R¢ and Z.

The impact parameter uncertainty, oyp, has contributions from three independent sources.
There is a purely geometric extrapolation uncertainty, oo, due to the point measurement
error in the VD, the uncertainty due to multiple scattering in the beam-pipe and the layers
of the VD, o9, and the uncertainty on the position of the primary vertex, oy. Thus,
02p = 0%+ 0%;5 + 0. The impact parameter uncertainty has successfully been parametrized
for the R¢ direction

2
65 GeVum/c
orp(Re) = (—372/) + (20 pm)* (3.5)
p - sin*/“0
and for the Z direction
71 GeVum/c 2
o1p(Z) = (—’j) b (34 pm)? (3.6)
p-sin®/“0

where p is the track momentum [GeV/c| and ® the corresponding polar angle [77]. To achieve
the extremely high precision, which is of the order of the inhomogenities of a smooth surface,
a careful alignment of each layer is necessary. Measurements on high momentum particle
trajectories (e.g. Z® — puTp~) as well as the overlaps between the neighboring wafers in each
layer are very useful in this respect.

*DELPHI has a cylinder coordinate system with the Z axis coinciding with the electron beam direction.

®The impact parameter is defined as the distance of closest approach of a track to the primary vertex.
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Figure 3.6: Schematic layout of the DELPHI microvertex detector (in cm). (a) Projection
on the plane transverse to the beam. (b) Perspective view.

The Inner Detector

The Inner Detector (ID) is used for fast trigger decisions and it yields some redundancy for
the vertex reconstruction and track separation done by the VD. It covers a cylindrical volume
between the radii 12 cm and 28 cm and a total length of 1 m. The apparatus is split into
an inner drift chamber part with a jet-chamber architecture pointing to the interaction point,
and an outer MWPCS® for radii greater 23 cm. All wires are parallel to the beam. The jet
chamber is divided into 24 sectors in ¢ with 24 wires each. The high voltage is chosen so
that the drift velocity rises in the same way as the drift distance e.g. linearly with E. Due
to this architecture ideal tracks stemming from the interaction point lead to pulses arriving
on the 24 wires all at once. This allows a fast trigger decision (3us) weather tracks come
from the interaction point. Five layers of 192 field wires in the MWPC part serve to resolve
the left-right ambiguity of the jet-chamber, while 192 circular cathode strips (pitch = 5 mm)
give Z information. The resolutions obtained for Z° — u*u~ events is 0(R¢) = 50 ym and
o(¢) = 1.5 mrad [78]. The two track separation is about 1 mm. In the 1995 shutdown the ID
was replaced by an extendet device with a total length of 1.40 m.

The Time Projection Chamber

The Time Projection Chamber (TPC) is the main tracking device of DELPHI. It covers the
active volume from R = 35 cm to 111 cm (|Z] < 134 cm) and is filled by an argone-methane
gas mixture (Ar/CH, : 80/20%). The TPC is divided into two hemispheres of six sectors in ¢.
It is read out at the end-caps by 16 concentric pad rows and 192 anode wires. A track passing

SMWPC = Multi Wire Proportional Chamber.
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through the gas volume leaves a tube of ionization along its way. Due to a homogeneous
electric field along the Z direction, the charges are drifted in the gas with a drift velocity
of vp = 6.7 cm/us to the end-caps. The R¢ resolution is governed by the segmentation of
the read-out structure, while the Z coordinate is measured by the drift time. In this way up
to 16 three-dimensional space points can be measured per track. The single point resolution
for tracks from multi-hadronic Z° decays is 250 ym in the R¢ plane and 880 ym in the RZ
plane [78]. The two-point separation is of the order of 1 cm. Particle identification with the
TPC is performed using the dE/dz measurement for charged tracks. This is described in
detail in section 4.5.

The Outer Detector

The Outer Detector (OD) is a drift chamber which essentially provides a fast trigger infor-
mation in R¢ as well as in Z. It consists of five layers of drift tubes at a radius between 198
and 206 cm, covering an angular region in ® between 42° and 138°. The OD gives points
with good spatial resolution at a radius of 2 m from the interaction point, which increases
the lever arm for the track reconstruction. All five layers provide precise R¢ measurements
with a resolution of ory = 110 pm [78]. The longitudinal information in Z is obtained by the
relative timing of the signals from both ends. A resolution of oz = 3.5 cm is achieved [78].

The Performance of the Tracking System

The design of the DELPHI detector which includes the RICH detectors for particle identifi-
cation limits the size of the central tracking devices. Therefore, a system of several tracking
components (e.g. VD, ID, TPC and OD for the barrel part) has been constructed. The align-
ment of the different components and the disentangling of systematic effects (e.g. shifts or
torsions) is essential for a good momentum resolution. By using Z° — utu~ events the total
momentum resolution in the barrel part of the detector is determined to be

o(1/p) = 0.57 x 1073(GeV/c) ™", (3.7)

combining VD, ID, TPC and OD track elements [78]. The momentum resolution in the
forward region with 20° < @ < 35° is

o(1/p) = 1.31 x 1073(GeV/c) ™", (3.8)
using at least VD and FCB information [78].

3.2.2 The Calorimeters
The High Density Projection Chamber

The High density Projection Chamber (HPC) is the barrel electromagnetic calorimeter in
DELPHI [79]. It is the first large time-projection gas calorimeter, which provides a full

"The Forward Chambers (FCA and FCB) are the main tracking devices in the forward region (see Fig. 3.4).
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Figure 3.8: Schematic view of the layer structure of a single HPC module. An entering
electron initiates an electromagnetic shower in the converter. The produced charge is drifted
to a planar MWPC. The full detector consists of 144 such modules.

three-dimensional reconstruction of an electromagnetic shower. It covers the angular region
42° < O < 138°. The HPC consists of 144 modules arranged in 6 rings inside the cryostat of
the magnet. Each ring consists of 24 modules concentrically arranged around the Z axis with
an inner radius of 208 cm and an outer radius of 260 cm. In principle, each HPC module is
a TPC, with layers of a high dense material (lead) in the gas volume, where electromagnetic
showers are initiated (see Fig. 3.8). The converter thickness varies between 18 and 22 radiation
length depending on the polar angle ©. It consists of 40 planes of lead with a thickness of
about 3 mm. The 39 gas gaps are filled with an argone-methane gas mixture (Ar/CH, :
80/20%). The produced cloud of electric charge form an electromagnetic shower. It is drifted
with a velocity of vp = 5.5 cm/pus in a homogeneous electric field (E = 106 V/cm), which is
parallel to the B field. The read-out of a single module is performed at the end of each module
by a planar MWPC, which consists of 39 sense wires and is segmented in 128 pads. Each pad
is read out in 256 time buckets. This leads to a total number of 144 x 128 x 256 = 4.7 - 10°
ADC signals which are available per event. The energy resolution of the HPC for photons has
been found to be

32
o8 _ 320 459 (3.9)

'E ~ \/E[GeV]

using neutral pions reconstructed from one photon converted before the TPC, reconstructed
with high precision, and one photon reconstructed in the HPC [78]. The angular resolution
in ¢ is given by the segmentation of the read out (64 = 3.1 mrad). The Z information is
evaluated from the drift time (leading to oe = 1.0 mrad) [78].



The Hadron Calorimeter

The return yoke of the DELPHI superconducting solenoid is designed as an iron/gas hadron
calorimeter (HAC). The angular acceptance of the instrument is 43° < © < 137° in the
barrel part, and 11° < @ < 50° and 130° < ® < 169° in the two forward parts. The active
components of the HAC consist of 20 layers (19 in the forward region) of plastic-made wire
chambers of 2 cm depth interleaved by 5 cm of iron. The energy resolution obtained from
multi-hadronic Z° decays using the momentum information from the TPC is described by [78]

112
o5 _ UM% o1y (3.10)

E ~ /E[GeV]
The average depth of 1.5 m of the HAC together with the other detectors make DELPHI
self-shielding so that even during runtime the detector is accessible.

The Luminosity Monitoring Detectors

The luminosity is measured via low 2 Bhabha scatter events which emerge from the interac-
tion largely at small polar angles. Therefore, the Small angle Tile Calorimeter® (STIC) and
the Very Small Angle Tagger (VSAT) are mounted 2.5 m and 7.7 m, respectively, from the
interaction point close to the beam-pipe. The STIC is a lead/scintillator sampling calorimeter
read out with wavelength shifting fibres and photoelectrode tubes. VSAT is a W-Si calorime-
ter of 24 radiation length sensitive between the polar angles of 5 and 7 mrad.

3.2.3 Particle Identification Devices

The identification of photons, electrons, muons and hadrons is generally done in a combined
offline analysis of many detector components. This section emphasizes the subdetectors which
are dedicated to particle identification.

The Ring Imaging Cherenkov Detectors

Charged particles traversing a dielectric medium with a velocity larger than the speed of light
in that medium produce a cone of Cherenkov light. The emission angle ®¢, depends on the
mass M and momentum p of the particle via the relation
1+ M2/02
cos Ocp, = Vit MY pt , (3.11)
n
where n is the refractive index of the radiator medium. The number of photons emitted is
proportional to sin? ®¢y. This information (Cherenkov angle and number of photons) is used
to evaluate masses of charged particles. The main goal of the RICH detectors is to separate

8 The STIC detector replaced in 1994 the Small Angle Tagger (SAT) [76].
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Figure 3.9: Schematic view of the barrel RICH detector. The upper volume shows the gas
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electrons drift for both systems to the proportional chamber, indicated on the right hand side.
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kaons and protons form the large pion background. In the momentum range where kaons and
protons are below the Cherenkov threshold, they do not emit light while lighter particles do.
This property can also be used in the so-called veto mode.

The DELPHI RICH [80] contains two radiator systems of different refractive indices. A
liquid radiator is used for particle identification in the momentum range from 0.7-4.0 GeV/c,
and a gaseous radiator is used from 2.5-25.0 GeV/c. The full solid angle coverage is provided by
two independent detectors (the forward and the barrel RICH). Perfluorocarbons were chosen
as radiator media, both in the forward (liquid C¢F14, gaseous C4F1o) and in the barrel (liquid
CgF14, gaseous CsF13). Photons in the range from 170-220 nm are focused onto photosensitive
Time Projection Chambers, 48 in number in the barrel and 24 in each arm of the forward
RICH. A schematic view of the DELPHI barrel RICH is given in Figure 3.9. More details on
the operation of the RICH and the corresponding particle identification software are given in
section 4.5.



The Muon Chambers

The DELPHI muon chambers are drift chambers which are located behind the hadron calorime-
ter. They provide a muon identification with an efficiency of about 95%. The Barrel, Forward
and Surround MUon (BMU, FMU and SMU) chambers cover the polar angular region be-
tween 15° and 165°. Resolution measurements on isolated tracks give opy = 4 mm. The Z
coordinate is evaluated from delay time measurements (with a digitization window of 2 ns)
obtaining a resolution of oz = 2.5 cm [78].

The Time-of-Flight Counters

The Time-of-Flight (TOF) system is installed on the outer surface of the solenoid. It consists
of a layer of 172 scintillation counters. The modules (19 x 2 cm? cross section and 3.5 m long)
are read out at both ends by photo-multipliers connected by light guides. In the forward part
of the DELPHI detector a similar system is installed as well. In the polar angle region from
15° to 165° the TOF system serves as a cosmic muon trigger as well as a cosmic veto during
beam crossings. Cosmic ray runs show the time resolution to be 1.2 ns [78].

3.3 The DELPHI Online System

The DELPHI online system has to manage several functions during runtime: analyse the
events on an elementary level and supply a fast trigger decision; read out all detector com-
ponents and write the data on storage media (disks, tapes); run the power supplies, gas and
cooling systems of the detector and control and log all slowly varying detector parameters
(e.g. temperatures, pressures, high voltages, drift velocities etc.).

3.3.1 The Slow Control System

The DELPHI slow control architecture allows a single operator to monitor and control the
complete status (high and low voltages, gas supplies etc.) of the entire detector. The per-
formance comprises the display of the detector status, error messages and the continuous
updating of the detector database for calibration and offline analysis. The 16 gas-filled subde-
tectors of DELPHI are supplied by a standardized gas flow control system including automatic
survey of relative mixtures, cleaning and drying of the media. This system is realized using
VAXstation computers shared with the DELPHI data aquisition. The hardware link is realized
by G64-computers for the subdetectors connected by an ethernet link [81].

3.3.2 The Trigger

The time between two bunch crossovers is 22 us (11 ps in 8-bunch mode). The DELPHI
trigger system [82] is designed to handle large luminosities with large background event rates.



The four level hierarchy starts with two hardware triggers T1 and T2. The first level decision
is made within 3 s using e.g. the charged track condition of the ID and OD or correlated
wires in the FCA and FCB. Other first level trigger conditions are provided by scintillator
modules mounted inside in the HPC. If T1 fires, T2 decides within 39 us, reanalyzing the
slow drifting devices to confirm the T1 decision, e.g. the TPC for charged tracks and the
HPC for electromagnetic energies. The T1 rate is usually around 400 Hz, the T2 rate around
4 Hz. T3 and T4 are software triggers running in real time. T3 confirms the T2 decision
using the full granularity and resolution rejecting roughly half of the T2 events. The fourth
level trigger program suppresses remaining background, flags events for physics analyses and
provides an online event display for monitoring purposes [83]. There are at least 15 different
trigger conditions for the levels 1 and 2 and further logical combinations are possible. The
trigger system is highly redundant so that the efficiency can be tested by data itself. The
efficiency for multi-hadronic events is almost 100%.

3.3.3 The Data Aquisition System

The heart of the DELPHI Data Aquisition System (DAS) [84] is a VAX8700 computer sup-
ported by a VAX4000 and several VAX and DEC5000 workstations. All T2 events are stored
as raw data on IBM-3480 cassettes using the ZEBRA® bank structure. The typical size of
a multi-hadronic event is 50 Kbyte. The events are flagged with the fill number of the LEP
machine and with the DELPHI run number. A run is defined as a period of stable conditions
e.g. constant temperature, pressure, high voltages and other detector parameters. Each run
is a separate file on the output tapes.

3.4 The DELPHI Offline Analysis Chain

This section gives an overview over the DELPHI offline analysis chain. The main components
are shown in Fig. 3.10.

3.4.1 The DELANA Package

The main reconstruction program is the DELPHI ANAlysis program DELANA [85]. It con-
tains one module for each subdetector which performs the necessary alignment and calibration
of the raw data. The data format inside DELANA is based on ZEBRA and is called TANA-

GRA. The event reconstruction proceeds in the following steps:

¢ A local pattern recognition is performed independently and separately for each sub-
detector resulting in so-called Track Elements (TE’s) e.g. space points and directions,
energy depositions and so on. This step is known as first stage pattern recognition.

°ZEBRA is a memory management program which offers the possibility of handling dynamic data structures.
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o The track elements from several detectors are grouped into track candidates and a first
track fit is performed.

o After resolving ambiguities, the tracks are extrapolated to obtain precise estimates for
their passage through the subdetectors.

o A second stage pattern recognition is performed, where the local pattern recognition is
redone using the appropriate extrapolated information from the other subdetectors.

¢ Energy depositions in the calorimeter are either successfully linked to charged tracks or
are marked as neutral energy.

e Primary event vertices are fitted from the reconstructed tracks.

The output of this procedure is the so-called DST!? data format containing a tree structure
of banks based on the reconstructed vertices. All information related to physics analysis (e.g.
four-vectors of particles, calorimeter information, matches to the simulation etc.) is stored
here. The size of a multi-hadronic Z® DST event is roughly 80 kbyte.

3.4.2 The SDST Creation

In order to improve data quality and to provide reasonable particle identification for the
collaboration, an additional processing is performed. It reduces the amount of data by a
factor of three and is called Short DST (SDST). It contains the following:

e Track and vertex fits are redone after fixes for alignment and calibration have been
applied on the TE basis (DSTFIX).

Running of the AABTAG package (tagging of bb events)

Running of the ELEPHANT package (e,v and w° identification)

Running of the MUFLAG package (u identification)

Running of the RECV0 package (A and K° identification)
Running of the HADIDENT package (K* and p identification)

In order to reduce the volume of data by an additional factor of three, a subsample of the
SDST data is produced which is called Mini DST (MDST). The MDST data format contains
just the basic information which is needed for an analysis, e.g. track refits are not possible
using this format.

The time consuming processings (DELANA and SDST production) are done on the DEL-
FARM computer cluster consisting of 15 ALPHA-OSF, DEC-ULTRIX and VAX-VMS work-
stations. The analyses presented in this thesis are based on the SDST data format. The
programs analysing the SDST data ran on the DELPHI SHIFT system consisting of seven
HP-UX and four ALPHA-OSF workstations.

1'DST = Data Summary Tape [86]. The DST data format is based on ZEBRA and is produced from TANA-
GRA data by the program package PXDST.




™D TE TS TK ™V ST PA

DELPHI Interactive Anal yS S 0 86 0 27 26 0 0
Beam: 47.2GeV Run: 5902 DAS: 16-Dec-1989 Ad (0) (8) (0 (27) (26) (0 (0
. 03:29:34 o o o o0 0 0 0

Proc:  24-Nov-1991 Bvt 879 Scan:  19-Oct-1992 Deact

(0 (5 (O (3 (19 (0 (0

- 1X-Y

@,
|

Figure 3.11: A three-jet event recorded with the DELPHI detector and visualized with the
DELGRA event display program. Individual charged tracks are drawn as lines and energy
depositions in the calorimeters as boxes. The upper and lower plot show the views in direction
and perpendicular to the direction of the beam pipe.

3.4.3 The DELPHI Event Display

The DELPHI GRAphics program DELGRA is a 3-D interactive colour display facility to
visualize the detector response of an event. It is very useful for investigations of the detector
performance and for checks of event reconstruction programs, e.g. shower reconstructions and
track fits. Especially in the LEP200 phase, where very low event rates are expected and new



physics could show up, the DELGRA program will be of major importance. A three-jet event
visualized by DELGRA is shown in Fig. 3.11.

3.5 The Detector Simulation

The primary aim of a simulation program is to produce ”data” for a particular reaction
which are as close as possible to the real raw data from the detector. These ”data” are
then processed through the reconstruction program DELANA and the subsequent analysis
programs in exactly the same way as for real data. This procedure models the detailed
response of the complete detector to a particular physics subject. The DELPHI simulation
(DELSIM) [87] is based on three components which can be summarized as follows:

¢ A model for the generation of the primary physics process: In most cases, this is per-
formed by external programs, like JETSET [22] for quark final states, Dymu3 [23] for
ete™ — putp~, BABAMC [88] for ete™ — ete™, KORALZ [89] for ete™ — 7777, The
DELPHI collaboration uses its own parameter tuning for the different generators deter-
mined from the latest available data [34].

e The general task of following particles through the DELPHI detector up to the point
where they hit an active detector component: This is done by stepping through the
magnetic field including the possibility that these particles give rise to secondary in-
teractions. In order to reach the required accuracy for the results, a very detailed
description of the material inside the detector is necessary.

¢ Following the particles inside the active detector components and the simulation of the
detector response as recorded in reality: This part is specific to every detector component
and the modularity of the code is such that each of them corresponds to an independent
software module.

The particle tracking through the DELPHI detector includes energy loss, multiple scattering
and the following secondary processes:

e the photoelectric effect

e the emission of Delta rays
¢ bremsstrahlung

e annihilation of positrons
e pair production

¢ Compton scattering

e weak decays

e nuclear interactions, using GEANTH [90]



The material parameters which determine the rates of the above processes are extracted from
the CARGO data base. When a particle enters an active detector component the control
of the track-following is given to the corresponding software module. Most modules follow
the particles by using tools provided by the general routines outlined above. Some modules
use different methods, for example the HPC which needs a very accurate description of the
electromagnetic effects and is based on EGS4 [91]. When a particle crosses the sensitive
volume of a detector the relevant information is stored to compute the detector response in
the form of electronic signals, as for real data.

The simulation of events for physics analyses and detector studies is produced in several
production centers in the DELPHI member states. The achieved statistics is comparable with
or larger than the statistics for the actual LEP data.



3.6 Summary of the Chapter

o LEP is the largest storage ring ever built. The luminosity of 2.2 nb~! s~! was reached
using 8 bunches per eTe~ beam in pretzel orbits. LEP is operating on the Z° resonance
with good performance close to the design values.

¢ DELPHI is one of the four LEP experiments. It is equipped with a large superconducting
coil producing a magnetic field of 1.2 T. The electromagnetic calorimeter HPC and the
RICH systems are located inside the superconducting coil which restricts the volumes
of the central tracking devices.

o In the years 1991-1994 DELPHI collected an integrated luminosity of roughly 145 pb~1.
About 3.4 million hadronic Z° decays have been recorded on tape.

e The track resolution is dominated by the DELPHI vertex detector consisting of three
layers of silicon microstrip diodes. The impact parameter resolution can be parametrized

2
as orp(R)[pm] = \/<65/p/sin3/2®> + 202 for R¢. The corresponding resolution in the

Z direction is given by o7p(Z)[pum| = \/<71/p/sin‘r’/2@)>2 + 342.

¢ The momentumresolution of the DELPHI tracking system was determined to be o(1/p) =
0.57x1073(GeV/c) ™! for the barrel and o(1/p) = 1.31 x 10~3(GeV/c) ™" for the forward

region.

e The energy resolution of the electromagnetic calorimeter HPC was found to be og/F =

26%/+/E[GeV] @& 4.6%. The energy resolution of the hadron calorimeter is described
by og/E = 112%//E[GeV] & 21%.

¢ Special emphasis during the construction of DELPHI was given to the particle identifi-
cation devices. Good separation between kaons, protons and pions is achieved by using
the barrel and forward RICH detectors. Furthermore, DELPHI is equipped with 47
muon chambers.

e The DELPHI online system manages several functions during runtime: analyse the
events on an elementary level and supply a fast trigger decision; read out all detector
components and write the data on storage media; run the power supplies, gas and cooling
systems of the detector and control and log all slowly varying detector parameters.

¢ The offline analysis (DELANA, SDST production) is done on the DELFARM computer
cluster, consisting of 15 DEC-ALPHA workstations. The processed data are stored for
physics analysis in the DST (Data Summary Tape), SDST (Short DST) and MDST
(Mini DST) format. The presented analyses were performed at CERN using the SDST
format and the DELPHI SHIFT computer system.

e The simulation for physics analyses and detector studies is produced in several produc-
tion centers in the DELPHI member states. The achieved statistics is comparable with
LEP statistics.






Chapter 4

Analysis Tools

The main goal of this thesis is the search for and observation of orbitally excited B mesons
in the decay channel B** — Bw or B** — B*x. This chapter describes the main analysis
tools while the next chapter is dedicated to the actual analysis. The analysis starts with a
multi-hadronic event selection (section 4.1), followed by a tagging of bb events (section 4.2).
The four-vectors of the B or B* mesons are reconstructed in an inclusive fashion using an
algorithm based on a simple rapidity argument (section 4.3). Since B** mesons decay rapidly
through the strong interaction, decay pions originate from the primary vertex. A significant
reduction of background from B decay products is achieved by using a vertex reconstruction
algorithm (section 4.4).

Furthermore, a search for B]” mesons decaying into BMEK as well as a search for the b
baryons X and ¥ is performed. Significant kaon identification is essential for the observation

of B}* mesons (section 4.5). In order to achieve baryon enrichment for the El(;*) analysis,
methods of proton tagging and A reconstruction are used (sections 4.5 and 4.6).

4.1 Hadronic Event Selection

The hadronic event selection in DELPHI is based on the reconstruction of charged particle
tracks and neutral energy deposition in the calorimeters. Prior to the actual event selection,
a track selection takes place which removes badly reconstructed tracks or tracks originating
from secondary interactions with the detector material. The following track quality cuts are
applied:

¢ track length > 30 cm

e track momentum > 0.1 GeV/c

radius of first measured point < 35 cm

R¢ impact parameter < 4 cm

¢ relative error on R¢ impact parameter < 2

Z impact parameter < 4 cm



Electromagnetic showers are selected by using the default quality cuts from the ELEPHANT
package [92]. Neutral showers reconstructed in the hadron calorimeter (HAC) are accepted
if their energy exceeds 10 GeV. The multi-hadronic event selection comprises the following
standard selection cuts (for details see Ref. [93]):

number of charged tracks in the event > 6

number of neutral particles in the event > 1

|positive — negative| charged particles in the event < 5

charged energy in the event > 20 GeV

total energy in the event > 30 GeV

After these cuts one obtains a sample of 2 943K multi-hadronic events taken with the DELPHI
detector in the years 1991-1994. The following SDST data sets are used: 91F1 - 255K, 92D2
- T00K, 93C1 - 708K and 94B1 - 1280K. Background originating from beam-gas and beam-
wall events is significantly suppressed. The contribution of these backgrounds to the event
sample is estimated to be of the order of 0.1%. The background from 777~ events is of the
order of 0.2%.

For each multi-hadronic event the main event axis (given by the thrust axis ¢ ) is calculated.
The quantity thrust T is defined by [94]

2|7 - gyl
T = max ——— 4.1
A=1 X |pil (1)

and the thrust axis ¢ is given by the vector 7 for which the maximum is attained. The allowed
range is 1/2 < T < 1, with a two-jet event corresponding to T' ~ 1 and an isotropic event
to T ~ 1/2. Each event is divided into two hemispheres as defined by the thrust axis. The
analysis is restricted to the barrel region where there is complete vertex detector coverage
(] cos(Othrust)| < 0.75 with Opyyst being the angle between the thrust axis  and the Z axis).

Furthermore, the jet structure of each event is analyzed using the LUCLUS algorithm [95]
with a transverse momentum cutoff of 5 GeV/c, leading to a classification of all events into
two-, three-, four-, or five-jet event samples!. In simulation studies this transverse momentum
cutoff is found to give the best reconstruction of the initial b6 hadron direction. Depending on
the particular analysis performed, different cuts for the number of jets are used.

4.2 Tagging of bb Events

The cross section for bb production in ete™ annihilation on the Z° resonance is 6.6 nb which
corresponds roughly to 22.1% of the hadronic cross section Z° — ¢g [12]. Several methods

! The following parameter settings are used for the LUCLUS algorithm [95]: PARU(44)=5.0, MSTU(46)=1,
MSTU(47)=2 and MSTU(48)=0.



are used by the LEP collaborations in order to isolate bb events from the remaining multi-
hadronic backgrounds Z° — ¢, s3, u@ and dd. A b hadron can either be reconstructed in a
fully exclusive way from its decay products, or it can be tagged by a measured high p; lepton
from its weak decay. These methods suffer from low efficiencies and small branching ratios in
the observable decay channels (e.g. Br(B° — etv.X) =~ 10%).

The method used in this analysis is based on the long lifetime of  hadrons (about 1.6 ps
for the mixture of B mesons and b baryons produced at LEP), their large mass (5.28 GeV/c?)
and their sizeable energy ((Ep) ~ 0.7 Epeqm). These facts lead to a mean flight distance for b
hadrons in the laboratory frame of d = Bycr ~ 3 mm. In order to identify bb events, one may
try to reconstruct a secondary b-decay vertex from charged particle tracks in a hemisphere
(see section 4.4). However, studies of impact parameter distributions of b decay products lead
to methods with higher tagging efficiencies. Such methods are standard in DELPHI [96] and
are discussed below.

The impact parameter? is defined as the distance of closest approach of the trajectory
of a charged particle to the primary reconstructed vertex. It is evaluated separately in the R¢
plane and in Z. The sign of the impact parameter is defined with respect to the jet direction.
It is positive if the vector joining the primary vertex and the point of closest approach to
the track lies in the same direction as the jet to which the given track belongs. The sign is
computed in two dimensions when only R¢ measurements from the VD are available, other-
wise it is done in three dimensions®. The sign of R¢ and Z impact parameters are the same
for a given track. The impact parameter error arises from the error on the point of closest
approach and the error on the vertex position. The significance 5y of a given track is defined
as the impact parameter divided by its error.

The impact parameter is used as the only tagging variable for the separation of events
with b quarks from the rest of the hadronic events. With the given definition of the impact
parameter and of its sign, it follows that the tracks from the decays of b hadrons have positive
impact parameters, whereas non-zero impact parameters, arising from the inaccurate recon-
struction of particle trajectories, are equally likely to be positive or negative. Therefore, the
use of tracks with positive impact parameters increases the tagging efficiency.

For the tagging of b hadrons, the probability method proposed originally in [97] is used.
It gives the possibility of constructing one tagging variable from all impact parameter values
observed in the event. This is achieved by the following algorithm. The negative significance
distribution mainly reflects the detector resolution and is used to build the track probability
function P(So), which is by definition the probability for a track from the primary interaction
to have a significance with absolute value S or greater. By construction, the distribution of
P(So) for tracks with positive impact parameters should have a peak at low values. Using the
track probability function, the probability for each track in the event can be computed accord-
ing to the value of the significance. Thus, for any group of N tracks the N-track probability
is defined as:

N-1 N
Py=1- > (~InII)’/j!, where I = [[ P(5;) . (4.2)
7=0 =1

This variable gives the probability for a group of N tracks with the observed values of sig-
nificance to come from the primary vertex. By construction, a flat distribution of Py is

2The impact parameter and the obtained resolutions in DELPHI are also discussed in section 3.2.1.

*Starting from 1994 the DELPHI vertex detector provides both R¢ and Z information.
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Figure 4.1: b-tagging efficiency as a function of purity for different values of the cut on
(a) the event probability and (b) on the hemisphere probability for three-dimensional VD (full
line) and for two-dimensional VD (dashed line) [78].

expected for a group of tracks from the primary vertex, provided the significances of these
tracks are uncorrelated, while tracks from b-hadron decays should have a sharp peak at 0. In
the case that the Z impact parameter is measured, the probability P(S5¢)z is computed in
the same way as for the R¢ impact parameter. The N-track probability is then given by a
combination of both Pry and Pz probabilities. The event probability, Pg, is the probability
computed using all the N-tracks of the event and, similarly, the hemisphere probability Pr
is the probability computed from the tracks belonging to that hemisphere. Furthermore, in
order to decide if a single track originates from the primary vertex or from a b-decay vertex,
the track probability Pr is provided by the b-tagging package. Fig. 4.1 shows the b-tagging
efficiency as a function of purity for the event probability and for the hemisphere probability
for three-dimensional VD (full line) and for two-dimensional VD (dashed line). It can be seen
that the possibility to measure both R¢ and Z increases the efficiency for a given purity. The



year | multi-hadronic bb events bb events
Z° events purity: (83 £4)% | purity: (94 £ 4)%

1991 255 K 32K 17K
1992 700 K 85 K 45 K
1993 708 K 100 K 55 K
1994 1280 K 154 K 82 K

Table 4.1: Number of multi-hadronic Z° events and b-tagged events for DELPHI data taken
in the years 1991-1994.

results have been extracted from simulation for a sample of multi-hadronic events selected
within the acceptance of the vertex detector (|cos(®¢pryst)| < 0.75). The working points for
the different presented analyses are stated explicitly in the next chapter. Some typical values
for event numbers and purities are given in Tab. 4.1. A cut on the event probability Pg < 0.01
corresponds to an efficiency of (65 £ 3)% and a purity of (83 £ 4)%. A cut Pg < 0.001 leads
to an efficiency of (44 £ 3)% and a purity of (94 + 4)%.

4.3 Inclusive B Meson Reconstruction

The algorithm of inclusive B meson reconstruction [98] was developed and successfully applied
in the DELPHI B* analysis [31], combining inclusive reconstructed B mesons with converted
photons (B* — Bvy). Additionally, it lead to an inclusive measurement of the B fragmentation
function in DELPHI [99].

The algorithm is based only on the measured momenta and angles of the B decay products.
This works well for B mesons due to their large mass and their hard fragmentation function.
Simulation studies at the Z° resonance show that the rapidity* y = 0.5-log((E +p.)/(E —p.))
of B mesons along the event thrust axis should be strongly peaked at y = £2.4, with some
spread towards lower |y| due to hard gluon radiation (see Fig. 4.2(a)). Another observation
is that the B meson decay products should have a Gaussian distribution in rapidity space
with a width of about 0.8 units. In b events the fragmentation process generates particles
mostly at low rapidity, and their distribution can be described by two Gaussians of width 1.05
units, centered at +1.03. The model dependence of these distributions has been analyzed by
comparing the predictions of JETSET 7.4 [22] and HERWIG 5.8 [29] (with the JETSET particle
decays), both with default parameters. In general these two predictions differ by less than
10% at any value of y in the inclusive y distribution from fragmentation, and by less than 4%
in the distribution from B decays.

Detector acceptance and resolution effects have only a small influence on these distribu-
tions, the most important effect being that the loss of low energy particles leads to a suppres-
sion of the population at low |y|. The inclusive rapidity distributions for DELPHI data and
simulation are shown in Fig. 4.2(b). Excellent agreement is observed for both charged and
neutral particles.

*The definition of the rapidity originates from a parametrization of the Lorentz invariant phase space element
dLips = 1/4(27r)3dyd¢dpi for a single particle. A longitudinal Lorentz boost is a linear transformation in
rapidity.
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Figure 4.2: (a) Rapidity distributions for B mesons (shaded area), particles stemming from
B decay (solid curve) and particles from fragmentation (dotted curve) in bb events as expected
from the JETSET 7.4 model.

(b) Comparison between the rapidity distributions of all particles (upper curves) and charged
particles (lower curves) in a b-enriched sample of data (points) and Monte Carlo simulation
(lines).

(c) Reconstructed B mass spectrum for data (points) and simulation (solid line).

(d) Corrected fractional B energy spectrum for data (points) and simulation (solid line). The
shaded area in (c) and (d) corresponds to the background due to non-bb events.



Each event is divided into two hemispheres as defined by the thrust axis. The rapidity of
each reconstructed charged particle (assuming the pion mass) and neutral particle (assuming
the photon mass) with respect to the thrust axis is calculated. Particles outside a central ra-
pidity window of £1.6 units are considered to be B meson decay products. The four-momenta
of these particles are added together in each hemisphere to arrive at a B meson energy esti-
mate E, for each side of the event.

Given the inclusive nature of this reconstruction technique there are events that are not
well reconstructed. However, most of these poorly reconstructed events are removed by re-
quiring that:

¢ a minimum energy of 20 GeV is reconstructed for the B candidate in the rapidity-
gathering algorithm

o the reconstructed mass m, lies within +2.5 GeV/c? of the average reconstructed B
meson mass

¢ the ratio of hemisphere energy, Epem, to beam energy, Fpeam, lies in the range
0.6 < zp = Ehem/Ebeam < 1.1

Enforcing these requirements results in a loss of 26% of B decays. Studies using simulation
showed a strong correlation between the generated B meson energy, Eps e, and the initial
estimate E, from the rapidity-gathering algorithm described above. There is a further corre-
lation between the energy residuals AE = E, — Eptyye and the reconstructed B meson mass
my, which is approximately linear in m,. Also a correlation between AE and the ratio of the
energy seen in the hemisphere to the beam energy 5 = Frem/Epeam is observed, reflecting
global inefficiencies and neutrino losses. Since the mass and hemisphere energy dependences
are not independent, a correction technique taking into account their correlations is applied.

The correction function is determined using simulated events in the following way. Af-
ter applying all cuts, the simulated data are divided into several samples according to the
measured ratio ;. For each of these classes the energy residual AF is plotted as a func-
tion of the reconstructed mass my,. The median values of AE in each bin of m, are cal-
culated, and their m, dependence fitted by a second order polynomial, AE(m,; zp-bin) =
a+b-(my— (my))+c-(my — (my))2 The three coefficients in the fit, a,b and ¢, in each
zp, class are then plotted as function of 5, and their dependence fitted using second order
polynomials, a(zy) = a1 + a2 - @, + a3 - 22, and similarly for b(z) and c(z5). Thus one obtains
a smooth correction function describing the mean dependence on m, and the hemisphere en-
ergy, characterized by 9 parameters a;, b;, ¢;, ¢ = 1, 3. Finally, a small bias correction is applied
for the mean remaining energy residual as a function of the corrected energy, as determined
from simulation.

The good agreement between data and Monte Carlo simulation for the reconstructed B
mass m, and corrected fractional B energy zg distributions is shown in Figs. 4.2(c) and
4.2(d). The attainable precision of this inclusive technique depends on the cuts on the b-
tagging probability, the event shape variables (e.g. thrust and number of jets) and on the B
quality (E,, m, and z). For the standard cuts described above the energy precision is 7% for
75% of the B mesons, the remainder constituting a non-Gaussian tail towards higher energies.
The angular resolution in ® and ¢ can be parameterized as double-Gaussians with widths of
15 mrad for 60% of the data and 38 mrad for the remaining 40%. Fig. 4.3 shows the energy
and angular resolutions of the inclusive reconstruction method.
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Figure 4.3: Inclusive B reconstruction algorithm. (a) ¢rec — dpc, (b) Orec — Omc and (c)
(Erec — Envec)/Emc. The angular resolutions can be parametrized by double-Gaussians, the
energy resolution consists of a Gausstan part with a tail towards higher energy.

The simulation prediction of the resolutions of the inclusive B reconstruction algorithm is
verified by the good agreement in the width of the B* — By mass difference peak [31].

4.4 B-Decay Vertex Reconstruction

In order to reconstruct orbitally excited B meson in the decay channel B** — B(*)r, the
four-vectors of the reconstructed B or B* mesons are combined with possible B** decay pi-
ons. This section describes a tool for the reduction of the combinatorial background from the
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Figure 4.4: [teration procedure for the reconstruction of two B-decay vertices and one pri-
mary vertex. The rapidity assignment serves as a starting point for the iteration.

many fragmentation pions present. Since B** mesons decay due to the strong interaction,
decay pions originate from the primary vertex and not from the B-decay vertex which lies on
average about 3 mm away from the primary vertex. An iterative procedure is described which
provides a fit of three vertices in an event (two B-decay vertices and one primary vertex). In
the analysis only pion candidates are accepted which are assigned to the primary vertex.

Only well measured tracks with momentum greater than 0.1 GeV/c and two associated
vertex detector hits are used for this algorithm. The alignment of the various tracking detec-
tor components as well as an accurate description of efficiencies, resolutions and covariance
matrix elements of charged tracks, which are crucial for the analysis, are monitored and ad-
justed using Z° — ptpu~ decays and primary vertex fits of non-bb hadronic events.

The algorithm is as follows: All well measured tracks are classified into three vertices:
the primary vertex which has to be compatible with the known beam spot, and two B-decay
vertices. The rapidity classification serves as a starting point: all particles with |y| < 1.6 are
assigned to the primary vertex, and those with y < —1.6 and y > 1.6 to the two secondary
vertices respectively. Three vertex fits are then performed. In a first step all tracks are re-
assigned to the three vertices according to their impact parameters with respect to primary
and secondary vertex. Three vertex fits are performed with the new assignments. The track
contributing the largest x? is then tried at the other kinematically allowed vertex (i.e. the
primary vertex if it was a secondary before and vice versa). The new vertex distribution is
accepted if the x? gets better, otherwise the old distribution is kept. If the track gives the
largest x? contribution in both situations, it is discarded. The iteration process is illustrated
in Fig. 4.4. This procedure is continued until no track gives a x? contribution larger than 5.
On average about sixteen iteration steps are performed. Fig. 4.5 shows an example for an
event where a primary and two B-decay vertices have been reconstructed.

In order to get a sensible distinction between primary and secondary vertices, the recon-
structed decay length (in the signal hemisphere) is required to exceed d = 1.5 mm. Additional
cleaning is achieved by placing a cut on the acolinearity, defined by the coordinates of the two
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Figure 4.5: Selected event with reconstruction of a primary vertex and two B-decay vertices.
The vertices are marked with stars. The upper plot also shows the three layers of the DELPHI
vertex detector. The lower plot magnifies the sttuation near to the interaction point.
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Figure 4.6: Performance of the vertex reconstruction algorithm. (a) ¢rec — darc and (b)
Orec — Oprc obtained from the coordinates of the reconstructed vertices. (c) Efficiency for
particles, originating from fragmentation, to be assigned to the primary vertex as a function
of momentum. (d) Purity as a function of momentum.

B-decay vertices and the primary vertex (cos @y > 0.8). The performance of the algorithm
depends on the required event topology (e.g. on the number of jets in the event®).

The following quantities have been extracted from a Monte Carlo sample containing two-
and three-jet events (Pg < 0.01). A mean number of 4.9 particles per hemisphere belonging
to the primary vertex is found. For the B-decay vertex a mean number of 2.6 particles is
observed. Both numbers are in agreement with the results in real data. The angular res-
olution in ¢ can be parameterized as a double-Gaussian with a width of 18 mrad for 65%
of the data and 85 mrad for the remaining 35% (see Fig. 4.6(a)). It is compatible with the

®The cut on the number of jets is different in each particular analysis and is stated explicitly in chapter 5.



resolution obtained from the inclusive B reconstruction algorithm. The angular resolution in
0 is somewhat worse. It can be parameterized as a double-Gaussian with a width of 25 mrad
for 70% of the data and 260 mrad for the remaining 30% (see Fig. 4.6(b)) 6. Furthermore, the
resolution on the flight distance of the reconstructed B meson has been studied. By using a
double-Gaussian function, one obtains a resolution of 0.05 cm for 60% of the data and of 0.29
cm for the remaining 40%. The efficiency for particles from fragmentation to be assigned to
the primary vertex as a function of momentum is shown in Fig. 4.6(c). It is approximately
constant at (60 £+ 3)%. The purity of fragmentation particles which are assigned to the main
vertex reveals a strong dependence on momentum (see Fig. 4.6(d)). For particles between

0.1-2.0 GeV/c a purity of (86 £ 3)% is found.

4.5 Hadron Identification

In order to obtain evidence for B** mesons inclusively reconstructed B*) mesons are com-
bined with pions. Since the dominant fraction of charged particles in an event are pions, no
sophisticated hadron identification is needed. However, B;* mesons are expected to decay
into B®K. Good particle identification is essential for this kind of analysis. Furthermore,
in order to study ¥, and ¥; baryons, an enrichment in baryons can be achieved by proton
tagging. The algorithm and performance of the DELPHI hadron identification is discussed in
this section. It is based on the specific ionization measured by the TPC and the reconstructed
Cherenkov angles in the RICH detectors.

Specific Ionization from the TPC

In addition to providing a three-dimensional track reconstruction, the DELPHI TPC is useful
for charged particle identification by measuring the energy loss per unit length, dE/dz. The
sense wires of its proportional chambers provide up to 192 ionization measurements per track.
The signals collected by the sense wires are associated to the tracks reconstructed by the
TPC pads. This association is done by comparing the time of arrival of the pad and sense
wire signals. Hits too close in time to be correctly separated are not used for the dE/dz
calculation. This requirement corresponds, for tracks orthogonal to the drift direction Z, to
a separation of at least 2 cm.

It should be noted that an average of 5% of the signals collected by the sense wires are
below the electronic threshold. The fraction of the Landau distribution lost due to this effect
is a function of the drift length and gap size. To reduce this dependence an effective threshold
is applied which depends on these quantities [78].

To be used in the physics analysis, the truncated dE/dz is required to have at least 30
measurements. The efficiency obtained after these requirements is 61% for tracks in multi-
hadronic events with momentum greater than 1 GeV/c and |cos®uppyse| < 0.7 [78]. The
measured signals are corrected to take into account the usual dependence on parameters like
gap size or drift length. The dependence of dE/dz on the ratio p/m of the track is measured
from the data using various samples, and the final result can be seen in Fig. 4.7. The position

®These quantities have been extracted with a vertex detector providing full three-dimensional information.
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Figure 4.7: Specific energy loss dE /dx in the TPC as a function of momentum. The full
lines correspond to the expectations for e, u, #, K and p tracks [78].

of the Fermi plateau when normalized to the minimum ionizing particle is found at 1.52.

The resolution on dE/dz estimated from data is 6.7% for pions (p > 2 GeV/c) coming
from K? decays in multi-hadronic events, and 5% for muons (p = 45 GeV/c) from dimuon
events (Z° — utu~™) [78]. With the obtained resolution and dependence of dE/dz on p/m,
the separation between electron and pion is above 3 standard deviations for momenta below
4.5 GeV/c. A pion/kaon separation can be achieved at the 1o level above 2 GeV/c [78].

Detection of Cherenkov Radiation

The detection of Cherenkov light with the RICH detectors has already been described in
section 3.2.3. In the 1994 data taking period 1.5 million events were recorded with a fully
operational RICH detector. In previous years, the Barrel RICH recorded 0.24 million events
with both radiators, and 0.73 million events with the gas radiator only. The identification



power of the RICH depends on the accuracy of the Cherenkov angle measurement and on
the detected number of photoelectrons. Stable operation of the different subsystems and
monitoring of the relevant detector parameters is therefore very important. Table 4.2 shows
averaged resolutions for both single photoelectrons and the resulting average Cherenkov angle

B. liquid | B. gas | F. liquid | F. gas
number of photoelectrons per track 14 8 7 8
resolution (per photoelectron, mrad) 13.3 4.3 11.4 2.5
resolution (average angle, mrad) 5.2 1.5 5.0 1.2

Table 4.2: Number of photoelectrons and angular resolutions (in mrad) for the Barrel (B)
and Forward (F) RICH obtained with Z° — p*tu~ events [78].

per track. A detailed simulation program that takes into account all known detector effects
was tuned to reproduce the data.

Several particle identification algorithms have been developed in order to fulfill very differ-
ent requirements. Some physics analyses need individual track tagging, while others measure
statistically the content of a given sample, without associating tags to each track. For track
by track tagging, the observed signal is compared with that expected for known particle types,
namely e, g, 7, K and p, at the measured momentum. Depending on the decay mode ana-
lyzed, the priority may be high rejection or high efficiency. The requirements also depend on
the dominant source of combinatorial background: pion rejection only, or proton/kaon sepa-
ration. For statistical analyses, one needs a continuous estimator of the observed Cherenkov
angle, independent of any mass hypothesis, such that the number of particles of a given type
can be determined.

In a hadronic event, the main difficulty is to deal with the background under the Cherenkov
signal, whose shape and level is different for each track and is a priori unknown. The algo-
rithms developed so far follow two mains approaches. In the first, a flat background is fitted
and no attempt is made to separate it from the signal. For each mass hypothesis, the expected
signal is calculated. A flat background is adjusted in order to build and maximize a likelihood
probability. The probabilities corresponding to the known particle types are then used for
tagging. For statistical analyses, the likelihood probability is computed as a function of the
Cherenkov angle, and the best one is retained. For further details on the HADSIGN algorithm
see Ref. [100].

In the other approach, one uses a clustering algorithm to distinguish between background
and signal photoelectrons. Photoelectrons are grouped into clusters, and given a weight ac-
cording to quality criteria such as measurement errors or possible ambiguities between several
tracks. The best cluster is retained, and weights are used to measure the average Cherenkov
angle, its error and the estimated number of photoelectrons. Quality flags are set to allow
different rejection levels. They are based on the detector status and the cluster quality. For
further details on the RIBMEAN algorithm see Refs. [100,101].

The distribution of the average Cherenkov angle as a function of the momentum in multi-
hadronic events is shown in Fig. 4.8 for the liquid (top) and gaseous (bottom) radiators.
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Figure 4.8: Average Cherenkov angle per track as a function of the momentum in
multi-hadronic events in the Barrel RICH, for the liquid (top) and gaseous (bottom) radi-
ators. The three bands on both plots correspond to pions (upmost band), kaons (middle) and

protons (lowest band) [78].
Combination of TPC and RICH

The information originating from TPC and RICH are combined providing three different
tagging levels (loose, standard and tight) for the separation of protons and kaons from pion
background. Since the analysis presented is restricted to the barrel part of the detector,
this discussion leaves out the performance in the forward part of DELPHI. The algorithm
discussed is based on the official DELPHI hadron identification software (HADSIGN). The
liquid radiator is used for particle identification in the momentum range from 0.7-4.0 GeV/c,
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Figure 4.9: Performance of the DELPHI hadron identification (HADSIGN) in
multi-hadronic events. (a) Effictency and (b) pion rejection power for the three different
kaon tags as a function of momentum (full circles - loose tag, open circles - standard tag,
triangles - tight tag). (c) Efficiency and (d) pion rejection power for proton identification.

and the gaseous radiator is used from 2.5-25.0 GeV/c. Different operational modes of the
RICH detector have to be considered, e.g. for the kaon tag it must be considered that the
kaon band in the gas RICH starts at 8.5 GeV/c (see Fig. 4.8), which means that the gas
RICH information below 8.5 GeV/c can be used only in the so-called veto mode. In the
region between 8.5 and 25.0 GeV/c kaons can be tagged positively from the kaon band. The
performance of the tagging routines has been tested using a multi-hadronic Monte Carlo
sample. The efficiency and pion rejection power for kaon tagging (loose tag - KTAG > 0.5,
standard tag - KTAG > 1 and tight tag - KTAG > 2) as a function of track momentum is
shown in Fig. 4.9(a) and (b). Analogous data for proton tagging (loose tag - PTAG > 0.5,



standard tag - PTAG > 1 and tight tag - PTAG > 2) are given in Fig. 4.9(c) and (d). For
a typical multi-hadronic momentum spectrum above 0.7 GeV/c one obtains by demanding a
standard kaon tag (KTAG > 1) a sample containing approximately (68 + 4)% kaons. The
average efficiency is estimated to be (54 + 4)%. Similar estimations for the standard proton
tag (PTAG > 1) lead to a sample composition containing approximately (43 + 4)% protons.
The main background in this case originates from misidentified kaons. The average efficiency
is estimated to be (60 £ 4)%. All these quantities have been extracted from simulation.
Systematic studies comparing data and simulation show the misidentification probability for
kaon identification in Monte Carlo to be approximately a factor of two lower than in data [100].

4.6 VY% Reconstruction

This section describes the standard DELPHI algorithm for A and K? reconstruction [78].
By demanding a reconstructed A in a hemisphere a baryon enriched sample can be obtained
(similar to demanding an identified proton). This method is used in the ¥ and ¥} analysis
described in the next chapter.

Candidate V° decays in the sample of hadronic events are found by considering all pairs of
oppositely charged particles. The vertex defined by each pair is determined such that the x?2
obtained from the distances of the vertex to the extrapolated tracks (considered as ellipsoids
in 5D space of perigee parameters’) is minimized.

The V° decay vertex candidates are required to satisfy the following criteria [78]:

o The angle A¢ in the XY plane between the V° momentum and the line joining the
primary to the secondary vertex is less than (0.01 + 0.02/p;) rad, where p; [GeV/c] is
the transverse momentum of the V' candidate relative to the beam axis.

¢ The radial separation R of the primary and secondary vertex in the XY plane is greater
than 4 standard deviations.

o The probability of the x? fit to the secondary vertex is larger than 0.01.

o The transverse momentum of each particle of the V® with respect to the line of flight
is greater than 0.02 GeV/c and the invariant mass for the ete™ hypothesis is less than
0.16 GeV/c2.

e When the reconstructed decay point of the V° is beyond the VD radius, there is no
signal in the VD consistent with association to the decay vertex.

The #*7~ and pr~ (pr™) invariant masses (attributing the proton mass to the particle of
larger momentum) are calculated. When a pair is consistent within three standard deviations
with both K° and A (A) hypotheses, the pair with the smaller mass pull (the absolute value
of mass shift with respect to the nominal mass divided by the overall resolution) is selected.
Finally, K® and A (A) samples are defined if the probability to have decayed within the fitted

"A charged particle track can be described as a helix defined by five parameters (©,4,5,e and Z). These
parameters evaluated at the point of closest approach to the primary vertex are called perigee parameters.



distance lies between 0.02 and 0.95 and if the difference between the invariant mass and the
nominal mass is within two standard deviations. The mean resolution, defined as the FWHM
of the fitted distributions, is 4.3 MeV/c? for K»’s and 1.8 MeV/c? for A’s (using 94B data).
The efficiency is strongly dependent on the V° momentum. For A’s the efficiency rises from
10% at 0.5 GeV/c to 32% at 3.6 GeV/c and then drops to 6% at 17 GeV/c. For K»’s the
efficiency rises from 9% at 0.5 GeV/c to 38% at 3.6 GeV/c and then drops to 10% at 17
GeV/c [78]. The efficiency for K° — wT7~ in this selection averaged over the momentum
spectrum is about 36% with a contamination of 3%. The average efficiency for A — px is
30% with a contamination of about 10% [78].



4.7 Summary of the Chapter

o The presented analysis starts with a sample of 2 943 K multi-hadronic events taken with
the DELPHI detector at LEP in the years 1991-1994. The multi-hadronic event selection
is based on the reconstruction of charged particle tracks and neutral energy depositions
in the calorimeters.

e The topology of each event is analyzed by calculating the thrust axis and evaluating the
jet structure with the LUCLUS algorithm.

o Exploiting the long lifetime (1.6 ps) and the large mass (5.28 GeV/c?) of b hadrons and
using the good spatial resolution of the DELPHI vertex detector, a sample of bb events is
enriched. With a purity of 83% (94%) one obtains approximately 371 K (199 K) events.

e The inclusive reconstruction of B mesons is based on the measured rapidity distribution
of charged and neutral particles in an event. The rapidity of a particle is defined as
y = 0.5 -log((E + p,)/(E — p;)), where E is the energy and p, is the longitudinal
momentum with respect to the thrust axis.

¢ Motivated by simulation studies, a first estimate for the B four-vector is given by the
sum over all particles in a hemisphere with rapidity greater than 1.6. The estimated
B energy E, is corrected by a function, determined from simulation, which depends on
the reconstructed mass m, and the reconstructed energy Ej, in the hemisphere.

e For standard cuts (E, > 20 GeV, |m, — (my)| < 2.5 GeV/c? and 0.6 < Enem/Ebeam <
1.1) an energy resolution for B mesons of 7% for 75% of the data is achieved, the remain-
der constituting a non-Gaussian tail towards higher energies. The angular resolution in
©® and ¢ can be parameterized as double-Gaussians with widths of 15 mrad for 60% of
the data and 38 mrad for the remaining 40%.

¢ A vertex reconstruction algorithm is used in order to separate B** pions originating
from the primary vertex from B decay products. All well measured tracks, with at least
two vertex detector hits associated, are classified into three vertices: the primary vertex,
which has to be compatible with the known beam spot, and two B-decay vertices. The
rapidity classification serves as a starting point. An iterative procedure reassigns tracks
between the three vertices until a minimal x? is found.

e The vertex reconstruction algorithm provides a resolution in ¢ compatible with the
resolution from the inclusive B reconstruction algorithm (18 mrad for 65% of the data).
The efficiency for particles from fragmentation to be assigned to the primary vertex
is approximately constant at 35%. The purity of fragmentation particles which are
assigned to the main vertex reveals a strong dependence on momentum. For particles
between 0.1-2.0 GeV/c a purity of 86% is found.

¢ The DELPHI hadron identification is based on the dE/dz measurement of the TPC and
the Cherenkov angle reconstruction of liquid and gas RICH. For a typical multi-hadronic
momentum spectrum above 0.7 GeV/c one obtains a sample containing approximately
(68 + 4)% kaons ((43 + 4)% protons) by demanding a standard kaon (proton) tag. The
average efficiency for kaons (protons) is estimated to be (54 + 4)% ((60 + 4)%).






Chapter 5

The Analysis

The main goal of this thesis is the search for and observation of orbitally excited B mesons
in the decay channel B** — B(*)x. The analysis starts with a multi-hadronic event selection,
followed by the tagging of bb events. The four-vectors of the B or B* mesons are reconstructed
in an inclusive fashion using an algorithm based on a simple rapidity argument. The combina-
tion of inclusively reconstructed B*) mesons with pions from the primary vertex leads to the
first observation! of B** mesons [1,8]. The obtained signal can consistently be described with
theoretical expectations for B** states. The helicity distribution of B** mesons is analyzed
and a charge analysis is performed. In addition, the B** fragmentation is investigated.

A search for B;* mesons decaying into BMK is performed, exploiting the good kaon iden-
tification capabilities of the barrel RICH detector. Two narrow signals, consistent with the
production of two narrow B}* states, are extracted from the data [8].

The third part of this chapter is dedicated to a search for the baryons ¥, and X;. Their
expected main decay channel is into Apw. The A, is reconstructed in an inclusive fashion
using the rapidity algorithm. In order to enhance the signal to background ratio, a baryon
enrichment is achieved by using proton tagging and A reconstruction. An indication for the
Y baryon and first evidence for the ¥; baryon are extracted from the data [9].

5.1 Observation of Orbitally Excited B Mesons
(B* — B™x¥)

If the mass of B** mesons is above the B*w but below the Bp threshold, B™* mesons decay
mainly into Br or B*w. Heavy Quark Effective Theory [13] groups the different B** states
into two doublets per B flavour according to the vector sum of the light quark’s spin and
the orbital angular momentum j, = &, + L; where if j, = 3/2, then J? = 1t,2%, and
if j, = 1/2, then JP = 0%,1*. The members of the first doublet should be very narrow
compared to typical strong decay widths because only L = 2 decays are allowed. This is due
to angular momentum and parity conservation for the 27 state and a dynamical prediction of
HQET [13,51] for the 11 partner. Parity conservation also restricts the expected main decay

!The first evidence for B** Mesons was obtained in parallel by two independent analyses in DELPHI [1] and
OPAL [2]. The DELPHI analysis is presented here.



modes of the single states. The spin-parity state 07 would decay into Br (s-wave), the two
1T states into B*w (s- or d-wave), and the 2% state into both Bx and B*r (both d-wave).
Before the start of this work none of the orbitally excited B meson states was experimentally
known. In the D meson sector, the two narrow states have been identified experimentally,
and spin/parity and decay characteristics have been shown to be in accord with the HQET
predictions [102] (see section 2.4.3).

5.1.1 Experimental Procedure and Results

Most of the experimental tools (e.g. multi-hadron selection, b-tagging, inclusive B recon-
struction and vertex reconstruction) which are needed for this analysis have been discussed
in the previous chapter. The analysis concentrates on the decay channels B** — B*x and
B** — Bw. The B or B* four-momentum is evaluated using the inclusive B reconstruction
algorithm described in section 4.3. Note that with the present experimental methods there
is no distinction between B and B* mesons. Therefore they are labeled as B(*), Both the B
decay particles as well as the B** decay pion have large rapidities. However, since the B**
decays strongly, the pion should originate from the primary vertex and not from the B-decay
vertex (see section 4.4). The cuts used in this analysis are the following:

¢ Multi-hadron event selection (see section 4.1)

¢ Event topology cuts (see section 4.1)
- restrict analysis to barrel: | cos(O¢ppyst)| < 0.75
- accept only two-jet events: NJET = 2

o Tagging of b hemispheres (see section 4.2)
- event tag Pg < 0.01, efficiency = (65 + 3)% purity = (83+4)%
- hemisphere tag Py < 0.01, efficiency = (43 £+ 3)% purity = (78 + 4)%

o Inclusive B reconstruction (see section 4.3)
- quality cuts: E, > 28 GeV, |m, — (m,)| < 1.2 GeV/c? and 0.6 < Epem/ Epeam < 1.1
- restrict B vector to barrel: |cos®g| > 0.02, |cos®p| < 0.7

o Vertex reconstruction algorithm (see section 4.4)
- quality of vertex reconstruction: |cos@y| > 0.8
- flight distance: d > 1.5 mm

o Pion track selection cuts (see sections 4.2, 4.4 and 4.5)
- accept only pions which are assigned to the primary vertex
- cut on the b-tagging signed track probability: —0.85 < P < 0.85 2
- restrict pion vector to barrel: |cos®,| > 0.05, [cos®,| < 0.7
- veto kaons and protons: KTAG <1, PTAG <1 (HADSIGN)
- standard veto on electrons or muons
- pion momentum cut: p, > 1.5 GeV/c

?The quantity P; originates from the b-tagging package (see section 4.2). It is defined as the +Pr for tracks
with positive impact parameter, and —Pr for tracks with negative impact parameter, where Pr is the
probability for a track to originate from the primary vertex.



The quantity which is best accessible experimentally with inclusive B reconstruction methods
is the Q-value® of the decay:

Q = m(BMr) — m(B™) — m(x) = m(B**) — m(B®) — m(x) . (5.1)

The resolution of the present method as obtained from simulation can be parameterized as
o(Q) = 23 MeV/c? +87 MeV/c? x(Q[GeV/c?]). It is dominated by the energy and angular
resolution of the B meson. Whether the decay was actually into B or B* and whether the
B* decay photon has been reconstructed, only has a negligible effect on the resolution in the
()-value. However, the decay of a B** of a given mass to a B*w gives rise to a ¢J-value which
is shifted downwards by the B*-B mass difference of 46 MeV /c? compared to the Q-value of
a Bm decay. Therefore, for the determination of a B** mass from the measurable ()-value an
assumption about the B*/B ratio in the signal has to be employed.

The distribution of the measured B(*)x Q-values obtained with the DELPHI detector is
shown as data points in Fig. 5.1(a). The analysis is performed with a sample of 2 943K multi-
hadronic events taken with the DELPHI detector in the years 1991-1994 using the SDST data
sets: 91F1 - 255K, 92D2 - 700K, 93C1 - 708K and 94B1 - 1280K (see section 4.1). There
is a large excess of combinations on top of a smoothly falling background. The background,
described by the Monte Carlo prediction in which B** decay pions have been suppressed, is
shown as the shaded area in Fig. 5.1(a). The normalization is extracted from the sideband
in the range between 0.5 GeV/c? and 1.2 GeV/c?. The Monte Carlo statistics corresponds to
1.43 times the data statistics.

Deviations of the background model from the measured data are observed at low @-value.
The origin of this difference is not yet fully understood, but it might be related to the rate
of inclusive D* mesons, the relative b baryon to B meson production, possible decays of B**
mesons into Bp, the modelling of yet unmeasured B hadron decays, or to general limitations
of the JETSET string fragmentation model. It is worth noting that the HERWIG 5.8 generator
predicts a much less steep rise of the background at small )-values. The reason for this
originates from the fragmentation model (cluster instead of string) rather than the different
modelling of the parton shower. This has been inferred from a Monte Carlo study with
the HERWIG parton shower generator interfaced to LUND string fragmentation. The difference
between the JETSET and HERWIG generator is larger than the observed deviation between data
and JETSET . However, note that the whole excess of entries originating from B** — B(*)x
decays was not known before the start of this analysis and thus was not simulated in the
Monte Carlo.

Fig. 5.1(b) shows the background subtracted B(*)x pair Q-value distribution obtained
from Fig. 5.1(a). The solid line originates from a model containing two narrow and two broad
states. Details of this model and further comparisons with predictions are discussed in section
5.1.2. The yield of the signal and its mean @)-value can be extracted using different methods,
e.g. the signal can be fitted to a simple Gaussian or a Breit-Wigner function. A fit of the
signal to a simple Gaussian with central value

Q(B* — B™r) = 283 £ 5(stat.) + 12 (syst.) MeV/c? (5.2)

and Gaussian width

o(Q) = 68 + 5(stat.) + 8 (syst.) MeV/c? (5.3)

3In the calculation of the Q-value the pion candidate is excluded from the inclusive B reconstruction.
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contains

N = 1704 + 101 (stat.) + 323 (syst.)] (5.4)

events. This corresponds to a statistical significance of approximately 17 standard deviations.
The main systematics on the number of events and on the width of the Gaussian originates
from the modelling and the normalization of the background.

B** Production Rate

Extracting the acceptance for B** pions from simulation, the total B)*, production cross
section is determined to be

ch:fd/crb = 0.241 + 0.015 (stat.) = 0.058 (syst.) . (5.5)

In this rate calculation it is assumed that 2/3 of all B** decay into charged pions and 1/3
into (unobserved) 7%, according to isospin rules for an I = 1/2 decay into an isovector and an
isospinor. From this the total number of B, mesons per hadronic Z decay is determined to

be

N+ /Zhag = 0.097 £ 0.006 (stat.) + 0.022 (syst.) . (5.6)

Assuming the b baryon rate to be (10+ 4)% [56] and the B{" rate to be (134 2)% (see section
2.4.2), the relative amount of B, 4 mesons which originate from B, decay is

UBfifd/UBu,d =0.302 £+ 0.015 (stat.) = 0.074 (syst.) . (5.7)

Systematic Uncertainties

Systematic uncertainties dominate in the measurements of all these quantities. Different
systematic checks have been performed leading to a determination of the systematic errors.
The main sources are discussed here.

¢ The modelling and the normalization of the background is the dominant source of the
systematic error. Different background shapes originating from simulation and various
phenomenological background models (e.g. f(Q) = a1 - Q% -exp(—a3-Q —as-Q? — a5 -
@3)) are fitted to the data. The normalization is extracted from the sideband in the
range between 0.5 GeV/c? and 1.2 GeV/c2. These bounds are varied by +0.1 GeV/c2.
Furthermore, the normalization is extract from the left sideband (0.0 < @ < 0.15
GeV/c?) and the right sideband (0.5 < @ < 1.2 GeV/c?) of the B** signal. This method
suffers from deviations between data and simulation at low J-values. Employing the
simulation prediction for the background shape, the normalization has to be adjusted
by the factor 0.95 + 0.01 (stat.) £ 0.04 (syst., depending on cuts, see below) in order to
describe well the data at large ()-values. These studies lead to a systematic error of
1189 entries on the yield, 7 MeV/c? on the Q-value, and 6 MeV/c? on the width.



e The complete analysis is repeated several times with different sets of B and = selection
cuts. This is realized in an automatic procedure providing hundreds of histograms
with different cuts and automatic fitting algorithms. The minimum B momentum cut is
varied between 20 GeV and 30 GeV, the cut on the difference between the reconstructed
and the mean B mass is varied between 1.0 GeV/c? and 3.0 GeV/c2. Furthermore, the
cut on the momentum of the pion candidate is varied between 0.5 GeV/c? and 2.0
GeV/c2. The quoted systematic errors on the @Q-value, 0(Q) and the number of events
N correspond to half the observed width in each case. The systematic error on the
yield is £176, the error on the Q-value is 7 MeV/c?, and the error on the width is +4
MeV/c2.

o A further systematic uncertainty originates from the way the yield is extracted from the
data. The result of a simple Gaussian fit to the signal are given above, consistent with
the results of a Breit-Wigner fit or a simple counting method. The systematic error on
the yield from this source is £105.

o The limited Monte Carlo statistics of 4.1 million multi-hadronic Z° events as well as the
modelling of B** decays in simulation account for a systematic error of 112 entries on

the yield, £2 MeV/c? on the Q-value, and on +2 MeV/c? on the width o(Q).

e To check whether the signal could be an artifact of the employed vertex procedure
(since it depends crucially on the correct modelling of the perigee parameter and the
covariance matrices of the tracks), the selection cuts are varied over wide ranges. The
cut on the flight distance is varied from 0.05 cm to 0.2 cm, while the cut on |cos®y| is
varied between 0.0 and 0.9. Furthermore, by using simpler analysis techniques without
vertex reconstruction (based on different cuts on P;), a clear excess with the same
characteristics is observed, but it is on top of a larger combinatorial background. The
systematic errors are £78 on the yield, £2 MeV/c? on the Q-value and +2 MeV/c? on
the width o(Q).

e In order to test the stability of the results as a function of b-purity, the cut on the
event b-tagging probability Pg is varied in the range between 10~¢ and 0.05. This range
corresponds to a variation in b-purity between (99 £ 1)% and (63 + 3)%. The extracted
systematic error on the yield is =89 and the error on the mass is -4 MeV /c2.

¢ Possible reflections from B}* — B()K decays are expected to contribute in the Q-value
range between 50 and 250 MeV/c? in the order of 8% to the expected B:*, signal.
Additional uncertainties are introduced by the possible production of ¥, — ’Ab7r and
¥y — Apm, and reflections from the decay B, — B(™)p, Their possible influence in the
signal region is found to be small. ’

In addition, the helicity distribution of the B™* signal is investigated by dividing it into eight
helicity bins. The distribution is compared with theoretical expectations. This is discussed in
detail in section 5.1.3. The charge symmetry of the signal is tested by dividing the sample ac-
cording to positive and negative pion charge and positive and negative jet charge. More details
are given in section 5.1.4. All tests have been passed successfully, no cut being found where
the behaviour of the data was different from that expected from the simulation prediction for
a strongly decaying isospin I = 1/2 B®)x resonance.



5.1.2 Interpretation and Comparison with Predictions

If the signal were due to a single very narrow resonance, the expected Gaussian width would
be around o = 48 MeV/c?, as shown in Fig. 5.2(a). This interpretation is unlikely. In order
to describe the observed signal with a single resonance, its full width would have to be

I =86 + 24 MeV/c?. (5.8)

A comparison of the signal with a single resonance of this width is shown in Fig. 5.2(b). The
signal could be broadened by the fact that different resonances with possibly different masses
contribute, and that some decay into Bw and others into B*w, leading to a 46 MeV/c? shift
in )-value. The observed signal shape is consistent with predictions for orbital excitations.
According to this model the signal would consist of two narrow (17 and 2%) and two broad
(0% and 17) resonances of roughly the same mass (splittings at the 10 MeV/c? level), and
decays into B*m or B, as dictated by spin-parity rules. The 2T is predicted to decay into
both B*w and Bw with about equal rates [40,41].

There is no prediction about the relative production rates of the four B** states, but
reasonable assumptions range between 5:3:3:1 (spin counting) and 1:1:1:1 (state counting)
for the 27 : 11 : 11 : 0T states. In the D meson sector the production ratios D5 — D7 :
D5 — D*r : Dy — D*r have been measured by CLEO [36,37] to be roughly 2:1:3. This is
compatible with the state counting picture for the narrow states. It also confirms the ratio
D5 — Dr: D5 — D*w = 1.8 : 1 decay branching ratio prediction from HQET [40,41]. These
facts motivate the use of state counting and HQET predictions.

Fig. 5.2(c) and 5.2(d) compare the background subtracted @-value distribution with mod-
els of two narrow states (of width I' ~ 20 MeV/c?) based on the HQET predictions of Eichten,
et al. [40,41]. In order to obtain better agreement with observations the predicted masses are
shifted downwards by 37 MeV/c? “. In Fig. 5.2(c) state counting is assumed for the relative
production ratio between 2% and 1% states (2* : 1T = 1: 1). Fig. 5.2(d) shows the same
comparison but using the spin counting model (2% : 17 = 5: 3). Both models give fairly good
descriptions of the data. However, an even better agreement would be obtained by implying
a somewhat larger mass splitting between the two states.

The observed signal could also contain broad resonances with a full width I' of about 150
MeV/c2. Assuming two narrow states with a width of roughly 20 MeV/c? and two broad
states with a width of 150 MeV/c? and a production ratio of 1 : 1: 1 : 1 for the four B**
states leads to rather good agreement, as shown in Fig. 5.2(e). The broad states are assumed
to have the same mass as the narrow states. Similar good agreement is obtained by using the
spin counting model, leading to a production ratio of 5: 3 : 3 : 1 for the four B** states (see
Fig. 5.2(f)).

Furthermore, models with large mass splittings (of the order of ~ 40 MeV/c?) between
narrow and broad states also lead to fairly good descriptions of the data. Such large mass
splittings between the j, = 3/2 and 1/2 states have been proposed by Rosner et al. [51].

With the current experimental sensitivity the different interpretations in the models in
Figs. 5.2(b)-(f) cannot be distinguished, and neither can any of them be discarded. However,
due to the large freedom, consistent results can be achieved in a number of possible scenarios
based on quark model and HQET.

*The measured Q-value is somewhat lower than the predictions by Eichten, et al., but it is consistent within
the errors if one assumes a theoretical uncertainty of roughly 30 MeV/c?.
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Assuming a B*7 to B ratio of 2 : 1, the mean mass difference between the B meson
and the cross section weighted mean of the four expected B;*; resonances is determined to be

m(BJy) — m(Bu,a) = 453 + 5 (stat.) + 17 (syst.) MeV/c? , (5-9)

corresponding to a mass of

m(B%) = 5732 £ 5(stat.) £ 17 (syst.) MeV/c*. (5.10)

Part of the systematic error is due to the uncertainty in the ratio of decays into B* and B
in the mapping from @)-value to mass difference. Tt can accommodate the two reasonable
assumptions 1 : 1 and 3 : 1 (see section 2.4.2). This value is somewhat lower than the predicted
values of 5771 MeV/c? for the B; and 5759 MeV/c? for the B; mass differences [40,41], but
it is consistent within the errors if one adds a theoretical uncertainty of roughly 30 MeV /c?
for the predictions (see section 2.4.3).

5.1.3 B** Helicity Analysis

The angular distribution of the decay pions in the B** helicity frame is investigated. To

ensure acceptance in the backward hemisphere, the cuts of the original analysis are loosened,

e.g. the cut on the pion momentum is removed. The analysis uses the following cuts:

Multi-hadron event selection (see section 4.1)

Event topology cuts (see section 4.1)
- restrict analysis to barrel: | cos(@¢ppyst)| < 0.75
- accept only two-jet events: NJET = 2

Tagging of b hemispheres (see section 4.2)
- event tag Pg < 0.01, efficiency = (65 £ 3)% purity = (83 +4)%

Inclusive B reconstruction (see section 4.3)
- quality cuts: E, > 22 GeV, [my, — (my)| < 1.5 GeV/c? and 0.6 < Enern/Epeam < 1.1
- restrict B vector to barrel: [cos®g| > 0.02, |cos®p| < 0.7

Vertex reconstruction algorithm (see section 4.4)
- quality of vertex reconstruction: |cos@y| > 0.8
- flight distance: d > 1.0 mm

Pion track selection cuts (see sections 4.2, 4.4 and 4.5)
- accept only pions which are assigned to the primary vertex
- cut on the b-tagging signed track probability: P; > —0.85
- restrict pion vector to barrel: |cos®,| > 0.05, |cos®,| < 0.7
- veto kaons and protons: KTAG < 1, PTAG <1 (HADSIGN)
- standard veto on electrons or muons
- pion candidate belongs to the two most energetic particles
at the primary vertex in a hemisphere
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The total data sample is divided into eight bins of cos®*, where ©* is the angle between the
decay pion in the B** rest frame and the B** line of flight in the laboratory. The B** signal
is extracted separately for each bin in cos®* by simple counting of the yield in the @-value
range between 0.14 GeV/c? and 0.42 GeV/c?. From simulation, the resolution on cos®* is
found to be 0.05. Even without reconstruction of the B* helicity, the B** — B()x helicity
angle distribution is not expected to be flat for all helicity states. However, if all contributing
states are completely unpolarized, the distribution will be flat.

The @-value distributions for the eight helicity bins are shown in Figs. 5.3(a)-(h). A
significant change in the shape of the background in different bins is evident from the distri-
butions. Note that low energetic particles (p < 1.0 GeV/c) and particles close to the thrust
axis contribute mainly in the backward hemisphere at low (J-values. Since the lower end of
the particle momentum spectrum and its angular distribution with respect to the thrust axis
in b events are not precisely known, this leads to inaccurate descriptions of the background.
Deviations of the simulated background from the data especially at low Q-values are visible®.
The dominant systematic error in the extraction of the yield originates from these deviations
and the background normalization. The background has been normalized from the right and
left sideband, thereby allowing only smooth variations between neighbouring helicity bins.

®This fact and possible reasons have already been discussed in section 5.1.
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The differential production rate 1/0p - do/d cos ©* in the eight helicity bins is consistent
with being flat, as shown in Fig. 5.4(a), If the model assumption shown in Fig. 5.2(c) or (d)
is correct, the upper half of the @-value distribution should contain mainly the signal from
B3 — Bw, whereas the lower half is a mixture of By — B*7 and B — B*w. If any of the
resonances is produced in a preferred helicity state, one expects a deviation from a flat angular
distribution. Therefore, the angular distributions are also evaluated separately in the regions
0.14 < @ < 0.28 GeV/c? and 0.28 < @ < 0.42 GeV/c2. In both energy regions the angular
distributions are consistent with being flat, as shown in Fig. 5.5.

The ARGUS collaboration has obtained some evidence that the helicity £2 state of D3
production is suppressed in low energy (= 5 GeV) c-quark fragmentation [45], which leads
to an enrichment at very forward and backward angles. Falk and Peskin [71] attribute the
ARGUS result to a suppression of the maximally aligned helicity states A;, = +3/2 of the



helicity bin 1/op-do/dcos®* | 1/op-do/dcos® | 1/op - do/dcos®~
all 1st half 2nd half

~1.00 < cos ©" < —0.75 | (13.2£3.0 £3.40)% | (2.7 1AL 1.8)% | (9.8 2.3 £ 1.8)%
—0.75 < cos ©F < —0.50 | (15.7 £ 2.3 £ 3.4)% | (5.9+ 1.6 + 1.8)% | (8.1+ 1.5+ 1.8)%
—0.50 < cos ©* < —0.25 | (13.7+ 1.9+ 3.4)% | (6.7+ 1.4+ 1.8)% | (6.3 1.1 £+ 1.8)%
—0.25 < cos ©F < £0.00 | (14.8 £ 1.7 £ 3.4)% | (6.6 + 1.3+ 1.8)% | (6.7 1.0 + 1.8)%
+0.00 < cos ©% < +0.25 | (13.3+ 1.7+ 3.4)% | (5.94+ 1.2+ 1.8)% | (6.5+ 1.0+ 1.8)%
+0.25 < cos % < +0.50 | (13.0+ 1.8 + 3.4)% | (8.1+ 1.3+ 1.8)% | (4.5+ 1.1+ 1.8)%
+0.50 < cos ©% < +0.75 | (13.3+ 2.1+ 3.4)% | (7.1 £ 1.6+ 1.8)% | (5.3+ 1.2+ 1.8)%
+0.75 < cos ©% < +1.00 | (11.6 £ 2.7+ 3.4)% | (5.94+ 1.9+ 1.8)% | (4.7+ 1.6+ 1.8)%

Table 5.1: Differential cross section 1/oy, - do/dcos® for eight helicity bins. The second
column gives the obtained production rates for the whole signal, while the third and forth
columns give the rates for the first and second half of it.

total angular momentum of the light quark system j, = s, & L = 3/2, described by a weight
factor wg/, which according to the ARGUS result should be near zero. If this model is valid,
then the same suppression should hold here for the narrow 11 and 2% states. Translating
from the D to the B system, Falk and Peskin predict the angular distribution of both the B;
and Bj, whether decaying into B7 or B*x to be of the form

L4 ~(Bi,B; — B,B*r)=1% (1 + 3c0s?0* — Bwsy(cos’O* — %)) . (5.11)
A fit to the measured angular distribution leads to
wg/o = 0.53 £ 0.07(stat.) = 0.10(syst.) , (5.12)

shown as a solid line in Fig. 5.4(a). The systematic error has been estimated from uncer-
tainties in the background modelling in the different cos®* bins. The angular distribution
corresponding to the ARGUS result wg/, = 0 is shown as dashed line in Fig. 5.4(a). It clearly
does not describe the data well. If the observed B** signal were due to mainly narrow B**
states, there would be a severe disagreement with either the model prediction or with the
ARGUS data®. The angular distributions of the first and second half of the B** signal are

also consistent with being flat, corresponding to

wg/o = 0.69 £ 0.11 (stat.) +0.10 (syst.) (5.13)

for the first region, and

wg/p = 0.49 £ 0.10 (stat.) £0.10 (syst.) . (5.14)

for the second region (see Fig. 5.5). The systematic error has been estimated from uncertainties
in the background modelling in the different cos®* bins. The measured differential cross
sections 1/0p - do/d cos ®* are summarized in Tab. 5.1. The second column corresponds to
the production rates in the whole signal, while the third and forth columns give the rates for
the first and second half of it.

®The CLEO collaboration which dominates the present D} world average doesn’t make any statement con-
cerning the D helicity distribution yet.
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Figure 5.6: Decay characteristics for the four B** charge states decaying into charged pions.
The horizontal azis denotes the pion charge, while the vertical axzis denotes the charge of the
mvolved b quark.

5.1.4 B** Charge Analysis

The charge symmetry of the extracted B** signal is investigated. Positively charged pions can
come from decays of the I3 = 41/2 states B*** (containing a b quark) and B**® (containing
a b quark). Therefore, flavour tagging with e.g. inclusive leptons or jet charge cannot be used
to enhance the ratio of B** signal to background’.

However, methods based on flavour tagging and pion charge can be used to check the
consistency of the signal. Therefore, the observed signal is divided into four subsamples
according to the jet charge of the hemisphere containing the B** candidate and the pion
charge. If the signal stems from an I = 1/2 resonance, the production rates extracted from all
four charge combinations BG)t7r— (enriched by positive jet charge, negative pion), BG)og+
(positive jet-charge, positive pion), B0z (negative jet charge, negative pion) and Bt =gt
(negative jet charge, positive pion) are expected to be the same. The four possible charge
combinations are shown in Fig. 5.6. The horizontal axis denotes the pion charge, while the
vertical axis denotes the charge of the involved b quark.

The analysis is based on the same selection cuts as described in section 5.1.3. Furthermore,
an additional momentum cut for the B** pion candidate is applied (pr > 1.5 GeV/c), in order
reduce uncertainties in the background modelling at low ¢)-values. The jet charge j. is defined
as the (longitudinal) momentum-weighted charge average of all charged particles in an event
hemisphere, i.e.

qulﬁiﬂ"

Je = W ) (5.15)

where p; and ¢; are the three-momentum and charge of a particle with index ¢ in a given
hemisphere. The vector ¢ denotes the thrust axis as defined in section 4.1. For this summation
only particles passing the track selection cuts described in section 4.1 are considered. A

7 An enhancement of signal to background can be achieved by tagging the B meson charge. Such an algorithm
is presently under construction in the DELPHI collaboration.
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Figure 5.7: Distribution of the Q-value of BM 1 pairs (data points) along with the Monte
Carlo background ezpectation for four different charge combinations: (a) BX)Tz~, (b)
Bzt () BX)Or= and (d) B®)-xt.

minimal momentum cut of p,,;, = 0.1 GeV/c was chosen in that analysis. The free tuning
parameter « allows one to give different weights to the different parts of the momentum
spectrum. The width of the jet charge distribution rises with x. This comes from the fact
that a large value of the exponent results in a situation in which the leading particle in the
hemisphere completely dominates the value of j.. In the limit x — oo, j. becomes a binary
operator with the possible values +1 resulting from the charge of the leading particle. In the
limit of &k — 0, j. simply reflects the average charge in the hemisphere. For this analysis
a value of k = 0.6 is chosen. In order to increase sensitivity to the charge of the primary
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Figure 5.8: Total production cross section op«« /oy obtained from the four different charge
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quark the difference between the jet charge in opposite hemispheres is formed, resulting in
the definition of the so-called charge flow

‘Qb = jc,same - jc,oppo ) (516)

where j; sqme denotes the jet charge in the hemisphere of the B** candidate and j. oppo denotes
the jet charge in the opposite hemisphere. From simulation one expects that a positive charge
flow will select (83+3)% of B()* and (70+3)% of B(*)°. The four possible charge subsamples
of the B** signal based on pion charge ¢, and charge flow ¢, are shown in Figs. 5.7(a)-(d).
The extracted total cross sections op+« /o, are shown graphically in Fig. 5.8. The numerical
results are given in Tab. 5.2. The data are consistent with the assumption that the B** signal
stems from an I = 1/2 resonance, i.e the production rates extracted from the four charge
combinations B*)tr—, B()Ox+ B()0z— and B*)=rt are the same within errors.

5.1.5 B** Fragmentation

The differential cross section 1/0y - do/dz giryue is analyzed. The analysis starts with the same
cuts as already described in section 5.1.3. The data sample is divided into seven equally
populated bins in 2g,ec = EB/Epeam, Ep being the corrected energy as described in section



charge state cut enrichment opx« [0
Bzt [ g >0,0,>0] (T0£3)% | (22.6+2.5+5.8)%
BO)tr= | g <0,¢>0]| (83+3)% | (27.34+2.9£5.8)%
BO) =zt g >0,¢5<0| (83+3)% | (26.143.0£5.8)%
BOOz— | g <0,q5<0 | (T0£3)% | (27.6 + 2.4+ 5.8)%

Table 5.2: Total production cross section op««/oy evaluated for the four different charge
combinations B0z t, B&)tr— B&) =zt and B(H)O0zx—,

4.3. The B** — B(*) Q-value plot is fitted in each of these bins. An unfolding procedure is
applied that uses a simulated B** sample to generate the reconstructed energy spectrum zg,.c.
in each of five bins of true energy zgiue- A fit to the data histogram is performed using the
five simulation histograms. The fit parameters determine the normalization coefficients of the
simulation histograms such that the resulting histogram of the reconstructed energies best
describes the data. In order to avoid spurious oscillations that are typical in such unfolding
procedures [103], regularization is enforced by adding to the x? a term proportional to the
curvature of the unfolding result, as follows:

n—1
X2 — X12 = X2 +T7- / |f”(a:)|2d:13 ~ X2 +7- Z |fi_1 —-2-fi+ fi_|_1|2 . (5.17)
=2

The regularization parameter, 7, is chosen so as to minimize the condition number (i.e. the
ratio of the largest to the smallest eigenvalue) of the correlation matrix (7 = 2.5). Much
smaller values lead to oscillating solutions and large negative correlations, whereas too large
values lead to too flat solutions, too small errors and strong positive correlations. However,
the results are stable in the 7 range between 0.1 and 10.

The final differential cross section as a function of the true energy is obtained by multi-
plying these relative deviations from the simulation prediction by the simulation input cross
section. The results are shown as points in Fig. 5.9. The shaded histogram gives the expecta-
tion from simulation (JETSET 7.3 [22] with DELPHI tuning [34]). The measured fragmentation
is somewhat harder than in simulation. It is also harder than the average b-hadron fragmen-
tation [99]. The measured differential cross section is given separately for each bin in Tab.
5.3. It has been checked that the result is independent of the fragmentation function used in
the simulation by repeating the unfolding procedure with Monte Carlo events weighted as a
function of grye-

TEtrye DI | 1/0p - do/deEirye
0.5—-10.6 (0.8+1.3+0.2)%
0.6 — 0.7 (24+0.9+0.6)%
0.7-10.8 (6.2+1.0+1.6)%
0.8—10.9 |(10.2+1.0+2.6)%
0.9-1.0 (6.3+1.5+1.6)%

Table 5.3: Differential cross section 1/oy, - do/degirye for five bins of 2gipye. The data are
obtained by using an unfolding procedure.
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Figure 5.9: Inclusive B** cross section in bins of giyye. The points are unfolded data. The
curve shows the expectation from the simulation.

5.1.6 Comparison with other Experiments

First evidence for B** mesons was obtained in parallel by two independent analyses in the
DELPHI [1] and OPAL [2] collaboration. Additional evidence was reported later by the
ALEPH collaboration using a technique similar to the DELPHI analysis presented here [32].
Furthermore, ALEPH observed B** mesons using fully exclusive methods [104]. All the results
are compatible with each other and are summarized in Tab. 5.4.

For the B** mass values, quoted in Tab. 5.4, a production ratio B* : B mesons of 2: 1 in
B** decays is assumed. The mass values given by the OPAL and ALEPH collaboration are
corrected in this way. This leads to a world average of 5730 + 9 MeV/c2.



Quantity Experiment Measurement Ref.

OPAL 5712 + 11 (stat.) [2]

DELPHI 5732+ 54+ 17 (8]

2
mass mp;, [MeV/c’] ALEPH 5734 £3+£17 | [32]
ALEPH excl. 5734 + 14 [104]
average 5730+ 9

DELPHI 68+ 5+ 8 8]

uncorr. width ¢ [MeV/c?] ALEPH 53+£3+9 [32]
ALEPH excl. 28115 [104]

. OPAL 116 + 24 2]

2

single resonance I' [MeV/c?] DELPHI 86 4 24 8]

OPAL 18+1.2+35 | [2]

. DELPHI | 302+15+7.4 | [§]

rate o(B.g)/o(Bua) 1] ALEPH 27.9+ 1.6771 | [32]
ALEPH excl. 30+ 8 [104]

hel. param. ws/,, all DELPHI 0.53+0.07 + 0.10 | [8]

hel. param. wj/,, 1st half DELPHI 0.69+0.11 4+ 0.10 | [8]

hel. param. w35, 2nd half DELPHI 0.49 +0.10 + 0.10 | [8]

Table 5.4: LEP B}*, — B®)x results. Masses are recalculated from mass differences or from

Q-values using an upward shift of 31 MeV/c? in order to account for the average B** — B*
contribution.

The uncorrected width of the B** signal is consistent in the inclusive analyses of DELPHI
and ALEPH. Differences in this quantity arise from the different models of the background
rather than from significant differences in the data. The exclusive ALEPH analysis reveals
a much smaller uncorrected width for the signal, which favours the interpretation of narrow
resonances. The observed signal in all analyses can be described consistently by the production
of two narrow B** states with a mass splitting of the order of 10 MeV/c2. An interpretation
of the B** signal as stemming from only one resonance leads to a width of I' = 116 4+ 24 in
the OPAL and a width of I' = 86 £ 24 in the DELPHI analysis.

The production cross section o(B;%)/0(By,q) is found to be approximately 25%. The
dominant uncertainty in extracting the rate originates from the modelling and normalization



of the unknown background.

The helicity parameter w3/, as well as the B** fragmentation have been investigated only in
the DELPHI analysis. A confirmation of the DELPHI results on the B** helicity distribution
and the B** fragmentation by the other LEP collaborations would be welcome.



5.2 Search for Orbitally Excited Strange B Mesons
(B:* - BWK®)

This section reports on a search for orbitally excited strange B mesons, usually labeled B}™,
in the decay mode B — BMK=* If the B meson mass is above the B(*)K threshold,

then this will be the dominant decay mode since the channel Bg*)w is forbidden by isospin
conservation. Parity conservation restricts the expected main decay modes of the single states:
the spin-parity state 07 will decay into BK (s-wave), the two 1T states will decay into B*K
(s- or d-wave), and the 27 state will decay into both BK and B*K (both d-wave). If the
B;* meson mass is below the BMK threshold, then the decay will be electromagnetic. The
expected strangeness suppression factor of 1 : 6 for B;" mesons compared to B[, mesons
makes an observation of these states challenging (see section 2.4.2).

5.2.1 Experimental Procedure and Results

The analysis presented here is very similar to the original B** analysis as discussed in section
5.1. Most of the experimental tools (b-tagging, inclusive B reconstruction, vertex reconstruc-
tion and hadron identification) which are needed for the analysis have been described in the
previous chapter.

Since the B;* meson decays rapidly through the strong interaction, the kaon should orig-
inate from the primary vertex and not from the B-decay vertex. The decay channel B*) K 0
is difficult to observe experimentally due to the limited K? reconstruction efficiency and to
the dominant K?° background from B decays®. Therefore, the search focuses on B}* states
decaying into charged kaons K=.

Charged kaons are identified using the dE /dz information measured by the TPC and the
Cherenkov angle reconstruction in the gas and liquid RICH. In the momentum range 1 to 3
GeV/c a kaon ring in the liquid RICH is required (HADSIGN: KTAG > 1, liquid ring re-
quired), while the veto mode of the gas RICH (RIBMEAN: KTAG > 1) or dE/dz measured
by the TPC (Prob.(K*) > Prob.(n%)) is used in the momentum range above 3 GeV/c. Monte
Carlo studies show an approximately constant kaon tagging efficiency of (51 £ 5)% with an
average pion rejection factor of 15 4+ 2. This corresponds to an average purity of the sample
of (51 £ 5)%. Details of the DELPHI hadron identification software have been discussed in
section 4.5.

In the B}* analysis quark-flavour tagging can be used to suppress background. A B}" can
decay into B®)~ Kt (and B(®°K?), but not into B(*)* K~. Thus, the K+ will be accompanied
by a B*)~ meson (containing a b quark) and the opposite hemisphere will contain a b quark.
This fact is illustrated in Fig. 5.10. The horizontal axis gives the kaon charge while the vertical
axis denotes the charge of the b quark. To enhance the signal to background ratio a cut on
(Je,same — Jeoppo) - 4K is applied, where j. denotes the jet charge calculated using an energy
weighting exponent £ = 0.6 (see section 5.1.4). The symbol j. sqme refers to the jet charge
in the signal hemisphere, while j. oppo Tefers to the jet charge in the opposite hemisphere. In
the signal hemisphere the kaon itself is excluded from the jet charge calculation. Fig. 5.11

+

8The reconstruction of the origin (primary or secondary vertex) of a K? from the decay K? — 777~ a few

tens of centimeters away from the interaction point is not possible.
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Figure 5.10: Decay characteristics for the two B}* charge states decaying into charged kaons.
The horizontal azis denotes the kaon charge, while the vertical axis denotes the charge of the
mvolved b quark.

shows the distribution of (jc same — Je,oppo) - & for simulated B;* kaons and background from
fragmentation. The signal accumulates mostly at negative values, while the background is
almost symmetrically distributed around zero. A cut (jesame — Je,oppo) - ¢x < 0 is applied.
Approximately (80 + 3)% of the B}* decays fulfill this criterion, whereas only (60 + 1)% of
the background pass this cut.

In summary, the analysis uses the following cuts:

¢ Multi-hadron event selection (see section 4.1)

Event topology cuts (see section 4.1)
- restrict analysis to barrel: | cos(O¢ppyst)| < 0.75
- accept two-jet events and most energetic jet in three-jet events

Tagging of b hemispheres (see section 4.2)
- event tag Pg < 0.01, efficiency = (65 + 3)%, purity = (83+ 4)%

Inclusive B reconstruction (see section 4.3)
- quality cuts: E, > 18 GeV, |m, — (m,)| < 2.5 GeV/c? and 0.6 < Epem/ Epeam < 1.1
- restrict B vector to barrel: |cos®g| > 0.02, |cos®p| < 0.7

o Kaon track selection cuts (see sections 4.2, 4.4 and 4.5)
- accept only tracks which are assigned to the primary vertex
- restrict koan vector to barrel: [cos@g| > 0.05, [cos®@g| < 0.7
- standard veto on electrons or muons
- kaon momentum cut: pg > 1.0 GeV/c
- perform kaon tagging:
efficiency = (51 + 5)%, purity = (51 4+ 5)%
- jet charge cut: (jc,same - jc,oppo) “qr < 0
efficiency = (80 £ 3)%, background rejection = (40 + 1)%
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Figure 5.11: Distribution of (jc,same — Je,oppo) - 4K from simulation for kaons originating from
B}* decays and for background. An enhancement of the signal to background ratio is achieved

by demandlng (jc,same - jc,oppo) “gr < 0.

The quantity which is best accessible experimentally with inclusive B reconstruction methods
is the Q-value® of the decay:

Q = m(BYK) — m(B®) — m(K) = m(B;*) — m(B™) — m(K) . (5.18)

The symbol B(*) denotes both B and B* states, which cannot be distinguished with the
present method. The resolution on the Q-value is 18 MeV/c? at Q@ = 70 MeV/c?. This
number has been determined from simulation. The resolution is dominated by the energy and
angular resolution of the B meson. Whether the decay was actually into B or B* and whether
the B* decay photon has been reconstructed, has only a negligible effect on the resolution on
the @)-value. However, the decay of a B* of a given mass to B*K gives rise to a (J-value
which is shifted downwards by the B*-B mass difference of 46 MeV/c? as compared to the
()-value of a BK decay.

The @-value plot for DELPHI data taken in the years 1991-94 is shown in Fig. 5.12
together with the Monte Carlo expectation without B}” production. The data distribution
shows two narrow peaks, containing a total of 577 + 49 (stat.) £70 (syst.) events. Simple
Gaussian fits to the signal lead to @ = 70 + 4 (stat.) 48 (syst.) MeV/c? with a width of
o =21+ 4 (stat.) +4 (syst.) MeV/c? for the first peak, and @ = 142 + 4 (stat.) +8 (syst.)
MeV/c? with a width of ¢ = 13 + 4 (stat.) 44 (syst.) MeV/c? for the second peak. The
evaluation of the systematic errors is discussed in the next section.

The peaks are naturally explained by B;* production. The strong pion rejection and the
narrowness of the signals exclude an interpretation as a reflection due to B*; decays. Several
cross checks have been performed in order to check the consistency of the result.

°In the calculation of the Q-value the kaon candidate is excluded from the inclusive B reconstruction.
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Figure 5.12: (a) Distribution of the Q-value of B®K pairs (data points) along with
the Monte Carlo expectation without B}* production (shaded area). Q 1is defined as
Q = m(BWK*) — m(B®) — m(K*). (b) Background subtracted B K* pair Q-value dis-
tribution. The fit is to two stmple Gaussians.
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Figure 5.13: Distribution of the Q-value of B®)K pairs (data points) along with the Monte
Carlo expectation without B}* production (dotted line) for (je same — Je,oppo) - 4k > 0. The
shaded area shows the expectation including B;* production. The B}* production characteris-
tics s simulated in such a way to reproduce the observed signal in Fig. 5.12.

e To check whether the signal could be an artifact of the employed vertex procedure
(since it depends crucially on the correct modelling of the perigee parameter and the
covariance matrices of the tracks), the vertex reconstruction procedure is replaced by
a simpler analysis techniques without vertex reconstruction (based on different cuts on
Pr (see section 5.1.1)). The same two-peak structure with the same characteristics is
observed.

¢ Different kaon enrichment techniques based on the dF/dez measurements of the TPC
and the Cherenkov angle reconstruction in gas and liquid RICH have been used, thereby
varying the purity of the kaon sample between 40% and 70%. For different purities a
similar two-peak structure, as shown in Fig. 5.12, is extracted from the data. These
tests are based on the RIBMEAN and HADSIGN software packages (see section 4.5).

o Another cross check consists in reversing the jet charge cut, i.e. (je,same — Je,oppo) -4k > 0.
In that way, (80 £ 3)% of the signal originating from B}* decays is suppressed, while
(20 &+ 3)% is retained. Fig. 5.13 shows the @Q-value distribution for data along with the
Monte Carlo expectation including B;* production. The B}* production characteristics
are simulated in such a way to reproduce the observed signal in Fig. 5.12 by adding
two appropriate Gaussian distributions. Although some fluctuations are visible around
Q = 90 MeV/c?, the agreement between data and expectation is reasonable.



5.2.2 Interpretation and Comparison with Predictions

If the observed two-peak structure in Fig. 5.12 is correct, it can be described consistently by
the production of two narrow B}* states. The first peak is slightly broader than the expected
resolution at that low @)-value. It may be explained as stemming from the narrow B,; decay-
ing into B*K, whereas the second peak could be due to the B}, decaying into BK.
Accepting this interpretation, the masses and widths of the two states are determined to be:

m(Bs1) = 5888+ 4 (stat.) 4 8 (syst.) MeV/c?

m(B%,) = 5914 + 4 (stat.) £ 8 (syst.) MeV/c?

[(Bs1) < 60 MeV /c? (at 95% c.l.) (5.19)
[(By,) < 50 MeV/c? (at 95% c.L.) .

The measured masses of these states are in good agreement with HQET predictions derived
in section 2.4.4. A mass of 5886 MeV/c? is predicted for the 1T state and 5899 MeV/c? for
the 21 state. The theoretical uncertainties on these predictions are of the order of 40 MeV /c2.

The measured masses do not agree perfectly with the more sophisticated HQET predic-
tion of Eichten et al. [40,41] of 5849 MeV /c? for the 1T state and 5861 MeV/c? for the 2%
state. However, their prediction for the B"; meson mass already differs by 37 MeV /c? from
the observation. Furthermore, the original model [40] predicts the Dy; — Dy and Dy — D,
mass differences to be 23 MeV/c? lower than the corresponding nonstrange mass differences,
whereas they have been observed [12] to be 12 MeV/c? higher. The updated model [41] pre-
dicts these mass differences to be about the same as in the nonstrange case, i.e. about 11
MeV/c? below the observed values. The same pattern is observed in the B;* sector. Thus, it
seems that the model has problems in predicting the influence of the non-negligible strange
quark mass on the orbital excitation energy. If the given interpretation is correct, then the
mass splitting between the 27 and 171 states would be 26 + 6 + 8 MeV/c%, which should be
compared to the predicted 12 MeV/c2.

The production cross sections per b-jet are measured to be

oB,, - Br(Bs1 — B*K) /oy
opx, - Br(Bj, — BK)/a

0.021 £ 0.005 (stat.) £ 0.006 (syst.)

0.016 + 0.005 (stat.) + 0.007 (syst.) . (5.20)

Assuming the b baryon rate to be (10 £ 4)% and the B{ rate to be (13 + 2)%, the relative
amount of B, mesons which is produced with orbital excitation is

oB,, - Br(Bsgs — B*K)/op, = 0.178 + 0.05(stat.) + 0.06 (syst.)

op: - Br(Bj, — BK)/op, = 0.135+ 0.05(stat.) + 0.06 (syst.) . (5.21)

Combining the results of the B)*; and B;* analyses, one can evaluate the production ratio

o +0g*
2P = 0.154 + 0.030 (stat.) & 0.054 (syst.) , (5.22)
u,d

which is consistent with the expected strangeness suppression factor of 1 : 6 if one assumes
that the narrow resonances dominate the B*; signal. For the calculation, totally uncorrelated
errors have been assumed.



The B}, state is allowed to decay into both BK and B* K. The above interpretation does
not give much room for the latter decay. This is in agreement with expectation, since the
partial widths scale roughly like Q2L+ = Q°; which leads to a ratio I'(BY, — BK)/T (B, —
B*K) = (0.142/0.096)° = 7 at the measured Q-value.

Systematic Uncertainties

Systematic uncertainties dominate in the measurements of all these quantities. Different
systematic checks have been performed leading to a determination of the systematic errors.
The main sources are discussed here.

o The complete analysis is repeated several times with different sets of B and K* selection
cuts. This is realized in an automatic procedure providing hundreds of histograms with
different cuts and automatic fitting algorithms. The minimum B momentum cut is
varied between 15 GeV and 25 GeV, the cut on the difference between the reconstructed
and the mean B mass is varied between 2.0 GeV/c? and 3.0 GeV/c?. Furthermore,
the cut on the momentum of the kaon candidate is varied between 0.5 GeV/c? and
3.5 GeV/c?. Two- and three-jet event topologies are studied separately. Different kaon
enrichment techniques based on the dE /dz measurements of the TPC and the Cherenkov
angle reconstruction in gas and liquid RICH have been used, thereby varying the purity
of the kaon sample between 40% and 70%.

¢ Different background shapes originating from simulation and various phenomenological
background models (e.g. f(Q) = a; - Q@ -exp(—az - Q — as - Q% — a5 - Q3)) are fitted to
the data. The normalization is extracted from the sideband in the range between 0.18
GeV/c? and 0.6 GeV/c2. These upper bound is varied by 0.2 GeV/c2. Additionally,
the normalization is extracted from the left and the right sidebands of the B}* signal.
Furthermore, different techniques of extracting the yield are used, e.g. replacing the
fitting of two Gaussians by simple counting methods.

e Possible reflections from B** — B®*)r decays are expected to contribute in the Q-
value range between 50 and 350 MeV/c? in the order of 6% to the background. Their
influence in simulation and their possibly larger influence in data, due to uncertainties in
the modelling of the pion rejection capabilities, have been considered in the systematic
errors. Additional but smaller uncertainties are introduced by the possible production
of ¥y — Apm and X — Apm, and reflections from the decay Bi*"*d — B(*)p.

¢ For cross section calculations the acceptance is extracted from simulation (JETSET [22]
with DELPHI tuning [34]). Uncertainties in the modelling of the B}* decays as well as
the limited Monte Carlo statistics of 4.1 million multi-hadronic Z° events account for
the systematic errors.

5.2.3 Comparison with other Experiments

The present experimental knowledge about orbitally excited strange B mesons is very limited.
It is summarized in Tab. 5.5. First experimental evidence for B;* mesons was reported by the



Quantity Experiment Measurement Ref.

mpse [MeV/c?] OPAL 5884 + 15 (stat.) | [2]
mp,, [MeV/c’] DELPHI 5888+ 4+8 | [8]
mg+. [MeV/c?] DELPHI 5914+ 4+8 | [§]

§2
width T'(B;*) [MeV/c?] OPAL 47 + 22 (stat.) [2]

width T'(B,;) [MeV/c?] | DELPHI | < 60 (at 95% c.L) | [8]
width T'(B%,) [MeV/c?] | DELPHI | < 50 (at 95% c.l.) | [8]

rate o(B;*)/o(Bs) [%] OPAL 17.5 £ 5.2 (stat.) | [2]
rate o(Bs1)/o(B,) (%] | DELPHI 1784+ 5+6 18]
rate o(B%)/o(B,) [%] | DELPHI 1354546 | [8]

Table 5.5: LEP B}* — B&K results. The OPAL result is interpreted as an indication for
the production of the narrow B}* states By and B,.

OPAL collaboration [2]. Additional results are provided by the DELPHI collaboration [8]. If
the interpretation given in the previous section is correct, then the OPAL signal yields from
the narrow B* states B,y and Bj,. The DELPHI analysis resolved both states separately.
The mass measurement for the total B;* signal of 5884 + 15 (stat.) MeV/c? from the OPAL
analysis agrees rather well with the DELPHI results of 5888 -4 (stat.) +8 (syst.) MeV/c? for
the 17 state and 5914 + 4 (stat.) +8 (syst.) MeV/c? for the 2% state. The published OPAL
mass has been shifted by 31 MeV/c? to account for the average effect of B* — B*; the error
does not contain the uncertainty on this procedure.

The production cross sections in the DELPHI and the OPAL analyses are somewhat
different but consistent within errors (OPAL : o(B}*)/o(B,) = 17.5 + 5.2(stat.) %; DELPHI:
0(Bs1)/o(B,) = 17.8 £ 5(stat.)+6(syst.) % and o(B},)/o(B,) = 13.5 £ 5(stat.)+6(syst.) %).

Combining the results from the DELPHI B;*; and B analyses, one obtains the production
ratio (oB,, + 03:2)/031»;:[ = 15.4 + 3.0(stat.) £ 5.4 (syst.)% , which is consistent with the
expected strangeness suppression factor of 1 : 6. All these measurements are in agreement
with expectations for the production of orbitally excited strange B mesons. However, further
studies by the LEP collaborations are necessary to confirm these states.



5.3 Search for 3; and ¥ Baryons (Eg*)jE — Apw®)

This section reports on a search for the b baryons EZE and Ezi which are expected to decay
into Apw*. Their quark content in the static quark model is (buu) for the El()*)-l_ baryon and

(bdd) for the El()*)_ baryon. The X, baryon belongs to an isospin triplet (I = 1) with total
angular momentum J = 1/2 (mixed wave-function), while the ¥} baryon belongs to a triplet
with J = 3/2 (symmetric wave-function). For further details see section 2.5. It is expected
that approximately (10 £ 4)% of all primary produced b quarks in Z° decays fragment into b
baryons. The Aj (uds) is the lightest such baryon, and thus it decays weakly. Most other b
baryons are expected to decay into A by strong or electromagnetic interactions; only the =,
states and the €, probably decay weakly. There is evidence for A, and =, production at LEP
(see section 2.5.2), otherwise nothing is known experimentally about excited b baryons.

5.3.1 Experimental Procedure and Results

Most of the experimental tools (b-tagging, inclusive B reconstruction, vertex reconstruction
and hadron identification) which are needed for this analysis have been described in the pre-
vious chapter.

The analysis presented here is very similar to the original B** analysis. Inclusively recon-
structed Ay baryons are combined with charged pions. Since the El()*) baryons decay rapidly
through the strong interaction, the pion should originate from the primary vertex and not
from the A,-decay vertex. The inclusive B reconstruction algorithm is modified in such a way
as to force the mass of the reconstructed b hadron to the A mass (5.620 GeV/c?). In the
original algorithm the mass is forced to B meson mass (5.279 GeV/c?). However, this change
has only a very small influence on the reconstruction of the @-value.

The main difference to the original B** analysis consists in an enrichment of A; decays.
This is accomplished by demanding that there is either a reconstructed A, a neutral hadron
shower above 10 GeV or that the most energetic particle in the hemisphere is identified
as a proton. The A reconstruction achieves an average efficiency of (30 + 3)% with a back-
ground contamination of (10+2)% (see section 4.6). Protons are identified using the standard
DELPHI hadron identification code employing the gas RICH, the liquid RICH and dE/dz
measurements by the TPC (HADSIGN: PTAG > 1). For the multi-hadronic momentum
spectrum the working point chosen leads to an average proton efficiency of (60 + 4)% with a
purity of approximately (43 4 4)% (see section 4.5).

In summary, the analysis uses the following cuts:

¢ Multi-hadron event selection (see section 4.1)

¢ Event topology cuts (see section 4.1)
- restrict analysis to barrel: | cos(@¢ppyst)| < 0.75
- accept two-jet events and most energetic jet in three-jet events

o Tagging of b hemispheres (see section 4.2)
- event tag Pg < 0.01, efficiency = (65 + 3)%, purity = (83+ 4)%



o Inclusive b reconstruction (see section 4.3)
- mass forced to A mass (my, = 5.620 GeV/c?)
- quality cuts: E, > 20 GeV, |m, — (m,)| < 2.5 GeV/c? and 0.6 < Epem/ Epeam < 1.1
- restrict B vector to barrel: |cos®g| > 0.02, |cos®p| < 0.7

o Pion track selection cuts (see sections 4.2, 4.4 and 4.5)
- accept only tracks which are assigned to the primary vertex
- restrict pion vector to barrel: |cos®,| > 0.05, [cos®,| < 0.7
- standard veto on electrons or muons
- veto kaons and protons: KTAG <1, PTAG <1 (HADSIGN)
- pion momentum cut: p, < 3.0 GeV/c

¢ Baryon enrichment (see sections 4.5 and 4.6)
- most energetic particle in hemisphere is identified as proton
efficiency = (60 + 4)%, purity = (43 4+ 4)%
- reconstructed lambda in hemisphere
efficiency = (30 + 3)%, purity = (90 + 2)%
- reconstructed neutral hardron shower above 10 GeV in hemisphere

The quantity which is best accessible experimentally with inclusive reconstruction methods is
the @-value of the decay:

Q = m(Aym) — m(As) — m(x) = m(EL)) — m(Ap) — m(x) . (5.23)

The resolution on the @Q-value using the present method is 16 MeV/c? at Q=85 MeV/c2.
This value has been determined from simulation. The resolution is dominated by the energy
and angular resolution of the Ay baryon. The distribution of the measured @-values of Ayw
pairs is shown as the data points in Fig. 5.14(a). There is a clear excess on top of an almost
constant background which is naturally explained by the production of ¥; and ¥; baryons.
The background from simulation has a flat distribution in the signal range, but a slightly larger
slope towards lower -values than is observed in the data. The origin of this difference is not
yet fully understood, but it might be correlated to the rate of inclusive D* meson production,
the relative b baryon to B meson production ratio, the modelling of yet unmeasured B hadron
decays, or general limitations of the JETSET string fragmentation model. It is worth noting
that the HERWIG 5.8 generator [29] predicts a less steep rise of the background at small Q-
values. The reason for this seems to come from the fragmentation model (cluster instead of
string) rather than from the different modelling of the parton shower. This has been inferred
from a Monte Carlo study with the HERWIG parton shower generator interfaced to LUND string
fragmentation.

However, the background as shown in Fig. 5.14(a) has been determined from real data
by reversing the baryon enrichment cut. This procedure is motivated by the simulation. Fig.
5.14(b) shows the corresponding @)-value distribution where no significant excess is observed.
A function f(Q) = a; - Q2 -exp(—as - Q — as - Q? — a5 - Q3) is fitted to the baryon depleted
sample and shown as background in Fig. 5.14(a). The signal to background ratio in the baryon
depleted sample is expected to be a factor of three less than in the baryon enriched sample.
The efficiency for the baryon enrichment is approximately (30 + 4)%.

Several cross checks have been performed in order to check the consistency of the result:
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Figure 5.14: (a) Distribution of the Q-value of Ayw pairs (data points). The background
is extracted from the baryon anti-cut (shaded area). The solid line results from a fit of the
background and two Gaussians to the data. Q is defined as Q@ = m(Ap7) — m(Ap) — m(7).
(b) Distribution of the Q-value of Aym pairs (data points) with a baryon anti-cut.
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¢ To check whether the observed two-peak signal could be an artifact of the employed
vertex procedure (since it depends crucially on the correct modelling of the perigee pa-
rameter and the covariance matrices of the tracks), the vertex reconstruction procedure
is replaced by a simpler analysis techniques without vertex reconstruction (based on
different cuts on P (see section 5.1.1)). The same two-peak structure with the same
characteristics is observed.

e The total sample is divided into three subsamples according to the way the baryon
enrichment is achieved: (a) enrichment with protons, (b) enrichment with lambdas
and (c) enrichment with neutrons. Due to the small yield of the total signal, the
subsamples are expected to show only non-significant structures. The corresponding
Q-value distributions for Apm pairs are shown in Figs. 5.15(a)-(c). In each case the
background is extracted from the data by reversing the baryon enrichment cut. Fig.
5.15(a) (corresponding to an enrichment with protons) and Fig. 5.15(b) (correspond-
ing to an enrichment with lambdas) show the same two-peak characteristics as ob-
served in the total sample. Some small indications for the two-peak structure can also
be observed in Fig. 5.15(c) (corresponding to an enrichment with neutrons). How-
ever, this behaviour is expected due to the crude resolution of the hadron calorimeter

(cg/E = 112%//E[GeV] & 21% [78]) 1° which spoils the resolution on the A; baryon.

o Another cross check consists in dividing the signal according to jet charge and pion
charge. The four El()*) charge states and their decay characteristics are shown in Fig.
5.16. The jet charge is calculated using an energy weighting exponent x = 0.6. If the
signal stems from an I = 1 resonance, the observed structure is expected to appear
in all four charge combinations Aym™ (enriched by negative jet charge, positive pion),
A7~ (negative jet charge, negative pion), Ap7t (positive jet charge, positive pion) and
A7~ (positive jet charge, negative pion). The achieved enrichment is (70 & 3)%. The
expectation is confirmed by the data as shown in Fig. 5.17.

5.3.2 Interpretation and Comparison with Predictions

The observed two-peak structure in Fig. 5.14(a) can be described consistently by the pro-
duction of the b baryons ¥ (first peak) and ¥; (second peak). Guided by expectations, the
excess is fitted to two Gaussians of widths expected from detector resolution at the approxi-
mate masses (10 MeV/c? and 16 MeV/c?), with masses and production rates allowed to vary.
The results of this fit are:

N(EE+ %) = 937 £ 108 (stat.) + 270 (syst.)

)
Q(Ei — Ab7r ) = 33 & 3(stat.) £ 14 (syst.) MeV/c?
Q(E*i — A7) = 89 4 3(stat.) + 8(syst.) MeV/c? (5.24)
b
)

(0x, tox:)/op = 0.048 £ 0.006 (stat.) = 0.015 (syst.)
os,/(og, toxz) = 0.24 + 0.06 (stat.) + 0.10 (syst.) .

According to isospin rules, the observed Eé*)i rate has been multiplied by 1.5 to account for

El()*)o production. The production cross sections also have been evaluated separately for the ¥,

10This relation is extracted from the simulation. The correct modelling of the hadron calorimeter resolution
is still the subject of intensive studies within the DELPHI collaboration.
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Figure 5.16: Decay characteristics for the four El()*) charge states decaying into charged
pions. The horizontal azxis denotes the pron charge, while the vertical axis denotes the charge
of the involved b quark.

and X; baryon, leading to o3, /0p = 0.012£0.003 £+ 0.006 and 0'2:/0’5 =0.036 £ 0.005+0.011.
The statistical significance for the ¥ (X;) signal corresponds to 4.0 (7.2) standard deviations.
The quoted statistical errors are uncorrelated errors, i.e. they have been determined from the
x? evolution as a function of the deviation from the minimum, refitting with respect to all
other parameters. In particular, fits without signal for 3, or ¥ result in x* values larger by
12 and 40, respectively. However, systematic errors dominate in the measurements of all these
quantities. Their evaluation will be discussed below. Adding the pion mass to the measured
@)-value leads to the following mass differences

~_~
>

o

~—
ll

173 + 3(stat.) + 14 (syst.) MeV/c?

n (5.25)
m(3;%) — m(Ap) = 229 + 3(stat.) + 8(syst.) MeV/c?, '

which compare well with the simple expectations from section 2.5.3 (m(%;) — m(Ap) = 168
MeV/c?) and with previous (m(2s)—m(Ap) = 197420 MeV/c? [69]) and the latest predictions
(m(Zp) — m(Ap) = 200 £ 20 MeV/c?; m(Zf) — m(Ap) = 230 + 20 MeV /c? [68]) 11

The default mass differences in jetset 7.4 [22] (m(Zp) — m(Ap) = 159 MeV/c?; m(Z5) —
m(Ap) = 169 MeV/c?) are somewhat lower than the measured values, whereas the DELPHI
JETSET parameter setting [34] used to calculate acceptances uses 180 and 200 MeV/c?. The
rates predicted by both models are (o3, + crgz)/crb =0.039 and o3, /(03, + cr;;:) = 0.33.

From the observed widths of the signals and the known experimental resolution, the upper
limits on the full width I' of the resonances are calculated

T(Zf) < 32 MeV/c? (at 95% c.l.)

I(%;*) < 39 MeV/c? (at 95% c.l.). (5.26)

The observed small widths are consistent with a calculation by Yan et al. [70] who find 3.5
MeV/c? and 19.0 MeV/c? for the ¥ and ¥; at the observed Q-values (section 2.5.3).

1 For this discussion only the mass differences are considered, since the present experimental uncertainties on
the Aj mass are larger than the obtained resolution on the mass differences (m(As) = 5641450 MeV/c? [12]).
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Figure 5.17: Distribution of the Q-value of Ay pairs (data points) for the four different El()*)
charge combinations: (a) Ayn~, (b) Ayw™t, (c) Ayn~, and (d) Apwt. The achieved enrichment
in the four states is (70 + 3)%.

The interpretation presented leads to consistent results and to good agreement with pre-
dictions. However, the total significance of the first peak is only two standard deviations.
Thus, one could also try to ascribe the second peak to the production of the X, baryon.
This interpretation is excluded by the observed non-flat helicity distribution of the second
peak (see section 5.3.3), since the helicity distribution for the ¥; baryon is expected to be
flat [71]. Furthermore, there is no evidence for an additional enhancement above the second
peak, which would be expected from ¥; production in this interpretation.

Another hypothesis for the observed signal could be a possible reflection from the decay



A; — MAprtr~. The Af (udb) is the lightest baryon with orbital excitation denoting two

states with J* = 17 (L, = 0, Lx = 1) and J¥ = 37 (Lx = 1, Lx = 0). The orbital
angular momentum Lj describes the relative orbital excitations of the two light quarks, and
the orbital angular momentum Lx describes orbital excitation of the center of mass of the
two light quarks relative to the heavy quark as shown in Fig. 2.15. The Aj baryon has not yet
been observed experimentally. Since the Aj baryon is orbitally excited, it is expected to be
suppressed compared to the production of ¥, and X} baryons. In addition, the A} may also
have significant radiative branching ratio (A — Ap7y) [105]. These facts already disfavour an

interpretation of the observed signals as originating from A; reflections. In the charm sector
the two A baryon states %_ and %_ have been observed experimentally in the expected de-
cay channel A.# 7~ [106]. It is found that their decays are mainly non-resonant in the A.w
subsystem, which proofs that narrow reflections cannot be created by this system.

Systematic Uncertainties

Systematic uncertainties dominate in the measurements of all the calculated quantities. Dif-
ferent systematic checks have been performed leading to a determination of the systematic
errors.

e The complete analysis is repeated several times with different sets of B and = selection
cuts. The minimum B momentum cut is varied between 15 GeV and 25 GeV, the cut
on the difference between the reconstructed and the mean B mass is varied between 2.0
GeV/c? and 3.0 GeV/c2. Furthermore the cut on the b-tagging event probability is varied
between 0.03 and 0.003. Two- and three-jet event topologies are studied separately.
Different proton enrichment techniques based on the dF/dz measurements of the TPC
and the Cherenkov angle reconstruction in gas and liquid RICH have been used, thereby
varying the purity of the proton sample between 25% and 40%. The uncertainties in
the modelling of the baryon enrichment have been assumed to be of the order of 20%.

¢ Different background shapes originating from the baryon anti-cut and various phe-
nomenological background models (e.g. f(Q) = a; - Q% -exp(—az-Q —as- Q% — a5 - Q3))
are fitted to the data. The normalization is extracted from the sideband. Different
techniques of extracting the yield from the signals are used, e.g. replacing the fitting of
two Gaussians by simple counting methods.

o The influence of the smaller A lifetime (7 = 1.12 £ 0.09 ps [12]) compared to the B
meson lifetime on the performance of the b-tagging and the vertex separation algorithm
is investigated. It is found to be smaller than 3% for the b-tagging and 2% for the vertex
reconstruction algorithm.

e For cross section calculations the acceptance is extracted from simulation (JETSET [22]

with DELPHI tuning [34]). Uncertainties in the modelling of the decays of the El()*)
baryons as well as the limited Monte Carlo statistics of 4.1 million multi-hadronic Z°
events account for systematic errors.

¢ The influence on the background shape in the signal region of possible reflections from
Y B®)x/p and B** — B®K decays has been investigated, and it is found to be
negligible.
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Figure 5.18: Decay angle distribution for X} pions in the X} rest frame with respect to the
Y, line of flight in the laboratory. The curve is a fit of the expression given by Falk and Peskin
[17], resulting in w; = —0.36 + 0.30 + 0.30.

5.3.3 X} Helicity Analysis

An interesting consequence of a large ¥; and X; rate is the depolarization of the A;. If
all Ap’s were primary particles, the standard model predicts a large polarization of —94%
[107]. This would be reduced if a substantial fraction of Ap’s came from decays of heavier
baryons [108]. In the quantitative model of Falk and Peskin [71] the resulting polarization is
expressed as function of two parameters A (related to the production rate of ¥ and ;) and
wy (describing the population of the spin alignment state +1 of the light quark system). The
Y3/ Xf production ratio in this model is 1/2, which is smaller than but consistent with the
present measurement. w; can be deduced from the angular distribution of the X; production
rate in the helicity frame

L (S = Mpm) =1 (1 + 3c0s?0* — Zw;(cos’O* — %)) . (5.27)

The measured helicity angle distribution is shown in Fig. 5.18. The parameter w; deduced
from a fit to this distribution is

wy = —0.36 & 0.30(stat.) & 0.30(syst.) . | (5.28)




Quantity Experiment Measurement Ref.

Q(Z3) [MeV/c?] DELPHI 33+3+ 14 [9]
Q(Z;) [MeV/c?] DELPHI 89+ 3+8 [9]
I(S5) [MeV/c?] DELPHI | < 32 (at 95% cl.) | [9]
T(Z;) [MeV/c? DELPHI | < 39 (at 95% cl.) | [9]
(0%, + ox:)/0y [%] | DELPHI 4.84+0.6+1.5 [9]
o5,/(0%, + 05;) [%] | DELPHI 24 £ 6+ 10 [9]

helicity parameter w; | DELPHI | —0.36 £ 0.30 £ 0.30 | [9]

Table 5.6: LEP El()*) — ApE results.

Negative w; are unphysical, w; = 0 corresponds to a complete suppression of the helicity
states £3/2. According to Falk and Peskin [71] large ¥ and X rates and small values of
w1 lead to a substantial reduction of the observable A polarization in Z° decays. This is in
qualitative agreement with the apparently small A, polarization P(A) = —0.267023 (stat.)
1913 (syst.) as measured by the ALEPH collaboration [62].

The decay angle distribution for 3, pions in the X, rest frame with respect to the X line
of flight in the laboratory is expected to be flat [71]

T geoser (D6 — Mpm) = 3 . (5.29)

Within the present sensitivity the data are consistent with this expectation.

This section reported on the search and first evidence for ¥; baryons in the DELPHI
experiment. The data obtained are also consistent with the production of the ¥; baryon.
The results are summarized in Tab. 5.6. Further studies by other experiments are needed to
confirm these results.



Chapter 6

Summary

First experimental evidence for the existence of orbitally excited B mesons (B** — B™*)x¥) is
obtained, in parallel with an independent analysis by the OPAL collaboration, from the B(*)x
Q-value distribution using approximately 3.4 million multi-hadronic Z° events taken with the
DELPHI detector at LEP in the years 1991-1994. By using an inclusive B reconstruction
method and secondary vertex reconstruction a large signal is observed in the B*)x Q-value
distribution at

Q(B*™) = 283 + 5(stat.) = 12 (syst.) MeV/c? (6.1)

with a Gaussian width of ¢(Q) = 68 £ 5 (stat.)+ 8 (syst.) MeV/c?. The signal can be described
consistently as originating from several narrow and broad B** resonances, as predicted by
quark models and HQET and observed in the D meson sector. The mass of orbitally excited
B mesons is extracted to be

m(B**) = 5732 + 5 (stat.) + 17 (syst.) MeV/c?. (6.2)

The signal can also be described as a single resonance of full width I' = 86 + 24 MeV/c2.
The production rate of B** mesons per b-jet is measured to be

o+ /oy = 0.241 £ 0.015 (stat.) & 0.058 (syst.) .| (6.3)

The helicity distribution of the signal is investigated and found to be flat within errors. Fur-
thermore, the B** fragmentation function is extracted from the data. The charge symmetry
of the signal is found to be in agreement with the expectations for an I = 1/2 resonance. In
conclusion, the existence of orbitally excited B mesons has been experimentally established.
The results are in general agreement with predictions and with measurements of other LEP
experiments. The existence of B** mesons might open the possibility for future experiments
of observing CP-violation in the B system by flavour self-tagging.

Furthermore, a search has been performed for orbitally excited strange B mesons in the
decay B;* — B® K%, Inclusive B reconstruction methods, secondary vertex reconstruction
and the DELPHI particle identification capabilities lead to the observation of a two-peak
structure in the B®)K Q-value distribution at Q = 70 + 4 (stat.) +8 (syst.) MeV/c? and



Q = 142 + 4 (stat.) +8 (syst.) MeV/c?. It can consistently be interpreted as originating
from the predicted narrow B)* states B,; and Bj,. Accepting this interpretation, the masses
of the two states are determined to be

m(Bs1) = 5888+ 4 (stat.)+ 8 (syst.) MeV/c?

m(B%) = 5914+ 4 (stat.)+ 8 (syst.) MeV/c? . (6.4)

Upper limits at 95% c.l. for the widths of these states have been evaluated: T'(B,1) < 60
MeV/c? and I'(B},) < 50 MeV/c?. The corresponding production rates are measured to be

oB,, - Br(Bss — B*K)/o, = 0.021 £+ 0.005 (stat.) £ 0.006 (syst.)

opr, - Br(Bj, — BK)/o, = 0.016 + 0.005 (stat.) + 0.007 (syst.) . (65)

Combining the results from the DELPHI B** and B}* analyses, one obtains the production
ratio

(0B,, +0Br,)/oB+ = 0.154 + 0.030 (stat.) = 0.054 (syst.) , (6.6)

which is consistent with the expected strangeness suppression of 1 : 6. The measurements
are in general agreement with predictions. Additional analyses are needed by the LEP exper-
iments in order to confirm these results. A sizeable production of B}* mesons will make an
observation of B, mixing harder at LEP, since it reduces the B, production rate.

First experimental evidence for the beauty baryons EZE and Ezi is presented in an analysis
of Apym @)-value distribution using an inclusive A, reconstruction method, secondary vertex
reconstruction and baryon enrichment techniques. The observed structure in the @-value dis-
tribution can consistently be described by the production of EZE and Ezi baryons leading to
the following mass difference measurements:

m(EZE) —m(Ap) = 173 £ 3(stat.) = 14 (syst.) MeV/c? 6.7
m(2;E) —m(Ay) = 229 + 3(stat.) + 8 (syst.) MeV/c? . (6.7)

The widths of both peaks are compatible with detector resolution leading to I‘(Ebi) < 32
MeV/c? and T(Z;%) < 39 MeV/c? (at 95% c.l.). The total production rate of I and X

baryons per b-jet and the relative fraction of each state are measured to be

(0x, + oxz)/op = 0.048 £ 0.006 (stat.) = 0.015 (syst.)

os,/(ozg, + ox;) = 0.24 £ 0.06 (stat.) £ 0.10 (syst.) . (6-8)

The +3/2 helicity states of the X} baryon seem to be suppressed. The sizeable production
rate and the suppression of the +3/2 helicity states could account for the small measured A,
polarisation. The results are in general agreement with predictions. Additional analyses are
needed by the LEP experiments in order to confirm these results.
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